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Abstract

This PhD dissertation concerns the Computational Fluid Dynamics (CFD) modelling and
experimental analysis of Material Extrusion Additive Manufacturing (MEX-AM). MEX-
AM is an umbrella term that includes Fused Deposition Modelling (FDM), Robocasting
(RC), and 3D Concrete Printing (3DCP). The technology offers fabrication of
parts/structures on various scales using a wide range of materials. Despite it being a
popular fabrication method, the technology faces several challenges that are yet to be
solved. Some of the challenges are addressed in this dissertation. Specifically, numerical
and experimental work is presented on FDM printing of dimensional accurate corners.
Furthermore, simulations are carried out to study the geometrical stability (i.e., uniform
size) of layers produced by RC and 3DCP. Finally, simulations and experiments are
exploited to investigate the possibility of integrating reinforcement bars with 3DCP.

The dissertation outlines the governing equations for the deposition of materials in MEX-
AM. It discusses constitutive models such as Newtonian, generalized Newtonian, and
elasto-viscoplastic fluid, and how they can be used to simulate MEX-AM of different
materials. Subsequently, experimental details and the post-processing of results are
presented. Finally, the results are presented in seven appended publications.

The study on the deposition of corners is carried out and compared for different corner
angles and for two different extruders, Bowden and direct drive. The Bowden extruder
cannot control the amount of material extruded during the nozzle movement at the corner,
whereas the direct drive can. It is found that the direct drive extruder produces a more
rounded edge at the outer side of the corner. Furthermore, the study enabled novel insight
into the accuracy of the CFD model and the state of the material at the corners, as well as
the discrepancy between experimental, analytical, and simulation results.

Three different printing strategies are considered when analysing the geometrical stability
of layers: wet-on-wet, wet-on-semisolid, and wet-on-solid printing. In wet-on-wet
printing, a wet layer is printed on top of a wet layer (i.e., the material properties do not
change over time). In the other two cases, the printed layer is semi-solidified or solidified.
The cross-section of deposited layers, deformation of the bottom layer, and extrusion
pressure are studied when printing wet-on-wet for different material properties (i.e., yield
stress and plastic viscosity) and processing parameters (i.e., extrusion speed, printing
speed, nozzle diameter, and layer height). The results illustrate that the deformation is
highly dependent on these parameters. In addition, the simulations show that the
deformation can be reduced but not eliminated, i.e., a stable print without deformation
cannot be obtained by wet-on-wet printing. The wet-on-solid printing simulations
illustrate stable printing and give a conservative estimate of the yield stress required by
the already printed layer in order not to deform. The wet-on-semisolid printing is
simulated using a yield stress buildup of the already printed layer. The yield stress buildup
is modelled by applying a scalar approach that changes the materials’ property between
the layers. Based on the results, it is demonstrated that altering the process parameters
can reduce the requirement for the yield stress buildup, while still print stable layers.

The bonding between rebars and deposited concrete is analysed in terms of the formation

of air voids inside the structure. The simulated cross-sectional shapes of the printed
structure are compared with experiments and are found to capture the formation of air
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Abstract

voids accurately. The CFD models are applied to analyse three scenarios: no rebar, a
horizontal rebar, and cross-shaped rebars. The models illustrate that by changing the
process parameters one can eliminate the air voids around the horizontal rebar, while
alterations in the toolpath and rebar geometry are necessary to fully mitigate air voids
when printing around cross-shaped rebars.

viii



Danske Resumé

Denne Ph.d.-afhandling omhandler Computational Fluid Dynamics (CFD) modellering
samt eksperimentel analyse af ekstruderings-baseret additiv fremstilling (MEX-AM).
MEX-AM er et paraplybegreb, som omfatter Fused Deposition Modelling (FDM),
robocasting (RC) og 3D beton printning (3DBP). Teknologien muligger produktion af
komponenter/strukturer i forskellig skala ved brug af en lang reekke materialer. Selvom
det er en popular produktionsmetode, sa star teknologien overfor adskillige udfordringer,
som stadig skal lgses. Nogle af udfordringerne adresseres i denne afhandling, sa som,
hvordan man FDM printer med hgj geometrisk pracision in hjgrner. Derudover
undersgges det numerisk, hvordan de printede lag geres geometrisk stabile (dvs. ger
lagene ensartede i starrelse), nar der fremstilles med RC. Endelig anvendes simuleringer
og eksperimenter til at undersgge muligheden for integrere armering med 3DBP.

Afhandlingen beskriver hovedligningerne for hvordan materialet flyder under MEX-AM.
Afhandlingen prasenterer konstitutive modeller for Newtonske, generaliseret Newtonske
og elasto-visoplastiske fluider, og hvordan disse kan bruges til at simulere MEX-AM af
forskellige materialer. Afslutningsvis, vises resultaterne i syv vedlagte publikationer.

Undersggelsen af hvordan man bedst muligt FDM printer et hjgrne foretages med
forskellige vinkler samt forskellige printhoveder, Bowden og direct drive. Bowden-
printhovedet kan ikke styre materialemangden, der bliver ekstruderet, lige sa praecist som
direct drive kan. Derudover vises det, at direct drive ekstruderen producerer mere runde
kanter pa ydersiden af hjgrnet. Desuden har undersggelsen givet ny indsigt i CFD-
modellens pracision og materialets geometri i hjernerne samt forskellen mellem
eksperimenter, analytiske lgsninger og den numeriske model.

Tre forskellige printstrategier anvendes til at undersgge lagenes geometriske stabilitet:
vadt-i-vadt, vadt-i-halvtert og vadt-i-tart. Med vadt-i-vadt menes, at et vadt lag placeres
ovenpa et vadt lag (dvs. materialeegenskaberne a&ndrer sig ikke over tid). | de to andre
tilfzelde printes der pa et halvtert eller tart lag. Ift. vadt-i-vadt printning undersgges det,
hvordan lagene deformerer og ekstruderingstrykket eandres med forskellige
materialeegenskaber (dvs. flydespaendingen og plastisk viskositet) samt procesparametre
(f.eks. ekstruderingshastighed, printhastighed, dysediameter og laghgjde). Resultaterne
viser, at deformationen af lagene i hgj grad afhaenger af disse parametre. Desuden viser
simuleringerne, at deformationen kan reduceres, men ikke elimineres - dvs. et
fuldsteendigt geometrisk stabilt print kan ikke opnds, nar der printes vadt-i-vadt.
Simuleringerne af vadt-i-tgrt printningen er geometriske stabile og giver et konservativt
estimat for den flydespanding, der kreves af det allerede printede lag for ikke at
deformere. Modellen simulerer vadt-i-halvtgrt printning ved at forgge flydespandingen
af det allerede printede lag. Dette opnas med en skalar metodik. Baseret pa CFD
modellens resultater pavises det, at man ved at &ndre procesparametrene kan reducere
kravet til forggelsen af flydespaendingen uden at kompromittere stabiliteten af lagene.

Integrationen af armering med 3DBP undersgges mht. hulrumsdannelse mellem betonen
og armeringsstengerne. De simulerede tvarsnit af den printede struktur sammenlignes
med eksperimenter og viser at modellen med hgj preecision kan prediktere
hulrumsdannelsen. CFD-modeller anvendes til at analysere tre scenarier: ingen



Danske Resumé

armeringsstang, en vandret armeringsstang og krydsformede (vandret og horisontal)
armeringssteenger. Modellerne viser, at man ved at &ndre procesparametrene kan
eliminere hulrummene om den vandrette armeringsstang, mens det samme kan opnas for
krydsformede armeringsstenger, hvis printstrategien samt geometrien  af
armeringsstangssammenfgjningen andres.
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1 | Introduction

This chapter outlines the key topics of the dissertation and their importance. The chapter
begins with a description of the motivation for the study. It then discusses the three-
dimensional (3D) printing technique, Material Extrusion Additive Manufacturing (MEX-
AM) and the technologies it covers. Furthermore, a brief overview of previously
published research and accompanying research gaps are presented. Finally, the chapter
outlines the research objectives and structure of the dissertation.

1.1 Motivation

In MEX-AM an extrusion nozzle is used to selectively deposition material in two-
dimensional layers that are positioned on top of each other until a 3D object is produced
[1-6]. MEX-AM has gained significant popularity in recent years due to its versatility,
scalability and ease of use. It covers a range of technologies, such as “Fused Deposition
Modelling (FDM)” [7], “Robocasting” [8], and “3D Concrete Printing (3DCP)” [9], and
can be used for a large number of applications. FDM is widely used for low-cost
prototyping, while Robocasting is used to produce parts of complex geometries with high
mechanical strength [10,11], as well as to manufacture parts for biomedical applications
such as tissue engineering and drug delivery systems [12,13]. 3DCP has the potential to
revolutionize the construction industry by enabling efficient and cost-effective production
of complex concrete structures [14,15]. In addition to the variety of applications, MEX-
AM can be carried out with a broad range of materials, making it one of the most applied
additive manufacturing technologies in the world [16].

Despite its popularity, MEX-AM requires attention in order to better understand the
printing process and thereby reduce printing time, increase mechanical strength [17], and
improve the geometrical precision of the printed part (i.e., improve surface roughness
[18], lower internal porosity [19], less deformation of layers [20], etc.). The MEX-AM
improvements can be obtained by deep diving into several aspects of the printing process
such as the printer setup, the material behaviour inside the nozzle, the material flow
during deposition, the post-processing of the part, etc. The goal of this dissertation is to
investigate the material flow during deposition.

1.2 Material Extrusion Additive Manufacturing

In MEX-AM, the material in the form of a hot-melt, a paste, a soft-material, or a hydrogel
is extruded through a nozzle to build an object layer by layer [21-23]. Consequently, it is
possible to print objects of various sizes (from micro components to buildings) with
different mechanical and thermal properties. Among the technologies under MEX-AM,
FDM is the oldest, first developed in the 1980s by S. Scott Crump [24]. The term FDM
and is trademarked by the company Stratasys Inc., which was co-founded by S. Scott
Crump [25]. FDM is also known as “Fused Filament Fabrication (FFF)”. In FDM, a solid
filament is guided into a liquefier using a drive gear. During the liquefier phase, the
filament is heated above the glass transition temperature and is transformed into a hot-
melt, which is subsequently deposited by the nozzle [26-32]. There are two types of
driver gears, one of which is located outside the print-head, known as the Bowden
extruder, and the other inside, called the Direct-drive [33-36]. Materials such as
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thermoplastics [37] and reinforced polymers [38-41] have been used in FDM. The
thermoplastic filaments include ABS (Acrylonitrile Butadiene Styrene), PLA (Polylactic
Acid), Nylon, and TPU (Thermoplastic Polyurethane), which allows for the printing of
objects with different mechanical properties [42—44]. Figure 1.1 shows an example of an
FDM printer and a printed part.

Extruder

Frame Cooling fan
Extrusion
nozzle

A
Substrate 1 ___ Power

supply

Display
(a) - screen (b)
Figure 1.1: Examples of (a) FDM setup [45] and (b) printed part by FDM [46].

RC and 3DCP differs in part from FDM as they omit the liquefier from the extrusion
nozzle [47,48]. Figures 1.2 and 1.3 illustrate a printing setup as well as a printed
component/structure for RC and 3DCP respectively. When it comes to the printing
process, RC and 3DCP are fairly similar. In RC, materials such as ceramics [49],
hydrogels [50], colloidal gels [51] and thermosets [52] are printed, whereas cementitious
materials (i.e., cement paste, mortar, and concrete) typically are used in 3DCP [53]
although one can also use other materials such as geopolymers [54]. RC printing of a
ceramic slurry requires a subsequent high-temperature sintering process in order to
solidify, whereas deposited concrete in 3DCP typically cures under ambient conditions
[55,56]. 3DCP is a relatively new technology and it is being explored as a way to automate
the construction process and reduce labour costs. The use of fresh concrete allows for the
printing of large-scale construction structures (from pedestrian bridges to buildings) [57—
59].

\§ - Extruder
D

B
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TRONX C:
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Figure 1.2: Examples of (a) RC setup [60] and (b) part printed by RC [61].
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6-axis robotic arm
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Delivery hose pipe
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Figure 1.3: Examples of (a) 3DCP setup [62] and (b) building printed by 3DCP [63].

1.3 Literature review

This section provides an overview of MEX-AM research related to the material flow
during deposition, which is the focus of this dissertation. In the deposition process, the
material is first dispensed onto a built platform/substrate where it is formed into a strand.
When a layer is printed, subsequent layers can be printed onto the previously printed
layers. The morphology/shape of the deposited strands greatly affects the dimensional
accuracy and properties of the printed part/structure.

The software that produces the printing strategy (i.e., the slicer) usually assumes an
idealized shape of the deposited strand. This shape could be an ellipse, a rectangle, or a
rounded rectangle [64-66] (different slicers may assume different idealized shapes).
However, when the strand is deposited, the measured cross-sectional shape deviates from
the idealized shape [67,68]. Several investigations have been performed to predict the
cross-sectional shape of a deposited strand. For example, Agassant et al. [69] developed
analytical equations to predict the height and width of the deposited strand. In addition,
Hebda et al. [70] suggested an empirical equation to calculate the width of an elliptic
strand using a series of physical measurements.

Unfortunately, in many cases, the predictions above are not consistent with the cross-
sectional shapes measured in MEX-AM. In recent years, Computational Fluid Dynamics
(CFD) modelling has been applied to better understand and predict the shape of the
deposited strands. Serdeczny et al. [71] compared and validated the results of a CFD
model developed by Comminal et al. [64] who investigated the morphology of single
strands in FDM. The polymeric material was modelled using an isothermal high-viscous
Newtonian fluid model. The results showed that the size (width and height) of the
deposited strands is a function of two ratios: a geometrical ratio (i.e., the gap distance
between nozzle and substrate divided by the nozzle diameter) and a speed ratio (the
printing speed divided by the extrusion speeds). Behdani et al. [72] considered a non-
isothermal model and found that the inclusion of a temperature-dependent viscosity
slightly improved the predictions of the strand size when compared to experiments. In
regards to 3DCP, Comminal et al. [73,74] developed a CFD model to investigate the
strand shape of cementitious material and validated the results by comparison with
experiments.
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The complexity of predicting the strand shape increases when the deposited strand
interacts with the previously printed material as well as any object other than the material.
Typically, corners are printed where the pre- and post-corner strands come into contact,
which makes it difficult to achieve a high dimensional accuracy [75]. When depositing
multilayer stands it is also difficult to predict the shape of the printed part, which is a
necessity in order to achieve geometrical stabile (uniform shape) layers as well as to print
a mesostructure with no porosities [76-78]. Furthermore, deposition of strands that
interacts with objects (such as continuous fiber, micro-cables, bars, etc.) is a non-trivial
task [79,80]. One of the limitations in this case is the formation of voids inside the
deposited part. As a result, the strength of the part is reduced. During large-scale printing
in 3DCP, void content is also observed when introducing reinforcement bars [81-83].
Three of the printing situations mentioned above are studied in detail in this dissertation:
corner printing, morphology and stability of multilayer prints, and integrating
reinforcement bars in 3DCP. Previously published literature related to the three topics are
described in the following subsections along with research gaps.

1.2.1 Corner printing

Sharp corners of acute, right, and obtuse angles are printed in different MEX-AM
techniques [84-88]. When printing a sharp corner, the extrusion nozzle decelerates to
meet a state where it has no speed, then changes its direction and accelerates to meet the
prescribed printing speed. During this deceleration-acceleration phase, the Bowden
extruder typically deposits material at a constant rate, which can lead to the formation of
a bulge known as corner swelling [75]. For some systems and materials, this swelling
may be slightly reduced by synchronizing the extrusion rate with the movement of the
nozzle using a direct-drive extruder [89,90]. Still, swelling may occur as two strands
(before and after the turn) interact, and it is more pronounced at acute angles [91]. Corners
can be more rounded (called corner rounding) due to the smoothening of the sharp corners
where the nozzle executes turns at high speed [92]. Furthermore, the sudden change in
printing direction may cause vibrations in the printer resulting in corner ringing. To
mitigate these defects, a variety of techniques may be employed, such as lowering the
maximum acceleration, slowing down printing speeds, or increasing the rigidity of the
3D printer. In the end, some defects may be minimized, but in other cases the mitigation
techniques may have a negative effect or result in a longer printing process. Therefore,
these issues are difficult to solve without a better understanding of how different corner
angles and processing parameters influence the deposited material in the corners.

CFD models have been found successful in predicting the shape and size of the strands,
as described in the previous section. In addition, Comminal et al. [93,94] developed a
CFD model that investigates the shape of the corners of angles 90° and 30° deposited in
FDM for sharp and smoothed trajectories of the toolpath. It was found that the corner
swelling can be reduced by using the smoothed trajectories; however, this results in
rounded corners that deviate from the sharp-angular shape of the toolpath. These studies
must be considered as early efforts since they lack an investigation of a wide range of
angles and a comparison to experimental measurements that would better understand the
state of the material in the corners printed during FDM.
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1.2.2 Morphology and stability of multilayer prints

The deposition process of successive layers can be divided into three categories based on
the state of the previously printed ones. These are wet-on-wet, wet-on-semisolid (i.e.,
partially-hardened or -cured), and wet-on-solid printing [95-99]. In wet-on-solid printing,
a layer is printed on top of the previously printed layer that is solidified and not
deformable. This is often seen in FDM, where the printed layer is solidified
instantaneously after deposition and bonds with the melted printing material by a thermal-
driven diffusion process [100-103]. However, in RC and 3DCP, this could affect the
printed part/structure. For instance, it results in weak interlayer bonds [95,104] and an
increased risk of crack formation [105] of the print with cementitious material. While
thermosets can experience residual stresses and thermal warping [106]. Therefore, the
other two printing criteria are preferable, where the previously printed layer is wet or
semisolid and is still deformable [107-110].

During the deposition of multiple layers, the height of a printed layer can be smaller than
the nominal layer height [66,71,111]. If the nominal layer height and the extrusion rate
are constant, the shape of a newly printed layer will be more rounded as the effective
layer height (i.e., the gap between the nozzle and the previously printed layer) increases.
This roundness of newly printed layer is more pronounced when the previously printed
layer is deformed [84,112,113]. Since the layers printed in RC and 3DCP deform during
printing, it compromises their geometrical stability (i.e., uniformity of the layers).
Therefore, controlling the deformation is required to achieve geometrical stability, which
is not a simple task [114,115], as depicted in several experimental studies [5,37,48,116].

A few numerical approaches have been developed to address the deposition of successive
layers. Finite Element approaches have been utilized to simulate multiple layers of
different structures, such as cylindrical- and straight-walls [117-119]. This was to capture
the failure of the structure due to deformation and to identify the height of the wall at
failure (i.e., the number of layers where failure occurs). The cause of the failure-
deformation was attributed to the buckling of the structure under its own weight.
Furthermore, it was found that while deformations occurred in all deposited layers, the
most significant deformations occurred at the bottom layer.

Following the success of the CFD models for single strands reviewed earlier, a few studies
have been carried out for successive deposition of materials. Serdeczny et al. [120,121]
developed an isothermal CFD model to address how to reduce porosities during
successive deposition of layers in FDM, whereas Zhou et al. [122] considered a non-
isothermal model to address the transfer between parallel strands. However, for RC
multilayer printing of viscoplastic materials (such as ceramic pastes and thermosets) the
origin of the deformation and how to reduce it so that structures can be printed with layers
of uniform size are yet to be investigated.

1.2.3 Integrating reinforcement bars in 3DCP

Reinforcement is a necessity (to withstand tensile stresses) in most load-bearing concrete
structures. Introducing reinforcement in 3DCP is at present a challenge, and the
difficulties were evident in the early stages of the technology [123]. Several design
solutions have been tested in practice to either eliminate the need for reinforcements or
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introduce reinforcements during printing [124-128]. This has led to the development of
several reinforcing techniques, including conventional reinforcement bars [129], micro-
cable reinforcements [130,131], fiber reinforcements into the mortar [132,133], a steel
reinforcement technique using robotic arc welding [134,135], and in-process bar-mesh
reinforcements [136]. The reinforcement method involving rebars and freshly deposited
layers is of focus in this dissertation. In this technique, a few methods are available in the
literature, for example, penetration of rebars vertically through a multi-layered part [137],
placement of rebars along a printed layer followed by the next layer on top [138], and
depositing around pre-installed rebars (bi-directional) [139]. These approaches are
affected by the presence of air voids around the rebar, which significantly affects the
bonding between rebar and concrete, and thereby the load bearing capacity [129,140]. A
large amount of trial and error is required to overcome this constraint, which is expensive
and time-consuming, and limits the progress of the approaches.

Therefore, it is worth utilizing the potential of the CFD model, as reflected in the earlier
sections. However, to the best of the author’s knowledge, CFD models have not been
developed to investigate the above issue.

1.4 Research objectives and outline of this dissertation

The goal of this dissertation is to advance the state-of-the-art of MEX-AM. The
dissertation deep dives both numerically and experimentally into the three topics
mentioned above that all relate to material flow during deposition with the overall aim of
improving the quality of the printed parts/structures. The objectives and scope of each of
the three topics are specified in Table 1.1.

Table 1.1: Summary of objective and scope of the works appended in the dissertation.

Topic Objectives Scope Ref.
Corner Investigate the e Print corners experimentally with | [A.1]
printing printing of different angles using two different
corners and its extruders, Bowden and direct drive
precision e Perform CFD simulations of single-

strand  deposition  to  mimic
experiments

e Analyze and compare the microscale
geometry of both experimental and
numerical corners

Morphology | Investigate layer | e Perform CFD simulations accounting | [A.2],

and stability | morphology and for  multilayer  deposition  of | [A.3],

of multilayer | its stability viscoplastic materials [A.4],

prints during multilayer | e Investigate cross-sections of the layers | and
printing and their deformations during | [A.5]

printing, for different material- and
processing-conditions

e Extend the CFD model by accounting
for a semi-solidification of the printed
layers and analyze layer deformation
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e Investigate the interlayer bond
distance and surface roughness of the
deposited layers

e Establish printing strategies that
stabilizes the deposited layers by
reducing its deformation

Integrating Investigate the e Perform CFD simulations to predict | [A.6]
reinforcement | integration of the deposition of successive layers | and
bars in 3DCP | reinforcement around integrated reinforcement bars | [A.7]
bars and the e Perform experiments and compare
presence of air with the simulations
voids in the e Predict the air void content inside the
structure structure

e Establish printing strategies that
reduces the air void content

This dissertation comprise four chapters that provides the background and methodology
for the seven appended papers. The structure is as follows:

Introduction This chapter provides a motivation for the dissertation, state-of-the-
art and research gaps for material flow during MEX-AM deposition,
and accompanying objectives.

Methodologies  This chapter describes the CFD models and experimental details of
the appended papers. First it presents the governing equations of the
material flow dynamics and constitutive models. Then, it outlines
the developed CFD models and the data processing techniques.
Finally, it describes the methods for conducting the experimental
printing and measurements.

Summary of This chapter provides an overview as well as brief summaries of the
Appended appended publications
Papers

Conclusions and  This chapter summarizes the dissertation and provides directions for
future work further research.

As the dissertation structure indicates, results and discussions will only be presented in
the individual appended papers.
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The CFD models and experimental methods of the appended works will be explained in
this chapter. The CFD models were used in all seven appended papers, whereas the
experimental analysis was conducted in three. One of these investigated the corner
precision in FDM 3D printing. The other two studied the integration of reinforcement
bars in 3DCP.

The chapter starts by describing the governing equations of the material flow during
deposition, which are identical for all the investigated CFD models (section 2.1). After
that, it outlines the constitutive models applied by CFD models, such as Newtonian,
generalized Newtonian, and elasto-viscoplastic fluid models (section 2.2). Details of the
CFD models and data post-processing are described in section 2.3. Finally, information
about the experimental methods and data processing is presented in section 2.4.

2.1 Governing equations

The dynamics of the deposition flow of materials in MEX-AM can be assumed to be
transient and isothermal. Therefore, the flow is unsteady and viscous-incompressible with
a constant density of the material p. The justification for these assumptions is described
in the later sections. Thus, the flow dynamics can be governed by the following mass and
momentum conservation equations:

Vu=0 (2.1)

ou
p(a+u. Vu) =-UVp+pg+V.o (2.2)

where u is the velocity vector of the material, t is the time, p is the pressure, g =
(0,0, —g) is the gravitational acceleration vector, and ¢ is the deviatoric stress tensor.

2.2 Constitutive models

Three different constitutive models were used to approximate the rheological behavior of
the materials in the appended papers during MEX-AM. The first approach was the
Newtonian Fluid (NF) model, where the viscosity of the material was constant (used in
publication [A.1] to simulate a thermoplastic). The second approach was a Generalized
Newtonian Fluid (GNF) model, which was used in the publications [A.2], [A.3], [A.4],
and [A.5] to simulate a viscoplastic material such as a thermoset. Lastly, an elasto-
viscoplastic (EVP) model was adapted, where in addition to the viscous stress the elastic
stress was taken into account (used in the publications [A.6] and [A.7] to simulate
concrete).

2.2.1 Newtonian Fluid
This sub-section is related to Publication [A.1].

The NF model has a linear constitutive behavior, where the deviatoric stress tensor is
proportional to the deformation rate tensor D = ((Vu) + (Vu)’)/z and the fluid
viscosity u is constant:
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Therefore, the divergence of the deviatoric stress tensor in Equation (2.2) is simplified
into the Laplacian term pV7?u, and Equation (2.2) becomes:

Ju
p (E + u. Vu) =—Vp+pg+ uviu (2.4)

One should note that this appended study focused on the deposition of thermoplastics,
namely PLA, during FDM. The printing requires a significant phase of heat transfer in
practice, where the feedstock filament melts, i.e. is subjected to the glass-liquid transition
of the material. However, it was considered isothermal in the CFD model, as in [64,120].
Moreover, the NF model was chosen because the shear thinning behavior of
thermoplastics showed a secondary effect on the strand shape [141]. Furthermore,
Serdeczny et al. [71] showed that applying the isothermal NF model is a sufficient
assumption to predict the strand morphology observed in experiments. However, the
temperature-dependent viscosity model (i.e., non-isothermal) is able to improve the
prediction slightly as investigated in [72].

2.2.2 Generalized Newtonian Fluid
This sub-section is related to Publications [A.2], [A.3], [A.4], and [A.5].

In GNF model, the deviatoric stress tensor and the deformation rate tensor are related by
the apparent viscosity u,,,, of the material, which is a function of shear rate y:

0 = 2Ugpp (¥) Dr (2.9)
where y is calculated as the magnitude of the deformation rate tensor, i.e., 1/ 2tr(D%).

The studies in this case focused on the multilayer deposition of viscoplastic materials
used in MEX-AM, particularly in RC. Viscoplastic materials such as ceramics [49] and
thermosets [52] can be printed. The non-Newtonian flow behavior of these materials can
be approximated by yield stress (7,) dependent rheological models such as the Bingham
[142], Casson [143], or Herschel-Bulkley [144] models. This study adapted the Bingham
material rheological model:

0, when 1 < 1 (2.6)

N T
() np + 70, when t > T,

where u is the material’s viscosity, np is the plastic viscosity, and t is the magnitude of

the deviatoric stress-tensor, calculated as t = +/2tr(a?). The material starts flowing once
the stress state in the material exceeds the yield stress. Otherwise, the material stays
unyielded, so the viscosity becomes infinite. This causes a numerical singularity, and to
avoid it, the apparent viscosity was approximated using a bi-viscous regularization [145]
of the Bingham model:
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Umax.app when Y <Vc (2.7)

7)) — T
Ko@) = 1y + 22, wheny = 7,

Where Umax.app = Mp + To/Vc is the maximum apparent viscosity and y, is the critical
shear rate. The selection of y,. depends on the characteristic shear rate of the flow and the
time scale of the simulations. It should be small enough to limit the flow in the parts of
the domain where the stress state is lower than the yield stress, while large enough to
avoid extensive computational time and possible divergence issues.

