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Abstract: Additive manufacturing of continuous carbon fibre-reinforced polymer (CCFRP) parts
enables the production of high-strength parts for aerospace, engineering and other industries. Con-
tinuous fibres allow for parts to be reinforced along the load path, multiplying their mechanical
properties. However, current additive manufacturing processes for producing CCFRP parts do
not optimally meet the requirements of the matrix. With resin- and extrusion-based processes, the
time-consuming and costly post-processing required to remove support structures severely limits
design freedom, and producing small batches requires increased effort. In contrast, laser sintering
has proven to be a promising alternative in an industrial environment, allowing the production of
robust parts without support structures in a time-efficient and economical manner for single and
small-batch production. Based on a novel laser-sintering machine with the automated integration of
continuous fibres, a combination of the advantages of the laser-sintering process and the advantages
of continuous fibres is to be achieved. This paper describes an experimental analysis and optimisation
of this laser-sintering machine using design of experiments. The processing time for fibre integration
could be reduced by a factor of three compared to the initial state.

Keywords: laser sintering (LS); continuous carbon fibre-reinforced polymer parts (CCFRPs); fibre
integration unit; heat affected zone; split-plot design (SPD); central composite design (CCD)

1. Introduction

The use of continuous carbon fibre-reinforced polymer (CCFRP) parts in industrial
applications offers enormous potential to significantly reduce future products’ consumption
and CO, emissions economically and effectively [1]. CCFRP parts are characterised by
their low weight-to-strength ratio and high mechanical tensile properties along the fibre
direction. By using continuous fibres, the mechanical properties of fibre-reinforced parts
can be increased along the load path [2].

Additive manufacturing processes offer a promising approach for the tool-less and
time-efficient production of CCFRP parts with a high degree of individualisation and
shape complexity. Material extrusion (MEX), such as fused layer modelling (FLM) or
ARBURG plastic free-forming (APF), is well established in the literature for the additive
manufacturing of CCFRP parts [3-10]. Another category of processes for CCFRP parts is
vat photopolymerisation (VPP) [11-13]. CCFRP parts produced by these processes (MEX
and VPP), however, do not optimally meet the quality requirements for the matrix. Due to
the nature of these processes, support structures are required, which have to be removed
and disposed of after production. This results in the time- and cost-effective disposal and
post-processing steps. In addition, the use of support structures limits the ability to create
overhangs, cavities and undercuts, which results in limited part complexity. Furthermore,
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the breaking off of support structures can cause surface defects on the remaining part
surfaces and, thus, lead to a more inhomogeneous appearance of the parts. Moreover, MEX
and VPP do not allow for economic small-batch production.

By contrast, the laser-sintering (LS) process represents a promising alternative for
producing CCFRP parts. In a process comparison among MEX, VPP and LS with regard to
the mechanical and thermal properties, as well as the long-term stability of the polymer
parts produced, the LS process proves to be particularly advantageous, since the LS process
enables the production of robust functional parts in injection moulding quality [14,15].
According to [14], the Young’s modulus of laser-sintered specimens is higher than the
values determined for the Young’s modulus of injection-moulded specimens, which is
caused by a higher degree of crystallinity of the molecular structure of the semi-crystalline
thermoplastics. The tensile strength was almost identical to that of the injection-moulded
specimens. Other advantages of the LS process are the absence of support structures
and the associated greater design freedom. In the LS process, the unsintered powder
acts as a support structure, eliminating the need for time-consuming and costly post-
processing steps [16]. By realising undercuts, cavities and overhangs, LS can produce
near net-shape functional parts with high complexity in a single process step. Due to
the ability to compactly position parts vertically and horizontally in the powder bed, the
LS process allows for the economical production of small batches [14,17]. Compared to
FLM parts, LS parts have up to three times less anisotropy, higher dimensional accuracy
and less surface roughness [14,17,18]. The LS process, thus, produces polymer parts with
promising basic properties (matrix) for CCFRP parts. However, no commercially available
LS machines combine the advantages of the LS process with the advantages of continuous
fibres. Challenges to integrating continuous fibres in the LS process arise, particularly in
the complex temperature control and the repetitive application movement of the recoater
for each layer.

To combine the process-specific advantages of the LS process as well as the promising
part properties with the advantages of continuous carbon fibres, the technical feasibility
(i.e., the layered integration of continuous fibre rovings into laser-sintered parts made of
PA12) was demonstrated in [19,20]. The core element of this prototypical LS machine is
a fibre integration unit for integrating the rovings into the already manufactured layers
of the part. A heated fibre nozzle is used to liquefy the polymer locally, creating a heat
affected zone (HAZ) with a characteristic width and depth. The roving is then placed into
the liquefied melt by a synchronised sequence of motions between the roving feed rate and
the nozzle feed rate. In [20], the extended LS process was analysed regarding temperature
management during fibre integration to identify operating points for curl-free integration
of rovings. In [19], the influence of the process and material parameters on the shape of
the HAZ was investigated using a simplified experimental setup. The results in [19,20]
provide the first starting points for successful fibre integration and form the basis of this
paper. However, the identified starting points lead to the inefficient production of CCFRP
parts. The production speed is relatively slow, so the rovings can only be embedded into
the part at a low feed rate. The low feed rate leads to an uneconomical and time-consuming
production of CCFRP parts. In addition, the HAZ’s width and depth are too large, so the
rovings have to be placed far away from the part edges. The consequence of a too large
HAZ is that the FVC and the associated mechanical properties can only be set low. Thus,
the potential of this new LS process with continuous fibre integration remains undiscovered.
A comprehensive understanding of the rovings’ integration process in the developed LS
machine is indispensable to achieve an economical production of LS parts with a high
FVC and, thus, high mechanical properties. Only with knowledge of the main influencing
variables and their interactions on the roving integration process is it possible to optimise
the width and depth of the HAZ and the processing time in a targeted manner.

Therefore, this paper aimed to experimentally characterise and optimise this novel
laser-sintering process with automated continuous fibre integration. Based on the identified
and initial operating points in [19-21], the main influencing variables and interactions on
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the formation process of the HAZ were systematically investigated using a split-plot design
(SPD). In a subsequent study, the target variables were analysed more thoroughly using
a central composite design (CCD). Section 2.1 first presents the principle of automated
continuous fibre integration. The influencing variables on the fibre integration caused by
the fibre integration unit, and the target variables to be optimised are discussed in the same
section. The SPD is presented in Section 2.2. For a detailed analysis of the target variables at
a predicted operating point, the procedure for the CCD is described in Section 2.3. Section 3
presents the results and their interpretation. Section 4 discusses the results in relation to the
initial state.

