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Substitution of conventional metal structures with fiber-reinforced

polymers is possible because of their sustainable performance. One of

the primary disadvantages of these composite materials is their high cost

due to labor-intensive manufacturing. Because the fiber path can be steered

directly along the load path, structures can be manufactured in a near-net

shape, and a high degree of reproducibility with low scrap rates can be

achieved. Additive manufacturing of these composite structures could

enable cost efficiency with a high degree of complexity. However, the

high degree of porosity and high void content between the printed fiber

filaments results in unacceptable structural performance. Following the

printing process, a post-consolidation process (additive fusion) can be

performed to improve the mechanical performance of the part and use

fiber-reinforced polymers for load-bearing applications. Numerical

simulation of the consolidation process enables the production of these

complex parts without expensive prototyping iterations. Because of the

rapid and local changes in material stiffness, the simulation of the

consolidation process is combined with a set of numerical model

convergence problems. An advanced finite-element numerical model for

simulating the consolidation process of additive manufactured continuous

fiber composite parts is presented in this paper. The additive fusion step

simulation allows for the evaluation of process-induced deformations, final

engineering constants, and porosity. The simulation workflow is

demonstrated and validated using experimental data from the

manufacturing process of a typical aerospace part, specifically a

helicopter hinge element.
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1 Introduction

The enhanced properties of continuous carbon fiber-

reinforced polymers, such as high stiffness, high strength, and

a good stiffness-to-weight ratio, can be used in additive

manufactured composite structures (Gebhardt et al., 2019).

Various surveys and scientific publications on the

performance of these highly optimized structures can be

found based on the available printing technology from

companies such as Markforged, Anisoprint, 2021, Arevo,

2021, and 9 T Labs to manufacture thermoplastic composite

parts (Gregory and Gonzdz 2016; Blok et al., 2018; Goh et al.,

2018; Iragi et al., 2019; Borowski et al., 2021).

These companies use a modified version of the FFF method,

which combines polymer and pre-impregnated carbon fiber

printing. Because of its low cost and ease of use, the FFF

method is one of the most widely used processes in additive

manufacturing. Pre-impregnated fiber-reinforced materials are

used in continuous fiber additive manufacturing, similarly to

conventional composite manufacturing methods such as

automated fiber placement, automated tape laying, or custom

fiber placement. The disadvantage of any additive manufacturing

method is that, as the print speed increases, the level of porosity

increases, and the requirements for a load-bearing part are no

longer fulfilled. Therefore, a consolidation step was required. To

address this problem, various approaches such as heat treatment

during printing (Bhandari et al., 2019) and annealing or

compaction during post-processing can be used (Meng et al.,

2019; Zhang et al., 2020). Compaction is the subject of two

developments. Using additional rollers to integrate a compaction

unit into the printing process. This is the state-of-the-art

automated tape-laying method. However, the part can be

consolidated using a press and solid mold. The second

approach also allows for the addition of more complexity to

the part. Eguemann et al. (2013) combined several 3D printed

preforms and metallic inserts into a single part using

consolidation. The Airbus Helicopters former Eurocopter

Germany GmbH application case is a machined steel hinge

from rotorcraft model EC 135, weighing 135 g and mounted

on a carbon fiber-reinforced polymer door structure. Eguemann

et al. (2013) demonstrated the load case, and various composite-

related manufacturing processes, such as injection molding,

compression molding, and hand lamination, were evaluated

and compared to the steel baseline.

This study demonstrates a novel method for simulating the

additive fusion (consolidation) process of a complex-shaped

composite part to investigate the dependence of the final

mechanical properties and residual stresses on the process

conditions. The method is presented by the authors as a

sequential thermo-mechanical coupled, transient implicit

analysis in ANSYS R2022 based on user material subroutines

(Grieder et al., 2022). The phase transition behavior of the

polymer from solid to molten and back to solid was modeled.

Temperature, fiber volume content, porosity, and crystallization

all influence the engineering properties of composite materials.

The validation of the model for process-induced deformations

and porosity in an aerospace part, namely, the helicopter hinge

and a bracket to assemble the helicopter door, is the focus of this

study. Figure 1 depicts the composite parts under consideration

and the manufacturing workflow.

2 State-of-the-art simulation
methods for the consolidation
process

Wijskamp (2005) presented a sequentially coupled thermo-

mechanical transient simulation approach that couples relative

crystallization with phase transitions from the molten to the solid

phase. It is possible to accurately calculate process-induced

deformations by making the stiffness during a mechanical

simulation dependent on the phase change by using relative

crystallization as a status variable. Wijskamp (2005) assumed

that when a material’s relative crystallization exceeds 50%, it

starts to behave as a solid. This transition point is known as the

solidification point, and it is critical for calculating process-

induced deformations because after a material passes this

point, thermal loads caused by the cooling process can cause

deformations.

This approach has also been used in the literature by

researchers such as Wijskamp (2005) and Brauner et al.

(2014) to analyze process-induced deformation during the

thermoforming process of composites. The Nakamura model

is used in both models (Nakamura et al., 1972; Nakamura et al.,

1973). The cooling phase crystallization kinetics are

demonstrated by

zθ

zt
� n ·K T( ) · 1 − θ( ) −ln 1 − θ( )[ ] n−1

n (1)

where T, θ, and K(T) represent the temperature, degree of

crystallization, and Avrami coefficient, respectively.

K T( ) � ln 2( )
t1/2n

( ) 1
n (2)

where t1/2 represents the half-crystallization time:

t1/2 � a · zT

zt
( )b

+ c (3)
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Based on the experimental data, the parameters n, a, b, c were

defined by fitting the crystallization vs temperature dependencies

for various cooling rates.

Similarly, melting behavior can be represented by a phase

change from 1 (solid state) to 0 (molten state) according to

Wijskamp (2005), Greco and Maffezzoli (2003), Brenken et al.

(2018).

zθ

zT
� kmb · e−kmb T−Tm( ) 1 + d − 1( )e−kmb T−Tm( )[ ] d

1−d (4)

The values of the coefficients n, a, b, c from Eqs 1–3 and kmb

and d from Eq. 4 for this study are presented in the following

section.

