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INTRODUCTION

Relevance of the Thesis

Nowadays, industry is moving towards Industry 4.0 where Additive
Manufacturing (AM) technologies are playing a very important role in the
manufacturing of products in small and medium quantities. These AM technologies
can be easily integrated in production systems and used for the fabrication of free-
form products with only minor limitations and a lower amount of waste. These
benefits make AM technologies more and more popular, therefore, producers and
scientists are looking for novel sustainable and innovative materials denoted by
high-level mechanical performance. As little as 10 years ago, the main materials in
AM were standard thermoplastics and photopolymers; however, the high demand
for composites and multipurpose materials can be observed in the industry and
science nowadays. Composite materials offer light weight and outstanding
mechanical properties of load-bearing components in comparison with the metal
counterparts. Special attention is being paid to composites reinforced with
continuous fibers which could be used in the automotive and aerospace industries.
The Fused Deposition Modeling technology (FDM) is currently one of the most
widely used and fastest advancing AM technologies. The flexibility of this
technology for modifications, versatility, the rapidly expanding range of printable
thermoplastic materials (which can be used as a matrix material), the advancing
equipment and software as well as accessibility make it perfect selection for
continuous carbon fiber (CCF) reinforced composite structure fabrication.

AM of composites reinforced with CCF is very complicated because FDM
equipment is not directly applicable, hence it must be adapted with a custom or
specialized printing head. Moreover, the identification of the process parameters and
their influence on the FDM process must be analysed and determined. It is worth
mentioning that the effectiveness of the carbon fiber tow impregnation process
should be investigated in order to ensure the repeatability of the mechanical
properties of the produced composite structures. The impregnation process plays a
highly important role to the inter-layer adhesion, the fusion between the
thermoplastic matrix and CCF reinforcement, the air void content, and the
composite flowability. All these factors have an impact on the mechanical properties
of printed composite structures.

The relevance of the study can be emphasized by significantly increasing the
interest in additive manufacturing technologies as well as by the high demand of
continuous carbon fiber reinforced structures in the industry, closure of the existing
technologies and the lack of the know-how about AM manufactured composite
structures.

Research Aim and Objectives

The main aim of the scientific research is to develop and validate an FDM
technology for the rapid fabrication of geometry complex continuous carbon fiber
reinforced composite structures. To achieve this aim, the following objectives were
set:
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1. To develop a carbon fiber tow impregnation technology and to investigate
the influence of the impregnation solution concentration and the dissolving
material on the printed CCF and thermoplastic matrix composite structures.

2. To develop a technology based on FDM for printing composite structures
reinforced with CCF.

3. To investigate the quality of printed composite structures by measuring the
percentage of air voids and the carbon fiber content.

4. To determine the main mechanical properties of 3D printed composite
structures including tensile, flexural and shear strength, the tensile and
flexural module, as well as the Poisson’s ratio.

5. To investigate the influence of secondary impregnation with epoxy resin on
the mechanical properties of 3D printed continuous CCF composite
structures.

Research Methods

This research involved the following methods: theoretical, technological-
practical, analytical, and experimental studies to develop impregnation and printing
processes. By using computer-aided design, software printing equipment was
designed. The following software tools were used in this study: MATLAB,
Simplify3D, PrusaSlicer, SolidWorks, Avizo, ImageJ2x and NIS Elements D. The
research work was carried out at the Faculty of Mechanical Engineering and Design
of Kaunas University of Technology, the Department of Production Engineering, the
Institute of Mechatronics and the Institute of Ultrasound. The developed technology
has been experimentally tested by determining the mechanical properties using
universal machine Tinius Olsen H25KT, the air void content was determined by two
methods: by using the [/mageJ2x image processing software package and an
automated Nikon Eclipse LVIOOND microscope with a high-resolution camera DS-
Ri2, whereas the defectoscopy tests were conducted by means of the X-ray
computed tomography system RayScan 250E.

Scientific Novelty

1. A novel method for improving the technological process of CCF
impregnation has been developed.

2. An innovative custom extrusion module has been developed which is
capable to produce CCF reinforced composite structures.

3. The process for improving the tensile and flexural properties of printed
structures, the secondary impregnation at vacuum chamber in epoxy resin
has been developed and tested.

Practical Value

The manufacturing methodologies and equipment developed in the course of
this research can be used for the production of continuous carbon fiber reinforced
composite functional parts of a complex structural design. The results of
technological development, such as various impregnation techniques, printing
modules and the identification of the most suitable FDM process conditions as well
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as parameters can be used for rapid fabrication of customized lightweight functional
components employed in the automotive and aviation industries or medical sectors
and any other newly emerging scope of applications including but not limited to
autonomous robotics, human assistive devices, vehicle or aircraft parts where the
mass-to-stiffness ratio is of top importance. The developed technologies and
equipment are dedicated to use with a wide range of CCF tows with minimal
adjustment. The mechanical properties and print quality characterizations of printed
composite structures provide valuable information and knowledge for the further
technological development of the process.

Statements to be Defended

1. The developed continuous carbon fiber impregnation technological process
is capable of decreasing the air void content while increasing the interlayer
and matrix-reinforcement adhesion and printability.

2. The developed technological process and the original custom-made
extrusion module based on the FDM technology is capable to ensure the
manufacturing of continuous carbon fiber reinforced composite structures.

3. The mechanical properties of printed composite structures may be improved
by the developed process of secondary impregnation.

Research Approbation

The results of this dissertation were published in 4 scientific papers: 3 in
international journals with the impact factor indexed in the Web of Science database,
and 1 without it.

The research results were also presented at 7 international scientific
conferences: Mechanika 2018 (Kaunas, Lithuania), iCAT 2018 (Maribor, Slovenia)
3D printing technology and innovations 2019 (Rome, Italy), Advanced materials and
technologies 2019 (Palanga, Lithuania), POLCOM 2020 (Bucharest, Romania),
Conference on composite structures 2021 (Porto, Portugal), MECHCOMP7 2021,
(Porto, Portugal).

Part of the research activities was funded by projects Additive Manufacturing
of Continuous Fibers Reinforced Polymer Composite Materials for High
Performance Structural Applications and Investigation of 3D Printing Technologies
Possibilities of Polymeric Matrix Composite Structures Reinforced with Continuous
Carbon Fibers.

Structure of the Dissertation

The dissertation consists of an introduction, three chapters, conclusions,
references, and the list of the author’s publications. The total volume of the
dissertation is 134 pages, 55 figures and 24 tables. The list of references contains
102 sources. In the Literature overview, the main principles of Fused Deposition
Modeling are analyzed together with the main materials used in this technology,
along with the currently existing composite materials and printing methods which
were examined in detail. The Methodology part describes how all the planned
studies were performed, thereby explaining the development of an innovative
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additive manufacturing technology and the FDM printing module. The Results
chapter presents the main experimental achievements: the void content results, the
mechanical properties of the composite material, the effectiveness of the secondary
impregnation method and its impact on the strength of printed structures.
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1. LITERATURE OVERVIEW

Additive manufacturing (AM) or 3D printing is one of the most rapidly
developing and increasingly more sophisticated non-traditional manufacturing
methods. This innovative manufacturing technology with a virtually unlimited
potential originated in the 1980s. As the name of this technology suggests, its
principle is the creation of a three-dimensional object (product) by using the layer-
by-layer manufacturing method. Subject to the additive manufacturing technology, it
allows almost full elimination of any production waste because the product is
created from zero rather than cut out of a standard workpiece: the only waste is the
structural supports. When comparing the additive manufacturing technologies with
the traditional manufacturing methods (such as grinding, milling, casting, etc.), AM
technologies are characterized not only by higher productivity (especially in the case
of prototyping), applicability, universality and individuality, but they also provide
the developer with virtually unlimited freedom of design, geometry or shapes. It
usually offers a great advantage if compared with the traditional manufacturing
methods [1]. Additive manufacturing is becoming increasingly more widespread in
industrial applications. This innovative and extremely flexible manufacturing
technology goes hand in hand with the traditional manufacturing methods and, quite
often, even fully replaces them. It is fairly popular in the automotive, aviation,
medicine as well as a few other industries [2, 3]. One of the main problems which
seriously restrict a wider application of the additive manufacturing technologies was
the limited choice of printing materials. Printing materials are usually limited to
various polymers: polylactic acid (PLA), polycarbonate (PC), acrylonitrile butadiene
styrene (ABS), etc.; however, these technologies can now offer various materials
ranging from thermoplastics and metals [4, 5] to ceramics [5, 6, 7], or composites [8,
9] to biocompatible materials [10]. Although additive manufacturing covers many
different technologies, they are usually classified into seven main categories
described under the scope of ASTM F 42 Standard:

1. VAT Photopolymerization: this technology uses a liquid photopolymer
resin. The product is made layer by layer by hardening a liquid light-
sensitive material with a laser or any other source of light.

2. Material Jetting: in this case, the product is created by ejecting the material
layer by layer in drops or by any other method and by hardening it
afterwards. The principle of this technology reminds of the principle of the
ink-jet printer.

3. Binder Jetting: this technology uses two different materials: the model and
the binder. The binding material is usually in the liquid state, whereas the
main material is a powder.

4. Material Extrusion: it is one of the most popular technologies due to its
simplicity and easy modification. In this case, the printing material is melted
in the printing head and extruded layer by layer through the printing nozzle
on the printing platform.

5. Powder Bed Fusion: a group of the most common types covering such
technologies as Direct Metal Laser Sintering (DMLS), Selective Laser
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Sintering (SLS), Electron Beam Melting (EBM), etc. In this case, the
powder-form material is usually melted by using a CO, laser or an electron
beam.

6. Sheet Lamination: this group covers such technologies as Ultrasonic
Additive Manufacturing and Laminated Object Manufacturing. In the case
of manufacturing based on the ultrasonic technology, the product is created
by connecting sheets of metal by using ultrasound.

7. Direct Energy Deposition: it is one of the most complicated groups of
additive manufacturing technologies which covers several different
methods, such as Laser Engineered Net Shaping, Direct Metal Deposition,
Direct Light Fabrication or 3D Laser Cladding. This printing group is
usually used in order to repair or add additional material onto already
existing elements or components.

This research work focuses on material extrusion based on the Fused
Deposition Modelling (FDM) technology and its applicability to print CCF
reinforced composite structures.

1.1. The Principle of Fused Deposition Modelling Technology

Fused Deposition Modelling is one of the earliest and one of the most widely
used additive manufacturing technologies [11] characterized by the simplicity of the
process, and, if necessary, the possibility of easy variation between the process
parameters or the modification of equipment, wherever necessary [12]. According to
ISO/ASTM 52900:2017 Standard, the FDM technology is assigned to additive
manufacturing processes based on material extrusion. The principal scheme of this
technology is illustrated in Fig. 1.1.

» Molten paste
chamber

+-Nozzle tip

Fig. 1.1 Principal scheme of FDM printing process [13]

As shown in Fig. 1.1, the thermoplastic filament that is pulled from the coil
reel by the driving motor passes into the heating element of the printing head
(extruder). The heating element is heated up to the melting temperature of the
thermoplastic material which is being used. The melted thermoplastic is extruded
onto the printing platform through the printing nozzle. Subject to the thermoplastic
used in the printing process, the printing platform is also heated up to the respective
temperature to achieve better adhesion between the printed model and the platform.
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Depending on the printer design, the printing platform can move in the x, y or z
directions, i.e., if the printing head moves in the x and y directions, then the printing
platform will move only in the z direction, and, vice versa, if the printing head
moves in the z direction, the platform will move in the x and y directions. Other
combinations of movement trajectories of elements are also possible. Table 1.1
below presents the most common printing parameters for printing PLA
thermoplastic.

Table 1.1 Most commonly used printing parameters for PLA [13, 14, 15]

Nozzle diameter, mm 0.25/0.4/0.8
Printing speed, mm/s 30-80
Print line spacing, mm 0.45
Extrusion multiplier, % 100
Layer height, mm 0.06-0.3
Printing head temperature, °C 180220
Platform temperature, °C 60
Cooling, % 60-100

The quality of the printed structure is mostly affected by the printing nozzle,
the speed of printing and the height of the layer. When the diameter of the printing
nozzle, the height of the layer or the printing speed increases, the quality of the
printed product inherently decreases, but the printing time of the model is
significantly reduced. In order to print the model of the maximum accuracy, the
above mentioned parameters have to be as low as possible. It is particularly
important to pay attention to the proper selection of the height of the layer as it bears
the greatest impact on the roughness of the surface of the printed model [13].
Another important printing parameter that is related to the mechanical properties of
the structure to be printed is the printing direction and the raster angle [16]. The
proper selection of the printing parameters not only exerts influence on the quality of
the structure of the model to be printed, the roughness of the surface, and on the
number of voids in the structure, but also on its mechanical properties. Therefore, it
is fundamentally important to choose the optimum printing parameters when using
this technology [17, 18]. FDM technology printers, subject to the construction
properties and the manufacturer, can use a @1.75 mm (Prusa, Raise3D, etc.) or a
?2.85 mm (mainly Ultimaker) thermoplastic filament.

1.2. Overview of the Materials Used in FDM Technology

Traditionally, the FDM technology uses various thermoplastics that are
different from one another not only by the melting temperatures, but also by the
chemical, mechanical and physical properties [19]. The most common
thermoplastics used in this technology include PLA, Nylon, ABS, PC, and
polyethylene terephthalate (PETG) [20]. These thermoplastics are used due to the
rather low printing temperatures, good mechanical characteristics and excellent
compatibility with the FDM technology itself. Yet, at the moment, high-
performance plastics (HPP), engineering thermoplastics, such as polyether ether
ketone (PEEK), polyetherimide (PEI), polysulfone (PSU), etc., are becoming

19



increasingly more popular and available for wider application in the FDM
technology [21]. These thermoplastics are characterized by high resistance to
environmental factors, such as a high operating temperature, a high pressure, or high
resistance to friction or chemically aggressive environments. According to
Hergenrother et al. [22], high-performance polymers should meet the following
requirements:
1. Have a high glass transition temperature and high mechanical
characteristics;
2. Change in the mass should not exceed 5% when working at a temperature of
450 °C;
Loss of mass under higher operating temperatures should be minimal;
4. The polymer shall maintain high mechanical, chemical, physical properties
under temperatures up to 177 °C;
5. The temperature that causes 10% deformation under 1.52 MPa load should
not be lower than 177 °C.

Table 1.2 provides summarized information about the most commonly used
thermoplastics in the FDM technology, their applications in 3D printing, mechanical
characteristics and printing temperatures. Where the properties of a material are
illustrated with the plus and the minus sign, the more pluses or minuses, the better or
worse are the characteristics, and +/— means that it is difficult to evaluate the
characteristics.

Table 1.2 Thermoplastics used in FDM printing [23]

98]

.. Ultimate
- . . Mechanical Printing Tensile
Polymer |Extrudability| Printability Properties Temp:erature, Strength,
C
MPa
PLA +/— ++ — 180-210 37-46
ABS ++ ++ + 210-250 22-37
Nylon + +/— + 235-260 34-68
PS/HIPS ++ + +/— 240 20-42
PETG + ++ +/— 230-250 41-53
PBT + + + 220-250 39-60
PBS + +/— + 120-140 19-34
PC ++ +/— ++ 275-285 57-72
PMMA + — + 180-250 52-70
HDPE + +/— + 120-150 11-45
PP + +/— + 130-170 9-80
PVC +/— +/— ++ 200-300 1-59
TPU +/— + + 210-225 6-33
PEI ++ + ++ 350-390 69-81
PEEK ++ + ++ 360-450 48-265
PPSF ++ + +/— 350 55
PEKK ++ + ++ 350 90-110
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Innovative materials, such as a polymer characterized by piezoelectric
properties — polyvinylidene difluoride (PVDF) — are becoming increasingly more
popular. This substance is attractive due to the possibility to print complex
piezoelectric sensors and equipment [24].

Composites are materials made of two or several different constituent
materials. One of them is a binding material — the so-called matrix — whereas the
other one is the material that improves the physical, chemical or mechanical
properties of the binding material, the so-called reinforcement. Composite materials
that are currently being used in the FDM technology can be classified into three
groups [25]:

1. Advance thermoplastic composites;

2. Nanomaterial reinforced composites;

3. Fiber reinforced composites.

Advanced thermoplastic composites cover composite materials with a
thermoplastic binding material and the reinforcement composed of various metal
particles and their compounds. Subject to the reinforcement material in use and its
quantity, such composite materials can significantly improve the mechanical
properties of the printed structure, such as the tensile or flexural strength, the
Young’s modulus, and the elongation coefficient. However, the insertion of these
substances into a thermoplastic also leads to considerable adjustment of the fluidity
of the matrix material, the mixing characteristics, the printing quality, the layer
adhesion and some other parameters. In the scientific literature, the most common
are Fe-Nylon [26], Fe-ABS [27], copper-ABS composites [28], strontium titanate
(SrTiO3)/ABS [29] or alumina (ALO3)/ABS [29], tricalcium
phosphate/polypropylene  [30], hydroxyapatite/polylactic acid (PLA) [31],
Graphite/PA6/PS/POE-g-MAH [32] and other composites. Metal additives are used
to the filament in order to obtain the metal gloss and the metal appearance of the
printed products. The change in the mechanical characteristics highly depends on the
type of reinforcement, the size and the quantity of particles. These parameters have
impact on the adhesion of the printed composite structure. However, the tricalcium
phosphate/polypropylene composite can be used in medical applications due to its
higher  biological = compatibility @ and  applicability [30],  whereas
hydroxyapatite/polylactic acid (PLA) is a material characterized by melting of fine
cracks when heated, or else it is characterized by the shape memory effect [31].

Nanomaterial reinforced composites are composites made of a polymeric
matrix and a reinforcing material with the particle size less than 100 nm. Nano
particles can provide composites with better mechanical, electromechanical, thermal,
optical and other physical properties [25]. The properties provided to the composite
by the reinforcement material depend on the size of the particle [33]:

1. <5 nm — increases the activity of the material as a catalyst;

2. <20 nm - provides softness to a hard material;

3. <50 nm — changes the reflective index of the material;

4. <100 nm — improves the mechanical, magnetic or electrical properties of

material.
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The most common reinforcement materials used in the FDM technology
include graphene oxide [34], titanium oxide [35], zinc oxide [36], cloisite 30B [25],
carbon nanotubes [37]. Added to the PLA matrix titanium oxide does not change the
mechanical properties of the material; however, the structure of the polymer
becomes more stable due to the stronger covalent chemical bonds. In addition, this
printed composite structure is biocompatible, and, due to its high potential, it can be
used in medical applications, for example, in the replacement of a bone after a
fracture. The insertion of ZnO provides the composite with shape memory
properties. According to Singh et al. [36] , the tensile strength of printed composite
structures reached 14.32 MPa, whereas the Young’s modulus was 234 MPa. When
using graphene oxide as the reinforcement nanomaterial, the tensile and compression
modules of printed composites increased by 75.5% and 167%, respectively if
compared with the mechanical characteristics of the thermoplastic matrix; moreover,
the thermal stability of materials also increases. According to Chen et al. [38], such
composites are denoted by huge potential in the field of medicine due to their
biocompatibility with NIH3T; cells. However, when adding nanoparticles to a
polymeric matrix, the decrease in the layer adhesion of printed composite structures
was noticed in almost all cases.

Fiber reinforced composites are one of the most popular groups of composites
used in the FDM technology. Fused deposition modelling is one of several additive
manufacturing technologies capable of printing both short and continuous fiber
reinforced composite structures [39]. Two main subgroups are distinguished:
composites reinforced with natural fibers and synthetic fibers. Jute is the most
commonly used natural fiber. However, the natural fiber is rarely used for
composites printed with the FDM technology. As noted by Torrado et al. [29], when
experimenting with printed composites of this reinforcing type, at higher
temperatures, the jute fiber loses mechanical properties, and air voids start appearing
in the structure due to thermal degradation. As a result, adhesion between the layers
of printed composite structures decreases, and the tensile strength of the material
decreases more than twice in comparison with the pure ABS — from 17.7 MPa down
to 8.6 MPa, respectively. Other experiments with this fiber revealed similar
tendencies: air voids appear because of the irregular and chaotic orientation of fiber
in the structure, and low adhesion between the fiber and the matrix [12, 40] may
develop. Synthetic fibers, such as glass, Kevlar and carbon fiber, are more common.
As mentioned above, all these fibers could be used as short or continuous. In the
scientific literature related to composites printed with the FDM technology, glass or
Kevlar fiber are less common than carbon fiber. In one of the experiments, Carneiro
et al. [41] tested the use of short glass fiber as a reinforcement material in the
polypropylene thermoplastic matrix, and determined that, after adding 30% of glass
fiber, the tensile module and the tensile strength of composite structures increased
approximately by 30% and 40%, respectively. Another study focused on the
possibilities of application of glass fiber together with ABS. Considerable
improvement in the mechanical strength characteristics of the material was noted;
however, it reduced the flexibility of the printed structures [42]. Gholamhossein et
al. [43] carried out detailed studies related to the use of short glass fiber when
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printing composite structures with the PP matrix: 30% of short glass fiber was
mixed with the filament during the test. Mechanical, rheological and morphological
characteristics of printed composite structures were analysed during these studies.
Such printed composite structures have been observed to possess the tendency of
shrinkage and deformation. Furthermore, although the tensile strength increased
from 20 MPa (pure PP) up to 34 MPa, accordingly, after entering short glass fiber as
the reinforcement material, it had a negative effect on the plasticity of the structure
thus causing it to deteriorate, while the elongation of samples up to the fracture point
decreased almost twice.

1.3. Printing Carbon Fiber Reinforced Composite Structures by FDM
Technology

Carbon fiber is the most widely used reinforcement material in the FDM
technology. It comes in the form of both continuous fiber and short fiber. The use of
and the demand for carbon fiber has been increasing recently. In the early 2010s, the
carbon fiber market amounted to 1.75 billion EUR, and it is now forecasted to grow
by 10-12% in the next year [44]. With the increasing global demand, the interest in
the application of this fiber for the reinforcement of structures printed with the FDM
technology also increases. The summarized possibilities and technologies of carbon
fiber reinforced printed composites manufactured with the FDM technology are
provided in Fig. 1.2.

In-house/custom-made | Classical 3D printers with
filament modified nozzles

_| Short/chopped
fiber

Prepreg filament

Dedicated commercial 3D

printers (Markforged)
Commercially Available
filament
Classical 3D pnnters with

3D printing of fiber modified nozzles
remntorced polymer [~

Combined in the extrder 3D printers in R&D
(in-nozzle impregnation) phase (Prototypes)

Continuous Separate SPsOI of matrix
il Separate spool of fiber

Combined when deposit- Dedicated commercial
ed on the component 3D printers (Markforged)

Fig. 1.2 Technologies of carbon fiber reinforced printed composites manufactured
with FDM technology [45]

1.3.1. Short Carbon Fiber

Prior to 2016, short carbon fiber was the most widely used state when printing
carbon fiber reinforced structures with the FDM technology. The first article by
Matsuzaki et al. [12] on continuous carbon fiber reinforced structures printed with
the FDM technology which was published in 2016 triggered a huge breakthrough
and gave rise to a considerable interest among scientists, thereby reducing short
carbon fiber reinforced structures to the second choice in terms of popularity.
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However, the use of this technology and the choice of the short carbon fiber as the
reinforcement material offers several advantages if compared with the continuous
carbon fiber. First of all, a reinforcing material is inserted into the matrix, i.e., a
thermoplastic filament, during the filament preparation stage. It allows avoiding
replacement and modification of the printing equipment; in other words, composite
structures can be printed by using the same FDM printer just like non-composite
structures. Another advantage is the reliability and stability of the printing process.
As the reinforcement material is inserted in the standard thermoplastic filament
(PLA, ABS, Nylon, etc.), the printing parameters, such as the temperature, the speed
of printing, the height of the layer, do not change much if compared with the pure
matrix material used for printing. Another important aspect that makes the printing
process reliable is the simplicity of equipment compared with the continuous carbon
fiber printing equipment. It should be noted that, when printing composites with
FDM printers, it is recommended to choose the printing nozzle of hardened steel or
ruby. Due to the higher abrasion impact of the printing material on the printing
nozzle, the soft printing nozzle (made of bronze) tends to wear fast, thus losing the
initial size of the output diameter. It has negative influence on the quality and
precision of the surface of printed structures.

Short carbon fiber reinforced structures are characterized by improved
mechanical properties if compared with the structures printed with pure matrix
material [46]. Ning et al. [47] and his team examined materials of various fiber
percentage fillings — 3, 5, 7.5, 10 and 15% ABS and short carbon fiber materials.
According to the results of these experiments, after inserting 15 wt% of short carbon
fiber into the ABS matrix, the tensile strength of the composite structure reached 42
MPa, and a Young’s modulus value of 2.5 GPa was achieved.

Although composite structures can be printed with short carbon fiber by using
the standard printing parameters recommended for the thermoplastic matrix,
however, their quality and mechanical properties heavily depend on such printing
parameters as the height of the layer, the speed of printing, the raster angle and
width [48]. It is recommended to choose a slightly higher printing temperature and a
lower printing speed if compared with a single polymeric material. It is worth noting
that, although the insertion of carbon fiber into the matrix material increases the
mechanical properties of the printed structures, it also reduces the adhesion between
the layers. Lee ef al. [49] carried out tests with two different sample printing
orientations: the first group was printed along the x axis, whereas the second one
was printed along the z axis. The obtained results revealed that, when printing
samples in the x axis direction, they became stiffer and stronger, however, the
strength of the samples printed along the z axis decreased due to low adhesion
between the printed layers. Another important factor that has an effect on the
mechanical characteristics of composite structures is the orientation of short fiber in
the printed structure. If fiber is oriented along the tension force vector, its numerical
value will be higher [50]. Due to these characteristics, printing with the FDM
technology always results in air voids between the printing lines or layers [51].
However, the insertion of short carbon fiber into the filament dramatically increases
the number of air voids. Due to poor adhesion between the fiber and the matrix, air
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voids appear not only between the printing lines and layers, but also between the
matrix and the reinforcement material [46]. The number of air voids which appear
due to the technology itself can be controlled by the optimization of the printing
parameters and the diameter of the printing nozzle. Unfortunately, it is almost
impossible to control how many voids are caused by the reinforcing material [52].
Due to this phenomenon and a slight increase in the mechanical characteristics along
with low adhesion compared with the pure matrix material, when searching for
alternatives, scientists switched their focus towards continuous carbon fiber and the
possibilities of its application in the printing of composites with the FDM
technology. A brief list of the tensile strength values of composite structures is
provided in Table 1.3.

Table 1.3 Tensile strength oF 3D printed carbon fiber reinforced composite
structures [57]

Reinforcing material Matrix material Tensile strength, MPa
CCF PLA 74.2-541.7 [53]
CCF PLA 40-185[12]
CCF ABS 30-200 [54]
CCF PLA 110-335 [20]
CCF PLA 28-91 [55]
CCF PLA 34-203 [56]
SCF ABS 35-65 [46]
SCF PLA 68.3-100 [57]
SCF PA6 38-86 [58]
SCF ABS 3.14-4.9 [59]
SCF PTFE 33.8-85 [60]
SCF PP 38.2-43.4 [61]

As it can be observed from the data provided in Table 1.3, after the insertion of
continuous carbon fiber, the tensile strength can be three times higher compared
with short carbon fiber.

1.3.2. Continuous Carbon Fiber

As the industry is rapidly moving towards the fourth industrial revolution,
additive manufacturing becomes one of the key factors to achieve this goal [62, 63,
64]. With the new AM application possibilities emerging, the demand and
requirements for printing materials is increasing as well. The use of continuous
carbon fiber in the FDM technology was first described by Matsuzaki ef a/l. [12] in
2016. Since then, the number of scientific publications and the number of studies
has indicated an exponential increase over the last six years, which is witnessed not
only by the number of publications related to the mechanical properties, printing
process or preparation of fiber increases, but also by the number of overview articles
[65].

Five major printing methods for continuous carbon fiber reinforced composites
using the FDM technology can be found and distinguished in today’s scientific
publications:
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1. In-situ impregnation: untreated fiber passes to the printing nozzle, whereas
the matrix material is fed through one or several entry channels. The fiber is
impregnated in the heating element just before the composite yarn passes
from the printing nozzle onto the printing platform [66].

2. Co-extrusion with towpreg: instead of untreated fiber, continuous carbon
fiber that is processed before printing passes to the printing nozzle at the
same time as the matrix material. Usually, the material for carbon fiber
impregnation or preparation is the same as the printed composite matrix
material [20, 55].

3. Towpreg extrusion: impregnated carbon fiber is extruded without any
additional matrix material [53].

4. In-situ consolidation: this is a technology based on automatic fiber layout in
the thermoplastic model. In this case, treated or untreated carbon fiber is fed
via the printing nozzle to the working area. In the working area, an external
thermal source heats the working area or the previously printed layers, and
the roller presses the fiber into the matrix [66].

5. Inline impregnation: fiber is impregnated during the printing process, just
before the carbon yarn passes to the printing head.

Schemes depicting each technology are provided in Fig. 1.3.