2.2.3 Elasto-viscoplastic Fluid
This sub-section is related to Publications [A.6] and [A.7].

The EVP constitutive model accounts for both the viscous- and elastic-stress. Therefore,
the deviatoric stress tensor o is the sum of the deviatoric parts of the viscous stress tensor
oy and elastic stress tensor og:

0 =0y +o0g (2.8)
The deviatoric viscous stress tensor is given by:
oy =2np Dr (2.9)

The deviatoric elastic stress tensor is modelled using the Hookean assumption of small
deformation rate tensor E between each small time steps At = t — t,, to approximate the
elastic response of the unyielded material o7;.

o, =2GE (2.10)

where G is the shear modulus and E(t) = E(t,) + At D is the deviatoric part of the
incremental strain rate tensor approximated by integrating the deformation rate tensor
over At.

The incremental representation of Equation (2.10) can be written as:

a0’ 2.11
6_tE +V.(uoy) — (6. Wy + Wh.oh) = 2G Dy (211)

where W, = ((Vu) — (Vu)’)/z is the vorticity tensor. The first term of the left-hand side
of Equation (2.11) represents the change in elastic stress at a fixed location in space. The
change in elastic stress due to its movement and rotation with the material is approximated
by the second and third terms, respectively. The right-hand side considers the change in
elastic stress due to shearing.

The elastic stress tensor of the yielded material can be approximated by imposing the
yield stress T, limit as follows:

To > o (2.12)

Op = min <1,
Ovm
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where o, 1S the von Mises stress defined as:

2 1/2 (2.13)
o = (51153)

where I, = tr(azz) is the second invariant of o%. The material is yielded when a,,,
exceeds the yield stress.

2.3 CFD models and data post-processing

This section summarizes the CFD models developed in the appended works. The CFD
models were developed in FLOW-3D® (Version 12.0; 2019; Flow Science, Inc.) [146]
in order to mimic the deposition flow during printing in different MEX-AM technologies.
The models differ based on the problem statement and the constitutive model used. All
the simulation cases of the CFD models were run with 20 cores on a high-performance
computing cluster at the Technical University of Denmark. Furthermore, the post-
processing of the simulated results is also summarized.

Common for the CFD models is the model geometry that comprises a cylindrical nozzle
extruder of diameter Dn, a fixed substrate typically placed h = Dn/2 away from the
nozzle head, and an artificial solid object placed at the top of the nozzle. Note that the
dimensions of the geometry differed for different models. The solid object was used to
prevent the material from flowing outside the nozzle orifice since the top plane worked
as an inlet boundary. The bottom plane was assigned a wall boundary condition. At time
t = 0, the nozzle extruder was set at rest and placed above the solid substrate at a distance
h. Attime t > 0, the material started to flow with a fully developed profile. The material
flowed with a speed called the extrusion speed U, and the nozzle moved with a printing
speed V. The material extruded through the nozzle and deposited onto the substrate results
in a strand with a nominal height of h.

2.3.1 CFD modelling of corner printing
This sub-section is related to Publication [A.1].

In this case, the CFD model predicted the extrusion-deposition flow through the
cylindrical tip of a E3D V6-nozzle having an inner diameter of 0.4 mm (i.e., Dn) and
outer diameter of 1.0 mm. The computational domain of the model geometry and a
deposited strand is presented in Figure 2.1. Note that the solid object at the top plane is
not illustrated in order to give a better view of the model. Other parametric details follow
the experimental details explained in sub-section 2.4.1. Since the specimens were printed
to have a width of 0.8 mm and a height of 0.2 mm, calibration was needed to find the true
extrusion speed and the height of the nozzle tip from the substrate to match the printed
specimens. Therefore, the extrusion speed was calibrated to follow a speed ratio of S, =
/U= 0.81, where V = 2000 mm/min, and the height was set to 0.24 mm. The simulated
length of the strand is 8 mm at either side of the corner. Moreover, the CFD model
mimicked both the physical prints using Bowden and direct drive extruders. Further
discussion on extruders can be found in sub-section 2.4.1.

11
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Simulated strand

Substrate

(b)

Figure 2.1: CFD model to investigate FDM corner printing. (a) Computational model
incl. extruder nozzle and solid substrate; and (b) example of a simulated strand at a
corner angle of 135°.

The CFD model solved the governing equations (2.1) and (2.2) with the NF model. The
computational domain of the model was meshed with a uniform Cartesian grid of size
2e> m (i.e., 20 cells along the nozzle diameter) and discretized by the Finite Volume
Method (FVM). The boundaries (other than the top and bottom) were continuative
boundaries, where the material could potentially flow outside; however, the boundaries
were placed far from the deposition track. The software used the FAVOR technique
(Fractional Area/Volume Obstacle Representation) to represent solid geometries within
the computational domain, which assists in simulating the motion of the nozzle.
Furthermore, the governing equations are solved by the implicit pressure-velocity solver
GMRES (Generalized Minimum Residual) [147-149]. The predictions of the pressure
and forces near solid objects are facilitated by the immersed boundary method [150]. The
time step size was initially set to a value of 1.0e~° s and was automatically controlled by
the solver based on the stability criteria [146]. The momentum advection was calculated
explicitly with a scheme called second-order monotonically preserving, which ensures
second-order accuracy in space and first-order accuracy in time. Moreover, the free
surface was modelled with the Volume of Fluid method (VOF) [151,152].

2.3.2 Post-processing of corner printing simulations
This sub-section is related to Publication [A.1].

The simulated corners were post-processed to compare them with the experimental and
analytical corners. At first, the simulated corners were visualized in FLOW-3D® POST
[146] to compare with the post-processed experimental corners (explained in sub-section
2.4.1), as shown in Figure 2.2.

Simulation Comparison

Simulation

Exaeriment
(a) (b)
Figure 2.2: Post-processing of simulated corners and comparison with experiments. (a)
Simulated corners; and (b) comparison. Note that a 15° turn is used in this example.

12
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The next steps of post-processing were done using ImageJ®, where the primary and
secondary mitre cross-sectional widths were measured, see Figure 2.3. Thereafter, a
quantitative comparison was made with the analytical corners to measure the area of over-
and under-extrusion (cf. Figure 2.3-b). Typically, an analytical corner is the horizontal
cut in the middle of the height of the strand that comprises the pre- and post-corner
strands, as seen in Figure 2.3-a. During the comparison, the underfill of the analytical
corner was not considered, as the polymer did not occupy it in any specimen. The over-
extrusion at the inner side of the corner is defined as inner over-extrusion. Furthermore,
the over-extrusion at the outer-edge of the pre- and post-corner strands is defined as outer
over-extrusion. In contrast, the under-extrusion at the outer edge is defined as outer under-
extrusion (cf. Figure 2.3-b).

Analytical corner Analytical corner without underfill

Analytical double-deposition ('e nominal corner)

Post-corner strand

............................ Ana!xtical underfill

: N"'“"'N
* “,

« ‘e
Analytical primary mitre cross-sectional width 3

1 Pre-corﬁer strand ¥
Analytical secondary mitre cross-sectional width Corner circle

Simulation and nominal corner
(zoomed-in view)

-----
2.

g
to

G e

‘. -
- .
ooF

1 i H 4“" H o5
Simulated primary mitre cross-sectional width s {Outer over-extrusion

Simulated secondary mitre cross-sectional width

Figure 2.3: Measurements of simulated and analytical corners. (a) Cross-section of
analytical corner and analytical corner without underfill; and (b) measurement of
simulated mitre cross-sectional widths, and over- and under-extrusion of simulated
corners compared to the analytical corner. A corner angle of 15° was used in this
example.

2.3.3 CFD modelling of morphology and stability of multilayer prints
This sub-section is related to Publications [A.2], [A.3], [A.4], and [A.5].

Two different CFD models were prepared to mimic the extrusion-deposition flow of
viscoplastic materials using the GNF framework with the Bingham constitutive model.
In the first model (named CFD model-1), the multilayer deposition of up to five layers
was investigated with the wet-on-wet and wet-on-solid printing (related to [A.2]). The
other model (hamed CFD model-I1) considered wet-on-semisolid printing of two layers
by applying a yield stress buildup to the printed layer when printing the second layer on
top (related to [A.3], [A.4], and [A.5]).

13
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Figure 2.4 presents the details of CFD model-I. First, the material is extruded over a
length | along the x-direction to deposit the first (i.e., bottom) layer. In the wet-on-wet
printing, when the first layer was printed, the nozzle lifted up in the z-direction by the
distance h and continued printing along the negative x-direction. The process continued
until simulating multiple layers, in some cases three and in others five. When simulating
the wet-on-solid printing, the printed first layer was assumed to be a part of the solid
substrate using its STL (Standard Tessellation Language) form, and then the next layer
was printed on top. The process continued until a 5-layer structure was simulated.

Inflow, U

Symmetry plane

‘\l()\’ing

Solid substrate gxtruded material

Toolpath

Figure 2.4: CFD model-I to investigate layer morphology and stability. Schematic
includes the details of model geometry, toolpath, computational domain, and boundary
condition [A.2].

The details of the CFD model-II are illustrated in Figure 2.5. The model simulated a 2-
layered structure and investigated to stabilize the first layer when printing the second
layer on top. The model adapted a user-defined scalar approach to mimic the yield stress
buildup of the printed layer. The yield stress buildup was a consequence of taking into
consideration the time-dependent rheological behavior of the viscoplastic materials in a
layer-by-layer manner. This means once the first layer was deposited, its yield stress was
changed before the second layer was printed on top (i.e., the first layer was now assumed
to be semisolid). Note that during the printing of the second layer, the rheological property
of the material was the same as the first layer while it was printed. Thus, printing and
printed layers had different yield stress and therefore different viscosity functions. The
viscosity function of the printing layer is given by:

HUmax.app, when Y < yc

) = Tprinti
Happ (V) np + prl;tlng’ wheny >y,

(2.14)

which is the same bi-viscous regularization of the Bingham model presented in the
equation (2.7). The only difference is the notation of the yield stress of the printing layer
Tprinting, Which is previously denoted by .
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Computational domain Material inlet

Top surface
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nozzle
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Figure 2.5: CFD model-I1 to investigate layer morphology and stability. The schematic
includes the details of the model geometry, toolpath, computational domain, and
boundary condition [A.5].

In order to alter the yield stress of the printed first layer during the printing of the second,
the computational cells containing the material of the first layer were assigned a non-zero
scalar concentration S, in terms of mass per fluid volume. For the rest of the
computational cells S, = 0. The non-zero scalar carried the following apparent viscosity
function:

.umax.SC.appt when ]’ < )./c

Tprinted (2.15)

HUsc.app W) = np + , wheny >y,

where ugsc qpp represents the apparent viscosity of the scalar, and  pmax.scapp = 1p +
Tprintea/Ve 1S the maximum apparent viscosity of the scalar. The only difference from
equation (2.14) was T,,inteq that represents the yield stress of the scalar.

Therefore, the printed material (first layer) was assigned two apparent viscosity
contributions, one from the material itself (equation (2.14)) and the other carried by the
scalar (equation (2.15)). In contrast, the printing material (second layer) was assigned a
single viscosity contribution from the material (equation (2.14)). A viscosity mixture rule
governed the viscosity of the layers by a mass average between the apparent viscosities
of both the material and scalar [146]:
+ S
iy = PP p+ ;l:“'“”p (2.16)

This implies that pi,,;, is equal to i, in the part of the computational domain containing
the printing layer where S, = 0. Whereas in the part of the domain containing the printed
layer, umy is larger than ug,,, when S, > 0. However, the increased viscosity (when S >
0) does not comply with the rheological behavior of the semisolid first layer as Equation
(2.16) results in a slight increase in magnitude. Therefore, u,,;, was used as a
classification parameter in the following equation that specifies whether pqy,, OF tigc app
is used as the apparent viscosity in a given control volume:

Usc.app- when Hmix = Uapp

‘ucv'app(y) - { ,uapp; When ﬂmix S 'uapp

(2.17)
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Thus, the GNF model used pcy qpp instead of p,y,, in Equation (2.5). This approach
simulated the wet-on-wet printing (i.e., Tprintea = Tprinting) PY defining S; = 0, which
means the model used Equation (2.14). While wet-on-semisolid printing (i.e., Tyrintea >
Tprinting) Was achieved by giving S, an arbitrary value larger than zero, that means the
model used the Equations (2.15) and (2.14). Thus, T,,inteq represents the yield stress of
the printed material, and t,,in¢ing represents that of the printing material. Figure 2.6
visualizes the dynamic viscosity of CFD model-11 based on the above calculation. The
model applied  Tprintea = Tprinting = 100 Pa (wet-on-wet printing); and Tp,rinting =
100 Paand Tpyinteq = 200 Pa (wet-on-semisolid printing). It can be seen that the model
well predicted the viscosity distributions. In the case of wet-on-wet printing, no change
took place in predicting the maximum apparent viscosity of the unyielded part of the
layers (green color; top in Figure 2.6). Whereas in the case of wet-on-semisolid printing,
the model was able to predict a different viscosity in different layers, where red and green
colors represent the maximum apparent viscosity of the bottom and top layer, respectively
(see bottom picture in Figure 2.6). Consequently, this user-defined scalar approach
enabled the simulation of two fluids together with void in the case of wet-on-semisolid
printing, where the printed layer is one fluid, the printing layer is another fluid as the
viscosity is different, and the rest of the domain except the solid object is the void. The
software was by default able to solve the model with either one-fluid and void, or two
fluids.

Dynamic Viscosity
35,5 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 3500.0 4033.3

—— |l

= 100 Pa
Tprintea = 100 Pa

Tprinted =

Figure 2.6: Dynamic viscosity of the CFD model-Il. The longitudinal-sections were
taken during printing the second layer for wet-on-wet (top) and wet-on-semisolid
(bottom) printing situations [A.4].

The CFD models (I and I1) solved the governing equations (2.1) and (2.2) with the GNF
constitutive model (see section 2.2.2). The GNF framework was built in the software.
However, for model-Il, the viscosity of the material was calculated in a separate
subroutine that was developed as described above. The discretization, boundary
conditions, and numerical methods were mostly the same as defined for the CFD model
described in the previous sub-section 2.3.1. The primary differences are mentioned
below.
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2.3 CFD models and data post-processing

In these two models, a symmetrical boundary condition in the xz-plane was applied to
reduce the computational cost. In addition, an explicit solver calculated the momentum
advection, where model-1 accounted for second-order accuracy in both time and space.
In contrast, model-Il used the technique called monotonically preserving upwind-
difference that ensures second-order accuracy in space and first-order accuracy in time.
This change in models created no significant difference in the prediction of strand shape;
however, the latter took less time.

2.3.4 Post-processing of morphology and stability of multilayer prints
This sub-section is related to Publications [A.2], [A.3], [A.4], and [A.5].

The simulated results were post-processed to analyze the geometrical stability of the
prints, inter-layer bond, surface roughness, and extrusion pressure. The cross-sectional
shapes of the layers were collected to monitor geometrical stability, i.e., showing how the
printed layers deformed when the next layers were printed on top, with the extrusion
pressure being used to investigate the origin of the deformation. At first, the fluid fractions
corresponding to the cross-sectional shapes of layers in a plane parallel to the yz-plane
were extracted at the middle of each deposited layers (see Figure 2.7, top). Next, the fluid
fractions were processed in MATLAB to visualize the edge of each layer (cf. Figure 2.7,
bottom). Then the shapes of the different layers were compared (see Figure 2.8). The
relative deformation (along the width) of the bottom layer De; after the deposition of the
i-th layer was calculated as:

De; = (w; —wq)/wy (2.18)

where w; represents the width of the bottom layer just after the deposition of the i-th layer,
and wy is the initial width of the bottom layer, as shown in Figure 2.8.
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Figure 2.7: Post-processing of cross-sectional shapes: cross-sections from simulation
(top) and processed in MATLAB (bottom).
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Figure 2.8: Comparison between the post-processed cross-sectional shapes of different
number of layers, and width measurements (w;, w, and wy) of bottom layer. The
parameters wy, w, and wy are the widths of the bottom layer after successive deposition
of layers [A.2].

20 30

The inter-layer bond and surface roughness was calculated and presented in Publication
[A.4]. Increasing the bond distance results in better strength of the part [101], and a good
surface roughness is important for many applications [18,153]. The inter-layer bond was
calculated as the length of the bond-line between two deposited layers, see Figure 2.9
(left). The vertical surface roughness (i.e., edge smoothness and arithmetic mean
roughness Ra) was estimated as an arithmetic mean deviation of the edge profile from a
centerline adopted in such a way that the area enclosed by the lines on either side of the

edge profile was equal (i.e., green area was equal to blue area), cf. Figure 2.9 (right) [121].
20 T T

30

20
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| |= = =Centerline

Tp-,-inting:loo Pa
] Tprinted:]-OO Pa

R, = 1.264 mm
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25
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Figure 2.9: Deposited layers and Bond-line (left) and vertical surface roughness (right).

Finally, the extrusion pressure Pp at the nozzle exit, representing both the static and
dynamic pressure during extrusion, was calculated. Thus, the extrusion pressure is
directly applied to the printing surface [64]. During the deposition of the bottom layer,
the solid substrate acts as the printing surface, whereas for the next layers, the layer
previously printed does so. Furthermore, the extrusion pressure acts for a short time since
the nozzle moves during printing, however, it helps the sideways flow of the depositing
material [73]. To calculate the extrusion pressure, the surface-average was taken between
the gauge pressure values in a cross-sectional slice taken at the nozzle exit, cf. Figure
2.10. A number of cross-sectional slices were chosen to calculate the surface-average
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2.3 CFD models and data post-processing

throughout the toolpath of a layer (see [A.2] and [A.5] for details). Finally, an average of
those surface-average values was used to obtain the extrusion pressure.

Printing direction |

Pressure

[ 2.8e+03

\ - 2500

\

[ 2000

— 1500

1.0e+03

Figure 2.10: Pressure distribution in a cross-sectional slice at the nozzle exit. The slice
was taken at a time when the nozzle was in the middle of a layer.

2.3.5 CFD modelling of integrating reinforcement bars in 3DCP
This sub-section is related to Publications [A.6] and [A.7].

The integration of reinforcement bars (rebars) in 3DCP was investigated using three
different CFD models (see Figure 2.12). The first model (rebar-model 1) simulated the
deposition of four successive layers of parallel strands (125 mm in length) without any
rebars. The second model (rebar-model 2) simulated the same, with a horizontal
cylindrical solid object introduced in the middle of the strands to represent a horizontal
rebar. Finally, the third model (rebar-model 3) included cross-shaped rebars, where solid
objects were positioned horizontally and vertically. The lengths of the horizontal and
vertical rebars were 50 and 40 mm, respectively. The printing toolpath of the models is
illustrated in Figure 2.12. Rebar-models 1 and 2 followed the same toolpath presented in
3D (left). The toolpath for rebar-model 3 is presented in 2D (right), where a stepped
toolpath was introduced in order to pass the vertical rebar. In most of the investigated
cases, the toolpath of the extrusion nozzle keeps a distance of Dnr from the axis of the
nearest rebar (i.e., nozzle-rebar distance).

Material Inlet/
Model 3 =5 —

Rebars Moving Nozzle

Deposited Material

Figure 2.11: CFD models to investigate the integration of reinforcement bars in 3DCP.
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Figure 2.12: Toolpath of the CFD models. Rebar-models 1 and 2 followed the toolpath
on the left, and rebar-model 3 followed the toolpath on the right.

All three models were simulated with the EVP constitutive model (cf. sub-section 2.2.3)
that mimics the rheological behavior of a cementitious mortar. The discretization,
boundary conditions, and numerical methods were mostly the same as those defined for
the CFD model described in the earlier sub-section 2.2.2. The exceptions were that no
symmetrical boundary condition was applied, and the elastic stress of the EVP model was
calculated explicitly. An implicit technique, successive under-relaxation, was used to
solve the viscous stress of the EVP model. Furthermore, the study was carried out with a
first-order accuracy in both space and time since obtaining a second-order accuracy was
found too time-consuming. Yet the computational time was long due to the use of the
EVP model. For example, the simulations illustrated in Figure 2.11 took about six days
to solve with 20 cores on the cluster, cf. the appended work [A.7].

2.3.6 Post-processing of integrating reinforcement bars in 3DCP simulations
This sub-section is related to Publications [A.6] and [A.7].

The simulated results were processed in two steps. One presented the cross-sectional
shapes, and the other calculated the volume of the air voids that takes place inside the
printed structure. The cross-sectional shapes were used to investigate the interior of the
structure, i.e., the deformation of layers and the concrete-concrete- and rebar-concrete-
bonding. The cross-sectional shapes were collected at the middle of a layer by using the
post-processing tool FLOW-3D® POST, as shown in Figure 2.13-a. The figure also
presents the positions of the volume sampling object that is used calculate the volume
fraction of air voids in the structure (see details in Ref. [146]). The object was a cuboid
of size 20 x 25 x 3h mm?3 that was introduced to the CFD models, as shown in Figure
2.13-b. Note that the size and position of the object were kept constant for all the models
and all cases of the parametric study. Finally, the volume fraction of air voids V;, was
calculated as follows:

_ Volume of air void (2.19)

x 100 %

W= Volume of cuboid
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Figure 2.13: Post-processing of results: (a) Cross-sectional shapes and volume sampling
object along the cross-section for the different rebar-models, and (b) details about the
volume sampling object.

2.4 Experimental methods

MEX-AM experiments were performed for the studies related to corner printing and the
integration of reinforcement bars in 3DCP. The corner printing experiments were
conducted during an external research stay at Loughborough University, UK. The
investigation is described in the appended paper [A.1l]. Researchers at the Danish
Technological Institute, Denmark, conducted experiments related to the integration of
reinforcement bars in 3DCP. See appended publications [A.6] and [A.7].

2.4.1 Corner printing experiments
This sub-section is related to Publication [A.1].

The corner printing experiments were performed to produce single-strand specimens with
ten successive layers (with a layer height of 0.2 mm) using a natural PLA feedstock
filament of diameter 1.75 mm and density of 1024 kg/m?. The printing setup is shown in
Figure 2.14-a, where the solid filament was fed into the nozzle hot-end using a Bowden
or direct drive extruder. Moreover, the printed specimens comprise seven right trapezoids
having corner angles such as 15°, 30°, 45°, 60°, 75°, 90°, and 135°, cf. Figure 2.14-b. The
specimens were produced by direct GCode scripting using the open-source software
FullControl GCode Designer [155]. The software uses a parametric setup and follows the
printing toolpath to make the GCode; therefore, no slicing software is required.

As mentioned in the earlier sub-section, an E3D V6-nozzle of Dn = 0.4 mm was used
and the printing speed was set to 2000 mm/min. The nozzle utilized a deceleration phase
before reaching the corner point where the printing speed reached to zero. Right after, the
nozzle accelerated until reaching the initial printing speed. The magnitude of the
acceleration and deceleration phases were 6000 mm/s?. The pre- and post-corner strands
(i.e., before and after the turn, respectively) were printed along the x-direction and x, y-
directions, respectively.

The extrusion speed was set to achieve strand widths of 0.4, 0.6, 0.8, and 1.0 mm.

However, the appended study focused on the strand width of 0.8 mm. The other widths
are the subject of ongoing research. Printing with the Bowden extruder ensured a constant
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extrusion speed throughout the toolpath. In contrast, it was synchronized (not constant)
with the acceleration and deceleration of the nozzle during printing with the direct drive
extruder. The extrusion temperature was set at 210 °C. Special corner printing parameters
such as the jerk speed (i.e., an instantaneous jump of extrusion speed by the amount of
jerk when the acceleration and deceleration phases are initiated) and the blending
acceleration factor (i.e., the ratio between the acceleration time and the deceleration time)
were disabled to simplify the corner printing and thereby obtain fundamental understand
of the material flow. Investigating those parameters is left for future research.

Furthermore, the experiments were performed using an E3D tool changer that allowed
the implementation of two different extruders (Bowden and direct drive) and a
microscopic tool in a single hardware system (i.e., printer) for direct comparability and
in-process inspection. When the specimens were printed, a series of images of different
angles were captured by the microscopic tool, cf. example in Figure 2.15-a.

Ll

&' Direct drive
extruder

extruder

(@)

(b)

15°,30°, 45°, 60°, 75°,90°, and 135°

Figure 2.14: (a) Experimental setup with Bowden and direct drive extruders, and
microscopic tool. (b) Printed part using both extruders for different strand widths and
different angles.
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2.4.2 Post-processing of corner printing experiments
This sub-section is related to Publication [A.1].

The microscopic images were post-processed using ImageJ®, as shown in Figure 2.15.
At first, the images were transformed into edge-view images, cf. Figure 2.15-a (right).
Next, the processed images were compared qualitatively with the simulations, cf. Figure
2.2-b. Furthermore, quantitative comparisons were performed with the analytical corners,
and the measurements were taken for the mitre cross-sectional widths and the over- and
under-extrusion area (see Figure 2.15-b).

Microscopy Processed image (ImagelJ®)

Ridge —
“-_‘“ —
(2) L . .
Experiment and analytical corner
(zoomed-in view)
.................. +» Outer over-extrusion
(b) . e et 3 ~
» 0 TS s

RS - M :
Experimental primary mitre crofs-sectional width! 4 Quter under-extrusion

v -
Experimental secondary mitre cross-sectional width OUter Over-extrusion

Figure 2.15: Post-processing of microscopy of corners. (a) Full-length microscopy
showing the ridge (left) and the processed image showing the edge of the print; and (b)
measurement of experimental mitre cross-sectional widths, and over- and under-
extrusion of printed corners compared to the analytical corner.

2.4.3 Integrating reinforcement bars in 3DCP experiments
This sub-section is related to Publications [A.6] and [A.7].

The 3DCP experiment around integrated rebars was performed using a 6-axis industrial
robot (Fanuc R-2000iC/165F) having a custom-designed nozzle with 20mm (i.e., nozzle
diameter, Dn = 20 mm), cf. Figure 2.16-a. For more details on the robot, refer to [73,156].
The built plate/substrate was a 25 mm thick plywood plate as seen in Figure 2.16-b. A
one-meter long horizontal rebar of diameter Dr was placed at a distance Hr from the built
surface with the support of two vertical rebars that had a height of approximately 37 mm.
The setup was used to print a structure of four successive layers of parallel strands around
the rebars. The printing toolpath is explained in the earlier sub-section 2.3.5. Prints were
carried out with different rebar diameters, i.e., Dr = 8 and 12 mm. The extrusion rate of
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the material was set at 0.92dm3/min and the nozzle speed was 35 mm/s. One of the prints
Is shown in Figure 2.16-c.

The material used in the experiments was a fresh cement-based mortar that included a
white cement CEM 152.5 R-SR 5 (EA), admixtures, limestone filler with sand (maximum
particle size being 0.5 mm), and water. A 75 litter Eirich Intensive Mixer Type Ro8W
was used to prepare the binder. The ratio between water and cement was 0.39. The mortar
was prepared to have time-independent rheological characteristics for about 2 hours, and
the real printing process took about 15 minutes. The density of the mortar was p = 2100
kg/m?. The rheological characterization of the mortar was explained in [73,156]. An
Anton Paar Rheometer MCR 502 was used to perform rotational and oscillatory tests in
a vane-in-cup measuring device. The tests determined the yield stress T, = 630 Pa.s and
plastic viscosity np = 7.5 Pa, and the storage modulus G’ = 200 kPa for the unyielded
mortar within the linear viscoelastic (LVE) region. Therefore, a yield stress limited EVP
constitutive model was used to model the rheology of the mortar as explained in sub-
section 2.2.3. The storage modulus was used as the linear elastic shear modulus of the
unyielded mortar.

Figure 2.16: Integrating reinforcement bars in 3DCP: (a) 6-axis robotic arm [73]; (b)
plywood-built plate with integrated rebars; (c) example of printing (pictures were taken
during printing of the third layer).

2.4.4  Post-processing of integrating reinforcement bars in 3DCP experiments
This sub-section is related to Publications [A.6] and [A.7].