Using the relative crystallization and the definition of the

solidification point, the Young’s modulus of the polymer was

discovered to be temperature dependent during the process. This

approach is considered the standard for thermoset-related

processes that use the degree of cure. The resin modulus can

be linear or nonlinear in its dependence (Wijskamp 2005;

Brauner et al., 2011). The polymer modulus can also be used

to determine the engineering properties of a unidirectional

composite ply. Schürmann (2007) and Halpin and Kardos

(1976) provided different homogenization approaches for

composite materials, and Brauner (2013) provided an

overview. The process-induced deformation and residual stress

can be determined using this incremental elastic approach

(Zobeiry 2006). These methods are capable of accurately

simulating process-induced deformation stresses. However,

residual stresses could be overestimated because stress

relaxation was not considered. However, the effect of

relaxation is irrelevant for thermoplastic composites that are

additively manufactured because Young’s modulus is very low

compared to that of a thermoset resin.

The transition between the solid and molten material states

used in this study is nonstepwise and nonlinear, which improves

numerical robustness. This transition was calculated in Grieder

et al. (2022) using dynamic mechanical analysis (DMA) and

rheometer measurements. This is illustrated in Supplementary

Figure S1.

The transverse isotropic mechanical properties were

evaluated in this study using the homogenization approach

from Halpin-Tsai (Halpin and Kardos 1976; Schürmann

2007). The elastic modulus in the fiber direction E1 is defined

as follows (Halpin and Kardos 1976):

E1 � Ef,1φ + Em 1 − φ( ) (5)

The elastic moduli in the transverse and thickness directions

are defined as (Schürmann 2007)

E2 � E3 � Em

1 + ζ1 · φ Ef,2 − Em( )/ Ef,2 + ζ1 · Em( )
1 − Ef,2 − Em( )/ Ef,2 + ζ1 · Em( )φ (6)

In this case, ζ1 � 3.3 represents the model parameter fit to the

experimental data for carbon fiber-reinforced polyamide 12

(PA12-CF) to provide a modulus value close to the

measurement results in comparison to the present study

(Grieder et al., 2022).

v12 � v13 � v23 � vfφ + vm 1 − φ( ) (7)

Poisson’s ratio is defined as (Grieder et al., 2022).

Shear moduli are defined as follows (Halpin and Kardos

1976; Schürmann 2007):

FIGURE 1
9T Labs’ production cycle of the composite part (Grieder et al., 2022).
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Gm � Em

2 1 + vm( ) (8)

G12 � G13 � Gm

1 + ζ2 · φ · Gf,12−Gm

Gf,12+ζ2 ·Gm

1 − φ · Gf,12−Gm

Gf,12+ζ2 ·Gm

(9)

G23 � E2

2 1 + v23( ) (10)

In this case, ζ2 � 1.675 represents the model parameter fitted

to the experimental data for PA12-CF to obtain a modulus value

that is close to the measurement results (Grieder et al., 2022).

In the solid state, the mixing rules (5–10) are applied to the

PA12-CF filament, whereas in the molten state, the material is

considered isotropic, with material properties corresponding to

pure polyamide 12 (PA12).

The mixing rules for orthotropic coefficients of thermal

expansion (CTE) and crystallization shrinkage could be

introduced to the model. The coefficients of thermal

expansion in the transverse and longitudinal directions are

calculated using the following equations (Schürmann 2007):

α1 � S1
αm · Em · 1 − φ( ) + αf,1 · Ef,1 · φ

Em · 1 − φ( ) + Ef,1 · φ (11)

α2 � S2 φ · αf,2 + 1 − φ( ) · αm( ) (12)
α3 � S3α2 (13)

Here, αm, αf,1 and αf,2 represent the longitudinal and

transverse coefficients of thermal expansion for the matrix

and the fiber, respectively. To account for possible changes in

the CTE after reaching the glass transition temperature, the

correction coefficients S1,2,3 are introduced into the model.

The coefficient values used in this study are presented in the

following section.

Shrinkage is a crucial consolidation process-induced effect

that has a significant impact on the final warpage of a part. The

shrinkage of the PA12 composite was shown to be temperature

and printed lay-up dependent (Negi and Rajesh 2016; Li et al.,

2020). The shrinkage of composite materials is defined via the

following mixing rules (Wijskamp 2005; Schürmann 2007):

β1 � 1 − φ( ) · Em · β/ φ · Ef,1 + 1 − φ( )Em( ) (14)
β2 � β3

� 1 − φ( ) · 1 + vm( ) · β − v13 · φ + vm · 1 − φ( )( )
× β · 1 − φ( )·Em

φ · Ef,1 + 1 − φ( ) · Em
( )

(15)
where β represents the total volumetric shrinkage of PA12.

Because the value of volumetric shrinkage was not measured

within the scope of the present study, it was based on the average

value of 3% (Benedetti et al., 2019; Li et al., 2020).

For the investigated additive-manufactured composite

materials, porosity exhibits the greatest impact. Blok et al.

investigated porosity during FFF manufacturing for SFR and

CFR (Blok et al., 2018). The void content exhibits a significant

negative impact on the composite properties. A high void ratio

reduces strength, durability, and fatigue resistance, increases

moisture absorption, and causes composite properties to vary

within one part (Cable 1991; Ghiorse 1993; Mahoor et al., 2018).

Therefore, void content should be minimized in bear-loading

applications.

Zingraff et al. (2005) and Zingraff (2004) addressed void-

process-induced formation in the composite processing

literature. Voids may form in autoclave processing when the

resin shrinks during thermoplastic crystallization (Eom et al.,

2001). Grieder et al. (2022) demonstrated that the level of

porosity of additively manufactured composites can reach

20–30% for simple geometry. Leterrier and G’sell, (1994)

demonstrated that free heating of the composite specimen

could result in an increase of up to 60% in the initial void

content. This indicates the need for a consolidation step, which

must be incorporated into the process simulation method.

During solidification, specific pressure and temperature

regimes can be used to avoid void formation (Long et al.,

1995; Lundstrom and Gebart (1994). Eom et al. (2001)

proposed process conditions that yield void-free composites

while requiring a minimum amount of pressure (0.2 MPa).

Specially designed molds can minimize void formation and

process-induced deformation (Eguemann et al., 2013). In this

study, a similar approach was developed and implemented in

which an advanced mold design was provided to minimize part

porosity and warpage.

