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Abstract

Carbon fiber-reinforced composites (CFRCs) have been widely used in automotive, aero-
space, sports equipment, and other industrial fields, due to the higher strength-to-weight
ratio and modulus compared with metals and alloys. Innovations in additive-manufactured
CFRCs have opened up new avenues for designing and manufacturing high-performance,
low-cost complex composite structures. According to the structure and substrate type of car-
bon fiber, this paper firstly reviews the existing feasible technologies as well as their key
elements and focuses on the research of additive manufactured CFRCs by fused deposition
molding (FDM) and selective laser sintering (SLS). Furthermore, the typical applications
and envisions of additive manufactured CFRCs were elaborated. Moreover, the existing
challenges and problems are summarized from the aspects of materials, equipment, and
software. In the future, more interdisciplinary research is needed on advanced materials,
multiple processes, advanced equipment, and structural design, and there will be a broader
research space for robot-assisted additive manufacturing and green manufacturing methods.

Keywords Additive manufacturing - Carbon fiber-reinforced composites (CFRCs) - 3D
printing - Forming quality - Robot-assisted additive manufacturing - Green manufacturing
1 Introduction

Carbon fiber-reinforced composites (CFRCs) have the characteristics of lightweight, high

strength, high-temperature resistance, and corrosion resistance, and have been used in vari-
ous fields of military and civilian industries. The preparation of carbon fiber reinforced
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composite parts by traditional processes usually requires the preparation of carbon fiber
prepregs, pre-laying the prepregs on the mold, hot-press forming in the autoclave, and
finally machining and assembly. When using traditional processes to prepare carbon fiber
reinforced composite parts, it faces problems such as large initial investment, high operat-
ing cost, long manufacturing cycle, and low material utilization rate. More importantly, it
is difficult or even impossible to form complex parts at once [1, 2].

Additive manufacturing (AM) takes layered manufacturing as the molding principle
and integrates CNC, material science, computer-aided design, and other advanced tech-
nologies, which makes it feasible to fabricate precise structures [3, 4]. The 3D models are
sliced to obtain two-dimensional profile information for each section. Under the control of
the control system, the print head of the 3D printer prints layer by layer according to the
input profile information, and finally forms a three-dimensional workpiece. Stereo lithog-
raphy apparatus (SLA), fused deposition molding (FDM), selective laser sintering (SLS),
selective laser melting (SLM), laminated object manufacturing (LOM), and automated tape
placement (ATP) are the typical AM technologies [5-7].

With the development of AM technologies, additive manufacturing of CFRCs is gradu-
ally becoming feasible. The use of carbon fiber to strengthen the matrix can be divided
into three types: short fiber reinforcement, continuous fiber reinforcement, and fiber cloth
reinforcement [8, 9]. The available additive manufacturing processes vary for different
reinforcement types of raw materials. FDM, SLS, and DPL can be used for short carbon
fiber-reinforced raw materials, ATP and LOM for fiber cloth-reinforced raw materials, and
FDM and ATP for continuous fiber-reinforced raw materials.

The research on additive-manufactured CFRCs is increasing year by year and gain-
ing more attention. A review of research on additive manufacturing of fiber-reinforced
thermoplastic composites was published by Pervaiz et al. [10] in 2021. The mechani-
cal properties of carbon fiber-reinforced composite fabrications prepared by the FDM
process were reviewed and machine learning was proposed as a new research direc-
tion in this field. The review by Adil et al. [11] focuses on manufacturing accuracy and
mechanical properties. Tian et al. [12] provides an overview of the latest technologies
based on the relevance of materials, structures, processes, properties, and functional-
ity of CFRCs. These reviews have provided a comprehensive summary of the process
characteristics, mechanical properties, market applications, and an outlook on future
research trends for additively manufactured CFRCs. However, the prepreg is also an
important factor affecting the Fig. 1 additive manufacturing of CFRC parts, and the
prepreg preparation process is rarely mentioned in these reviews. In addition, the pro-
cess window is one of the first issues to be explored in the study of any additive man-
ufacturing process, and it is necessary to summarize the process parameters obtained
by previous generations through experiments and other means. Therefore, in this paper,
a more comprehensive review of additive manufactured CFRCs, including the prepreg
feedstocks, AM processes, and equipment, are reviewed. We focus on the two addi-
tive processes most commonly used in fiber-reinforced composites, FDM and SLS. The
additive manufacturing of CFRCs is explored from a multi-process perspective as a way
to broaden the thinking on additive manufacturing of CFRCs. Also, the existing appli-
cations of CFRCs are described and a future outlook on AM of CFRCs is given. It is
hoped that through this literature review, readers will be able to get a quick grasp of
what is being researched in the field, find their way to the research, and be able to solve
some of the problems encountered in the research.
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Fig.1 Three different carbon
fiber-reinforcement types and
their applicable AM processes
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2 CFRC Raw Material Preparation and Modification Technology

Obtaining excellent CFRC feedstock is the first step in additive manufacturing of CFRC
parts, so it is necessary to review prepreg preparation methods and carbon fiber modifi-
cation methods.

2.1 Preparation of Short Carbon Fiber-reinforced Composite Filaments

The screw extruder is the main equipment to realize the preparation of short carbon
fiber-reinforced composite (SCFRC) filaments, as shown in Fig. 2. The process can be
divided into three steps. First, the short carbon fiber and the resin are fed into the high-
speed rotating mixer. Then, the mixture is fed into a high-temperature extruder, where
the resin is heated and melted onto the surface of the carbon fiber and extruded into
filaments. Finally, the filament composite material is sent to the cooling bin for cool-
ing [13]. To obtain a more homogeneous composite filament of each component, the
initially formed composite filaments can be shredded, fed again into a high-temperature
extruder for extrusion, and finally extruded to form new filaments [14].

2.2 Preparation of Continuous Carbon Fiber-reinforced Composite Filaments

The preparation of continuous carbon fiber-reinforced composite (CCFRC) filaments
usually uses the method of prepreg impregnation. The carbon fiber is passed through
the prepreg solution at a uniform speed so that the matrix enters the void of the carbon
fiber to form CCFRC filaments [15]. As shown in Fig. 3, the winding wheel 5 is the
active wheel and is responsible for pulling the carbon fiber out of winding wheel 1. The
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Fig.2 Preparation process of SCFRC filaments [14]

pulled-out carbon fiber bundle is heated and softened in heating bin 2 and then goes to
the impregnation tank 3 for impregnation. The carbon fiber bundles spread out as they
pass around impregnation roller 4 so that the resin can evenly encase each carbon fiber.
Finally, the impregnated carbon fiber prepreg is incorporated into winding wheel 5.
This method is a general way for preparing CCFRC filaments, which can be applied
to prepare CCFRC filaments of a variety of substrates, including PLA, ABS, and Nylon.
The researchers have made many improvements in filaments feeding, and collecting to
strengthen the binding between the carbon fiber and the matrix for better mechanical prop-
erties. Among them, the impregnation of carbon fibers is the key step to the quality of
CCFRC filaments. A better impregnation can lead to a more even dispersion of carbon fib-
ers in CCFRC filaments, thus improving the quality of carbon fiber additive manufacturing

Hot air

Fig. 3 Preparation process of CFRC filaments [15]: 1. Unwinding wheel, 2. Heating bin, 3. Impregnation
tank, 4. Impregnation roller, 5. Winding wheel
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parts from the raw material side. The impregnation quality of the matrix can be improved
by multiple impregnations of the carbon fiber, fiber spreading, or the use of an external
device. Three different impregnation methods are shown separately in Fig. 4. Figure 4a
shows the method of roller group spreading. The wrap angle of continuous carbon fiber
is controlled by changing the relative placement of the rollers to achieve a better spread-
ing effect. A take-up port is provided at the end of the machine to control the diameter
of the carbon fiber bundles, thus preparing prepregs with different carbon fiber contents.
Figure 4a shows an impregnating roller with a unique design and a prepreg take-up unit,
using which prepregs with a uniform degree of fiber dispersion are successfully prepared
[16]. Figure 4b shows an ultrasonic impregnation method in which an ultrasonic impregna-
tion device is placed in the impregnation tank and the resin in the molten state is assisted
by ultrasonic vibration to adhere to the surface of the continuous fiber yarn for better wrap-
ping. The device was not set up with a separate take-up port, so the diameter of the prepreg
could not be controlled. In the case of the device shown in Fig. 4c, a prepreg take-up device
is set up, and the PLA in the molten state is placed at a higher pressure by the single-screw
extruder. Under this pressure, the resin-coated carbon fiber filaments are pulled out at the
nozzle confined to a certain diameter range. The heating device keeps the carbon fibers
dry, ensuring that the carbon fibers are easily impregnated by the molten resin. After fin-
ishing the maceration, the composite filaments are sent to cooling water to solidify and
finally wrapped into rolls for later use.