In-situ Co-Extrusion Towpreg In-situ Inline
Impregnation with Towpreg Extrusion Consolidation Impregnation
towpreg
pok % y
,_] anisoprint 5 Markforged AREVO
Conn;m 9T LABS §
e ccrD 111N

o

s

Fig. 1.3 Methods to print continuous carbon fiber reinforced composite structures by
using FDM technology [67]

The most common of the five methods referred to above are the co-extrusion
with the towpreg and the towpreg extrusion methods. Two entry channels are used
in the co-extrusion technology: one for the impregnated carbon fiber and one for the
polymer matrix. Secondary fiber impregnation takes place in the printing head.
Then, the composite filament is extruded through one printing nozzle onto the
printing platform [54]. The towpreg extrusion method is characterized by a slightly
different principle. Here, the printing head has two separate printing nozzles. One
nozzle prints only the matrix material, while the other one prints only the reinforcing
material [68]. This method is denoted by several advantages if compared with the
single printing nozzle system. First of all, the two-nozzle system offers more
freedom when printing a composite structure, as the carbon fiber can be inserted
only where it is required the most. This allows reducing the production costs, and,
usually, the duration of printing as well, as the printing of only matrix material
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allows benefiting from a higher printing speed. It is worth mentioning that, when
applying the towpreg extrusion method, only the polymer matrix or only the
reinforcing carbon fiber can be printed at once. In other words, separate printing
nozzles never function at the same time [69]. This gives rise to the advantage of the
co-extrusion method: the secondary impregnation of printed carbon fiber in the
printing head just before the composite yarn passes onto the printing platform. Since
the fiber has no possibility for secondary impregnation when printing composites by
the towpreg method, it is printed onto the base of the polymer matrix straight away,
and, after the completion of the insertion of the reinforcement material, the matrix
substance is printed onto the fiber again. It allows creating composites without the
secondary impregnation of fiber, and this has impact on the strength, stiffness and
adhesion of the printed composite structures. In the case of co-extrusion printing, it
is important to ensure a smooth and constant feed of the impregnated carbon fiber
and the polymer matrix to the printing area. Any disruptions or deviations exert
influence on the mechanical and quality properties of the printed structure [70]. With
the improvement of the printing equipment and the increase of robotization, such
printing heads and methods of printing composites with the FDM technology can be
transferred to robots manipulators (5-axis movement), thus providing much more
flexibility and freedom to the technologies for the creation of essentially unlimited
geometry and shapes [71].

At the moment, there are about fifteen companies on the market that are
offering or investing in the creation and development of continuous carbon fiber
reinforced technologies for printing with the FDM technology. These companies are
listed in Fig. 1.3. Two companies need to be distinguished among them, notably,
Markforged and Anisoprint. Markforged was founded in 2014 as a start-up in the US
and is now occupying a major share of the market of printing carbon fiber reinforced
composites. Markforged printers use the towpreg extrusion method, i.e., they have
two separate printing nozzles. The most common matrix material in use is nylon
containing short carbon fiber. Reinforcement materials can include continuous
fibers, such as carbon fiber, Kevlar, or glass fiber [72]. Anisoprint is a Russian
company which also started to operate as a start-up in 2014. Unlike Markforged,
Anisoprint printers are based on the co-extrusion with the towpreg method, i.e., they
have only one printing nozzle and two input channels for the impregnated fiber and
the thermoplastic matrix. This producer offers continuous 1.5K carbon fiber as the
reinforcement material, and smooth PA as a matrix material [73]. Summarized
information about commercially available printers printing only continuous fiber
reinforced structures is provided in Table 1.4.

When summarizing, it is important to focus on the type of software. Closed
source (Table 1.4) means that only continuous carbon fiber or thermoplastic
filament of the same manufacturer can be used, whereas open source (Table 1.4)
allows the user to choose any printing material. Currently, the majority of scientific
studies covering the testing of mechanical or quality properties of structures printed
with the continuous carbon fiber reinforced FDM technology are carried out by
using Markforged Mark One or Mark Two printers and materials. However, as this
field is becoming increasingly more popular, more and more scientists start
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modifying FDM printers by themselves by creating printing heads, by searching for
the optimum printing process, its parameters and possibilities for the preparation or
impregnation of carbon fiber before printing [75, 76, 77].

Table 1.4 Commercial FDM printers capable of continuous fiber printing [74]

. Software Fiber Working Available
Company Printer . .. .
type material principle since
Co-
. . Composer Open Carbon, extrlfsion
Anisoprint Glass, . 2014/2016
A4/A3 source . with
Aramid
towpreg
Mark Carbon Towpreg
Markforged One/Two fiber extrusion Early 2020
CEAD CFAM Closed Co—. 2018
Prime source Carbon, extrusion
Desktop metal Fiber series Glass with Early 2020
towpreg

Scientists are creating alternatives of commercial products with the purpose to
examine in detail the impact of the parameters of the printing process, the printing
construction, the shape and size of the printing nozzle, the materials and preparation
needed for printed composite structures. The companies do not share most
information how this technology operates, what the critical printing parameters are,
and how the carbon fiber is impregnated, etc. This issue limits not only the further
testing of this field and better understanding of the technology, but also its
development and improvement.

1.4. Preparation of Carbon Fiber before Printing

One of the main problems when printing fiber reinforced composite structures
is the low adhesion between the matrix and the reinforcement material. This problem
is relevant both when printing with short carbon fiber and continuous carbon fiber.
However, this problem can be reduced by impregnating or treating continuous
carbon fiber before printing. Carbon fiber tow consists of several hundred to several
thousand smaller fibers that not only cause problems with adhesion but also pose
difficulty in terms of feeding to the printing head, thus, making the printing process
more difficult and less reliable. Currently, most of the continuous fibers used for
printing with the FDM technology are either treated or impregnated. The ultimate
goal for this is to improve the adhesion between the reinforcement and the matrix
material as well as to bind separate fibers [78, 79]. The impregnating material should
be selected considering the compatibility and cohesion with the matrix material.
When producing composite structures, the carbon fiber tow is usually impregnated
or covered with a thin layer of epoxy resin. However, impregnation with epoxy resin
is not recommended for 3D printing due to the high printing temperatures, as it
begins to degrade when it reaches 250 °C [80]. It is possible to find several
examples in the scientific literature on how the fiber is treated before printing [81,
82]. Essentially, there are two methods:
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1. Pouring of the matrix material onto the carbon fiber before printing;
2. Covering the carbon fiber with polymer by evaporating the solvent material.
The more common one is the pouring of matrix material onto the fiber. It is

used due to its simplicity and safety, as no additional chemical substances or
solvents are required. The process scheme is provided in Fig. 1.4. The carbon fiber
from the coil travels to the heating pipe where it is heated, and, from there, it passes
to the filling chamber where it is submerged into the melted matrix substance. Then,
it travels through the nozzle to the heating chamber filled with water, and then it is
dried and twisted on the prepared fiber coil. Examples of this type of preparation of
carbon fiber can be found in the studies by Hu et al. [53] and Iragi et al. [83]. A
great advantage of the fiber prepared in this way is the possibility to print without
feeding any additional matrix material to the printing head. It depends on the
diameter of the prepared fiber, or, in other words, on the quantity of the matrix
material on the fiber.

Single screw extruder

Heating pipe / Cooling water
Blower
—_
-

7N\

[ _

Coaxial extrusion mould Nozzle Dragger machine

Fig. 1.4 CCF preparation by melted matrix material [53]

Another way to prepare a fiber before printing is to impregnate it in
thermoplastic solutions. One of the examples of this impregnation is provided in Fig.
1.5. In this case, a thermoplastic or any other impregnating material is dissolved in
the solvent by selecting the necessary concentration. Carbon fiber is passed through
the bath of such a solution and dried, and then it can be used for printing. The
repeated passing of such impregnated fiber through a nozzle of a small diameter is
usually used after such impregnation. This is done in order to remove the cavities
appearing inside the impregnated fiber and to remove the excess of impregnated
material on the fiber, thus providing it with the necessary geometry and shape.

Acetone degumming Deionized water rinsing Oven drying Sizing

7 L=
e
e e
e o cczac void
\
COMBOT-1 printer of CFRTPCs Sized carbon fiber Mold re-melting Coating film and impregnation

Fig. 1.5 CCF impregnation by thermoplastic solution [84]
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The substances used in impregnation, such as PVA [85], PA6 [84, 86] and
others, are listed in the scientific literature. CCF impregnation by thermoplastic
solution is more advantageous because the impregnation medium is of lower
viscosity, and thus it is easier for the impregnated material to penetrate inside the
fiber tow and provide better bonding characteristics between the individual fiber
yarns compared to the thermoplastic melting method. Furthermore, due to the lower
amount of the impregnation material on the fiber, it remains flexible and less brittle.

1.5. Mechanical Properties of 3D-printed Continuous Carbon Fiber Reinforced
Composites

One of the main reasons for the insertion of carbon fiber into the polymer
matrix is to improve the mechanical properties of printed structures. The majority of
scientific research related to the mechanical properties of 3D-printed continuous
carbon fiber reinforced structures is currently oriented towards the determination of
the tensile strength. Only a third of such tests include experiments related to the
resistance to bending or compression. It is reflected in Fig. 1.6.
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Fig. 1.6 Number of publications of continuous carbon fiber reinforced 3D printed
composite structures investigations over 6 years (2016-2022) [45]

The mechanical characteristics of printed composites depend on the printing
parameters, the percentage of carbon fiber, and the layout of fiber on the printed
structure [87]. Summarized results of tension tests published from 2016 to 2020 are
provided in Fig. 1.7. Nanya et al. [55] were among the first to test continuous carbon
fiber reinforced structures. It was revealed that, after adding impregnated continuous
carbon fiber to the PLA matrix, the tensile strength reached 91 MPa. Matsuzaki et
al. [12] also performed tension tests with the continuous carbon fiber reinforced
PLA matrix and achieved 185 MPa tensile strength. According to the authors, the
carbon content in the samples amounted to 6.6% and more. In 2017, Bettini et al.
reached 203 MPa tensile strength after inserting approximately 6% CCF into the
printed PLA structure [56]. In the same year, Dickson et al. [88] inserted approx.
11% continuous carbon fiber into the Nylon polymer matrix and reached 216 MPa
tensile strength. Haider et al. [89] also experimented with the tensile strength of
Nylon and continuous carbon fiber structures (at a ratio of 60—40%). The tensile
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strength of such structures was found to reach 330 MPa. Isobe et al. [90] achieved
similar results with the PLA (10% short fiber) matrix by inserting approx. 35.7%
continuous carbon fiber, and, in this case, the tensile strength of the structure
reached 360 MPa. In 2019, when testing continuous carbon fiber reinforced Nylon
composites, Cagri et al. [91] achieved 250 MPa tensile strength when the carbon
fiber content amounted to 14.1% of the volume of the structure. Whereas,
Mohammadizadeh et al. [72] experimented with continuous carbon fiber reinforced
Nylon composites with the carbon fiber content amounting to 58%. When carrying
out tension tests, 404 MPa tensile strength was achieved. 109 MPa tensile strength
was reached when testing continuous carbon fiber and PLA matrix composite
structures without additional impression of printed yarn into the printing platform.
Zhang et al. [70] tested samples with 10.3% carbon fiber. In the same year, Dou et
al. [92] also carried out tests with the PLA matrix and continuous carbon fiber
reinforcement composites with the fiber content amounting to approx. 24% and
achieved 244 MPa tensile strength. It could be summarized that the tensile strength
mostly depends on the carbon fiber content in the printed structure: the higher is the
percentage, the higher is the tensile strength. However, a tendency of the increase in
the tensile strength is obvious when printing with the PLA matrix. From barely 91
MPa in 2016, it reached 244 MPa (24% more) in 2020. This was achieved by
improving printing process, optimizing parameters and equipment. With the
development of technologies, scientists find ways to insert increasingly more carbon
fiber into printed composite structures.
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Fig. 1.7 Tensile strength results for years 20162020 as referred in scientific
publications

The earliest bending tests with printed continuous carbon fiber reinforced
composites were carried out in 2016. The summarized 5-year results of flexural
strength are provided in Fig. 1.8. As it can be seen from the figure, the strength
when bending varied from 133 MPa [12] to 335 MPa in 2016 [20]. In both cases, the
composite material was made of the PLA matrix and continuous carbon fiber with
the percentage content reaching 18% and 27% in the structures. In 2017, the tensile
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strength reached 147 MPa in ABS/CCF in samples with 10% carbon [54] and 263
MPa in PLA and 25% carbon fiber composites [93]. In 2018, Liao et al. [94]
experimented with 10% carbon fiber and PA12 composites and determined 125 MPa
tensile strength, whereas Qingxi et al. [53] reached 248 MPa in PLA and 25% CCF
composite structures. Heidari-Rarani et al. [75] experimented with 20% PVA
impregnated carbon fiber and PLA matrix composite structures and achieved 152
MPa strength when bending, whereas Chacon et al. [95] tested 15% carbon fiber and
Nylon structures and obtained 355 MPa flexural strength. In 2020, when
experimenting with 35% carbon fiber and PA12 and 28% CCF and Nylon samples,
accordingly, the flexural strength of 451 MPa [96] and 558 MPa [97] were
determined, respectively. As observed from the summarized data, the flexural
strength when bending depends directly on the carbon fiber content in printed
composites and on the polymer material being used. Structures with Nylon or PA12
are stronger than structures with the PLA or ABS matrix material.
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Fig. 1.8 Flexural strength results for years 2016—-2020 in scientific publications
1.6. Chapter Conclusions

The demand for 3D printed composites and other advanced structural materials
has been demonstrating a rapid increase recently. The AM technologies also start to
be treated not only as the prototyping technologies, but also as the method for the
rapid fabrication of functional complex components that can actually be used in the
fields of automotive, aerospace, medical and electronic industries. These two
reasons encourage the researchers to search for possibilities and new innovative
solutions to apply AM for industrial needs where the production speed, versatility
and flexibility is needed. Carbon fiber reinforced composites are one of the most
widely used groups of composites in the aviation and automotive industry. In
comparison with glass fiber, carbon fiber structures are lighter, more rigid, and they
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are less prone to distortions (warping) and expansion. The FDM technology is
currently one of the most widely used AM technologies for printing CCF reinforced
structures. Its popularity stems from the flexibility of this technology for
modifications, versatility, the rapidly expanding range of printable thermoplastic
materials (which can be used as the matrix material), the advancing equipment and
software. Considerable benefits for the mechanical properties of CCF reinforced
printed structures have also been reported. After inserting continuous carbon fibers
into the printed polymer matrix, the tensile strength may be increased from 3 to 7
times compared with the pure thermoplastic print. The earliest tests and scientific
publications related to continuous fiber printing with the FDM technology emerged
only in 2016. In the same year, two major market leaders, Markforged and
Anisoprint, were established. For a long time, Markforged printers, materials and
printed structures were the only research objects in this field. Therefore, in the view
of more profound understanding of the printing process of CCF composites, the
effect of the individual printing parameters, the carbon fiber content, as well as its
preparation and impregnation, on the physicochemical and mechanical properties
and on the performance characteristics of the prints need to be tested. Researchers
started to search for new alternative printing impregnation technologies and
equipment as trade secrets made this impossible with the printers which were
available on the market, which was hampering the progress and development in this
area. Therefore, in this dissertation, the printing and carbon fiber impregnation
technology and equipment shall be developed, and the influence of the FDM
parameters and impregnation processes on the mechanical and print quality
characteristics, such as microstructural properties, physicochemical, and CCF
content influence shall be tested.
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2. TECHNOLOGICAL AND EXPERIMENTAL METHODOLOGY

The main aim of this thesis is to develop and validate the FDM technology for
the rapid fabrication of complex geometry continuous carbon fiber reinforced
composite structures. The research work done during the preparation of the
dissertation was divided into three main parts that are demonstrated in Fig. 2.1:

1. Preparation. At this stage, the following were created: the CCF
impregnation technology and a custom printing head that can print CCF
reinforced composite structures.

2. Printing. At this stage, the following were created: the FDM technology-
based process that can print CCF reinforced structures. Moreover, by using
this process, samples were made for the further investigation of the
mechanical properties.

3. Testing. At this stage, all the planned experiments and research activities
necessary for the analysis of 3D printed CCF reinforced structures and the
determination of the main mechanical properties were made.
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Tmpregnation of continuous
carbon fiber
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Modification of FDM printer
printing head
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Experimental determination
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Mechanical properties
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As Fig. 2.1 demonstrates, during the research, several studies were conducted
with the objective to evaluate the possibilities and applicability of the printing head,
the reinforcement material preparation technologies and the printing process.
Moreover, the mechanical characteristics of the printed CCF composite structures,
the number of air voids in the printed structure, and print quality characteristics were
determined. For the analysis of 3D printed CCF reinforced composite structures, the
following experiments were performed:

1. Impregnation of carbon fiber in a thermoplastic solution for 3D printed CCF
composite structures to analyse the impregnation material’s compatibility
and improved printability;

2. Research of the impregnated CCF tow mechanical and physical
characterization methods for the printing of composite structures;

3. Investigation of the influence of printing parameters on the quality of 3D
printed composite structures;

2 improvement tests
[ A -
E

Fig. 2.1 Research experimental setup
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4. Determination of the delamination force and shear strength of printed
composite structures;

5. Improvement of the mechanical properties of printed composite structures
by secondary impregnation.

2.1. Materials

Composite materials consist of two or more materials with different
mechanical properties. The binding material is called the matrix, and the material
that provides strength is called the reinforcing material. The composite structures
analysed in this thesis are made of a thermoplastic PLA matrix and a continuous
carbon fiber reinforcing material.

2.1.1. Reinforcing Material

While printing 3D composite structures, Toray Industries (Japan) high-quality
nonwoven continuous carbon fiber tow was used. Depending on the test and the
printed structure, 1K (1000 carbon fiber strands) 7300B-1000 or 3K (3000 carbon
fiber strands) 7300B-3000 continuous carbon fiber tow was used in the experiment.
The carbon fiber tow of this manufacturer is made of polyacrylonitrile. As a
reinforcing material, CCF was opted for due to its high resistance to aggressive
chemicals, superior mechanical characteristics and a wide range of application for
the production of composite structures in the aviation and automotive industries.
Carbon fiber is even lighter than glass fiber, and it is 40% lighter than aluminium
and 70% lighter than steel. Due to the negative coefficient of thermal expansion, it
can be used across a wide temperature range, which is relevant in 3D printing since
the printhead may be heated up to 280 °C or more depending on the matrix used for
printing. Table 2.1 below provides the main 1K and 3K continuous carbon fiber
characteristics.

Table 2.1 Main characteristics of continuous carbon fiber [98]

Ca.rbon Number Tensile Young Elongation, | DTEX, Density,
Fiber of Fibers Strength, | Modulus, o /1000 m Jem’
Tow MPa GPa ° & &
nggg" 1000 66
3530 230 1.5 1.76
T300B- 3000 198
3000

The CCF tow was impregnated before the printing. This is for two reasons:
firstly, the carbon fiber filaments are bound together, and, secondly, the
technological FDM process is facilitated. On the other hand, impregnation increases
adhesion between the matrix and the reinforcing material and significantly improves
the mechanical properties of the printed composite structures.
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2.1.2. Matrix Material

Various thermoplastics can be used as the matrix material in 3D printing of
CCF reinforced composite structures using the FDM technology. Currently, the most
popular thermoplastics used in this technology are PLA, ABS, PETG, PC and
Nylon. Meanwhile, for these analyses, the samples were printed by using polylactic
acid (PLA) thermoplastic. PLA was chosen as the matrix material due to its easy
printing, low printing temperature, superior adhesion with the printing platform and
the impregnated CCF, universal availability, recyclability, and adequate mechanical
properties. It is important to note that polylactic acid is made of renewable sources,
such as corn starch. It is denoted by better biodegradability compared with other
conventional polymers used in FDM and biocompatible depending on the type of
PLA. Due to the low printing temperature, small amounts of harmful particles and
vapours are emitted when printing PLA thermoplastics. The recommended printing
speed ranges from 30 to 40 mm/s, whereas the temperature of the printing platform
is between 20-70 °C, and the temperature of the printhead is 160-220 °C. When
choosing the matrix material for the printing of CCFRC structures, it is important to
consider two main parameters: the thermoplastic melting point (for this class of
printers, the limit cannot exceed 250 °C to 280 °C), and the compatibility with the
solvent used during impregnation. For better adhesion and compatibility properties,
the matrix material should be the same as the thermoplastics used for impregnation.
The main characteristics of the PLA material are provided in Table 2.2.

Table 2.2 Main PLA characteristics [99]

Melting Tensile Tensile Flexural Flexural trzfl;ll:iiison
Temperature, | Modulus, Strength, Strength, modulus, temperature
°C GPa MPa MPa MPa pe c e
180-220 2.3 45.6 103 3150 ~60

2.2. Development of Impregnation Process

One of the main challenges before printing CCF reinforced composite
structures is the appropriate preparation of the tow. As mentioned above, two
different types of carbon fibers (1K and 3K) were used for the printing of composite
structures. This means that, in one case, the fiber tow consists of 1000, whereas, in
the other case, of 3000 strands of 7um diameter. Due to the low stiffness of the CCF
tow, it is virtually impossible to feed such unprepared carbon fiber to the printhead.
It tangles easily, and individual strands can break and accumulate inside the
printhead. These fiber accumulations clog the input and output channels, thereby
breaking the filament and stopping the printing process. Another important aspect is
the poor adhesion between the matrix and the reinforcing material. PLA or other
thermoplastic does not tend to adhere to the pristine CCF because of the low
interfacial bonding strength. This causes considerable difficulties in printing since
low fusion between these materials causes poor adhesion between the layers, the
print lines and the printing platform. This has an impact on the mechanical
properties of the printed composite structures and their quality. The impregnation

36



process consists of two main stages: solution preparation and impregnation. The
decision was made to soak the CCF in the solution of methylene chloride CH.Cl,
and thermoplastic. Methylene chloride was chosen for its rapid evaporation and
rapid dissolution of various thermoplastics, such as PLA, PETG, PC, etc. The three
most commonly used thermoplastics in the FDM technology were tested for
impregnation: PLA, ABS, PC. These thermoplastics differ not only in terms of the
chemical composition, but also regarding the mechanical and physical properties.
The required concentration of the solution was determined by the trial-and-error
approach, and the thermoplastic was selected whichever could ensure the highest
adhesion between the matrix and the reinforcement, and reduce the air void volume
inside the fiber thus making it more homogenous.

2.2.1. Solution Preparation

One of the most important stages in carbon fiber impregnation is the
preparation of the appropriate solution. Due to CH>Cl, being used for the dissolution,
the preparation process was performed in a fume cupboard. The solution was
prepared according to the weight ratio of the solvent to the solute. The experiment
showed that the best impregnation result is obtained when the solution concentration
is equal to 10%, which means that 100 g of the solution contains 10 g of the PLA
material and 90 g of CH2Cl, solvent. First, 90 g of solvent is added to a glass vessel.
10 g of PLA thermoplastic granules is then added to the solution stirred with a
magnetic stirrer. The preparation of the solution and the accumulation of buildup is
depicted in Fig. 2.2. It is important to add PLA granules slowly; otherwise,
individual granules (1, Fig. 2.2) tend to agglomerate and stick to large thermoplastic
buildup (2, Fig. 2.2). The accumulation of buildup delays the dissolution time
significantly. On average, without heating, the solution on the magnetic stirrer is
prepared in 45 minutes. This time can be extended up to 2 hours in the case of
buildup. In order to reduce the dissolution time, heating can be used. It is important
to choose the right temperature and not to boil the solution. When heating methylene
chloride, its evaporation increases greatly, so the concentration of the solution may
change.

Fig. 2.2 Solution preparation and accumulation of buildup: 1 — individual granules;
2 —accumulation of granules
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2.2.2. Carbon Fiber Impregnation'

During the development of the impregnation technology, an impregnation
device was created whose scheme is presented in Fig. 2.3.

Rotation
speed
30 rpm =

Fig. 2.3 Scheme for carbon fiber impregnation: 1 — spool; 2 — impregnated
CCF; 3 —nozzle; 4 — heating section; 5 — 0.8 mm nozzle (1K); 6 — 1 mm nozzle
(1K); 7 — solution; 8 — impregnation section; 9 — CCF spool

The device was made of a spool on which the impregnated carbon fiber is
wound, carbon fiber, the heating section, the impregnation section and a spool with
standard unimpregnated carbon fiber. The inlet and outlet openings (4) of the
heating section have nozzles (3) of the identical diameter, while the impregnation
section (8) uses nozzles of different diameters (5) and (6). In order to maintain the
conditions as constant as possible, the winding speed and the heating conditions are
kept constant. The winding speed in the spool (1) was kept constant at 30 rev/min,
regardless of the used solution concentration or continuous carbon fiber. The
operation of the device is based on pulling the impregnated carbon fiber through a
bath filled with the impregnation solution. While turning the impregnated fiber spool
(1) counter-clockwise, carbon fiber (2) was unwound from the second spool (9).
Firstly, the carbon fiber goes through the nozzle (6) in the impregnation section (8)
where it is immersed in the solution (7) up to the fixed roller. Through the nozzle (5)
mounted on the other side of the device, the fiber is pulled out, and it enters the
heating area. Hot air is constantly supplied to the heating section, and impregnated
carbon fiber enters the heating element through the nozzles made of
polytetrafluoroethylene (PTFE). The heating temperature is measured by using a
Flir T420 thermal imager. The thermal sensitivity of the thermal camera is 0.04 °C,
and the temperature measurement range is from -20 to 650 °C. In order to ensure
stable heating conditions, hot air is supplied to the heating section (4) of the
impregnating device until the temperature is stabilized. The measured temperature
inside the heater is about 220 °C.

The inner diameter of the nozzles (3) of the heating section is 5 mm. The dried
impregnated carbon fiber extracted from the heating section is wound on the spool

! The material in this section was previously published in [100]
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(1) at a constant speed. The diameter of the nozzle used in the impregnating section
depends on the type of the carbon fiber. The inlet nozzle (6) is made of PTFE, and
its internal diameter is 2 mm. The outlet nozzle is made of bronze, and its internal
diameter for 1K carbon fiber is 0.6 mm; meanwhile, for 3K carbon fiber, it is 0.8
mm. The diameter of the nozzle (5) is important because it influences how much
solution will remain on the impregnated carbon fiber. Identical nozzles (3) in the
heating section allow keeping the carbon fiber in the center and preventing it from
sticking to the walls of the device.

Impregnation in a solution of thermoplastic and methylene chloride solves
many of the problems associated with printing unimpregnated continuous carbon
fiber. Firstly, after impregnation, the carbon fiber filament becomes stiffer and
homogenous, i.e., individual fiber filaments of 7 um are bound into one continuous
tow. This allows the fiber to be easily fed to the printhead during the printing
process, and such carbon fiber tow is far less prone to deformation, breaking or
tangling. Secondly, impregnated carbon fiber allows for a more predictable and
reliable 3D printing process. One more important aspect is the greater adhesion
between the printing filaments, the structure layers and the printing platform. This
was demonstrated experimentally in further studies. When using impregnated carbon
fiber, the amount of air voids in the printed structure also decreases. The amount of
air voids in the structure depends on the voids that appear during the printing
process and the voids that are already present in the carbon fiber. In addition to the
qualitative advantages over unimpregnated continuous carbon fiber, considerable
improvement in mechanical properties is observed (see Chapter 3.5).

2.3. Development of FDM Process

One of the major challenges in the printing of CCF reinforced components is
the unavailability of economically affordable and well-established FDM technology
and equipment. However, the simplicity, availability and modification possibilities
of the FDM technology allow printing CCF reinforced composite structures. As it
was discussed in the literature analysis, there are currently five main methods to
insert carbon fiber into the polymeric matrix.

For the printing of composite structures with continuous carbon fiber
reinforcement, co-extrusion with the towpreg method was chosen. In this case,
modifications of the printhead are unavoidable. The supply of carbon fiber directly
to the printhead offers several major advantages. Firstly, the mixing of carbon fiber
and plastic is performed in an enclosed high-temperature environment, which allows
increasing the adhesion and decreasing the possibility of delamination between the
matrix and the reinforcement. Secondly, there is no need for the second printing
nozzle, and this allows decreasing the printhead dimensions as well as its weight,
and therefore simplifies its construction.

The analysis of the standard printhead is provided further. Its design can be
divided into two main zones: kot and cold (Fig. 2.4).

The cold zone is responsible for the proper plastic supply to the hot zone. It
consists of the stepper motor (1), the filament feeding unit (2), and the cold zone
cooling unit (3). The hot zone is responsible for the melting of the plastic and
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feeding to the printing zone. It consists of the heating element (4), the thermocouple
(5), the guide tube (6), and the nozzle (7). Even though this design is perfect for the
printing of parts of various plastics (ABS, PLA, PC, etc.), the appropriate location
for the insertion of the reinforcing material needs to be found for the printing of
continuous carbon fiber composites.

f 1l ColdEnd )

— 5

\_ o J
Fig. 2.4 Standard printing head: 1 — stepper motor; 2 — filament feeding unit; 3
— cooling unit; 4 — heating element; 5 — thermocouple; 6 — guide tube; 7 — nozzle

It was decided to produce two different prototypes after the analysis of the
printing process; the gathered knowledge was related to the impregnation of CCF
and production of composites, and the evaluation of the requirements for plastic and
fiber to be mixed in the heating element was performed. Fig. 2.5 indicates the two
prototypes which were fabricated based on the standard head.

1

° .
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a b

Fig. 2.5 Prototypes of printing heads: a — early prototype; b — improved prototype; 1
and 3 — CCF inlet; 2 — matrix inlet

It can be observed that the cold zone remained stable in both cases. The only
difference is that the improved prototype (Fig. 2.5 b) has a channel in the cold zone
for fiber entrance to the hot zone. Major changes can be observed in the hot zone.
The later prototype features two inlet tubes: one for the matrix material guidance (2),
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and the other for the carbon fiber guidance (3). The fiber guidance tube performs
several functions and solves the problems which were detected while using the early
prototype (Fig. 2.5 a):
1. The tube ensures consistent and safe entry of carbon fiber to the printing
area;
2. It helps to maintain the temperature and the appropriate pressure in the
heating element;
3. It prevents plastic from rising into the fiber feed zone;
4. It allows the fiber to enter the heating element directly, while avoiding
corners or sharp edges.

When printing with the first prototype, carbon fiber entered the heating
element at an angle of 45° through the opening (1). It was noticed that, in the case of
an opening in the heating element, the plastic tended to flow not to the printing area,
but rise to the top of the opening instead. This caused lack of plastic in the
composites and complicated fiber feeding. Complicated carbon fiber feeding to the
heating element with 45° deflection caused fracture(s) in the reinforcing material.
The second improved prototype was developed to eliminate these factors. The cross-
section of the new heating element with the prototype is demonstrated in Fig. 2.6.