Experimental and numerical studies on void formation

mechanisms in mesostructures and the influence of pores on

the mechanical properties of 3D-printed composites have

been presented in the literature (Bellehumeur et al., 2004;

Wang et al., 2016). Multiscale finite element modeling

methods for studying the influence of micro- and

mesoporosity and process parameters on the mechanical

properties of composites are illustrated in Calneryte et al.

(2018), Rodriguez et al. (2000), and Xue et al. (2019). The

power law empirical relationship can express stiffness-

porosity dependence (Jaroslav 1999).

E � E0 · 1 − ϕ

ϕc

( )S

(16)

Here, E represents the effective Young’s modulus of the

porous medium, ϕ represents the porosity, E0 represents

Young’s modulus of the fully consolidated solid material, and

ϕc represents the porosity at which the effective Young’s modulus

becomes zero. The model parameter S is determined via the

porous material structure, pore geometry, and other structural

properties. For each material and structure, the value of

parameter S must be defined (Wagh et al., 1991; Jaroslav

1999; Grieder et al., 2022).
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The power-law porosity dependence (18) was successfully

implemented in the finite element model for non-polymer

materials with a relatively low initial porosity (Hardin and

Beckermann 2007; Morrissey and Nakhla 2018). However, this

definition necessitates experimental measurements to tune the

stiffness of the porosity function. Moreover, most of the

presented approaches only allow for robust numerical

simulation for a small range of void content change, failing in

the case of rapid porosity evolution from 20 to 30% to almost zero

void content.

In this study, a similar approach is presented in which the

stiffness is determined using the local porosity content via a

power law. Temperature, crystallization degree, and porosity all

affect the matrix elastic modulus Em. Therefore, the following

empirical dependence was developed (Grieder et al., 2022):

Em � Em,s · θ( )K · 1 − ϕ( )S + Em,b · 1 − θ( )K · 1 − ϕ( )M (17)

Here, Em,b represents the molten polymer bulk modulus

measured with a pressure evaluation study (Grieder et al.,

2022), and Em,s(T) represents the temperature-dependent

elastic modulus in the solid phase measured with DMA

(Grieder et al., 2022); K, S, and M represent model design

parameters that must be fitted to the experimental data

depending on the material and composite layup. The values of

these parameters relevant to this study are presented in

Supplementary Table S1; ϕ represents the void content, which

considers the influence of mechanical deformations and air

diffusion into the PA12 matrix on porosity.

Composite material properties are defined according to the

mixing rules (5)–(15), which determine the proportion of pure

fiber to pure matrix properties based on the fiber volume ratio φ:

CTE (11)–(13), crystallization shrinkage (14)–(15), and stiffness

(17). The relationship between the fiber volume ratio and

porosity is not well covered in the literature. However,

assuming that the fiber volume ratio is proportional to the

void content, Grieder et al. (2022) proposed the simplest

linear dependence on porosity:

φ � φ0 1 − ϕ( ) (18)

where φ0 represents the measured fiber volume ratio

corresponding to a fully consolidated material with no void

content.

Many phenomena occur concurrently during consolidation,

including bulk compaction, intimate contact between adjacent

plies, interlaminar adhesion, fiber deformation, movement, and

molecular diffusion (Koerdt et al., 2022). These phenomena

interact in complex ways and are influenced by process

parameters such as time, temperature, and pressure. The resin

pressure must be evaluated to model void formation. This can be

accomplished by simplifications or Darcy’s law when modeling a

flow problem. Grieder et al. (2022) developed a simplified

porosity model based on the approach of Barari et al. (2020).

In the model, porosity ϕ is represented as a dimensionless

variable with a value between 0 and 1, where 0 indicates that

the material is fully consolidated and one indicates that the

volume of the entire considered finite element is empty. The

initial porosity value is determined using the material and

printing configuration.

According to Barari et al. (2020), the hydrostatic pressure, ph

is calculated as follows:

ph �
P0 · ϕ0

ϕ

T

T0
1 − Vd( ), ϕ> ϕ min

0, ϕ≤ ϕ min

⎧⎪⎪⎨⎪⎪⎩ (19)

where P0 represents the initial (atmospheric) pressure, T0

represents the initial (room) temperature, ϕ0 represents the

initial porosity, ϕ min � 0.001 represents the minimum

considered porosity, and Vd represents the relative volume of

dissolved air.

The volume of dissolved air is a dimensionless variable with

values in the range of 0–1, with 0 indicating that the air occupies

100% of its initial volume and one indicating that the air is

completely dissolved in the surrounding matrix. Because it is

assumed that air traps have spherical shapes, the volume can be

defined as

Vd � 1 − Rb
3 (20)

Rb represents a dimensionless variable that represents the air

bubble radius and exhibits values in the range of 0–1, with

0 indicating that the air bubble is completely dissolved in the

resin and one indicating that the bubble radius has returned to

100% of its initial value. Therefore, R0 � 1. Eq. 20 is a semi-

analytical approach based on dimensionless dissolved volume

and bubble radius definitions (Grieder et al., 2022).

The fundamental mechanisms of air bubble formation and

reduction in thermoplastic composites remain unknown. Early

models incorporated diffusion into the isothermal growth of

spherical gas bubbles in a viscous fluid (Moris and Costel 1984).

Further studies expanded the model to include many bubbles in

highly viscous fluids (Arefmanesh et al., 1990; Arefmanesh 1991).

These models were then applied to thermoplastic composites for

structural applications (Roychowdhury 1995; Roychowdhury

et al., 2001; Yohann et al., 2008; Jin et al., 2020).

Gas diffusion into molten polymer was considered in the

literature (Wood and Bader 1994; Zingraff 2004; Zingraff et al.,

2005), where the diffusion coefficient for the polymer material

was measured. However, the dimensionless diffusion coefficient

in the present approach represents not only the diffusion and

dissolution processes but also the air evacuation through the void

channels along the filament’s printing path. Therefore, the

diffusion coefficient D is a model design parameter that

cannot be directly measured but must be adjusted for each

new material, composite structure, and printing condition

(Grieder et al., 2022).
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In Grieder et al. (2022), it was assumed that every finite

element contains an air bubble that evolves independently of the

surrounding medium and other bubbles. The relative bubble

radius was calculated as follows (Wood and Bader 1994; Advani

and Sozer 2010):

Rb � R0 −D · ph − ph,l0( ) · t( )0.5 (21)

where D represents a dimensionless diffusion model parameter

and ph,l0 represents the hydrostatic pressures when melting

occurs.