All the above three methods are assisted by external devices to facilitate the bonding
of the resin to the continuous carbon fiber filaments, utilizing only the original physical
properties of the resin and the carbon fiber. To make the resin firmly and uniformly dis-
tributed on the surface of continuous carbon fiber filaments, adding grooves on the surface
of continuous carbon fiber to increase the roughness, changing the chemical bonding on
the surface of continuous carbon fiber, and adding a layer of substance as an intermediate
to absorb the resin and carbon fiber together maybe some new ways to prepare continuous
carbon fiber prepreg. The properties, advantages, and disadvantages of some resin materi-
als commonly used for FDM are shown in Table 1 [20].

2.3 Interfacial Modification

CFRC filaments are three-phase structures that include carbon fibers, resins, and inter-
faces. After high-temperature carbonization, carbon fiber is difficult to infiltrate by the
resin, due to the inert surface. In recent years, it has been widely recognized that the micro
toughness effects of nanomaterial surfaces can effectively change the interfacial properties
of CFRCs. Graphene and carbon nanotubes are the two most commonly used nanomateri-
als for surface modification of carbon fibers [21, 22]. Currently, the use of nanomateri-
als to change the interface between carbon fiber and resin is mainly through two ways:
adding different raw materials and discovering new wrapping methods. Figure 5a and b
show the effect of electrophoretic deposition and graphene/carbon nanotubes to enhance
the interface, respectively [23, 24]. It can be seen that both angles can increase the surface
roughness of carbon fibers, promote the bonding of carbon fibers with resin, and ultimately
improve the interlaminar shear strength of carbon fiber-reinforced composites. For the for-
mer, the surface of the carbon fiber can also be treated by the addition of an active agent or
by using an ultrasonic device to assist the deposition. [25, 26]. For the latter, a combination
of various nanomaterials such as carbon nanotubes, graphene, copper nanomaterials, and
silica nanoparticles can be utilized to achieve the effect of modifying the interface [27, 28].
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Fig.4 Continuous fiber prepreg preparation process: a Filament impregnation line of CCFRC filaments [16,
17]; b Ultrasonic assisted AM devices [18]; ¢ Single screw extrusion resin prepreg filaments making prin-
ciple [19]

2.4 Surface Modification of Carbon Fiber

The addition of carbon fibers to the powder feedstock used in the SLS process tends to
cause agglomeration of the carbon fibers. This problem can be improved by surface modifi-
cation of carbon fibers. Carbon fiber surface modification methods include chemical, elec-
trochemical and plasma treatments. The chemical method is easy to use in the laboratory
and does not degrade fiber properties, so it is the preferred method for surface modification
of carbon fibers [29]. Modification of the surface of carbon fiber can increase the surface
area and surface activity of the fiber, thereby affecting the roughness of the surface of the
carbon fiber and the dispersion in the coated sand. Using hydroxyethyl fiber (HEC) as a
dispersant for short carbon fibers can effectively improve the dispersibility of carbon fib-
ers. The addition of concentrated nitric acid and coupling agent modification can increase
the groove on the surface of the carbon fiber, and its roughness is greatly increased, making
the interfacial performance of the compound more excellent [30]. As shown in Fig. 6a to
¢, they show the carbon fiber surfaces treated in one of three ways: untreated, treated with
concentrated nitric acid, and treated with a mixture of concentrated nitric acid and coupling
agent KH550.Carbon fibers treated with a mixture of concentrated nitric acid and coupling
agent KH550 have the highest roughness [31]. As shown in Fig. 6d to f, Jing et al. [32] treated
carbon fibers with concentrated nitric acid and prepared parts from the treated carbon fib-
ers. It was found that the functional groups of carbon fibers treated with concentrated nitric
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Fig.5 Carbon fiber surface modification methods: a Electrophoretic deposition [23]; b Multi-nanomaterial
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acid were thermally decomposed into gases during the sintering process, and the poros-
ity of the parts increased accordingly. The carbon fiber mixture treated with concentrated
nitric acid is further treated at 400 °C in a nitrogen environment, which can retain some of
the modification effects while reducing the porosity of the composite.

3 AM Processes and Equipment
3.1 Fused Deposition Molding

FDM is computer-controlled and uses a layer-by-layer manufacturing method to produce
parts made from thermoplastic resins. This AM technology selectively heats and melts var-
ious thermoplastic filaments and prints them in a predetermined path on a molding table.
The manufacturing process includes 3D model design, slicing, data transferring to the
printer, and layer-by-layer printing until the model is completed [33]. It is the most widely
used AM technology because of its ease of use, low cost, smooth operation, and safety.
Manufacturing CFRC parts by FDM is similar to manufacturing thermoplastic resin parts
by FDM, in which carbon fiber prepreg is fed into a nozzle to be heated and melted, and
then extruded from the nozzle to be deposited on a platform for solidification. Currently,
FDM technology for CFRC can be divided into single input-single output manufacturing
method, multiple input-single output manufacturing method, and multiple input-multiple
output manufacturing method [34-36].
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Fig.6 Short carbon fiber surface morphology: a Unmodified b Concentrated nitric acid modification ¢
Coupling agent and concentrated nitric acid modified at the same time [31]; Cross-sectional morphology
of carbon fiber-reinforced nylon 12 composites: d Untreated e Concentrated nitric acid modified treatment
Concentrated nitric acid modified heat treatment [32]

3.1.1 Single Input-Single Output Manufacturing Method

The single input-single output manufacturing method is most commonly used to print
thermoplastic resin. The preparation of prepreg provides the conditions for additive
manufacturing of CCFRC parts. As shown in Fig. 7, the single input-single output FDM
additive manufacturing method involves heating and melting the prepreg directly into
the nozzle, and then extruding it from the nozzle. This method is convenient and fast
and enables the printing of both CCFRC filaments and SCFRC filaments. It should be
noted that CCFRC filaments are easily scraped when passing through the nozzle, there-
fore, FDM nozzles used for printing CCFRCs are often treated with special treatments,
such as adding chamfers and enlarging the nozzle aperture [37], And the nozzle diameter
is larger than the diameter of CCFRCs is one of the reasons for the loss of accuracy in
manufacturing CCFRC parts [38].