Fig. 2.6 Improved prototype and its cross-sectional view: 1 — PTFE guides for CCF
and matrix; 2 — screws for mixing chamber sealing

Fig. 2.6 indicates PTFE inserts (1) designed for improved sliding with the
guide tubes. The matrix materials (the solid line), the reinforcing materials (the
dotted line), and the trajectories of mixed materials are also visible. The path of the
reinforcing material in this element is always straight, which helps to reduce the
probability of breakage and tangling. The construction and assembly allow easy
cleaning of the heating element, which was not possible in the first version.

The improved prototype of the printhead is demonstrated in Fig. 2.7. The
heating elements were made of AW5754 aluminium alloy by using milling, drilling
and threading technologies. In order to improve the adhesion of the composite and
the platform to the printing device, a cooling device consisting of a fan and an air
guide was installed. Unlike in the basic cooling solutions, here, the cool air is fed
into the printing contact area with five 360°-angled openings. This ensures the
minimum cooling of the heating element itself. These improvements allow
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decreasing the heating head’s temperature changes and ensure consistent flow of
plastic as well as better impregnation during printing.

Fig. 2.7 Final design of custom printing module

It is important to highlight that the cooling intensity has to be precisely chosen
because excessive airflow cools the heating element and the nozzle below the
critical temperature, thus reducing the fluidity of the matrix material and breaking
the continuous carbon fiber filament.

2.3.1. 3D Printer Type

For all the tests, composite samples were printed by using the half-open FDM
printer MeCreator 2 developed by GEEETECH (China) with a modified printhead
(the improved prototype) which can print continuous carbon fiber reinforced
structures (Fig. 2.6). This printer is easily modifiable and features a half-open work
area which allows monitoring the printing process at a 270° angle. Moreover, an
open printer ensures easy access to the printing area. This access allows easy feeding
of impregnated CF to the printhead. One more important aspect is that this printer
uses open-source software, which allows using not only the specific printing
preparation program, but also a user-defined one. All the samples were printed by
using Simplify3D software for the preparation of the printing process and its control.
The modified printer consists of the major parts indicated in Fig. 2.8.

Fig. 2.8 Modified MeCreator 2 printer: 1 — printhead; 2 — Y-axis motor; 3 — X-
axis motor; 4 — printing platform; 5 — Z-axis motor
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The main technical specifications of the printer are provided in Table 2.3.

Table 2.3 Main specifications of MeCreator 2 printer

Printing platform 160x160x160mm
Printer resolution 0.05 mm
Axis accuracy X/Y = 0.05 mm. Z—0.02 mm
Printing speed 1-80 mm/s
Filament diameter 1.75 mm
Standard printing nozzle 0.4 mm
Step motor 1.8° step angle with 1/16 step
File type STL, 3ds, obj, amf, dae, G-code
Filament type Thermoplastic
Maximum plate temperature ~110 °C
Maximum head temperature ~250 °C
Platform Aluminum plate + heater
Axis Stainless steel
Printer size 320%320%360 mm
Printer weight 9kg

2.3.2. FDM Process Parameters

The printing technology for producing CCF reinforced composite structures was
developed experimentally, that is, with a modified FDM printer featuring a custom-
designed printing module (the early and the improved prototypes) for printing multi-
layer composite samples. The following printing parameters were changed in the
real time: the layer height, the printing speed, the extrusion multiplier, the cooling
intensity, the print line spacing, the nozzle diameter, the heating element, and the
printing platform temperature. The optimal numerical values for these printing
settings were determined. Each of these parameters influences the quality of the
composite structure printing and the repeatability of the printing process. All the
above listed printing parameters can be divided into two groups:

e The main parameters strongly depended on the CCF tow being used (1K or
3K) and had influence on the amount of carbon fiber and the mechanical and
print quality characteristics of the composite structure;

e The auxiliary parameters did not change depending on the carbon fiber in
use and did not have major influence on the quality of the printed composite
structure or mechanical characteristics.

2.3.3. Main Parameters

The layer height (see Fig. 2.9) is one of the printing parameters used for the
printing of CCF reinforced composite structures. If the selected layer height is too
high, the composite filament may not adhere to the previous layer. The low layer
height affects the flow of plastic from the printing nozzle to the work area and
carbon fiber cutting. Broken carbon fiber cannot escape the heating element through
the print nozzle and accumulates inside thus forming a clog, and, eventually, the
carbon fiber tow breaks down. This parameter is directly related to the content of
CCEF in the printed composite structure; while the height of the layer decreases, the
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content of carbon in the structure increases. During the experiment, the layer height
was changed from 2 mm to 0.1 mm, depending on the carbon fiber being used. The
recommended layer height range for the high-quality printed composite structure
and continuous printing process was determined: 1K — 0.3/0.4 mm and 3K — 0.5/0.7
mm.

The print line spacing (Fig. 2.9) is the distance between two horizontal parallel
composite print lines. As in the layer height, the appropriate distance is also
important because it directly affects the content of carbon fiber in the printed
composite structure. The lower print line spacing means the larger content of CCF in
the composite structure. If the distance is too large, the lines may not connect and
bond together. Reducing this distance too much will cause the lines to overlap and
clog the print nozzle, and thus break the carbon filament. During the experiment, the
print line spacing was changed from 2 mm to 0.8 mm. The recommended print line
spacing for the high-quality printed composite structure and continuous printing
process was determined: 1K — 1 mm/1.2 mm and 3K — 1.4/1.6 mm.

Fig. 2.9 Isometric view of the sample: K — layer height; A — print line spacing

The extrusion multiplier: when printing thermoplastic parts with FDM
technology printers, this parameter reaches 100%. When printing composite
structures, the plastic and carbon fiber are extruded at the same time through the
printing nozzle. Therefore, the percentage of the fed plastic must be lower as,
otherwise, the plastic will be fed to the heating element faster than it can escape
through the nozzle and the printhead, and it will consequently accumulate in the
heating element. Due to being unable to escape, the plastic begins to rise in the
carbon fiber feeding channel, and it reaches the cold printhead zone. In the cold
zone, the temperature of the thermoplastic decreases significantly, and, at the same
time, the plastic turns from liquid to solid. The hardened plastic prevents the carbon
fiber filament from moving, and it breaks. In determining the appropriate plastic
feed percentage, it varied from 40% to 100%. The recommended extrusion
multiplier range was determined experimentally: 1K — 60/80% and 3K — 40/60%.

2.3.4. Auxiliary Parameters
The diameter of the printing nozzle is the parameter for high-quality and

reliable composite structure printing. It is important to select the appropriate
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diameter of the nozzle so that the plastic and CCF are easily extruded from the
heating element to the printing platform. If a bigger nozzle diameter is selected, the
plastic and fiber will escape the heating element too quickly, and there will be no
precise print line spacing. If the diameter of the nozzle is too small, the composite
matrix and the reinforcing material filament will not be able to escape the heating
element thus causing the blockage of the printing nozzle and the breakage of the
carbon fiber. The market-available diameter printing nozzles were tested
experimentally: 0.8, 1, 1.2, 1.5, 2 mm. It was noted that the stable printing process is
achieved by using a 1.5 diameter nozzle; however, when printing with 3K carbon
fiber, the nozzle tended to get blocked. Therefore, the diameter of the nozzle was
increased to 1.6 mm, which solved the issue. During the experiments, it was also
noted that the diameter of the nozzle does not depend on the carbon fiber in use. The
recommended printing nozzle diameter for 1K and 3K carbon fiber is 1.6 mm.

The printing speed: the average printing speed when printing thermoplastic
items is 40-60 mm/s; however, when printing composite continuous carbon
reinforced structures, the speed must be significantly lower. This happens because of
the high printing speed, high friction in the printing nozzle, and the printing
peculiarities (printing filament pulling while changing the printing direction), as
carbon fiber tends to break. Different printing speeds from 1 to 10 mm/s were tested
during study. The best qualitative results in terms of the printing time and process
stability were obtained with the printing structures being at 3 mm/s regardless of the
carbon fiber in use.

The heating element and the printing platform temperature: the recommended
values for PLA material are as follows: the heating element: 180 °C, and the printing
platform: 60 °C (as recommended by producers); however, during experimental
printing, the parameter settings and the development of the composite structure
printing technology, it was noted that PLA tends to suffer from poorer adhesion to
carbon fiber at standard temperatures, and its fluidity and bonding to the printing
platform decreased. Therefore, the following most appropriate temperatures in the
range of thermoplastic were determined: the heating element temperature: 200-220
°C, and the printing platform temperature: 80 °C.

Cooling is an important parameter when printing CCF reinforced composite
structures. The timely and sufficient cooling of the matrix material prevents or
reduces the pulling effect of the printing filament due to the printhead direction
changes or when printing a new layer. While searching for the best cooling, in the
testing phase, the cooling fan speed was changed in the range from 0% to 100%.
During the experiment, it was determined that the most efficient cooling range is
60-90%.

In summary, the experimentally determined and recommended printing
parameters are provided in Table 2.4.
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Table 2.4 Recommended printing parameters

Parameters 1K 3K
Layer height, mm 0.3/0.4 0.5/0.6
Print line spacing, mm 1/1.2 1.4/1.6
Extrusion multiplier, % 60/80 40/60
Printing nozzle, mm 1.6
Printing speed, mm/s 0.3
Head temperature, °C 220
Platform temperature, °C 80
Cooling, % 60-90

2.3.5. The Printing Process

The printing of continuous carbon fiber reinforced composite structures is a
complex process which requires knowledge of the most effective printing
parameters, a suitable modified printing module, and a properly prepared printer
along with the understanding of the printing process itself. A principal scheme of the
printing process is provided in Fig. 2.10.

Fig. 2.10 Scheme of the printing process: 1 —impregnated CCF; 2 — CCF feeding
channel; 3 — heating element; 4 — printing platform; 5 — thermoplastic feeding
channel; 6 — thermoplastic; 7 — printing nozzle; 8 — homogenous composite filament;
9 — thermocouple; 10 — heater; 11 — borosilicate glass

Firstly, impregnated carbon fiber (1) is passed through the printhead until it
protrudes the printing nozzle (7). As the principal scheme indicates, the carbon
filament enters the hot zone of the printhead through the carbon fiber feeding
channel (2). After the carbon fiber has been passed, the heating element (3) is heated
to the operating temperature of 220 °C. When the heating element reaches the set
temperature, thermoplastic (6) is fed through the thermoplastic feeding channel (5)
to the heating element. Thermoplastic is fed until the heating element fills with
thermoplastic, and the carbon fiber that is fed through the printing nozzle is covered
with it and becomes homogenous composite filament (8). When the filament
becomes homogenous, the printing platform (4) on which borosilicate glass (11) is
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placed is heated to 80 °C. For better adhesion between the printing platform and the
composite filament, the glass surface is coated with a layer of 3D LAC adhesive in
order to increase adhesion. When the printhead temperature remains constant (which
is measured by the thermocouple (9) and maintained by the heater (10)), the
printhead is moved to the beginning of the x and the y axes. Afterwards, the
printhead is placed near the starting point of the printed structure, and the printing
platform is placed at the starting point of the z axis. The printing process is started in
the last stage. Since continuous carbon fiber is printed, after the structure printing is
finished, the printer lowers the printing platform vertically by 20 mm. Then, the
carbon fiber filament is cut. After the printing platform has cooled down, the printed
structure can be removed from the printing platform. Since this prototype printing
device has no carbon fiber cutting unit, only one piece can be printed at a time.

After the development of 3D printing process and the determination of the
optimal printing parameters, various groups of samples were produced. As it was
mentioned above, the printing layer height and the print line spacing were changed
in the course of experiments in order to achieve the optimal mechanical performance
of composite structures. The main parameters of the printed groups can be found in
Table 2.5.

Table 2.5 Main parameters of printed sample groups

Group 1 Group 2 | Group3 | Group4 | GroupS5
Line width, mm 1 1 1.2 1.2 1.6
Layer height, mm 0.3 0.4 0.3 0.4 0.5
Fibers in the tow 1000 (1K) 3000 (3K)
Printing speed, mm/s 3

It can be seen that most of the experiments were performed with samples
produced by using the 1K carbon fiber tow; however, one group of samples
reinforced with the 3K carbon fiber tow was used as well. This group was made in
order to test the suitability of the impregnation process and to check the mechanical
properties of the composite structures reinforced with the 3K carbon fiber tow.

2.3.6. Evolution of the Printing Process

Four years of continuous research and development of the printing process
created significant changes and improved the qualitative and mechanical
characteristics compared to the state-of-the art level at the start of the study. The
experimental development of the printing technology began with the printing of the
impregnated carbon fiber while using an early heating element prototype without
additional thermoplastic insertion. The entire printing process development and
evolution with an early printing element is demonstrated in Fig. 2.11. The next step
was to incorporate an additional amount of thermoplastic in order to improve
adhesion between the layers and lines, and to improve the adhesion of the composite
structure to the printing platform. After the inclusion of thermoplastic in the printing
process, new challenges were being faced, and, while handling them, the
experimental printing technology was introduced to improve the understanding of
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the process. After the development of the printing technology, the first samples were
printed for the analysis of mechanical characteristics.

Earliest fully printed specimens

Early printing head
prototype

First specimen
First specimens without with additional
additional thermoplastic thermoplastic

2 ‘F

-

Fig. 2.11 Experimental printing with the early printing module prototype

The samples were printed by using the following parameters: layer height 1
mm, print line spacing 0.75 mm, printing speed 1 mm/s, heating element
temperature 200 °C, printing platform temperature 70 °C. When printing with an
early prototype, the carbon fiber tended to break, and the printing nozzle tended to
get blocked. The early mechanical tests also did not indicate any expected
improvement in comparison to the pure PLA. The tensile strength was only about 90
MPa, which is twice as high as the samples printed from the matrix material only
(PLA) which featured a tensile strength of about 45 MPa.

Complex structure and

Late printing head form specimens
prototype High quality composite Different infill percentage
specimens and pattern specimens

Fig. 2.12 Experimental printing with improved printing module prototype

A significant breakthrough was achieved when printing continuous carbon
fiber reinforced composite structures when the earlier printhead prototype was
replaced with the improved one (Fig. 2.12). When using the prototype, the printing
technology was significantly improved, the recommended printing parameters for
1K and 3K carbon fiber printing were determined, and high-quality samples for
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tensile and flexural tests were printed. Their tensile strength reached 320 MPa,
which is 7 times more than the values for PLA printed samples. The improved
prototype and the precisely determined printing parameters allowed printing
complex composite structures. A significant advancement in the development of the
FDM printing process was achieved with the improved printing module. Examples
are provided in Fig. 2.12.

2.4. Pre-processing of Continuous Carbon Fibers?

1.75 mm diameter PLA DR3D filament was used as the matrix material in this
investigation. The material of this matrix was used to print all of the samples used in
the experiment. Toray T300B-1000 (1000 fibers) and 7300B-3000 (3000 fibers)
nonwoven continuous carbon fiber was used as the reinforcing material. According
to the manufacturer, the diameter of one fiber is 7 micrometres regardless of the
number of fibers in the tow. Three different materials were used for the
impregnation of the carbon fiber: PLA, ABS and PC. The first material is
NatureWorks biopolymer PLA 3D850 created for the 3D printing industry. The PLA
3D850 tensile strength is 51 MPa, its Young’s modulus is equal to 2315 MPa, and
the density is equal to 1.24 g/cm?’. The second material is 4BS P400; it is a standard
industrial thermoplastic from Stratasys. The ABS P400 tensile strength is equal to 22
MPa, its Young’s modulus is equal to 1627 MPa, and the density is equal to 1.05
g/cm®. Standard 3D printing material PC from Ultimaker was used as a third
alternative for impregnation. The PC material tensile strength is 76.4 MPa, its
Young’s modulus is equal to 2134 MPa, and the density is equal to 1.18-1.20 g/cm®.
Eurochemicals methylene chloride was used as the solvent (CH,Cl,). The material
suppliers provided the characteristics of the materials described in this section.

2.4.1. Carbon Fiber Impregnation

It was decided to use various impregnation materials and investigate their
influence on the characteristics of the 3D printed samples. It was decided to analyze
the influence of three different materials on the characteristics of the printed
structures, the impregnation qualities, and the influence of the thermoplastic content
on the characteristics of the printed samples. PLA was used in the form of granules,
and ABS and PC were mechanically crushed and prepared from filaments used in
3D printing. The aim was to maintain granules of a similar size (3—5 mm) as PLA.
Solutions with concentrations of 2, 4, 6, 8 and 10 wt% were used for the test. The
polymer granules were completely dissolved by using a magnetic stirrer LBX HOI.
During dissolution, no heating was used. The impregnation technology and
equipment in use did not change regardless of the thermoplastic used for
impregnation, and the process is described in the section /mpregnation Process.

The cross-sectional surface analysis of the impregnated carbon fiber was
performed by using a Nikon Eclipse LVI100OND (Nikon, Japan) motorized microscope
and a high-resolution colour camera DS-Ri2 (Nikon, Japan). The maximum
allowable sample size for microscopic analysis is 150x150 mm, and the maximum

2 The material in this section was previously published in [100]
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display resolution of the camera is 4908x3264 pixels. The image processing
software NIS Elements D was used for the image analysis, which allowed preparing
and processing data for further work.

2.4.2. Additive Manufacturing of Composite Samples

A MeCreator 2 FDM printer was used to produce composite samples. This
system is designed to print only from thermoplastic; hence, the printhead was
modified by using the improved prototype developed and described in Section 2.3.
The printer was chosen due to its simplicity and feasibility to easily adapt to the
printing of CCF reinforced composite structures. Fig. 2.13 indicates the printing
process and samples.

Fig. 2.13 Scheme of the designed printing head and printing process: a — 3D
printing path; b — Printing process; ¢ — Printed samples

Unidirectional 0° rectangular profile samples were chosen for the experiments.
It should be mentioned that all the samples were printed with the same printer under
the same conditions and parameters. The printing parameters were adjusted
according to the carbon fiber type. All the printing parameters are provided in Table
2.6.

Table 2.6 Printing parameters

Printing
parameter/Carbon fiber Group 4 Group 5
tow
Extrusion multiplier 0.6 0.6
First layer speed, mm/s 1.20 1.20
50 first/80 second/100 50 first/80 second/100
Fan speed, % followine 1 followine |
ollowing layer ollowing layer
Extruder temperature, °C 200 200
Bed temperature, °C 70 70

2.4.3. Mechanical Tests

In order to determine the strength and elastic characteristics of printed
composite materials, analysis of their mechanical properties was performed. Firstly,
the testing of carbon fiber was performed, i.e., strength testing was conducted for all
the impregnating materials and impregnated fibers that were impregnated at various
concentrations. After impregnation, the fiber was cut to a length of 150 mm, and
each sample was clamped at a distance of 25 mm from the end of each fiber. 8
samples were prepared for each case; thus, 240 samples were produced in total. A
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Universal Two columns testing machine Tinius Olsen H25KT (limit: 25kN) (Tinius
Olsen, United Kingdom) was used for the experiments. A loading rate of 2 mm/min
was used during the tensile tests. This experiment aimed to analyze if the
concentration of the impregnation solution influences the mechanical properties of
impregnated CCF tows. Meanwhile, composite samples were printed according to
the recommendations of the ASTM D 3039 Standard. According to the presently
mentioned standard, at least five samples must be used to determine the properties of
the material. It was therefore decided to prepare 5 samples under the same printing
conditions and with the same materials. It is important to note that the composite
samples used for tension were printed by using only the carbon fiber that was
impregnated in the largest concentration solutions (8—10%), i.e., 60 pieces in total
were obtained. The geometry of the samples is not strictly regulated by the Standard,
thus samples of rectangular cross-sections with dimensions of 100x10x5 mm were
used. Even though the Standard does not require to use a tab, missing tabs can
significantly influence the mechanical properties, the nature and the location of a
break. It was decided to use a 3D printed PLA material tab with the dimensions of
30x11x1.5 mm, 1K carbon fiber reinforced samples and 40x11x1.5, respectively,
for 3K carbon fiber reinforced samples for this experiment. The slope angle used for
both types of the tab was 30° and tabs were attached to the samples by using
cyanoacrylate glue.

2.5. Evaluation of Impregnated Carbon Fiber Tow Quality

This research aims to analyse how the impregnation conditions, such as the
concentration, the impregnation speed, or the drying time of carbon fiber before
printing, affect the number of air voids in the printed structure, the adhesion between
the matrix and the reinforcing material, and the quality of the impregnated fiber.
Toray T300-1000 nonwoven continuous carbon fiber was used in the test. Before the
testing, carbon fiber was impregnated in a 10% solution of PLA and methylene
chloride. The impregnation process and its quality depend on a variety of
parameters, such as the pulling (winding) speed, the solution preparation, the drying
temperature, the chemical substances used, the inlet and outlet nozzle diameters, etc.
During the testing, the parameters of the impregnation process were kept constant:
the pulling speed was 30 rev/min, the drying temperature was 220 °C, and the inlet
and outlet opening diameters were 0.6 mm. The appropriate impregnation process
and the precisely chosen parameters have significant influence not only on the air
void volume and the strength of impregnated carbon fiber, but also on the high-
quality printing process. Microscopic image processing software NIS Elements D
was used for the image analysis of carbon fiber, and an automated Nikon Eclipse
LVIOOND microscope with a high-resolution camera DS-Ri2 was used for CCF
cross-section analysis. Samples of fiber of 30 mm in length were taken at random
and cut out of impregnated carbon fiber reel. Six continuous carbon fiber samples
were prepared for visual analysis, which was carried out by using the ImageJ2x
image processing software package. The quality of the impregnated fiber can be
described by the ratio of the area of the impregnated inner area to the area of the air
voids inside. Fig. 2.14 reveals the stages of the testing of visual analysis that are
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necessary for the calculation of the impregnated fiber cross-section area and air
voids.

a b c

Fig. 2.14 Procedure of visual analysis: a — photo of cross-section; b — total area; ¢ —
impregnated area

Firstly, a cross-sectional image of impregnated carbon fiber (a) is inserted in
the program, and the total cross-sectional area (b) is calculated. In this case, the total
cross-sectional area of the impregnated fiber is ~0.6 megapixels. In the third step,
the adjustment of the image contrast and the visual threshold help eliminate the air
voids of the total area, thus obtaining the impregnated area image (c). In this case,
the total cross-sectional area of the impregnated fiber is ~0.5 megapixels. After this
analysis, the numerical value is calculated which describes the impregnation quality
and reliability. This method can also be used to determine the number of air voids
and their location in the fiber.

Another important material performance characteristic determined in this
research is the pull-out force of the impregnated continuous carbon fiber from the
matrix. This size allows the evaluation of the adhesion between the matrix and the
reinforcing material. The samples for this test were prepared by covering the carbon
fiber attached in the middle of the cylindrical shape with the matrix material. This
method was selected for the determination of adhesion due to its simplicity,
repeatability and the more accurate results. The adhesion testing procedure is
illustrated in Fig. 2.15.

I Force
Carbon
fiber

Fixed zone

PLA

0§ T i 4
o/

a b C

Fig. 2.15 Adhesion testing procedure: a — sample preparation; b — testing
scheme; ¢ — prepared samples
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The pull-out of the impregnated fiber from the matrix material was performed
by using Tinius Olsen H25KT at a 2 mm/min loading rate. Ten samples were used to
determine the adhesion force with the impregnated carbon fiber filament in the
cylindrical sample. In order to compare the influence of the impregnation, 10
samples of untreated carbon fiber were also produced to pull out the carbon fiber
filament from the matrix material.

2.6. Investigation of Influence of Printing Parameters?

This investigation aims to characterize the internal defects of 3D printed CCF
reinforced composite structures, specifically, voids: their formation and
characterization, as well as the influence of voids on the mechanical properties. X-
ray computed tomography and the matrix dissolution method were used during the
investigation with the objective to determine the carbon content and the voids
volume in the composite structures. During the mechanical testing, the voids volume
influence on the strength performance, the adhesion properties and the breakdown
nature were investigated. The basic scheme of the research is presented in Fig. 2.16.

MATERIALS PRINTING PROCESS COMPUTED TOMOGRAPHY MECHANICAL TESTING
Specimens printed "\
according to
ASTM D3039 standard
Impregnated !
continuous v Prepared samples

carbon fiber

gl
PLA

Fig. 2.16 Research workflow for void volume determination by using XCT

4

RayScan 250E g Tensile test
. completed
3 S according to
%3 g ASTM D3039
“ standard
using Tinius

Olsen H25KT

Carbon fiber is known to possess excellent mechanical properties and is a
good electrical conductor. During the experiments, Toray T300-1000 carbon fiber
was used. The second part of the composite structure is thermoplastics; in this case,
DR3D polylactide (PLA) 1.75 mm filament was used.

During the experiments, it was decided to investigate the influence of micro
voids and their content on the tensile and bending properties in 3D printed
composite structures.

The samples were printed by using 1K impregnated continuous carbon fiber.
The fiber was impregnated in a 10% solution of NatureWorks PLA biopolymer and
CH,Cl, solvent. As previous research demonstrated, impregnation improves the
mechanical properties of the printed composite structures, as well as the adhesion
between layers, and facilitates the printing process. All the samples were printed by

3 The material in this section was previously published in [101]
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using a MeCreator? printer with a modified printhead which allows printing
composite structures. This printhead was developed to ensure the optimum printing
process of composite structures of thermoplastic and continuous carbon fiber. CAD
software Solidworks 2019 was used to prepare 3D models of the samples. Simplify
3D software was used for the preparation of models and the printing process control
which would allow choosing the location of the object, the printing speed, the layer
height, the extrusion multiplier, etc. Unidirectional 0° samples were selected for
printing according to the recommendations and requirements of the ASTM D3039
Standard. All the samples with dimensions 135x11x5 mm were printed by using the
same FDM machine, parameters and materials. Four groups of 5 samples each were
printed for the investigation, and they were different in terms of the layer height and
the print line spacing. These variables were chosen to evaluate how their variation
changes the volume of air voids and the mechanical properties of the composite
structures. Although it is well known that the tensile strength and the Young’s
modulus decrease with the increasing volume of the voids in the traditional
composite structures, however, the influence of the voids in 3D printed composite
structures has rarely been studied in the AM research community. The printing
parameters of our research are provided in Table 2.7.

Table 2.7 Printing parameters

(i;(::glse: ' Group 1 Group 2 Group 3 Group 4
Extrusion 0.6 0.6 06 o
multiplier ) : . .
First layer
printing speed, 1.20 1.20 1.20 1.20
mm/s
SSG((): ;‘:;71%% 50 first/80 50 first/80 50 first/80
Fan speed, % followin second/100 second/100 second/100
13;; £ following layer | following layer | following layer
Extruder
temperature, °C 200 200 200 200
Printing bed
temperature, °C 70 70 70 70

Before further tests, a hypothesis has been put forward that, while decreasing
the height of the printed layer and the print line spacing, the volume of air voids can
decrease, and the mechanical properties, such as strength and stiffness, of the
structure can increase.

Tensile tests were performed at a 2 mm/s loading rate on Tinius Olsen H25KT.
Each group of samples consisted of five samples with tabs attached at their ends.
Non-contact VEM 300 video extensometer was used for the displacement
measurement of the sample to the break. The samples were measured and weighed
before the tests.
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2.6.1. X-ray Defectoscopy of Printed Structures

The volume of the voids was evaluated by using two different methods. In the
first case, 20 samples for mechanical tests were scanned by using the computed
microtomography method. It was performed by using Rayscan 250E (RayScan
Technologies GmbH, Germany). RayScan 250F is a 3D computed tomography
system with two X-ray sources: a 10-230 kV X-ray source for the operation in the
micro-focus mode (focus point: @3-250 um) and the 50-450 kV macro-focus mode
(focus point: @400 um). The X-ray source and the X-ray detector can move up and
down depending on the size of the object under investigation. The active area of the
X-ray detector is 410x410 mm?, 2048x2048 pixels. The measurements were
performed by using the 10-230 kV X-ray source in the micro-focusing mode with
the following parameters: 100 kV voltage, 200 pA current, ISO 2000 exposure time.
1800 projections (scanned images) of 11 um resolution were created in total. For
each scanned sample data set, a volume closure procedure using Avizo software was
applied to separate air voids from the air around the sample (Fig. 2.17). The samples
were analysed in perpendicular planes along with the longest measurement. The full
and the filled area were calculated for each plane, and the difference between them
represents the amount of air voids in the plane.

Analysed
volume

%

a b c d

Fig. 2.17 CT analysis: a — analyzed volume; b — binary threshold; ¢ — mask from the
closing procedure; d — detected air voids

2.6.2. Air Voids Investigation Using ASTM D 3171 Standard

In order to evaluate the effectiveness of computed tomography in the
microstructural analysis of 3D printed structure research, the methodology defined
in the ASTM D 3171 Standard was used. Square cross-sectional samples were
printed by using the same printing parameters. To determine the content of carbon in
the composite structure, 3 samples with dimensions 30x10x10 mm for one type of
structure were used as required in the Standard. To determine the effect of the
surface roughness on the volume of air voids in the structure, it was decided to
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perform the test with sanded and untreated samples. Samples of both types were
weighed with an analytical balance GR-200 with an accuracy of +0.1 mg. The
samples were placed into a Memmert UFB 40 furnace at a constant temperature of
40 °C for 4 hours before weighing. The samples were measured with a Mitutoyo
SERIES 293 micrometer (accuracy =1 um) to calculate the density of the composite
structure. Procedure A2, according to the ASTM D 3171 Standard, was used for
matrix dissolution: the matrix is dissolved from the composite structure by using a
solution of sulfuric acid and hydrogen peroxide. The process workflow is provided
in Fig. 2.18.
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Fig. 2.18 Research workflow for void determination using matrix dissolving
procedure

After dissolving the matrix material, the solution was filtered to separate the
carbon fiber that was later washed with distilled water and dried at 100 °C
temperature for an hour. The dried carbon fiber was weighed with an analytical
balance GR-200. The density of the carbon fiber and the matrix material (PLA) is
provided by the manufacturers. The volume of carbon in the composite structure is
calculated as:

V.= (My/M;) - 100 - pc/py; (1

My — the mass of the weighed sample after dissolution;

M; — the mass of the composite sample before the investigation;
pe — the density of the composite structure;

pr — the density of the carbon fiber.