A general description of hydrodynamics is required for

polymer melts (Joel et al., 1997). This description considers

viscoelasticity, die swelling, and shear thinning. These

properties necessitate nontrivial modifications to the

hydrodynamic formulation of the fluid, resulting in

advanced constitutive equations that significantly increase

the complexity of the problem and computational effort.

Because of the limitations of the finite-element software

ANSYS and the aforementioned issue, this study considers a

simplified model of the squeeze flow.

The simplified orthotropic squeeze pressure psq was only

considered in the liquid state and was evaluated using the method

demonstrated by Barari et al. (2020):

psq,i �
η T( )
12 · Ki

· Λi
2 · zεm,i

zt
, ϕ>ϕ min

0, ϕ≤ϕ min or i � 1

⎧⎪⎪⎨⎪⎪⎩ , i � 2, 3{ } (22)

where η(T) represents the viscosity of the molten matrix and

Λi represents the directional distance to the nearest void

(defined by the printing setup). The voids are represented as

channels in the printing direction due to the composite

manufacturing method. Therefore, the distance in the

printing direction Λ1 to the closest void is assumed to be

zero, implying that there is no squeeze flow in the printing

direction. εm1, εm2, εm3 are the strains of the matrix material

inside the fiber filament are evaluated using Schürmann

(2007):

εm,i � εi

lm/l0 + Em/Ef,i · 1 − lm/l0( ), i � 1, 2, 3{ } (23)

where ε1, ε2, ε3 represent the longitudinal, transverse, and

thickness strains, respectively; Em represents the matrix elastic

modulus; Ef,i, i � 1, 2, 3{ } are the longitudinal, transverse, and

thickness elastic moduli of the fiber (Ef,2 � Ef,3), and lm/l0 is

defined as (Schürmann 2007)

lm/l0 � 1 − 4
π
φ( )0.5

(24)

where φ represents the fiber volume ratio. The permeability in the

transverse and thickness directions can be defined by simplifying

the interlayer region into a rectangular duct as (Zingraff 2004;

Advani and Sozer 2010)

K2 � a2

12
1 − 192 · a

w · π5
∑9

i�1,3,5,...
tanh i·π·w

2·a( )
i5

⎡⎣ ⎤⎦ (25)

K3 � w2

12
1 − 192 · w

a · π5
∑9

i�1,3,5,...
tanh i·π·a

2·w( )
i5

⎡⎣ ⎤⎦ (26)

where a and w represent the height and width of the rectangular

duct, respectively, evaluated according to the following:

w � w0 · 1 + ε2( ) (27)
a � a0 · 1 + ε3( ) (28)

TABLE 1 Material properties at room temperature (Grieder et al., 2022).

Material Property Identifier and value Unit

PA12 Young’s modulus Em = 1,372 MPa

PA12 Poisson’s ratio ]m = 0.43 -

PA12 Glass transition temperature Tg = 94 °C

PA12 Melting temperature Tm = 179 °C

PA12 Crystallization shrinkage β = 3.0 %

Fiber Young’s modulus in the fiber direction Ef,1 = 231,000 MPa

Fiber Young’s modulus transverse to the fiber direction Ef,2 = 28,000 MPa

Fiber Shear modulus Gf,12 = 28,600 MPa

Fiber Poisson’s ratio ]f = 0.23 -

PA12-CF Young’s modulus in the fiber direction E1 = 132,632 MPa

PA12-CF Young’s modulus transverse to the fiber direction E2 = 6,568 MPa

PA12-CF Shear modulus G12 = 2035 MPa

PA12-CF Poisson’s ratio ν12 = 0.298 -

PA12-CF Fiber volume content (fully consolidated) φ0 = 0.573 -
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where w0 and a0 represent the width and height of the printed

filament, respectively. The values of these parameters relative to

the current study are presented in Grieder et al. (2022).

FIGURE 2
Scheme of DSC heating and cooling cycles for crystallization and melting kinetics.

FIGURE 3
Measurement and fit for the melting kinetics.

TABLE 3 Parameters for the crystallization kinetics equations.

Material Identifier and value Unit

PA12 a = 3.63 -

b = –1.31 -

c = 0.37 -

n = 2.00 -

PA12-CF a = 5.50 -

b = –1.02 -

c = 0.18 -

n = 2.85 -

TABLE 2 Parameters for the melting kinetics equations.

Material Identifier and value Unit

PA12 & kmb = 0.85 -

PA12-CF d = 7.00 -

FIGURE 4
Diagram of relative crystallization measurements and fit according to different constant cooling rates (A) PA12 and (B) PA12-CF.
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As a function of the bulk strain εbulk, porosity was calculated

as follows (Barari et al., 2020):

ϕ � ϕ0 + εbulk( ) · 1 −D · ph − ph,l0( ) · t( )0.5 (29)
εbulk � 1 + ε1( ) · 1 + ε2( ) · 1 + ε3( ) − 1 (30)

where ϕ0 represents the initial porosity, εbulk represents the bulk

strain, ph represents the hydrostatic void pressure, and ph,l0

represents the hydrostatic pressure when melting occurs. D

represents a dimensionless diffusion model parameter that

considers air dissolution and air evacuation using open-air

channels Grieder et al. (2022). The authors’ developed porosity

approach is based on (Wood and Bader 1994; Zingraff 2004;

Barari et al., 2020) and is described in detail in Grieder et al.

(2022). Depending on the internal void hydrostatic pressure,

amount of diffused volume, and squeeze flow, void reduction is

assumed to occur only in the molten and transitional material states.

The physics of rapid bubble collapse and its impact on the

surrounding viscous medium have been discussed in terms of fluid

mechanics for liquid media (Flynn 1975; Brujan and Vogel 2006).