3.1.2 Multiple Input-Single Output Manufacturing Method

The multiple input-single output manufacturing method refers to that multiple feed ports
are set at the nozzle, so that different raw materials enter the same heating bin at the same
time for feeding and mixing [39-41]. It includes two manufacturing methods: in-situ
impregnation and co-extrusion of filament bundles. As shown in Fig. 8, in-situ impregna-
tion means that dry continuous fibers and filamentous resin are fed into the heated bin at
the same time, and the fibers and resin are mixed in the heated bin. Filament bundle co-
extrusion is based on in-situ impregnation by replacing dry carbon fibers with carbon fiber
prepreg, enabling the mixing and printing of multiple substrates. Multiple input-single out-
put manufacturing method can be used to print on higher viscosity substrates, such as TPU,
PETG, etc. [42, 43]. However, high-viscosity resin tends to make carbon fiber extrusion
difficult, which can lead to nozzle clogging. To solve this problem, Ye et al. [44] added
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Fig. 7 Single input-single output manufacturing method

a concentric tube at the front 3 mm of the nozzle to shorten the contact time between TPI
and carbon fiber, which in turn allowed TPI and carbon fiber to extrude smoothly into the
nozzle and be printed.
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Fig.8 In-situ impregnation equipment and principles: a Multiple input-single output manufacturing method
[45]; b Printers with concentric tubes [44]
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3.1.3 Multiple Input-Multiple Output Manufacturing Method

Multiple input-multiple output manufacturing method utilizes multiple tubes to introduce
the substrate and carbon fiber separately, and then multiple nozzles are used to print the
carbon fiber and substrate separately. In this process, the substrate and carbon fiber do not
touch each other inside the print head. As shown in Fig. 9, this printing method prints the
carbon fiber and substrate separately so that the carbon fiber and substrate are combined in
a layer-by-layer bond. This method allows the extrusion rate of carbon fibers and matrix to
be controlled separately, achieving flexible control of the carbon fiber content [46]. At the
same time, since the carbon fiber and the substrate are not in contact with the print head,
the carbon fiber is prevented from clogging the nozzle due to the over-sticky substrate, and
a more stable printing rate and material extrusion rate is obtained.

3.1.4 External Curing Device to Assist Manufacturing

For carbon fiber-reinforced thermoset resin composites, general FDM equipment can
often only perform the thermoset composite filaments because the nozzle temperature has
not reached the curing temperature of the thermoset resin. As shown in Fig. 10a, the ther-
moset resin printed by FDM is still in a molten state and not fully solidified. After the
part is printed, the part needs to be post-processed, such as autoclave curing or light cur-
ing. The autoclave curing method involves burying the molded sample in sodium chloride
powder, applying pressure with an external vacuum pump to promote the filling of inter-
nal pores and eliminate trapped air, and finally curing the entire device in an oven [47].
The method is cumbersome and takes too long from the start of printing to full molding.
In recent years, the addition of a curing device at the print head is a new modification
to FDM devices. This technology is called continuous carbon fiber-reinforced thermoset
resin in-situ solidification technology, which enables continuous printing and curing of
carbon fiber-reinforced thermoset composites into shape. As shown in Fig. 10b, a laser
curer is mounted on the print head to cure the resin, and the laser beam is shot slightly
offset in the opposite direction of the print path, so that the thermoset resin does not cure
as soon as it exits the nozzle, avoiding blocked resin flow [10, 48, 49].

3.2 Selective Laser Sintering

SLS technology uses laser-sintered powders to produce parts based on computer-aided
design (CAD) models in a continuous layer-by-layer fashion [50]. As shown in Fig. 11,

Thermoplastic material g ®, > " t
(Such as polylactic acid) B y
el b
pa—
Extrusion device ((
< [[Fe
> Continuous carbon fiber,
Printed model with composite matcrial
carbon fiber layer
inserted in the mi{lic = Shearing device
J

Fig. 9 Multiple-input and multiple-output manufacturing method [35]
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Fig. 10 Curing method for continuous carbon fiber reinforced thermosetting resin: a Additive manufactur-
ing and autoclave curing of carbon fiber-reinforced thermoset composites [47]; b Laser-assisted additive
manufacturing of carbon fiber-reinforced thermoset resin composites [48, 49]

the SLS system typically consists of a laser, an automatic powder layering device, a
computer system for process control, and some auxiliary mechanisms [51].

Polymer powders are the most widely used materials in SLS technology, with
PEEK, polyamide and polystyrene commonly used. [53]. In recent years, the applica-
tion of short fibers in SLS has also received attention from researchers, such as carbon
fibers, glass fibers, jute fibers and graphene nanosheets. The incorporation of these
short fibers can significantly improve the mechanical properties of the parts. The addi-
tion of these staple fibers can significantly improve the mechanical properties of the
parts [54-57]. Due to process limitations, continuous carbon fibers are difficult to
use as a feedstock for SLS. Adding short carbon fibers or carbon fiber powders to the
matrix is a common method for preparing polymer parts from SLS [58, 59]. Carbon

Scanning Mirrors
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Extra Powder Collectors
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= Extra Powder Collectors
Part Bed with Complex Parts
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Fig. 11 SLS printed schematic [52]
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fiber parts prepared by SLS have higher surface accuracy, but are difficult to match
the mechanical properties of continuous carbon fiber parts prepared by other additive
manufacturing methods.

3.3 Newly Emerged Process Technologies
3.3.1 Light-curing Additive Manufacturing (Lc-AM)

At present, the AM process of CFRCs focuses on FDM and SLS, while FDM has a natural
advantages in the CCFRCs additive manufacturing due to its process characteristics. How-
ever, among many printing technologies, the printing accuracy of FDM is not ideal, and it
is easy to generate more pores during the printing process. To obtain a finer surface qual-
ity, sanding the molded sample is one of the common means, but this method may affect
the mechanical properties of the sample. Exploring a new way of printing CFRCs will be
a new research direction. Light curing molding technology is one of the earliest AM tech-
nologies with high surface accuracy of printed samples. However, the photosensitive resin
is sensitive to light, the crosslinking process will cause the part to become brittle, and the
molded sample will be warped and deformed over time, requiring a lot of post-processing
to retain the geometry of the part [60]. Reinforcement of photosensitive resins using carbon
fibers is a viable method to reduce brittleness. As shown in Fig. 12, As if [61] proposed a

Randomly
lispersed carbon
in resin

/, /. /.
SIS N m

One-layered Two-layered
construct with 0° construct with 0°-90° Mask o
fiber orientation  fiber orientation crosslinking

Fig.12 Schematic diagram of the fiber arrangement of ultrasonically driven and cured resin in the shape of
a dog bone specimen using a UV absorption light source [61]
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method to organize short carbon fibers in a light-curing resin using the acoustic radiation
force of ultrasonic standing waves, thereby realizing the arrangement of short carbon fib-
ers and controlling fiber orientation. This approach is expected to be extended to DLP and
SLA processes to create functional mechanical anisotropic composite parts.

3.3.2 Robot-assisted Additive Manufacturing (Ra-AM)

In addition to traditional additive manufacturing methods, robots are expected to become a
new additive manufacturing method for CFRCs parts. The six-axis robot robotic arm has a
high degree of freedom. It can be suitable for any trajectory or angle of work. Flexible and
versatile hand-gripped components make Ra-AM a viable continuous carbon fiber addi-
tive manufacturing method. Traditional additive manufacturing systems are mostly box-
type equipment, and the improvement of the equipment is more complicated, while the
robot is an open equipment, with higher operability and a more convenient way to improve
the equipment. At present, AREVO has started to use robots for 3D printing. As shown
in Fig. 13, the device is a Ra-AM system including a filament feed mechanism, a laser,
a press roller, a positioning table, and a filaments shearing device. The basic principle is
similar to direct energy deposition (DED). The prepregs are fed to the press roller by feed-
ing mechanism. The laser illuminates the surface of the prepregs to makes the resin melt.
After the printing is completed, the prepregs are cut off by the filaments shearing device.
This device solves the problem of clogging the nozzles of conventional extrusion printers,
allowing CFRC prepregs to be printed smoothly onto the platform. Besides, with the help
of the pressing wheel roller, the interlaminar shear strength is expected to be improved. In
the future, with the update of robot equipment and the development of technology, there
will be a broader research space for Ra-AM of carbon fiber composites.