In this study, an increase in the process time of 233% was demonstrated for the
integration of the rovings. Thus, a more economical production of CCFRP parts in the
developed LS machines is now possible. The width and depth of the HAZ were reduced
by 56% and 44%, respectively, so the rovings can now be integrated closer to the part edges,
and thus the fibre volume content (FVC) can be set higher. This study, therefore, provides
optimised operating points for future research to increase the FVC and the associated
mechanical properties systematically.

2. Materials and Methods

This section describes the principle of continuous fibre integration in the developed
laser-sintering machine with respect to the influencing and target variables on the roving
integration caused by the fibre integration unit. This paper does not provide a detailed
description of the machine and the achievable part properties. This can be found in [19,20].

2.1. Principle of Continuous Fibre Integration

A description of the process flow is provided in this section to provide a basic under-
standing of roving integration in the LS machine developed. The starting point for roving
integration is a heated process chamber of the LS machine of approximately 110 °C. After
fresh powder has been applied by the recoater and the surface temperature of the powder
bed has been homogenised by the IR emitters, the applied powder layer is melted by the
laser beam. According to an ISO 6983 G-code, the layer-related (2D) integration of one or
more rovings takes place sequentially. For this, the entire structure of the fibre integration
unit is moved in rapid traverse in the x- and y-directions to the starting point of the first
fibre path on the build platform. The fibre integration unit and its components are shown
in Figure 1. A metal plate (additional heat source) heated to the temperature Tyns and
arranged parallel to the powder surface at the distance hipyz on the bottom side of the
fibre integration unit is used to keep the powder bed surface warm. This heating prevents
premature crystallisation and the associated curling of the part. Heat transfer between a
heated fibre nozzle at temperature T and the powder bed surface creates a local melt zone
or heat affected zone (HAZ) with a shape describing the width byaz and depth tiaz in the
already melted layers of the part. At this point, the viscosity level of the polymer is locally
reduced, and the polymer increasingly liquefies. Simultaneously with the melting process,
the roving is bent between the face of the ring-shaped fibre nozzle and the generated HAZ
by a drive and pressure roller, synchronised with the feed rate vp of the nozzle. Due to the
fact of its intrinsic heat and stiffness (influenced by a coating), the roving is immersed in
the liquefied polymer and, thus, in the HAZ. The resulting melt wets the roving and fixes it
to the underlying layers. A cutting blade cuts the roving to a length programmed in the
G-code. The built-in diode laser (450 nm, 1.6 W) is inactive during the roving integration.
Once the roving has been successfully integrated, the recoater applies fresh powder, and
the laser melts the new layer of powder, fully embedding the roving in the polymer matrix.
This process is repeated until all rovings are integrated according to the G-code. This is
followed by the controlled cooling of the powder cake and the LS machine.
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Figure 1. 3D view of the fibre integration unit (without powder bed) (a) and a schematic of the
process zone (b) [22].

2.1.1. Influencing Factors on Roving Integration

An analytical consideration of the existing heat flows is used to derive the influencing
variables. For simplicity, only one-dimensional heat flows were considered in this paper.
The heat transferred during the roving integration can be described by the heat flows
involved, as defined in Equation (1).

Qrr = Qs + Qex 1)

The additional and parallel heat source at the bottom of the fibre integration unit forms

the first heat flow summand Q3. This constellation is a special case of free convection
with internal flow within two parallel horizontal plates [23,24]. The additional heat source
forms the hotter upper plate, and the powder bed surface forms the colder lower plate.
According to [23], no flow is generated since the air is stably layered between the upper
plate (heat source) and the lower plate (powder bed surface). As described in [23,24], heat
is transferred mainly by conduction and radiation. The heat flow transferred to the powder
bed surface by the additional heat source is given by Equation (2) below. All quantities are
shown in Table 1.

Tums —To o

Qums = Av-Anms — +— !
HM3 €HM3 &€p

A (Tips — T6) )

The first summand in Equation (2) represents the heat conduction law applied to the
LS machine. The second summand represents the Stefan—-Boltzmann law with an additional
radiation exchange between the additional heat source and the powder bed surface.

The second summand in Equation (1) represents the heat flow generated by the heated
fibre nozzle. This heat flow is mainly responsible for the targeted transfer of heat energy
and, thus, for HAZ formation. The heat flux transferred through the fibre nozzle is defined
in Equation (3).

: TD — To o
Qpn = AL-Ap- hp T T1 4" (rzD'O B rzD'i> (T = T6) ®)
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Table 1. Influencing variables due to the integration concept with the setting range.

Symbol Description Unit Setting Setting Range
hp Distance between fibre nozzle and powder bed mm PLC 02
surface
VD Feed rate of the fibre nozzle mm/min PLC 0-1000
VR Feed rate of the roving = feed rate of fibre nozzle mm/min PLC 0-1000
dpo |dp; Outer dp, and inner diameter dp; of the fibre nozzle mm Lathe ;D’0>2026
Di = U
Anwms Area of the heat source (metal sheet) mm? Laser cutting ~22,500
Distance of heat source (metal sheet) to powder
hpvs surface = air gap width mm Feeler gauge tape 0-2
K Curvature of fibre nozzle - Lathe Planar/concave
D Emissivity of fibre nozzle (black oxidised) - Varnish 0-1
€p Emissivity of the powder (Sintratec PA12) - State of delivery ~0.9
EHM3 Emissivity of the matt black painted metal sheet - Varnish 0-1
Tp Fibre nozzle temperature °C PLC ...400
To Powder bed surface temperature °C PLC ...200
Tams Heat source temperature (metal sheet) °C PLC ...200

The first summand in Equation (3) represents the heat conduction law between the
ring-shaped fibre nozzle with inner diameter dp ; (guidance and transmission for the roving
inside the fibre nozzle), outer diameter dp ,, nozzle curvature k and the powder bed surface.
The second summand represents the Stefan-Boltzmann law with an additional radiation

exchange between the front surface of the fibre nozzle and the powder bed surface. In Qpy,
the time period tpy of the heat transfer (i.e., the amount of heat energy transferred in a
given time period) is also implied. The time period of the heat transfer can be influenced
by the feed rate v of the fibre nozzle. Possible convection flows between the fibre nozzle
and the additional heat source, as well as heat losses at the edges of the additional heat

source to the surroundings, such as losses due to the fact of convection Qg g and radiation

QS,B/ were assumed but not considered in this analysis.

The variables listed in Equations (2) and (3) summarise the influencing variables on
the roving integration process in the developed laser-sintering machine and are listed
in Table 1. This analysis did not consider influences due to the LS process (“laser—part
interactions”, material composition and ageing effects of the powder). They were kept
constant as far as possible in the studies—see Sections 2.2 and 2.3.