The printed parts were post-processed to collect the cross-sections after the prints were
hardened to investigate the rebar-concrete bonding. The printed parts were impregnated
with epoxy resin in a vacuum chamber to avoid destroying the specimens while slicing
them, cf. Figure 2.17.
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Figure 2.17: Post-processing of integrating reinforcement bar in 3DCP experiments.
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3 | Summary of Appended Papers

This chapter starts by presenting an overview of the seven appended publications.
Subsequently, summaries of the individual publications are given, which are extended
versions of the abstracts.

Overview

Publication [A.1] addressed the single-strand deposition of material along an angular path
during filament-based MEX-AM. A CFD model was developed to simulate the deposition
flow of PLA in order to investigate the state of the material along the angular path for
different corner angles. Experimental, analytical, and simulated corners were compared.

Publications [A.2] to [A.5] concerned multiple layers (unto five layers) deposition of
viscoplastic materials in MEX-AM. Publication [A.2] focused on continuous deposition,
where the material’s property is assumed constant during the deposition, i.e., wet-on-wet
printing. In addition, wet-on-solid printing was simulated, where the previously printed
layer was assumed to be a part of the solid substrate. The deformation and stability of the
deposited layers were studied. Publications [A.3] to [A.5] addressed wet-on-semisolid
printing to study the deformation and stability of deposited layers, where the previously
printed layer was assumed to develop its yield stress and become semisolid. Publication
[A.3] focused on modelling the yield stress buildup and briefly studied the deformation
as a function of the yield stress buildup. In Publication [A.4], interlayer bonding of the
layers and surface roughness was investigated as a function of the yield stress buildup.
Publication [A.5] extended the work in publication [A.3] to provide an in-depth analysis
of the yield stress buildup, and both material and processing conditions were varied to
find stable prints with no deformation.

Publications [A.6] and [A.7] concerned the experiments and simulations of the integration
of reinforcement bars during 3DCP. Publication [A.6] presented a CFD model that
simulated the deposition of four layers of parallel strands around the integrated rebars and
compared simulations with experiments. Publication [A.7] used the CFD model
developed in [A.6] and conducted an in-depth analysis by comparing the simulations with
experiments and varying the material and processing conditions to minimize the air void
formation inside the deposited structure.

Publication [A.1]

M.T. Mollah, A. Moetazedian, A. Gleadall, J. Yan, W.E. Alphonso, R. Comminal, B.
Seta, T. Lock, J. Spangenberg, Investigation on corner precision at different corner angles
in material extrusion additive manufacturing: An experimental and computational fluid
dynamics analysis, in: Solid Freeform Fabrication Symposium 2022: 33rd Annual
Meeting, University of Texas at Austin, 2022: pp. 872-881.

In this paper, the influence of different corner angles on microscale geometry was
investigated during filament-based MEX-AM, i.e., FDM. Two different extruders,
Bowden and direct drive, were used to print specimens with corner angles of 15°, 30°,
45°,60°, 75°, 90°, and 135° using PLA feedstock filament. A CFD model was developed
to simulate the deposition flow of the material through the extrusion nozzle of both
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Publication [A.2]

extruders using the NF model. The simulated corner geometries were compared with
experiments to assess simulation accuracy. The comparison included the measurement of
the primary and secondary mitre cross-sectional width through the corner point of the 3D-
printed and simulated strands. It enabled a new understanding of the predictability of the
CFD model and the state of the deposited material at the corners, as well as the deviation
of experimental and simulated corners compared to the analytical solution. The
comparison is thereafter extended to estimate the over- and under-extrusion around the
corner. Furthermore, the results of both extruders are compared. The results provided
fundamental knowledge on corner precision for angular print paths.

Publication [A.2]

M.T. Mollah, R. Comminal, M.P. Serdeczny, D.B. Pedersen, J. Spangenberg, Stability
and deformations of deposited layers in material extrusion additive manufacturing,
Additive Manufacturing. 46 (2021) 102193. https://doi.org/10.1016/j.addma.2021.
102193.

In this paper, a CFD model is developed to simulate the deposition flow during the
printing of multiple layers in MEX-AM of viscoplastic materials. The CFD model
predicted the morphology of the deposited layers and captured the deformation of layers
during the printing. The model used a GNF framework to approximate the rheology of
the viscoplastic materials using the Bingham constitutive model. The simulations were
used to predict the cross-sectional shapes of the deposited layers, and the deformation of
layers was studied for different constitutive parameters of the material (i.e., yield stress
and plastic viscosity). It was found that the deformation of layers is due to the
combination of the hydrostatic pressure of the printed material and the extrusion pressure
during the printing. The simulations showed that higher yield stress could reduce the
deformation of the deposited layers, while a higher plastic viscosity leads to substantial
deformation. Moreover, the influence of the processing parameters, such as printing
speed, extrusion speed, layer height, and nozzle diameter, on the deformation of the
printed layers was investigated. Among the processing parameters, the nozzle diameter
had the most significant impact on the bottom layer deformation. Finally, the model
provided a conservative estimate of the required increase in yield stress that a viscoplastic
material demands after deposition to avoid the deformation, i.e., to withstand the applied
hydrostatic- and extrusion-pressure of the subsequently printed layers.

Publication [A.3]

M.T. Mollah, R. Comminal, M.P. Serdeczny, D.B. Pedersen, J. Spangenberg, Numerical
Predictions of Bottom Layer Stability in Material Extrusion Additive Manufacturing,
JOM. 74 (2022) 1096-1101. https://doi.org/10.1007/s11837-021-05035-9.

This paper extended the study in Publication [A.2] by considering wet-on-semisolid
MEX-AM of materials such as ceramic pastes and thermosets. Common for these
materials was their viscoplastic behavior during the deposition and structural buildup (i.e.,
increase in yield stress/semi-solidity) after the deposition. The complex nature of these
materials makes it non-trivial to guarantee that printed layers do not deform when
depositing additional layers on top (refer to publication [A.2]). Therefore, this paper
considered the influence of the yield stress buildup of viscoplastic materials on the
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stability of the bottom layer during multilayer printing. Specifically, a novel CFD model
was developed that applied a scalar approach to alter the yield stress of the printed layer
when printing the next layer on top. The viscosity of the material during printing was
investigated to verify the implementation of the yield stress buildup. Moreover, different
yield stress buildups were investigated for a particular property of the printing material.
The model provided fundamental knowledge on how to design the material’s rheology,
so the bottom layer can withstand the applied pressure (i.e., both the hydrostatic- and
extrusion-pressure).

Publication [A.4]

M.T. Mollah, M.P. Serdeczny, R. Comminal, B. Seta, M. Brander, D.B. Pedersen, J.
Spangenberg, A Numerical Investigation of the Inter-Layer Bond and Surface Roughness
during the Yield Stress Buildup in Wet-On-Wet Material Extrusion Additive
Manufacturing, in: 2022 Summer Topical Meeting: Advancing Precision in Additive
Manufacturing, American Society for Precision Engineering, TN, USA, 2022: pp. 131-
134.

This paper used the CFD model developed in publication [A.3]. The computational model
provided the cross-sections of the deposited part of two layers, from which the bottom
layer deformation, the inter-layer bond, and the surface roughness were estimated as a
function of yield stress buildup of the bottom layer, where the properties of the printing
material were kept constant. It was found that the yield stress buildup at the bottom layer
reduced the deformation and improved the surface roughness. In contrast, the inter-layer
bonding was found to reduce slightly when the yield stress buildup was high. The model
can be used to find an optimal yield stress buildup.

Publication [A.5]

M.T. Mollah, R. Comminal, M.P. Serdeczny, B. Seta, J. Spangenberg, Computational
analysis of yield stress buildup and stability of deposited layers in material extrusion
additive manufacturing. Submitted to Additive Manufacturing.

This paper extended the results in the publication [A.3] to provide an in-depth analysis of
the effect of material and processing conditions on the deformation of the bottom layer
for different yield stress buildups. The results were compared with wet-on-wet printing
(i.e., prints with no yield stress buildup). The simulations showed that a certain yield
stress buildup is required to be able to withstand the total applied pressure, although
increasing the printing yield stress increased the extrusion pressure. Consequently, stable
prints (i.e., a relative deformation of ~1 %) were obtained. Furthermore, the deformation
of the bottom layer was dependent on a complex interaction between the extrusion
pressure, the shape of the cross-section, and the contact area between the layers. Finally,
simulations were performed to identify how process conditions could be changed so that
the yield stress buildup could be limited while still providing stable prints. As observed
in the wet-on-wet printing (publication [A.2]), the diameter of the nozzle was the
parameter that had the most influence on the deformation and thereby on the requirement
of the yield stress buildup. It was discovered that the deformation could be reduced to
~1% by decreasing the plastic viscosity for the smaller nozzle diameters and by increasing
the yield stress buildup for the larger nozzle diameters.
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Publication [A.6]

J. Spangenberg, W.R. Leal da Silva, M.T. Mollah, R. Comminal, T. Juul Andersen, H.
Stang, Integrating Reinforcement with 3D Concrete Printing: Experiments and Numerical
Modelling, in: R. Buswell, A. Blanco, S. Cavalaro, P. Kinnell (Eds.), Third RILEM
International Conference on Concrete and Digital Fabrication, Springer International
Publishing, Cham, 2022: pp. 379-384. https://doi.org/10.1007/978-3-031-06116-5 56.

This paper focused on the MEX-AM of cementitious material, i.e., 3D Concrete Printing
(3DCP). 3DCP is an automated construction technology that offers enormous freedom of
structural design and printing scale. One of the limitations of 3DCP is the incorporation
of reinforcement bars (rebars) with strong concrete-rebar bonding to produce load-
bearing structures. To understand the limitation, while limiting experimental efforts, a
novel CFD model was developed to simulate concrete flow around rebars. The CFD
model used an EVP constitutive model to simulate the flow behavior of the concrete.
Also, 3DCP experiments were conducted around horizontal and cross-shaped rebars to
validate the developed CFD model. A good agreement between the experimental and
simulated results was found; the presence of air voids was found in both results. The CFD
model provided a new venue for specifying printing strategies that ensure better bonding
between concrete and reinforcement.

Publication [A.7]

M.T. Mollah, R. Comminal, W.R. Leal da Silva, B. Seta, J. Spangenberg, Integration of
reinforcement bar and state of air void in 3D concrete printing. Submitted to Cement and
Concrete Research.

In this paper, the preliminary results of [A.6] were extended by comparing the simulated
results with a number of experiments. Subsequently, the model was exploited to make an
in-depth analysis of the bonding of concrete material with the rebars, i.e., to capture the
air void formation using the cross-sections of the deposited part. The comparison was
carried out for different configurations and sizes of rebars, and the model was found
capable of predicting the air void formation with high accuracy. Afterwards, the
simulations were used to investigate three different configurations: i) no-rebar; ii)
horizontal rebar; and iii) cross-shaped (horizontal and vertical) rebars. It was found that
the integration of any rebar could potentially enhance the presence of air voids around it,
which is detrimental to the reinforcement solution in 3DCP. In order to avoid the presence
of air voids, the material properties (i.e., yield stress and plastic viscosity) and processing
conditions (i.e., rebar diameter, nozzle-rebar distance, geometric ratio, and speed ratio)
were varied. The results illustrated that air voids could be eliminated completely in all
investigated configurations, but changes in the toolpath, process parameters, and rebar
joint geometry were required. This emphasized the great potential of the CFD model,
when it comes to rebar integration in 3DCP.
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4 | Conclusions and future work

This final chapter summarizes the conclusions of the individual appended papers and
provides overall comments on the findings. Moreover, the chapter outlines future work
that can benefit the field.

4.1 Conclusions

The work presented in this dissertation concerns the CFD modelling and experimental
analysis of the material flow during deposition in MEX-AM. Understanding the material
flow and thereby the morphology of strands and layers is essential for the dimensional
accuracy and geometrical stability of the printed part as well as its mechanical
performance. In the CFD models, the deposition of material was governed by the
momentum and continuity equations under the assumptions of a transient and isothermal
flow. The conclusions for the three studied topics are described in the following
subsections. This is followed by a fourth subsection that lays out general comments on
the findings.

1.2.4 Corner printing

The printing of corners by FDM of PLA was studied. Corners of different angles were
3D-printed with two printing strategies: a constant extrusion speed using Bowden drive
and a variable extrusion speed using direct drive. The results illustrated that the direct
drive extruder produces strands with a rounded shape. A CFD model was developed using
the Newtonian fluid constitutive model to simulate the corner printing. The experimental
and simulated corners were compared with analytical corners. It was found that the
primary and secondary mitre widths in experiments and simulations had the largest
deviations from the analytical model at small angles. The simulations predicted a
difference between the extruders; the direct drive resulted in under-extrusion at the outer-
corner. This was expected to be seen in the experiments as well due to the synchronized
extrusion speed, but the experiments did not show such result, which indicated that other
corner-printing parameters dominated the print. In addition, it was observed in the
simulations that the over-extrusion at the inner- and outer-corner was larger for most
angles as compared to the experiments, which was attributed to the interaction between
the fluid strands when double deposition occurred. These discrepancies between
simulations and experiments could potentially be ascribed to the relatively simple
material description (i.e., isothermal Newtonian fluid) that is applied by the model.

1.2.5 Morphology and stability for multilayer prints

CFD models were developed to study the geometrical stability (i.e., uniform size) of
layers of viscoplastic materials for three different printing strategies: wet-on-wet, wet-on-
semisolid, and wet-on-solid. The viscoplastic materials were modelled using the Bingham
rheological equations and implemented with the generalized Newtonian fluid model. The
wet-on-wet printing simulations showed printing showed that the bottom layer started to
deform under the hydrostatic pressure at low yield stresses. The deformation reduced
when the yield stress was larger, although a larger yield stress resulted in larger extrusion
pressure. Therefore, the deformation was not fully eliminated. Unlike the yield stress, a
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higher plastic viscosity resulted in larger deformations of the layers due to an increase in
the extrusion pressure, as the material had a higher resistance to flow. Furthermore, a
higher printing speed led to less deformation due to a decrease in extrusion pressure and
a shorter exposure time, whereas a higher extrusion speed led to an opposite pattern of
deformation and extrusion pressure. When the layer height increased, the relative
deformation of the layers increased, but the absolute deformation was similar. A non-
monotonic trend of the layer deformation was observed for different nozzle diameters due
to the combined effect of the hydrostatic- and extrusion-pressure. Increasing the nozzle
diameter increased the hydrostatic pressure as the layer height increased, while the
extrusion pressure decreased due to smaller shear stresses in larger channels. In all the
investigated cases of wet-on-wet printing, some relative deformations of the bottom layer
were seen.

Wet-on-solid printing illustrated a stable print without deformation and with constant
extrusion pressure for all layers (investigated for five layers). The wet-on-solid printing
provided a conservative estimate for the yield stress buildup that the material needed to
develop before printing the next layer. The yield stress of the printed layers must be higher
than the total applied pressure (i.e., the sum of the hydrostatic- and extrusion-pressure) in
order not to deform.

Furthermore, a novel CFD model was developed that applied a scalar approach for the
yield stress buildup of the previously printed layer and thereby simulated the wet-on-
semisolid printing (for two layers). It was found that the CFD model could alter the
viscosity between the two fluid layers precisely as formulated. When the yield stress of
the printed (bottom) layer was increased, less deformation was observed as compared to
wet-on-wet printing. This was due to the higher effective viscosity of the printed layer
when printing wet-on-semisolid. Consequently, the surface roughness of the printed
layers was improved, and the profile of the vertical edge became smoother. It was also
noticed that the largest improvement in reducing deformation was gained from the initial
increase in yield stress.

The deformation of the bottom layer was analyzed for different processing conditions
while varying the yield stress buildups. The yield stress at which the printed layers gained
geometrical stability (i.e., a relative deformation of ~1 %) was the same for all
investigated printing- and extrusion-speeds. This indicated a limited gain to be achieved
by varying these two parameters when one considers reducing the requirement for yield
stress buildup, at least when these parameters are coupled with other processing
parameters used in this study. When the layer height was varied, it was observed that a
larger layer height required a higher yield stress buildup to reduce the deformation. This
was attributed to a complex interaction between the extrusion pressure, the shape of the
strands, and the contact area between layers. Consequently, stable prints can be obtained
at a lower yield stress buildup when printing with a reduced layer height, which can be
advantageous for some materials as a too-quick material development can result in cracks
and warping. The nozzle diameter was observed to have a significant influence on
deformation, and thereby on the requirement for the yield stress buildup. For all nozzle
diameters, it was found though that the deformation could be reduced to ~1% if the
extrusion pressure was reduced. For small nozzle diameters, the extrusion pressure could
be reduced by reducing the plastic viscosity, which led to a limited requirement of the
yield stress buildup. For larger nozzle diameters, the extrusion pressure could be reduced
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by decreasing the yield stress of the printing material as long it was higher than the
hydrostatic pressure.

1.2.6 Integrating reinforcement bars in 3DCP

The integration of reinforcement bars in 3DCP was studied using experiments and CFD
simulations. 3DCP was carried out around horizontal and vertical rebars. The experiments
demonstrated that the printing strategy entrapped air voids both below and above the
horizontal rebar as well as around the vertical rebar. Thus, it is obvious that the integration
of reinforcement is a challenging task when using 3DCP. CFD models were developed to
simulate the printing process, and the simulated results were compared with experiments.
It was found that the model was able to accurately predict the formation of air voids
around the rebars.

Thereafter, the CFD models were exploited to analyze the formation of air voids for
different rebar configurations, material properties, and processing conditions. Increasing
the yield stress resulted in less air voids as the effective gap in the printing layer was
reduced. However, it was not possible to eliminate air voids as the increased yield stress
also restricted the material flow in confined spaces. The opposite effect was observed for
the plastic viscosity, where the formation of air voids decreased somewhat when
decreasing the plastic viscosity. However, the same conclusion was achieved that the air
voids could not be fully eliminated. The processing conditions on the other hand appeared
to have a substantial influence on the formation of air voids. When the rebar diameter
increased, the formation of air voids increased as a result of the resistance to flow around
the reinforcement. The air voids could be reduced and for the horizontal rebar fully
eliminated by reducing the nozzle-rebar distance. However, in the latter case, it was
important to be aware of ridges that may affect the geometry of the final structure.
Similarly, the formation of air voids decreased when decreasing the geometric- and speed-
ratio. Smaller geometric ratios resulted in wider stands whereas smaller speed ratios
increased the cross-sectional area of the strands, both help to occupy more of the space
around the rebars.

Therefore, by decreasing the nozzle-rebar distance, geometric ratio, and speed ratio, air
voids around the horizontal rebar were fully omitted while they remained present for the
cross-shaped rebar. It was evident from the results that those air voids could also be
eliminated by changing some processing conditions and the toolpath, as well as by
modifying the geometry of the joint between horizontal and vertical rebars in order to
have a smooth transition. This study showed that it is not easy to avoid air voids when
integrating reinforcement in 3DCP, but the CFD model was found to be a very useful
digital tool to define printing strategies able to secure a good bonding between
reinforcement and concrete.

1.2.7 General comments on findings

The experimental and numerical findings of this thesis highlight that obtaining a high
dimensional accuracy in MEX-AM is a non-trivial task especially when the deposited
material interacts with previous printed material or objects. However, the developed CFD
models are strong digital tools that can give virtual windows into the processes in order
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to better understand the manufacturing techniques as well as provide improved printing
strategies.

4.2 ldeas for future works

The study of printing corners can be extended by varying different process conditions in
order to figure out printing strategies that can produce dimensional accurate corners. As
part of this process, one might consider extending the CFD model to include heat transfer
and solidification of the deposited material as well. This inclusion might potentially
enhance the prediction ability of the deposited corners, where the interaction between the
pre- and post-corner strands is strong (i.e., for smaller angles). In the case of the study on
the stability of layers, the developed CFD model demonstrated enormous potential. The
study was generic, so it represented many materials that exhibit structural development
over time. However, in practice, different materials or reinforced composites could have
different rheological behavior during the deposition that could influence the requirement
for yield stress buildup. Hence, the study lacks an experimental comparison with a
specific material. The CFD model can also be extended to include non-isothermal
printing, as some materials generate heat during solidification/curing, which can affect
the rheological behavior of the material and thus the print stability. In addition, as the
CFD model with the scalar approach is able to differentiate materials, it could be used to
study multi-material MEX-AM.

The CFD model that simulated flow around preinstalled reinforcement bars could be
used to investigate other forms of rebar integration, such as placement of horizontal
rebars on top of the deposited layer or penetration of vertical rebars through multiple
layers. Furthermore, the model could be utilized to investigate reinforcement during
micro-scale deposition, such as the integration of micro-cables in FDM.
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Abstract

This paper investigates the influence of different corner angles on microscale geometry
in material extrusion additive manufacturing. Polylactic acid (PLA) was 3D-printed with
corner angles of 15°, 30°, 45°, 60°, 75°, 90°, and 135° using Bowden and Direct-drive
extruders. A computational fluid dynamics (CFD) model was developed to simulate the
polymer flow through the extrusion nozzle of both extruders. The simulated corner
geometries were compared with experiments to assess simulation accuracy. This included
the primary and secondary mitre cross-sectional width through the corner point of the 3D-
printed strands. This enabled a new understanding about the prediction accuracy of the
CFD model as well as the state of material at the corners, and the deviation of
experimental and simulated corners from the analytical one. Moreover, the amount of
over- and under-extrusion around the corner was estimated for eperimental and simulated
studies compared with the analytical corner, which provided fundamental knowledge on
corner precision for angular print paths.

Keywords: Microscale Corner Precision, Bowden and Direct-drive Extruders,
Experiments, Computational Fluid Dynamics, Material Extrusion Additive
Manufacturing

1. Introduction

Filament-based Material Extrusion Additive Manufacturing (MEX-AM), also known as
Fused Deposition Modelling (FDM) and Fused Filament Fabrication (FFF), is a 3D
printing technology where feedstock filament is melted in a liquefier and extruded
through a nozzle onto a print platform in layer-wise manner [1-3]. In the last decade,
filament-based MEX-AM has evolved from a rapid prototyping tool and is currently used
in electronics, medical and automotive sectors [4]. Therefore, a demand for high-quality
printed parts with an improved surface roughness [5], high mechanical properties [6],
lower internal porosity [3], and high geometrical precision [5] is a growing requirement,
in addition to increasing the productivity i.e., reduction in printing time. These properties
of the printed part are controlled by the shape of the strands, which typically is a function
of two dimensionless parameters- geometrical and speed ratios (i.e., the ratio of layer
height by the nozzle diameter and the ratio between printing speed (i.e., speed of nozzle)
and extrusion speed (i.e., speed of material extrusion), respectively) [7]. However, it
becomes complex when it comes to achieve a precise shape of the strands along the
corners, where the print head maneuvers a change in printing direction.

Corner precision in filament-based MEX-AM is affected by common defects such as
corner rounding, swelling, and ringing, as reflected in [8]. Corner rounding occurs due to
smoothing of the sharp corners where the nozzle executes turns at high speed and can be
avoided by implementing lower printing speeds at the cost of increase in printing time
[9]. Corner swelling occurs due to over-extrusion of the material at the corner forms wider
and thicker strands. Before turning into the corner, the print head must decelerate while
the extruder deposits material at a constant rate, leading to a bulge formation. For some
systems and materials, this swelling may be reduced by synchronizing the extruder and
the printing speed by a closed loop control system with a dynamic calibrated model of
the extruder to manage the time lag. Corner ringing occurs due to vibrations of the printer
caused by a sudden change in the printing direction. These defects can be mitigated with
lower printing speeds, lower maximum acceleration or by increasing the rigidity of the
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3D printer, but such changes may result in improvements for some defects whilst
negatively affecting others. Corner defects like the above mentioned were also observed
in micro-scale MEX-AM of materials other than thermoplastics, for instance, composite
filament printing with acoustophoresis [10]. Solving these issues is non-trivial without a
better understanding of the influence of different corner angles and corresponding
processing parameters.

Computational Fluid Dynamics (CFD) models predicted the shape and size of the strands
printed in MEX-AM under different processing conditions [7,11-14]. The predictions
were validated with the experiments in different studies [15-17]. In the case of the
filament-based MEX-AM, the material flow through the tiny nozzle is a creeping flow
having a very low Reynolds number that can be predicted with a high viscous Newtonian
fluid model [18]. Within the same assumption, Comminal et al. [19,20] investigated the
sharp and smoothed trajectories of the toolpath of the corner of angles 90° and 30° to
analyze the shape of the strand. It was found that the smoothed trajectories result in
rounded corners and less over-extrusion; however, the toolpath deviates from its angular
shape.

This study focused on the corners between two straight lines with angles of 15°, 30°, 45°,
60°, 75°, 90°, and 135°. The specimens were 3D-printed with PLA using a Bowden
extruder and Direct-drive extruder. A CFD model was developed to simulate the corner
of different angles for both printing strategies. The shape of the corners in simulations
and experiments were compared to analytical geometry expected for the toolpath. The
primary and secondary mitre widths were measured in simulations and experiments and
compared with the analytical measurements. Moreover, the amount of over- and under-
extrusion at the inner- and outer-corners were measured to compare their behavior with
the change in angles as well as for both the printing strategies.

2. Methodology

The MEX-AM experiment was performed using the natural Polylactic acid (PLA)
feedstock filament with a diameter of 1.75 mm and density of 1024 kg.m-3.The printing
parameters and setup can be seen in Figure 1a, where the filament was fed into the nozzle
hot-end using a Bowden or Direct-drive extruder. Single-wide-specimens with 10 layers
(layer height = 0.2 mm) were printed that comprises seven right trapezoids of
investigating corner angles such as 15°, 30°, 45°, 60°, 75°, 90°, and 135°, cf. Figure 1b.

An E3D V6-nozzle of diameter 0.4 mm was used, where the printing speed was set at
2000 mm.min-1. The nozzle utilized acceleration and deceleration phases near the corner
by the magnitude of 6000 mm.s. The primary and secondary strands (i.e., before and
after turn, respectively) were printed along the x-direction and X, y-directions. Special
corner printing parameters such as blending acceleration factor (i.e., the ratio of the
acceleration time to the deceleration time) and the jerk speed (i.e., an instantaneous jump
of velocity by the amount of jerk when acceleration and deceleration are initiated) were
disabled to ensure fundamental understanding to be achieved and for repeatability. The
extrusion speed was set to achieve strands width of 0.8 mm. Other widths are the subject
of ongoing research. In the case of printing with the Bowden extruder, the extrusion speed
was constant throughout the toolpath, whereas the Direct-drive extruder used extrusion
speed that was synchronized with the acceleration and deceleration of the nozzle near the
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corner. The extrusion temperature was set at 210 °C. The experiments were performed in
an E3D tool changer because it allowed two different extruders (Bowden or Direct-drive)
and a microscope to be implemented in a single hardware system for direct comparability
and in-process inspection. Specimens were produced by direct Gcode scripting using
open-source software FullControl GCode Designer [21]. After printing the specimens,
the microscopic tool was used to capture a series of images of different angles (showed
later in this section).

A CFD model was developed in FLOW-3D® (Version 12.0; 2019; Flow Science, Inc.)
[22] in order to mimic the extrusion-deposition flow during printing corners in MEX-
AM. The model comprises a cylindrical nozzle mimicking the tip of the E3D V6-nozzle
(i.e., acylinder of 0.4 mm orifice and 1.0 mm outer diameter), and a static substrate/build
plate, as seen in Figure 1c. The cruising speed and acceleration values were imported to
model as the experiment was done. However, the extrusion speed was calibrated based
on the uniform cross-sectional width of the strands (i.e., 0.8 mm) of the 3D-printed
specimens. The simulated length of the strand is 8 mm at either side of the corner. The
height of the nozzle end from the substrate was also calibrated to achieve a strand of the
height of 0.2 mm, to match printed specimens.