The density of the matrix material is calculated as:
Vin = (M = Mg)/M; - pc/pm - 100; 2

Since the densities of the materials forming the composite structure differ,
often, the percentage by mass of the matrix and the reinforcing material needs to be
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calculated. The percentage by mass of the matrix material in the composite is
calculated according to the formula:

m = (M — My)/M; - 100; )

The percentage by mass of the carbon fiber in the composite structure is
calculated according to the following formula:

W, = (M;/M;) - 100; “4)

The amount of air pores determining the quality of the composite structure is
calculated as:

V, =100 — (% + V. ); 5)
V', — the volume of pores in the composite structure.
2.7. Determination of Delamination Force and Shear Strength*

At present, in scientific articles investigating the mechanical properties of
continuous carbon fiber reinforced 3D printed composite structures, the main object
of the research is usually the tensile strength and the flexural strength; yet, other
mechanical properties are no less important. Since AM is based on the production of
the object layer by layer, it is essential to evaluate the adhesion between the layers
and the fusion between the matrix and the reinforcement. During this research, the
shear strength and the separation force required to separate the two independent
layers of the CCF reinforced structures and their dependence on the printing
parameters and the overlap length shall be investigated.

The research consists of three stages: the printing process, the mechanical
testing, and the visual analysis. The workflow is provided in Fig. 2.19.

MATERIALS PRINTING PROCESS MECHANICAL TESTING VISUAL ANALYSIS
Specimens printed { Nikon
using modified ‘. \,1 Eclipse
MeCreator 2 printer LV100ND
with
| Y Nikon DS-Ri2|

camera

Impregnated
continuous
carbon fiber

Preparod specimens
Tear off specimen

Tensile test
completed

to detgrmme Broken specimen
specimens

shear strength’
using Tinius
Olsen H25KT

Fig. 2.19 Experiment workflow for delamination force and shear strength

All the composite samples were printed by using PLA filament and
impregnated 1K CCF. MeCreator2 was chosen for the printing of composite
samples. The sequence of the printing process is provided in Fig. 2.20 a. It is

4 The material in this section was previously published in [102]
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important to note that all the samples for this test were printed by using the
improved prototype. It is marked in the scheme with the number (1). During the
printing process, thermoplastic (2) and continuous carbon fiber (3) enter the heating
element at the same time through two different input channels (4). The matrix and
the reinforcing material mix in the heating element just before the composite
filament is placed onto a borosilicate glass plate (6) on the metal printing platform
(7) through the nozzle (5). It is important to consider that the matrix material is fed
into the printhead by using a feeding device.

The carbon fiber is supplied through the movement of the printhead and the
force of adhesion to the printing platform. The constant heating head temperature is
maintained by using an electric heating element (8) and controlled by a
thermocouple (9). To increase the adhesion of the composite filament with the
printing platform and to reduce the pulling effect (Fig. 2.20 b), the glass surface is
coated with a thin layer of adhesive 3DLAC before printing. The above mentioned
pulling effect occurs when the printhead changes its direction. During this pulling,
the length of the sample decreases (as indicated in Fig. 2.20 b and 2.21 b where the
blue line marks the actual length of the sample after the printing: the orange color
represents the designed length of the sample, A is the length change after the
filament pulling).

500 pm

=5 mm

Fig. 2.20 Printing process: a — scheme of the printing process; b — pulling effect; 1 —
improved heating element; 2 — thermoplastic; 3 — impregnated CCF; 4 — guiding
tubes; 5 — nozzle; 6 — borosilicate glass plate; 7 — metal printing platform; 8 — heater;
9 — thermocouple; 10 — overlap area; 11 — steel plate; 12 — Kapton tape

It is impossible to eliminate this effect completely; however, it can be reduced
by increasing the cooling of the area, by decreasing the printing speed, or by using
additional substances to increase adhesion between the platform and the printing
structure. As mentioned above, before the printing process, extruded plastic bonds to
the printing platform together with the carbon fiber. When the printhead moves in
the x/y axis directions, the composite filament replicates the tool path and forms the
object. However, if the movement direction changes (by more than 60°), the pulling
effect may be observed since carbon fiber is not able to adhere to the platform, and
the tensile force moves it slightly along with the moving printhead. This effect can
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be reduced by increasing the cooling of the extruded material, by increasing the
adhesion of the matrix material to the platform and decreasing the printing speed, or
by performing compensation of the item dimensions.

In order to determine the shear strength, single lap-joint samples were selected
for printing. This type of sample was chosen due to its simplicity and its wide use in
determining the adhesion and shear strength in composite structures. To print these
samples with a modified printer, during the printing process on the platform, a steel
plate (11) of the appropriate thickness is added (depending on the height of the
printed sample layer). Kapton tape (12) is glued to the surface of the plate to
increase the adhesion between the printed sample and the platform. Kapton tape is
also covered with a thin layer of 3D LAC adhesive before the printing process. All
the samples used in the tests were printed by using the same printer, the same
materials, and constant printing parameters. The parameters are provided in Table
2.8.

Table 2.8 Printing parameters

Nozzle diameter, mm 1.6
Extrusion multiplier, % 70
Print line spacing, mm 1/1.2
Layer height, mm 0.3/0.4
Printing speed, mm/s 3
Cooling, % 80
Platform temperature, °C 80
Head temperature, °C 210

In order to perform statistical evaluation of the results, five samples were
obtained (Fig. 2.21) while maintaining the constant sample length (100 mm), and the
three layers were printed; however, it was decided to modify four parameters: the
layer height Z (from 0.3 to 0.4 mm), the print line spacing K (from 1 to 1.2 mm), the
overlap length Y (from 10 to 20 mm, while increasing in increments of 5 mm), and
the number of printing lines in width L (9 and 11 filaments). 120 samples were
printed in total. Details of the printed samples are given in Table 2.9 and Table 2.10.

SHEAR AREA

Fig. 2.21 Printed sample: a — schematic view of the sample; b — shear area after
print; A — length change after pulling
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All the printed samples were divided into two main groups by the number of
printing lines in their width. Like the length of the overlap, the number of printing
lines has a direct effect on the shear area width and the separation force. Each group
consists of 12 subgroups with different layer heights, print line spacing and overlap
lengths. The details of sample groups with 9 printing lines are provided in Table 2.9.

Table 2.9 Printed samples with 9 printing lines

Groupofthe| -\ | =) | 63 | Ga| G5 | G6 | G7|G8 | Gy | Gro| Gi1 | g1z
sample

L“‘e‘;‘{‘mber999999999999

Layer height| 5| 31 63| 0404 ]04]03]03|03]| 04| 04| 04
7, mm

Print line

spacingK, | 1 | 1 | 1 | 1 [ 1|1 |12]12]12]12]12]12
mm

Length of the

shearareaY,| 10 | 15 | 20 [ 10 | 15|20 | 10 | 15| 20| 10 | 15 | 20
mm

Sheilrnf{ea’ 38 | 76 1129 38 | 76 [ 129 39 | 89 | 146 | 39 | 89 | 146

The details of the sample groups with 11 printing lines are provided in Table
2.10. As the provided data indicates, the actual total area increases by 30% on
average by increasing the number of lines from 9 to 11. The maximum increase of
the shear area is recorded when the overlap length is 10 mm, and it increases by
about 41%.

Table 2.10 Printed samples with 11 printing lines

Groupofthe| -\ | - | 63| Ga | G5|G6 | G7|G8 | Go | G1o | G11 | G12
sample

L‘“e‘;‘{‘mber a1 |1

Layer height| 3| 31 63 04|04 | 0403|0303/ 04| 04| 04
Z, mm

Print line

spacingK, | 1 | 1 [ 1 | 1 | 1|1 |12|12]12]|12]12] 12
mm

Length of the

shear areaY,l 10 | 15 | 20 | 10 | 15 | 20 | 10 | 15 | 20 10 15 20
mm

Sher‘:lrni‘fea’ 53| 89 | 152 53 | 89 | 152] 59 | 116 | 176 | 60 | 116 | 176

The bigger increase in the shear area in these sample groups appears due to the
pulling of the printing filament during the printing process. This effect is indicated
in Fig 2.21 b and marked with the letter A. In order to print the sample of 100 mm,
the length of the model is designed to be 5 mm longer, i.e., 105 mm. This principle
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applies to the length of the sample, but not to the overlap length. The actual (after
printing) overlap length is provided in Table 2.11.

Table 2.11 Shear area overlap length difference

Nominal length, mm Real length of the shear area, mm|Difference, %
10 4.8 52
15 9.7 35
20 15.1 24.5

The overlap length for adhesion testing was chosen experimentally. It is not
possible to print with a nominal length of less than 10 mm or to delaminate more
than 20 mm. Samples produce fracture before they are delaminated. Therefore, when
determining the shear strength, the length was changed within the interval from 10
to 20 mm.

2.7.1. Shear strength test

The shear strength size was determined by performing a tensile test. The shear
strength was calculated by using the following formula:

T=Z: (6)

7 — shear strength;
F — shear force;
A — shear area.

The tensile test was performed with Tinus Olsen H25KT with mechanical
clamps at a loading rate of 2 mm/min. It was decided to use additional plates for the
testing. The additional plates decrease the influence of the flexural and rotating
forces which appear during the testing. A sketch of the prepared sample is presented
in Fig. 2.21 b. The additional plate dimensions are as follows: thickness 0.9 or 1.2
mm depending on the height of the sample layer, length 15 mm (regardless of the
sample parameters), the width depends on the width of the sample, the material is
PLA.

The plates are glued to the sample by using universal ethyl 2 cyanoacrylate
glue after removing any plastic deposits left after the printing with sandpaper and
rubbing the contact surface of the sample for better adhesion between the plate and
the sample.

After the shear strength test, visual analysis of the samples was performed to
determine the nature of delamination. A Nikon Eclipse LVI100ND optical microscope
was used for the visual analysis.

2.8. Improvement of Mechanical Properties by Secondary Impregnation

The test aims to investigate the possibilities of the improvement of mechanical
properties of 3D printed composite structures impregnated with epoxy resin. The
research process consists of three main stages: printing, impregnation, and
mechanical testing (Fig. 2.22).
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Thermoplastic filament and 1K continuous carbon fiber, which was
impregnated in a 10% solution of methylene chloride and PLA, were chosen for
printing. All the samples were printed by using the material extrusion based FDM
technology. Some of the printed samples were impregnated in epoxy resin. After the
impregnation, the samples were prepared for the mechanical tensile and flexural
tests. After the analysis of the obtained results, the values of the tensile and flexural
strength, the Young’s modulus, the Poisson’s ratio, and the effectiveness along with
the benefits of the impregnation process in improving the mechanical properties of
the printed composite structures were determined.

Flexural test

"i\‘_

30 minutes impregnation of
printed specimens in epoxy
resin at vacuum chamber

Prepared flexural
test specimen

Impregnated and

unimpregnated
specimen

mechanical test

results analysis

Half of the specimens goes to Prepared tensile '

l Total - 40 specimens J impregnation, another half will be test specimen

20 - bending; 20 - tensile 3
used as control specimens

Group 1 - 10 specimens
Tensile test

Group 3 - 10 specimens

Fig. 2.22 Research workflow for the improvement of mechanical properties of
3D printed CCF composite structures by secondary impregnation

All the samples were printed by using 1.75 diameter DR3D Filament (PLA)
thermoplastic filament which was used as a matrix for composite samples. Before
the printing process, carbon fiber was impregnated in a 10% solution of PLA and
dichloromethane. Some of the printed composite samples were impregnated in the
R&G Faserverbundwerkstoffe GmbH manufactured epoxy resin Epoxy Resin L
while using the hardener L. This combination of the epoxy resin and the hardener
was selected by considering its mechanical characteristics and temperature
properties. The tensile strength of this epoxy resin is 69 MPa, and the flexural
strength is 111 MPa. Resin L features a curing time of 40 minutes. At this stage, the
printed samples shall be immersed in the resin in a vacuum chamber and thoroughly
cleaned afterwards. The low viscosity of the hardener and resin system allows better
penetration of the impregnating material into the air voids inside the sample and
filling them. The low reaction temperature and hardening at the ambient temperature
allow avoiding the possible matrix damage or sample deformation. The resin is also
transparent and resistant to UV it features a glass transition temperature similar to
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that of the matrix material ~76 °C; the resin is also highly resistant to static and
dynamic effects.

2.8.1. Printing Process

According to the ASTM D 3039 Standard Test Method for Tensile Properties
of Polymer Matrix Composite Materials and ASTM D 7264 Flexural properties
testing of polymer matrix composite materials, 40 samples were taken (20 samples
for each mechanical testing). The dimensions of the tensile samples are 150x13x2
mm (LxWxH), respectively, meanwhile, the flexural sample designed dimensions
are 4x13x150 mm. It is important to note that, during designing, the sample length
was extended to 155 mm because, during the printing of composite structures with a
modified device, the printed sample shortens to the designed 150 mm. Experiments
demonstrated that the shrinkage of the printed composite structure stems from the
improper adhesion between the thermoplastic matrix and the glass surface of the
printing platform when the printhead transitions (loop) from one print line to the
other.

For increased adhesion of the printing platform and the printed composite
structure, a clean glass surface is coated with 3D LAC adhesive. The printing time
depends on the sample height (which varies from 2 to 4 mm) and on the print line
spacing (which varies from 1 to 1.2 mm). All the samples used in the testing were
printed by using the same printer, the same materials, and the constant printing
parameters. The parameters are provided in Table 2.12.

Table 2.12 Printing parameters

Sample group Group 1 | Group 3
Nozzle diameter, mm 1.6
Extrusion multiplier, % 70
Cooling, % 70
Platform temperature, °C 80
Head temperature, °C 210

40 samples were printed in total: 20 samples for tensile and 20 samples for
flexural tests. The ‘tensile’ and ‘flexural’ samples were divided into two groups (10
samples each) according to the print line spacing. Each group was divided in half;
five samples were selected before secondary impregnation in order to define the
mechanical properties of unimpregnated composite structures. The other samples
were left for the impregnation with epoxy resin. All the samples were measured by
using a caliper (in terms of their height, width and length) and weighed. To achieve
a more accurate measurement, the overall dimensions were measured three times at
different points (at both ends and at the center) of the sample.

2.8.2. Secondary Impregnation Process

Impregnation in epoxy resin was performed on twenty printed composite
samples (10 tensile and 10 flexural) to evaluate the effect of impregnation on their
mechanical properties. When printing, air voids appear between the print lines and
the printing layers (Fig. 2.23). Air voids appear not only because of the print process
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of the composite structures, but, also, due to the peculiarities of the FDM
technology, air voids always appear between 4 printing lines in two layers. The
number of air voids in the printed structure can be reduced by adjusting three
parameters of the printing process: by reducing the layer height, the print line
spacing, and the percentage of plastic in the sample. By changing any of these
parameters, the amount of the reinforcing material in the composite structure
changes accordingly. The amount of CCF in the samples used in this experiment
varied from 18% (the print line spacing was 1.2 mm) to 22.4% (the print line
spacing was reduced to 1 mm); the layer height remained constant at 0.3 mm. A
larger number of air voids in the structure exerts direct influence on the reduced
mechanical properties, the decreased adhesion between the print layers and the lines.
In addition, moisture can accumulate in the air voids of the structure, which can
significantly shorten the service life of the printed composite structures. The main
purpose of impregnation is to reduce the number of these air voids by filling them
with epoxy resin and impregnating them in a vacuum chamber. The quality of the
process directly depends on the viscosity of the epoxy resin. The more viscous it is,
the harder the epoxy resin fills the voids inside. It is necessary to ensure that, during
impregnation, the outer surface of the structure is also covered. This outer shell of
epoxy resin is also useful. The covered surface protects the composite structure from
adverse environmental factors, rapid ageing, and mechanical wear. The ideal
impregnation of the cross-section of the composite structure is indicated in Fig. 2.23.
The ideal impregnation is achieved when all air voids inside the structure are filled
with epoxy resin, and the outer surface is covered with a thin layer which helps to
smoothen the surface; however, it has no significant effect on the mechanical
properties.

Epoxy resin shell after impregnation

Internal air voids filled
with epoxy resin

Fig. 2.23 Cross-section image of sample before and after impregnation

10 tensile and 10 flexural samples (five samples each of Group 1 and Group 3)
were placed in a container for impregnation. Then, the container was filled with a
mixture of Epoxy Resin L and hardener L at a ratio of 100:40 (tolerance: +2%).
Since the total weight of the mixture in use was greater than 20 g, the resin and the
hardener were dosed according to the weight ratio. It is important to mix the epoxy
resin and the hardener at the most accurate ratio; otherwise, the curing time may be
shortened or extended, the mixture may not cure at all, or it may exhibit poorer
mechanical characteristics than the ones specified by the manufacturer. This can also
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affect the viscosity of the resin, which can lead to the insufficient filling of air voids
in the printed composite structure. Another important factor is the impregnation
process temperature. The most suitable temperature is between 20-25 °C; quantities
of more than 100 g of the mixture cannot be stirred at a lower temperature, as this
affects the viscosity of the mixture and the reaction time. When the temperature rises
by 10 degrees, the reaction time decreases by half, but the amount of heat released
during the reaction is doubled. In our case, the samples were filled with a mixture of
500 g of the epoxy resin and the hardener, and the whole system was placed in a
vacuum chamber. To eliminate as much air from the samples as possible, the
pressure inside the vacuum chamber was decreased to 0.5 kPa. The system remained
in this environment for 30 minutes. The most active elimination of air was
performed at the ends of the sample, which indicated that the greatest penetration of
the resin into the air voids of the sample occurred through the openings at the ends.
After half an hour, the samples were removed from the epoxy resin and thoroughly
dried, cleaned and left to cure for 24 hours at room temperature. After 24 hours, all
the impregnated samples were measured again. The efficiency of the impregnation
process for cavity filling was evaluated by calculating the percentage change in the
sample mass and cross-section. One of the major parameters to evaluate the
efficiency of the impregnation process and the filled voids inside the sample is the
change in the mass of the impregnated and unimpregnated samples. The higher is
the value, the higher is also the amount of the epoxy resin that got inside the sample
and reduced the number of air voids. However, this value only relatively indicates
the efficiency of the air voids filling, as the epoxy resin also remains on the outside
of the sample as well. In order to assess how well the epoxy resin was removed from
the surface of the sample and its deposits, the cross-sectional area of the sample after
impregnation is calculated. The smaller is the difference between the impregnated
and the unimpregnated sample cross-sectional areas, the better is the cleaning of the
composite structure after the impregnation process.

2.8.3. Flexural and Tensile Testing

Both impregnated and unimpregnated tensile and flexural samples were tested
by using Tinius Olsen H25KT. Different force sensors were used (a 25 kN sensor for
the tensile test, and 1 kN sensor for the flexural test) depending on the tensile and
flexural forces influencing the samples.

The flexural test was carried out according to the procedure specified in the
ASTM D 7264 Standard. Printed composite structures were bent by using the 3-point
bending method. The loading rate was 1 mm/s, and the distance between the
supports was 128 mm. All the samples were numbered prior to the test, and the
center of each sample was marked. The prepared samples and the flexural scheme
are provided in Fig. 2.24. The samples were placed on 10 mm-diameter support
rollers, and the force was transmitted to the sample through a 10 mm roller.

The flexural test was carried out until the resistance force suddenly decreased;
during the testing, a significant change in force was observed during the tenth
minute of the test, after which, it decreased dramatically.

65



Fig. 2.24 Samples ready for the test; the principal flexural test scheme

Flexural stresses were calculated by using the following formula:

3PL
0= e ™

o — stress on the outer surface at the centre, MPa;
P — force at the sample, N;

L — distance between the supports, mm;

b — sample width, mm;

h — sample height, mm.

The flexural modulus is calculated by using the following formula:

Ao
Echord — — 8
Ae (8)

E — flexural modulus, MPa;
Ae — change of bending stresses between two points of deformation, MPa;
Ao — change between two selected deformation points (nominal: 0.20%).

The tensile test was carried out according to the test procedure specified in the
ASTM D 3039 Standard. When preparing the samples for the tensile experiment,
additional plates with the dimensions 50%13.6x2 were printed of PLA and glued to
both ends of the sample. One end of the plate had a 60° bevel. The main purpose of
the plates is to evenly distribute the force resulting from the attachment of the
sample, thus reducing the possibility of damage to the sample during tension. In
addition, before the testing, the central part of the sample between the additional
plates is painted white, and six points are marked that will be used to determine the
transverse and the longitudinal deflection during tension. The sample is painted to
make the marked points clearer during the test. The prepared samples and the tensile
test scheme are presented in Fig. 2.25. Deflections were measured by using a video
extensometer. The loading rate of the printed composite structures was 2 mm/s.
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Fig. 2.25 Prepared tensile sample; scheme of the tensile test

The tensile stresses were calculated by using the following formula:
o=-; ©)

o — tensile stress, MPa;
F — force acting on the sample, N;
A — cross-sectional area of the sample, mm.
The tensile modulus was calculated by using the following formula:
02— 01
E= P (10)
E — tensile modulus, MPa;
o1 — tensile stresses at the strain of 0.25%;
o> — tensile stresses at the strain of 0.05%;
&1 — strain point 1;
&>— strain point 2.
Poisson’s ratio was calculated by using the formula:

&
v=—2t; (11)
€a
v — Poisson’s ratio;
&— lateral strain;
&4, — axial strains.

2.9. Chapter Conclusions

Following the planned research, a novel additive manufacturing technology for
the rapid fabrication of CCF reinforced structures was developed based on FDM.
Recommendations for the manufacturing parameters were presented: the layer
height from 0.3 to 0.4 mm for the 1K carbon fiber and from 0.5 to 0.7 mm for the
3K carbon fiber tow, while the print line spacing from 1 to 1.2 mm and from 1.4 to
1.6 mm for 1K and 3K carbon fiber tow, respectively, was suggested. An improved
printing module with the effective design of the input/output channels and co-
extrusion was designed, fabricated and successfully demonstrated for 3D printing of
composite structures reinforced with 1K and 3K CCF. The methodology was
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implemented, and the equipment was designed for CCF impregnation before
printing at 10 wt% PLA and treating with the methylene chloride solution. The
impregnated carbon fiber is denoted by a lower void volume, superior mechanical
properties and higher rigidity, which improves printability. The methodology for the
tensile and flexural strength, the Young’s modulus, the Poisson’s ratio and other
material characterizations was described. For the air void volume determination, two
different methods were used: dissolving of the matrix and defectoscopic analysis of
the printed composite structures by means of X-ray computed tomography. The
methodology for the improvement of mechanical properties of 3D printed composite
structures by secondary impregnation with epoxy resin was developed and tested.
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3. CHARACTERIZATION RESULTS

3.1. Carbon Fiber Tow Impregnation®

The dissolution time depends on the stirring speed, concentration and the
materials in use. The dissolution time is provided in Table 3.1. As the data in the
table indicates, the dissolution duration highly depends on the material(s) in use. The
test showed that PC dissolves most rapidly, and that there is a linear relationship
between the dissolution time and the concentration of the substance in the solution.
Meanwhile, the duration of PLA and ABS material dissolution was extended when
the concentration increased to 8%. These increases in the dissolution duration are
explained by the material behavior during dissolution. As the concentration
increased to 8-10%, granular agglomeration formed in the solution, which
significantly increased the dissolution time of the thermoplastic.

Table 3.1 Dissolution time of materials

Conceil/tration, 2 4 6 8 10
Ti(l;l);:::)lin 20 25 30 90 120
Ti(n;el,;g)lin 15 20 40 50 55
Teo | 0 . . .

After material impregnation in solutions of different concentrations, the
impregnated fiber was cut into samples of 1 m long and weighed. The results are
provided in Fig. 3.1.

023 r=esprn 0.085
0.225 —e-pBS 008
0.22 =e=pPC
Mo075s
20215 .
@ o
s o2l S 0.07
fielo 0.065
0.2
0.06
0.195 o , . ; . o
0 2 4 6 8 10 .
Concentration, % Concentration, %
a b

Fig. 3.1 Mass of carbon fiber after impregnation at different concentrations: a — 3 K
carbon fiber; b — 1 K carbon fiber

As shown by the presented data, the least prominent change in the mass of the
carbon fiber was observed in the carbon fiber impregnated with the ABS solution,
and this can be explained by the lower density of the ABS material. Meanwhile, the
density of PLA and PC thermoplastic is similar, hence, the masses of 1K PLA and

5 The material in this section was previously published in [100]
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PC impregnated carbon fiber are also similar. In order to explain the differences in
the mass between PC and PLA using 3K carbon fiber, a solution viscosity test is
required. In this case, it can be assumed that, due to the differences in viscosity, PC
is better absorbed in the carbon fiber. The results provided in Fig. 3.1 with 0%
concentration demonstrate the mass of unimpregnated carbon fiber.

The concentration of the PLA solution was shown to have a significant effect
on the quality of the carbon fiber impregnation (Fig. 3.2). As the concentration of
the solution increases, the number of air voids in the impregnated carbon fiber tow
decreases. After the visual analysis, it can be observed that the adhesion between the
carbon fiber filaments soaked in 2-4% solutions is insufficiently low. This
concentration of the solution cannot ensure the proper adhesion between separate
fibers. Meanwhile, when the concentration of the solution changes from 6% to 10%,
only slight changes in the impregnated carbon fiber are detected.

Fig. 3.2 Optical micrographs of the cross-section of impregnated carbon fiber tow: a
—2%; b -4%; ¢ —6%; d-8%; e—-10%

Tensile tests of the impregnated carbon fiber were performed to determine the
mechanical properties of the impregnated fibers and the effect of impregnation on
printed composite structures.

The tests were performed at all concentrations (2-10%) and different
impregnation materials (ABS, PLA, PC). The impregnation results are highly
dependent on different parameters, including those that are hard to control, e.g., the
impregnation device nozzle blockage. It was decided to reject two tensile test results
with the maximum and minimum values. Fig. 3.3 indicates the tensile results of PLA
impregnated carbon fiber (1K and 3K). As expected, the mechanical properties of
carbon fiber tend to increase when impregnating with a solution of a larger
concentration, i.e., the tensile force increases with a higher concentration of the
solution.
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Fig. 3.3 Tensile properties of PLA impregnated carbon fiber: a — 1K carbon fiber; b
- 3K carbon fiber

It is important to evaluate the relation between the impregnated carbon fiber
mass and the tensile force during the tension. The mass difference indicates how
much the impregnation material adheres to CCF. For this reason, the correlation
coefficient between the impregnated carbon fiber mass and the tensile force results
was calculated. Based on the obtained results, a strong relationship between the
impregnated carbon fiber mass and the tensile force was found. The calculated PLA
impregnated 1K and 3K carbon fiber correlation coefficients were determined as
0.82 and 0.97, respectively. These results indicate a significant linear relationship
between the impregnated carbon fiber mass and the tensile force.

As mentioned above, the scattering of the results that can be influenced by
various reasons, such as the nozzle blockage, the ambient temperature, the viscosity
of the solution; also, some other parameters of the impregnation process were
observed. On the other hand, it is also possible that, during the impregnation
process, when a larger amount of carbon fiber filaments is impregnated, the nozzle
tends to clog more frequently, and a large number of carbon fiber filaments is
damaged. In terms of other properties, it should be noted that 1K carbon fiber
impregnated with a 10% solution of PLA becomes fairly brittle. This causes
problems when winding this fiber on the spool, and it is more difficult to feed it to
the printing device. No such difficulties were observed after impregnation with PC
and ABS solutions. Fig. 3.4 outlines the tensile results of PC impregnated carbon
fiber.

It should be noted that the trends remain similar to the impregnation with the
PLA solution. When the concentration of the solution increases, the tensile force
also increases. The calculated correlation coefficients for PC impregnated 1K and
3K carbon fiber are 0.89 and 0.98, respectively.
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Fig. 3.4 Tensile properties of PC impregnated carbon fiber: a — 1K carbon fiber; b —
3K carbon fiber

Fig. 3.5 indicates ABS solution impregnated carbon fiber test results. There is
also a trend of the increased tensile force of the impregnated carbon fiber as the
concentration of the solution increases. A significant increase in the tensile force is
demonstrated in Fig. 3.5 when the concentration changes from 2% to 4%. The cause
may be the insufficient adhesion between the fibers, as this may be due to the low
concentration of the polymer in the solution. However, the correlation coefficient
confirms the strong positive relationship between the impregnated carbon fiber mass
and the tensile force. The lowest correlation coefficient of 0.82 was obtained in the
1K fiber impregnated with the PLA solution. Another correlation coefficient was
0.89 for the 1K fiber impregnated with PC solution.
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Fig. 3.5 Tensile properties of ABS impregnated carbon fiber: a — 1K carbon fiber; b
- 3K carbon fiber

All other correlation coefficients significantly exceeded the previously
mentioned values. The strongest relationship (correlation coefficient: 0.99) between
the variables was determined in the 3K carbon fiber impregnated with the
polycarbonate solution. Based on the obtained results, it can be stated that the results
of the carbon fiber tensile tests using 3K carbon fiber for impregnation reveal a
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higher correlation with the amount of plastic than with 1K carbon fiber. This
happens because 3K CCF is denoted by a larger specific surface area. It can be
assumed that, by changing the impregnation process parameters and impregnating
with solutions of different concentrations, the tensile strength of the carbon fiber
reinforced structures will change, respectively. The results also indicate that 1K
carbon fiber impregnated with PC offers the best qualities during the tensile test.
Yet, when using 3K carbon fiber, the best results were obtained when using
impregnation with the PLA polymer solution.