Initial studies were carried out in [19,20] for the influencing variables listed in Table 1.
Initial operating points were identified at which 1K rovings can be integrated into the
part. These operating points form the starting point for the study with SPD described
in Section 2.2. In addition, parallel to the execution of the SPD study and based on
Equations (2) and (3), an FE model was developed in COMSOL Multiphysics to describe
the formation process of the HAZ (without considering the roving). This FE model was
validated with the results of the SPD in Section 2.2 and used to predict and constrain the
possible solution space for the target variables to be optimised—see Section 2.3. The FE
model is derived and described in more detail in [21].

2.1.2. Target Variables

The target variables for successfully integrating rovings within the developed LS
machine are illustrated in Figure 2.
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Figure 2. Schematic representation of the influence of the HAZ on the roving overlap hg.

For successful roving integration, the HAZ must be created so that the roving is below
the level of movement of the recoater at hg (=set layer thickness in the printing process).
In other words, the depth of the HAZ tyjaz must be set so that the roving sinks deep
enough into the melt, i.e., with hr < hg, and thus does not create a disturbing contour for
the recoater (process reliability). The result of the FE model is, therefore, a value for tyaz
corresponding to a roving thickness of 0.4 mm. If the roving extends too far out of the part
(hr > hg), a collision between the recoater and the roving can occur during the subsequent
recoating process. This will cause the part to be dragged by the recoater, and the printing
process will have to be stopped. In addition, the width of the HAZ bjaz must be set as
narrow as possible to place rovings as close to the edges of the part as possible without
melting unsintered and loose powder outside the part edges. In addition, the HAZ’s width
and depth are expected to influence the achievable FVC in part strongly and, thus, on
the attainable mechanical properties. To maximise the FVC in future considerations, the
smallest possible values for bpjaz and taz are targeted. For economical production, the
processing time of the roving integration is also highly relevant. The processing time
is given by the feed rate vp of the fibre nozzle. The target values for successful fibre
integration are summarised in Table 2.

Table 2. Summary of the target variables for a successful integration of rovings.

Symbol Description Unit
braz Width of the heat affected zone mm
tHAZ Depth of the heat affected zone mm

VD Process time expressed by the nozzle feed rate mm/min
hr Overlap of the roving as a measure of process reliability mm

2.2. Study 1: Identification of Main Influencing Variables and Interactions

This study aimed to evaluate the effects of the influencing variables on the formation
process of the HAZ without the influence of roving integration. In other words, this study
determined the influencing variables that had the most significant effect on the HAZ. The
starting point for this study was the operating point identified in [19,20]. The significance
analysis presented in this paper used a split-plot design (SPD). The obtained understanding
of the process formed the basis for the central composite design (CCD) in Section 2.3.

2.2.1. Design of Experiments

According to [25], the best-existing manufacturing process should be used as a starting
point for experimental analysis. In [19,20], the initial findings on the integration of rovings
in the developed LS machine were obtained. These findings form the first factor level,
according to Table 3. The second level is a value in the direction of the presumed improve-
ment. A range that still allows for a clear measurement of the HAZ but does not go too far
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beyond the required settings was chosen. In addition, it must be considered that a greater
number of tests are required at small distances to prove a factor’s significance. Table 3
below lists the factors to be tested for significance in this study with the corresponding
level value.

Table 3. Investigated influencing factors with abbreviations, factor levels and adjustability.

Abbreviation Factor -1 1 Change
A K Planar Convex Before printing
B dp,o 4 2 Before printing
C hp 0.8 0.4 Before printing
D Tp 280 310 Simply via PLC
E VD 30 60 Simply via PLC
F TaMs 190 200 Simply via PLC

The first and second columns list the abbreviations and associated factors. The last
column shows how and when each factor can be changed. Factors D, E and F can be
easily influenced via the PLC of the LS machine or the G-code, whereas factors A, B and C
require more manual adjustment before printing. Factors A and B can only be produced
by machining (e.g., turning). Factor C can be adjusted mechanically using a feeler gauge
tape. The third column (—1) of Table 3 lists the initial operating points in [19,20]. The
penultimate column (1) lists the second level for which an improvement in the target
variables is assumed. For the exact quantification of the second level (1), preliminary tests
were carried out in [26]. Table 4 lists the parameters to be kept constant in this study.

Table 4. Process and material parameters of the developed LS system selected for the investigations.

Setting Value
Material Sintratec PA12 (black)
Mixing ratio 60% Fresh powder/40% used powder
Number of initial layers in sintering phase 20
Sintering temperature, Tp 175 °C
Laser spot diameter ~0.1 mm
Laser output 1.6 W
Hatch distance 0.1 mm
Scan speed 650 mm/s
Layer thickness 0.1 mm
Energy density per unit area, Ep 0.025 J/mm?
Inert gas -
Process chamber temperature Uncontrollable (=110 °C)

Difference between hot spot and cold spot in

the stable built area (105 mm x 105 mm) A7K
Heating up time 90 min
Cooling down time 10 h (overnight)
Platform heater 170 °C
Powder emissivity, ep ~0.9
Fibre nozzle emissivity, ep ~0.9 (graphite lacquer)

Emissivity of the surface of the additional heat

source (metal plate), exvs ~0.9 (graphite lacquer)

In order to set up an experimental design for the significance analysis intended in
this study, the factor level combinations to be carried out must first be determined. As
shown in the last column of Table 3, the nozzle curvature, k, the outer diameter, dp ,, and
the nozzle distance, hp, cannot be adjusted during printing but must be set before each
print run according to Table 1 (Settings). Complete randomisation of the test sequence
requires resetting each factor after each print run. This means that only one specimen can be
produced during a print run. For a study of six factors with two factor levels, 26 =64 prints
are required to perform each factor level combination. Due to the comparatively long
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heating and cooling down times of the LS machine, only one print per day is realistic.
Performing 64 individual prints, therefore, requires 64 working days. For each repetition of
all factor level combinations, the effort increases. In addition, the available build volume of
the developed LS machine was not optimally used with one specimen per run. This results
in the highly inefficient use of build space and the associated high powder consumption.
Although unsintered powder can be reused, it does not have the same properties as fresh
powder [27-29]. This study uses a full factorial SPD with eight main units and eight
subunits to determine the significance of the factors in Table 3. Implementing an SPD
allows the 23 = 8 factor level combinations of the simple modifiable factors (D, E and F)
specimens to be produced simultaneously in one print run (subunit). The three factors
that are difficult to change (A, B and C) are kept constant (main unit). In this way, the
effort required to produce the 64 specimens is reduced to eight print runs instead of
64. In addition to time savings, material and energy costs can also be reduced. Further
information on the design and evaluation of SPD can be found in [30].