Direct-drive
extruder

Bowden %
extruder [f S~

15°,30°, 45°, 60°, 75°, 90°, and 135°

(d)

Figure 1: (a) Experimental setup with printing (Bowden and Direct-drive extruders) and
microscopic tools; (b) printed sample of different corner angles (for example, Bowden
extruder); (c) geometry of the CFD model with nozzle, substrate, and computational
domain; and (d) simulated strand of corner angle 135° as an example.

The deposition flow of the material was modeled as a transient and isothermal Newtonian
fluid, as in [7,11]. Serdeczny et al. [15] showed that those are sufficient assumption to
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predict the strands size observed in experiments. Thus, the flow dynamics is governed by
the continuity and momentum equations:

V.q=0 1)
0

p(a—z+q- Vq) = —Vp +pgo + 1V?q )

where g denotes the velocity vector, p is the pressure, g, is the acceleration vector due
to the gravity go = (0,0, —go), t is the time, p = 1024 kg.m= is the density, and u =
1000 Pa.s is the constant viscosity of the Newtonian fluid.

The computational domain was meshed with a uniform Cartesian grid and discretized by
the Finite Volume Method (FVM). The top plane of the domain was assigned an inlet
boundary where an artificial solid object was inserted in order to prevent flow apart from
the nozzle orifice. The bottom plane containing the substrate was assigned to a wall
boundary condition. Other boundaries were assigned to a continuative boundary
condition. The pressure and velocity components are solved implicitly in time. The
momentum advection was calculated explicitly with second-order accuracy in space and
first-order accuracy in time. Moreover, the free surface was modelled with the Volume
of Fluid method (VOF) [23,24].

The microscale geometries of both the printed and simulated strands of all the angles were
post-processed using ImageJ® in order to compare the strands shape, measure the primary
and secondary mitre cross-sectional widths, and calculate the amount of over- and under-
extrusion. The method for post-processing results is presented in Figure 2 for a corner
with angle 15° as an example. At first, the experimental microscopy was processed to
show the edges of the print, as seen in Figure 2a. This is to compare the experimental
prints of Bowden and Direct-drive extruders, as well as to compare those individual ones
with the simulated and analytical corners. The analytical corner (i.e., the horizontal cut in
the middle of the oblong shape of the strand) is presented in Figure 2b (left) indicating
the double-deposition and analytical underfill phases on the strand. Moreover, the
measurements of primary and secondary mitre cross-sectional widths are shown, where
the primary one was measured as the distance between the inner-groove and the outer
edge through the corner-point at an angle equal to half of the corner, and the secondary
one was measured as the distance between the outer edges before and after the turn which
is perpendicular to the primary mitre and passes through the corner-point.

Furthermore, all the 3D-printed and simulated strands were compared with the analytical
corner in order to calculate the area of over- and under-extrusion observed at the inner-
and outer-corners as depicted in Figure 2c. Over-extrusion observed at the inner-corner
is defined as inner over-extrusion, whereas under-extrusion was not available.
Furthermore, at the outer-edge, over-extrusion observed before and after the turn is
defined as outer over-extrusion, whereas under-extrusion observed at the circular track of
the corner having a diameter of 0.8 mm (same as the width) is defined as outer under-
extrusion. The analytical underfill (Figure 2b) was not occupied by polymer in any
specimen, so is not characterized quantitatively.
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Figure 2: Post-processing of results: (a) processing of microscopy using ImageJ®, (b)
Analytical cross-section of corner and measurement of primary and secondary cross-
sectional width (left), and Analytical corner without the underfill to compare with
experiments and simulations (right), and (c) measurement of over- and under-extrusion
of experimental (left) and simulated (right) corners compared to the analytical corner.
Moreover, post-processing showed for a corner with angle 15° as an example.

3. Results and discussion

The MEX-AM experiment and simulated results for different angular turns with angles
of 15°, 30°, 45°, 60°, 75°, 90°, and 135° are presented in Figures 3 to 5. Figure 3 shows
the microscopic images of the strands obtained using the Bowden extruder as well as
simulated strands and a qualitative comparison between the two approaches. The corner
with the largest angle (135°) seemed to have a uniform shape, whereas smaller angles
resulted in larger swelling at the corner due to double-deposition. Furthermore, the corner
with larger angles appeared to have ringing effect on the surface of the post-corner strand,
I.e., the presence of repeated curves on the printed surface. This is typically due to the
vibration after the sudden direction change. The ringing seemed to disappear gradually
with decreasing the angle. This could be attributed to the amount the double-deposition
at the corner, where already deposited material on the pre-corner strands helped in
limiting the vibration. Simulations predicted the shape of the corners quite well and were
able to predict the existence of a ridge between the pre- and post-corner strands caused
by the nozzle ploughing through previously deposited material, as seen in the experiment.
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Bowden extruder
Experiment Simulation Comparison

=N

30° f

15°

Figure 3: Microscopic images of corners of different angles using Bowden extruder (left
column), simulated results (middle column), and comparison between simulations and
experiments (right column).

Comparison between experiments and simulations showed that the simulations predict
the corners to an acceptable accuracy, cf. Figure 3-right column. However, compared to
the experiments, simulations predicted more over-extrusion observed at the inner-corner
for most of the angles. This could partly be attributed to the fact that when the nozzle is
ploughing through previously deposited material, fluid adjacent to the nozzle moves in
the printing direction as well as spreading sideways, therefore, creating wider width.
Discrepancies could also come from the Newtonian fluid assumption of the CFD model.
Different constitutive fluid models could be tested in future investigations.

Figure 4 presents the microscale images of the corners obtained using the Direct-drive
extruder along with the simulated corners and a qualitative comparison between
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experiment and simulated results. Like the corners from Bowden extruder, the ringing
effect observed at the corners with larger angles disappeared gradually when decreasing
the angle. Simulations predicted corners quite similar to the ones with Bowden extruder,
including the ridge prediction. However, like the Bowden extruder, the observed ridge in
the experiments seemed to be larger than the simulations. Furthermore, the ridge in the
simulations showed a smooth transition on the presence of material in both phases from
pre-corner strand to ridge and from ridge to post-corner strand. On the contrary, a straight
transition was observed between the pre-corner strand and ridge in experiment, indicating
that the already deposited material in the pre-corner strand may be solidified during
printing of the post-corner strand. This effect could be investigated more by including the
solidification of strands in the simulations. By qualitative comparison, it appears that the
simulations predicted more over-extrusion at the inner-corner than was found
experimentally. Moreover, a discrepancy was found in the outer-corner, where the
simulations predicted less rounded shape than experiments. This is because the Direct-
drive extruder is more responsive than the Bowden one, it may be more able to
synchronize extrusion rate with the acceleration and deceleration of the printing speed,
and therefore it is expected to have less material extrusion at the corners, which was
predicted accurately in the simulations. Although it is dependent on the values of
acceleration which determines for how long extrusion is reduced before and after the
corner (note that the acceleration is 6000 ms?). The discrepancy pointed out that the
experimental shapes got dominated by additional corner parameters that could be
investigated in future studies.

Furthermore, Figure 5(a and b) qualitatively compares the corners at different turns for
both Bowden and Direct-drive extruders. The full range of angles can be seen to clearly
identify trends in changes to shape and position of the outer edge of the strands. The
Direct-drive extruder resulted in more rounded corners than the Bowden extruder, where
the outer edge before the turn shifted gradually upwards and left in the figure with the
increase in angles. Furthermore, the outer edge after the turn showed a straight release in
Bowden extruder, whereas, for Direct-drive extruder, a rounded shape can be seen.

Furthermore, the primary and secondary mitre widths in experiments and simulations, as
well as their deviation with the analytical mitre widths, and the amount of over- and
under-extrusion were quantified and presented in Figure 5(c to h) for both the Bowden
and Direct-drive extruders. It can be seen in Figure 5(c and f) that the primary mitre width
for experiments and simulations showed a slight difference for smaller angles, and the
difference reduced when the angle was increased for both the extruders. However, an
opposite trend was observed in the secondary mitre widths for Bowden and Direct-drive
extruders, where Bowden extruder resulted in smaller differences between the
experiments and simulations for smaller angles, and the difference increased when
increasing the angle. This trend was seen as the Direct-drive simulations extruded less
material near the corner point due to the prescribed extrusion speed that was synchronized
with the printing speed. In contrast, the experiment was anticipated to be affected by
additional corner printing parameters, as discussed in the earlier section. As a result, the
secondary mitre width got smaller in simulations and larger in the experiments than the
analytical mitre width (i.e., deviation with the negative and positive values, respectively)
for Direct-drive extruder, cf. Figure 5g. In contrast, secondary mitre width for Bowden
extruder showed minor deviation from the analytical one except for the case of 135°, cf.
Figure 5d. Moreover, both the experimental and simulated primary mitre widths observed
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conspicuous deviation from the analytical one, which reduced as a function of angles as
seen in Figure 5(d and g).

Direct-drive extruder
Experiment Simulation Comparison

N
=\
=\

30°
45°

60°

75° l ‘
90°l I
Figure 4: Mlcroscoplc images of corners of different angles using Direct extruder (left

column), simulated results (middle column), and comparison between simulations and
experiments (right column).

The area of over- and under-extrusion were measured at both the inner- and outer-sides
of the corner for both the experiments (bars with solid border) and simulations (colored
bars with dotted border) comparing with the analytical corner. Figure 5(e and h) show the
measurement for Bowden and Direct-drive extruders, respectively. It can be seen that the
largest area of over-extrusion was observed at the outer corner for the smallest angle in
both extruders. Simulations were found to predict more over- and under-extrusion than
experiments except for the under-extrusion observed at the outer corner of Bowden
extruder, where experiments showed larger under-extrusion. This is simply a
consequence of the fact that the corner shape was predicted to be larger in simulations
than in experiments, which occupies a greater part of the analytical circle at the corner
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point. In contrast, over prediction of the under-extrusion for Direct-drive was observed
due to the underfilling of the analytical rectangular pre- and post-corner strands and a part
of the circle, which was caused due to the decrease in extrusion speed near the corner
point. Furthermore, the over-extrusion at the outer corner in Direct-drive extruder showed
a gradual decrease with the angles and met zero over-extrusion for higher angles.
Simulated over-extrusion at the inner-corner had a decreasing trend with increasing
angles, whereas the experimental one deviates from the trend.
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Figure 5: Qualitative and quantitative comparison of corners with different angles: (a)
prints with Bowden extruder; (b) prints with Direct extruder; (c) mitre width as a function
of angles- Bowden extruder; (d) mitre width deviation as a function of angles- Bowden
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extruder; (e) over- and under-extrusion as a function of angles- Bowden extruder; (f) mitre
width as a function of angles- Direct-drive extruder; (g) mitre width deviation as a
function of angles- Direct-drive extruder; (h) over- and under-extrusion as a function of
angles- Direct-drive extruder. Moreover, the deviations in Figure 5 (d and g) were
calculated relative to the analytical measures.

4. Conclusion

This study investigated the precision of 3D-printed corners of different angles in filament-
based MEX-AM. Two different printing strategies were considered, which include
printing with a constant extrusion speed using Bowden extruder and printing with a
variable extrusion speed synchronized with the speed of nozzle using Direct-drive
extruder. It was found that strands with Direct-drive extruder results in a more rounded
shape at the corner of different angles. 3D-printed corners and the simulated corners under
the Computational Fluid Dynamics paradigm were compared with the analytical corners.
It was seen that the predicted primary and secondary mitre widths in simulations and
experiments showed larger deviation with the analytical widths for smaller angles that
decreased with increasing angles.

Furthermore, the simulations predict the actual difference between the extruders, where
larger under-extrusion was observed at the outer-corner for the Direct-drive due to the
syncretized extrusion speed. However, this was not clearly understandable in the
experiments indicating the domination of other corner printing parameters. Moreover, the
predicted over-extrusion at the inner- and outer-corner in simulations is larger than the
one measured in experiment for most of the angles, which is due to the nozzle ploughing
within the double-deposition zone. This over prediction could be a drawback of the
Newtonian fluid model as there exist an interaction between the fluid strands. The study
is currently being extended to investigate several constitutive models as well as the
influence of different processing conditions such as nozzle diameter, layer height,
acceleration, etc.
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Abstracts

This paper presents computational fluid dynamics simulations of the deposition flow
during printing of multiple layers in material extrusion additive manufacturing. The
developed model predicts the morphology of the deposited layers and captures the layer
deformations during the printing of viscoplastic materials. The physics is governed by the
continuity and momentum equations with the Bingham constitutive model, formulated as
a generalized Newtonian fluid. The cross-sectional shapes of the deposited layers are
predicted, and the deformation of layers is studied for different constitutive parameters of
the material. It is shown that the deformation of layers is due to the hydrostatic pressure
of the printed material, as well as the extrusion pressure during the extrusion. The
simulations show that a higher yield stress results in prints with less deformations, while
a higher plastic viscosity leads to larger deformations in the deposited layers. Moreover,
the influence of the printing speed, extrusion speed, layer height, and nozzle diameter on
the deformation of the printed layers is investigated. Finally, the model provides a
conservative estimate of the required increase in yield stress that a viscoplastic material
demands after deposition in order to support the hydrostatic and extrusion pressure of the
subsequently printed layers.

Keywords: Viscoplastic Materials, Material Extrusion Additive Manufacturing (MEX-
AM), Multiple-Layers Deposition, Computational Fluid Dynamics (CFD), Deformation
Control.

1. Introduction

Three-dimensional printing of viscoplastic materials has grown in popularity over the
recent years, due to the success of Material Extrusion Additive Manufacturing (MEX-
AM) [1]. Viscoplastic materials, such as ceramic pastes [2, 3], hydrogels [4], thermosets
[5], and concrete [6], behave like solids when the applied load is below their yield stress,
and like a fluid when the applied load exceeds their yield stress [7]. Viscoplastic materials
are typically used in MEX-AM techniques such as Robocasting [8], and 3D concrete
printing [9, 10]. The differences between these technologies lie in the processing of the
material before the extrusion and in the printing scale (from microscale to big area
additive manufacturing). In these extrusion-based technologies, the structure is fabricated
in a layer-by-layer approach onto a solid surface/support [11, 12]. During the process, the
material is typically deposited on top of the previously printed layers that may be already
solidified (wet-on-dry printing) or still deformable (wet-on-wet printing) [1].

In wet-on-wet printing, control over the deformation of layers is important for the stability
and geometrical accuracy of the prints. If the material is too liquid after the deposition, it
cannot support the pressure of the subsequently deposited layers. On the other hand, the
material flowability is a necessity during extrusion through the nozzle. Several
experimental studies have been performed to analyze the physics of the extrusion and
deposition of viscoplastic materials, as reviewed in [13, 14, 15, 16]. The experimental
measurements can be supplemented with Computational Fluid Dynamics (CFD)
simulations to gain a more complete picture of MEX-AM. A review of the CFD studies
within the material processing and deposition in 3D concrete printing was presented by
Roussel et al. [17]. Wolfs et al. [18] predicted numerically the failure-deformation of a
cylindrical structure due to the self-weight by calculating the stiffness and strength of the
individual layers. It was found that the deformations can take place in all layers, however
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the most critical deformation occurs in the bottom layer. Comminal et al. [19, 20]
presented three-dimensional simulations of the material deposition in MEX-AM, where
the fluid was approximated as Newtonian. Subsequently, the model was experimentally
validated in [21] for polymer-based MEX-AM, and extended to simulate the deposition
of multiple layers in [22], where the previously printed material was assumed solid. Xia
et al. [23] simulated the influence of the viscoelastic effects on the shape of deposited
layers in MEX-AM. A numerical model for simulating the deposition of a viscoplastic
material was recently presented and experimentally validated in [24] and [25]. These
studies focused on predicting the cross-sectional shape of a single printed layer for
different processing conditions (relative printing speed, and layer height). Despite these
research efforts, a limited number of studies have focused on investigating the material
deformations in wet-on-wet printing when multiple layers are deposited on top of each
other.

This paper presents CFD simulations of the extrusion-deposition flow of a viscoplastic
material for several subsequent layers (viz. three- and five-layers). The material is
continuously printed one layer over another on a fixed solid surface. The rheology of the
viscoplastic material is approximated by the Bingham constitutive equation that is
formulated using the Generalized Newtonian Fluid (GNF) model. The CFD model is used
to predict the cross-sectional shapes of the layers and their deformations while printing
the next layers on top. Moreover, the simulations are used to quantify the extrusion
pressure applied by the deposited material on the substrate, and the previously printed
layers. Numerically, it is investigated how the process parameters (i.e., the extrusion
speed, printing speed, nozzle diameter, and layer height) and the material rheology affect
the deformations of the deposited layers. Section 2 describes the methodology of the
study. Section 3 presents and discusses the results. The study is summarized and
concluded in Section 4.

2. Methodology
2.1. Governing equations and numerical model

The CFD simulation captures the extrusion-deposition flow of a viscoplastic material
with the Bingham constitutive model. The fluid is extruded through a cylindrical nozzle
with an inner diameter D, and it is deposited on a fixed solid surface. At time t = 0, the
extrusion nozzle is at rest and located above the solid surface at a distance h, which is the
theoretical layer height. At time t > 0, the material starts to flow through the nozzle with
a fully developed profile and a constant average velocity U, called the extrusion speed.
The nozzle remains at rest until the extruded fluid touches the substrate. Then, the
extrusion nozzle starts to move with a constant velocity V, called the printing speed, along
the horizontal x-direction. The material is extruded over a length 1. After the layer is
printed, the nozzle lifts up in the z-direction by the distance h, and the next layer is
printed.

The model geometry along with the boundary conditions, nozzle toolpath, and the
computational domain are presented in Figure 1. The bottom plane of the domain is a
stationary wall (the substrate). The top plane is an inlet boundary, where an artificial solid
component obscures the most of the plane except the region that coincides with the nozzle
orifice. A no-slip boundary condition is applied to all solid surfaces. The remaining planes
have prescribed a continuative boundary condition that assumes a zero derivative of the
velocity field across the boundary plane, and these planes are not in contact with the
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extruded material. Finally, the flow is assumed to be symmetrical with respect to the xz-

plane.
Inflow, U

Symmetry plane

Moy ing

Solid substrate Extruded material

Toolpath

Figure 1: Model geometry with the computational domain, extrusion nozzle, toolpath,
and boundary conditions. The model is presented while printing the fifth layer.

The computational domain is meshed with a uniform Cartesian grid. The cell size is
adapted in order to have between 25 to 32 cells along the nozzle diameter. The dimensions
of the computational domain and the total number of discrete cells depend on the
simulation case. The values of different processing parameters as well as meshing

information for all the computational model cases are summarized in Table 1.

Table 1: Processing and meshing parameters of the computational models for different
simulation cases.

Model cases Casel | Case2 | Case3 | Case4 | Caseb | Case 6 | Case 7

Nozzle diameter | 50 15 | 04 | 25 25 25

D (mm)

Gap ratio h/D 0.5 0.5 0.5 0.5 0.75 1 0.5

I/D 8 8 8 12 8 8 8

Number of 3 3 3 3 3 3 5

layers N

Printing speed | 55 55 | 5 20 20 40 40 50

V (mm/s)

Extrusionspeed | 55 46 | 5o 20 20 40 40 40

U (mm/s)

Speed ratio 0.75 -

S —V/U 15 1 1 1 1 1 1.25

g:)r:‘ne”j;g;‘lz ﬁ;l 250x35 | 500x7 | 15x1.5 | 5.9x0.6 | 250x3 | 250x3 | 250x3
p_ x88.5 | 0x128 | x5.35 x1.43 | 5x 95 | 0x101 | 5x105

domain (mm)

Number of cells 8,0420 | 7,80,6 | 9,63,0 | 14,739 | 8,67,4 | 7,605 | 9,48,7

4 24 00 20 56 30 80
Cell size (mm) 0.8 1.78 0.05 0.015 0.98 1 0.8

The flow is assumed to be transient and isothermal. The material is treated as
incompressible with a constant density p. Therefore, the flow dynamics is governed by

the continuity and momentum equations:
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V.q=0 1)
aq
p(a+q. Vq) =—-Vp+pgo+V.Sr (2)

where q is the velocity vector, t is the time, p is the pressure, g, denotes the acceleration
vector due to the gravity g, = (0,0, —g,), and S represents the deviatoric stress-tensor.
The non-Newtonian flow behavior of viscoplastic materials can be predicted by a
constitutive equation that accounts for the yield stress t,, such as the Bingham [26],
Casson [27], or Herschel-Bulkley (generalized Bingham) models [28]. In this study, the
viscosity u of the viscoplastic material is modeled with the Bingham rheological model:

0, fort <1

7) = T 3)
1) Np +70, for t > 1,

where T is the magnitude of the deviatoric stress-tensor, calculated as t = /2tr(§2), np
is the plastic viscosity, and y is the strain rate. Equation 3 prevents the flow of material
when t < T,.

The Bingham rheological model (see Equation 3) is used to calculate the deviatoric stress-
tensor according to the generalized Newtonian fluid model:

St =uy) Dr 4)
where Dy = (1/2)((Vq) + (Vq)’) is the deformation rate tensor, the prime (') stands

for the transpose notation, and y = /2tr(D%). It should be noted that in this study, the
rheological properties are assumed to be independent of time during the whole printing
process.

The model represented by Equations 1 and 2 is solved numerically with the finite volume
method, using the CFD software FLOW-3D, version 12.0 [29]. FLOW-3D has previously
been successfully used for the simulations of the flow of viscoplastic materials [30, 24].
The Bingham constitutive model (Equation 3) is implemented using a bi-viscous
regularization [31] (Equation 5), to avoid the computational singularity, due to the infinite
viscosity that appears in the theoretical model (Equation 3). This is done by considering
that the material have a maximum apparent ViSCOSitY fiyqyx.app, fOr shear rates y smaller
than a critical shear rate y,. Thus, the apparent viscosity .y, in the numerical model is:

To . .
Umax.app = Np + =, fory <y,
SN Ye
Happ ()/) - (5)

To ) )
np +7, fory =y,

The viscous stress is solved implicitly by the successive under-relaxation technique,
which allows to stabilize the convergence, when a high viscous stress gradient is
observed. The pressure and velocity equations are solved implicitly in time to ensure the
stability of the solution. The free surface tracking is captured by the Volume-Of-Fluid
method (see e.g. [32, 33] for details). An explicit solver calculated the momentum
advection, which is second-order accurate in space and first-order accurate in time. The
time step size is automatically controlled by the solver based on the stability criteria [29].
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The material properties used in the simulations are presented in Table 2. Furthermore,
The hydrostatic pressure applied by the printed layer to the bottom of the printed part is
calculated as Py = Npgyh, where N is the number of deposited layers and g, =
9.81 ms~2. Figure 1 presents the simulated results of five successive layers using the
parameters, V =50mms™!, U=40mms™ !, D=25mm, h=125mm, t,=
1000 Pa and np = 33 Pa.s. The material is continuously dispensed through a nozzle and
creates a vertical 5-layers structure. It can be seen that the CFD model predicts the
deformation of the printed layers while printing the next layers on top.

Table 2: Material properties.

Parameter Denoted by Unit Values
Density p kg.m™3 1000
Dynamic yield stress To Pa 100 — 2500
Plastic viscosity np Pa.s 12 - 900
Critical shear rate Ve st 0.1

2.2. Post-processing

The CFD results are post-processed in MATLAB to obtain the cross-sectional shapes of
the layers as well as the extrusion pressure. The cross-sectional shapes are used to monitor
how the printed layers deform when other layers are printed on top, and the extrusion
pressure is used to investigate the origin of the deformation. The cross-sectional shapes
of the layers are reconstructed based on the fluid fractions in the computational cells. The
fluid fractions are collected in a plane parallel to the yz-plane (see Figure 1) that is located
at the half of the length of the deposited layer (1/2) at the time step that corresponded to
the end of each layer deposition. Next, the total relative width deformation of the bottom
layer De; after the deposition of the i-th layer is calculated as:

W; — W,

(6)

Del-
1241

where w; represents the width of the bottom layer just after the deposition of the i-th layer,
and w; is the initial width of the bottom layer, as presented in Figure 2.
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Figure 2: Cross-sections after one, two and three deposited layers. w,, w, and w; are
the width of the bottom layer after successive layer deposition.
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The extrusion pressure Py is the total pressure at the nozzle exit, which includes both the
static and dynamic pressure. The extrusion pressure is applied by the extruded material
to the closest surface (solid or fluid) [19]. In the case of the first layer, the nearest surface
to the orifice is the substrate, while for the other layers, it is the already deposited material.
To calculate Pg, the absolute pressure is extracted from the computational cells at the
horizontal xy-plane passing through the nozzle exit. A surface average of the absolute
pressure is calculated at three time steps when the extrusion nozzle is approximately at
the middle of the deposited layer. Next, the absolute pressure from those three time-steps
are averaged and then subtracted by the atmospheric pressure (1 atm) to obtain the
extrusion pressure.

3. Results and discussions

In this section, the influence of the constitutive parameters and process conditions on the
cross-sectional shapes of the layers is investigated. Moreover, the deformation of the
bottom layer is analyzed and related to the magnitude of the extrusion pressure.

3.1 Effect of the constitutive parameters

In Figures 3 to 6, Case 1 (see Table 1) is simulated for different values of the yield stress
and plastic viscosity. For reference, the hydrostatic pressure of a single deposited layer in
the following simulations is Py = Npgoh = 123 Pa, where h = 12.5 mmand N = 1.

Effect of the yield stress:

The cross-sectional shapes of the deposited layers are shown in Figure 3 for varying yield
stress. Also, the relative bottom layer deformation and the extrusion pressure are
presented in Figure 4 as a function of t,, where V. = U = 40 mms ™1, and n, = 33 Pa.s.
Figure 3 shows that for the lowest yield stress (t, = 100 Pa), a large deformation of
layers is observed when the subsequent layers are deposited. This is due to the combined
effect of the hydrostatic and extrusion pressure that exceed the yield stress of the material.
When the yield stress is increased, less deformation of layers is observed, and the prints
become more stable. This is due to the fact that a higher yield stress allows a higher load
on the material before the deformation occurs.

| Increasing yield stress

60 60 60
............ = 100 Pa, Layer=1 s 7= 500 Pa, Layer=1 e 7= 1200 Pa, Layer=1
50 e Ty 100 Pa, Layer=2 50 —rmemn TS 500 Pa, Layer=2 50 e T 1200 Pa, Layer=2
7,= 100 Pa, Layer=3 7,= 500 Pa, Layer=3 7,= 1200 Pa, Layer=3
40 40 40
30 £ 30 £ 30
g £ =
N R . N D e N | ST
20 Nl ¢ 20 7 5 20 7
7 T i 0 : \
1 1 H s, -
....................................................... / 10 e, = 10 D e Y’
10 i s 7 S a S
IH &
0 S, e 0 e, - 0 -~
Substrate Substrate Substrate
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Figure 3: Cross-sectional shapes for different yield stress (t,).

Figure 4 shows the relative bottom layer deformation (left) and the extrusion pressure
(right) as a function of the yield stress. The relative deformation of the bottom layer is
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observed to decrease non-linearly with the increasing yield stress. It is found that for the
highest simulated yield stress, some deformations are still present. This is due to the
extrusion pressure that increases with the yield stress, and becomes a driving force for the
material deformations, next to the hydrostatic pressure. Note that the calculated extrusion
pressure (Figure 4 (right)), is much larger than the hydrostatic pressure but it acts locally
for a short period of time (as the nozzle moves), which limits its contribution to the total
deformation. Figure 4 (right) also shows that P is higher when printing the first layer
than the second and third layers. This is due to the fact that the first layer is deposited on
a rigid substrate that does not deform whereas the second and third layers deform the
previously deposited material, which reduces the pressure. In other words, the
deformations of the sublayers increase the effective gap (i.e., the effective distance
between the nozzle and previously printed material), which reduces the extrusion pressure
required to spread the extruded material with shear deformations.

x 10

T T ;
—3¥— No. of Layers =2 2.7 T T
No. of Layers = 3 —&— Layer 1
f | =@ Layer 2
20 4 Layer 3

25|

N
~

N

Deformation, De; (%)
Extrusion pressure, Pp [Pa]

0.6 /_,//

. . . . . . 0t | | | ) . .
100 300 500 700 900 1100 1300 1500 100 300 500 700 900 1100 1300 1500
Yield stress, 7y [Pa] Yield stress, 7y [Pal

Figure 4: Relative bottom layer deformation (De;) (left) and extrusion pressure (Pg)
(right) as a function of the yield stress (t,).