The bubble collapse process was studied for the solid or molten

material state in Jin et al. (2020), where it was demonstrated that

violent bubble collapse causes significant changes in material

properties. When a porous material is subjected to large

deformation, the failure threshold is predicted not directly by the

total stress applied but by a certain difference between the total

compressive stress and pore pressure. Skempton (1960) investigated

the effective stress for volumetric deformation. The pore pressure

should be considered in the constitutive equations (Skempton 1960;

Barari et al., 2020), but a simple calculation of the pore stress using

the ideal gas law results in rapid growth of the internal void pressure

during fast void collapse (Grieder et al., 2022), which causes

convergence problems when using the finite element method.

For a more accurate description of bubble collapse in polymer

melt, advanced viscoelastic models are required (Gaudron et al.,

2015). Because of the simplicity of the proposed hydrodynamic

model, the evaluated void pressure was not considered in the

constitutive equations in the current study. However, the

pressure indirectly influences the process-induced stresses via

stiffness, which is a function of porosity 17) and changes owing

to the compaction degree and air diffusion. The stiffness-porosity

relationship is controlled by the model design parameters S and M.

Therefore, the model can be tuned to compensate for the influence

of internal void pressure on the surrounding resin medium (Grieder

et al., 2022).

3 Materials, methods, and
characterization

This section introduces the material and provides detailed

characterizations. The following experimental characterizations

were used: differential scanning calorimetry (DSC) was used to

determine the crystallization/melting behavior, and

thermomechanical analysis (TMA) was used to measure the

coefficient of thermal expansion. The computer was used to

determine the final shape and the porosity content of the

consolidated composite part.

3.1 Material and sample preparation

Carbon fiber-reinforced material with a PA12 matrix, high

tensile fibers with a fiber volume content of 57%, and a

FIGURE 5
TMA results and model fit for the thermal expansion for (A)
PA12 and for PA12-CF in (B) fiber (C) transverse, and (D) thickness
direction.
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PA12 material provided by 9 T Labs were used in this study.

Table 1 summarizes the engineering properties of the composite,

which were previously presented by the authors (Grieder et al.,

2022).

The hinge subparts used in the study were printed

separately (Figure 1) using the 9T Labs Build Module.

The list of the printing parameters is presented in

Supplementary Table S2. The composite design tool was

used to determine the location and orientation of the

reinforcing plies (Figure 1). The free space in the part

volume where there are no fibers is filled with pure PA12.

The build module has two nozzles: one for the unreinforced

material, similar to the nozzle of another Fused Deposition

Modeling (FDM), and a more complex nozzle for fibers,

which has a patented cutting unit that allows for the printing

of complex fiber paths.

Following printing, the hinge parts are assembled in the

fusion module and consolidated. In this study, two different

process conditions were used for model validation (samples A

and B). An average temperature of 240°C was used as the baseline

for the sample, resulting in an average heat rate of 8 °C/min. The

temperature baseline for sample B was set at 184°C, resulting in a

heating rate of 2 °C/min. Because the initial temperature of the

mold pre-heating in both cases was 80°C. The part was actively

cooled to 80°C and then demolded after approximately 4 min of

consolidation at the maximum applied temperature and

pressure.

A consolidation force of 30 kN was applied to both samples.

After the final temperature was reached, the force was then

increased to 45 kN. By applying pressure from the bottom, the

hinge’s base plate consolidated. The force was transferred to the

sides of the vertical plate for consolidation using a sliding

system. The consolidation force application and process

conditions are presented in Supplementary Figure S2.

3.2 Characterization of the crystallization
and melting behavior

Temperature-dependent changes in materials, such as

melting or crystallization, can be detected using DSC. The

endothermic heat flow in the case of melting and exothermic

heat flow in the case of crystallization can be measured and

interpreted using this method, with the assumption that the

measured heat flow is proportional to the change in

crystallization. The relative crystallization θrel(t) is a

conversion factor that ranges from 0 (no crystallization

network) to 1 (maximum relative degree of crystallization).

Melting or crystallization kinetics can be derived from DSC

measurements to predict the formation and growth of the

relative crystallization parameter as a function of time and

temperature under various experimental conditions.

DSC experiments were performed using a DSC

25 instrument (TA Instruments, New Castle, DE

TABLE 4 Measured values of the CTE.

Material Property, identifier, unit Value

Below Tg Above Tg

PA12 Coefficient of thermal expansion (CTE), αm, K−1 136.83 × 10−6 250.3 × 10−6

PA12-CF CTE in the fiber direction, α1, K−1 1.609 × 10−6 –2.45 × 10−6

PA12-CF CTE transverse to fiber 67.417 × 10−6 61.543 × 10−6

direction, α2, K−1

PA12-CF CTE in out of the plane 90.257 × 10−6 168.5 × 10−6

direction, α3, K−1

TABLE 5 Process setup and results of the CT analysis.

Sample A B U

Average peak consolidation temperature, °C 242 184 -

Initial (maximum) consolidation force, KN 30 (45) 30 (45) -

Initial average (range) thickness of the base plate’s assembly, mm 6.15 (6.11–6.18) 6.25 (6.09–6.40) -

Initial average (range) thickness of the vertical plate’s assembly, mm 6.23 (6.11–6.31) 6.11 (6.07–6.15) -

Weight before (after) consolidation, g 26.6 (24.85) 26.55 (25.7) -

Initial average porosity, % - - 3.5

Final average porosity, % 0.17 3.78 -
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United States). A small probe (approximately 13 mg) was

extracted from the composite material and the neat polymer.

The fibers serve as the initial nuclei during crystallization,

influencing the formation of the crystalline network.

Therefore, the composite material was directly used as the

sample material, and the mass correction was performed with

only the matrix component. The material was heated in the DSC

oven to 70°C above melting temperature (Tm = 180°C), resulting

in a final temperature of Tmax = 250°C at a heating rate of 10 K/

min. The sample was kept at isothermal temperatures for 5 min

to ensure that it was completely molten. The sample was then

cooled at various rates: 1, 5, 10, 20, and 50 K/min. Each

measurement was performed three times, and the average

results are presented. Figure 2 demonstrates the scheme of

DSC measurement.

The melting kinetics were determined by integrating the

endothermal heat flow over a sigmoidal baseline in the

temperature range between 145°C and 190°C to determine the

FIGURE 6
Sample (A) CT material density analysis results (A) side view cross-section (B) plane view cross-section, and (C) front view cross-section.
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degree of melting between 0 (solid-state) and 1 (molten state). The

model parameters kmb and d of Eq. 4 were fitted to the experimental

data (Figure 3). Table 2 shows that the same melting model

parameters were valid for the PA12 and PA12-CF materials.