To estimate the required number of experiments, a trade-off must be made between
the size of the detectable effect and the experimental effort. The effort should be as great
as necessary and as small as possible to prevent waste of resources. The number of
individual experiments depends on the required resolution of the detectable effects, A,
and the standard deviation, o, of the individual values. The required number of individual
experiments can be estimated by the following Equation (4) and is based on [25].

2
N—2><n—60><<0) @)
Ap

Since the standard deviation of the tests is unknown, it was estimated by further
preliminary tests [26]. The standard deviation for the width byaz is 211 pm and 77 pm
for the depth tyaz. In addition, it is known from the preliminary tests that the resulting
values for the width byjaz are between approx. 7500 pm and 1500 pm and between approx.
1900 pm and 250 um for the depth tgaz at the planned factor levels. Due to the large
range of Abpaz = 6000 pm and Atgaz = 1550 um, an effect of 3% of the maximum value
is expected to be detected. This corresponds to 225 um in width and 54 pm in depth.
Equation (4), therefore, provides a minimum number of tests of 53 for the width and
122 for the depth of the HAZ. The SPD with six factors on two levels each thus contains
64 individual tests. It can be concluded that two replications per test setting are required.
This also results in one replication of the main units, which is needed to estimate the error
of the main units. In total, 128 specimens are therefore produced. In addition, the main
units are divided into two blocks. By creating blocks, effects that are not considered but
are known and cannot be controlled can be considered or eliminated as a block factor.
In addition, the order of the blocks and the order of the experiments within the blocks
are randomised to prevent unknown trends occurring within a limited time period from

distorting the results.

2.2.2. Experimental Procedure

To realise eight subunits, eight specimens were produced in one print run. The
specimens were rectangular parts of 20 x 12 x 3 mm? (L x W x H) and made of PA12
(Sintratec black). The sample geometry was based on the sample geometry in [19]. The
thickness and width of the sample were several times greater than the HAZ so that the heat
input took place only within the generated part structure and, thus, the unsintered powder
was not melted. The arrangement of the specimens in the powder bed of the developed LS
machine is shown in Figure 3 below.

The specimens were positioned 2 mm from each other along the x-axis. In addition,
adjacent specimens had an offset of 0.5 mm along the z-axis (build direction). The HAZ
was inserted after 2.5 mm (25th layer) of each part. Since this analysis was only intended
to investigate the significance of the factors on the HAZ, no rovings were integrated. The
fibre integration unit moved in rapid traverse to the starting position of the path of motion
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Path of the fibre nozzle

(red line). From there, the fibre integration unit moved at the feed rate of the fibre nozzle
specified in the experimental design. At the end of the motion path, the fibre integration
unit returned to its home position at rapid traverse. The settings listed in Table 4 were used
to produce the specimens using the developed LS machine.

Path of the fibre nozzle
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; Q
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Figure 3. 3D view of the arrangement of the specimens in the built volume of the LS machine (a) and
a top view (b) with the movement path of the fibre nozzle (red lines).

The distance travelled by the fibre nozzle and, therefore, the melted area was longer
than the part itself, resulting in a slug at the end faces of the specimens. To determine the
width and depth of the HAZ, the specimens were prepared so that the HAZ was visible for
evaluation. This was conducted by cutting off the protruding part (slug) of the melted area
on the front of the specimens with a scalpel. The HAZ was measured using a microscope
(Keyence VHM 7000). The result of a measurement is shown as an example in Figure 4.

Figure 4. Illustration of the width and depth of the HAZ.

2.2.3. Experiment Evaluation

The SPD was set up and evaluated using Minitab statistical software (2022 Cloud App)
to identify the main and interaction effects that had a statistically significant influence on
the target variables. The p-value is used to describe the result and assess each factor’s sig-
nificance. If the assumption that an effect is zero is referred to as the “zero hypothesis” (H0)
and the assumption that an effect is not zero is referred to as the “alternative hypothesis”
(H1), the p-value represents the smallest possible significance level at which HO can just be
rejected. This means that the effect of a factor has not occurred by chance with a probability
of 1-p but actually exists. The p-value, therefore, describes the probability that an effect is
wrongly assumed to be significant. A smaller p-value (for example, p > 0.001) indicates
greater significance (***) [25,30-32]. The interpretation of p-values for a significance level of
5% can be found in Table 5.

To build the experimental model in Minitab, the so-called “sequential forward se-
lection” is used [25]. This starts with a base model, i.e., only the significant main factors.
The model is then iteratively extended by the most significant interaction effects [33]. The
normal distribution in this analysis was checked using a normal probability plot to evaluate
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the resulting model. This can be performed visually by evaluating the residuals. Another
requirement of the model is that the input values are independent. As a full factorial SPD
was used, this requirement was met and did not need to be checked.

Table 5. Interpretation of the p-value for a significance level of 5% (- no indication of difference,
* indifferent, ** significant difference, *** highly significant difference).

P Abbreviation Interpretation
p>0.05 - No indication of difference
0.05>p >0.01 * Indifferent, collect more data if possible
0.01>p > 0.001 * Significant difference
0.001>p il Highly significant difference

2.3. Study 2: Optimisation of Target Variables

This study aimed to systematically analyse the target variables at an optimal operating
point predicted by an FE model using a central composite design (CCD) with the influence
of roving integration. The starting points were the main influencing variables evaluated
as significant in the first study, and the operating point range was determined by the FE
model [21]. The aim was to generate an HAZ that had the lowest possible values for byaz
and tyaz so that the roving could still be reliably integrated into the part. At the same time,
the process should have a low process time, i.e., a maximum feed rate of the fibre nozzle.
The influence of the roving on the HAZ and the overlap of the roving in the part were also
investigated. Finally, based on these results, an optimal operating point for a reliable and
repeatable roving integration was experimentally derived and discussed.

2.3.1. Design of Experiments

The factors to be investigated were selected based on the results of Study 1. The model
to be generated should be simplified by additional assumptions. For the selection of the
factor levels, the best experimental point so far should be used, as recommended in [25].
Since no information on this is available, the starting point for this study was estimated
using an FE model in COMSOL Multiphysics [21]. To simplify the model to be developed in
this study (i.e., to reduce the factors), the smallest possible outer diameter of the fibre nozzle
and/or the maximum possible temperature of the fibre nozzle was used, for example.

According to the Stefan-Boltzmann law in Equations (2) and (3), temperature changes
have a nonlinear effect on the transferred heat flow. In addition to linear effects, the model
to be created should also describe quadratic effects. For this reason, a CCD is used to
describe both linear and nonlinear effects. An « of /2 is chosen for the star points to ensure
repeatability. By repeating the test in the centre point several times, the variance can also
be determined more precisely. The results obtained for each test point can be approximated
to the measured results using a regression model. For a two-factor model, the polynomial
function is presented in the following form in Equation (5).

f(x,y) = ap + a;x + apy + agxy + a4x2 + a5y2 + aéxzy2 5)

To obtain orthogonal blocks, five centre points per block were selected [31,34]. Each
combination of factor levels and their respective centre points were produced within one
print, thus forming one block. The experimental order within four blocks was randomised
using Minitab software (2022 Cloud App).