Effect of the plastic viscosity:

The cross-sectional shapes, extrusion pressure and the relative bottom layer deformation
for different values of the plastic viscosity are presented in Figure 5 and Figure 6. In these
simulations V = U = 40 mms™1, and t, = 500 Pa. In Figure 5, it is seen that increasing
the plastic viscosity leads to higher deformations in the printed layers. This can partly be
attributed to the increase in extrusion pressure, see Figure 6, which arises due to the higher
resistance to flow (i.e., increased plastic viscosity) in the previous printed layers. Another
contributing factor comes from the choice of applying a constant critical shear rate in all
simulations, which will reduce the ratio between p,,4x.qpp and the average apparent
viscosity during deposition, when increasing the plastic viscosity. This will lead to more
uniform deformations throughout the layers. Figure 6 also shows that the relative
deformation of the bottom layer and extrusion pressure are almost independent of the
plastic viscosity below 100 Pa. s, which indicates that the deformation at this point start
to be dominated by the other processing parameters.
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Increasing plastic viscosity|
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Figure 5: Cross-sectional shapes for different plastic viscosity (1p).
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Figure 6: Relative bottom layer deformation (De;) (left) and extrusion pressure (Pg)
(right) as a function of plastic viscosity (1p).

3.2 Effect of the processing parameters

In this subsection, the effect of the processing parameters (i.e., the printing speed,
extrusion speed, layer height, and nozzle diameter) on the cross-sectional shapes of the
layers, the extrusion pressure, and the relative deformation of the bottom layer is
discussed. Based on the results of the previous section, a large yield stress (t, =
1000 Pa) and a small plastic viscosity (n, = 33 Pa.s) are chosen in order to pursue a
stable printing scenario. Furthermore, the density was kept constant, as it was found to
have a negligible effect on the extrusion pressure and deformation, as long as the
hydrostatic pressure was below the yield stress.

Effect of the printing speed:

The effect of the printing speed on the cross-sectional shapes for Case 1 (see Table 1), is
presented in Figure 7, where U = 40 mms 1. It can be observed that the layers become
narrower, when the printing speed is increased, as there is less material deposited per unit
length. Moreover, the layers deform less with the increase of the printing speed, as seen
specifically for the bottom layer in Figure 8 (left). The reduced relative deformation is
not a consequence of the hydrostatic pressure (Py = Npgyh), as it does not change with
the printing speed, but rather due to the fact that the extrusion pressure decreases with
increasing print speed (see Figure 8 (right)) and it acts for a shorter time t~D/V. The
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extrusion pressure decreases because less material experience shear deformation per unit
length.

[ Increasing printing speed|
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Figure 7: Cross-sectional shapes for different printing speed (V).
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Figure 8: Relative bottom layer deformation (De;) (left) and extrusion pressure (Pg)
(right) as a function of the printing speed (V).

Effect of the extrusion speed:

The effect of the extrusion speed is presented in Figures 9 and 10 for Case 1 (see Table
1), where V = 30 mms™~!. The cross-sectional shapes that are presented in Figure 9
become wider with an increasing extrusion speed, as there is more material deposited per
unit length for a constant printing speed. Moreover, a larger deformation of layers is
observed when increasing the extrusion speed. Figure 10 shows the relative bottom layer
deformation (left) and the extrusion pressure (right) as a function of the extrusion speed.
As the hydrostatic pressure (Py = Npgoh) does not change with the variation of the
extrusion speed, the cause of the increasing deformation (Figure 10 (left)) is partly the
increase in extrusion pressure, see Figure 10 (right), which is due to more material
experiencing shear deformation per unit length. Another effect is that the increased
extrusion speed leads to higher shear rates and thus reduce viscosities, which also increase
deformations. The reduction in viscosities should also reduce the extrusion pressure, but
that effect seems not to be dominant in this case.
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Figure 9: Cross-sectional shapes for different extrusion speed (U).
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Figure 10: Relative bottom layer deformation (De;) (left) and extrusion pressure (Pg)
(right) as a function of extrusion speed (U).

In the results presented in Figures 7 to 10, it is seen that increasing the printing speed and
the extrusion speed have opposite effects on the deformation of the layers, when the other
parameters are held constant. Figures 11 and 12 show the effect of increasing both the
extrusion speed and printing speed at the same time such that the speed ratio is unchanged,
S, = 1. The opposing effects of these two parameters leads to a situation, where the
relative bottom layer deformation decreases between U =V = 20 mms™tand U =V =
30 mms™1, while the extrusion pressure is approximately constant; whereas for U and V
between 30 mms~! and 40 mms™?!, De; is approximately constant and Py increases.
Thus, within the investigated parameters range, the effect of increasing the printing speed
has a dominating effect on the bottom layer deformation, while the increased extrusion
speed dominates the extrusion pressure.
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Effect of the layer height:

In this subsection, the deposition of material is simulated for different layer heights, h =
12.5 mm (Case 1), 18.75 mm (Case 5) and 25 mm (Case 6), cf. Table 1, withV = U =
40 mms 1. Figure 13 shows that the cross-sectional shapes of the layers become more
rounded and narrower when the layer height is increased. Figure 14 presents the relative
bottom layer deformation (left) and the extrusion pressure (right) as a function of the layer
height. The relative deformation De; is observed to increase with the layer height,
whereas the extrusion pressure is observed to decrease. The increase in De; is however
caused by the decreasing width of the bottom layer, when the layer height is increased. In
fact, the absolute deformation of the bottom layer were similar for the different layer
heights. For reference, the maximum hydrostatic pressure for three printed layers where
h=25mmand N = 3 is Py = 736 Pa, which is below the yield stress (1000 Pa).
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Figure 14: Relative bottom layer deformation (De;) (left) and extrusion pressure (Pg)
(right) as a function of layer height (k).

Effect of the nozzle diameter:

The influence of the nozzle diameter on the cross-sectional shapes of the deposited layers
is presented in Figure 15. The following nozzle diameters are investigated: D = 0.4 mm
(Case 4), D = 1.5 mm (Case 3), D = 25 mm (Case 1), and D = 50 mm (Case 2), with
the gap ratio h/D = 0.5 in each cases; see Table 1. The speeds V = U = 20 mms ™! are
chosen to fit the range of processes represented by the different nozzle diameters. The
axes in Figure 15 are non-dimensionalized with the corresponding nozzle diameter to ease
the comparison between the cross-sections. The results illustrate that the prints performed
with larger diameters show larger deformation. The relative bottom layer deformation
and extrusion pressure are shown in Figure 16. The relative bottom layer deformation
presents a minimum when D = 1.5 mm. This non-monotonic trend is due to the
combined influence of the hydrostatic pressure and the extrusion pressure. The
hydrostatic pressure (Py; = Npgoyh, where h = 0.5D) increases with the nozzle diameter,
while the extrusion pressure decreases with the increasing nozzle diameter, due to smaller
shear stresses in the channels with larger cross-sectional area (see Figure 16 (right)).
Moreover, as the printing speed is the same in the simulated cases, the extrusion pressure
acts locally for a longer period of time, when the nozzle diameter is larger, which
additionally contributes to the deformation.
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Figure 16: Relative bottom layer deformation (De;) (left) and extrusion pressure (Pg)
(right) as a function of nozzle diameter (D).

Comparison of the effect of the processing parameters:

In order to compare the effect of the parameters discussed above, a bar diagram is
presented in Figure 17. The amount of deformation of the bottom layer is shown as a
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function of different combinations of processing parameters. The combinations of the
parameters are labeled with the symbol and magnitude of the parameters (excluding
units), and refers to the simulations presented in Figures 7 to 16. Figure 17 shows that
within the investigated parameter intervals, changes in the nozzle diameter have the
largest effect on the deformation. Furthermore, the results illustrate that variations in layer
height, extrusion speed, and printing speed leads to very similar sized deformations.
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Figure 17: Comparison among the parameters in terms of observed deformation.

3.3 5-Layers deposition

In this subsection, the CFD model is used to simulate the wet-on-wet deposition of 5
subsequent layers (Case 7 in Table 1) to investigate whether the same conclusions hold
as for the presented 3-layers simulations. Based on the above results, the processing
parameters: D = 25 mm, h = 12.5mm, h/D = 0.5, V =50 mms™?!, U = 40 mms™!
and S, = 1.25, are chosen in order to get an optimal print with less deformation. The
results are presented for varying yield stress and a constant plastic viscosity, np =
33 Pa.s.

Figure 18 (left) presents the theoretical height (N x h) and the actual height (simulated)
of the part, as a function of the number of layers N, for different yield stress, T, =
100,500, 1000,1800,2500 Pa. It is found that, in all cases, the actual height of the
deposited material is lower than the theoretical height. Therefore, the effective distance
between the nozzle exit and the previously deposited material (in simulations) is larger
than the nominal layer height h = 12.5 mm. This effect is amplified as the number of
layers increases. As a result, the cross-sectional shapes of layers become narrower and
more circular with the deposition of each subsequent layer. This effect is also observed
in real-world prints [34]. To avoid the round and narrow shape of the new layers, the
effective distance at each layer needs to be adjusted by the distance the previous layers
have deformed. Figure 18 (right) presents the cross-sectional shapes of a 5-layer structure
for uncorrected h (i.e. the effective distance increases after each layer), and for the
corrected h (i.e. the nozzle height is adjusted after each layer to have the same effective
distance h of 12.5 mm). It can be seen that the round and narrow shape of a new layer
due to an increase in effective distance is mitigated by the corrected h. Thus, the following
simulations are carried out with the corrected h.
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Figure 18: Total height of N deposited layers (left) with corrected layer height, and
cross-sectional shapes (right) for uncorrected and corrected layer heights in wet-on-wet
deposition.

The cross-sectional shapes for the different t, are presented in Figure 19, and show
similar trends as for 3-layer deposition (see Figure 3). The material is observed to
continue deforming when two additional layers are added on top of the three-layer print.
The relative bottom layer deformation is presented in Figure 20 (left) as a function of the
layer number. It can be seen that increasing the yield stress can reduce the amount of
deformation, but it never vanishes. This is because the higher yield stress produces a
higher extrusion pressure that contributes to the deformation, see Figure 20 (right).
Interestingly, for t, = 1800 Paand t, = 2500 Pa, almost the same amount of layer
deformations are predicted by the model, see Figure 20 (left). Thus, it is anticipated that
a further increase of the yield stress would not result in significant improvements.
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Figure 19: Cross-sectional shapes for different yield stress (t,) in wet-on-wet
deposition.
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Figure 20: Relative bottom layer deformation (De;) (left) and extrusion pressure (Pg)
(right) as a function of number of layers (N) in wet-on-wet deposition.

3.4 Wet-on-dry deposition of 5-layers

Within the range of the investigated parameters, the previous section showed that the
deformation of layers cannot be completely eliminated, if the material has a yield stress
that is constant in time. In order to eradicate the deformations, the deposited material
should ideally increase its yield stress before the next layers are printed. In this section,
the numerical model is used to study a situation where the previously printed material
solidifies right after being deposited (i.e. wet-on-dry printing). This means that the
already printed layers are regarded as solids in the computational model.

In Figures 21 and 22, the cross-sectional shapes and extrusion pressure are shown,
respectively, for simulations with 5 subsequent layers (i.e., Case 7 in Table 1). The
simulations are carried out with three different yield stress values and np, = 33 Pa.s. The
cross-sectional shapes of the layers during the wet-on-dry printing are very stable, see
Figure 21. In the previous sections, it was observed that the extrusion pressure is the
largest for the first layer (see Figure 20), as it cannot deform the solid substrate. Figure
22 supports this observation and shows that if the previously deposited layers do not
deform, the extrusion pressure becomes the same for all the layers. The extrusion pressure
results also provide important information about how much the materials’ yield stress
needs to increase in order to produce stable prints. The sum of the hydrostatic and
extrusion pressure is a conservative estimate of the yield stress that is required by the

previously deposited layer in order not to deform when subsequent layers are printed on
top.
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Figure 21: Cross-sectional shapes for different yield stress (t,) in wet-on-dry
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4. Conclusions

In this work, a CFD model was used to capture the extrusion-deposition flow of
viscoplastic fluids during MEX-AM. The material was modelled with the Bingham
constitutive equation, and the free surface of the fluid was tracked to quantify the
deformation of layers during and after the deposition. The influence of the constitutive
parameters and process conditions on the cross-sectional shapes of the layers were
analysed. It was found that when the yield stress is small, the layers deform due to the
hydrostatic pressure generated by the subsequently deposited material, as well as the
extrusion pressure of the extruded material. Increasing the yield stress of the material led
to smaller deformations of the deposited layers. On the other hand, a higher plastic
viscosity led to larger deformations of the layers, due to an increase in the extrusion
pressure, as the material had a higher resistance to flow.

Increasing the printing speed resulted in smaller deformations of the layers, due to the
decreasing extrusion pressure that acted for a shorter time, whereas increasing the
extrusion speed behaved oppositely with regards to deformations and extrusion pressure.
When the printing speed and extrusion speed were increased at the same time, a
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combination of the two opposing effects was observed for the investigated range of
parameters. Furthermore, the increase of the layer height led to larger relative deformation
of the layers, but similar absolute deformations. The dependency of the layer deformation
on the nozzle diameter was non-monotonic, due to the combined effect of the hydrostatic
and extrusion pressure. When the nozzle diameter was increased, the hydrostatic pressure
increased as the layer height increased with the nozzle diameter, while the extrusion
pressure decreased due to the smaller shear stresses in larger channels. In all of the
investigated cases of the wet-on-wet deposition, some deformations of the bottom layer
were observed.

Finally, a wet-on-dry deposition of 5-layers was simulated, where the previously
deposited material was assumed to be solidified before the deposition of the next layer.
In that case, the extrusion pressure is the same for all layers and it was possible to get a
stable print. Furthermore, from the wet-on-dry simulations, one could extract a
conservative estimate for the required yield stress increment that the material needs to
develop before the deposition of a subsequent layer, in order not to deform. The yield
stress of the previous layers must be higher than the sum of the hydrostatic and extrusion
pressure. In future work, the presented CFD model could be used to predict the deposition
of materials, where the rheological behavior changes continuously as a function of time,
which could lead to a less conservative yield stress criterion.
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Abstract

Robocasting and 3D concrete printing are technologies that belong under the umbrella
term material extrusion additive manufacturing. These two free form fabrication methods
are used to produce 3D structures/components in materials such as ceramic pastes,
thermosets, and concrete. Common for the materials is their viscoplastic behavior during
deposition and structural buildup (i.e., increase in yield stress) after deposition. The
material’s complex nature makes it a non-trivial task to ensure that printed layers do not
deform when depositing additional layers on top. In this paper, we numerically investigate
the influence of the yield stress buildup of viscoplastic materials on the stability of the
bottom layer during multilayer printing. Specifically, we have developed a computational
fluid dynamics model that applies a scalar approach to alter the yield stress. The novel
model provides fundamental knowledge on how to design the material’s rheology, so the
bottom layer can withstand both the hydrostatic- and extrusion-pressure.

1. Introduction

Recently, Material Extrusion Additive Manufacturing (MEX-AM) of viscoplastic
materials has received more attention when trying to produce micro components and
large-scale structures [1]. Viscoplastic materials such as ceramic pastes, thermosets, and
concrete are typically used in free form fabrication technologies like 3D concrete printing
and Robocasting, which belong under the umbrella term MEX-AM [1-3]. In these
technologies, a layer-by-layer approach is used to fabricate the structure. The material is
extruded through a nozzle and deposited onto a solid support for the first layer, while the
following layers are deposited onto the already printed layer [4]. The already printed layer
can be deformable (i.e., wet or partially solidified) or solidified. When printing on a
solidified material, it is fairly easy to obtain a stable print (i.e., layers with equal width
and height), however, it can have detrimental consequences on the interlayer strength of
the fabricated parts [5]. Consequently, it is often preferable to print on a deformable layer
although it is non-trivial to obtain a stable print.

The geometrical accuracy and stability of the prints in MEX-AM require significant
consideration [6-8]. Numerical models have with success been applied to improve
various manufacturing processes [9]. Specifically, Computational Fluid Dynamics (CFD)
models have shown to be a very beneficial tool to understand MEX-AM, e.g., improve
the quality of printed corners [10,11], reducing porosities [12], and increase the inter- and
intra-layer bonding of deposited layers [13]. Other CFD models [14-16] have shown that
the extruded material also applies a pressure, called the extrusion pressure, to the closest
surface (solid/fluid) during the deposition. Comminal et al. [17], Roussel et al. [18], and
Spangenberg et al. [19] all discussed the consequences of extrusion pressure on the
stability of a deposited layer in MEX-AM. Recently, Mollah et al. [20] investigated how
to reduce the extrusion pressure and its effect on the stability of the structure. However,
the stability of the structure during multilayer prints is still to be fully understood.

This work aims to numerically investigate the stability of layers during multilayer printing
of viscoplastic materials in MEX-AM. Specifically, a two-layered structure is
investigated where the second layer is printed onto a partially solidified bottom layer.
Numerically this is obtained by assigning a different yield stress for the bottom layer. The
CFD model is used to predict the cross-sectional shapes of deposited layers and analyze
the deformation of the bottom layer as well as the extrusion pressure.
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2. Computational model

The CFD model simulates the extrusion-deposition flow of the viscoplastic materials that
is assumed to be incompressible with a constant density p. The deposition flow properties
are laminar, time dependent and isothermal. The fluid is introduced with a fully developed
profile at an extrusion speed of 40 mm/s. The material is deposited through a cylindrical
nozzle with a 25 mm diameter onto a solid substrate located at a distance 12.5 mm from
the nozzle exit. The nozzle moves with a printing speed of 50 mm/s. The model
geometry along with the computational domain is presented in Figure 1. Only half of the
domain is solved by imposing a symmetry plane. An inlet boundary is assigned to the top
plane of the domain designed with an artificial solid component that coincides with the
nozzle orifice to prevent flow from the rest of the plane. The bottom plane is a stationary
wall having the substrate. The rest of the planes have no interaction with the fluid and
have assigned a continuative boundary condition that considers a null derivative of the
velocity profile across the plane. A no-slip boundary condition is assigned to the solid
surfaces that are in contact with the fluid. The computational domain is meshed with the
Cartesian grid. The cell size is defined to have 25 cells along the diameter of the nozzle.

Figure 1: Model geometry with the symmetrical computational domain.

The viscosity of the material is modeled by the bi-viscous regularization [21] of the
Bingham constitutive equation [22]. The apparent viscosity of the material y,, is:
’t . .
UMap = Np T %tlng' fory <y,
ﬂap()}) = Torrin o: ¢ 1)
M+ fory = ¥,
where, py qp is the maximum apparent viscosity for the shear rates y below a critical
value yc, Tprinting 1S the yield stress, and np is the plastic viscosity. A time dependent
yielding behavior of the material is considered. This means that the yield stress of
previously deposited material is assumed to increase before the deposition of the
following layer begins. Numerically, the yield stress difference between the layers is
introduced by the scalar approach of FLOW-3D®, version 12.0 [23]. This is done by
assigning a constant scaler concentration to the already deposited material. The scalar
carries a viscosity that is modelled, with a different yield stress T,;.ieq, according to
Equation 1. The apparent viscosity of the scalar contribution pis¢ 4y, IS:
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"E .
printed . .
Usc.map = Np + e fory <y,

Usc.ap (]/) = Torns ¢ (2)
T+ fory = y,
where, pscm.qp is the maximum apparent viscosity contribution from the scalar. Thus,
the deposited material has two viscosity contributions, one from the scalar (Equation 2)
and the other from the material itself (Equation 1). They are governed with a mixture
viscosity approach:

o p,uap + SC.“SC.ap
Umix = D+ Sc (3)

Equation 3 represents that the already printed material carries a slightly larger viscosity
Umix > Hap TOr a constant scalar concentration S, > 0 and the material being deposited
have the VisCosity i, = Ugp- In Order to produce a large viscosity difference between
the two layers, the following characterization is used:

Usc.ap» for pmix > Uap (4)
Hap, for Hmix = Hap

which means the viscosity of the bottom and top layer is presented by Equation 2 and
Equation 1, respectively. Equation 4 is used to calculate the deviatoric stress tensor S+ by
using the generalized Newtonian fluid approach:

Sy = zlumix.ap(]'/) Dy (5)
where D, = (1/2)((Vu) + (Vu)’) represents the deformation rate tensor and y =

\/ 2tr(D%) is the strain rate.

Within the above assumptions, the flow dynamics is governed by the continuity and
momentum equations:

Hmix.ap (V) = {

Vu=20 (6)

Ju
p(E+u.\7u>=—\7p+pg+l7.ST (7)

where g = (0,0, —g) is the gravitational acceleration vector, u is the velocity vector, t is
the time, and p is the pressure. The properties of the material used in the CFD model are
presented in Table 1.

Table 1: Material properties.

Parameters Units Values
Density, p kg.m™3 1000
Dynamic yield stress of printing layer, T,,inting Pa 100
Dynamic yield stress of printed layer, Tpyintea Pa 100 — 1500
Plastic viscosity, np Pa.s 33
Critical shear rate, y, s71 0.05
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Equations 6 and 7 are solved numerically with the finite volume technique, using the
commercial CFD software FLOW-3D®. The viscous stress, pressure, and velocity
components are solved implicitly. The momentum advection is calculated explicitly with
second-order accuracy. Furthermore, the free surface tracking is done by the Volume-of-
Fluid technique, see details in Ref. [24,25]. Figure 2 visualizes the dynamic viscosity of
the CFD model. The longitudinal-section (top) and cross-section (bottom) are taken
through the nozzle diameter with side and front views, respectively. The model is
simulated with Tpinting = 100 Pa and Tpyinteq = 400 Pa. It can be seen that the model
is able to predict different viscosity distributions in different layers, where red and
greenish-blue colors respectively represent the maximum apparent viscosity of the bottom
and top layer.

Dynamic Viscosity (Pa.s)

8033.0
N

- 7000.0
— 6000.0
— 5000.0
- 4000.0
— 3000.0
— 2000.0

[ 1000.0

35.5

Figure 2: Viscosity evaluation of the CFD model. Moreover, the yield stress of bottom
layer is 400 Pa while the top layer is printing with a yield stress of 100 Pa.

3. Results and discussion

In Figures 3 to 5, the developed CFD model is executed with different values of yield
stress of the printed layer t,,inteq, Which is presented in terms of the viscosity
distributions, cross-sections, deformation of bottom layer, and extrusion pressure. The
cross-sectional shapes are plotted at the middle of the length of the printed layer. The
bottom layer deformation represents the percentile relative width of the bottom layer after
printing the next layer. The extrusion pressure represents the pressure at the nozzle exit
that is required to spread the printing material with shear deformation. Note that the
hydrostatic pressure for a single layer is approximately 123 Pa.

The viscosity distributions for different values of T,,inceq are presented in Figure 3. It
shows that the viscosity profiles of the printing layer are similar to each other, whereas
that of the printed layer are different for t,,nteq = 100, 200, and 400 Pa. In the case of
Tprinted = Tprinting (Figure 3a), most of the material of the printed layer underneath the
nozzle is found yielded (blue) because an effective decrease in viscosity is observed due
to the total pressure that includes both the hydrostatic- and extrusion-pressure. The
yielded zone reduces when increasing the t,,inseq (Figure 3b and 3c). This is because the
increased yield stress permits a higher load before yielding.
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Figure 3: Effect of the yield stress of printed material t,,,in¢eq ON the viscosity

distributions, Where ty,inting = 100 Pa. (8) Tprintea = 100 Pa; (D) Tprintea = 200 Pa;

and (C) Tprintea = 400 Pa.

The impact of T,,.;nreq ON the cross-sectional shapes is presented in Figure 4. It shows
that the bottom layer deforms less with increasing t,,in¢eq. Furthermore, it is found that
most of the deformation can be eliminated by increasing t,,inteq as to the double of
Tprinting (Figure 4b). However, further increase in T,,i,t0q results in alittle improvement
in deformation, and for T,,.;nteq = 400 Pa, the cross-sectional shapes of bottom layer
seem to coincide (Figure 4d to 4f). The amount of deformation that occurred at the bottom
layer is quantified in Figure 5a, and for t,,inteq = 400 Pa, the deformation is less than

25
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Figure 4: Effect of the yield stress of printed material T,,inteq ON the cross-sectional
shapes, where Tprinting = 100 Pa. (8) Tprintea = 100 Pa; (b) Tprintea = 200 Pa; (c)
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Tprinted = 300 Pa; (d) Tprinted = 400 Pa; (e) Tprinted = 500 Pa; and (f) Tprinted = 700
Pa.

The extrusion pressure is presented in Figure 5b as a function of the yield stress of the
printed layer. The extrusion pressure during printing of the bottom layer is represented
by the straight line that has no influence for different t,,.;5,req. The maximum extrusion
pressure is observed for the bottom layer that is printed into the non-deformable solid
substrate, whereas for the other layer, the extrusion pressure varies depending on the
deformability of the printed layer. The more the printed layer deforms, the effective
distance between the nozzle exit and the printed layer increases; hence, less extrusion
pressure is observed. Moreover, for T, ineq = 400 Pa the extrusion pressure starts to
converge, which is due to the effective distance does not change.

8 T T T T T T T T 1200
Layer = 1

—

-
T

1000 [

N
T

800

w
T

600 -

5%}
T

400

Deformation of bottom layer, Dp [%]
[ e B
Extrusion pressure, P [Pal

200 -

100 300 500 700 900 1100 1300 1500 100 300 500 700 900 1100 1300 1500

Yield stress of printed layer, Tpyintea [Pa] Yield stress of printed layer, 7pyintea [Pa]
(a (b)

Figure 5: (a) Deformation of bottom layer and (b) extrusion pressure as a function of the
yield stress of printed material T, inteq, Where Tyrinting = 100 Pa.

4. Conclusion

A CFD model was developed to predict the extrusion-deposition flow of the viscoplastic
material that develops its properties over time. The materials property requires two
different yield stress approaches (for the printed and printing layers) that were modelled
with the Bingham constitutive equations. The CFD model was found capable of differing
the viscosity between the fluid layers precisely as formulated. We numerically analyzed
the influence of yield stress buildup on the bottom layer deformation. Within the
investigated parameters, the preliminary outcomes showed that most of the deformation
could be eliminated by having the bottom layer develop the yield stress to twice the value
of the printing material. Thus, this study showcase that CFD models have a potential to
assist in finding the optimal material development that leads to stable MEX-AM printing.
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Abstract

Performance of wet-on-wet material extrusion additive manufacturing (MEX-AM)
requires attention to the printed layer before printing the next layer on top. This is for
instance the case of thermoset resins that require curing, or concrete, which hardening
reaction may take minutes to hours. In this work, a computational rheology model is used
to simulate wet-on-wet MEX-AM. The model includes the partial curing/hardening of the
printed layer by a yield stress buildup. The results highlight how the yield stress buildup
of the previously deposited layers affects the inter-layer bond and surface roughness.

1. Introduction

Wet-on-wet printing of materials has recently gained attention when it comes to 3D
printing different scales/sizes of components/structures. Materials such as thermoset,
ceramic paste, and concrete can be printed wet-on-wet in large-scale using Robocasting
and 3D concrete printing technologies [1-4]. These are freeform fabrication techniques
under the umbrella term Material Extrusion Additive Manufacturing (MEX-AM). In
these technologies, materials are extruded through a nozzle following a layer-by-layer
approach similar to Fused Deposition Modelling [5-7].