To determine crystallization kinetics, the exothermal heat

flow peak that occurs during the cooling process can be

integrated over a sigmoidal baseline. The parameters for

Nakamura Equations 1–3 were determined using a fitting

procedure for PA12 and PA12-CF materials, they are

presented in Table 3. Figure 4 depicts a comparison of the

developed kinetic model predictions with the measured

relative crystallinity for various cooling rates.

FIGURE 7
CT porosity analysis (A) Sample A and (B) Sample (B)

FIGURE 8
Process-induced deformations measurement scheme.

TABLE 6 Measured and simulated the final deformation of the consolidated hinge.

Representative scalars Sample A Sample B

Experiment Model Experiment Model

d1, mm 0.33 0.40 0.15 0.25

e1, mm –0.53 -0.47 0.21 0.09

e2, mm 0.21 0.61 0.38 0.24

e3, mm 0.44 0.66 0.60 0.18

Average compaction of the base plate, mm 1.36 1.31 1.10 1.13

Average compaction of vertical plate, mm 0.95 0.97 0.51 0.24
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3.3 Measurement of thermal expansion
based on thermomechanical analysis

TMA can be used to determine the coefficient of thermal

expansion of a material. The thermal expansion was directly

measured in a small oven with a small tip on the surface of the

specimen using this method. The coefficient of thermal

expansion can be calculated using TMA measurements to

predict expansion as a function of temperature.

TMA experiments were performed on a Q400 TMA

instrument (TA Instruments). A small cubic specimen

(approximately 5 mm in edge length) was taken from the

consolidated composite material and neat polymer. The cube

was positioned in the TMA oven and heated to 15°C below

melting temperature (Tm = 180°C), resulting in a final

temperature of Tmax = 165°C at a heating rate of 2°C/min.

Each measurement was repeated three times. The average

measured data and the model fit are shown in Figure 5.

In the scope of this study, the CTEs of the fiber in the printing

and transverse to the printing directions were not measured.

Schürmann (2007) provided a range of possible values for

various fiber types. Therefore, from the range of possible values,

αf,1 � −2.23 × 10−6 and αf,2 � 1.57 × 10−5 were defined by

substituting the measured CTEs from Table 4 into formulas

(11)–(13) for room temperature (app. 22°C).

According to the TMA measurements, the CTE of PA12 αm
was increased above Tg (Table 4). Based on the results of the

analysis, the following correction coefficients for CTE mixing

rules were assigned (11)–(13):

S1 � 1, T<Tg

1.16, T≥Tg
{ ; S2 � 1, T<Tg

2.74, T≥Tg
{ ;

S3 � 1.34, T<Tg

2.74, T≥Tg
{ (31)

The material model incorporates the correction coefficients

S1,2,3 based on the measured difference between the expansion of

the composite in the transverse and thickness directions and the

observed increase in the CTE of the composite above Tg. In the

molten material state, all CTE coefficients (11)–13) are assumed

to be zero.

3.4 CT analysis

The authors previously presented the methodology for the

computed tomography (CT) measurements (Grieder et al.,

2022). The hinges were analyzed by Maxerial (2022). A

Waygate v¦tome¦x M300 X-ray computed tomography system

with a long-life X-ray source, a high-flux target, and a dynamic

41¦200 Csl scintillation detector was used. The scan parameters

were: 60 μm voxel size, 150 kV acceleration voltage, 500 μA tube

current, and 75 W power.

The CT analysis was performed on three hinges in total.

Two of the hinges (Samples A and B) were consolidated using

two different heating parameter sets, whereas the third

(Sample U) was not consolidated and therefore consisted of

four individual 3D-printed sub-parts (two subparts from the

so-called base plate and two others from the vertical plate of

the hinge. Sample A was consolidated according to the

established 9 T Labs workflow, while Sample B was

consolidated at a lower temperature to investigate the void

evolution process and the developed model’s ability to detect

improper part consolidation. Table 5 contains information

regarding the consolidation setup, initial and final thicknesses

of the vertical and base plates, and weight.

The general porosity identification algorithm does not

capture open porosity (porosity that is not enclosed in the

material) and does not properly estimate the void ratio

correctly for elongated void channels, which are the most

common ones in additive manufacturing. Therefore, the CT

analysis of the unconsolidated specimen yielded an unreliably

low porosity value (Table 5). Therefore, the initial porosities

assigned to the PA12 and PA12-CF materials in the developed

numerical model are 15% and 35%, respectively. The initial

porosity values assumed were based on previous estimates for

simple unidirectional samples (Grieder et al., 2022).

Figure 6 shows 3D overviews of the CT scan results for all

three samples. The primary focus of this research is on Sample

A, while Sample B is of less interest due to the low consolidation

level resulting in poor part quality. 3D overviews of CT scans for

Sample B and C are presented in (Supplementary Figures

S3,S4).

The final void contents of samples A and B are illustrated in

Table 5. Figure 7 depicts an overview of the porosity analysis of

these samples. The four zones in sample A are denoted by using

red rectangles. The CT algorithm detects most of the final

porosity in these zones.

The GD&T flatness method was used to calculate the process-

induced deformations of the hinges, where the flatness tolerance

refers to two parallel planes that define the zone where the entire

reference surface must lie (GD&T, 2022). Figure 8 depicts four pairs

of parallel planes that are defined on the base plate. Table 6 compares

the CT warpage analysis results to the simulation results in the

following model application and validation section.

4 Model application and validation

The developed numerical approach was implemented using a

user material subroutine in the commercial finite-element software

ANSYS (v. 2022 R1). The layup was created using the SpaceClaim

plugin Fibrify® and then mapped to 3D finite elements. Data

exchange with the using hierarchical data format five ACP.

The results of the developed numerical approach for

samples A and B are presented in this section, as
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demonstrated in the previous section. The crystallization,

process-induced deformations, residual stresses, porosity,

and squeeze pressure results of the sequentially coupled

thermal and mechanical solutions are presented. The model

was validated using CT porosity and process-induced

deformation analysis results.