In addition to the experimental design described above, the influence of the rovings on
the HAZ was analysed. For this purpose, the central point was repeated five times without
the influence of the roving, and the results were compared with the FE model in [21].

2.3.2. Experimental Procedure

The arrangement of the specimens in the powder bed, the numbering of the specimens
and the determination of the width and depth of the HAZ were the same as in Study 1. The
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geometry was 60 x 15 x 3 mm? (L x W x H). Only the sample length was increased to
60 mm. The reason for this is that the developed LS machine can reliably process rovings
with a minimum length of 55 mm. However, since the roving is difficult to distinguish
from the surrounding matrix when viewing from the front, the specimen is cut open with a
scalpel, as shown in Figure 5b, to measure the roving overlap [26].

(b)

Figure 5. Comparison of a cut open HAZ (a) and a cut open specimen (b).

To determine the roving overlap, the total part thickness is first determined. Based
on the known total number of powder layers per part niot = 30, the thickness per layer
h¢ (~0.095 mm) can thus be determined—see Figure 6. This layer thickness hg is necessary
since the part will shrink during cooling. In addition, the roving overlap hr can be
determined from the known integration layer of the roving at ngy = 25. The roving overlap
is compared to the set powder layer thickness during printing and/or the movement level
of the recoater at hg (=0.1 mm) and should be ideally hg < hs.

Partlayers 1K Roving

.......... hgr <hg

N —

Ny

hs

Figure 6. Schematic representation for calculating the roving overlap within a specimen.

The same machine settings were used for this study, as shown in Table 4. The roving
used was a coated 1K roving (67 tex, HTA40) from Teijin Limited. To ensure proper
fibre-matrix bonding, the roving used had a thermoplastic-compatible polymer dispersion
(PERICOAT AC250) as a coating material [35]. The coating content was 5% [36].

2.3.3. Experiment Evaluation

The principle of sequential forward selection was applied to generate a suitable model,
as in Study 1. In this observation, a significance level of 10% was chosen, from which a
term was included in the model. It was also checked whether adding a term improved
the coefficient of determination, R2. The R? provides information on the degree to which
the dependent variables (target variables) can be described by the independent variables
(factors) under consideration. For an error-free description of the target variables, R? is close
to or equal to 1. The model set up with this methodology contained both the linear and the
quadratic main effects according to Equations (2) and (3) for the model of width and depth.
Using MATLAB, the results are presented and interpreted using 3D plots and contour plots.
To identify a maximum feed rate value for the fibre nozzle, an optimisation direction was
derived from the results of the CCD and verified experimentally with additional specimens.

3. Results and Discussion
3.1. Main Influencing Variables and Interactions

Figures 7 and 8 show the normal probability plot of the residuals for the target variable
width and depth, respectively.
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Figure 7. Normal probability plot for the width of the HAZ.
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Figure 8. Normal probability plot for the depth of the HAZ.

It can be seen that the residuals for both response variables approximately follow a
straight line and show no patterns. Only the depth shows a slight outlier in the lower
left-hand corner, which is considered negligible. The residuals are, therefore, derived from
a normally distributed population [25].

Table 6 shows the results of the significance analysis with the p-value for the main and
interaction effects included in the model for the width of the HAZ.

The first column lists the factors and interactions, the second column the associated
effects, the third column the p-values and the fourth column the order of significance for
the factors and interactions. All interactions not presented had a p-value > 0.05 and were,
therefore, not significant. The magnitude of the calculated effects for the main effects was
between 246.2 and 2247.3 um. The nozzle diameter (B) had the most significant impact on
the width of the HAZ. On the other hand, the temperature of the additional heat source (F)
played a minor role. A highly significant difference could only be demonstrated for the
linear main effects, except for the temperature of the additional heat source and the inter-
action between the nozzle curvature and the nozzle diameter. This is also reflected in the
magnitude of the effects of these. In addition, the p-value for “blocks” was 0.549, indicating
no significant difference between the first and second repetition of the experiments. Thus,
it can be assumed that the experimental conditions did not change much. Table 7 shows
the results of the significance analysis for the main and interaction effects included in the
model for the depth of the HAZ.
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Table 6. Results of the SPD with the effects of the factors and interactions on the width of the HAZ
(- no indication of difference, * indifferent, ** significant difference, *** highly significant difference).

Factor Effect (um) p-Value Significance

Block - 0.549 -

A —748.8 0.000 e

B 2247.3 0.000 o

C —549.3 0.000 ook

AB —658.1 0.000 il

D 748.1 0.000 e

E —958.2 0.000 ok
F 246.2 0.016 *
BD —145.2 0.150 -
AEF —279.5 0.006 o
BDF —304.8 0.003 **
BEF —287.7 0.005 o
DEF —226.9 0.026 *
ACDF —309.4 0.003 **
ABCDE —263.3 0.010 *
ABCDF 208.6 0.040 *
ABDEF —218.9 0.031 *

Table 7. Results of the SPD with the effects of the factors and interactions on the depth of the HAZ
(- no indication of difference, * indifferent, ** significant difference, *** highly significant difference).

Factor Effect (um) p-Value Significance

Block - 0.226 -

A —154.0 0.000 ot

B 330.3 0.000 el

C —234.2 0.000 ot

AB —127.8 0.000 o
AC 71.7 0.013 *

D 173.9 0.000 et

E —270.6 0.000 ot
F 222 0.350 -
BD 2.2 0.927 -
BE —51.7 0.031 *
CF —49.5 0.038 *
DE —62.0 0.010 *
AEF —56.1 0.019 *
BDF —83.3 0.001 o
ABEF —52.7 0.028 *
ACDF —55.0 0.022 *