3.1.1. Mechanical Properties of 3D Printed Composite Structures

The tensile force values of the carbon fiber do not reflect the actual mechanical
properties of the composite structure because the adhesion of the impregnated
carbon fiber, the matrix material and the impregnated carbon fiber tow behavior
during the printing are not evaluated. It is also necessary to appreciate that different
impregnating materials were used, and adhesion properties between the matrix and
the reinforcing materials are unknown. Hence, in order to investigate the mechanical
properties of the composite material, the carbon fiber impregnated in 8% and 10%
solutions of ABS, PLA and PC was used. Five samples were printed with 1K and
3K carbon fiber, and different concentrations of impregnation solution were applied.

The dimensions and the mass averages of the printed samples are provided in Table
3.2.

Table 3.2 Dimensions of 3D printed samples

Material Length, mm Width, Thickness, Mass,
mm mm g
Samples reinforced with 1K carbon fiber
PLA 8 99.87+0.36 10.94+0.09 4.98+0.05 4.68+0.13
PLA 10 100.58+0.46 11.1+0.02 5.08+0.01 4.7+0.09
PC8 100.77+0.63 11.09+0.20 5.11+0.03 4.734+0.04
PC 10 101.32+0.08 10.81+0.06 5.07+0.03 4.76+0.05
ABS 8 101.2+0.52 11+0.04 5.11£0.02 4.85+0.03
ABS 10 101.16+0.17 10.9+0.04 5.07+0.02 4.794+0.09
Samples reinforced with 3K carbon fiber
PLA 8 100.17+0.23 11.63+0.02 5.25+ 5.6+0.03
PLA 10 99.57+0.63 11.54+0.03 5.29+ 5.62+0.08
PC8 99.91+0.41 11.64+0.05 5.34+ 5.6+0.07
PC 10 100.12+0.4 11.58+0.06 531+ 5.63+0.1
ABS 8 99.76+0.56 11.53+0.03 5.31+0.03 5.53+0.07
ABS 10 100.1+0.53 11.59+0.05 5.35+0.05 5.5440.02

The tensile strength test results are provided in Fig. 3.6. Based on the results of
mechanical tests of the impregnated carbon fiber tow and compared to the results of
the printed samples, it appears that impregnation affected the mechanical properties
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of the material. Also, the parameters of the printing process have a significant effect
on the repeatability of the results.
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Fig. 3.6 Values of the tensile strength of samples produced by using 3D printed
unidirectional composite materials: a — 1K carbon fiber; b — 3K carbon fiber

This is especially evident for the samples reinforced with the 1K carbon fiber
filament. On the other hand, when evaluating PLA and PC materials, an increasing
trend of the strength was observed when increasing the concentration of the solution.
In addition, an assumption can be made that the modification of the carbon fiber
surface with the thermoplastic dissolved in methylene chloride increases the
mechanical properties and adhesion. However, the experiments did not reveal the
influence of impregnation on the composite structures printed by using ABS
material. 1K carbon fiber impregnated with 10% solutions was characterized by a
wider scattering of results. When using 3K carbon fiber filaments and the 10%
concentration impregnation solution, the obtained results were lower than when
using the fiber impregnated with the 8% solution. It can be assumed that these
results were influenced by the adhesion difficulties between the impregnating
material and the matrix. It is known that the mechanical properties of the composite
materials reinforced with carbon fiber highly depend on the content of carbon in the
material. During the printing process, the carbon fiber tow is printed according to the
default path. In this case, the content of carbon was calculated by estimating the path
of the printhead and the carbon mass per unit length. It should be noted that all
samples used for the tensile test were weighed before the experiments. Therefore,
when using 1K carbon fiber, the maximum content of carbon in the sample
calculated analytically was 15.5%. Meanwhile, the minimum content of carbon in
the samples of the same type was 14.6%. When using 3K carbon fiber, the
maximum and minimum content of carbon in the sample was 25.2% and 23.8%,
respectively.

3.2. Quality of Carbon Fiber Tow

Cross-section images of six samples cut from the same impregnated carbon
fiber are given in Table 3.3. The images indicate that the impregnation process is not
consistent throughout the whole length of the impregnated filament. In samples 2
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and 4, large accumulations of air voids can be observed. These results confirm the
hypothesis that the impregnation process is non-uniform and difficult to control.
However, quantitative analysis helps to assess the quality and repeatability of
impregnation more accurately. The dark spots observed in the cross-sectional images
are air gaps or voids, the small dots are CCF threads, and the glossy surface is PLA
thermoplastic. An ideally impregnated carbon fiber tow cannot have any cavities or
air voids. In this case, air voids can appear in between fibers, impregnation material
or fiber and impregnation material. However, the impregnation process depends on
various factors, such as the concentration of the solution, the thermoplastic in use,
the rotation speed, the heating temperature, etc. Air voids appear due to these
factors. Another important factor can be the sample preparation method. During the
sample preparation process, when the sample is being cut from the impregnated fiber
filament, air cavities or other structural discontinuities may appear. When cutting,
after contact between scissors and the fiber, a part of the fragile PLA thermoplastic
matrix can crumble due to the resulting deformation.

Table 3.3 Cross-sections of impregnated CCF tow and large accumulations of air
voids

Specimen 1 Specimen 2 Specimen 3

Specimen 5

The area of internal air cavities was calculated after performing cross-sectional
analysis of the samples with /mageJ2x software. The visual analysis was performed
on all 6 samples, and the results of the impregnated carbon fiber cross-sectional area
vary from 77% to 89%. All the results are provided in Table 3.4.
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Table 3.4 Quantitative results of visual inspection

Sample 1 2 3 4 5 6
Impregnated | ¢, 80.4 78.6 772 83.7 88.9
area, %
Area of
internal air 18.7 19.6 21.4 22.8 16.3 11.1
voids, %

When comparing sample 4 with sample 6, the impregnated area increased by
14%, whereas the area of internal voids decreased by 69%. The biggest issue with
this experimental test is that the results may vary, and they depend on the threshold
level which has been chosen. When performing this type of test and evaluation of
the results, the same researcher must analyze the samples and use the same clearly
described methods and rules. Visual analysis of the cross-section of the impregnated
continuous carbon fiber shows that the impregnation process used to prepare CCF is
of appropriate and acceptable quality, and it can be used to prepare the carbon fiber
for printing.

3.2.1. Adhesion between CCF and Polymer Matrix

The results demonstrated in Fig. 3.7 suggest that the average pulling force of
unimpregnated carbon fiber of the PLA thermoplastic matrix is 38 N. The tensile
force increases more than 4 times and reaches 130 N with an attempt to pull
impregnated carbon fiber from the matrix. It is necessary to highlight that
unimpregnated CCF was easily pulled out from the matrix material. During the test,
when drawing the impregnated carbon fiber, the fiber broke before pulling it out
from the PLA matrix. Therefore, it can be assumed that the actual adhesion force is
even higher than the value provided in Fig. 3.7. The results confirm the hypothesis
that the preparation and impregnation of the continuous carbon fiber significantly
improves the bonding strength (adhesion) between the matrix and the reinforcing
material.
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Fig. 3.7 Adhesion test results and samples after test: a — pullout test results; b —
samples after test
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The results indicate that the scattering of data is slightly higher when using the
impregnated CF. Because of this behavior, it has been suggested that this difference
in results depends on the impregnation process. As it was mentioned above, internal
voids are formed after CF impregnation, and they can affect the results of tensile
strength and adhesion. On the other hand, the actual force required to extract
impregnated continuous carbon fiber from the PLA matrix was not determined in the
experiments because the fiber broke before being pulled out from the matrix. This
trend was detected with all the impregnated samples. Another important parameter
that can influence the adhesion between impregnated CF and the matrix material is
the geometric shape of the filament. As Table 3.3 reveals, the geometric cross-
sectional shape of the filament changes after the impregnation from a circle to an
ellipse. It is clear that the relative contact surface area between the matrix and the
impregnated CCF will be different in all samples, hence, this parameter can
influence the tensile strength and the scattering of results.

3.3. Quality of 3D Printed Composite Structures®

In order to evaluate the properties of 3D printed composite structures, it is
important to calculate the volume of the carbon fiber and air voids because it
influences the strength of printed structures. Two methodologies were chosen to
evaluate the reliability and effectiveness of printed composites for the analysis of 3D
printed structures. Prior to the tensile tests, all four groups of samples (5 samples
cach) were scanned by using the XCT system. The relative volume of voids
determined by using the X-ray computed tomography is provided in Fig 3.8. Each
figure indicates a different scan result for each group of samples. The relative
volume of air voids slightly differs in the individual sample in all groups. The
inconsistent volume of air voids in the samples of the same group is observed due to
the inconsistency of the printing process or due to the voids that appear during the
impregnation of the fiber or during the printing process.
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® The material in this section was previously published in [101]
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Fig. 3.8 Content of air voids in samples: a — Group 1; b — Group 2; ¢ — Group
3;d—Group 4

The obtained results show a clear trend of the relative volume of air voids: as
the height of the layer and the print line spacing decrease, the volume of voids
decreases as well. For example, the average relative volume of air voids in the first
group of samples was 18.5% (Fig. 3.8 a); however, when the print line spacing
increased from 1 to 1.2 mm (Group 3), the average air void volume increased to
22.4% (Fig. 3.8 ¢), i.e., by 3.9 percentage points. When evaluating the results in the
second (Fig. 3.8 b) and fourth (Fig. 3.8 d) sample groups, it is indicated that the
relative void volume increased by about 2.4 percentage points with the increase of
the print line spacing. When evaluating the influence of the printing parameters on
the relative volume of voids, it can be observed that, when the layer height decreases
but the print line spacing remains constant, the volume of the pores decreases more,
i.e., by 6.6 percentage points when the print line spacing is 1 mm (Fig. 3.8 a and b)
and 5.1 percentage points when the spacing is 1.2 mm (Fig. 3.8 c and d). When the
print line spacing changes from 1 to 1.2 mm, the relative void volume in the samples
is increased by 3.9 percentage points on average with a layer height of 0.3 mm, and
by 2.4 percentage points for the samples with a layer height of 0.4 mm. Therefore,
the assumption which we put forward earlier that printing parameters, i.e., the layer
height and the line width, influence the number of air voids in the samples is correct.

Matrix dissolution was chosen as the second method of composite structure
analysis. Three square cross-sectional samples were printed for each group. During
experimental tests, the matrix material was dissolved according to the A2 procedure
of the ASTM D 3171 Standard, and the amount of the reinforcing material was
weighed. It is necessary to note that both treated and untreated samples were used.
The average carbon fiber content after the dissolution is provided in Fig 3.9 a. It
reveals that the percentage of carbon fiber by weight in the treated composites is
higher than the percentage by volume due to the influence of the material’s density.
After separate evaluation of the results of each group of samples, it can be concluded
that, after reducing the layer height and the print line spacing, the content of carbon
in the printed composite structure increases. This trend can be easily explained by
the fact that the lower layer height allows increasing their number, and, similarly, by
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decreasing the line width, the number of printed lines in the layer can be increased.
The dissolution results demonstrated that the samples with the line spacing of 1.2
mm and a layer height of 0.4 mm are of lower quality, i.e., they have the lowest
share of carbon and the maximum volume of air voids. These samples (Group 4) had
13% carbon fiber content by weight and 7.2% carbon fiber by volume on average.
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Fig. 3.9 Results after matrix dissolving: a — carbon fiber content in processed
composite; b — volume of air voids in the structure

By reducing the layer height to 0.3 mm, the carbon content increases to 16.4%
by weight and 9.5% by volume. The highest content of carbon was detected in the
samples which were printed by using the following parameters: the layer height of
0.3 mm and the 1 mm print line spacing (Group 1). In this case, the content of
carbon fiber by weight was 18.8%, and it was 11.2% by volume. It is important to
remark that the results of the carbon content in the samples directly correlate with
the tensile strength determined during the tensile tests. It is clear that when the
carbon content in the sample increases, the mechanical properties of the composite
structure change significantly. One more important parameter of the structural
quality is the air void volume which indicates how stable the printing and
impregnation processes were. Fig 3.9 demonstrates the averages of the air void
volume which were calculated for the 4 groups of treated and untreated samples.
The obtained results confirm that the most important parameter of the printing
process for a smaller volume of the air void in the sample is the layer height. During
the test, it was determined that, when the width of the line in the samples is 1 mm
and the layer height is 0.3 mm (Group 1), the void volume in the untreated sample is
19%, and, due to the layer height being increased up to 0.4 mm, the void volume
increases to 23% (Group 2) in the untreated samples (Fig. 3.9 b). Respectively,
when the width of the line is 1.2 mm, and the layer height is 0.3 mm (Group 1), the
void volume in the untreated samples is 21.4%, and, after the layer height is
increased to 0.4 mm, the void volume increases to 23.5%. When evaluating the
results for the treated and untreated samples (Fig. 3.9 b), it was determined that the
air void volume in the treated samples is significantly lower. For example, the air
void volume decreases from 3% (Groups 3 and 4) to 5% (Groups 1 and 2). This
trend can be explained by the fact that untreated 3D printed samples have incurred
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damage stemming from the process of printing, as well as some micro irregularities
which directly influence the calculation of the air void volume.

A comparison of the results obtained by X-ray computed tomography and the
results obtained by using the standard ASTM D3171 procedure indicates that the
volume of the air void determined by computed tomography is on average higher by
3 percentage points. The main reason for that may be the irregular surface of the
samples which may have influenced the closing process of the scanned surface, by
connecting the voids on the outer surface of the sample to the voids inside the
sample being investigated. There may several reasons for this distribution of results:
inaccuracies caused by weighing, measurement, or setting thresholds in the image
processing algorithm.

Tensile tests were carried out with all the samples after XCT scanning. The
results provided in Fig. 3.10 indicate that the printing parameters (the layer height
and the print line spacing) exert huge influence on the mechanical properties of 3D
printed composite structures. Fig. 3.10 a reveals how the tensile strength changes by
changing the printing parameters. The diagrams indicate the averages of the results
for the printed sample group and their standard deviations. As expected, the best
result (the tensile strength: 184 MPa) was achieved in the samples which were
printed with the 0.3 mm layer height and the 1 mm print line spacing (Group 1).
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Fig. 3.10 Results of mechanical testing: a — tensile strength, b — Young’s modulus

Respectively, we note that the lowest result (the tensile strength: 120 MPa)
was achieved when the printed layer height was 0.4 mm, and the line width was 1.2
mm (Group 4). The results also clearly reveal that the layer height has more
influence on the mechanical properties of the printed composite structures than the
print line spacing.

When reducing the layer height from 0.4 mm to 0.3 mm and maintaining the
same line width of 1 mm, the tensile strength increases by 30% (Group 2 and Group
1). Respectively, if the line width is 1.2 mm, the tensile strength increases by 25.6%
(Group 4 and Group 3). When changing the print line spacing from 1.2 mm to 1
mm, the tensile strength increases by 21.7% when the layer height is 0.3 mm, and by
17.5% when the layer height is 0.4 mm. This can be explained by the fact that, by
reducing the height of each layer, the total amount of layers and the content of
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carbon fiber increase. This has a decisive effect on the tensile strength. The Young’s
modulus evaluation (Fig. 3.10 b) also indicates that the highest value of 23.8 GPa
was determined during the testing of the samples with the layer height of 0.3 mm
and the line width of 1 mm. In addition, after the evaluation of the relative volume
of air voids in the samples and their mechanical properties, it can be observed that
the results correlate, i.e., the samples (Group 1) with the lowest relative volume of
voids are also denoted by superior mechanical properties; respectively, the samples
with the maximum volume of air voids have inferior mechanical properties.
However, the exact influence of air voids on the mechanical properties cannot be
evaluated because a different carbon content is used for the samples.

The defects induced during the fracture of all 20 samples were determined
visually according to the ASTM D 3039 Standard recommendations. Fig. 3.11
provides the most common defects that occur after the tensile test. The obtained
results cannot suggest a clear conclusion that the failure mode of 3D printed
composites after a tensile test is constant. However, it was noticed that many
samples cracked near the mounting points in the clamps. This is the common issue
when performing tensile tests with composite samples of a rectangular cross-section.
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Fig. 3.11 Failure modes: a — the most common failure modes; b — delamination
of layers; ¢ — breaking of carbon fiber

Fig. 3.12 indicates the stress-strain curves for the four sample groups
demonstrating the behavior of the printed composite samples which were printed by
using different parameters during the tensile test. It may be assumed that the
structures that have a larger CCF content have more stiffness. Some of the curves
demonstrate sudden changes, especially before the failure. This behavior can be
explained by the formation of micro irregularities or delamination-related defects in
the composite structure of the sample.
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Fig. 3.12 Stress-strain curves of 3D printed samples

The designed printing and impregnation processes and equipment do not
guarantee that the printed structures do not have micro or macro voids or any other
defects that were found during the experiments. Due to the observed defects, the
nature of the fracture and the mechanical properties may change, and pores may
influence the fracture of the sample at other locations and significantly reduce the
mechanical properties. By evaluating the results of the mechanical tests, it can be
assumed that the assumption is true, i.e., when the layer height and the print line
spacing decrease, the mechanical properties of the printed composite structures
increase significantly.

3.4. Delamination Force and Shear Strength in Printed Composite Structures’

During the experiment, all the samples were successfully delaminated. No
sample broke above or below the joint area. This means that the average tensile
strength of the test structure was not exceeded during the test. The force necessary
for the delamination and shear strength was determined. The obtained results are
provided in Fig. 3.13 by grouping them according to the print line spacing and the
printed layer height.

As the plots in Fig. 3.13 indicate, the major factors influencing the
delamination force value are the layer height, the print line spacing and the overlap
length. It is clear that these three parameters directly influence the delamination
force, but the change in the overlap length exerts bigger influence. Considering the
change in results when the layer height of the sample decreases from 0.4 mm to 0.3
mm, it can be observed that the force needed for delamination increases
significantly. The delamination force of the 10 mm joint area width of the samples
of 9 lines of Group 4 is equal to 236 N, whereas the reduction of the layer height
increases the delamination force up to 470 N. In other words, when the layer height
is reduced by 100 pum, the force is doubled. A similar trend was also noted in the
samples printed in Group 1 and Group 2 9 lines, 10 mm groups; in this case, the
delamination force increases to 279 N, or by 88%. This upward trend does not

7 The material in this section was previously published in [102]
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depend on the total area, the number of printing lines, or the shear area length and
remains approximately the same for all the sample groups.
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Fig. 3.13 Shear force of samples in the groups with different print line spacing and
layer height: a — Group 4; b — Group 2; ¢ — Group 3; d — Group 1

Another important printing parameter is the print line spacing, and the
influence of this parameter on the composite delamination force needs to be
determined. When the print line spacing was reduced from 1.2 mm to 1 mm, the
lower delamination force increase was noted, i.e., 30% on average. Comparing the
values of the force required to delaminate the samples with the overlap length of 20
mm of 11 lines, which are 1134 N Group 4 and 1373 N Group 2, respectively, an
increase of 239 N (or 21%) is observed.

A brief discussion of the increase in the force required for delaminating from
the total joint area is provided further. In the samples of Group 4, the area increasing
from 38.5 mm? to 176 mm? also increased the force from 236 N to 1134 N. In other
words, when the area increased 4.6 times, the delamination force increased 4.8
times. In the samples of Group 2, the force changed from 314 N to 1373 N when the
area increased from 37.7 mm? to 152 mm? In this case, the force needed for
delaminating increased 4.4 times when the shear area increased 4.1 times. In the
samples of Group 3, the force increased from 470 N to 2151 N, whereas the area
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increased from 38.5 mm? to 176 mm?. Respectively, the force increased by 4.6 times
when the area increased 4.6 times. The same trend is detected in Group 1 samples.
When the area increased from 37.7 mm? to 152 mm?, the force increased from 593N
to 2247 N. Therefore, when the total shear area increased 4 times, the delamination
force increased 3.8 times. The comparison of these results suggests that, if the shear
area increases, the tearing force also equally increases. It can be stated that there is a
linear relationship between the force and the shear area.

A conclusion can be made that of the two printing parameters (the print line
spacing and the layer height), the latter exerts more significant influence on the
value of the delamination force. It can be assumed that, when the layer height and
the print line spacing decrease, the percentage of air voids in the sample also
decreases. This assumption is based on the widely reported and discussed plastic
printing behavior when using the FDM method in the scientific literature. It is clear
that the decrease of these printing parameters allows a significant increase in
adhesion between the layers. These investigations are important because they allow
the prediction of the behavior of 3D printed composite structures with varying cross-
sections and different loads. It can be assumed that, when the shear area increases,
the delamination force increases linearly. When the number of lines increases from 9
to 11 in the sample, the force in Group 4 increases to 179.6 N on average, whereas,
in Group 2, it increases to 211.8 N. When the layer height is reduced in the relevant
sample groups to 0.3 mm, the average delamination force increases to 336.1 N in
Group 3, and to 330.8 N in Group 1. The same trend can be observed when
increasing the nominal overlap length. When this parameter increased in Group 4
samples, the force increased to 360.9 N on average, while the increase in Group 2
was 451.2 N. In the corresponding samples with a layer height of 0.3 mm, the
increase in the force required for delamination was equal to 681.4 N in Group 3 and
to 699.2 N in Group 1. These results also indicate that the lower layer height
increases the printing reliability, the parameters of the printed structure become
more predictable, and the scattering of the results becomes less prominent.
Respectively, printing with a lower layer thickness allows ensuring better adhesion
between the layers and the printing lines. Therefore, if we seek to print more reliable
composite structures with superior mechanical properties, the layer height has to be
as low as possible.
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Fig. 3.14 Shear strength of samples in the groups with different print line spacing
and layer height: a — Group 4; b — Group 2; ¢ — Group 3; d — Group 1

As it can be observed from the diagrams in Fig. 3.14, the shear strength does
not depend on the shear area. However, this mechanical property is highly
influenced by the layer height and the print line spacing. For example, the shear
strength of the samples printed with a layer height of 0.4 and a print line spacing of
1.2 mm is 6.1 MPa, whereas the reduction between the lines to 1 mm increases the
shear strength up to 8.7 MPa, i.e., an increase of 42.6% is observed. If the effect of
the print line spacing on the samples printed with the 0.3 mm layer height were
compared, it would be noted that the shear strength increases from 12.5 MPa in
Group 3 samples to 15.1 MPa in Group 1 samples (by about 21%). The change in
the layer height has a higher influence on the printed structures. When the layer
height decreased by 100 pum, the shear strength roughly doubled on average, both in
the samples printed with 1 mm or 1.2 mm print line spacing, respectively, to 12.5
MPa and 15.1 MPa. The scattering of the results is another important aspect. As it
can be observed from the diagrams in the Fig. 3.14, the largest data scattering is
observed when the nominal overlap length is 10 mm (it does not depend on the layer
height or the print line spacing). This is because the actual reduction in the length of
the shear area due to the pulling of the filament is larger and more variable than in
the larger lengths of the shear area. The larger variation and shortening occur due to
the shorter printing path and a shorter cooling time of the printed area (loop).

3.4.1. Microscopic Inspection of Test Samples

After determining the shear strength of the samples, visual analysis of the
pulled off samples was performed. When determining the delamination force, it was
observed that the samples with the up to 20 mm nominal shear area length,
regardless of the printing parameters, tended to delaminate. Fig. 3.15 indicates the
image of the sample from the G3 sample group with 11 lines after the investigation
of the delamination force. As the figure reveals, the delamination of the sample is
clean, with no breaks or cracks, no significant tear of the carbon fiber from the
matrix or any other visual structural changes. This trend was noticed in all the
groups of samples.
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Fig. 3.15 11 printing lines of G3 group sample after the shear test

This suggests that, during the test, the sample was exposed mainly to the shear
forces. When evaluating the adhesion between the layers, the lines of plastic and the
impregnated carbon fiber are visible on the surface of the layers.

Shear area after the test

CER 5 PLA matrix
Fig. 3.16 11 printing lines of G4 group sample after the shear test

It is clear that the larger is the content of the matrix material in the area, the
lower is the printing layer height or the print line spacing, which led to superior
adhesion. When these parameter values are lower, carbon fiber is more tightly
embedded in the thermoplastic matrix during the process. Some samples with an
overlap length of 20 mm had a tendency to delaminate at different failure modes.
Therefore, it was decided to analyze the failure modes after the shear strength tests
according to the ASTM D 5573 Standard. The results demonstrated that most of the
samples delaminated according to the light-fiber-tear failure modes described in the
standard.

Examples of failure modes determined after the test are demonstrated in Fig.
3.17. The fiber-tear failure mode occurs exclusively in between the fiber-reinforced
polymer matrix and is explained by the appearance of reinforcing fibers on both
delaminated surfaces. The light-fiber-tear failure mode occurs in the fiber-reinforced
polymer substrate near the surface and is characterized by a polymer matrix layer
reinforced with a thin layer visible on one of the delaminated surfaces with several
carbon fiber filaments or without them on another delaminated surface. However, no
clear failure trend was noticed during the analysis, i.e., both failure modes were
recorded in several sample groups. These groups of samples were made of different
printing parameters when the shear area length was 20 mm, and both Light-fiber-tear
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and Fiber-tear failure modes were noted. Although there was no clear trend, it is
necessary to highlight that many of the samples of the 0.3 mm layer height and the 1
mm line width are denoted by the more straightforward fiber-tear mode. This trend
can be explained by the improved layer adhesion, which is noticed when evaluating
the shear strength analysis.

Fig. 3.17 Observed failure modes after the shear test

The samples with a shear area length exceeding 20 mm tended to break earlier
during the test before they could delaminate. Two different types of breakage were
observed, specifically, a breakage near one of the additional plates and a crack near
the shear area. The schematic nature of the sample breakage is provided in Fig. 3.18.

No effect of the printing parameters was observed on the breakage of the
samples, or regarding the nature of delamination. While evaluating the testing results
of such samples, it can be stated that the tensile force of the sample exceeded the
force required to break a sample; however, it still was lower than the delamination
force. In order to investigate the samples of a bigger joint area and determine the
trends, samples of a higher thickness should be printed.

Breakage near tab

v

Broken carbon fiber and matrix

Breakage near

shear area

Stair like fracture

Fig. 3.18 Examples of sample fracture patterns
3.5. Improvement of Mechanical Properties by Secondary Impregnation

The obtained measurement results are summarized, and the average values are
calculated. The cross-sectional area of the sample is calculated as it will be later
used for the determination of the mechanical properties of composite structures and
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the evaluation of the change of the cross-sectional area of the sample after
impregnation. The results of the flexural and tensile measurements and calculations
are summarized in Tables 3.5 and 3.6.

Table 3.5 Flexural sample dimensions before impregnation

Sample Width, mm | Height, mm Length, Mass, g Area. of cross-
number mm section, mm?
Group 1 (reference samples)
1 13.83 4.48 151.29 9.30 61.93
2 13.78 4.36 151.17 9.33 60.11
3 13.71 4.38 150.31 9.08 60.04
4 13.83 4.47 150.64 9.58 61.85
5 13.92 4.57 148.85 9.40 63.68
Five sample 13.81 4.45 150.45 9.44 61.52
average
Group 1 (samples for impregnation)
1 13.59 4.42 150.69 9.43 60.02
2 13.62 4.37 150.30 9.25 59.49
3 13.71 4.47 150.41 9.11 61.33
4 13.71 4.49 150.95 9.37 61.57
5 13.74 4.38 150.95 9.33 60.24
Fivesample | 5 ¢ 4.43 150.66 9.29 60.24
average
Group 3 (reference samples)
1 13.56 4.52 150.44 9.36 61.29
2 13.66 4.50 150.18 9.45 61.44
3 13.74 4.52 149.75 8.91 62.04
4 13.60 4.48 149.24 8.91 60.99
S5 13.65 4.50 149.49 8.93 61.43
Five sample 13.64 4.5 149.82 9.11 61.43
average
Group 3 (samples for impregnation)
1 13.61 4.48 150.63 9.40 60.91
2 13.63 4.48 150.02 9.19 61.11
3 13.59 4.49 149.92 9.30 61.08
4 13.60 4.52 149.85 9.37 61.52
5 13.71 4.49 150.03 9.12 61.57
Fivesample |, o) 4.50 149.82 9.11 61.44
average

ASTM D 7264 Standard specifies the overall dimensions of a flexural sample,
specifically, 150x13x4. When summarizing the measurement results of the printed
samples, an increase in the dimensions was observed. The average change in the
height of 20 samples is about 11.8%, the change in width equals to 5.7% and 4.9%
(at 1 mm and 1.2 print line spacing), and there is virtually no change in the length
(only up to 0.2%). The only difference between the overall dimensions of the
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flexural and tensile samples is the lower height of the sample. According to the
ASTM D 3039 tensile Standard, the sample dimensions can be 150x13%2 mm.
However, the values of the actual measurements as in the case of the tensile sample
are slightly bigger. The sample measurement results are provided in Table 3.6.

Table 3.6 Tensile sample dimension before impregnation

Sample . . Length Area O.f
Width, mm | Height, mm ’ Mass, g cross-section,
number mm ”
mm
Group 1 (reference samples)
1 13.59 2.25 150.64 4.66 30.57
2 13.63 2.29 150.87 4.65 31.16
3 13.57 2.26 150.96 4.63 30.62
4 13.64 2.26 150.88 4.69 30.82
5 13.54 2.21 150.89 4.69 29.98
Five sample 13.59 2.25 150.85 4.66 29.98
average
Group 1 (samples for impregnation)
1 13.52 2.50 150.45 5.64 33.79
2 13.65 242 150.51 5.62 33.03
3 13.74 241 149.91 5.59 33.08
4 13.71 2.37 149.93 5.55 32.53
5 13.64 2.33 150.52 5.52 31.74
Fivesample |5 o 2.41 150.26 5.58 32.83
average
Group 3 (reference samples)
1 13.58 2.36 150.29 4.45 32.06
2 13.39 2.35 150.33 4.52 31.46
3 13.46 2.33 149.98 4.57 31.40
4 13.42 2.29 150.30 4.49 30.73
5 13.33 2.42 149.85 4.53 32.25
Fivesample |5 44 235 150.15 4.51 31.58
average
Group 3 (samples for impregnation)
1 13.41 2.33 150.26 4.51 31.25
2 13.41 2.37 150.24 4.51 31.73
3 13.47 2.26 150.44 4.50 30.49
4 13.56 2.35 149.77 4.45 31.86
5 13.45 2.32 149.54 4.47 31.15
Five sample 13.46 233 150.05 4.49 31.29
average

The average height deviation in the twenty flexural samples from the one
specified in the standard is about 16.5%. The width deviates from the standard width
by 4.8% and 3.5% (1 and 1.2 mm), respectively, with the lowest change in the
length being as little as 0.2%.