3.3.3 Green Manufacturing (GM)

With the increasing use of carbon fiber-reinforced composites and the increasing amount of
waste generated, the recycling of carbon fibers has become a new research direction. Poor
recyclability of materials due to the heterogeneity of intrinsic matrix and reinforcing materi-
als, especially for thermoset composites [63]. Jeong et al. [64] use water vapor from 600 °C
to 800 °C as an oxidant to remove resin from composites, resulting in a 100% recovery rate
of carbon fibers, but its tensile strength is only 66% of the original. As shown in Fig. 14a,

Fig. 13 Ra-AM developed by AREVO [62]
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Fig. 14 Green additive manufacturing process: a Scheme of recycling and remanufacturing of additively
manufactured continuous carbon fiber-reinforced thermoplastic composites [65]; b Equipment diagram for
carbon fiber recycling [66]; ¢ Layered bonded CFRC re-manufacturing method [67]

Tian et al. [65] proposed a new recycling process for carbon fiber composites. This pro-
cess can be thought of as an inverse of FDM, where the carbon fiber is gently and continu-
ously pulled out as the hot air gun moves. The recovered thermoplastic-impregnated carbon
filaments can be rolled up or sent directly back to the additive manufacturing process for
remanufacturing. This method maintains a 100% carbon fiber recovery rate and a 73% PLA
recovery rate, while also maintaining the high mechanical properties of carbon fiber. Chen
et al. [66] adds TiO, and Cr,Oj; to the recovered carbon fiber, thereby separating the matrix
on the surface of the carbon fiber and completing the recovery of the carbon fiber, and the
process is shown in Fig. 14b. This recovery method can obtain soft, fluffy, silky carbon
fibers, and the decomposition rate of the epoxy matrix has reached 100%. In the future, sus-
tainable development should be achieved by using recycled or green raw materials and inno-
vative additive manufacturing processes. Huang et al. [67] recycled and reused the discarded
carbon fiber composites and prepared the CFRC fabricated parts by first printing layer by
layer and then bonding them in layers, the process is shown in Fig. 14c.

In addition, the heating of the resin tends to produce a certain amount of emissions,
which inevitably generates a certain amount of pollution, whether in the process of fila-
ment making or printing. Measuring process emissions can help people mitigate environ-
mental pollution, which is an important part of green manufacturing. Literature [68] gives
us some new insights.
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4 Mechanical Properties of Additively Manufactured CFRC Parts
4.1 Key Factors of FDM Forming Quality

To obtain CFRC parts with better mechanical properties, it is often necessary to investigate
the printing parameters of different substrate materials. In addition, the paths of carbon
fibers need to be specially arranged and planned to fully utilize the mechanical properties
of carbon fibers. Finally, the denseness of the part needs to be taken into account because
of the high porosity of the 3D printed part, which is more serious in FDM. Therefore, the
following section summarizes the researchers’ studies in three directions: printing paths,
parameter settings and the porosity of the fabricated parts.

4.1.1 Printing Path

Samples printed with carbon fibers will show different mechanical properties depend-
ing on the orientation of the carbon fibers [69]. In the direction of the carbon fiber
print, the carbon fiber parts show the highest tensile strength [70]. For SCFRC, the tra-
jectory of the nozzle affects the orientation of the short carbon fibers, which changes
the mechanical properties and failure modes of the component [71, 72]. Yan et al. [73]
investigated the effect of the nozzle movement direction on the angle of the short car-
bon fibers, which provides a basis for controlling the angle of the short carbon fibers.
The use of magnetic fields to control the orientation of short carbon fibers is a viable
method [74]. For CCFRCs, the setting of the printing path will affect the strength of the
CFRC parts and too high the corner will cause the carbon fiber to be misaligned and
broken [37]. When 3D printing with continuous carbon fiber prepreg, the number of
jumps of the nozzle needs to be controlled, because each jump of the nozzle causes the
excess prepreg to be extruded. In addition, if there are too many intersections of paths
on the same layer, this can lead to an uneven surface of the carbon fiber part, which
can affect the printing result. Therefore, printing parts with high complexity and high
mechanical properties with continuous carbon fiber composites remains a huge chal-
lenge. At first, the researchers looked to slicing software for inspiration for the design
of print paths. Figure 15a to ¢ show three print paths that have been integrated in the
FDM slicing software, which are mesh filling, line filling, and spiral filling [69]. Luo
et al. [35] experimentally compared the tensile strength of these three filling methods
for additively manufactured CCFRC parts, and found that spiral filling was the method
to obtain the highest tensile strength. The spiral filling can satisfy the continuous print-
ing of some regular parts, but how to introduce carbon fiber in some irregular and com-
plex parts is still a problem. Analyzing the load transfer path of a component and laying
the carbon fiber according to the load transfer path is a new approach to path design.
For example, Nakagawa et al. [75] printed tensile specimens in the form of a sandwich,
where carbon fibers were neatly laid in the middle layer of the tensile specimen, and the
bonding of resin to the middle fibers was enhanced by thermal bonding, as shown in
Fig. 15d and e. Li et al. [76] performed a stress analysis of the parts, and placed carbon
fibers in the areas of highest stress concentration to improve the mechanical properties
of the parts. In this way, the tensile and flexural strengths of the specimens were suc-
cessfully increased by 67.5% and 62.4%, respectively. The strength of the printed sus-
pension plates was increased by nearly 16 times compared to the pure resin parts. The
designed parts and paths are shown in Fig. 15f to j.
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Fig. 15 Carbon fiber path planning: a Mesh filling; b Line filling; ¢ Spiral filling [35]; d e Ruptured tensile
specimens without and with thermal heating for d=0.4mm [75]; f Tension specimen load distribution and
printing path; g Three-point bending specimen element density and load distribution; h Topology analysis
of the suspension plate; i Hanging plate printing path; j Hanging plate printing samples [76]

Path planning for continuous carbon fiber additive manufacturing has been a difficult
task for 3D printing high-strength complex parts, and it is difficult to prepare parts with
high carbon fiber content in the three ways mentioned above. To obtain parts with high car-
bon fiber content, it is necessary to use continuous path, while also ensuring that the path
does not have too many corners and intersections. Unfortunately, most of all the slicing
software currently on the market can only accommodate SCFRCs [77], and even though
some scholars have studied continuous fiber paths for AM. For example, Huang et al. [78]
proposed an algorithm to optimize tool paths for printing thin-walled honeycomb struc-
tures by reducing the number of intersections in the path. These algorithms have not been
applied to slicing software [79], and slicing software that can adapt to continuous carbon
fiber additive manufacturing has yet to be developed.
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4.1.2 Setting of Slicing Parameters

For desktop-level FDM technology, a variety of slicing software is available for download
and use. One can change various slicing parameters in the software to complete the slic-
ing of the model and export g-code files for AM. The slicing parameter of the model is
the key to the accuracy and mechanical properties of CFRC parts [20, 80, 81]. Yan et al.
[82] analyzed the effects of nozzle temperature, print speed and extrusion width on the
mechanical properties of additively manufactured SCFRC parts. It was shown that there
was a direct relationship between the orientation of short carbon fiber and the extrusion
width, and the fiber orientation was higher along the printing direction when the extruded
filament was narrower. Figure 16a shows the effects of nozzle temperature, printing speed
and layer thickness on the tensile strength of SCFRC fabricated parts. The results show
that there is no significant positive or negative correlation between these factors and the
tensile strength of the fabricated parts. These parameters change the mechanical properties
of SCFRC parts mainly by affecting the cooling of the filament, and the mechanical prop-
erties of the fabricated part are the result of the coupling of these factors [83]. Figure 16b
shows the difference in the tensile strength of the samples with and without the frames.
The results show that the frames can improve the tensile strength of the SCFRC fabricated
parts to some extent [84].