4.1 Application and FEMmodel description

The finite-element thermal model considers all three phases

of the consolidation: heating, melting, and cooling. The

proportional–integral–derivative controllers attached to the

heating and cooling channels in the mold provided a

FIGURE 9
Boundary conditions for the mechanical problem: Pressure is applied to the sets of surfaces (A–C) (marked in red). Surface (E) has free
displacement only in the y-direction, and Surfaces (D,F) have free displacement only in the x-direction.

FIGURE 10
Average in domain temperature and crystallization degree (A) Sample A and (B) Sample B.
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temperature regime corresponding to the experimental

setup. After 4,000 s, the free convection of the hinge with air

was simulated. The boundary conditions for the thermal model

are the convection of all the outer mold surfaces with the

surrounding air and the radiosity of the outer walls.

The mechanical model only solves this problem for the

composite part. The proposed approach involves performing a

sequentially coupled thermal-stress analysis in which the

temperature field is independent of the stress field. Figure 9

shows the boundary conditions. The release from the mold was

simulated by removing all applied forces (after 3,000 s) and

displacement constraints (after 4,000 s) and providing a 3-

point fixation of the hinge, which allowed simulation of free

shrinkage during cooling.

The entire tool was modeled in the thermal model using

2′686′092 tetrahedral elements. Only the composite part in the

mechanical part wasmodeled with 84′389 hexahedral elements. The

solution is calculated in approximately 24 h and 6 h for the thermal

model and themechanical model, respectively, using four Intel Xeon

Gold 2.7 GHz processors and 64 GB of RAM on a 64-bit operating

system. The relatively long calculation time of the thermal problem

is due to the use of four proportional–integral–derivative thermal

controllers using the Ansys Parametric Design language. These

controllers could be replaced with the heating flow BC fitted to

the experimental data without a significant loss in solution accuracy,

resulting in approximately 2 h of calculation.

4.2 Results of the thermal analysis

Figure 10 shows the temperature and crystallization solution.

The maximum temperature variation for samples A and B was

approximately 90°C and 60°C, respectively. In contrast to Sample A,

where all the finite elements reached a fully molten state, Sample B

did not reach a fully molten state (the average crystallization degree

for all elements was 0.3 at the moment of maximum melting).

Because the material state does not change stepwise, the semi-

molten state can be considered (Wijskamp 2005; Brauner et al.,

2014); it evolves according to the proposed melting kinetics 4)

FIGURE 11
PA12-CF fiber volume ratio for Samples (A) and (B)

FIGURE 12
Elastic moduli for Samples A and B in (A) fiber direction (B)
transverse direction, and (C) for a neat PA12 matrix.
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FIGURE 13
Sample (A) Simulated final process-induced deformations inmm (color legend is the same for all the figures) (A) (B) (C) plane views (D) isometric
cross-section, the deformation is scaled 3.5 times, the black contour represents the deformed shape of the hidden domain.
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(Grieder et al., 2022). This allowed us to calculate the porosity

evolution in the transitional phase, whereas the porosity was

assumed to be constant in the solid state.

The base plates of the hinge were subjected to a higher

temperature than the vertical plates due to the mold

construction. This was true of both samples. In Sample A,

however, the melting temperature was reached for all

subparts, whereas in Sample B, the vertical plates were not

completely molten. The temperature distribution in samples A

and B at the maximum temperature is presented in

(Supplementary Figures S5,S6).

4.3 Results of the mechanical analysis

The evolution of the average fiber volume content ratio in the

PA12-CF layup is shown in Figure 11. Both samples started with the

same fiber volume ratio because they exhibited the same initial degree

of porosity. The final application should have a fiber volume ratio of

0.573, which corresponds to a fully consolidatedfiberfilament. Sample

A achieved this, whereas Sample B was only partially consolidated,

resulting in an average fiber volume content of 0.47.

Figure 12 depicts the process-dependent elastic moduli of the

composite in the fiber and transverse directions, as well as the

elastic modulus of the pure resin matrix. The initial and final

stiffnesses also changed during the process as the fiber volume

content changed. According to the proposed mixing rules

(5)–(10), porosity influences the final stiffness depending on

the fiber volume ratio 18) (Wijskamp 2005; Schürmann 2007;

Brauner et al., 2014; Grieder et al., 2022).

Sample B has not been completely consolidated. It exhibits

large gaps between the assembled and nonconsolidated subparts.

Therefore, the developed finite-element model fails to accurately

predict process-induced deformations because it lacks gaps.

Therefore, the following plots only show the results for

Sample A. Nonetheless, Table 6 provides a summary of the

simulated compaction and warpage for Sample B.

Figure 13 depicts the final deformation of sample A. The

original hinge shape is depicted using black contour lines (except

for the scaled deformation in Figure 13D). The largest deformation

occurred in the base plate based on the printed lay-up and

consolidation process conditions. Because of the non-uniform

and non-symmetrical temperature distribution during the cooling

phase and the non-symmetrical initial assembly of the sub-parts,

these deformations are not symmetrical relative to the yz-plane.

Table 6 compares process-induced deformations simulated

and experimentally observed at representative points on the base

plate (Figure 8). The developed model predicted the average final

compaction for the base and vertical plates accurately (the error

relative to the initial plate thickness is less than 1% for Sample A

and less than 5% for Sample B). The simulated process-induced

deformation follows the same trend as the measured

deformation: e2 and e3 are bent symmetrically in the middle

(Figure 13D), whereas e1 is bent in a more complex manner, with

the middle of the representative scalar deformed by less than one

of the outer points, resulting in a negative value of e1 (Figure 13C,

where the negative sign represents the bending direction).

Table 6 shows that in the case of the fully consolidated

hinge, the model provides more accurate predictions. It is

explained by the uncertainty in material properties in the

semi-molten state, which cannot be measured. Therefore, they

were interpolated using the measured values for the solid and

FIGURE 14
Final stress distribution in Sample A in (A) fiber (B) transverse,
and (C) thickness direction.
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molten states and the developed stiffness function 17)

(Grieder et al., 2022). Other possible causes of the

inaccuracy of the process-induced deformation simulation

can be summarized as follows:

• The developed approach has limitations such as the

implementation of the elastic model; no pressure gradient is

considered in the part due to the simplified porosity approach;

insufficient quality of the finite element mesh; and/or relatively

large time steps (the average model time step is 15 s).