For depth, all unlisted interactions also had a p-value > 0.05 and were, therefore,
insignificant. The magnitude of the calculated effects for the main effects as between
22.2 and 330.3 um. The impact on depth was, thus, significantly smaller than on the width.
This is also reflected in the shape of the HAZ, which was significantly wider than deep
for each specimen—see Figure 5. The nozzle diameter (B) also influenced the depth the
most. Only the main influencing factors and the interaction (AB) between the nozzle
curvature (A) and the nozzle diameter (B) had a highly significant influence on the depth.
The temperature of the additional heat source (F) had no effect. The p-value of 0.226 for
the blocks was significantly lower than for the width but was also insignificant. Therefore,
there is no indication of a significant change in the environmental influences over the test
period either. Considering the two tables on the width and depth of the HAZ, the following
key statements on the main effects can be summarised:
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e  The change from a planar to a convex fibre nozzle (A) causes a reduction in the width
and depth of the HAZ on average. Accordingly, a planar fibre nozzle should be used
for a higher width and a convex fibre nozzle for a smaller width of the HAZ;

e  The effect of the nozzle diameter (B) for byjaz was 2247.31 um and for the depth
tigaz 330.30 um. This means that, ceteris paribus, for every millimetre increase in the
nozzle diameter, the HAZ becomes, on average, 1123.65 uym wider and 165.15 pm
deeper. This is also in the expected direction since, according to Equation (3), the
transferred heat energy increases with an increasing surface area. Therefore, for small
values of byyaz, the smallest possible nozzle diameter should be used;

e  The effects of the nozzle distance (C) were —549.25 um for the width and —234.17 um
for the depth of the HAZ. Increasing the nozzle distance, therefore, causes a reduction
in byaz and tygaz. This effect seems logical and can be explained by increasing the
nozzle distance using Equation (3) and the associated reduced heat flux;

e  The effects of the nozzle temperature (D) on the depth and width were 748.13 pm and
173.89 um, respectively. An increase in temperature by 1 K, ceteris paribus, causes an
average increase in byaz by 24.94 um and 4.35 pum for tyaz. This effect can also be
explained by Equation (3);

e The effect of the feed rate of the fibre nozzle (E) was —958.22 um for bgyaz and
—270.58 pm for tyaz. Thus, ceteris paribus, increasing the feed rate reduces the width
of the HAZ by 31.94 um and the depth by 9.02 pm on average. The direction of the
effect can be explained by the shorter heat transfer time with an increasing speed.
The feed rate is suitable for achieving a deeper HAZ without becoming significantly
wider. However, this means a speed reduction. As a high process speed is required, a
compromise must be found for this trade-off;

e  While the other main factors were rated “highly significant”, the temperature of the
additional heat source (F) was rated “indifferent, collect more data if possible” for
width and “no indication of difference” for depth. However, the additional heat source
seems to have had a positive effect. This statement should be interpreted cautiously
since the effect is not statistically significant. Varying the temperature of the additional
heat source over a broader range may, therefore, produce a significant effect but is not
recommended according to [20] (premature crystallisation of the part).

The highly significant interaction represents the interaction (AB). The interaction effect
was —658.1 um for the width and —127.8 pm for the depth. For better interpretation, a
graphical interpretation was made—see Figures 9 and 10. In both figures, in the bottom left,
the fibre nozzle curvature (A) is plotted on the x-axis versus the dimensions of the HAZ
on the y-axis. The red line represents the fibre nozzle with dp , = 4 mm, and the blue line
represents the fibre nozzle with dp , = 2 mm. It can be seen from Figure 9 that the width and
depth behave almost identically, except for the scaling. This indicates that the interaction
effect was similar for width and depth. The blue line is nearly horizontal, whereas the red
line has a noticeable downward slope. For the fibre nozzle with dp , = 2 mm diameter, there
is almost no difference between a planar fibre nozzle and a convex fibre nozzle. The nozzle
curvature, therefore, has virtually no effect on the HAZ characteristics for the smaller fibre
nozzle. However, for the fibre nozzle with dp,, = 4 mm, a convex fibre nozzle causes a
smaller width of the HAZ than a planar fibre nozzle. The top right diagram shows the
same situation. Here, however, the colours of the lines represent the nozzle curvature, and
the nozzle diameter is plotted on the x-axis. The nozzle diameter, therefore, has a much
more significant influence on a planar fibre nozzle than on a convex fibre nozzle.
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Figure 9. Interaction diagram for the interaction AB for the width of the HAZ.

Interaction diagram for ty 4, [MmM]
Data averages

2 4
4 Nozzle curvature
900 o flat
— B - convex
800
Nozzle curvature 700
- .
-
Z 600
-
z
>
o7 500
w
LY % Nozzle diameter
900 ke [mm]
iy ° 2
800 N = 4
~
N
700 iy Nozzle diameter [mm]

600
500 .

flat convex
Figure 10. Interaction diagram for the interaction AB for the depth of the HAZ.

3.2. Optimisation of Target Variables

To simplify this analysis, the nozzle diameter, nozzle curvature, nozzle distance and
temperature of the additional heat source were kept constant. According to Study 1, the
nozzle diameter should be as small as possible to obtain a small value of byyaz. As in
Study 1, an outer diameter of 2 mm was used in this analysis. This value represents the
smallest diameter that can be manufactured. In addition, a planar nozzle was used since
the influence of the nozzle curvature was negligible with decreasing nozzle diameters,
according to the findings from Study 1. As mentioned in Study 1, a nozzle spacing of
0.4 mm resulted in increased powder adhesion to the fibre nozzle. In preliminary tests,
this value was increased to 0.6 mm. At this nozzle distance, rovings can be repeatedly
integrated without powder adhesion [26]. According to Study 1, increasing the nozzle
distance leads to widening the HAZ. Since this effect was not desired, the nozzle distance
was kept constant at 0.6 mm. The temperature for the additional heat source at the fibre
integration unit was set to 185 °C to avoid the premature crystallisation of the part and,
thus, curling during roving integration. Therefore, the nozzle temperature and the nozzle
feed rate remained as factors in this analysis. The result was a two-dimensional model.

For the analysis of the nonlinear effects, the predicted operating point from the FE
model in COMSOL Multiphysics formed the starting point—see in [21]. In this simulation-
based optimisation, it was assumed that the depth of the HAZ must be at least as thick
as the roving thickness to place the roving completely into the generated HAZ and, thus,
avoid contact between the roving and the recoater. With a measured roving thickness (1K)
of 0.4 mm, the FE model predicted a nozzle feed rate of approx. 110 mm/min at a nozzle
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temperature of 345 °C. The factor levels for the CCD listed in Table 8 were used to analyse
the region around this identified point.

Table 8. Factor levels used for the CCD with abbreviations.

Factor — -1 0 1 o
Tp (°C) 335 338 345 352 355
vp (mm/min) 92 99 116 133 140

Equation (6) shows the regression function generated by Minitab to describe the width
of the HAZ.

baz = 222,195 — 1275Tp — 41.8vp + 1.878T% + 0.1377v3 (6)

The standard error of the regression was 108.54 um. The model can, therefore, predict
the width values with an accuracy of 108.54 um. The coefficient of determination was
R? = 0.8051 and was close to one. The model can, thus, explain a large part of the variance.
The model is illustrated in Figure 11 as a surface response (a) and contour plot (b) for
interpretation. Figure 11 shows that the HAZ’s width decreases with a decreasing nozzle
temperature and increasing nozzle feed.
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Figure 11. Response surface plot (a) and contour plot (b) for the width of the WEZ with the influence
of roving integration.