Dou et al. [85] experimentally studied the effects of the parameter changes of layer
height, extrusion width, printing temperature, and printing speed on the mechanical prop-
erties of continuous carbon fiber-reinforced PLA composite parts. The results show that

00 01 02 03 04 05
Strain (mm/mm)

0.000 0.005 0.010 0.015 0.020 0.025 0.030
strain

a
@) 70 704 :
1
1 60+ :
1 .
1
: g 50 i
1 < 404 1
1 @ 1
1
1 £ 304 i
1 ) |
I 20+ |
: = 104 :YM 25°C, n:mmm‘\'/= 17 mms, T, = 240 °C :
! 0 =Ty 25°C, h= 0.1 mm, V = 15 mms, T, = 220 °C 0 ——Tges 25°C.h= 0.1 mm, V = 13 mmis, Tpppr =240°C
I T T T T J T T T T ]
I 0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5 :
: Strain (mm/mm) Strain (mm/mm) |
T T P e e
| 704 120
I : m— PA-CF :
: 60 1 11 100 I
— (| |
:& 50+ Il " NF45 :
P
'S 40 - .
193 11 2e 1
19 30+ L !
1) 1) By I
1 204 L1 :
g 1 g
1 10+ e, Lol bt imbadiihe ], Ioicaasi : : - ~~ F: Fabrication with frames :
: 0 o 25°C, h= 03 mm, V= 15 mms, To = 240°C| | | & NF: Fabrication without frames |
o U | 1
: 1 1
|
: 1

Fig. 16 Mechanical properties of CFRCs: a Effect of slicing parameters on the tensile strength of SCFRC
parts by AM [83]; b Tensile stress-strain curves for framed and unframed parts [84]

@ Springer



Applied Composite Materials (2024) 31:353-398 371

the layer height and extrusion width are negatively correlated with the tensile strength
of the parts, while the nozzle temperature and printing speed did not have strict positive
or negative correlation with the tensile strength, and could only the optimal solution can
only be found in a certain interval. The relationship between these slicing parameters and
the tensile strength is shown in Fig. 17a. Similar results were obtained by Jia et al. [86].
The relationship between the tensile strength of the fabricated parts and the layer thick-
ness and printing speed is shown in Fig. 17b. It is noteworthy that both used continuous
carbon fiber-reinforced PLA as raw material, but the selection range of layer thickness
was not the same, and there is a difference in the maximum tensile strength of the fabri-
cated parts. This is due to the difference in prepreg diameters, and more experiments are
needed to determine the process window for different types of FDM equipment and differ-
ent diameters of prepreg. Figure 17c illustrates the effect of print temperature, print speed,
fiber feed and resin feed on the degree of path deviation and fiber kinking. Factor A, B,
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Fig. 17 Mechanical properties of CFRCs: a and b Effect of slicing parameters on the tensile strength of
CCFRC parts by AM [85, 86]; ¢ Effect of slicing parameters on the accuracy of CCFRC parts by AM [87]
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C, and D represent print temperature, print speed, fiber feed, and resin feed, respectively.
The results show that printing speed and fiber feed rate have a significant effect on the
accuracy of the part [87].

Finally, for laser-assisted in-situ curing additive manufacturing methods, the irradiation
power of the laser has a significant impact on the mechanical properties of the manufac-
tured part [88].

The study of slicing parameters is the most fundamental issue in continuous carbon
fiber additive manufacturing, and some conclusions can be drawn from the above studies:

1. The main parameters that affect the accuracy of the fabricated parts are filling path,
printing speed, nozzle temperature, and diameter. The influence of the filling path on
the accuracy is mainly reflected in the unevenness of the part caused by the intersec-
tion of the path. Too fast a printing speed can cause the carbon fiber to be pulled out
at the corners. The temperature of the nozzle will affect the fluidity of the resin. High
temperature will make the previous layer melt again and low temperature will make it
difficult to fuse the resin between the two adjacent lines, thus forming defects. Finally,
the diameter of the nozzle needs to be matched to the diameter of the prepreg.

2. The key factors affecting the mechanical properties of the continuous carbon fiber addi-
tive manufacturing parts are the path, layer thickness, and scan spacing. The influence
of the path on the mechanical properties of the continuous carbon fiber additive manu-
facturing parts has been discussed in the previous chapter, while the layer thickness and
scan spacing needs to be selected according to the diameter of the prepreg. By changing
these two parameters, parts with different porosity which affects the mechanical proper-
ties of the parts can be obtained.

4.1.3 Porosity

Compared to traditional compression forming processes, CFRC parts using AM as a
forming method have higher porosity, which is an important factor in the mechanical
properties of the parts [89]. When manufacturing CFRC parts with FDM, the nozzle
diameter is usually larger than the prepreg diameter. Larger nozzle diameters create
more air pockets in smaller sized corner areas [90, 91]. An increase in the volume frac-
tion of carbon fibers leads to a decrease in the volume fraction of resin. When the resin
content is not sufficient to supply fiber-to-fiber bonding, the porosity inside the manu-
factured part rises [91, 92].

For SCFRC parts, Lin et al. [93] prepared SCFRC parts with different carbon fiber
volume fractions and investigated the effect of carbon fiber volume fraction on the
mechanical properties of the parts. The results showed that the flexural strength of the
SCFRC parts reached the highest when the volume fraction of carbon fiber reached
3.5%-4.5%. Young’s modulus of the SCFRC parts reached the highest when the car-
bon fiber volume fraction was 6%. As the volume content of carbon fiber continued
to increase, the flexural strength and Young’s modulus both decreased. As can be
observed from Fig. 18a to c, the higher the carbon fiber content, the higher the porosity
of the fabricated parts. To investigate the mechanism of pore formation inside the fab-
ricated parts, Somireddy et al. [94] investigated the relationship between porosity and
mechanical properties of SCFRC components at different layer thicknesses. This study
shows that choosing the right layer thickness can be effective in reducing the porosity
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within the composite. The smaller the layer thickness, the higher the pressure of the
printer nozzle on the composite filament. Under high pressure, the resin is more easily
squeezed into the fiber filaments, which in turn reduces the porosity of the manufac-
tured part. Yang et al. [95] investigated the evolution of short carbon fibers and pores
during 3D printing. They found that the porosity of the composite filament inside the
nozzle is low and most of the pores are formed when the composite filament leaves
the nozzle, and Fig. 18f to i shows the process. Nozzle shape is also an external factor
that affects part porosity. As shown in Fig. 18d and e, the square nozzle printed sample
porosity is lower than the sample printed by the circular nozzle [96].

For CCFRC parts, the carbon fibers can come into contact with the surface of the pro-
cessing equipment and break, which can exacerbate the formation of pores. The print path
also has an effect on the porosity of the part [82, 89, 97]. He et al. [98] prepared con-
tinuous carbon fiber-reinforced nylon composites, observed the part’s cross-sectional pores
using optical microscopy, and reduced the porosity inside the part by molding. Figure 18j
to m shows the difference in porosity between the compression and non-compression
molding. In addition, Li et al. [99] investigated the effects of fiber volume fraction, fiber
shape and fiber eccentricity on the on the printing process through numerical simulations.
Based on this study, it is expected to further understand the causes of porosity formation in
additive manufacturing process and regulate it.

In summary, the source of pores in additively manufactured CFRC parts can be divided
into these components:

(9= Inter-bead voids B
- e

Fig. 18 SEM of parts with different carbon fiber content: a 10% b 20% ¢ 30% [89]; SEM of printed parts
with different shaped nozzles: d circular nozzle e square nozzle [96, 98]; CT of carbon fiber extrusion
process: f in the chamber g at the nozzle h at the nozzle outlet i completely out of the nozzle [95]; Frac-
ture surfaces of bending specimens printed with CFRCs: j and k with compression molding 1 and m non-
compression molding [98]
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1. In the preparation of prepreg, the incomplete contact between resin and carbon fiber
leads to a raw material with high porosity. As a result, porosity is more likely to occur
during the preparation of SCFRCs compared to CCFRCs.