The measurement results of the dimensions after impregnation are provided in
Tables 3.7 and 3.8.
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Table 3.7 Flexural sample dimensions after impregnation
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Group 1

1 13.62 4.45 151.30 10.46 10.92 60.55 0.88

2 13.74 4.41 150.46 10.44 12.86 60.61 1.88

3 13.77 4.54 150.96 10.83 18.88 62.49 1.88

4 13.73 4.55 151.13 10.70 14.19 62.41 1.36

5 13.78 4.42 151.10 10.54 12.97 60.86 1.03

Five

sample 13.73 4.47 150.99 10.59 13.96 61.38 1.41

average
Group 3

1 13.62 4.52 150.80 10.56 12.34 61.59 1.12

2 13.73 4.54 150.13 10.86 18.17 62.27 1.91

3 13.51 4.55 150.18 10.56 13.55 61.49 0.67

4 13.57 4.60 150.07 10.65 13.66 62.39 1.42

5 13.73 4.55 151.05 10.80 18.42 62.53 1.56

Five

sample 13.63 4.55 150.45 10.69 15.23 62.05 1.34

average

The average change in the mass of the flexural samples in the Group 1 samples
is 14%, and in the Group 3 samples, it is 15.2%, the mean percentage change in
cross-section is 1.4% and 1.3%, respectively. The highest change in the mass was
observed in Group 1 samples: 18.9%, and, in Group 3 samples, it is 18.4%. The
lowest impregnation rate, i.e., change in mass in Group 1, was 10.9%, and, in Group
3, 12.3%.

The measurement results suggest that the large part of the epoxy resin
penetrated inside the sample and filled the air voids, and, on the outside of the
samples, only a small amount of epoxy resin was left. This can be observed from the
slight change in the cross-section of the sample which is 3% on average in Group 1
samples and 2% in Group 3 samples.

As it can be observed from the measurement results of the samples for the
tensile test after the impregnation process (Table 3.8), the average percentage
change in mass in Group 1 samples is 22.4%, whereas, in Group 3, it is 21.6%. The
average cross-sectional percentage change is 3% and 2%. The maximum change in
mass was noticed in Group 1, i.e., 24%, while, in Group 3 samples, it was 23%. The
lowest impregnation rate in the samples of Group 1 was 21% in comparison to 20%
in Group 3.
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Table 3.8 Tensile sample dimension after impregnation
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Group 1
1 13.52 2.50 150.45 5.64 23.68 33,79 3,04
2 13.65 2.42 150.51 5.62 22.98 33,03 3,28
3 13.74 2.41 149.91 5.59 22.05 33,08 2,99
4 13.71 2.37 149.93 5.55 21.98 32,53 3,26
5 13.64 2.33 150.52 5.52 21.32 31,74 2,65
Five
sample 13.65 241 150.26 5.58 22.4 32.83 3.04
average
Group 3
1 13.60 2.36 150.32 5.45 22.47 32.05 0.02
2 13.46 2.40 150.51 5.53 22.35 32.26 2.54
3 13.54 2.37 150.20 5.48 19.91 32.13 2.32
4 13.47 2.33 150.95 5.40 20.27 31.39 2.15
5 13.44 2.48 150.45 5.57 22.96 33.28 3.19
Five
sample 13.50 2.39 150.49 5.49 21.59 32.22 2.04
average

A summary of the measurement results after the impregnation process
suggests that Group 3 samples were impregnated better. This confirms the previous
hypothesis that such samples contain more air voids due to the higher print line
spacing, and epoxy resin penetrates the sample easier.

In order to evaluate the effectiveness and the influence of epoxy resin
impregnation on the mechanical properties, tensile and flexural tests were performed
on both impregnated and not impregnated continuous carbon fiber reinforced
composite structures, and the tensile strength, the flexural strength, the Poisson’s
ratio, the tensile and flexural modulus were determined.

3.5.1. Tensile Testing

During the experiment, the tensile strength of the printed composite samples
was determined at first. Fig. 3.19 presents the tensile stress-strain curves of the
samples of Group 3 and Group 1. It can be observed that the impregnated samples
are denoted by higher tensile strength than the unimpregnated samples, regardless of
the print line spacing. The lowest stress value in Group 3 impregnated samples is
249 MPa, whereas, in the unimpregnated samples of the same group, the value is
189 MPa. After the impregnation, the stress increased by 60 MPa. The maximum
stress value in the same group in the impregnated samples is 281 MPa, whereas, in
the unimpregnated samples, it is 218 MPa. Therefore, after the impregnation, the
stress of the printed composite structures is increased by 63 MPa. It can be observed
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that, between the maximum and the minimum strain values in this group, the
impregnation with epoxy resin increases the tensile strength by about 61.5 MPa on
average. The curves also indicate that the impregnated samples tended to break
when elongation at break reaches 1.2%, whereas not impregnated samples broke
before the strain reached 1%.
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Fig. 3.19 Tensile stress-strain curves: a — Group 1 impregnated; b — Group 1
unimpregnated; ¢ — Group 3 impregnated; d — Group 3 unimpregnated sample

The same trend is clear in the Group 1 sample group as well. The minimum
stress value in Group 1 impregnated samples is 276 MPa, whereas, in
unimpregnated samples, it is equal to 255 MPa. The difference between the
minimum values is about 21 MPa. The maximum stress value in the impregnated
samples is 321 MPa, whereas, in the unimpregnated samples, it is equal to 273 MPa.
In this case, the difference between the impregnated and the unimpregnated Group 1
sample group stresses is 48 MPa. Therefore, after impregnation, the tensile strength
of this group of samples increased by 34.5 MPa on average. As in the Group 3
sample group, the impregnated samples in Group 1 broke at larger strains,
respectively, 1.3% and 1% strains. Hence, the conclusion may be drawn that the
impregnation with epoxy resin increases the tensile strength and the stiffness of the
composite structure. It is also clear that impregnation exerts bigger influence on the
Group 3 group samples. This is because the larger print line spacing in the sample
increases the number of air voids that are filled with epoxy resin during the
impregnation. The difference between the stresses in the samples of Group 3 and
Group 1 after the impregnation is about 27 MPa. As a result, impregnating at a
greater print line spacing allows increase of mechanical properties almost two times.
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It is important to note that impregnation does not change the failure mode: both
impregnated and unimpregnated samples break after reaching the maximum stress
value, and this leads to the sudden, brittle failure rupture of both impregnated and
unimpregnated samples. These curves are inherent for composite materials under
tensile load.

The summary of the tensile strength results is provided in Fig. 3.20 a. It
indicates that the impregnation with epoxy resin exerts higher influence on the
samples of Group 3. The average tensile strength in the impregnated samples of
Group 3 is 265 MPa, whereas, in Group 1, it is 299 MPa. The difference between the
impregnated groups is about 13%. Comparing the unimpregnated groups with one
another, when the average tensile strength in Group 3 reaches 203 MPa, and 264
MPa in Group 1, it can be observed that the difference is about 31%. The difference
between the tensile strength of the groups after impregnation decreases due to its
greater influence on the samples of Group 3. The best evidence of this is obtained by
comparing the impregnated and unimpregnated samples from the same group. As it
was mentioned above, the average tensile strength in Group 3 is 203 MPa, and, after
impregnation, it increases to 265 MPa. Hence, impregnation results in a 31%
increase. Meanwhile, in Group 1, the tensile strength of unimpregnated tensile
samples is 264 MPa, whereas, the value of the impregnated samples is 299 MPa; the
increase accounts for about 13% after impregnation. It can be concluded that the
impregnation of samples with a larger print line spacing achieves an even 18%
higher increase regarding the tensile strength. The graph also indicates that the
scattering of the results is not high, especially in the unimpregnated samples, which
suggests that the printing process is stable and consistent. Higher scattering of
results is observed in the impregnated groups of samples. The highest scattering of
results is detected in the impregnated samples of Group 1. It can be assumed that the
higher scattering of results after impregnation is observed due to uneven cleaning or
void filling of the samples after the impregnation process or because of uneven
penetration of the epoxy resin into the air pockets in the sample.

Another characteristic of the material determined during the tensile test is the
Poisson’s ratio.. For most materials, the Poisson’s ratio is between 0 and 0.5. The
results of the test are provided in Fig. 3.20 b for printed composite structures. After
the ratio was calculated, it varied from 0.39 in Group 1 samples to 0.30 in Group 3
samples on average. After the impregnation, this value increased to 0.41 in the
Group 1 and 0.38 in Group 3 sample groups. The Poisson’s ratio increase after
impregnation in the sample groups was 5% in Group 1 and 27% in Group 3. It is
clear that the trend is the same: the impregnation exerts higher influence on the
samples with a larger print line spacing. When comparing impregnated and
unimpregnated samples from different groups, the difference between the Poisson’s
ratio is 8% and 30%, respectively. As follows, after the impregnation, the difference
between Group 3 and Group 1 samples in the Poisson’s ratio decreased by 22%. The
graph also indicates that the scattering of the calculated ratios is low, i.e., the
printing and impregnation of the samples was of sufficient quality.
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Fig. 3.20 Mechanical properties: a — Tensile strength; b — Poisson’s ratio; ¢ —
Young’s modulus

One more physical property describing the printed composite material is the
Young’s modulus. The results obtained during the experiment are provided in Fig.
3.20 c. The graph reveals that the average Young’s modulus of unimpregnated
continuous carbon fiber reinforced 3D printed composite structures is 24 GPa in the
Group 1 samples and 20 GPa in the Group 3 samples. The difference between the
modulus of elasticity of these groups is 17%. After impregnation, the modulus of
elasticity increases in the corresponding groups up to 24 GPa and 22 GPa,
respectively. The difference between the modulus of elasticity of these groups is
17%. A comparison of the results of the samples of the same groups, before and
after the impregnation, indicates that the Young’s modulus increases to 2.8% in
Group 1 and 7.5% in Group 3. The same trend is observed as in the above discussed
experiments: impregnation exerts higher influence on the samples with 1.2 mm print
line spacing, and it is almost 5% more effective compared to Group 1 samples. This
is because this group of samples contains more air voids that may be filled with
epoxy resin during the impregnation process. Another important aspect is the low
scattering of the results. This means that the test and investigations were carried out
accurately, and the preparation of the samples was of high quality.
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3.5.2. Flexural Testing

In the course of the 3-point bending test, the flexural strength of the printed
composite samples was tested first. Fig. 3.21 indicates the stress-strain curves of
samples Group 3 and Group 1. This reveals that the impregnated samples are
characterized by higher flexural strength than the unimpregnated samples, regardless
of the print line spacing. The tensile test demonstrated the same trend. The minimum
stress value in the Group 3 impregnated samples was 281 MPa, while, in the
unimpregnated samples of the same group, it was 132 MPa. The strength increased
by 149 MPa after impregnation. In other words, the samples withstand two times
higher loads before fracture. The maximum stress value of the same group of
samples in the impregnated samples is 308 MPa, whereas, in the unimpregnated
samples, they yield 150 MPa. Therefore, after impregnation, the flexural strength of
the printed composite structure increased by 158 MPa or 69%. It is clear that,
between the maximum and minimum stress values in this group, impregnation with
epoxy resin increases the flexural strength by about 154 MPa on average. The values
also indicate that the maximum stress of the impregnated samples during flexural is
reached when the strain reaches 1.5%, while the strain of the unimpregnated samples
does not reach 1.8%. The same trend is observed in the Group 1 sample group. The
minimum stress value in the Group 1 impregnated samples is 238 MPa, whereas, in
the unimpregnated samples, it is 138 MPa. The difference between the minimum
values is 100 MPa, or 53%. The maximum stress value in the impregnated samples
is about 309 MPa, whereas, in the unimpregnated samples, it is 168 MPa. In this
case, the difference between the stresses of the impregnated and the unimpregnated
samples in Group 1 is 141 MPa, or 59%. Therefore, after impregnation, the flexural
strength in this group of samples increased by 120.5 MPa on average. However,
unlike in the case of the samples of Group 3, the samples of this group, both
impregnated and unimpregnated, reach maximum flexural stresses at similar strains.
In summary, the impregnation with epoxy resin increases the mechanical properties
of the composite structure and its flexural strength by 137 MPa on average. There is
also a trend alike the one observed in the tensile test: impregnation has more
influence on the Group 3 group samples. This is because, at a greater print line
spacing, more air voids appear in the sample which are filled with epoxy resin
during impregnation. The difference between the average flexural strength in the
Group 3 and Group 1 sample groups after impregnation is about 33 MPa. However,
there is a clear difference between the flexural and tensile tests. If the material
behavior in tensile samples does not change after impregnation, then, the nature of
fraction during the flexural test is already different between the impregnated and the
unimpregnated samples. After the impregnation, regardless of the sample group, the
curves were vertical, which suggests higher stiffness of the composite material and
the flexural strength.

95



400 200
350
300 150
£
£ 250
o 200
4
£ 150
wv
100
50

100

Stress, MPa

50

0 05 1 15 2 0 0.5 1 1.5 2
Strain, % Strain, %

a b

400 200
350
300

&

£ 250

& 200

?

£ 150

v
100

50

150

100

Stress, MPa

50

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Strain, % Strain, %
c d

Fig. 3.21 Flexural strength dependency from strain: a — Group 1 impregnated;
b — Group 1 unimpregnated; ¢ — Group 3 impregnated; d — Group 3 unimpregnated
sample

When unimpregnated thermoplastic CCF composite is subjected to the flexural
test, it passes various stages before fracture; see Fig. 3.21 b and d. The curves which
are fairly similar to pure thermoplastic, elastic and plastic regions can be observed.
The stress-strain curves (Fig. 3.21 a and c) of tested samples (after the secondary
impregnation with epoxy resin) replicate the composite behavior typical for
carbon/epoxy composites. Only the elastic region is observed. This change of a
material’s behavior occurs because, after the second impregnation with epoxy resin,
printed composite structures become more homogenous. Air voids, cracks and other
defects which developed in the course of CCF composite printing are filled with
epoxy resin. This is because, in the impregnated samples, not only the matrix but
also the reinforcing material breaks during the bending test. In the unimpregnated
samples, the matrix breaks first, the gradual delamination starts, and the reinforcing
material breaks. This change in the fracture indicates successful penetration of
epoxy resin into the air voids inside the sample.

Summarized results of the flexural strength testing are provided in Fig. 3.22 a.
These graphs, as well as the stress-strain curves, indicate that impregnation with
epoxy resin exerts higher influence on the Group 3 sample group. However, unlike
in the tensile test, the difference in the influence between the different groups is not
so prominent. The average flexural strength in the impregnated samples of Group 3
is 294 MPa, whereas, in Group 1, it is 273 MPa. The difference between the
impregnated groups is about 7.7%. Meanwhile, the tensile test yielded the difference
of 13%. A comparison between the unimpregnated groups, where the average
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flexural strength in Group 3 is 140 MPa, which compares against 153 MPa in Group
1, indicates that the difference is about 9.3%. The difference between the groups
decreases after impregnation due to the higher influence on the samples of Group 3.
Strong evidence supporting this assumption is the comparison between the
impregnated and the unimpregnated samples of the same group. As mentioned
above, the average flexural strength of Group 3 is 140 MPa, and, after impregnation,
it increases to 294 MPa. The impregnation accounts for an increase of 110%.
Meanwhile, in the Group 1 group of unimpregnated samples, the flexural strength is
153 MPa, while the impregnated samples yield the value of 273 MPa. The increase
after impregnation is about 78%. It can be assumed that, by impregnating samples
with greater print line spacing, the tensile strength increases by 32%. The
comparison of the impregnation influence on the flexural and tension strengths
indicates a clear advantage and a higher increase of the level of flexural properties.
The tensile strength increased in the Group 1 samples after impregnation only by
30.5%, whereas the flexural strength increased by 110%. Respectively, in the Group
1 samples, the tensile strength increased by 13%, and the flexural strength increased
by 78%. The higher influence on the flexural strength is achieved not only because
of the internal penetration of epoxy resin into the air voids, but also due to the
external shell that forms after impregnation. Although the surface of all the samples
is thoroughly cleaned after the impregnation, however, a small amount of resin
remains on the surface of the samples, thereby forming a shell on the sample.
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Fig. 3.22 Mechanical properties: a — Flexural strength; b — Flexural modulus

Moreover, Fig 3.22 indicates that the low scattering of the results, particularly
in the unimpregnated samples, indicates a reliable and consistent printing process.
The higher scattering of results is observed in the impregnated sample groups,
except for Group 1 of the impregnated samples. As well as in the tensile test, the
same assumption is made regarding the scattering of the results in this group. This is
influenced by the uneven cleaning and/or impregnation of the samples after the
impregnation process or the uneven penetration of the epoxy resin into the air voids
in the sample.

The flexural modulus of 3D printed continuous carbon fiber reinforced
composite material was also determined during the flexural test. The modulus
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determined during the test is demonstrated in Fig. 3.22 b. The graph of
unimpregnated continuous carbon fiber reinforced 3D printed composite structures
indicates that the average flexural modulus is 18 GPa in the Group 1 and 16 GPa in
the Group 3. The difference between the flexural modulus of these groups is 1480
MPa, or around 9%. After the impregnation, the flexural modulus increases in the
relevant groups to 21 GPa and 19 GPa. In this case, the difference in the flexural
modulus is 2097 MPa, or 11%. A comparison of the sample results of the same
groups, before and after impregnation, indicates that the flexural modulus increases
by 19% in Group 1 and 17% in Group 3. In this case, unlike before, the higher
influence of impregnation on the flexural strength is noted in Group 1, and the
difference between the impregnated samples printed with different print line spacing
is around 2%. However, these two percentage values do not contradict the fact that
impregnation exerts higher influence on the tensile and flexural strength in the
Group 3 sample group. This deviation from the previous trend can occur due to
measurement or due to poor sample cleaning after the impregnation process.
Another important aspect is the low scattering of results. In the Group 3 sample
group, it is hardly observed at all, especially in the impregnated samples, whereas, in
the Group 1 impregnated samples, the scattering is the most prominent of any of the
sample groups, which also influences the flexural modulus.

3.6. Chapter Conclusions

In this section, 3D printed CCF thermoplastic composites were analysed. The
main focus was on the pre-processing for the better printability of carbon fiber. It is
known that the impregnation of carbon fiber tow improves the quality of printed
structures. Three impregnating materials (PLA, PC, ABS) and solutions of various
concentrations (2-10%) by dissolving in methylene chloride were used. The tensile
test with impregnated carbon fiber revealed that, when the concentration of the
solution increases, the fiber resistance against breakage increases as well.
Correlation analysis demonstrated strong relationship between the tensile force of
the impregnated carbon fiber and the impregnated carbon fiber mass. The correlation
coefficient varied from 0.82 in the case with 1K PLA impregnated carbon fiber to
0.99 in the case of PC impregnated carbon fiber. In order to investigate if these
results apply to 3D printed composite materials, the samples were printed for tensile
tests by using 3 different impregnation materials (PLA, PC, ABS) and different
carbon fiber impregnating solution concentrations (8-10%). The obtained results
revealed the dependence between the solution concentration and the tensile strength,
i.e., the higher is the concentration of the impregnating solution, the larger is the
tensile strength of the composite structure. This trend is evident in 3K carbon fiber
impregnated in PLA and PC solutions, where the tensile strength increases from 154
MPa to 165 MPa and from 142 MPa to 152 MPa depending on the material used.
Meanwhile, by impregnating carbon fiber in ABS solution, the change in results was
insignificant, and, when using 3K carbon fiber, the tensile strength of the samples
even decreased from 145 MPa to 144 MPa. The difference in the results confirmed
that the impregnation process is complex and depends on many factors. To decrease
the scattering of results, the influence of these factors must be evaluated and
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controlled. Moreover, the content of CCF in the samples was determined: it varied
from 15% when using 1K carbon fiber to 25% when 3K carbon fiber was used.

The microscopic inspection of impregnated 1K CCF demonstrated that the
percentage of the impregnated area varies in the range ~80-90%. Whereas the
percentage of air voids varies in the range ~12-23%, respectively. To evaluate the
adhesion between the matrix and CCF, the carbon fiber extraction test on the matrix
material was performed. This experiment was carried out using both impregnated
and unimpregnated CCF. The results indicated that the extraction force from the
matrix of untreated CCF is 38 N on average. After CCF impregnation, the adhesion
between the reinforcing material and matrix material can increase more than four
times. After the impregnation of the fiber, the tensile force average value increases
up to 138 N.

During the mechanical tests, it was determined how the strength and elastic
characteristics of 3D printed composite structures change when modifying the
printing parameters, i.e., the printed layer height and the print line spacing. Four
groups of samples were investigated and printed by using different parameters: line
widths of 1.0 and 1.2 mm and layer heights of 0.3 and 0.4 mm. These parameters
were selected due to their influence on the mechanical properties and quality
characteristics of the printed structures. Tensile tests demonstrated that, when the
layer height and the printing line width decrease, the tensile strength increases.
Samples with a layer height of 0.3 mm and a line width of 1.0 mm demonstrated the
best results, i.e., 183 MPa tensile strength and the Young’s modulus of 23.8 GPa.
The CCF content revealed that the results of the mechanical tests correlate with the
carbon fiber content in the samples, i.e., a higher carbon fiber content ensures a
higher strength and modulus of elasticity. The same trend was also confirmed when
using X-ray computed tomography: the obtained results indicated that, when
printing the samples with a layer height of 0.3 mm and a line width of 1.0 mm, the
minimum volume of air voids is ~19%. When using XCT analysis, it was
determined that the altered printing parameters change the volume of voids. During
the evaluation of the results of the dissolution of the matrix of treated and untreated
samples, it was noted that, due to sample surface irregularities, the volume of air
voids can increase to ~5%.

The force required for the delamination of printed CCF reinforced composite
structures was determined experimentally. It appeared to directly depend on the
layer height, the print line spacing and the shear area. With the layer height being
reduced from 0.4 mm to 0.3 mm, the delamination force increases twice on average.
With the print line spacing getting reduced from 1.2 mm to 1.0 mm, the force
increases by 30% on average. When the shear area increases, the delamination force
also increases. When the number of lines increases from 9 to 11 in the sample, the
force in the samples printed with Group 4 parameters increases to 180 N on average,
whereas, in the Group 2, it increases to 212 N. If the layer height is reduced to 0.3
mm in the respective sample groups, the average delamination force increases to 336
N in Group 3 and to 330 N in Group 1. The shear strength was also calculated
during the test, and it depends only on the printing parameters, but does not depend
on the shear area; the Group 4 sample shear strength is 6.1 MPa on average, and,
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when the print line spacing was reduced to 1 mm, the shear strength increased to 8.7
MPa. The shear strength of the respective sample groups printed with the 0.3 mm
layer height is 12.5 MPa for the Group 3 samples and 15.1 MPa for Group 1. After
the visual analysis of the samples, it was determined that all samples were
delaminated cleanly, without breaks, cracks, carbon fiber tearing from the matrix or
other visual structural changes regardless of the printing parameters or the joint area
length. This trend was confirmed in all sample groups.

The influence of secondary impregnation with epoxy resin was analysed.
During the experiment, two groups of samples with a different print line spacing
were printed (the layer height remained the same, respectively, in Group 3 and
Group 1). Half of the samples were impregnated with epoxy resin, and all the
samples were tested by performing the tensile and flexural tests, investigating the
tensile and flexural strength of the material, the Poisson’s ratio, the modulus of
elasticity and the Young’s modulus. After the experiments, it was determined that
impregnation exerts higher influence on the mechanical properties of the composite
structures which are printed with a greater print line spacing, i.e., on the Group 3
samples. After the impregnation of this group, an increase of 31% in the tensile
strength and an increase of 110% in the flexural strength was observed. In Group 1,
the increase of the strength was lower: 13% for the tensile strength and 78% for the
flexural strength, respectively. The Poisson’s ratio is equal to 0.39 in the Group 1
samples and 0.30 in the Group 3. After the impregnation, this value increased to
0.41 in Group 1 and 0.38 in Group 3. The average Young’s modulus of the
composite structures is 23 GPa in Group 1 and 20 GPa in Group 3. After the
impregnation, the Young’s modulus increased in the respective groups to 24 GPa
and 22 GPa. The average flexural modulus is 18 GPa in Group 1 and 16 GPa in
Group 3. After the impregnation, the flexural modulus increased in the relevant
groups to 21 GPa and 19 GPa.
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CONCLUSIONS

Literature analysis revealed insufficient reported research work on the CCF
impregnation methods, and lack of comprehensive analysis of the potential
impregnation materials for CCF impregnation, concentrations, drying time,
temperature and the impregnation speed. The scientific literature covering CCF
printing processes lacks in-depth analysis of the ways how various printing
parameters (e.g., the layer height, the print line spacing, the printing speed) and the
differently impregnated CCF impact the mechanical properties, adhesion, or the void
content.

1. The technology and equipment for the impregnation of 1K and 3K CCF in
PLA, ABS, PC thermoplastics and solvent (methylene chloride) solution
have been developed and described. When the concentration increases from
2% to 10%, the tensile force at break increases by 20% with 1K and 105%
with 3K fiber tow. After the examination of various impregnation materials,
it was found that carbon fiber tow acquires the best properties after
impregnation in 10 wt% PLA and CH»Cl,. After impregnation, the adhesion
force between the PLA matrix and the CCF reinforcement material
increased by ~240%. Microscopic inspection demonstrated that the
percentage of air voids contained in the impregnate fiber tow ranges from
11% to 23% depending on the impregnation concentration.

2. Extrusion-based additive manufacturing process and technological
equipment capable of printing composite structures reinforced with
impregnated CCF have been developed. An improved FDM printing module
with an efficient design of the input/output channels for the co-extrusion
process was designed, fabricated and successfully applied for 3D printing of
composite structures reinforced with 1K and 3K CCF with the
recommended layer heights from 0.3 to 0.6 mm, with the print line spacing
ranging from1.0 to 1.6 mm and the extrusion multiplier ranging from 40%
to 60% depending on the tow.

3. Defectoscopic analysis of printed composite structures was carried out by
means of X-ray computed tomography and the experimental matrix
dissolving method to determine the relative volume of air voids. The air
volume in the structure directly depends on the layer height and the print
line spacing. The air void volume can be decreased by minimizing these
printing parameters. The amount of air voids determined by both methods is
very similar and ranges from ~19% to ~28% depending on the layer height
and the print line spacing. It was determined that the air void volume more
significantly depends on the layer height if compared against the print line
spacing.

4. The main mechanical properties of printed composite structures reinforced
with CCF have been experimentally determined. The tensile strength
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reaches 264 MPa and 204 MPa in sample Groups 1 and 3, respectively. The
flexural strength of the same groups samples is 153 MPa and 140 MPa,
while the Poisson’s ratio is 0.39 and 0.30. The Young’s modulus of the
materials is equal to 23.6 GPa and 20.0 GPa, and the flexural modulus is
equal to 17.0 GPa and 16.3 GPa, respectively for the above mentioned
sample groups. The shear strength depends only on the printing parameters
but does not depend on the shear area. The shear strength of Group 4 is 6.1
MPa on average, and, after the print line spacing was reduced to 1 mm, the
shear strength increased to 8.7 MPa. The shear strength of the sample
groups printed with the 0.3 mm layer height is 12.5 MPa and 15.1 MPa for
sample Groups 3 and 1, respectively.

After the secondary impregnation in epoxy resin, the tested structures
demonstrated significantly improved mechanical properties in comparison
with the unimpregnated counterparts. The tensile strength increased by
30.5%, while the flexural strength grew by 110% in sample Group 3. A
smaller increase of the tensile strength by 13% and a flexural strength of
78% was observed in sample Group 1. As it can be observed from the
obtained data, impregnation with epoxy resin exerts greater impact on the
sample groups printed with a higher layer height and print line spacing. This
is related to the dependence of the volume of air voids from these printing
parameters, i.e., there is relationship between air voids and the influence of
epoxy resin impregnation on the mechanical properties of structures. A
higher air void volume means that more epoxy resin could be absorbed.



SANTRAUKA

IVADAS
Temos aktualumas

Siuo metu pramonei Zengiant ketvirtosios revoliucijos link, adityviosios
gamybos (AG) technologijos vaidina vis svarbesnj vaidmenj vienetingje ir negausiy
serijy gaminiy gamyboje. Dél lengvo integravimo | gamybos procesa, beveik
neribotos gaminamo modelio formos ir geometrijos bei mazy gamybos atlieky Sios
technologijos tampa vis populiaresnés. Did¢jant jy panaudojimui, gamintojai ir
mokslininkai ieSko naujy, tvariy, geras mechanines savybes turin¢iy ir inovatyviy
spausdinimo medziagy. Prie§ nepilnus deSimt mety pagrindinés spausdinimo
medziagos buvo termoplastikai ir fotopolimerai, tuo tarpu pramon¢ ir mokslas vis
dazniau greziasi | jvairias kompozitines, plataus naudojimo medziagas, kurios gali
buti pasitelktos automobiliy ar aviacijos pramonéje. Kompozitinés konstrukcijos
pasizymi maza mase ir puikiomis mechaninémis savybémis, lyginant su metalinémis
konstrukcijos. Siuo metu ypatingas démesys skiriamas kompozitinéms medziagoms,
armuotoms iStisiniu pluostu, kurios gali biiti naudojamos automobiliy ir aviacijos
pramonéje. Lydziosios masés formavimo technologija (LMF) yra viena i§
pladiausiai naudojamy ir spardiausiai tobuléjanéiy AG technologijy. Sios
technologijos lankstumas, universalumas, sparciai besipleCianti spausdinamy
medziagy (kurios gali buti naudojamas kaip matricos medziaga) jvairové, pazangi
technologiné ir programiné jranga bei prieinamumas leidzia $ig technologija
pritaikyti iStisiniu anglies pluostu (IAP) armuoty kompozitiniy konstrukcijy
gamybai.