Wet-on-wet printing can lead to unwanted deformation of previously deposited layers
when printing on top of them [8]. Furthermore, larger deformation could negatively affect
the surface roughness of layers. Therefore, it can be important to let a printed layer
partially solidify before depositing the next layer on top. This is simply equivalent to
allowing a yield stress buildup of the printed layer [9]. A higher yield stress buildup could
potentially solidify the printed layer that negatively affects the interlayer bond [2].
However, it requires an investigation on how much yield stress buildup is necessary to
achieve a homogeneous layer size as well as have a better inter-layer bond and surface
roughness.

In this work, we developed a computational rheology model that simulates a two-layer
structure by MEX-AM. Both layers are modelled with different yield stress to represent
the printing of a wet layer onto a partially solidified bottom layer. The computational
model provides the cross-sections of the deposited layers, from which the bottom layer
deformation, the inter-layer bond, and the surface roughness were estimated.

2. Computational Model

The computational fluid dynamics (CFD) model developed in FLOW-3D® (Version
12.0; 2019; Flow Science, Inc.) [10] solves the transient and isothermal deposition flow
of materials using the continuity and momentum balance equations given below:

V.u=0 1)

Ju
p<E+u.Vu>=pg—|7p+|7.ST (2)

where u is the velocity vector, p =1000 kg.m is the constant density, p is the pressure,
g 1s the gravitational acceleration vector with components (0,0, —g), t is the time, and
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S+ the deviatoric stress-tensor. The S, is modelled within the following generalized
Newtonian fluid constitutive framework:

St = 2papp (¥) Dy 3)

where y = /2tr(D2) is the strain rate magnitude, Dy = ((Va) + (Vu)T)/2 is the
deformation rate tensor, and p4pp IS the apparent viscosity of the viscoplastic material.
The viscoplastic nature is modelled by the regularized bi-viscous Bingham model [11].
In addition, the model uses a scalar approach to differentiate the material of layers and
assign different yield stress. Details of the scalar approach can be found in [9], whereas a
simple representation together with the bi-viscous Bingham model is given in Equation 4
that identifies the printed material by the presence of a non-dimensional scalar identifier
S. The two layers have different yield stresses, resulting in a different apparent viscosity.
The printing layer uses Equation 4 with S = 0 and it is the printed bottom layer when
S=1

Uapp = (1 — S).uap ) + S.uprinted.ap )

( 1 — Ty inting + STpri

np + ( ) prmt;/ng printed ’ for )/ < )./C (4)
— c

IknP N 1- S)Tprinti;/lg + STprinted . fory = 7.

where ug, and pyrintea.ap are the apparent viscosity of the printing and printed layers,
respectively, np = 33 Pa.s is the plastic viscosity, T inting = 100 Pais the printing yield
Stress, Tprintea 1S the printed yield stress, which was varied between 100 Pa to 400 Pa,
and y, =0.05 s is the critical shear rate.

The computational domain of the CFD model includes a cylindrical nozzle of diameter
25 mm that extrudes the material with an extrusion speed of 40 mm/s, cf. Figure 1. The
nozzle moves with a printing speed of 50 mm/s. The nominal layer height is 12.5 mm. A
uniform Cartesian grid is used to mesh the computational domain that is discretized by
the Finite Volume Method (FVM). The top and bottom plane of the domain is an inlet
and wall boundary, respectively. A symmetrical boundary is assigned through the nozzle
diameter along the printing direction. Other boundaries are assigned to a continuative
boundary condition. Moreover, the open channel flow is modelled with the Volume of
Fluid Method (VOF) [12]. The pressure and velocity components are solved implicitly in
time. The viscous solver utilizes the scalar identifier based on a self-customization to alter
the viscosity between the layers. Figure 2 illustrates the dynamic viscosity distribution. It
can be seen that the model predicts the yield stress buildup at the bottom layer accurately
(bottom).

Figure 1. CFD model with the computational domain, extrusion nozzle, and substrate.
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Dynamic Viscosity
35.5 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 3500.0 4033.3

— — ‘ | —

=100 Pa
Tprintea = 100 Pa

=100 Pa
Tyrintea = 200 Pa

Figure 2. Dynamic viscosity distributions between the layers for pure wet-on-wet
printing (top) and yield stress buildup during wet-on-wet (bottom).

The simulated results are post-processed in order to obtain the cross-sectional shapes. The
cross-sections are taken in the middle of the computational domain.

3. Results and discussion

The cross-sectional shapes of the deposited layers and inter-layer bond lines are presented
in Figure 3. It can be seen that the shape of the bottom layer deviates less when the yield
stress increases. Furthermore, the bond lines can be observed to move from concave to
convex state with the buildup. It is also seen that the bond lines move their position from
below the initial height of the bottom layer to the exact position of the initial height. These
behaviors are seen because the yield stress increased before the load of the second layer
was applied. As a result, both the deformation of the bottom layer (i.e., ratio of the width
difference (between the bottom layer width after printing the second layer and width at
the end of the first layer W1) by W1 ) and inter-layer bond (i.e., ratio of the length of
bond line and W1) decreases with yield stress buildup, cf., Figure 4. Although it is a mild
decrease for inter-layer bonds, and for higher yield stress buildups (i.e., Tyyintea = 300
and 400 Pa), it is almost identical.

Layer=1
v Tprinteq=400 Pa, Layer=2

Y [mm] Y [mm]

Figure 3. Cross-sectional shapes and inter-layer bond lines for different yield stress
buildup. Moreover, a) Tprintea =100 Pa; b) Tprintea =200 Pa; C) Tprintea =300 Pa;
d) Tprinted =400 Pa.
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Figure 4. Deformation of the bottom layer and inter-layer bond for different yield stress

buildup.

Figure 5 illustrates the surface roughness (i.e., edge smoothness and arithmetic mean
roughness Ra) of the vertical edge profile of the simulated part for different t,,5req. The
profile smoothness is represented by the centerline positioned where the areas above and
below the line are equal, and the arithmetic mean roughness is estimated as the mean
deviation of the profile from the centerline, cf. [13] for details. It is seen that the yield
stress buildup improves the surface quality as well as makes the vertical edges smoother.
However, Ra is almost the same for larger t,,,inteq = 300 and 400 Pa.
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Figure 5. Surface roughness for different yield stress buildup, Tprinted-

4. Summary

A computational fluid dynamics model is used to predict the deposition flow of
viscoplastic materials during the yield stress buildup in wet-on-wet MEX-AM. The cross-
sectional shapes of the layers are predicted to investigate the bottom layer’s deformation,
interlayer bond, and surface roughness of layers.
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The yield stress buildup at the bottom layer reduces its deformation and improves the
surface roughness and smoothness. On the other hand, it can be detrimental for the inter-
layer bonding when the buildup is too high as it slightly decreases with buildup. Thus, an
optimal balance in the yield stress buildup is required as depicted in this study.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the support of the Danish Council for Independent
Research (DFF) | Technology and Production Sciences (FTP) (Contract No. 8022-
00042B). Moreover, the authors thank FLOW-3D® for their support in regards to
licenses.

REFERENCES

[1] J. Lindahl, A.A. Hassen, S. Romberg, B. Hedger, P.H. Jr, T. Deluca, W. Morrison, S.
Kim, A. Roschli, D. Nuttal, B. Post, L. Love, V. Kunc, Large-scale additive
manufacturing with reactive polymers, in: Oak Ridge National L., Oak Ridge, TN,
USA, 2017,p. 8.

[2] T.T. Le, S.A. Austin, S. Lim, R.A. Buswell, R. Law, A.G.F. Gibb, T. Thorpe,
Hardened properties of high-performance printing concrete, Cem. Concr. Res. 42
(2012) 558-566.

[3] R. Comminal, W.R. Leal da Silva, T.J. Andersen, H. Stang, J. Spangenberg,
Modelling of 3D concrete printing based on computational fluid dynamics, Cem.
Concr. Res. 138 (2020) 106256.

[4] N. Ranjbar, M. Mehrali, C. Kuenzel, C. Gundlach, D. B. Pedersen, A. Dolatshahi-
Pirouz, J. Spangenberg, Rheological characterization of 3D printable
geopolymers. Cement and Concrete Research, 147(2021), 106498.

[5] B. Brenken, E. Barocio, A. Favaloro, V. Kunc, R.B. Pipes, Fused filament fabrication
of fiber-reinforced polymers: A review, Addit. Manuf. 21 (2018) 1-16.

[6] R. Comminal, J. H. Hattel, J. Spangenberg, Numerical simulations of planar extrusion
and fused filament fabrication of non-Newtonian fluids. Annu. Trans. Nord. Rheol.
Soc, 25(2017), 263-270.

[7] M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg, Numerical prediction
of the porosity of parts fabricated with fused deposition modeling. In 2018
International Solid Freeform Fabrication Symposium. University of Texas at Austin.

[8] M.T. Mollah, R. Comminal, M.P. Serdeczny, D.B. Pedersen, J. Spangenberg,
Stability and deformations of deposited layers in material extrusion additive
manufacturing, Addit. Manuf. (2021) 102193.

[9] M.T. Mollah, R. Comminal, M.P. Serdeczny, D.B. Pedersen, J. Spangenberg,
Numerical Predictions of Bottom Layer Stability in Material Extrusion Additive
Manufacturing, JOM. (2022).

[10] FLOW-3D® Version 12.0 [Computer software]. (2019). Santa Fe, NM: Flow
Science, Inc. https://www.flow3d.com.

[11] E.J. O’Donovan, R.I. Tanner, Numerical study of the Bingham squeeze film
problem, J. Non-Newton. Fluid Mech. 15 (1984) 75-83.

[12] C.W. Hirt, B.D. Nichols, VVolume of fluid (VOF) method for the dynamics of free
boundaries, J. Comput. Phys. 39 (1981) 201-225.

[13] M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg, Numerical
simulations of the mesostructure formation in material extrusion additive
manufacturing, Addit. Manuf. 28 (2019) 419-429.

95



Publication [A.5]: Computational analysis of yield stress buildup and stability of
deposited layers in material extrusion additive manufacturing

Md. Tusher Mollah*, Raphaél Comminal*§, Marcin P. Serdeczny*§, Berin Seta*, Jon
Spangenberg*

*Department of Civil and Mechanical Engineering, Technical University of Denmark,
Denmark.

8Flow Science, Inc., USA.

Submitted to:
Additive Manufacturing, ELSEVIER.

96



Appended Publications

The layout has been revised.

97



Publication [A.5]: Computational analysis of yield stress buildup and stability of deposited
layers in material extrusion additive manufacturing

Abstracts

This paper investigates the stability of deformable layers produced by material extrusion
additive manufacturing. A Computational Fluid Dynamics (CFD) model is developed to
predict the deposition flow of viscoplastic materials such as ceramic pastes, thermosets,
and concrete. The viscoplastic materials are modelled with the Bingham rheological
equations and implemented with a generalized Newtonian fluid model. The developed
CFD model applies a scalar approach to differentiate the rheology of two layers in order
to capture the deposition of a wet layer onto a semi solidified printed layer (i.e., wet-on-
semisolid printing). The semi solidification is modelled by a yield stress buildup. The
cross-sectional shapes of the deposited layers are predicted, and the relative deformation
of the first layer is studied for different yield stress buildups and processing conditions
such as printing- and extrusion-speed, layer height, and nozzle diameter. The results of
the CFD model illustrate that the relative deformation of the first layer decreases non-
linearly with an increase in yield stress, and that stable prints can be obtained when taking
into account the semi solidification. Furthermore, it is found that the deformation is
dependent on a non-trivial interplay between the extrusion pressure, the shape of the
cross-section, and the contact area between the layers. Finally, the results highlight which
process conditions that can be changed with benefit in order to limit the requirement on
the yield stress buildup and still provide stable prints.

Keywords: Material Extrusion Additive Manufacturing, Computational Fluid
Dynamics (CFD), Viscoplastic Materials, Yield Stress Buildup, and Stable Printing.

1. Introduction

Three-dimensional fabrication of structures produced by Material Extrusion Additive
Manufacturing (MEX-AM) is an attractive technology for a wide range of industries [1—
3]. MEX-AM is an umbrella term that covers multidisciplinary fabrication techniques
such as “Fused Deposition Modelling (FDM) or Fused Filament Fabrication (FFF)’[4],
“Robocasting” [5], and “3D concrete printing” [6]. Thermoplastics have been a
commonly used material in MEX-AM, but recently viscoplastic materials such as
ceramics [7], thermosets [8], and concrete [9] have received attention. These materials
are typically extruded through a nozzle and deposited onto a solid substrate following a
layer-by-layer approach [10]. Control over the material properties is crucial when
attempting to retain the layered shape of deposited viscoplastic materials, as the layered
shape can be flattened due to the applied pressure (from subsequent layers) when the
material is too liquid, while a too rigid material rarely flows through the nozzle.

During MEX-AM of viscoplastic materials, a printed layer can be considered as wet,
semisolid, or solidified, depending on the material state. Depositing a new layer onto a
solidified layer typically results in a geometrically stable print (i.e., homogeneous width
and height of layers), but it is often not ideal from a printing time perspective (if the
solidification time is long) and it can be detrimental for the interlayer bonding [11].
Consequently, printing on a wet or semisolid layer is in many cases preferable. However,
in this case, printing geometrically stable layers is not a simple task [12,13], as discussed
in several experimental studies on MEX-AM of viscoplastic materials [14-17]. Different
studies showed that all layers potentially could deform during the deposition, however
the most critical deformation takes place at the first layer [18].
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Computational Fluid Dynamics (CFD) modelling of extrusion-deposition flows has been
found very advantageous when analyzing experimental MEX-AM results [19,20]. In
regards to MEX-AM with thermoplastic, Xia et al. [21] estimated the geometrical shape
of the deposited layers using numerical simulations. In addition, Comminal et al. [22,23]
and Mollah et al. [24] developed CFD models with the aim to predict and discuss
precision of printed corners, while Serdeczny et al. [25,26] addressed through numerical
modelling how to reduce porosities and enhance the bonding between subsequent layers.
Numerical results have also pointed out that a deposited layer undergoes two pressure
contributions: the hydrostatic pressure due to the layers weight and the extrusion pressure
applied by the extruded material [27]. Comminal et al. [20,28] explained the effect of
extrusion pressure on the geometry of a single layer. When printing on top of a wet layer
that behaves viscoplastic, the extrusion pressure facilitates sideways flow of the
depositing material and it affects the geometrical shape of the already printed layer [29].
Consequently, material deposition on a wet as well as a semisolid layer (which typically
is the case for MEX-AM with ceramics, thermosets and concrete) requires special
attention in order to achieve geometrically stable prints.

This paper presents the first CFD model of two-layered viscoplastic prints by MEX-AM
that accounts for the time dependent material development during the process (i.e., the
second layer is deposited onto a semisolid first layer). The semi solidification is modelled
by increasing the yield stress of the first layer while the second layer is deposited; thereby
mimicking a yield stress buildup of the material. The model is exploited to investigate
geometrical stability of prints performed with materials with various yield stress buildup
under a wide range of process conditions. The outline of the work is as follows. In section
2, details about the CFD model are presented. The simulated results predicting the
influence of material development and processing parameters on geometrical stability are
discussed in section 3. Finally, conclusions are summarized in section 4.

2. Methodology
2.1. Computational model

The CFD model presented in this study is an extension of a model developed to simulate
MEX-AM with non-Newtonian materials, which previously was validated by comparison
with single and multi-layer experimental results [28,30]. The extension consist of adding
a time dependency to the material behavior, which is typically seen when printing
thermosets and concrete. Details about this time dependent material modelling is given in
section 2.2. The CFD model simulates the deposition flow of the time-dependent
viscoplastic material inside a computational domain of 10D x 1.5D X (1.5D + h) that
includes a cylindrical nozzle of diameter D and a planar solid substrate placed at a
distance h from the nozzle orifice, which is the nominal height of the first layer (Figure
1). The nozzle extrudes the material onto the substrate in a layer-by-layer manner and the
material is extruded with a fully developed profile at a constant extrusion speed U. When
the material touches the substrate, the nozzle starts to travel along a straight toolpath with
a prescribed printing speed V. The nozzle travels a distance of 8D while printing the
layers. The second layer is also printed with the distance h between the nozzle orifice and
the first layer.
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Computational domain Material Inlet

"\ Extrusion
nozzle

Toolpath

A Solid substrate
Symmetry plane

Figure 1: Geometry with toolpath, computational domain, and boundary conditions of
the CFD model.

A uniform Cartesian grid is used to mesh the computational domain. The top plane of the
computational domain is treated as an inlet boundary, however a solid surface is
superimposed to it. This permits the material to enter the domain only through the nozzle
orifice that is attached to the top plane. A stationary wall condition is assigned to the
bottom plane that carries the solid substrate. In the xz-plane, a symmetry boundary is
applied to reduce the computational cost. Other planes are assigned with continuative
boundary conditions that allow the fluid to freely exit the computational domain, although
the deposited material does not interact with those planes. The solid (i.e., nozzle and
substrate) and fluid interaction is prescribed with a no-slip boundary condition.

2.2. Rheology of layers

In this study, the viscoplastic constitutive model adapted by the CFD model is the
Bingham material model [31]:

T=npy + Tprinting 1)

where T is the shear stress, 7p is the plastic viscosity, y is the shear rate, and Tpyinting 1S
the yield stress of the material while being deposited. The latter is typically represented
by t,, but the material changes yield stress over time as described in detail later in the
section and for that reason this nomenclature is chosen. When the stress state in the
material exceeds the yield stress, the fluid starts flowing. The apparent viscosity function
describing the Bingham material model is given by:

Happ ¥)=np+ Tprinting/y (2)

This becomes infinite at zero shear rate, so in order to avoid the numerical singularity, a
bi-viscous regularization [32] of the Bingham material model is used in the CFD model:

Hmax.app» when V < yc

7) = Tyrinti
.Uapp()’) np + prl;tlng’ wheny >y,

@)
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Where tmax.app = Np + Tprinting/Ve 1S the maximum apparent viscosity and y is the
critical shear rate. The selection of y, is arbitrary, however it should be small enough to
limit the flow in the parts of the domain where the stress state is lower than the yield
stress, while large enough to avoid extensive computational time and possible divergence
issues.

As previously mentioned, the CFD model takes into account that the viscoplastic material
changes its rheological behavior over time. Once the first layer is deposited, its yield
stress is changed before the second layer is printed on top (i.e., the first layer is now
assumed semisolid). Here it should be noted that the second layer is printed with the initial
rheological properties of the first layer. The change in yield stress is modelled with a
scalar approach. This is done by assigning a scalar S, in terms of mass per fluid volume,
which is larger than zero, exclusively to the first layer after deposition with an
accompanying apparent viscosity function:

HUmax.sc.app wheny <y,

HUsc.app y) = Tprinted

np + , wheny =y, (4)

Where tmaxsc.app = Mp + Tprintea/Ve- The only difference as compared to Equations 1
IS Tprintea that represent the yield stress of the already deposited material, whereas
Tprinting 1S the yield stress of the material while being deposited. Thus, two apparent
viscosity functions are assigned to the first layer, one from the material itself (Equation
3) and the other from the scalar (Equation 4). They are governed with a viscosity mixture-
rule that uses a mass-average between the apparent viscosities of both material and scalar
[33]:

_ p:uapp + Sc.uSC.app
HUmix = D + Sc (5)

where p is the density. This means, in the part of the domain where S, = 0, p,,,;, 1S equal
t0 tgpp, While in the part of the domain where S; > 0, i, is larger than p,,,,. However,
the increased viscosity (when S. > 0) does not comply with the rheological behavior of
the first layer after being deposited. Therefore, u,,,;, 1S used as a classification parameter
in Equation 4 that specifies whether i, Or tsc qpp 1S Used as the apparent viscosity in
a given control volume:

:uSC.app' when Hmix > .uapp

Happ, when Hmix = Happ

Hevapp () = { ©)

With this procedure, wet-on-wet printing (i.€., Tprintea = Tprinting) 1S Simulated by
specifying S, = 0, while wet-on-semisolid printing (i.e., Tprintea > Tprinting) 1S
achieved by given S, an arbitrary value larger than zero.

2.3. Governing equations

The transient and isothermal flow dynamics of the incompressible, viscoplastic material
are modelled by the continuity and momentum equations:

Vu=0 @)
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ou

p(E+u.Vu>=pg—l7p+l7.ST

(8)

where u is the velocity vector, g is the gravitational acceleration vector with components
(0,0,—g), p isthe pressure, t is the time, and S the deviatoric stress-tensor. The apparent
viscosity function is seen in the constitutive stress-tensor, which is modelled as:

Sr = Zﬂcv.app (V) D (9)

where y = ./2tr(D%) represents the strain rate magnitude and D, represents the
deformation rate tensor, defined as:

1
D, = > ((Vw) + (Vv)7) (10)

where the superscript T represents the transpose notation.

2.4. Simulation framework

The CFD model is developed in the commercial software FLOW-3D®, version 12.0 [33].
The governing equations are discretized by the Finite Volume Method (FVM) and the
viscoplastic behavior is predicted by the built-in generalized Newtonian fluid framework.
The viscosity is calculated in a separate subroutine that has been customized according to
section 2.2. An implicit technique, successive under-relaxation, is used to solve the
viscous stress of the momentum equation. The momentum advection is calculated
explicitly by a monotonically preserving upwind-difference technique that ensures
second-order accuracy in space and first-order accuracy in time. The pressure and velocity
components are solved implicitly in time. The predictions of pressure and forces near
walls are facilitated by the immersed boundary method, which assists in the prediction of
the extrusion pressure [34]. The time step size is initially set to a value of 1e~>, however
it is dynamically determined by the solver accordingly to a stability criteria in order to
avoid numerical instabilities [33]. The software uses the FAVOR technique (Fractional
Area/Volume Obstacle Representation) to represent solid geometries within the
computational domain, which assists in simulating the motion of the nozzle. The free
surface tracking is done by the VVolume-of-Fluid (VOF) method, see details in [35,36].

Several cases are simulated in this study. A description of the cases and the corresponding
processing parameters are presented in Table 1. The hydrostatic pressure is calculated as
Py = Npgh (cf. Table 1), where g = 9.81 ms™2 and N is the number of layers. The
material properties used in the study are presented in Table 2.

Table 1: Model descriptions with processing parameters and hydrostatic pressure.

Case | Nozzle Layer | Gap | Extrusion | Printing | Speed Hydrostatic
ID | diameter | height | ratio | speed U | speed V' | ratio pressure Py
D (mm) h h/D (mm/s) (mm/s) S, = (Pa) (fora
(mm) V/U single layer)
1 25 12.5 0.5 40 50 1.25 123
2 25 12.5 0.5 40 40 1 123
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3 25 125 0.5 40 30 0.75 123
4 25 12.5 0.5 30 30 1 123
5 25 125 0.5 20 30 1.5 123
6 25 18.75 | 0.75 40 50 1.25 184
7 25 25 1.0 40 50 1.25 246
8 0.4 0.2 0.5 40 50 1.25 2

9 1.5 0.75 0.5 40 50 1.25 7

10 50 25 0.5 40 50 1.25 246

Table 2: Material properties.

Parameter Symbol (Unit) Value
Density p (kg.m™3) 1000
Dynamic yield stress of printing

. (P _
layer (printing yield stress) Tprinting (P2) 100 300
Dynamic yield stress of printed

. P _
layer (printed yield stress) Tprintea (P2) 100 - 1500
Plastic viscosity np (Pa.s) 0.01-33
Critical shear rate Ve (s71) 0.05

2.5. Data processing

The geometrical stability of the prints and extrusion pressure are analyzed by importing
the fluid fraction and pressure field from the CFD software into MATLAB. The cross-
sections of layers are extracted at the middle of the deposited layer, see Figure 2. The
relative deformation of the first layer after printing both layers is calculated by:

p, =W = BW1 o0y,
B~ 7 Bw, °

(11)

where BW;, is the width of the first layer at the end of its deposition and BW, is the width
of first layer at the end of the second layer deposition. Thus, the Dy value is small for
stable prints.

(@) (b) Post-processed cross-section
Cross-section 30
p A 0 e R R Layer—1
20
. ) =
Simulated fluid layer g
2 I ST SR S
\¥ 0 35 SO SO A
Cross-sectional Substrate
cutting plane -25 -15 -5 5 15 25
Y [mm)]

Figure 2: Data processing; (a) Example of cross-sectional cutting plane that is used for
evaluation, and (b) Post-processed result.
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The extrusion pressure P represents both the static and dynamic pressure at the nozzle
orifice. It is directly applied to the printing surface by the extruding material [27]. During
the deposition of the first layer, the printing surface is the solid substrate, whereas for
second layer, it is the already printed first layer. The extrusion pressure acts for a short
time since the nozzle moves [29], however, it helps the sideway flow of the depositing
material [28]. To calculate the extrusion pressure, the gauge pressure values are directly
extracted from the cross-sectional slice taken at the nozzle exit. Then, a surface-average
of the gauge pressure values is calculated at six different moments during the travel of
the nozzle. Finally, an average of those six gauge pressure is taken to obtain Pg.

3. Results and discussions

This section investigates the influence of various parameters on the stability of the first
layer when a new layer is printed above. The parameters include the change in rheological
behavior (i.e., the yield stress buildup) and processing conditions (i.e., the extrusion
speed, printing speed, layer height, and nozzle diameter). The simulated results are
discussed in terms of cross-sections of the deposited layers, the relative deformation of
the first layer, and the extrusion pressure during deposition.

3.1 Effect of yield stress buildup

The influence of time-dependent rheological properties, represented by the yield stress
buildup, is seen in Figures 3 and 4 for Case ID 1 (see Table 1), where V = 50 mm/s, U =
40 mm/s, and np = 33 Pa.s. Figure 3 illustrates, as expected, that when printing wet-on-
wet larger deformation in the first layer is observed as compared to printing wet-on-
semisolid. This is due to the higher effective viscosity in the first layer when printing wet-
on-semisolid. Furthermore, it is seen that almost no visible deformation in the first layer
is obtained when printing With T,,inteqa = 3 X Tprinting-

In Figure 4-a, the relative deformation of the first layer is quantified as a function of
Tprintea, aNd @ non-linear decrease in Dg is observed. By far the largest improvement in
geometrical stability is obtained by the initial increase in Tp,yinteq, NOWever it is
pronounced for t,,inting = 100 Pa. This is attributed to the fact that the hydrostatic
pressure exceeds T,,inteq (< 200 Pa), which means in these cases the deformation takes
place during the whole print and not only while the extrusion pressure is active on a given
point of the print (i.e., when Py + Pg > Tppinteq). FOr all investigated t,,inting, the Dp
reduces to less than 1% when T,,in.q = 600 Pa, which for many applications would be
an acceptable precision. In this regard, one has to remember that having a too high
Tprintea (1.€., Wet-on-solid printing) can lead to reduced interlayer bonding strength [11].
In addition, it can be adverse for some materials to have a very fast yield stress buildup,
e.g., for concrete this can increase the risk of crack formation [37], while thermosets can
be more prone to residual stresses and thermal warpage [38].

Figure 4-b presents the extrusion pressure during printing of both layers for different
values of T,y inting as a function of Ty inteq. FOr aNY Tprinting, the first layer experiences
a higher Py than the second layer because it is printed onto a non-deformable solid
substrate. In addition, it is to be noticed that the extrusion pressure experienced by the
second layer varies With T,,in.0q. This is due to the effective distance between the printing
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surface (first layer) and the nozzle exit increases when the first layer deforms. At higher
values of T,,inteq, the extrusion pressure of the second layer seems to coincide with Pg
of first layer, which is a consequence of the first layer increasingly starting to act like a
solid substrate.