2. During additive manufacturing, sharp rotation and jumping of the nozzle increases the
porosity of the manufactured part. The use of appropriate slicing parameters and path
planning can alleviate this problem to some extent.

3. The internal roughness of the nozzle affects the condition of the carbon fiber filament as
it leaves the nozzle. Excessive roughness will cause the prepreg to become more porous
as it leaves the nozzle. Smoothing the inside of the nozzle helps to feed the prepreg neatly
and evenly through the nozzle, thereby reducing porosity in the manufactured part.

4.2 Comparison of Short Fiber and Continuous Fiber-reinforced Composite
4.2.1 The Influence of Fiber Form on the Part

Unlike continuous carbon fiber, short carbon fibers only provide local reinforcement to
the composite filaments. When carbon fibers are ground into powder form, the mechani-
cal properties of thermoplastic composite parts are not significantly improved [100, 101].
Figure 19 illustrates the difference in mechanical properties between SCFRC fabricated
parts and CCFRC fabricated parts. Figure 19a and b verify the relationship between the
above-mentioned short carbon fiber content and the mechanical properties of the parts, the
content of short carbon fibers needs to be controlled within a certain range to obtain the
highest mechanical properties of the parts. Figure 19c and d show the tensile strength and
flexural strength of the CCFRC parts, respectively. By comparing the mechanical proper-
ties of SCFRC and CCFRC fabricated parts, it can be concluded that continuous carbon
fiber strengthens the parts more effectively. Hao et al. [49] also proved this conclusion.

The distribution of pores and the reasons for their formation are also different for
SCFRC and CCFRC parts. Figure 20a to h shows the pores of the SCFRCs, and it can
be seen that many pores are present around the short carbon fibers [14]. The bonding of
continuous carbon fibers to the matrix occurs mainly in the form of the matrix wrapping
around the carbon fiber tows. Excellent impregnation results depend on the ability of the
matrix to penetrate the carbon fiber tow so that each carbon fiber monofilament is coated
with the matrix. As the fiber content increases, the matrix wrapping effect will become less
and less effective. When the continuous carbon fiber content is low to a certain extent, the
matrix will be difficult to penetrate the carbon fiber bundle, and the phenomenon of fiber
and matrix separation occurs [104]. This phenomenon can be seen in Fig. 20i to 1.

The current FDM technology also realizes the printing of continuous fibers, but the
printing process will inevitably cause certain damage to continuous fibers [90, 105]. When
printing CCFRC parts, the equipment requirements are more demanding, as the continu-
ous fibers are more likely to wear out from contact with the printing equipment during the
printing process [49]. This problem does not occur when printing SCFRC parts. Hu [102]
monitor the continuous fiber FDM printing process. As shown in Fig. 20m to o, the modal
transformation of the continuous fibers mainly occurs when it is pulled out of the drum
and when it is extruded from the nozzle. Carbon fiber is heated and softened as it passes
through the printer nozzles, and the surface is abraded as it passes through the pulleys and
rollers. Because of this, a large number of breaks occur in the continuous carbon fiber as it
is laid on the printing plate. Figure 20s and t shows the fracture of continuous carbon fiber
after different diameters of the nozzle end. It can be seen that the reduction of the nozzle
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diameter exacerbates continuous fiber fracture, whereas short carbon fibers are insensitive
to nozzle diameter [47].

4.2.2 The Influence of the Matrix on the Part

Depending on the molecular structure, the matrix of fiber-reinforced composites can be
classified as thermosetting polymers or thermoplastic polymers. Thermoplastic resins
include ABS, PLA, PETG, PEEK and nylon [106-108]. Thermoplastic polymers have no
chemical cross-linking and have good physical and mechanical properties at characteris-
tic temperatures. Because of their ease of processing, they are the most commonly used
substrates for FDM [40, 109]. Thermoplastic polymers are prone to warpage during the
printing process. Warpage is influenced by the crystallinity of the thermoplastic polymer
material, the lower the crystallinity, the less warpage and the more accurate the dimen-
sional control [110]. Ambient temperature is a key factor affecting crystallinity. Yang
et al. [111] varied the ambient temperature to control and achieve different crystallinity
of PEEK components. The results show that pure PEEK undergoes a non-isothermal crys-
tallization process when extruded from the nozzle. The ambient temperature setting adds
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Fig.20 SEM of filament cross-section with different short fiber content: a and e Owt% b and f 5wt% ¢ and
g 10wt% d and h 15wt% [14]; SEM of different continuous fiber content: i 3wt% j Swt% k 10wt% 1 15wt%
[104]; the Surface texture of the FDM filament at stages: m Raw feedstock n Through two counter-rotating
metal wheels o Through heating element 254 ‘C; Longitudinal images of the FDM filament in stages: p
Raw feedstock q Through two counter-rotating metal wheels r Flattened by heated nozzle on an unheated
bed 20 °C [102]; The surface of the filament impregnated with nozzles of different diameters: s 0.6 mm t
1.0 mm [47]

an isothermal crystallization process to the extruded polyether ether ketone, with a corre-
sponding increase in the crystallinity of pure polyether ether ketone from 17 to 31% as the
temperature rises from 25 °C to 200 °C. The crystallinity of the extruded polyether ether
ketone increases from 17 to 31% as the temperature rises from 25 °C to 200 °C. This con-
clusion is shown in Fig. 21a and b. Figure 21c and d shows the results of crystallinity and
mechanical properties of different PEEK samples at different nozzle temperatures. Yang
[13] measured the crystallinity and warpage of carbon fiber-reinforced PEEK composite
parts prepared by FDM at different ambient temperatures. The results show that the law of
influence of ambient temperature on crystallinity is also applicable to the AM of short car-
bon fiber-reinforced PEEK. As seen in Fig. 21e, the crystallinity of carbon fiber-reinforced
PEEK gradually increases from 21.3% to 32.5% as the temperature increases from 20 °C to
200 °C, and the warpage of the fabricated parts first increases from 0.2% to 1.6% and then
decreases to 0.4%. The reason for the decrease in warpage is that when the temperature is
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Fig. 21 Crystallinity and mechanical properties results of different PEEK samples with different ambient tempera-
tures (25 °C, 50 °C, 100 °C, 150 °C, 200 °C): a results of crystallinity and breaking elongation b results of tensile
strength and elastic modulus; Crystallinity and mechanical properties results of different PEEK samples with dif-
ferent ambient temperatures ((360 °C, 380 °C, 400 °C, 420 °C, 440 °C, 460 °C, 480 °C): c results of crystallinity
and breaking elongation d results of tensile strength and elastic modulus [111]; e Effects of ambient temperature
on crystallinity and warpage rate of carbon fiber-reinforced PEEK composite parts prepared by the FDM process; f
and g Relationship between the crystallinity and tensile stress—strain curves and flexural stress—strain curves of car-
bon fiber-reinforced PEEK composite samples after heat. h Control of mechanical properties of the carbon fiber-
reinforced PEEK composite through recrystallization [13]
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at 200 °C, the composite part changes from non-isothermal to isothermal crystallization,
the ambient temperature is higher, and the part presents a semi-softened state, thus less
shrinkage and deformation occurs. The mechanical properties and elongation of carbon
fiber reinforced PEEK composites can be controlled by varying the FDM process param-
eters and the crystallinity of the composite post-treatment, as shown in Fig. 21f to h. How-
ever, it is worth noting that the elongation of the composites is more sensitive to crystallin-
ity. Therefore, processes that allow better control of crystallinity are needed.