Tokiy medziagy spausdinimas naudojant LMF technologija yra sudétingas
procesas, kurio metu reikalinga tinkama ir tam pritaikyta jranga, optimizuoti
spausdinimo parametrai ir nustatyta jy jtaka gamybos procesui. Taip pat reikia
paminéti, kad anglies pluosto impregnavimo efektyvumas ir jo jtaka spausdinimo
proceso stabilumui ir spausdintos konstrukcijos mechaninéms savybéms turi bati
nustatyta norint uztikrinti gaminamy kompozitiniy konstrukcijy mechaniniy savybiy
atkartojamuma. Impregnavimo procesas turi labai reikSmingg jtakg adhezijai tarp
sluoksniy bei termoplastiko matricos ir IAP armuojancios medziagos, oro ertmiy
tiriui ir kompozitinés medziagos takumui. Visi Sie veiksniai turi jtakos spausdintos
kompozitinés konstrukcijos mechaninéms savybéms.

Tyrimo aktualumg lemia vis populiaréjancios adityviosios gamybos
technologijos, kylanti iStisiniu anglies pluostu armuoty 3D spausdinty konstrukcijy
paklausa pramong¢je, neiSsamus impregnavimo, spausdinimo proceso, spausdinimo
jrangos, spausdinty kompozitiniy konstrukcijy mechaniniy savybiy analizavimas ir
supratimas.

Darbo tikslas ir uzdaviniai

Pagrindinis daktaro disertacijos tikslas yra sukurti ir validuoti istisiniu anglies
pluostu armuoty 3D spausdinty sudétingos geometrijos kompozitiniy konstrukcijy
gamybos technologija. Siam tikslui pasiekti iskelti sie uzdaviniai:
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1. Sukurti anglies pluosto impregnavimo technologijg ir iStirti impregnavimo
tirpalo koncentracijos ir tirpinamos medziagos jtaka spausdintoms istisinio
anglies pluosto ir termoplastiko matricos kompozitinéms konstrukcijoms.

2. Sukurti LMF technologija pagrista, iStisiniu pluo§tu armuoty kompozitiniy
konstrukcijy spausdinimo procesa.

3. Istirti spausdinty kompozitiniy konstrukcijy kokybe jvertinant oro ertmiy ir
anglies pluosto procentinj tiirj.

4. Nustatyti pagrindines 3D spausdinty kompozitiniy konstrukcijy mechanines
savybes; tempimo, lenkimo ir Slyties stiprumo riba, tempimo ir lenkimo
modulius, Puasono koeficients.

5. I8tirti antrinio impregnavimo epoksidingje dervoje jtaka 3D spausdinty
iStisiniu anglies pluostu armuoty kompozitiniy konstrukcijy mechaninéms
savybéms.

Metodai ir priemonés

Sio mokslinio darbo metu buvo naudojami teoriniai, technologiniai-praktiniai,
analitiniai ir eksperimentiniai tyrimai, skirti impregnavimo ir spausdinimo
procesams bei spausdinimo jrangai sukurti ir konstrukcijy mechaninéms savybéms
istirti. Mokslinio darbo metu buvo naudojama §i programiné jranga: ,,MatLab®,
,»Simplify3D*, , PrusaSlicer®, ,,SolidWorks®, ,,Avizo®, ,,Image)2x* ir ,,NIS Elements
D*. Tyrimai atlikti Kauno technologijos universiteto Mechanikos inzinerijos ir
dizaino fakultete, Gamybos inZinerijos katedroje, Mechatronikos bei Ultragarso
institutuose  Sukurta technologija buvo eksperimentiSskai iSbandyta tiriant
atspausdinty iStisiniu anglies pluostu armuoty 3D spausdinty kompozitiniy
konstrukcijy mechanines savybes. Mechaninés savybeés tirtos naudojant universalig
»linius Olsen H25KT“ masSing, oro ertmiy kiekis nustatytas dviem metodais:
naudojant ,,ImageJ2x* vaizdo apdorojimo programinés jrangos paketg ir automatinj
,Nikon Eclipse LV100ND* mikroskopg su didelés skiriamosios gebos kamera ,,DS-
Ri2* ir naudojant kompiutering tomografijg — ,,RayScan 250E*.

Mokslinis naujumas

1. Sukurtas inovatyvus metodas, skirtas iStisinio anglies pluosto
impregnavimui.

2. Sukurtas naujas spausdinimo modulis, galintis spausdinti iStisiniu anglies
pluostu armuotas kompozitines konstrukcijas.

3. Sukurtas ir iSbandytas spausdinty konstrukcijy mechaniniy savybiy tempiant
it lenkiant gerinimo procesas, jas impregnuojant epoksidinéje dervoje.

Praktiné verté

Mokslinio darbo metu sukurtos technologijos ir jranga gali biiti naudojama
gaminant sudétingos formos, lengvas iStisiniu anglies pluoStu armuotas
kompozitines konstrukcijas moksliniams tyrimams ar automobiliy, aviacijos,
medicinos pramongje, bei kitose sparciai besivystanciose srityse tokiose kaip
autonominiy roboty, zmogui reikalingy inovatyviy pagalbiniy priemoniy gamyboje.
Sukurtos technologijos ir jrenginiai gali biiti naudojami su jvairaus gijy skaiciaus
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pluostu. Atlikti mechaniniai ir kokybiniai spausdinty kompozitiniy konstrukcijy
tyrimai suteikia vertingos informacijos ir ziniy tolimesniam technologiniam proceso
vystymui.

Ginamieji teiginiai

1. Sukurtas iStisinio anglies pluosto impregnavimo technologinis procesas gali
sumazinti oro ertmiy kiekj, padidinti adhezijg tarp sluoksniy ir sukibimg tarp
matricos ir armuojancios medziagos, bei uztikrinti stabilesnj spausdinimo
procesa.

2. Sukurtas technologinis procesas ir originalus spausdinimo modulis, pagristas
LMF technologija, gali uztikrinti nepertraukiama anglies pluostu armuoty
kompozitiniy konstrukcijy spausdinima.

3. Spausdinty kompozitiniy konstrukcijy mechaninés savybés gali buti
pagerintos antriniu impregnavimu epoksidinéje dervoje.

Darbo aprobavimas

Disertacijos tyrimo rezultatai buvo paskelbti 4 mokslinése publikacijose
tarptautiniuose zurnaluose. IS jy trys publikacijos Zurnaluose turinciuose Web of
Science citavimo indeksg ir viena neindeksuojamame moksliniame Zurnale.

Disertacijos tema buvo sudalyvauta septyniose tarptautinése mokslinése
konferencijose: ,,Mechanika 2018“ (Kaunas, Lietuva), ,,iCAT 2018*“ (Mariboras,
Slovénija), ,,Conference on 3D printing technology and innovations 2019 (Roma,
Italija), ,,Advanced materials and technologies 2019 (Palanga, Lietuva), POLCOM
2020 (Bukarestas, Rumunija), ,,International conference on composite structures
2021 (Portu, Portugalija), MECHCOMP7 2021 (Portu, Portugalija).

Disertacijos struktiira

Disertacija sudaro jvadas, trys skyriai (literatiros apzvalga, metodologija,
rezultatai), iSvados, naudotos literatiros sgrasas, autoriaus publikacijy disertacijos
tema saraSas. Pagrindiniai skyriai: literatiros apzvalga, kurioje analizuojami
pagrindiniai lydZiosios masés formavimo technologijos principai kartu su
pagrindinémis Sioje technologijoje naudojamomis medziagomis. Analizuoti Siuo
metu egzistuojantys kompozitiniy medziagy ir spausdinimo metodai. Metodikoje
apraSoma, atlikty eksperimenty eiga, naudotos medziagos ir jranga. Aprasoma,
sukurta spausdinimo technologija ir spausdinimo modulis skirtas istisiniu anglies
pluostu armuoty kompozitiniy konstrukcijy spausdinimui. Rezultaty skyriuje
pateikiami pagrindiniai eksperimenty rezultatai, pvz., oro ertmiy procentinis kiekis ir
kompozitinés medziagos mechaninés savybés bei antrinio impregnavimo metodo
efektyvumas ir poveikis spausdinty konstrukcijy stiprumui.
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1. LITERATUROS APZVALGA

1.1. IStisinio anglies pluosto spausdinimas LMF Technologija

Siuo metu mokslingje literatiiroje galima surasti ir i3skirti penkis

pagrindinius iStisiniu anglies pluoStu armuoty LMF technologija spausdinty
kompozitiniy konstrukeijy badus:

L.

S

Spausdinimas su neimpregnuotu pluostu — neparuostas pluostas patenka j
spausdinimo antgalj, tuo tarpu matricos medziaga tickiama per vieng ar kelis
j¢jimo kanalus. Pluostas impregnuojasi kaitinimo elemente prie§ pat
kompozitinei gijai iSeinant i§ spausdinimo antgalio ant spausdinimo
platformos [66].

Spausdinimas su impregnuotu pluostu ir papildoma matricos medziaga —
vietoje neparuosto pluosto i spausdinimo antgalj patenka prie$ spausdinima
paruo$tas iStisinis anglies pluoStas, tuo paciu metu kaip ir matricos
medziaga. Dazniausiai anglies pluoSto impregnavimo ar paruo$imo
medziaga yra tokia pati kaip ir spausdinamos kompozitinés konstrukcijos
matricos medziaga [20, 55].

Spausdinimas be papildomos medziagos — impregnuotas anglies pluostas
ekstruduojamas be jokios papildomos matricos medziagos [53].
Spausdinimas su papildomu Silumos Saltiniu — technologija paremta
automatinio pluosto i§déstymo termoplastiko matricoje modeliu. Siuo atveju
paruoStas ar neparuoStas anglies pluostas yra tiekiamas per spausdinimo
antgalj | darbo zong. Darbo zonoje iSorinis Silumos Saltinis kaitina darbo
zong ar anksCiau spausdintus sluoksnius, o volelis jpresuoja pluostg ]
matricg [66].

Impregnavimas spausdinimo proceso metu — pluoStas impregnuojamas
spausdinimo proceso metu, prie$ pat anglies gijai patenkant j spausdinimo
galvute.

Schematinis kiekvienos technologijos vaizdas pateikiamas 1.1 pav.

Impregnavimas

su S dini su impregnuotu -
!

l;eimpregnuotu b pluostu ir papildoma ) ‘Pe Sp : i supa ild I linimo
pluoitu HATIES fGdaE papildomos medZiagos Silumos Saltiniu proceso metu
|
7 N 74 N
.;] anisoprint § Markforged AREVO y
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= cen ops.m. DA ~
A
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5

1.1 pav. Galimi iStisiniu anglies pluoStu armuoty kompozitiniy konstrukcijy
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1.2. Literatiiros apZvalgos apibendrinimas

Siuo metu kompozitiniy ir kity inovatyviy spausdinimo medZiagy paklausa
sparciai auga. Taip pat j adityviosios gamybos technologijas pradedama zitiréti ne
vien kaip ] skirtas prototipavimui, bet ir kaip j realiai pramonéje galincias jsitvirtinti
technologijas. Sios dvi priezastys skatina tyréjus ieskoti galimybiy ir naujy
inovatyviy sprendimy, pritaikyti adityviasias technologijas pramonés poreikiams.
Anglies pluostu armuoti kompozitai yra viena plaiausiai Siuo metu naudojamy
kompozitiniy medziagy grupiy aviacijos ir automobiliy pramonéje. Tuo tarpu LMF
technologija yra viena placiausiai naudojamy adityviosios gamybos technologijy
spausdinant iStisiniu anglies pluostu armuotas konstrukcijas. Taip yra dél Sios
technologijos  lankstumo, universalumo, plataus medziagy pasirinkimo,
tobuléjancios techninés ir programings jrangos. Taip pat pastebéta labai didelé nauda
mechaninéms spausdinty konstrukcijy savybéms. Jterpus istisinj anglies pluosta |
spausdintg polimering matricg stiprumo ribg tempiant galima padidinti nuo 3 iki 7
karty lyginant su grynu termoplastiku. Pirmieji tyrimai ir mokslinés publikacijos
susijusios su iStisinio pluosto spausdinimu LMF technologija atsirado 2016 metais.
Tais paciais metais susikiiré ir du pagrindiniai Sios rinkos lyderiai, t. y. jmonés
»~Markforged* ir ,,Anisoprint®. Ilga laika ,,Markforged* spausdintuvai, medziagos ir
jais atspausdintos konstrukcijos buvo vieninteliai tyrimo objektai Sioje srityje.
Taciau norint geriau suprasti patj iStisiniu anglies pluostu armuoty kompozitiniy
konstrukcijy spausdinimo procesg, atskiry spausdinimo parametry, anglies pluosto
kiekio, jo paruosimo ir impregnavimo jtakg mechaninéms, cheminéms, fizikinéms ir
kokybinéms savybéms tyréjai pradéjo ieskoti ir kurti alternatyvias spausdinimo,
impregnavimo technologijas ir jrangg. Naudojant komercinius spausdintuvus to
padaryti nejmanoma dé¢l komerciniy paslapCiy, o tai stabdo Sios srities progresg ir
pletra. Tod¢l Sioje disertacijoje buvo kuriama ir vystoma spausdinimo ir anglies
pluosto impregnavimo technologija bei jranga, tirilama spausdinimo bei
impregnavimo procesy parametry jtaka spausdinty konstrukcijy mechaninéms ir
kokybinéms savybéms.

2. METODOLOGIJA

Disertacijos tikslas yra sukurti 3D spausdinimo technologijg ir iSanalizuoti
iStisiniu anglies pluostu (IAP) armuotas 3D spausdintas kompozitines konstrukcijas.
Visus disertacijos metu atliktus tyrimus galima suskirstyti j tris pagrindines dalis:

1. Pasiruo$imas. Sio etapo metu buvo sukurtos: itisinio anglies pluosto
impregnavimo technologija bei IAP armuotas kompozicines konstrukcijas
galinti spausdinti spausdinimo galvuté.

2. Spausdinimas. Sio etapo metu sukurtas, LMF technologija paremtas,
iStisiniu anglies pluostu armuotas konstrukcijas galintis spausdinti, procesas.
Taip pat naudojant §j procesg pagaminti bandiniai tolesniam mechaniniy
charakteristiky nustatymui.

3. Testavimas. Siame etape atlikti visi suplanuoti eksperimentai ir tyrimai,
reikalingi 3D spausdinty kompozitiniy konstrukeijy analizei ir pagrindiniy
mechaniniy savybiy nustatymui.
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2.1. Medziagos

Kompozitines konstrukcijas sudaro dvi arba daugiau skirtingomis
mechaninémis savybémis pasizyminc¢ios medziagos. RiSanc¢ioji medziaga vadinama
matrica, o suteikianti stipruma — armuojan¢ia medZiaga. Siame darbe apragomos
kompozitinés konstrukcijos yra sudarytos i§ termoplastiko matricos ir iStisinio
anglies pluosto armuojancios medziagos.

3D spausdinant kompozitines konstrukcijas naudotas gamintojo ,,Toray*
nepintas aukstos kokybés istisinis anglies pluostas. Priklausomai nuo bandymo ir
spausdinamos konstrukcijos, eksperimentingje dalyje buvo naudotas 1K (tukstancio
gijy) T300B-1000 arba 3K (trijy tikstanciy gijy) T300B-3000 istisinis anglies
pluostas. Sio gamintojo anglies pluostas yra gaminamas i§ poliakrilnitrilo. Kaip
armuojanti medziaga iStisinis anglies pluostas pasirinktas dél didelio atsparumo
cheminiam poveikiui, puikiy mechaniniy savybiy bei labai plataus panaudojimo
aviacijos bei automobiliy pramonéje. Toliau pateiktoje 2.1 lenteléje pateikiamos
pagrindinés 1K ir 3K istisinio anglies pluosto charakteristikos.

2.1 lentelé. Pagrindinés istisinio anglies pluosto savybés [98]

Stiprumo
Anglies |  Gijy riba nf(:‘(;‘llgl‘i’s Pailgéjimas, D/{g:gf)’ Tankis,
pluostas | skaiius | tempiant, ’ % g g/em’®
MPa GPa m
e | 1000 66
T300B- 3530 230 1,5 1,76
2000 3000 198

Pries spausdinima anglies pluostas buvo impregnuotas. Tai daroma dél dviejy
priezasCiy: impregnavimo metu suriSamos anglies pluosto gijos ir palengvinamas
gamybos technologinis procesas. Kita vertus, impregnavimas padidina adhezija tarp
matricos ir armuojan¢ios medziagos bei Zenkliai pagerina spausdinty kompozitiniy
konstrukcijy mechanines savybes, $i hipotez¢é patvirtinta tyrimy metu.

Atlikty tyrimy metu bandiniai buvo spausdinti naudojant polilaktinés riigsties
(PLA) termoplastika. Kaip matricos medziaga PLA pasirinkta dél paprasto
spausdinimo, gana zemos spausdinimo temperatiiros, gero sukibimo su spausdinimo
platforma, didesnés adhezijos su impregnuotu istisiniu anglies pluostu, gery
mechaniniy savybiy. Taip pat svarbu paminéti, kad polilaktiné rigstis yra gaminama
i§ atsinaujinanciy Saltiniy, tokiy kaip kukurizy krakmolas, ir yra bioskaidi bei kai
kurios jos rGsys yra biosuderinamos. Renkantis matricos medziagg iStisiniu anglies
pluostu armuoty kompozitiniy konstrukcijy spausdinimui, svarbu atsizvelgti | du
pagrindinius parametrus: termoplastiko lydymosi temperatiirg, kuri dél naudojamo
spausdintuvo ribojimy negali virSyti 250 °C, bei suderinamumg su impregnavimo
metu naudojamu tirpalu. Dél geresniy adheziniy ir suderinamumo savybiy matricos
medziaga turi buti tokia pati kaip ir impregnavimui naudotas termoplastikas.
Pagrindinés PLA medziagos savybés pateikiamos 2.2 lenteléje.
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2.2 lentelé. Pagrindinés PLA termoplastiko mechaninés charakteristikos [99]

Lydymosi Jungo Stll[.);;;mo Stlll_)ill;l:lmo Lenkimo Stikléjimo
temperatira, modulis, . . modulis, | temperatiira,
oC GPa tempiant, lenkiant, MPa oC

MPa MPa
180-220 2.3 45,6 103 3150 ~ 60

2.2. Impregnavimo procesas®

IS anksto neparuosto anglies pluosto, dél mazo 1K ar 3K gijos standumo,
beveik nejmanoma paduoti j spausdinimo galvute. Jis lengvai susivelia, atskiros
gijos linkusios nutriikti ir kauptis spausdinimo galvutés viduje. Sios pluosto
sankaupos uzkemS$a padavimo ar iS¢jimo kanalus, taip nutraukdamos gija ir
sustabdydamos spausdinimo procesa. Kitas svarbus aspektas — prasta adhezija tarp
matricos ir armuojancios medziagos. PLA ar kitas termoplastikas néra linkes prikibti
prie i§ anksto neparuosto iStisinio anglies pluosto. Tai sukelia dideliy problemy
spausdinant, nes mazas sukibimas tarp $iy medziagy lemia silpng adhezijg tarp
sluoksniy, spausdinimo gijy bei spausdinimo platformos, o tai turi jtakg spausdinty
kompozitiniy konstrukcijy mechaninéms savybéms bei jy kokybei. Visas
impregnavimo procesas susideda i§ dviejy etapy: tirpalo paruoSimo ir paties
impregnavimo proceso. Nuspresta iStisinj anglies pluosta jmirkyti metileno chlorido
CH,Cl; ir termoplastiko tirpale. Metileno chloridas pasirinktas dél spartaus garavimo
ir greito jvairiy skirtingy termoplastiky, tokiy kaip PLA, PETG, PC ir kt., tirpinimo.
Impregnavimui buvo iSbandyti trys dazniausiai LMF technologijoje naudojami
termoplastikai: PLA, ABS, PC. Sie termoplastikai skiriasi ne tik chemine sudétimi,
taCiau ir mechaninémis bei fizikinémis savybémis. Eksperimentiskai buvo nustatyta
reikalinga tirpalo koncentracija bei surastas geriausias savybes iStisiniam anglies
pluostui suteikiantis termoplastikas.

Kuriant impregnavimo technologija buvo sukurtas impregnavimo jrenginys,
kurio schema pateikiama 2.1 pav.

G/‘ Cz; @ Karstas oras @ 3) (

T ’7"

|
Vyniojimo | \
greitis |
30 rpm_¢=

2.1 pav. Anglies pluosto impregnavimo schema

Prietaisas buvo pagamintas i§ rités ant kurios yra vyniojamas impregnuotas
anglies pluostas (1), anglies pluosto (2), kaitinimo dalies (4), impregnavimo dalies

8 Sio skyriaus medziaga anks¢iau buvo publikuota [100].
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(8) ir rités su standartiniu nejmirkytu anglies pluostu (9). Kaitinimo dalies j&jimo ir
i8é¢jimo angos (4) turi identisko skersmens antgalius (3), o impregnavimo dalis (8)
naudoja skirtingo skersmens antgalius — (5) ir (6). Siekiant iSlaikyti kuo pastovesnes
salygas, vyniojimo greitis ir kaitinimo salygos iSlaikomos pastovios. Vyniojimo
greitis ritéje (1) buvo isSlaikytas pastovus, t. y. 30 aps/min, nepriklausomai nuo
naudotos tirpalo koncentracijos ar iStisinio anglies pluosto. Prietaiso veikimas
pagristas impregnuoto anglies pluosto traukimu per vonele, uzpildytg impregnavimo
tirpalu. Sukant impregnuoto pluosto rite (1) prie§s laikrodzio rodykle, anglies
pluostas (2) buvo iSvyniojamas i§ antrosios rités (9). Visy pirma, per antgalj (6)
anglies pluostas patenka | impregnavimo dalj (8), kurioje jis buvo panardintas j
tirpalg (7) iki nejudamai pritvirtinto volelio. Per antgalj (5), pritvirtintag kitoje
prietaiso pusé€je, pluostas yra iStraukiamas ir patenka j kaitinimo zong. Karstas oras
yra nuolat tiekiamas ] kaitinimo dalj, impregnuotas anglies pluostas patenka ]
kaitinimo elementg per antgalius, pagamintus i§ politetrafluoretileno (PTFE).
Kaitinimo temperatiira matuojama naudojant ,,Flir T420* terminio vaizdo kamera.
Siekiant wuztikrinti stabilias kaitinimo salygas, karStas oras yra tiekiamas i
impregnavimo jtaiso kaitinimo dalj (4), kol temperattra stabilizuojasi. ISmatuota
temperatira kaitinimo prietaiso viduje siekia apie 220 °C.

Kaitinimo dalies antgaliy (3) vidinis skersmuo yra 5 mm. ISdzitives
impregnuotas anglies pluostas, iStrauktas i§ kaitinimo dalies, susukamas ant rités (1)
pastoviu greic¢iu. Impregnavimo dalyje naudojamas antgalio skersmuo priklauso nuo
anglies pluosto tipo. [¢jimo antgalis (6) pagamintas i§ PTFE, kurio vidinis skersmuo
yra 2 mm. I$¢jimo antgalis pagamintas i§ bronzos, jo vidinis skersmuo 1K anglies
pluostui — 0,6 mm, o 3K anglies pluostui — 0,8 mm. Antgalio (5) skersmuo yra
svarbus, nes jis salygoja, kiek tirpalo pasiliks ant impregnuojamo anglies pluosto.
Identiski antgaliai (3) kaitinimo dalyje leidZia iSlaikyti anglies pluosta jtaiso centre ir
neleidzia jam prilipti prie prietaiso sieneliy.

Impregnavimas termoplastiko ir metileno chlorido tirpale i$sprendzia daugelj
problemy, kurios iSkyla spausdinant su neapdorotu iStisiniu anglies pluostu. Visy
pirma po impregnavimo, anglies pluosto gija tampa standesné ir vienalytiskesné,
t. y. atskiros 7 um pluosto gijos yra suriSamos j vientisg gijg. Tai leidzia pluostg
lengvai paduoti | spausdinimo galvut¢ spausdinimo proceso metu, toks anglies
pluostas yra daug maziau linkes deformuotis, triikti ar veltis. Impregnuotas anglies
pluostas leidzia turéti labiau prognozuojama ir patikimesnj 3D spausdinimo procesg.
Kitas labai svarbus aspektas didesn¢ adhezija tarp spausdinimo gijy, tarp
konstrukcijos sluoksniy ir spausdinimo platformos. Naudojant impregnuotg anglies
pluosta taip pat sumazinamas oro ertmiy kiekis spausdinamoje konstrukcijoje. Oro
ertmiy kiekis konstrukcijoje priklauso nuo ertmiy, atsirandanciy spausdinimo
proceso metu, ir ertmiy, esanciy anglies pluoste. Be kokybiniy privalumy, lyginant
su neimpregnuotu iStisiniu anglies pluostu, pastebimas daugiau nei Zenklus
mechaniniy savybiy pageréjimas.

2.3. Spausdinimo galvuté
Du prototipai buvo sukurti standartinés galvutés pagrindu, jie pateikti 2.2 pav.

Kaip matyti, Saltoji zona abiem atvejais iSliko beveik nepakitusi. Vienintelis
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skirtumas, kad patobulintas prototipas (b) Saltojoje zonoje turi kanalg pluosto
patekimui | karStaja zong. Pagrindiniai pokyciai matomi karStojoje zonoje.
Patobulintas prototipas turi du jéjimo vamzdelius: vieng nukreipti matricos
medziagai (2), kita nukreipti anglies pluostui (3). Pluosto nukreipimo vamzdelis
atlieka kelias funkcijas ir iSsprendzia problemas, pastebétas naudojant ankstyvaji
prototipa (a):
1. vamzdelis uztikrina pastovy ir saugy anglies pluosto patekima j spausdinimo
zona;
2. padeda islaikyti temperatirg kaitinimo elemente;

98]

neleidzia plastikui kilti j pluoSto padavimo zong;
4. suteikia galimybe pluostui patekti tiesiogiai j kaitinimo elementa, i§vengiant
kampy ar astriy briauny.

Spausdinant ankstyvuoju prototipu anglies pluostas patekdavo | kaitinimo
elementg 45° kampu, per anga (1). Buvo pastebéta, kad esant atvirai angai kaitinimo
elemente, plastikas yra linkes tekéti ne j spausdinimo zona, bet kilti j virSy. Tai
salygodavo nepakankamg plastiko kiekj konstrukcijose ir komplikuota pluosto
padavima. Komplikuotas anglies pluosto patekimas j kaitinimo elementa, kartu su
45° nukreipimu sukeldavo armuojan¢ios medziagos triikius. Siems faktoriams
eliminuoti buvo sukurtas antrasis arba patobulintas prototipas.

2.2 pav. Modifikuota spausdinimo galvuté: a — ankstyvasis prototipas; b —
patobulintas prototipas

Spausdinimo technologija skirta spausdinti istisiniu anglies pluostu armuotas
kompozitines konstrukcijas buvo sukurta eksperimentiniu btidu, tai yra modifikuotu
LMF technologijos spausdintuvu su specialiai tam sukurta spausdinimo galvute
(ankstyvuoju ir patobulintu prototipais), spausdinant keliy sluoksniy kompozitinius
bandinius. Realiu laiku kei¢iant spausdinimo parametrus, tokius kaip sluoksnio
aukstj, spausdinimo greit], plastiko ekstrudavimo procenta, ausinimo intensyvuma,
atstuma tarp spausdinimo gijy, spausdinimo antgalio skersmenj ir kaitinimo
elemento bei platformos temperatiira, buvo nustatytos optimalios Siy spausdinimo
parametry skaitinés reikSmés. Kiekvienas 1§ $iy parametry turi jtakos kompozitinés
konstrukcijos spausdinimo kokybei ir spausdinimo proceso pakartojamumui. Visus
anksciau iSvardintus spausdinimo parametrus galime suskirstyti j dvi grupes:
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1) pagrindiniai parametrai — kintantys priklausomai nuo naudojamo anglies
pluosto (1K ar 3K) bei turintys tiesiogine jtaka anglies pluosto kiekiui ir
kompozitinés konstrukcijos mechaninéms bei kokybinéms charakteristikoms;

2) pagalbiniai parametrai — nekintantys nuo naudojamo anglies pluosto ir
neturintys tokios ryskios jtakos atspausdintos kompozitinés konstrukcijos
kokybei bei mechaninéms savybéms.

Rekomenduojami  parametrai, kompozitiniy konstrukcijy spausdinimui
pateikiami 2.3 lenteléje.

2.3 lentelé. Rekomenduojami spausdinimo parametrai

Parametrai 1K 3K

Sluoksnio aukStis, mm 0,3/0,4 0,5/0,6

Atstumas tarp spausdinimo gijy, mm 1/1,2 1,4/1,6

Plastiko kiekis, % 60/80 40/60
Spausdinimo antgalio skersmuo, mm 1,6
Spausdinimo greitis, mm/s 0,3
Spausdinimo galvutés temperatiira, °C 220
Platformos temperatiira, °C 80

AuSinimas, % 60-90

Atlikus numatytus bandymus, buvo sukurta nauja inovatyvi adityviosios
gamybos technologija iStisiniu anglies pluoStu armuoty kompozitiniy konstrukcijy
spausdinimui. Eksperimentiskai nustatyti rekomenduojami spausdinimo parametrai,
sukurta metodologija iStisinio anglies pluoSto paruoSimui prie§ spausdinimg leido
sumazinti oro ertmiy kiekj bei pagerinti mechanines savybes. Sukurta ir iSbandyta
metodologija spausdinty kompozitiniy konstrukcijy mechaniniy savybiy gerinimui
jas impregnuojant epoksidine derva.