It can be seen that the effect of nozzle temperature increased with higher nozzle
temperatures. This can be explained by the fact that heat conduction is the dominant
effect on the amount of heat transferred, but heat radiation also has an influence. Since
heat radiation increases proportionally with the fourth power of temperature according to
Equation (3), this can explain the increasing effect of nozzle temperature with increasing
temperature. Since the heat flow is a function of the heat energy and the heat transfer
period, a higher feed rate will result in a lower heat flow [23]. The effect of the nozzle feed
decreased with an increasing feed rate. The surface response with the narrowest HAZ can
be seen in the contour diagram (b) in the top left. The nozzle temperature, in this case,
was between approx. 335 °C and 342 °C with a nozzle feed rate between approx. 135 °C
and 140 mm/min. For this range, a width of the HAZ below 2700 pm and above 2600 pm
was predicted.
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Equation (7) shows the regression function generated by Minitab to describe the depth
of the HAZ with the influence of the roving integration.

tiaz = 39,969 — 224.5Tp — 18.14vp + 0.33T2 + 0.0651v3 @)

The standard error of the regression, S, for the depth of the HAZ was also low at
35.6891 um. Therefore, the predicted deviation from the actual value was only 35.6891 um.
The coefficient of determination of RZ = 0.7178 was lower than that for the width model,
but it is acceptable. The surface response and contour plot for tgaz is shown in Figure 12.
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Figure 12. Response surface plot (a) and contour plot (b) for the depth of the WEZ with the influence
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of roving integration.

It can be seen that the depth of the HAZ also decreased with the decreasing nozzle
temperature and increasing nozzle feed rate. This is also consistent with the findings
of Study 1. In addition, an increasing effect with an increasing nozzle temperature and
decreasing nozzle feed rate can also be seen for the depth. This effect can be attributed to
the same causes as for the width.

The optimum range for depth is also shown at the top left of the contour diagram (b).
In this case, the point was at a nozzle temperature between 335 °C and 345 °C and a feed
rate between 130 mm/min and 140 mm/min. For this range, the depth of the HAZ was
predicted to be below 540 pm and above 520 um.

To investigate the roving integration’s influence on the HAZ’s width and depth, the
same factor levels were chosen in the FE model as in Table 8 [21]. Equation (8) shows
the regression function for the FE model results to describe the HAZ depth without the
influence of the roving.

tiaz = 63,424 — 369Tp — 1vp + 0.541T + 0.0008v2, (8)

In addition, the central composite design’s central point without roving integration
was repeated five times on the developed LS machine to quantify the influence of roving
integration on the HAZ experimentally. In the following Figure 13a, the surface response
plot according to Equation (8) of the FE model (lower surface response plot, without the
influence of the roving) and of Equation (7) (upper surface response plot, with the influence
of the roving) were compared. Figure 13b shows the experimental comparison of the central
point with and without roving integration. It can be seen that with roving integration,
the depth of the HAZ was more significant compared to without roving integration. In
addition, Figure 13b shows that roving integration mainly affects the depth (+100 um) and
only marginally the width of the HAZ (+32 um). The overlapping of the scatter bars also
shows this. The reason for the increase in depth is the heat transferred from the heated
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fibre nozzle to the roving. The intrinsic heat generated by the roving caused additional
melting, increasing the HAZ'’s depth by an average of 110 pm.
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Figure 13. Comparison of the response surface plots with (CCD) and without (FE model) roving
influence on HAZ depth (a). Comparison of the experimental results for the HAZ at the central point
with and without roving integration (b).

For the evaluation of the roving overlap above the part level in which the roving was
integrated (process reliability), no significant influence of the nozzle feed was found on
the nozzle feed rate in the range between 92 mm/min and 140 mm/min. For this reason,
additional specimens were used to analyse the nozzle feed rate limits. A nozzle temperature
of 345 °C was set for these specimens, and the nozzle feed rate was varied. The additional
feed rates were 160, 180, 200, 220, 240 and 300 mm/min. Each setting was repeated twice.
In addition, to obtain comparability between the specimens, only the specimens from the
CCD using a nozzle temperature of 345 °C were used. The results for the measured roving
overlaps, the level of movement of the recoater (red) and a linear trend line (black) for the
measured measuring points are shown in Figure 14a. Figure 14b also indicates the rovings’
orientation in the selected specimens’ component.
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Figure 14. Influence of nozzle feed rate on roving overlap (a) and uncontrolled roving orientation
within the specimen (b). The red line in (a) indicates the layer thickness during printing.

The level of movement of the recoater in Figure 14a was 100 um and corresponded
to the set layer thickness during printing. Figure 14a also shows the variation of the
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measured values. However, an increasing nozzle feed rate leads to the roving sinking less
into the HAZ, resulting in an increased risk of the recoater hitting the roving or possibly
entangling it. Although there were fewer measured values for the specimens with feed
rates above 140 mm/min, three values (i.e., 25% of these specimens) exceed the 100 pm
limit. Looking at Figure 14b, it is noticeable that the shape and orientation of the rovings
varied significantly among the specimens. While in some specimens, the fibre was flat and
wide, in others, it was high and narrow. Orientation is, therefore, a strong scattering factor
that significantly influences successful fibre integration.

In particular, the random orientation of the rovings significantly influences the roving
overlap and, thus, the process reliability. For this reason, process limits are defined, which
result from the tests and the relationships previously described. On the one hand, it can
be noted that as the nozzle feed rate increased and the nozzle temperature decreased, the
roving sunk less deep into the part. This increases the risk of the recoater getting stuck on
and entraining the roving. In addition, it was observed that this also increased the risk
of powder adhering to the nozzle, leading to an abortion of the printing process. Powder
sticking to the nozzle occurred at 335 °C at 160 mm/min and 345 °C at 200 mm/min.
In the CCD study, the range between 335 °C and 355 °C for the nozzle temperature and
between 92 mm/min and 140 mm/min for the nozzle feed rate were examined in more
detail. No disturbances occurred during the production of 52 specimens, which is the
reason to assume that a process-reliable fibre integration takes place in this range.

Possible reasons for the lower coefficients of determination, as well as the uncontrolled
roving orientation, are listed below:

e The entire structure of the fibre integration unit remains in the process chamber of
the developed LS machine during the printing time, which also causes it to heat up.
Due to the thermal expansion of the fibre integration unit, the manually set values
(e.g., nozzle distance) can change compared to the cold state of the system and thus
contribute to scatter in the results. In addition, the feed spindles for positioning the
fibre integration unit also expand thermally. Thermal expansion of these spindles will
lead to increased errors and, therefore, changed values of the nozzle feed rate;

e  The accuracy of the PLC temperature setting is &1 °C. These deviations can also
contribute to scatter in the measurement results;

e  The inner diameter of the fibre nozzle is larger than the thickness of the roving. The
result is an increased play of the roving inside the fibre nozzle, and this play can lead
to the uncontrolled placement of the roving in part;

e  Other influences, such as the position of the specimens in the powder bed, the pow-
der’s ageing condition and the rovings” delivery condition, can lead to a deviation in
the results.