The molecules of thermoset resin cross-link during curing to form a mesh structure,
so the thermoset resin has the characteristics of rigidity, high hardness, high-temperature
resistance and non-flammability after curing [112]. The difficulty of molding thermoset
resins in FDM is one of the reasons why there is less research on this material than on
thermoplastic resins. As equipment is updated and technology matures, the advantages of
thermoset resin materials in 3D printing are gradually revealed [113]. AM of carbon fiber-
reinforced thermoset resins typically uses a lasers to cure the resin, which requires precise
control of the laser’s irradiation angle, power and exposure time. At present, there are few
studies on the bonding quality of thermoset resins to carbon fibers, and the mechanism of
heat-force-flow coupling of carbon fiber-reinforced thermoset resins under the AM process
is still to be explored.

4.2.3 Discussion of Failure Modes of CCFRC Parts

The tensile fracture forms of CCFRC parts mainly include fiber pull-out, fiber debond-
ing, and fiber breakage [114]. As shown in Fig. 22a. Fiber debonding and fiber pullout are
mainly caused by poor bonding between matrix and fibers due to pores created during the
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Fig.22 Failure modes of CFRCs: a SEM image of fracture surface after stretching [116]; b SEM image of
the fracture surface after bending [117]; ¢ Fatigue failure process and typical fatigue fracture surface SEM
images of CCFRCs [115, 118]
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manufacturing process, and these two failure modes are dominated by the matrix. Fiber
fracture is the failure mode that can withstand the maximum tensile stress, and this failure
mode is mainly caused by the propagation of micro cracks on the surface of the carbon
fiber. Figure 22b shows the bending fracture cross-section of CCFRC parts. It can be seen
that the damage form in zone A is the same as the tensile damage form, with the neu-
tral plane (C) flanked by tensile (A) and compressive (B) sides, respectively. The frac-
ture surface in zone B looks more dense and flat, which is caused by the extrusion of the
matrix. Figure 22¢ shows the failure mechanism of the CCFRCs. Failure of CCFRCs can
be divided into three stages. The initial stage of failure is related to the debonding of the
fiber matrix in areas where poor bonding exists, poor bonding is due to fiber misalignment,
matrix enrichment, and poor surface conditions. In the second stage, delamination occurs
between the fibers and the matrix. In the final stage, crack extension occurs in the fibers
and local fracture occurs [10]. Carbon fiber-reinforced thermoplastic composites fail more
commonly in the first stage, whereas thermoset resins form a higher quality bond with the
fibers after curing and can pass through the first stage more smoothly [115].

4.3 Key Factors of SLS Forming Quality
4.3.1 Fiber Orientation

When printing pure polymers by SLS, the mechanical anisotropy of the printed sample is
relatively low, but with the addition of carbon fibers, the anisotropy of the parts becomes
noticeable [119-121]. The tensile strength of the part is significantly improved along the
fiber, but the elongation is also decreases significantly [57]. The reduction in elongation
is clearly shown in Fig. 23a and b. Figure 23c and d show the relationship between carbon
fiber orientation, porosity and carbon fiber content of short carbon fiber polymer parts,
respectively. The strength of CFRC parts increases significantly in the direction of carbon
fiber alignment, remains almost unchanged perpendicular to the direction of carbon fiber
alignment, and decreases slightly perpendicular to the interlayer direction. The main rea-
son for the decrease in strength perpendicular to the interlayer direction is that the poros-
ity of the interlayer increases with the addition of rigid carbon fibers [122]. Khudiakova
et al. [121] used X-ray computed tomography and characterized the structural character-
istics of carbon fiber-polyamide 12 composites processed with SLS. The results showed
that most of the carbon fibers were laid in a direction parallel to the block direction. There
are three factors that increase the shear force of carbon fiber by the squeegee: an increase
in squeegee travel speed, an increase in squeegee rotation speed and a decrease in layer
thickness. These three factors because more carbon fibers to be aligned parallel to the
direction of powder lay-up, thus improving the tensile properties of the carbon fiber com-
posite product in the powder lay-up direction. Chen et al. [123] monitored the orienta-
tion changes of carbon fibers during the preparation of short carbon fiber polymer parts
by SLS and simulated the role of powder diffusion in the formation of fiber orientation
by the discrete element method. As shown in Fig. 23e to g, the mixture exhibits highly
heterogeneous morphology and size distribution. The torque generated during powder
spreading process causes the carbon fibers to rotate in the spreading direction, which is
generated by the shear flow influenced by the layer thickness, spreading speed and the
rotational speed of the rollers.
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Fig.23 Effect of fiber orientation on mechanical properties of fabricated parts: a Carbon fiber-reinforced
PA12 parts by SLS (PA12-CF), glass beads-reinforced PA12 parts (PA12-GB) by SLS, and pure PA12 parts
SLS stress deformation curve; b PA12-P, PA12-CF, PA12-GB specimen fracture diagram (from top to bot-
tom) [57]; ¢ The porosity of carbon fiber-reinforced PA12 parts by SLS; d The different orientation content
rates of carbon fibers in x- and y-oriented tensile specimens, 90° and 0° are parallel to and perpendicular to the
construction direction of the specimen, respectively [122]; e The formation process of fiber orientation during
powder diffusion; f DEM simulation diagram; g SLS experimental electron microscopy diagram [123]

4.3.2 Parameters

The process parameters of SLS include laser power, laser speed, hatch spacing, layer thick-
ness, preheating temperature, and printing direction, and the setting of different parameters
will have an impact on the accuracy of sample forming and the mechanical properties after
forming [124, 125]. Czelusniak et al. [126] investigated the effect of laser energy density
on the mechanical properties of carbon fiber-reinforced PA12 parts fabricated by SLS.
The density, elastic stress, modulus of elasticity, plastic stress, and nominal strain of the
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printed part increase with increasing energy density. As shown in Fig. 24a, the density and
mechanical properties of the part reach a maximum when the energy density reaches about
0.181 J/mm?®, and begin to decrease as the energy density continues to increase. The reason
for this result is that higher energy densities lead to thermal degradation of the oxygen
groups on the surface of the carbon fiber during the printing process and their release into
gases, which increases the porosity of the part and consequently leads to changes in the
mechanical properties of the part. Figure 24c¢ and d demonstrate similar conclusions [127].

The mechanical properties of the carbon fiber-reinforced composite parts prepared by
the SLS are affected by the orientation of the carbon fibers, the modified additives, and
various process parameters. The relationship between these parameters and the mechanical
properties of the carbon fiber fabricated parts is demonstrated in Fig. 25a to d. Appropri-
ately increasing the laser power can effectively improve the tensile strength and modulus of
SCFRC parts, but the mechanical properties of the parts begin to decrease when the laser
power exceeds 19W. This is consistent with the trend depicted in Fig. 25a. The layer thick-
ness has a significant effect on the tensile strength of the SCFRC, and the tensile strength
of the sample with a layer thickness of 0.1 mm is more than twice that of the sample with a
layer thickness of 0.15 mm. The tensile strength and modulus are optimal at a carbon fiber
mass fraction of 10% and are significantly higher than those of the sintered pure PEEK
parts. When the carbon fiber content is greater than 10 wt%, the enhancement is mainly
in the tensile modulus. The composites with 15 wt% and 20 wt% carbon fiber content had
lower tensile strength than pure PEEK. The composites with different carbon fiber contents
show similar patterns in bending strength and modulus [53]. As shown in Fig. 25e and f,
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Fig. 24 Mechanical properties and cross-section characterization of CFRC fabricated parts: a Effect of
energy density on tensile strength of CCFRC parts; b SEM micrographs of CCFRC parts at different energy
densities [126]; ¢ Effect of energy density on tensile strength, porosity, and accuracy of CCFRC parts d
SEM micrographs of CCFRC parts at different energy densities [127]
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Fig.25 The tensile modulus and strength of PEEK and composites with 10wt% CF VS laser power: a The
laser power of 18.5 W for CF/PEEK and 10.9 W for pure PEEK b The layer thickness of 0.1 mm to 0.2
mm; ¢ and d Mechanical strengths VS CF content (process parameters: laser power of 18.5 W, layer thick-
ness of 0.1 mm) [53]; e Relationship between the volume fraction of carbon fibers and the porosity content
of their fabricated parts; f Relationship between volume fraction of carbon fibers and flexural strength of
their fabricated parts [58].