3. REZULTATAI

3.1. Anglies pluosto impregnavimo proceso analizé¢’

Sio tyrimo tikslas buvo nustatyti, kokia jtaka spausdinty gaminiy
mechaninéms savybéms turi skirtingos impregnavimui naudojamos medziagos ir jy
koncentracija tirpaluose. Buvo naudotos trys impregnavimo medziagos (PLA, PC,
ABS) ir skirtingos koncentracijos tirpalai (2-10 %). Tas pats jrenginys buvo
naudotas impregnuojant visomis koncentracijomis skirtingus anglies pluostus, kiti
impregnavimo parametrai ir salygos buvo iSlaikomos pastovios. Tempimo
bandymas su impregnuotu anglies pluostu parodé, kad tirpalo koncentracijai
padidéjus, pluosto atsparumas trikimui taip pat padidéja. Koreliacijos analizé
atskleidé stipry rysj tarp impregnuoto anglies pluosto trikimo jégos ir impregnuoto
anglies pluosto masés. Koreliacijos koeficientas svyravo nuo 0,82 esant 1K PLA
impregnuotam anglies pluostui iki 0,99 PC impregnuoto anglies pluosto atveju.
Siekiant iStirti, ar Sie rezultatai galioja 3D spausdintoms kompozitinéms
medziagoms, bandiniai buvo atspausdinti tempimo bandymams naudojant 3

9 Sio skyriaus medziaga anks¢iau buvo publikuota [100].
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skirtingas impregnavimo medziagas (PLA, PC, ABS) ir skirtingas anglies pluosto
impregnavimo koncentracijas (8—10 %). Gauti rezultatai atskleidé priklausomybe
tarp tirpalo koncentracijos ir stiprumo ribos tempiant, t. y. kuo didesné
impregnavimo tirpalo koncentracija, tuo didesné kompozitinés konstrukcijos
stiprumo riba tempiant. Si tendencija ypaé ryski PLA ir PC tirpaluose
impregnuotame 3K anglies pluoste, kur stiprumo riba tempiant padidéja nuo 154
MPa iki 165 MPa (7 % padid¢jimas) ir nuo 142 MPa iki 152 MPa (6,8 %
padidéjimas) atitinkamai nuo naudojamos medziagos. Tuo tarpu, impregnuojant
anglies pluosta ABS tirpale, rezultaty pokytis buvo labai nezymus, o naudojant 3K
anglies pluosta — bandiniy stiprumo riba tempiant net sumazéjo nuo 145 iki 144
MPa (0,7 % sumazgjimas).

Impregnuoto 1K istisinio anglies pluoSto vizualiné analizé parodé, kad
impregnuoto ploto procentiné dalis svyruoja nuo 77,2 % iki 88,9 %, tuo tarpu oro
ertmiy procentas atitinkamai svyruoja nuo 11,1 % iki 22,8 %. Siekiant jvertinti
adhezija tarp matricos ir IAP, buvo atliktas anglies pluosto iStraukimo i$ matricos
medziagos bandymas. Sis eksperimentas atliktas naudojant ir impregnuots, ir
neimpregnuota [AP. Rezultatai parodé, kad neparuosto IAP iStraukimo i$ matricos
jéga vidutiniskai yra 38 N. Impregnavus IAP, sukibimas tarp armuojancios ir
matricos medziagos gali biiti padidintas daugiau nei keturis kartus. Po pluosto
paruo§imo impregnuojant istempimo jégos vidutiné reik§mé padidéja iki 138 N arba
114 %.

3.2. Spausdinty kompozitiniy konstrukcijy kokybés vertinimas'®

Norint jvertinti 3D spausdinty kompozitiniy konstrukcijy savybes, labai svarbu
apskaiCiuoti anglies pluosto kiekj ir oro ertmiy tarj. Buvo pasirinktos dvi
dominuojancios metodikos, siekiant jvertinti jy patikimumg ir veiksmingumg 3D
spausdinty konstrukcijy analizei. Pirmuoju metodu oro ertmiy kiekis buvo nustatytas
pasitelkiant kompiuterine tomografija. Sio bandymo schema pateikiama 3.1 pav.

MEDZIAGOS SPAUSDINIMO PROCESAS KOMPIUTERINE TOMOGRAFLJA MECHANINIAI BANDYMAL

Bandiniai atspausdinti \
remiantis
ASTM D3039 standartu
Impregnuotas
itisinis anglies Paruodti bandiniai
pluostas 4‘ -
Tempimo
bandymas
atliktas remiantis
ASTM D 3039
standartu
su Tinius
Olsen H25KT

3.1 pav. Oro ertmiy nustatymas panaudojant kompiutering tomografija

Zvelgiant j gautus rezultatus bendrai, matoma aigki santykinio oro ertmiy tiirio
tendencija: tustumy turis mazéja, kai sluoksnio aukstis ir atstumas tarp spausdinimo

10 Sio skyriaus medziaga anks¢iau buvo publikuota [101].
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linijy maz¢ja. Bandiniai Sio tyrimo metu buvo suskirstyti | grupes pagal spausdinimo
parametrus: 1 grupé — 1 mm atstumas tarp spausdinimo gijy, 0,3 mm sluoksnio
aukstis; 2 grupé — 1 mm atstumas tarp spausdinimo gijy, 0,4 mm sluoksnio aukstis; 3
grupé — 1,2 mm atstumas tarp spausdinimo gijy, 0,3 mm sluoksnio aukstis; 4 grupé —
1,2 mm atstumas tarp spausdinimo gijy, 0,4 mm sluoksnio aukstis. Pavyzdziui,
vidutinis santykinis oro ertmiy tiiris pirmosios grupés bandiniuose buvo 18,5 % (3.2
a pav.), taciau padidinus atstuma tarp spausdinimo linijy nuo 1 mm iki 1,2 mm (3
grupé) vidutinis oro ertmiy tiris padid¢jo iki 22,4 % (3.2 ¢ pav.), t. y. 3,9 %.
Vertinant rezultatus antroje bandiniy grupéje (3.2 b pav.) ir ketvirtoje (3.2 d pav.),
matyti, kad padidinus atstumg tarp spausdinimo linijy santykinis ertmiy taris
padid¢ja apie 2,4 %.

3 3
) 30
~
P,,,./F\_\Mﬂﬁih& N
25 pme ST o O S e
, e
o 2
£ 7 5
D Y/ -
015 1 bandinys=18.1% & 8¢ :bandinye=25.G%:
S AT
2 bandinys=18.3% -l R bandiyes 24 5%
0f 3 bandinys=18.5% 3 bandinys=25.6%
=24.0%
L 4 bandinys=16.5% 5t il el
C 5 bandinys=25.7% Vidurkis=26.1%
5 bandinys=20.9% Vidurkis=18.5%
0
0 . . . . . . 0 2 4 6 8 10 12 14 16
0 2 4 6 8 10 12 14 16 ligis, mm
ligis, mm
a b
35 35
wf wl e el
s i STz
PR es A PF
T 56 B e o R
% J
= =
g gor
& &
5 §
o156 1 bandinys=23.6% 215 1 bandinys=28 2%
fe} o
2 bandinys=20.5% 2 bandinys=284%
05 3 bandinys=22.2% i 3 bandinys=25.5%
st 4 bandinys=24.1% st 4 bandinys=27.3%
5 bandinys=21.4% Vidurkis=22.4% 5 bandinys=28.4% Vidurkis=27 6%
o I | | | ; | . | . | | I | |
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
ligis, mm ligis, mm
c d
3.2 pav. Oro ertmiy procentas bandiniuose: a — 1 grupé, b — 2 grupé, ¢ — 3 grupe, d —

4 grupé

Vertinant spausdinimo parametry jtakag santykiniam pory ttriui, matyti, kad
mazinant sluoksnio aukstj, taciau iSlaikant pastovy atstuma tarp spausdinimo gijy,
pory tiris sumazéjo daugiau, t. y. 6,6 %, kai atstumas tarp gijy yra 1 mm (3.2 a pav.
ir 3.2 b pav.) ir 5,1 %, kai atstumas yra 1,2 mm (3.2 ¢ pav. ir 3.2 d pav.). Tuo tarpu
kei¢iant atstumg tarp spausdinamy gijy nuo 1 mm iki 1,2 mm, santykinis pory turis
bandiniuose vidutiniskai padidéjo 3,9 % bandiniams su sluoksnio auks¢iu 0,3 mm
iki 2,4% bandiniams kuriy sluoksnio aukstis yra 0,4 mm. Taigi anksCiau iSkelta
prielaida, kad spausdinimo parametrai, t. y. sluoksnio aukstis ir linijos plotis, turi
itakos oro tustumy kiekiui bandiniuose yra teisinga.
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Antruoju kompozitinés konstrukcijos analizés metodu, kurio bandymo schema
pateikiama 3.3 pav., buvo pasirinktas matricos medziagos tirpinimas.

Matavimo Matricos medZiagos
Neslifuotas operacijos tirpini
bandinys { 1. D¥iovinimas /" Atlikta laikantis )
ASTM D3171 standarto Baigiamosios
‘ b operacijos
— -
+ "— . 1. Svérimas

2. Svérimas

LE! --bl+é§=“-<> M

Slifuotas

bandinys 2. Skaitiavimai

N4

3. Matavimas » +?=i +|—
L 4 =+| X

&) @tE=y

3.3 pav. Oro ertmiy nustatymas naudojant matricos iStirpinimo metoda

oo

Tirpinimo bandymo rezultatai parodé (3.4 a pav.), kad 1,2 mm atstumo tarp
linijy ir 0,4 mm sluoksnio auks¢io bandiniai yra prastesnés kokybés, t. y. juose
esantis anglies kiekis yra maZiausias, o oro pory tiris yra didZiausias. Siose
bandiniuose (4 grupé) vidutiniskai buvo 13 % anglies pluosto pagal mase ir 7,2 %
anglies pluosto pagal tlirj. Sumazinus sluoksnio aukstj iki 0,3 mm, anglies kiekis
padid¢ja iki 16,4 % pagal mase ir 9,5 % pagal tirj. Didziausias anglies kiekis
nustatytas bandiniuose, kurie buvo atspausdinti naudojant §iuos parametrus: 0,3 mm
sluoksnio aukstj ir 1 mm atstuma tarp spausdinimo gijy (1 grup¢).

25 < 25
S m Neslifuoti  m Slifuoti x
£ 20 g 20
(] (]
<15 215
% € 10
3 10 45
o 5 o 5
8 I &,
<)
< 1grupé 2grupé 3grupé 4 grupé

Wr Vr Wr Vr Wr Vr Wr Vr
= Neglifuoti m Slifuoti

1 grupé 2 grupé 3 grupé 4 grupé
a b
3.4 pav. Kokybiniai rezultatai: a — anglies pluosto kiekis §lifuotuose bandiniuose,
b — oro ertmiy kiekis bandiniuose

Siuo atveju anglies pluosto kiekis pagal mase¢ buvo 18,8 %, o pagal tiirj —
11,2 %. 3.4 b pav. pavaizduoti oro ertmiy ttrio vidurkiai, apskaiciuoti keturioms tiek
Slifuotoms, tiek neslifuotoms bandiniy grupéms. Gauti rezultatai dar kartg patvirtina,
kad svarbiausias spausdinimo proceso parametras mazesniam ertmiy tiriui pasiekti
bandinyje yra sluoksnio aukstis. Bandymo metu buvo nustatyta, kad kai linijos plotis
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bandiniuose yra 1 mm, o sluoksnio aukstis — 0,3 mm (1 grupé), pory tiris
neapdirbtame bandinyje yra 19 %, o d¢l padidéjusio sluoksnio aukscio iki 0,4 mm
pory tiris padidéja iki 23 % (2 grupé) neapdirbtuose bandiniuose (3.4 b pav.).
Atitinkamai: kai linijos plotis yra 1,2 mm, o sluoksnio aukstis — 0,3 mm (3 grupé),
pory tiiris neapdirbtuose bandiniuose yra 21,4 %, o padidinus sluoksnio aukstj iki
0,4 mm, pory turis padidéja iki 23,5 %. Vertinant apdirbty ir neapdirbty bandiniy
rezultatus (3.4 b pav.), pastebéta, kad apdirbtuose bandiniuose oro ertmiy turis yra
zenkliai mazesnis. PavyzdZziui, oro ertmiy tiiris padidéja nuo 3 % (3 ir 4 grupés) iki
5% (1 ir 2 grupeés). Sig tendencijg galima paaiskinti taip, neapdirbti 3D spausdinti
bandiniai turi spausdinimo metu atsirandanciy pazeidimy ir pavirSiaus
mikronelygumy, kurie turi tiesioginés jtakos oro ertmiy tiirio skai¢iavimui.

3.3. Spausdinty kompozitiniy Kkonstrukciju atsluoksniavimo jégos ir Slyties
stiprio nustatymas!!

Atsluoksniavimo jégos ir Slyties stiprio nustatymo bandymo schema
pateikiama 3.5 pav.

MEDZIAGOS SPAUSDINIMO PROCESAS MECHANINIAI BANDYMAI VIZUALI ANALIZE

f Bandiniai atspausdinti \ "C* ] Nikon
modifikuotu MeCreator 2 | .:‘,1 Eclipse
spausdintuvu LV100ND
su
- Y Nikon DS-Ri2

Tmpregnuotas kamera
anglies

pluostas

Paruosti bandiniai

- | Atsluoksniuotas bandinys
Tempimo
bandymas

atliktas su Tinius

Olsen H25KT T.aZes bandinys

jo metu .

nusatyta
3.5 pav. Atsluoksniavimo jégos ir Slyties stiprio nustatymo bandymo schema

Kirpimo riba

Kaip matyti i§ 3.6 pav. pateikty grafiky, Slyties stipris visiskai nepriklauso nuo
bendros zonos ploto. Taciau Siai mechaninei savybei didelés jtakos turi sluoksnio
aukstis bei atstumas tarp gijy.

Pavyzdziui, bandiniy spausdinty sluoksnio auks¢iu 0,4 mm ir atstumu tarp
linijy 1,2 mm Slyties stipris vidutiniskai siekia 6,1 MPa, tuo tarpu sumaZzinus
atstumg tarp gijy iki 1 mm Slyties stipris padidéja iki 8,7 MPa, tai yra 42,6 %
padidéjimas. Jei atitinkamai lygintume atstumo tarp gijy jtakg bandiniams,
spausdintiems 0,3 mm sluoksnio auksciu, pastebétume, kad Slyties stipris padidéjo
nuo 12,5 MPa trecios grupés bandiniams iki 15,1 MPa pirmos grupés bandiniams, o
tai yra apie 21 %. Dar didesnés jtakos turi sluoksnio aukscio pokytis spausdinamose
konstrukcijose. Sumazinus sluoksnio auk$tj 100 pum Slyties stipris padidéjo
vidutiniskai apie du kartus tiek 1 mm, tiek 1,2 mm atstumu tarp gijy spausdintiems
bandiniams atitinkamai iki 12,5 MPa ir 15,1 MPa.

1 Sio skyriaus medziaga anks¢iau buvo publikuota [102].
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3.6 pav. Slyties stipris: a — 4 grupé, b — 2 grupée, ¢ — 3 grup¢, d — 1 grupé
3.4. Mechaniniy savybiy gerinimas antriniu impregnavimu

Mechaniniy savybiy gerinimo bandymo schema pateikta 3.7 pav. Bandymo

metu atlikti tempimo ir lenkimo bandymai, nustatytos iStisiniu anglies pluostu
armuoty konstrukcijy tempimo ir lenkimo stiprumo ribos, Puasono koeficientas,
lenkimo ir tempimo moduliai.

Lenkimo bandymas

&

IMPREGNUOTAS ANGLIES| Bandiniai impregnuojami
PLUOSTAS 30 min epoksidinéje dervoje
vakuminéje kameroje

PLA

Paruodti lenkimo
bandiniai

i

Impregnuoty ir
neimpregnuoty
bandiniy mechaniniy
bandymy analizé

Pusé kiekvienos grupés bandiniy

yra impregnuojami,
kita pusé paliekami kaip
kontroliniai bandiniai

40 - bandiniy
20 lenkimui; 20 tempimui
1,2-0,3 10 bandiniy
1-0,3 10 bandiniy

3.7 pav. Mechaniniy savybiy gerinimo impregnuojant bandymo schema

‘e
@

Tempimo bandymas

Paruodti tempimo
bandiniai

117



Apibendrinti stiprumo ribos tempiant rezultatai pateikiami 3.8 a pav. IS Siy
diagramy matyti, kad impregnavimas epoksidine derva didesnés jtakos turi trecios
grupés bandiniams. Vidutiné stiprumo riba tempiant Sios grupés impregnuotose
bandiniuose siekia 265 MPa, o pirmos grupés bandiniuose ji yra 299 MPa.
Skirtumas tarp impregnuoty grupiy yra apie 13 %. Palyginus neimpregnuotas grupes
tarpusavyje, kai vidutiné stiprumo riba tempiant trecioje grupéje siekia 203 MPa, o
pirmoje grupéje — 264 MPa, matyti, kad skirtumas yra apie 30 %. Skirtumas tarp
stiprumo ribos tempiant po impregnavimo sumazeja dél didesnés jo jtakos treCios
grupés bandiniams. Puikiausias to jrodymas gaunamas palyginus tos pacios grupés
impregnuotus ir neimpregnuotus bandinius. Kaip minéta anksciau, vidutiné trecios
grupés bandiniy stiprumo riba tempiant siekia 203 MPa, impregnavus jis padidéja
iki 265 MPa. Impregnavus gaunamas 30,5 % padidéjimas. Kai tuo tarpu pirmoje
grupéje neimpregnuoty tempimo bandiniy stiprumo riba tempiant yra 264 MPa, o
impregnuoty — 299 MPa, padidé¢jimas po impregnavimo siekia apie 13 %. Galime
daryti iSvada, kad impregnuojant bandinius su didesniu atstumu tarp spausdinty gijy
pasiekiamas net 17,5 % didesnis stiprumo ribos tempiant padidéjimas.

o o o
N w =

Puasono koeficientas

o
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® 20000

15000 [

10000

Jungo modulis,
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3.8 pav. Mechaninés savybés: a — stiprumo riba tempiant, b — Puasono koeficientas,

¢ — Jungo modulis

Kita medziagos charakteristika, nustatyta tempimo bandymo metu, yra Puasono
koeficientas. Tyrimo metu gauti rezultatai pateikti 3.8 b paveikslélyje. Spausdintoms
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kompozitinéms konstrukcijoms, apskaiciavus koeficienta, jis vidutiniskai svyruoja
tarp 0,39 ir 0,3 atitinkamai pirmos ir trecios grupés bandiniuose. Po impregnavimo
Sis dydis padidéja iki 0,41 ir 0,38 atitinkamai pirmoje ir tre¢ioje bandiniy grupéje.
Puasono koeficiento padidéjimas po impregnavimo proceso atitinkamy bandiniy
grupése yra 5 % pirmoje ir 27 % treCioje bandiniy grupéje. Taigi iSlieka ta pati
tendencija, kad impregnavimas didesne¢ jtaka turi didesniais atstumais tarp
spausdinamy  gijy spausdintiems bandiniams. Lyginant impregnuotus ir
neimpregnuotus skirtingy grupiy bandinius, skirtumas tarp Puasono koeficiento
atitinkamai yra 8 % ir 30 %. Kaip matyti, po impregnavimo skirtumas tarp trecios ir
pirmos spausdinty bandiniy grupés Puasono koeficiento sumazgjo 22 %.

Dar vienas fizikinis dydis, apraSantis spausdinta kompoziting medziaga, yra
Jungo arba tamprumo modulis. Eksperimento metu gauti rezultatai stulpeline
diagrama pateikiami 3.8 c¢ pav. Kaip matyti i§ grafiko, neimpregnuoty istisiniu
anglies pluostu armuoty 3D spausdinty kompozitiniy konstrukcijy vidutinis
tamprumo modulis yra 23661 MPa pirmoje grupéje ir 20084 MPa trecioje grupéje.
Skirtumas tarp $iy grupiy rezultaty yra 17 %. Po impregnavimo tamprumo modulis
padidéja atitinkamoms grupéms iki 24335 MPa ir 21596 MPa. Tamprumo modulio
skirtumas sumaz¢ja iki 13 %. Lyginant ty paciy grupiy bandiniy rezultatus pries ir
po impregnavimo proceso matyti, kad tamprumo modulis padidéja atitinkamai 2,8 %
pirmoje ir 7,5 % trecioje bandiniy grupéje. Kaip ir anks¢iau pateiktuose rezultatuose
pastebima ta pati tendencija, kad impregnavimas didesnés jtakos turi treciajai
bandiniy grupei, kurioje impregnavimas beveik 5 % yra efektyvesnis lyginant su
pirmosios grupés bandiniais.

Apibendrinti  stiprumo ribos lenkiant rezultatai pateikiami 3.9 a pav.
stulpelinémis diagramomis. I§ §iy diagramy matyti, kad impregnavimas epoksidine
derva didesnés jtakos turi treCios grupés bandiniams. Viduting stiprumo riba lenkiant
tre¢ios grupés impregnuotose bandiniuose siekia 294 MPa, o pirmoje bandiniy
grupéje ji yra 273 MPa. Skirtumas tarp impregnuoty grupiy yra apie 7,7 %, o
tempimo bandymo metu jis sieké¢ 13 %. Palyginus neimpregnuotas grupes
tarpusavyje, kai vidutiné stiprumo riba lenkiant trecioje bandiniy grupéje siekia 140
MPa, o 1 grupéje 153 MPa, matyti kad skirtumas yra apie 9,3 %. Skirtumas tarp
grupiy po impregnavimo sumazéja dél didesnés jo jtakos trecios grupés bandiniams.
Puikiausias to jrodymas gaunamas palyginus tos pacios grupés impregnuotus ir
neimpregnuotus bandinius. Kaip minéta anks¢iau, vidutiné bandiniy tre¢ioje grupéje
stiprumo riba lenkiant siekia 140 MPa, tuo tarpu impregnavus ji padidéja iki 294
MPa. Impregnavus gaunamas 110 % padid¢jimas. Kita vertus pirmoje bandiniy
grupéje neimpregnuoty bandiniy stiprumo riba lenkiant yra 153 MPa, o impregnuoty
— 273 MPa, t. y. pageréjimas po impregnavimo siekia apie 78 %. Galime daryti
iSvada, kad impregnuojant bandinius su didesniu atstumu tarp spausdinty gijy
pasickiamas 32 % didesnis stiprumo ribos lenkiant padidéjimas. Lyginant
impregnavimo jtaka lenkimui ir tempimui matoma aiskiai didesné nauda lenkimui.
Stiprumo riba tempiant po impregnavimo treCios grupés bandiniams padidéjo tik
30,5 %, kai tuo tarpu stiprumo riba lenkiant iSaugo net 110 %. Atitinkamai pirmos
grupés bandiniuose stiprumo riba tempiant padidéjo 13 %, o lenkiant net 78 %.
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3.9 pav. Mechaninés savybés: a — stiprumo riba lenkiant, b — lenkimo modulis

Lenkimo bandymo metu taip pat nustatytas ir 3D spausdintos istisiniu anglies
pluostu armuotos kompozitinés medziagos lenkimo modulis. Testo metu nustatytas
modulis stulpeline diagrama pateikiamas 3.9 b pav. Kaip matyti i§ diagramos,
neimpregnuoty istisiniu anglies pluostu armuoty 3D spausdinty kompozitiniy
konstrukcijy vidutinis lenkimo modulis yra 17808 MPa pirmos grupés bandiniuose
ir 16328 MPa treCios grupés bandiniuose. Skirtumas tarp §iy grupiy lenkimo
moduliy yra 1480 MPa arba apie 9 %. Po impregnavimo lenkimo modulis padidéja
atitinkamoms grupéms iki 21270 MPa ir 19173 MPa. Siuo atveju lenkimo modulio
skirtumas yra 2097 MPa ar 11 %. Lyginant ty paciy grupiy bandiniy rezultatus pries
ir po impregnavimo proceso matyti, kad lenkimo modulis padidéja atitinkamai 19 %
pirmoje ir 17 % tredioje bandiniy grupéje. Siuo atveju skirtingai nei anks&iau
didesné impregnavimo jtaka lenkimo moduliui pastebima pirmai grupei ir skirtumas
tarp skirtingais atstumais tarp spausdinty gijy spausdintiems ir impregnuotiems
bandiniams yra apie 2 %. Taciau Sie du procentai nepaneigia fakto, kad
impregnavimas tiek tempimo, tiek lenkimo stiprumo ribai, didesnés jtakos turi
tratiajai bandiniy grupei. Sis nukrypimas nuo anks&iau matytos tendencijos gali
atsirasti dél matavimo paklaidy ar nekokybisko bandiniy nuvalymo po
impregnavimo proceso.

ISVADOS

Literatiiros analizé atskleidzia nepakankamus IAP impregnavimo metody
tyrimus, be gilios ir iSsamios impregnavimo tirpalo, koncentracijos, dziovinimo
trukmés, temperatiiros ir impregnavimo grei¢io analizés. ApraSyti esami IAP
spausdinimo procesai ir jranga néra placiai iSanalizuoti. Néra i§samios analizés, kaip
spausdinimo parametrai, tokie kaip sluoksnio aukstis, atstumas tarp spausdinimo
gijy, spausdinimo greitis, skirtingai impregnuotas IAP, paveikia spausdinty
konstrukcijy mechanines savybes, adhezija ar oro ertmiy kiek].

1. Sukurta ir aprasyta 1K ir 3K IAP impregnavimo technologija, impregnuojant
pluosta PLA, ABS, PC termoplastiky ir tirpiklio (metileno chlorido) tirpale.
Padidinus impregnavimo tirpalo koncentracijg nuo 2 % iki 10 % trikimo jéga
tempiant padidéja 20 % 1K ir ~105% 3K anglies pluoste. IStyrus jvairias
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impregnavimo medziagas, pastebéta, kad anglies pluosto gija geriausias savybes
igyja po impregnavimo 10 wt% PLA ir CH2Cl, tirpale. Po impregnavimo
adhezijos jéga tarp matricos ir armuojancios medziagos padidéja 240 %.
Vizualiné analizé parodé, kad po impregnavimo pluoste esanciy oro ertmiy
procentas svyruoja atitinkamai nuo 11 % iki 23 %.

. Sukurtas adityviosios gamybos procesas, paremtas LMF technologijos pagrindu,
ir technologiné jranga, galinti spausdinti kompozitines konstrukcijas, sustiprintas
impregnuotu IAP. Sukurtas spausdinimo modulis, turintis du j&jimo ir viena
is¢jimo kanalg. Pagamintas modulis gali biiti naudojamas kompozitiniy
konstrukcijy armuoty IAP (1K ir 3K) spausdinimui. Rekomenduojamas
sluoksnio aukstis nuo 0,3 iki 0,6 mm, atstumas tarp spausdinimo gijy nuo 1 iki
1,6 mm ir plastiko kiekis nuo 40 iki 60 %, priklausomai nuo pluosto.

. Spausdinty kompoziciniy konstrukcijy defektoskopiné analizé buvo atlikta
kompiuterinés tomografijos ir matricos tirpimo metodu, siekiant nustatyti
santykinj oro ertmiy tirj. Oro ertmiy tiiris konstrukcijoje priklauso nuo sluoksnio
aukScio ir atstumo tarp spausdinimo gijy. Oro ertmiy tirj galima sumazinti
mazinant $iuos spausdinimo parametrus. Abiem metodais nustatytas oro ertmiy
kiekis yra labai panaSus ir svyruoja nuo 19 iki 28 %. Nustatyta, kad oro ertmiy
tiiris labiau priklauso nuo sluoksnio aukscio, nei atstumo tarp spausdinimo gijy.

. EksperimentiSkai nustatytos pagrindinés spausdinty kompozitiniy konstrukcijy,
armuoty iStisiniu anglies pluostu, mechaninés savybés. Stiprumo riba tempiant
atitinkamai siekia 264 MPa ir 204 MPa pirmoje ir trecioje bandiniy grupése. Ty
paciy grupiy bandiniy stiprumo riba lenkiant yra 153 MPa ir 140 MPa, o Puasono
koeficientas yra 0,39 ir 0,30. Tempimo modulis yra atitinkamai lygus 23,6 GPa ir
20,0 GPa, lenkimo modulis atitinkamai siekia 17,0 GPa ir 16,3 GPa minétoms
bandiniy grupéms. Slyties stipris priklauso tik nuo spausdinimo parametry, bet
nepriklauso nuo Slyties ploto. Ketvirtos grupés Slyties stipris vidutiniskai yra 6,1
MPa, sumazinus atstumg tarp spausdinimo gijy iki 1 mm, Slyties stipris padidé¢ja
iki 8,7 MPa. Su 0,3 mm sluoksnio auksciu spausdintose bandiniy grupése Slyties
stipris atitinkamai siekia 12,5 MPa ir 15,1 MPa treCioje ir pirmoje bandiniy
grupéje.

. Po antrinio impregnavimo epoksidin¢je dervoje pastebétas zenklus mechaniniy
savybiy pageréjimas spausdintose kompozitinése konstrukcijoje, lyginant su
neimpregnuotomis. Stiprumo riba tempiant padidéjo 30,5 % pirmoje bandiniy
grupéje, o lenkimo net 110 % trecioje bandiniy grupéje. Pirmos grupés
bandiniuose pastebétas mazesnis stiprumo ribos tempiant ir lenkiant padidé¢jimas
atitinkamai 13 % ir 78 %. Gauti rezultatai parodé, kad impregnavimas epoksidine
derva turi didesnj poveikj konstrukcijoms, atspausdintoms didesniu sluoksnio
aukSCiu ir atstumu tarp spausdinimo gijy. Tai susij¢ su oro ertmiy tiirio
priklausomybe nuo S$iy spausdinimo parametry, t. y. egzistuoja rySys tarp oro
ertmiy ir antrinio impregnavimo efektyvumo. Didesnis oro ertmiy tiiris leidzia
absorbuoti daugiau epoksidinés dervos impregnavimo metu.
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