3.3. Determination of an Optimal Operating Point

All target parameters must be considered to determine an optimal operating point for
the developed LS machine. The nozzle temperature and the nozzle feed rate settings have
the opposite effect on the different target variables. A high nozzle feed rate is beneficial for
the width and depth of the HAZ and the processing speed. In addition, a decreasing nozzle
temperature leads to a reduction in the width and depth of the HAZ. On the other hand, a
high nozzle temperature and a low nozzle feed rate are favourable for process reliability.
The CCD identified a range of 335 °C to 342 °C at a nozzle feed rate of 135 mm/min to
140 mm/min for the width and a range of 335 °C to 345 °C at a nozzle feed rate of 130
to 140 mm/min for the depth as optimal. Reducing the nozzle temperature or increasing
the nozzle feed rate will result in a further reduction, but these values should not be
exceeded for process safety reasons. Since the nozzle feed rate increase will improve all
three remaining target values, the process limit of 140 mm/min was selected to optimise
this factor. The nozzle temperature does not affect the processing speed, but a reduction will
also reduce the HAZ. Since the effect of the nozzle temperature seems small in the range
between 335 and 345 °C, 340 °C was selected here instead as the limit value to ensure a
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higher process reliability. The optimised point for process speed and HAZ size, considering
process reliability, is the factorial combination of a nozzle temperature of 340 °C and a
nozzle feed rate of 140 mm/min. According to the model, the expected width and depth of
the HAZ for this setting were 2638.72 um and 523.36 pm, respectively. An overview of all
settings for an optimum operating point is given in Table 9.

Table 9. Identified operating points evaluated as optimal for reproducible and process-reliable roving

integration.
Operating Points
K Planar

dp, (mm) 2
hp (mm) 0.6
Tp (°C) 340
vp (mm/min) 140
Tawms (°C) 190

The following approaches can be used to increase the process reliability and process
time in the future:

e  For a more controlled orientation of the rovings in the part, the inner diameter can be
made smaller or adapted to the shape of the roving;

e Additional twisting of the rovings before coating could produce a rounder shape and,
thus, in combination with an adapted inner diameter of the fibre nozzle, result in a
higher deposition accuracy in part.

4. Conclusions

Additive manufacturing of CCFRP parts with the LS machine developed aims to com-
bine the process-specific advantages of the LS process with the advantages of continuous
fibre reinforcement. With this LS machine, in the future, complex shapes and near-net-shape
functional parts with promising basic properties (matrix) will be able to be reinforced in a
load-path-oriented manner with the help of continuous fibres. Thus, CCFRP parts can be
produced economically without support structures and cost, as well as time-consuming
post-processing steps. The starting point of this study was an initial starting point from
previous research work, which enables roving integration but is particularly unfavourable
with regard to the processing time and the achievable FVC. High process times are required
to integrate rovings, which results in inefficient production. In addition, the HAZ at the
initial starting point is too large, which means that rovings can only be placed at a consider-
able distance from the part edges. The FVC and the associated mechanical properties of
the CCFRP parts can thus only be increased slightly. To systematically increase the FVC
and the mechanical properties in future research work, a comprehensive understanding of
the process was derived in this paper. Based on this, the LS process with continuous fibre
integration was optimised in terms of process time, process reliability and the shape of the
HAZ. The essential core conclusions of this study are summarised in the following points:

e In the first study of this paper, both the law of heat conduction, as well as the law of
heat radiation, as in Equations (2) and (3), can explain the findings on the effects of the
influencing variables on the target variables in a first approximation;

e To obtain the narrowest but deepest possible HAZ, a small nozzle diameter and a
small nozzle distance should be selected. The nozzle curvature should be convex for
a large diameter. For a small diameter, a planar nozzle can be used instead. Nozzle
temperature has a balanced effect on the width-to-depth ratio of the HAZ. A low feed
rate is beneficial to the shape of the HAZ. However, since a high process speed is also
required, there is a trade-off;

e In the second study, the target variables were analysed in more detail with the help
of a CCD. The coefficient of determinations for the width with R? = 0.8051 and the



Appl. Sci. 2023,13, 5351

21 0f 23

References

depth with R? = 0.7178 were close to 1. The developed regression models, therefore,
describe the target variables quite well. Possible reasons for the lower coefficients
of determination are thermal expansion of the fibre integration unit, deviations in
temperature setting via the PLC, play between the roving and the inner diameter of the
fibre nozzle, as well as scattering effects, due to the laser-sintering process (material,
the position of specimens in the powder bed, etc.);

e With the help of this study, an increase in the nozzle feed rate of 233% up to 140 mm/min
was demonstrated for the integration of rovings. Thus, more economical production
of CCFRP parts in the developed LS machine is now possible. The width and depth of
the HAZ were reduced to byyaz = 2638.72 um (—56%) and tyyaz = 523.36 pm (—44%),
respectively, so that rovings can now be integrated closer to the part edges and, thus,
the FVC can be set higher. This study, therefore, provides optimised operating points
for future research;

e Limitations, nevertheless, arise in the processing time. Although an increase in the
process time of 233% appears to be high, the manufacturing time for CCFRP parts
with a high FVC can be pretty high. A lower FVC is required for CCFRP parts with a
local reinforcement at highly stressed areas. For such parts, the manufacturing time
increases only slightly. Furthermore, it must be considered that rovings can be placed
close to part edges, but it must be expected that melted material or the HAZ protrudes
from the part surface. For a homogeneous surface, the protruding material must
be removed.

Future research will address the systematic increase of the FVC and the associated
mechanical properties. To increase the FVC, in addition to placing rovings in the vicinity
of part edges, the relative roving distances in the vertical (build-up direction in the LS
process) and horizontal (within the powder bed surface) directions are to be considered
in particular. Tensile specimens will then be produced following ISO 527 to illustrate the
mechanical properties and, finally, the potential of this LS process with continuous fibre
integration. Furthermore, the influence of the nozzle temperature on the roving properties
is to be investigated. Possible fields of application for this LS process for CCFRP parts
arise in production engineering. For example, lightweight tools specially adapted for the
application of industrial robots (gripper fingers with internal air channels for parallel jaw
grippers, suction grippers with integrated springs) can be produced economically and
time-efficiently, thus reducing the moving masses and energy requirements.
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