Consideration of advanced viscoelastic models in conjunction

with the full Darcy equations and further investigation of the

dependence of the model sensitivity on the mesh could improve

the model predictions.

• Inaccurate measurement and consideration of the initial

thickness and porosity of the hinge parts: the thicknesses of the

base and vertical plates varied slightly in the experiment,

whereas the model assumed they were uniform.

Furthermore, the model assumes zero initial warpage and

stresses, whereas the printed hinge sub-parts have process-

induced local deformations due to manufacturing. Some

important features (such as air gaps between the subparts)

were overlooked, which could be critical for predicting the

final warpage.

Figure 14 depicts the directional stresses in the PA12-CF

layup. The provided finite-element mesh resolution was

insufficient for mapping the composite layup without

sharp edges and breaks in the fiber path. Therefore, the

maximum and minimum observable stresses are

discovered at the finite-element singularity points, which

do not accurately represent the final stress states at these

locations.

Figure 15 depicts the directional stresses in the PA12-CF

element (the element is marked with a red circle in Figure 14A).

Because the considered fiber filament element is where hinge

FIGURE 15
Process-induced stress in fiber, transverse, and thickness direction for the vertical plate’s PA12-CF element in Sample A.

FIGURE 16
Average porosity in PA12 and PA12-CF finite elements for Samples (A) and (B)
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failure starts during mechanical tests, residual stresses in this

location are critical for hinge performance.

The developed model predicts local process-induced void

reduction using Eqs 19–30. Figure 16 depicts the average porosity

evolution for Samples A and B. In both cases, the void change

occurs only after melting. However, before the additional

pressure was applied, Sample A exhibited a decrease in

porosity (with 30 kN pressure applied, before 1–100 s). The

porosity decreased below 0.1% after the additional pressure

(up to 45 kN, after 1–100 s). In contrast, sample B exhibited a

lower porosity reduction. Therefore, a two-step pressure

application did not influence the porosity reduction because

no melting state was reached before the application of 45 kN.

The final simulated average void content was 0.43% for sample A

and 4.3% for sample B, which are close to CT values of 0.17% and

3.78%, respectively (Table 5).

FIGURE 17
Porosity distribution (A) Sample A vertical plate cross-section (B) Sample A base plate cross-section and (C) Sample (B)
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Figure 17A B depicts cross-sections of Sample A, with zone

1–5 markers indicating the local final porosity. Because there was

only porosity in the internal elements of Sample A, cross-sections are

shown. Therefore, the porosity was not visible on the surface of the

hinge (which fits the CT data, Figure 7A). Five zones were defined

based on the cross-sectional analysis to represent the parts of the

FIGURE 18
Squeeze pressure Sample A: (A) (B) in transverse direction (C) in thickness direction.
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hinge where the void content reached maximum values (or did not

fully reach the consolidated state). For zones 1–4, the simulation

results showed the same local void content distribution as the CT

scans. However, the model predicts nonzero porosity for zone five,

although the CT scan is fully consolidated.

In contrast to Sample A, the porosity evolution in Sample B

resulted in a non-zero void content throughout the vertical plate

and in specific locations throughout the base plate. The porosity

distribution on the outer surface of Sample B is depicted in

Figure 17C. Such local void formation is caused by the observed

low temperature in the vertical plate and corresponds to the

porosity determined using CT analysis (Figure 7B).

The approach presented here does not allow for the simulation

of material redistribution and fiber movement in the molten state.

However, directional squeeze flows can be numerically analyzed.

The results of this analysis can be compared to the fiber movement

visualized using CT. Figure 18 shows the calculated directional

squeeze pressures for the entire domain of Sample A.

The simulation results agree well with the CT-analysis presented

above.

• Figure 20A shows that the minimum negative values of the

transverse squeeze pressure in the direction were reached at the

center of the base plate. This indicates that a significant amount

of material flows to this region, resulting in a strong fiber

outflow. Figure 6B depicts this, with the fiber movement of the

base plate visible.

• Figure 20B shows themaximumpositive squeeze flow between

the two round inserts in the center of the base plate. This causes

material to flow out of this area (zone 2). Therefore, this area

exhibits a relatively high void content. (Figure 7A).

• Figure 20C shows that the majority of the squeeze pressure

was achieved in the vertical plate lay-up and in zones 2, 3,

and 4, which exhibited the highest degree of porosity.

Detailed analysis of squeeze pressure distribution in selected

layups is given in (Supplementary Figure S9). Such an analysis

allows prediction of the fiber flow, which is essential for structural

performance of consolidated composites.

5 Conclusion

In this study, the composite consolidation process was investigated

experimentally and numerically. The initial and final porosities, CTEs,

and crystallization and melting kinetics of the pure PA12 and

composite PA12-CF materials were determined experimentally. On

the basis of these findings, a mathematical model for the consolidation

process was developed and numerically solved using the finite element

method. By considering the orthotropic composite properties, the

proposed finite-element model predicts the final process-induced

deformations of the consolidated part. Temperature, crystallization,

and porosity all influence these deformations. The proposedmodel can

predict the final composition of a part with high accuracy. The

predicted warpage followed the same trend as the observed

warpage. However, their absolute values differed. This difference

could be caused by various factors, including inaccuracy of the

thermal simulation, limitations in the simplified porosity model,

defined homogenization mixing rules, imprecision in the initial data

provided to the model, and inaccuracy in the CT measurements. The

developed approach includes a set of design variables that must be

adjusted for each material and composite structure. Furthermore, due

to the ACP fiber filament mapping method, the model is extremely

sensitive to the finite element mesh. Nonetheless, the developed

approach enables rapid simulation of the consolidation process

considering multiple physical and structural effects. The final

residual stresses and porosity are predicted by the model. This is an

important step toward achieving “first time right” composite

production. The proposed approach provides a digital model of the

consolidation process, which reduces the number of expensive

prototyping iterations. The combination of highly accurate 3D-

printing and post-printing consolidation, as well as the ANSYS

finite-element model and fiber filament layup design, allows for the

transition to serial production of additively manufactured continuous

fiber composite parts.

The authors intend to use a local initial porosity distribution that

depends on the printing process parameters and layup in a future

study. Furthermore, novel measurement techniques to investigate

porosity and crystallization are required.
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