In Figure 4-D, it is also seen that the extrusion pressure increases with increasing t,,inting
which affect the relative deformation to also increase as seen in Figure 4-a when
comparing the three values of t,,inting at Tprincea = 300 Pa. However, the correlation
between increased extrusion pressure and increased relative deformation is not a general
trend as seen for the data points when t,,inteq = 600 Pa. This is attributed to the
precision of the modelling, and in this regard, it should be noted that the relative
deformation is less than 1 %, which in absolute size represents a deformation of ~0.4 mm.
Considering that the mesh cell size is around 1 mm, it is reasonable to doubt whether the
results smaller than 1 % of relative deformation are accurate and reliable enough to draw
any significant conclusions from.
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Figure 3: Cross-sections of deposited layers for different printing yield stress Tp,inting
as well as printed yield stress T, inteq-
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Figure 4: (a) Relative deformation of first layer D and (b) extrusion pressure Py as a
function of printed yield stress T, inseq, for different printing yield stress Ty, inting-

3.2 Stability of layers in different processing conditions

This subsection investigates the stability of the first layer when considering variations in
both processing conditions and the yield stress buildup of the first layer. Case IDs 1 to 10
(cf. Table 1) are simulated with T,,iting = 100 Pa.

Printing speed:

The printing speed’s effect on geometrical stability is presented in Figures 5 and 6 for
Case ID 1to 3, where U = 40 mm/s and np = 33 Pa.s. Figure 5 illustrates that both less
material is deposited per unit length and less deformation is obtained in the first layer
when increasing V. The drivers for the latter observation are: 1) less deposited material
leads to lower effective layer height, which reduces the hydrostatic pressure and thereby
the deformation; 2) higher printing speed leads to lower extrusion pressure (cf. Figure 6-
b) and less deformation; 3) higher printing speed means that the extrusion pressure will
act for a shorter period of time on the first layer, which will reduce the deformation. These
findings are in accordance with the results reported in [29].

Figure 6-a shows a similar non-linear relationship between Dg and Tpinteq S is seen in
Figure 4-a. For Tpinteq < 200 Pa, printing with a higher speed leads to substantially less
deformation, but as the Dy values are relatively high for all printing speeds (and the
deformation takes place due to the hydrostatic- and extrusion-pressure), it is unattractive
for any application seeking geometrically stable layers. The figure also illustrates that
strands printed with lower V converge faster to the smaller values of deformation Dj.
This can be attributed to the higher initial deformation in those cases, especially in the
range when the hydrostatic pressure is above the yield stress (T,rintea < 200 Pa). At

Tprintea = 600 Pa, Dy becomes ~1 % for all printing speeds showing that for the
investigated time-dependent viscoplastic materials no substantial gain in terms of
geometrical stability is obtained by changing V.
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Figure 5: Cross-sections of deposited layers for different printing speed V and printed
yield stress Ty, inteq-
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Figure 6: (a) Relative deformation of first layer Dz and (b) extrusion pressure Py as a
function of printed yield stress T,,.eq, for different printing speed V.

Extrusion speed:

The extrusion speed’s effect on geometrical stability is presented in Figures 7 and 8 for
Case ID 3to 5, where V = 30 mm/s and n, = 33 Pa.s. Figure 7 shows that more material
is deposited per unit length when increasing U, which in most cases lead to larger relative
deformation in the first layer due to the larger effective layer height and increased
extrusion pressure (see Figure 8). The only exemption is for U = 30 mm/s at Tpyinteq =
200 Pa, which is attributed to the fact that the results are plotted as a relative deformation
and not an absolute deformation. Figure 8-a shows, similarly as for Figures 6-a, that the
relative deformation decreases with increasing t,,inteq. HOWever, the tendency of the
combined effect of the extrusion speed and yield stress buildup on the deformation is
opposite as compared to the tendency obtained in the relationship between the nozzle
speed and yield stress buildup. For higher extrusion speeds, when the nozzle speed
remains constant the deformation gets bigger, while for higher nozzle speeds, when the
extrusion speed remains the same, the deformation gets smaller. Interestingly,
considering that the speed ratio is defined as S, = V' /U, the effect of the combined speed
ratio and yield stress buildup does not show a monotonic behaviour. This means that in
the case, for example, when S, = 1.25 (cf. purple curve in Figure 6-a) and S,- = 1.5 (cf.
blue curve in Figure 8-a) for T,ineq = 100 Pa the deformation is similar (around 7%),
while for T, ineq = 200 Pa, unexpectedly a smaller deformation is obtained for the
lower speed ratio of 1.25. This indicates that both speeds have an independent effect on

107



Publication [A.5]: Computational analysis of yield stress buildup and stability of deposited
layers in material extrusion additive manufacturing

the deformation when combined with the yield stress buildup of the already printed
strand. The anomalous relative deformation value for U = 20 mm/s and U = 30 mm/s
when T,,inteq = 200 Pa can be attributed to an unexpectedly high deformation when
U = 20 mm/s. Such high value can be justified with the rounder shape of the layer, which
in depth will be discussed in the next section. Figure 8-a also shows that for the
investigated material- and process-parameters stable prints (i.e., Dg = ~1%) is first
achieved when T,,;,t.q = 600 Pa, and at this stage the extrusion pressure has a relatively
limited effect on the geometrical stability.
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Figure 7: Cross-sections of deposited layers for different extrusion speed U and printed
yield stress Ty, inteq-
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Figure 8: (a) Relative deformation of first layer D and (b) extrusion pressure Py as a
function of printed yield stress T,,inceq, for different extrusion speed U.

Laver height:

The layer height’s effect on geometrical stability is presented in Figures 9 and 10. The
simulations include h = 12.5 mm (Case ID 1), h = 18.75 mm (Case ID 6), and h = 25
mm (Case ID 7) (cf. Table 1), where U = 40 mm/s, V = 50 mm/s, and n, = 33 Pa.s are
constant. Figure 9 shows that by increasing the layer height the cross-section becomes
higher and less wide, while the shape of the individual layers get more round. A reduced
cross-sectional height leads to a reduced hydrostatic pressure, which results in a smaller
relative deformation when Py > Tpinteq- At larger t,,ineeq Values, reducing the layer
height also leads to lower Dy (cf. Figure 10), which is due to the complex interplay
between extrusion pressure, shape of the strands, and the contact area between layers.
This complex interplay can be interpreted in the following way: when layers have a

108



Appended Publications

smaller height the extrusion pressure increases (see Fig. 10-b), which promotes larger
deformation. However, the applied load of the deposited material is not exerted on the
same contact area between layers (see Figure 9) and in the cases with higher h, the contact
area is smaller, which as an isolated effect leads to larger deformation. The latter effect is
dominating in this case as seen in Figure 10-a.

In Figure 10-a, it is also seen that the relative deformation is less than 1 % for h = 12.5
mm and 18.75 mm when Tpinteq = 500 Pa and 700 Pa, respectively. This illustrates
that by decreasing the layer height, the requirements for the yield stress buildup when
aiming for geometrically stable layers is not as high, which as previously mentioned can
be beneficial for some materials as a slower yield stress buildup can reduce crack
formation in concrete as well as reduce the risk of residual stresses and thermal warpage
in thermosets. The rounder shape in the case of h = 25 mm, creates a situation where the
relative deformation is ~1.8 % at Tp,inteq = 700 Pa, which can be unsatisfactory for
many application that require geometrical precision. As conclusion, rounder shapes with
smaller interlayer contact area require a higher yield stress buildup to control the
deformation.
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Figure 9: Cross-sections of deposited layers for different layer height h and printed
yield stress Ty inteq-
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Figure 10: (a) Relative deformation of first layer Dy and (b) extrusion pressure Pz as a
function of printed yield stress T,,inteq, for different layer height h.

109



Publication [A.5]: Computational analysis of yield stress buildup and stability of deposited
layers in material extrusion additive manufacturing

Nozzle diameter:

The stability of the first layer is investigated for different nozzle diameters, D = 0.4 mm
(Case ID 8), D = 1.5 mm (Case ID 9), D = 25 mm (Case ID 1), and D = 50 mm (Case
ID 10) (see Table 1), where U = 40 mm/s, V = 50 mm/s, and np, = 33 Pa.s. Figure 11
compares the cross-sections of deposited layers for different printed yield stresses. Note
that the axes are non-dimensionalized by the nozzle diameter. The largest relative
deformation is seen for the smallest nozzle diameter, while the smallest relative
deformation is observed for D = 25 mm. This non-monotonic behavior between relative
deformation and nozzle diameter was also observed and discussed in [33], although in
that study the minimum was found at D = 1.5 mm, which is attributed to the difference
in printing yield stress applied in the two studies. Later in this section, more information
about the effect of materials’ rheology on geometrical stability will be addressed for
different D. In Figure 12-a, it is seen that for the two smallest nozzle diameters only
limited improvement in Dy is obtained by increasing Ty inteq, Which is due to the very
high extrusion pressure (Figure 12-b). In fact, it seems that the extrusion pressure
increases with a magnitude when the nozzle diameter is reduced with a magnitude for
these rheological parameters (T inting = 100 Pa and np = 33 Pa.s). The high extrusion
pressure for D = 0.4 mm forces the second layer to penetrate much more into the first
layer, as compared to D = 25 mm where the second layer flows more horizontal (see
Figure 11).
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Figure 11: Cross-sections of deposited layers for different nozzle diameter D and
printed yield stress T,,inteq-
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Figure 12: (a) Relative deformation of first layer Dy and (b) extrusion pressure Pz as a
function of printed yield stress T, inteq, for different nozzle diameter D.

The extrusion pressure is highly dependent on the rheological behavior of the material
during printing as seen in Figure 13. For large nozzle diameters, the extrusion pressure
can be reduced by decreasing T,,inting, bUt Of course it cannot be lower than the
hydrostatic pressure, as this would result in unwanted deformations. The plastic viscosity
dominates the extrusion pressure for small nozzle diameters. This is due to the fact that
most of the material inside the nozzle is yielded when the diameter is so small, and hence
the value of the yield stress does not play a significant role. At a plastic viscosity of 0.05
Pa.s, the extrusion pressure is lowest but different in magnitudes for the two smallest
nozzle diameters. In addition, the hydrostatic pressure is substantially lower for the small
nozzle diameters, which reduces the yield stress buildup requirement. Consequently,
geometrically stable prints can be obtained with the two smallest nozzle diameters with a
limited yield stress buildup as long as the plastic viscosity is low enough, as seen in Figure
14, which depicts examples of stable printing scenarios (<1% deformation) for all the
investigated nozzle diameters.
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Figure 13: Extrusion pressure Py for different nozzle diameters D, (a) as a function of
the printing yield stress T,,iting and (b) as a function of the plastic viscosity 7. Note
that U = 40 mm/s and V' = 50 mm/s.
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Figure 14: Stable printing scenario for different nozzle diameters D. Note that U = 40
mm/s, and V = 50 mm/s.

4. Conclusions

A computational fluid dynamics model was used to predict the stability of deformable
layers during MEX-AM of viscoplastic materials. The model applied a scalar approach
to alter the viscous behaviour of the fluid within the layers. The fluid was modelled using
two Bingham constitutive models with different yield stress to represent the printing of
wet material onto a semisolid printed layer. The cross-sections of deposited layers,
relative first layer deformation, as well as extrusion pressure were investigated for
different yield stress buildup of the already printed material and for different processing
conditions. It was found that when the yield stress of the printed layer is higher, the
printing of a new layer produces less deformation than what can be seen for no yield stress
buildup (i.e., wet-on-wet print). This is of course attributed to the higher effective
viscosity of the first layer when printing wet-on-semisolid. It was also found that the
increase in yield stress buildup reduced the deformation in a non-linear manner and that
the largest improvement was obtained from the initial increase in yield stress.

When increasing the printing speed or reducing the extrusion speed, the study showed
that less material is deposited, which leads to less extrusion- and hydrostatic-pressure and
thereby less deformation. The combined effect of printing/extrusion speed and yield stress
buildup has the largest influence on the speeds that leads to more material deposition,
which is ascribed to the larger deformation observed at low yield stresses where the
hydrostatic pressure exceeds it. Nevertheless, the yield stress at which geometrically
stable prints were observed (i.e., a relative deformation of ~1 %) was the same for all
investigated printing- and extrusion-speeds indicating the limited gain by varying these
two parameters at least when combined with the process parameters applied in this study.
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An interesting finding was though that the speed ratio (i.e., the printing speed divided by
the extrusion speed) and the yield stress buildup did not show a monotonic behaviour,
which indicated that each speed had an independent effect on the deformation. This was
attributed to the complex interplay between extrusion pressure, shape of the strands, and
the contact area between layers, which especially was pronounced when varying the layer
height. By increasing the layer height, a more round-shaped cross-section was formed,
which led to a smaller contact area between the layers where the load from the deposited
layer was distributed on. Consequently, a larger relative deformation was observed when
increasing the layer height even though such increase reduced the extrusion pressure. In
regards to time dependent material properties, it meant that stable prints could be obtained
at a lower yield stress buildup when printing with a reduced layer height, which can be
beneficial for some materials as a too quick material development can result in crack
formation and warpage.

For all the investigated nozzle diameters, it was possible to obtain geometrically stable
prints when taking into account a time-dependent yield stress. For the small nozzles, the
extrusion pressure was substantially reduced by decreasing the plastic viscosity of the
material and thus stable prints could be obtained by a limited yield stress buildup. For the
larger nozzles, conversely, the extrusion pressure is dominated by the yield stress of the
printing material, but this property could not be reduced too much as it needed to be higher
than the hydrostatic pressure in order not to result in unwanted deformations. Therefore,
larger nozzles required a larger yield stress buildup (both in absolute and relative terms)
to produce stable prints.

In future works, the developed CFD model could be extended to include non-isothermal
printing as some materials generate heat when solidifying/curing, which can affect the
rheological behavior of the material and thereby the stability of the prints.
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Abstract

3D Concrete Printing (3DCP) is a technology that recently has attracted the attention of
both academia and industry. The technology offers an increased design flexibility and has
been used at various scales, e.g. from furniture to bridges and houses. One of the current
challenges in 3DCP is to produce load bearing structures in a single process, i.e.
reinforced elements as part of 3DCP process. This is because the integration of vertical
reinforcement during the printing process is not trivial. Although few reinforcement
methods have been studied, a robust and efficient 3DCP reinforcement solution is yet to
be coined. To support these studies in finding a reinforcement solution fit for SDCP, while
limiting experimental efforts, we offer a computational fluid dynamics (CFD) model that
simulate concrete flow around rebars. The numerical model applies 1) an elasto-visco-
plastic constitutive law to mimic the flow behavior of the concrete and 2) the volume of
fluid method to track the free surface of the concrete. To validate the proposed model,
3DCP experiments are carried out by printing around horizontal and vertical rebars. The
rheological behavior of the concrete is characterized on a rheometer using a vane-in-cup
measuring system, and such data is included in the CFD model. The experimental and
numerical results agree relatively well; providing a new venue for identifying printing
strategies that ensures a good bonding between concrete and reinforcement.

Keywords: 3D Concrete Printing, Reinforcement, Computational Fluid Dynamics,
Rheology.

1. Introduction

Extrusion-based 3D Concrete Printing (3DCP) is a very promising digital construction
technology that offers geometrical one-off structures in a time and cost-efficient manner.
The 3DCP process is typically carried out by a gantry system or a robot arm, which guides
a print head that deposits material along a toolpath to create a concrete structure in a layer-
by-layer manner [1]. At present, one of the greatest challenges for this digital construction
technology is to integrate printed layers and reinforcement. Therefore, researchers around
the world have intensified their pursuit in finding robust methodologies to produce load-
bearing 3DCP structures.

Examples of 3DCP reinforcement strategies that have been proposed include: a)
penetrating reinforcing bars through printed layers [2] and b) the use of fiber
reinforcement [3], to mention a couple. For a comprehensive review on 3DCP
reinforcement strategies and classification thereof, refer to [4].

As in any research endeavor, the concepts described above require an extensive number
of tests to be validated, yielding limitations to the number of reinforcement concepts that
can be tested in practice. Therefore, numerical models have the potential to be a
significant driver for 3DCP development [5] as they can reduce the experimental
campaign necessary to explore a phenomenon as well as provide a mechanistic
understanding of the process [6]. The latter was exemplified by Wolfs et al. [7], who used
finite element method (FEM) simulations to investigate the early-age mechanical
behavior of 3DCP. In addition, Computational Fluid Dynamics (CFD) models have been
used to study the geometrical conformity of single- and multi-layer 3DCP deposition [8,
9].
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These abovementioned models, however, have not been used to simulate the interactions
between fresh printed layers and reinforcement rebars. To overcome that, this paper
presents the first study where a CFD model is used to simulate 3DCP around horizontal
and vertical rebars. The objective of the study is to investigate the CFD model’s ability
to predict the bonding behavior between concrete and reinforcement. The numerical
simulations are compared to 3DCP experiments carried out with mortars.

2. Methodology

2.1. Materials and experiment

The 3DCP around rebars was done with a cement-based mortar made of CEM | 52.5 R-
SR 5 (EA), fine sand (< 0.5 mm), limestone filler, admixtures, and water. The water:
binder ratio was set at 0.39, and fine aggregates content accounts for 45% of the total dry
mass. The admixtures dosage (by weight of cement) was set at 0.1% high-range water-
reducing agent, a 0.5% hydration retarder, and 0.1% viscosity-modifying agent. The use
of retarders enabled an open time of 2 hours, i.e. the rheology of the mortar can be
considered time-independent during the printing process (which took 15 minutes).

The mortar was prepared in an Eirich Intensive Mixer Type RO8W. An Anton Paar
rheometer MCR 502 was used to characterize the rheology of the mortar, which had a
density of p = 2100 kg/m3. Both the rotational and oscillatory tests were carried out
using a vane-in-cup measuring device. The rotational rheometric tests, with a ramp-down
controlled shear rate (CSR), determined the plastic viscosity np, = 7.5 Pa and yield stress
Ty = 630 Pa.s. In addition, the oscillatory test showed that the unyielded mortar had a
G' = 200 kPa within the linear viscoelastic (LVE) region. Thus, the mortar’s rheology
can be modelled with an elasto-visco-plastic (EVP) material behavior.

The 3DCP experimental setup is shown in Figure 1. It included a 6-axis industrial robot
with a custom-designed round nozzle and a progressive cavity pump equipped with a
hopper and a long steel-wire rubber hose (refer to [8, 9] for details). The built platform
included a 25mm thick plywood plate above which a rebar of diameter 8 mm was placed
horizontally at the height of 14 mm rebar height from the base plate and held in place by
vertical rebars. The setup was used to print a structure of four successive layers around
the rebars. Details on the printing toolpath are illustrated in Figure 2.

The extrusion @20mm nozzle was placed at a height of 10 mm (nozzle height) above the
built plate. For subsequent layers, the nozzle height was automatically increased by the
10 mm (i.e. the nominal height of a layer equals 10 mm). The extrusion speed was set at
0.91 dm3/min and a nozzle travel speed was set at 35 mm/s. After the printed layers
hardened, cross-sections were collected to analyze the interface between concrete and
rebars. The cross-section for the rebar regions were obtained by slicing the printed
element and scanning the cross-sectional area. To avoid damaging the printed samples
during cutting, the samples were impregnated with epoxy resin in a vacuum chamber.
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Figure 1. 3DCP Experiment: (a) setup of 6-axis robot [8]; (b) built platform with placed
rebars; (c) example of printing at the middle of third layer.

2.2. Computational fluid dynamics model

The flow of the cementitious mortar was assumed incompressible and isothermal, and
thus governed by the mass and momentum conservation equations. These were solved
numerically using the commercial software FLOW-3D® v. 12.0. The software has
previously been used for prediction of cementitious material flow, e.g. [10, 11]. The
rheological behavior of the mortar was modelled as an EVP fluid, where the visco-plastic
response followed a Bingham model with the plastic viscosity and yield stress that were
determined experimentally as discussed in the previous section. The unyielded material
was modelled with an elastic response that followed Hooke’s law. The elastic shear
modulus was set at 100 kPa, which is lower than the 200 kPa determined by rheological
measurements. This reduction was applied to ease the numerical convergence, without
substantially altering the numerical results. This assumption seemed reasonable since no
substantial difference was found in the results when applying an elastic shear modulus of
50 and 100 kPa. The equations that describe the EVP fluid can be found in [8], while the
free surface of the mortar was modelled with the volume-of-fluid method.

To simulate the 3DCP experiments, two separate models were developed: deposition
around the horizontal rebar (Model 1) and cross-shaped rebars (Model 2), cf. Figure 2.
Both models include an extrusion nozzle, build plate, and computational domain (with
size of 170 x 112 x 80 mm) in which the mortar was printed. The toolpath of the extrusion
nozzle for the two models are also shown in Figure 2. The top plane of the domain was
an inlet boundary that holds an artificial solid component to prevent the flow outside the
boundaries of the nozzle orifice. A no-slip boundary condition was imposed on the
substrate and the domain was meshed with a Cartesian grid. The CFD model simulates
four successive layers of length 125 mm around the horizontal rebar of length 50 mm
and vertical rebar of height 40 mm (only for Model 2). The computational time of the
simulations was around 18 days using 20 cores.
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“—o Axis of rebar | <Toolpath

Figure 2. Computational domain and toolpath. (a) Model 1: Deposition around
horizontal rebar; (b) Model 2: Deposition around cross-shaped rebars.

3. Results and discussions

The cross-sectional shape of the deposited layers around rebars in experiments and
simulations are presented in Figures 3a-d. The experimental results for the horizontal
rebar in Figure 3a illustrate that air voids are present both below and above the rebar as
well as between layers 3 and 4. The latter is likely formed due to the deformation of
previously printed layers, which increased the gap distance between the nozzle and layer
3, reducing the width of each independent strand in layer 4. A similar trend was observed
in meso-structures produced with thermoplastic additive manufacturing [12]. The air
voids around the horizontal rebar in Figure 3a are smaller than the one between layers 3
and 4. This was attributed to the rebar occupying some of the space in between layer 2
and 3, which forced the mortar to be squeezed around the rebar. Another contributing
factor was the subsequent deformation of the layers when printing layer 4. In Figure 3b,
the mortar is printed around the cross-shaped rebars, in this scenario a greater number of
air voids are observed. This is likely due to the vertical rebar restricting the mortar that
was printed on either side of the reinforcement to merge. Especially, this scenario
underlines the challenges related to integrating rebars with 3DCP.

Figure 3c,d presents the cross-sectional shapes of the simulations for both Model 1 and
2; showcasing that both models predict with high accuracy the location of air voids found
in the printing experiments. The primary discrepancy between simulation and
experiments was the width of the strands in the bottom layer (Figure 3e,f). This might be
attributed to slight differences in the rheological behavior and processing conditions (i.e.
slight deviations between the distance of the nozzle to the rebars and base plate). Despite
of that, the numerical results clearly illustrate the potential of the CFD model predictions.
As such, the model can be exploited to find printing strategies that minimize or fully
remove air voids in reinforced concrete structures produced with 3DCP.
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Fig. 3. Cross-sections of printed layers: (a,b) 3DCP experiment; (c,d) horizontal rebar
(Model 1) and cross-shape rebars (Model 2); (e,f) overlay of simulation and printing
results.

4. Conclusion

This paper presents experimental and numerical work on 3DCP around horizontal and
vertical rebars. The printing results show that the printing strategy entrapped air voids
both below and above the horizontal rebar as well as on the side of the vertical
reinforcement. This highlights the non-trivial task of getting sufficient reinforcement
encapsulation when applying 3DCP. A CFD model was developed to simulate the
printing process, and a comparison between experimental and numerical results show that
the model could predict the formation of voids around the rebars with great accuracy.
Altogether, our research underlines the potential of using digital tools such as CFD
modelling to digitally test and evaluate the outcome of printing strategies addressing
reinforcement solutions for 3DCP applications.
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Abstracts

A challenge for 3D Concrete Printing is to incorporate reinforcement bars without
compromising the concrete-rebar bonding. In this paper, a Computational Fluid
Dynamics (CFD) model is used to analyze the deposition of concrete around pre-installed
rebars. The concrete is modelled with a yield-stress dependent elasto-viscoplastic
constitutive model. The simulated cross-sections of the deposited layers are compared
with experiments under different configurations and rebar sizes, and found capable of
capturing the air void formation with high accuracy. This proves model robustness and
provides a tool for running digital experiments prior to full-scale tests. Additionally, the
model is employed to conduct a parametric study under three different rebar-
configurations: i) no-rebar; ii) horizontal rebar; and iii) cross-shaped (horizontal and
vertical) rebars. The results illustrate that air voids can be eliminated in all investigated
cases by changing the toolpath, process parameters, and rebar joint geometry, which
emphasizes the great potential of the digital model.

Keywords: 3D Concrete Printing (3DCP), Reinforcement bar (rebar), Computational
Fluid Dynamics (CFD), Multilayer deposition, Air voids.

1. Introduction

3D Concrete Printing (3DCP) [1] is an extrusion-based automated construction process
that belongs to Digital Fabrication with Concrete (DFC) [2]. The 3DCP offers high-
quality built-structures with customizable structural design in a cost- and time-efficient
manner [3,4]. Structures in 3DCP are fabricated in a layer-by-layer approach, where a
concrete extrusion nozzle is controlled by a robotic arm, cylindrical robot, gantry system,
or delta system [5-9]. Despite the enormous potential of 3DCP, one of its crucial
limitations is the integration of reinforcement for the production of load-bearing
structures.

Most structural applications require the use of reinforcement to withstand tensile forces
and introduce structural ductility. However, the introduction of reinforcement with 3DCP
has never been an easy task, and difficulties were recognized at early stages of the
technology [3] and various design solutions have been tested in practice to either
circumvent the need for reinforcement or integrate reinforcement after the concrete is
printed [9]. As a result, several reinforcement techniques have been proposed, such as bar
reinforcement [10], micro-cable reinforcement [11,12], fiber reinforcement into the
cementitious material [13,14], steel reinforcement using robotic arc welding [15,16], and
in-process mesh reinforcement [17]. For comprehensive details on the reinforcement
strategies, refer to [18]. Nevertheless, these reinforcement strategies are still rudimentary
in many instances.

This study focuses on bar reinforcement methods, where rebars are integrated with freshly
deposited cementitious material. A few approaches can be found in the literature, for
example, penetration of vertical bars through multiple printed layers [19], placement of
horizontal bars into a printed layer along the printing direction and then covered by the
next layer on top [20], and depositing around pre-installed bi-directional rebars [21].
However, in most approaches, the bonding between the rebar and concrete was
compromised by the air void around the rebar [10,22]. To overcome this constraint, a
large amount of trial and error is required, which is costly and time-consuming.
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An approach to mitigate extensive experimental campaigns is to apply numerical models.
In the context of 3D printing technologies, like Fused Filament Fabrication (FFF),
Robocasting, and 3DCP, CFD modelling has been found to be very beneficial [23-25].
The morphology of the deposited strands in FFF was studied by Comminal et al. [26].
Furthermore, Serdeczny et al. [27,28] addressed how to reduce the porosities and enhance
the bonding between subsequent layers. Mollah et al. [29,30] studied ways to minimize
the deformation and thereby stabilize layers printed by Robocasting, while for 3DCP, the
geometrical shapes of the single- and multiple-deposited layers have been investigated in
detail in [31,32].

This paper uses the CFD model and extends the preliminary results recently published in
[33]. The model uses elasto-viscoplastic constitutive equations to approximate the
rheology of the concrete. The CFD model is validated by comparison with a number of
experiments, and the model is subsequently exploited to make an in-depth analysis of air
void formation between rebars and concrete using the cross-sections of the deposited part
and the calculated volume fraction of air voids. Different material properties, such as
yield stress and plastic viscosity, and processing parameters, like the rebar diameter,
nozzle-rebar distance, a geometric ratio (i.e., the distance from nozzle to the substrate
divided by the nozzle diameter), as well as a speed ratio (i.e., the printing speed divided
by the extrusion speed) are varied. Section 2 describes the methodology of the study,
along with the experimental and numerical details. Next, section 3 presents and discusses
the results. Finally, section 4 summarizes the results with the conclusion.

2. Methodology

2.1. Materials’ properties and 3DCP experiments

A fresh cement-based mortar was used to perform the 3DCP experiment around the
rebars. The mortar includes a binder system with white cement CEM | 52.5 R-SR 5 (EA),
limestone filler with sand of maximum particle size 0.5 mm, admixtures, and water. The
binder was prepared with a 75 litres Eirich Intensive Mixer Type Ro8W. The water to
cement ratio was 0.39. The admixtures dosage (by weight of cement) was set at 0.1%
high-range water-reducing agent, 0.1% viscosity-modifying agent, and 0.5% hydration
retarder. The mortar was designed to have an open time of about 2 hours, which led to
time-independent rheological characteristics during the real printing process (which took
15 minutes).

The rheological characterization of the mortar was done using an Anton Paar rheometer
MCR 502. The rotational and oscillatory tests were performed with a vane-in-cup
measuring device. The obtained flow curve of the mortar from the rotational rheometric
tests, with a ramp-down controlled shear rate (CSR), was fitted by a linear regression to
determine the yield stress ty = 630 Pa.s and plastic viscosity np, = 7.5 Pa. The
oscillatory test showed that the constitutive behavior of the unyielded mortar had a
factorized relationship between the storage modulus G' and loss modulus G" within the
linear viscoelastic (LVE) region, where G' = 200 kPa was captured. Therefore, the
mortar's rheology was modeled as a yield stress limited elasto-viscoplastic material,
where the storage modulus is used as the linear elastic shear modulus of the unyielded
mortar. The density of the mortar was p = 2100 kg/m3. Refer to [31,32] for more details
on the rheological characterization.
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The setup for 3DCP experiments around the rebars is presented in Figure 1. It comprised
a 6-axis industrial robot (Fanuc R-2000iC/165F) with a custom-designed nozzle 20 mm
(i.e., nozzle diameter, Dn = 20 mm) made by fused filament fabrication of ABS
thermoplastic, cf. Figure 1-a. The robot also included a progressive cavity pump
(NETZSCH) equipped with a hopper and a long steel-wire rubber hose (cf. Refs. [31,32]
for details). A 25 mm thick plywood plate was used as the built substrate as seen in Figure
1-b. The 1000 mm long rebars of diameter Dr = 8 and 12 mm were placed horizontally
on top of the substrate at a distance Hr = 14 mm. The horizontal rebars were held in place
by two vertical rebars with a height of 37 mm. The setup was used to print a structure of
four successive layers of parallel strands around the rebars. Details on the printing
toolpath around the rebars are illustrated in the subsections below.

Figure 1: 3DCP experiment around rebars: (a) 6-axis robotic arm [31]; (b) plywood
built platform with integrated rebars; (c) example of printing (picture is taken during
printing of the third layer).

The extrusion nozzle was placed above the substrate with a nozzle height Dn/2 for the
first layer, whereas for subsequent number of layers (NI), the nozzle height was set at
NI = Dn/2. Thus, the nominal height of a layer was h = Dn/2. The print was done with
a material extrusion rate 0.91 dm3/min and nozzle speed 35 mm/s. An example of a
physical print is presented in Figure 1-c. After the prints hardened, cross-sections were
collected to investigate the rebar-concrete bonding. The cross-section slices were taken
at specific positions to analyze the print around the horizontal rebar and cross-shaped
rebar (i.e., horizontal and vertical rebars). To avoid destroying the specimens while
cutting them, the printed part were impregnated with epoxy resin in a vacuum chamber.

2.2. Computational models and governing equations

Three different CFD models are built. The first model only simulated the mortar flow to
understand the void formation pattern without rebars. The last two models simulated the
3DCP experiment around rebars: one model simulated the mortar flow around the
horizontal rebar, while the other considered the cross-shaped rebar. This subdivision
enabled the CFD models to consider a smaller computational domain than if the two
scenarios were combined.
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The CFD models comprised a cylindrical nozzle, a solid-substrate, and an artificial solid
component (at the top) within the computational domain of size 8.5D x 6D X (2D + 4h)
as shown in Figure 2 (top), where Model 1 excluded rebars (left), Model 2 included the
horizontal rebar (middle), and Model 3 considered the cross-shaped rebar (right). The
printing toolpath of the models are illustrated in Figure 2. The toolpath for Models 1 and
2 are presented in 3D (left bottom figure), where the only difference was the presence of
the horizontal rebar. The toolpath in 2D presented at the bottom right is for Model 3. For
all the models, the toolpath of the extrusion nozzle kept a distance of Dnr from the axis
of the nearest rebar. The lengths of the horizontal and vertical rebars were 50 and 40 mm,
respectively. The other printing parameters were similar to the ones used in the
experiment, cf. subsection 2.1. Finally, the models were used to simulate four successive
layers with a length of 125 mm.

_ i E _

Model 3

Model 2 Moving Nozzle

Model 1

3D Toolpath 2D toolpath

A
Dnr

y
Axis of rebar '

—2(10—\ /—0

-50 -25 0 25 50

0
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(=]

0l
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Figure 2: Model geometry with the extrusion nozzle, substrate, integrated rebars, and
computational domain (top) and toolpath (bottom).

The computational domain was meshed by a uniform Cartesian grid. A mesh sensitivity
test was performed for different meshes with cell sizes 0.9, 1.0, and 1.1 um. Even if the
change in absolute size of the cells were small, the total number of cells within the domain
was 1.1, 1.5, and 2.0 million, respectively. A cell size of 1.0 um was chosen as that was
found to be time-efficient and had a negligible effect on the accuracy of the results. The
top plane of the domain was an inlet boundary, where the artificial solid component was
defined in order to prevent material flow outside the nozzle orifice, cf. Figure 2 (top). On
the bottom plane, a wall boundary was applied to represent the solid substrate. The other
planes were assigned continuative boundary conditions, but had no influence on the
results. Furthermore, no-slip boundary conditions were applied between fluids and solids.
Table 1 lists the printing parameters and their values for each of the investigated cases.
All the models and cases are simulated for 4 successive layers.

Table 1: Description of case IDs with printing parameters and accompanying values. The

reference values (corresponding to the experimental print) are written in bold, while the
parameter change for each case is highlighted by underlining the value.
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Model/ | Model 1 (no rebar), Model 2 (horizontal rebar), and Model 3 (cross-
Case ID shaped rebar)
Case | Case2 | Case | Case | Case | Case | Case | Case | Case
1 3 4 5 6 7 8 9
Parameters. | (ref.)
Nozzle
diameter 20 20 20 20 20 20 20 20 20
Dn (mm)
Rebar
diameter 8 6 12 8 8 8 8 8 8
Dr (mm)
Nozzle-
g:‘bar 20 20 | 20 | 19 | 18 | 20 | 20 | 20 | 20
istance
Dnr (mm)
Layer
height h| 10 10 10 10 10 9 8 10 10
(mm)
Geometric
ratio 0.5 0.5 0.5 0.5 05 | 045 | 04 0.5 0.5
Gr=h/ : : : : : 045 | 04 . .
Dn
Printing
speed V| 35 35 35 35 35 35 35 35 35
(mm/s)
Extrusion
speed U | 48.42 | 48.42 48.42 | 48.42 | 48.42 | 48.42 | 48.42 | 51.47 | 53.84
(mml/s)
Speed ratio
Sr=Vv/U 0.72 |0.72 0.72 | 072 |0.72 |0.72 [0.72 |0.68 |0.65

The cementitious mortar flow was assumed transient and isothermal. Thus, the flow
dynamics of the mortar are governed by the mass and momentum conservation equations
of incompressible fluid:

Vu=20 @
ou )
p(a+u.l7u) =—-Vp+pg+V.o

where u is the velocity vector, p is the density, g = (0,0,—g) is the gravitational
acceleration vector, t is the time, p is the pressure, and o is the deviatoric stress tensor.

The rheological behavior of the mortar was modelled by the following elasto-viscoplastic
constitutive equation that represents o as the sum of the deviatoric part of the viscous
stress o, and elastic stress o tensors; i.e.:

0'=0V+0'E (3)
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The deviatoric viscous stress tensor was predicted as:
oy =2np Dy 4)

where Dy = ((Va) + (Vu)T)/2 is the deformation rate tensor, and T represents the
transpose notation.

The deviatoric elastic stress tensor was modelled by the Hookean assumption of a small
strain rate tensor E between each small time steps At =t — t,, to represent the elastic
response of unyielded materials o7;:

oy =2GE ®)

where G is the shear modulus and E(t) = E(t,) + At Dy is the incremental strain rate
tensor approximated by integrating the deformation rate tensor over At.

The incremental representation of Equation 5 can be written as:

doy 6
atE +V.(uoy) — (6. Wy + Wi.or) = 2G Dy ©)

where W, = ((Vu) — (Vu)T)/Z is the vorticity tensor. The first term of the left-hand
side of Equation 6 represents the change in stress at a fixed location in space. The change
in stress due to advection and rotation of material particle is approximated by the second
and third terms, respectively. The right-hand side takes into account the change in stress
due to shearing.

The elastic stress tensor of the yielded material was approximated by imposing the yield
stress t, limit as follows:

_ ( To ) . ()
o =min(1,—)oj
Ovm
where a,,,, is the von Mises stress predicted as:
5 ®)
O-‘UM = 5110-2

where I1,. = tr(o3?) is the second invariant of ¢7. The material was yielded when g,

exceeded the yield stress. The properties of the material used in the different models and
cases are presented in Table 2.

Table 2: Material properties.

Value for
Parameter with symbol Unit Value reference

simulation
Density, p kg.m™3 2112 2112
Shear modulus, G kPa 20-100 20
Dynamic yield stress, T, Pa 400 — 800 630
Plastic viscosity, np Pa.s 35-10 7.5
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2.3. Numerical method

The computational model was developed in the commercial CFD tool FLOW-3D®
(V12.0; Flow Science Inc.) [34]. It uses the FAVOR technique (Fractional Area/\VVolume
Obstacle Representation) to embed solid objects (i.e., the nozzle, rebars, substrate, etc.)
in the computational domain. The computational domain was meshed with a Cartesian
grid and discretized with the Finite Volume Method.

The governing equations of the mortar flow were solved by the implicit pressure-velocity
solver GMRES (Generalized Minimum Residual) [35-37]. The predictions of pressure
and forces near solid objects were modelled by the immersed boundary method [38]. The
yield stress limited elasto-viscoplastic criterion was built in the software, and the elastic
stress was calculated explicitly. An implicit technique, successive under-relaxation, was
used to solve the viscous stress of the momentum equation (equation 2). The free surface
of the mortar was captured by the Volume-of-Fluid technique, see details in Ref. [39,40].
The momentum advection was calculated explicitly by an upwind-difference technique
and ensured first-order accuracy. The time step size was controlled dynamically with a
stability limit in order to avoid numerical instabilities [34]. All the simulations were run
with 20 cores on a high-performance computing cluster. The study was carried out with
a first-order accuracy in both space and time in order to reduce the computational time,
which was extensive due to the elasto-viscoplastic material model (e.g., the computational
time was six days for model 1 case 1).

2.4. Results post-processing

The simulated results were processed in two steps. The first step was to show the cross-
sectional shapes which was done in the post-processing tool FLOW-3D® POST, and the
second step was to calculate the volume fraction of air voids inside the printed structure.
The cross-sectional shapes were used to investigate the interior of the structure and the
rebar-concrete bonding. The cross-sectional shapes were obtained in the plane parallel to
the yz- plane at the middle of the layer’s length, as shown in Figure 3-d. Figure 3-c
sketches the nominal positions of the air void creation in a four-layered structure. The
positions of the air voids were defined as outer-bottom, bottom, mid, top, and outer-top
in this study. The presence of the air void was quantified by calculating the volume
fraction of air voids around the middle of the layer’s length. The calculation enabled to
capture the presence of air voids for Model 3, i.e., around the vertical rebar, as seen in the
dashed-box of Figure 3-b.

In order to calculate the volume fraction of air voids, a cuboid of size 20 x 25 x 3k mm?3
was introduced to the CFD models as a volume sampling object, as seen in Figure 3-a.
Note that the size and position of the object were the same for all the models. The volume
sampling was a three dimensional data collection tool built in the software that enabled
calculating the amount of material as well as air void inside of it. Finally, the volume
fraction of air voids V;, was calculated as below:

Volume of air voids
VV =

X 100 % ©)

Volume of cuboid
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Outer-top air void
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Outer-bottom air void
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Model 1 Model 2 Model 3
Figure 3: Post-processing of results; (a) Introduction of volume sampling cuboid to
calculate the volume fraction of air voids; (b) Presence of air voids around the vertical
rebar in the experiment; (c) Schematic of air void creation; (d) Cross-sectional shapes
and void sampling area for the different models.

3. Results and discussions

This section compares the simulated and experimental results of 3DCP around the rebars.
Furthermore, it discusses the influence of different parameters on the air void formation
in the cross-sectional shapes of printed parts and the volume fraction of air voids inside
the structure. The parametric study includes the material properties (i.e., yield stress and
plastic viscosity) and the printing properties (i.e., rebar diameter, rebar-nozzle distance,
geometric ratio, and speed ratio).

3.1. Experiments and validation of the CFD model

The CFD models (Models 2 and 3) are compared and validated with the experiments. The
results are presented in Figures 4 and 5. Two rebar diameters, i.e., Dr = 8 and 12 mm,
are taken into account, where the nozzle-rebar distances are 20 and 24 mm, respectively.
The other printing and material parameters are kept constant in the experiments with
different rebar diameters, see Table 1 (cases 1 and 3). In the case of the simulations, all
parametric details are the same as implemented in the experiments except for the elastic
shear modulus. The choice of shear modulus is subject to the following analysis.

The analysis varies the shear modulus (i.e., 20, 50, and 100 kPa) in the case Dr = 8 mm,
as seen in Figure 4, which presents the cross-sectional shapes (top) and the volume
fraction of air voids (bottom). It can be seen that increasing the shear modulus slightly
reduces the air void formation. This is because the larger shear modulus enhances the
ability of the material to act against the shear deformation. However, an increase in shear
modulus also extensively increases the computational time of solving the non-linear
elastic response of the elasto-viscoplastic material. For example, the computational time
of Model 3 is about 6, 12, and 18 days for a shear modulus of 20, 50, and 100 kPa,
respectively. Therefore, the shear modulus is reduced to 100 kPa from the measured value
(i.e., 200 kPa) to compare the simulated results with experiments. Furthermore, the shear
modulus 20 kPa is chosen for the parametric study in the later sections. These assumptions
seem reasonable to avoid extensive computational time consumption since the differences
found in Figure 4 are not substantial.
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Figure 4: Air void formation in the cross-sections of the printed parts (top) and the
volume fraction of air voids (bottom) for different shear modulus.

The cross-sectional shapes of the 3DCP experiments around the horizontal rebar of Dr =
8 mm in Figure 5-a illustrate the presence of a top air void as well as mid and bottom air
voids positioned respectively above and below the horizontal rebar. The mid and bottom
air voids are found to be smaller than the top one. This is due to the presence of the rebar
that occupies the mortar’s flowable space as well as the deformation of the previously
printed layers. For a detailed analysis of the deformation pattern, refer to [33]. The air
voids at the top and bottom are significant when the rebar diameter is increased to 12 mm
(Figure 5-b). This is due to the fact that the nozzle-rebar distance was increased, which
enhances the flowable space between the strands. In addition, the larger size of the rebar
creates larger channels below and above itself, where the mortar of the second and third
layers is forced to be squeezed into. The mid air void is found to be absent as its area is
fully occupied by the larger rebar. In the case of the cross-shaped rebars, the existence of
the vertical rebar seems to restrict the merging of parallel strands, and therefore, the
presence of air void content increases, cf. Figure 5-c, d. This limitation is found to be
pronounced for the larger rebar diameter with the larger nozzle-rebar distance.

The cross-sectional shapes of the simulations (middle column in Figure 5) illustrate high
accuracy predictions of the position and size of the air voids when compared with the
experiments. Particularly, the models capture small details around the vertical rebar for
both diameters. This can clearly be seen in the comparison of experiments and simulation,
cf. right column in Figure 5. However, a little discrepancy is found in the strand’s width
of the bottom layer as well as the shape of the printed part, specifically in the shape of
strands of all the layers next to the vertical rebar and the height of the part for the smaller
rebar diameter. These could be due to a combined effect of the idealized rheological
model, as well as slight differences in the processing parameters, e.g. nozzle height above
the printing surface, nozzle-rebar distance, as well as printing- and extrusion-speed. Note
that the height of the vertical rebar in the experiments is a bit shorter than the one in the
simulations (40 mm), although it does not influence the results.
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Figure 5: 3DCP experiments (left column), simulations (middle column), and
comparison (right column). (a) Horizontal rebar with Dr = 8 mm and Dnr = 20 mm,;
(b) horizontal rebar with Dr = 12 mm and Dnr = 24 mm; (c) cross-shaped rebar with

Dr =8 mm and Dnr = 20 mm; and (d) cross-shaped rebar with Dr = 12 mm and
Dnr = 24 mm. The blue part in the experiments is epoxy resin.
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3.2. Influence of materials properties

Yield stress:

The process parameters of Case 1 (cf. Table 1) are utilized to investigate the influence of
the yield stress on the air void formation. Models 1 and 2 predict a top air void, while for
Model 3 the two topmaost strands to the left are not in contact with the vertical rebar, see
Figure 8. The cross-sections illustrate that an increased yield stress causes less
deformation of the printed layers and creates stands with less round shape. This is due to
the reduced effective gap (i.e., the distance between the nozzle and previous printed
layer), which results in a reduced air void content for most models as seen quantitatively
in Figure 9. An exception is seen in case of Model 2 with t, = 800 Pa, where the top air
void is slightly larger as compared to the one for t, = 630 Pa. Another exception is that
an outer bottom air void appears for Models 1 and 2 when increasing the yield stress to
800 Pa. Both exceptions are a consequence of the yield stress now restricting the flow in
confined spaces, which illustrates that it is a non-trivial task to fully eradicate air voids
only by increasing the yield stress.
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Figure 6: Air void formation in the cross-sections of the printed parts for different yield
stress.
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Figure 7: Volume fraction of air voids as a function of yield stress for different models.

Plastic viscosity:

The influence of the plastic viscosity on the air void formation is presented in Figures 10
and 11. All the models are simulated with Case 1, cf. Table 1. Figure 8 shows a slight
change in air voids of Model 1. A mid air void is produced when the plastic viscosity is
small, while the two largest plastic viscosities only produce the top air void. This is due
to the increase in extrusion pressure that leads to larger deformation of the printed layers
when the plastic viscosity is increased, cf. details in ref. [29]. When integrating a
horizontal rebar (see Model 2), the air void formation increases at higher plastic
viscosities. This could be due to the fact that the sideway flow of the depositing material
(i.e., y-velocity) is limited by the flow resistance that comes from both the larger plastic
viscosity and the presence of the solid rebar. No noticeable change can be seen in the
cross-sections of Model 3 for different plastic viscosities. The same findings are
quantitatively highlighted in Figure 11, which illustrates that the volume fraction of air
voids is not influenced much by the plastic viscosity except for Model 2.
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Figure 8: Air void formation in the cross-sections of the printed parts for different
plastic viscosity.
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Figure 9: Volume fraction of air voids as a function of plastic viscosity for different
models.

3.3. Influence of processing conditions

Rebar diameter:

The influence of the rebar diameter on the air void formation is presented in Figures 12
and 13. Models 2 and 3 are simulated (Model 1 does not contain a rebar) for Cases 1, 2,
and 3 with the reference material properties, cf. Table 1 and Table 2. Figure 10 illustrates
that the top air void appears almost constant for Model 2, whereas the air void below the
rebar increases with an enlarged rebar diameter. Two phenomena with opposite effects
on the void formation play a role in this regard. On the one hand, increasing the rebar size
reduces the space that the strands need to occupy to fully merge and thereby eliminate
voids. On the other hand, the resistance towards flow and merging of the parallel strands
next to the rebar increases proportionally with the size of the reinforcement. The latter
effect is dominating in this case. For Model 3, the air void formation also increases when
increasing the reinforcement. In addition to the previously mentioned argument, this is
due to the left strands having to flow longer to reach the vertical rebar (i.e., Dnr + D,./2).
Conversely, additional air voids take place on the right-hand side of the vertical rebar for
the smallest rebar diameter, because the nozzle-rebar distance Dnr = 20 mm is kept
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constant. Figure 13 underlines quantitatively that the volume fraction of air voids reduces
when the rebar diameter is small. The trend is more pronounced for the cross-shaped rebar

(Model 3), but in absolute values the air voids are substantially less for Model 2.
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Figure 10: Air void formation in the cross-sections of the printed parts for different
rebar diameters.
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Figure 11: Volume fraction of air voids as a function of rebar diameter for different
models.

Nozzle-rebar distance:

Figures 14 and 15 show the effect of different nozzle-rebar distances on the formation of
air voids. All the models are simulated for Cases 1, 4, and 5, cf. Table 1. Figure 12 shows
that the presence of air voids is reduced when the nozzle-rebar distance reduces. This is
because the flowable space around the rebars shrink. Interestingly, no significant air voids
are present in Model 1 and 2 when Dnr = 18 mm, see Figure 15. One should be careful
though about decreasing the nozzle-rebar distance too much, as a ridge is forming on the
top layer since material from the left strand starts to flow on top of the right strand (Figure
14), which potentially could affect the final shape of the structure. In case of the cross-
shaped rebar model, air voids are formed for all investigated Dnr. One could potentially
with benefit reduce the Dnr further, but not more than the sum of half of the nozzle
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diameter (10 mm), the nozzle wall thickness (2.5 mm), and half of the rebar diameter (4
mm), i.e., 16.5 mm, otherwise the nozzle will collide with the rebar.
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Figure 12: Air void formation in the cross-sections of the printed parts for different
nozzle-rebar distances.
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Figure 13: Volume fraction of air voids as a function of nozzle-rebar distance for
different models.

Geometric ratio:

The effect of the geometric ratio on the formation of air voids is presented in Figures 16
and 17. The considered simulations are Cases 1, 6, and 7 cf. Table 1. Figure 14 illustrates
that decreasing the geometric ratio can reduce the presence of air voids in the cross-
sections. This is because a smaller geometric ratio results in wider strands, which then
occupy more of the flowable space around the rebars. Note that when Gr = 0.50, 0.45,
and 0.40 the layer height is 10, 9, and 8 mm, respectively. No air voids are formed for
Model 1 and 2 when Gr = 0.45, and 0.40. However, for the smallest ratio ridges are
obtained on either side of the strands as clearly seen for the top layer. These ridges can as
previously mentioned have a negative effect on the final shape of the structure.
Consequently, Gr = 0.45 is preferable for these two models. In the case of Model 3, air
voids are still present next to the vertical rebar, even for the smallest investigated
geometric ratio. The volume fraction of air voids is approximately 1.5 %, see Figure 17.
The geometric ratio could be reduced further in order to decrease the air voids even more,
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but the ridges already form at Gr = 0.40. Consequently, it is not possible to fully eliminate
air voids while at the same time avoiding ridges when only varying the geometric ratio
for Model 3.
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Figure 14: Air void formation in the cross-sections of the printed parts for different
geometric ratios.
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Figure 15: Volume fraction of air voids as a function of geometric ratio for different
models.

Speed ratio:

Figures 18 and 19 illustrate the formation of air voids for different speed ratios. The
considered simulations are Case 1, Case 8, and Case 9, cf. Table 1. The three speed ratios
are obtained by applying an extrusion speed of 48.4 mm/s, 51.5 mm/s, and 53.8 mm/s.
Figures 18 and 19 show that less air voids are formed when decreasing the speed ratio
(i.e., higher extrusion speed). Reducing the speed ratio increases the cross-sectional area
of the strands proportionally, thereby decreasing the air voids. Model 1 obtains no air
voids for the two smallest ratios, and the same is almost the case for Model 2; only a very
small air void is formed when Sr = 0.68. Model 3 forms air voids for all speed ratios. For
the lowest speed ratio, the third strand to the left is in contact with the vertical rebar, but
air voids are still formed around the horizontal reinforcement, which underlines the fact
that it is difficult to fully eliminate air voids for the cross-shaped rebars.
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Figure 16: Air void formation in the cross-sections of the printed parts for different
speed ratios.
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Figure 17: Volume fraction of air voids as a function of speed ratio for different models.

3.4. Cross-shaped reinforcement

Based on the above analysis, it is clear that the air voids around the horizontal rebar can
be eliminated by changing some of the processing conditions, such as the nozzle-rebar
distance, geometric ratio, and speed ratio. However, it remains unsolved to fully omit the
presence of air voids around the cross-shaped rebar, although the processing conditions
can reduce the volume fraction of air voids. In order to solve this predicament, a new
stepped toolpath is investigated (see Figure 20) along with three different rebar
geometries: 1) cylindrical rebars as in the previous analysis; 2) a squared horizontal rebar,
cf. Figure 21-b; and 3) cylindrical rebars with a smooth transition between them, see
Figure 21-c. In all scenarios, the speed ratio is 0.665, the size (i.e., diameter or side of
square) of the rebars are 6 mm, and the horizontal rebar is placed at a height of 8 mm
from the substrate. The other processing parameters are the same as for Case 2 and
reference material properties are applied. For scenarios one and two small air voids are
formed, but for scenario three air voids are eliminated, see Figure 21. This illustrates that
although it is difficult to get rid of air voids for the cross-shaped rebars, one can do it
when carefully selecting the material- and processing-parameters and remembering to
have a smooth transition between the rebars.
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Figure 18: New toolpath planning around the cross-shaped rebar.
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Figure 19: Simulated structure with new toolpath and different rebar geometries. (a)
Cylindrical horizontal- and vertical-rebar, (b) square horizontal rebar and cylindrical
vertical rebar, (c) cylindrical horizontal- and vertical-rebar with smooth transition. Note
that Dr = 6 mm, Sr = 0.665, and Hr = 8 mm.

4. Conclusions

A CFD model was used to predict the morphology of strands and the formation of air
voids around reinforcement bars when integrated with 3DCP. The model used an elasto-
viscoplastic constitutive model to mimic the cementitious mortar flow. The CFD model
was compared with experiments that constituted a horizontal and a cross-shaped rebar
configuration. The results illustrated that the model with high-accuracy could predict the
air void formation in the structures. The simulations had though slightly less wide bottom
strands as compared to the experimental counterpart, which was attributed to small
differences in material behavior and processing parameters.

The CFD model was exploited to investigate the effect of material properties on the air
void formation. The results illustrated that by increasing the yield stress less air voids
were formed due to the reduced effective gap. However, the air voids could not be
eliminated as the increased yield stress also restricted the flow in confined spaces. In
contrast to the effect of the yield stress, the void formation decreased somewhat when
decreasing the plastic viscosity (although not enough to omit air voids fully).

The process parameters were found to have a substantial effect on the air void formation.
The air void formation increased when increasing the rebar diameter, because the
resistance towards flow around the reinforcement and thereby merging of the strands
increased proportional with the size of the rebars. The air voids could be reduced and in
some of the horizontal cases fully avoided by reducing the nozzle-rebar distance, but it
could come with the expense of ridges (which could affect the final geometry of the
structure), since material from one strand would flow on top of a previously deposited
stand. Similarly, decreasing the geometric ratio was found to reduce the presence of air
voids, because a smaller geometric ratio resulted in wider stands that occupied more of
the space around the rebars. However, the smallest ratios also resulted in ridges. It was
also found that less air voids were formed when decreasing the speed ratio, since the
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cross-sectional area of the strands increased proportionally, thereby occupying more
space around the rebars.

By decreasing the nozzle-rebar distance, geometric ratio, and speed ratio, voids were
omitted around the horizontal rebar, but air voids would still be introduced for the cross-
shaped rebar. Those air voids could be eliminated by changing the toolpath and some
processing parameters, as well as altering the geometry of the reinforcement joint to a
smooth transition between the horizontal and vertical rebar. The results highlight that it
is non-trivial to avoid air voids when integrating rebars in 3DCP, but that the CFD model
Is a very strong digital tool when it comes to securing a good bonding between the
reinforcement and concrete.
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