the Green body, Carbonized sample, and SiSiC denote the initially printed CFRC part, the
sintered CFRC part, and the silicon infiltrated part, respectively. The incorporation of a
moderate amount of carbon fibers improved the mechanical properties of the raw and car-
bonized sample but did not improve the mechanical properties of the final SiSiC samples.
In general, the addition of carbon fiber does improve the mechanical properties of the part,
but it is not that adding more carbon fiber is better. Better control of the orientation of the
carbon fibers will better demonstrate the reinforcing properties of the carbon fibers [58].
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5 Applications
5.1 Biomedical Engineering

Due to the advantages of personalization and rapid prototyping, AM is particularly suit-
able for application in the medical field. For example surgical assistance, personalized
medical device printing, tissue engineering, medical education, and basic science research
[128]. At present, there have been cases of CFRCs as implant materials in vivo. The use of
carbon fiber composites as in vivo implants has the advantages of radiological diagnosis
and treatment [129, 130]. As shown in Fig. 26, Alia et al. [131] designed a novel carbon
fiber reinforced polymer orthosis for supporting the posterior calf to assist in the treat-
ment of patients with foot drop disorders. Marinopoulos has also successfully developed
a 3D printed carbon fiber-reinforced nylon prosthetic receiving chamber [132]. Further-
more, The addition of carbon fiber can improve the mechanical properties of biomaterials
[133]. For instance, PEEK is a biocompatible material compared to other polymers, but
its strength limits its use in orthopedic implants compared to metallic materials (Ti). Han
et al. [134] conducted research on the biocompatibility of carbon fiber-reinforced PEEK
composites and successfully printed the sternum and nasal bone with FDM. The results
show that carbon fiber-reinforced PEEK composites with appropriate mechanical strength
have the potential to act as biomaterials for bone grafting and tissue engineering applica-
tions. Moreover, Carbon fiber has excellent electrical conductivity and can be used to make
sensing equipment. Davoodi et al. [135] printed a flexible piezoresistive composite sensor
with carbon fiber. The sensor is highly flexible, foldable and electrically sensitive. It can be
used to detect human joint movements and biological signals.

5.2 Aerospace Engineering

In recent years, drones have become increasingly popular in the military, private, and pub-
lic sectors due to the shorter take-off distances, longer flight endurance, and lighter con-
struction. Traditional manufacturing methods make it difficult to create lightweight struc-
tures with complex internal structural features, but AM can be easily achieved [136]. As
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Fig.26 Application of CFRCs in medical engineering: a Carbon fiber-reinforced polymer orthosis [131]; b
Additively manufactured PEEK sternum ¢ Additively manufactured PEEK nasal bone [134]; d Index finger
motion detection sensor e Elbow motion detection sensors [135]
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shown in Fig. 27a to c, Azarov et al. [137] printed a small drone frame using CFRCs with
a mass of only 75g, while existing drone frames with similar dimensions range from 130
to 230 g. Saputro et al. [138] printed a racing quadcopter with carbon fiber-reinforced PLA
composites through the method of structural optimization, the aircraft has a lighter mass
and maintains the original stiffness.

For large passenger aircraft, CFRCs play a significant role in lightweight design. As
shown in Fig. 27d to i, AM is used for many CFRC parts of aircraft. AREVO successfully
designed and printed hinged brackets and seat brackets for passenger aircraft, replacing tra-
ditional metal with CFRCs, reducing the weight of hinged brackets by 70% and eliminating
unnecessary tails on the structure. The seat bracket has been reduced from four aluminum
parts to one carbon fiber-reinforced lightweight part, resulting in a 30% weight reduction.

5.3 Living and Traveling

CFRCs can be found everywhere in our lives, and the casting process of using CFRC to
manufacture sports equipment has matured and is widely used in practice. Additive man-
ufacturing pays more attention to personalized customized content. Some businesses use
AM to provide one-on-one manufacturing services to their customers. Figure 28 illustrates
various CFRC components prepared by AM. A typical bicycle is made of hundreds of

Fig. 27 CFRCs in aerospace applications: a Additive manufactured small drone frame with CFRCs [137];
b and ¢ Small drones carrying additive manufactured CFRC frame [138]; d Cockpit "Electronic Flight
Packet" bracket; e Wing ribs printed with CCFRCs [100]; f and g Hinge brackets and seat brackets for large
airliners; h Aircraft landing gear printed with CFRCs [9]; i UAV complex core structure by FDM [136]
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Fig. 28 Additive manufacturing products with CFRCs [62]

bonded and bolted parts. However, through additive manufacturing, it is possible to create
a truly one-piece bicycle frame. Using the high strength-to-weight ratio of carbon fiber,
lighter weight e-bikes can be printed. The unique path design maximizes the capabilities of
carbon fiber composites. In terms of automotive light-weighting, additive manufacturing of
CFRCs shows stronger advantages. Examples include carbon fiber wheel hubs, car trunks,
and customized interior seats. In sports, bespoke carbon fiber sports equipment can better
meet the training needs of athletes.

5.4 Honeycomb and Sandwich Construction

Lightweight structures with high energy-absorbing capacity are becoming increasingly
popular in aerospace, transportation, and shipbuilding. Honeycomb structures, as a leader
in lightweight structures, have been used in these fields [139]. CCFRC have a unique
advantage in preparing honeycomb structures. Honeycomb panels consist of an upper and
lower skin and a structural sandwich. Fiber-reinforced composites can be used in any part
of the honeycomb panel. As shown in Fig. 29a, the top and bottom skins of the honey-
comb panel are made of CCFRCs, while the core layer is achieved by FDM using SCFRCs
[140, 141]. CCFRCs can also be utilized to prepare the core layer of honeycomb panels. As
shown in Fig. 29b, if CCFRCs are utilized to prepare the core layer of honeycomb panels,
the pathway needs to be carefully designed to meet the manufacturing requirements. This
has the advantage of achieving a higher specific energy absorption capacity than aluminum
alloys [142].
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In addition to conventional two-dimensional honeycomb structures, three-dimensional
structural sandwiches pose greater challenges for AM. As shown in Fig. 29c and d, these
sandwich structures are not stretched from a particular face, but are usually made of indi-
vidual parts joined by adhesive gluing and welding. These methods can lead to defects at
the joints of the sandwich structure [143]. Currently, the printing of these sandwich struc-
tures can only be realized using SCFRC through the SLS process. It is still a challenge to
additively manufacture these structures with CCFRC [144].

5.5 4D Printing

4D printing technology is a potential manufacturing process for lightweight, high-strength
smart composite structures that can be used to create materials. Active materials are capa-
ble of being activated controllably by environmental stimuli and changing conformation
over time, and CFRC is one such material [145]. Zeng et al. [146] fabricated continuous
carbon fiber reinforced shape memory PLA composite parts using FDM and bent them.
As shown in Fig. 30a, the shape recovery of the fabricated part after resistive heating is
greater than 95%, and the CCFRCs fabricated by 4D printing can be used as electrically
actuated and controllable potential components. Dong et al. [147] proposed a strategy for
fabricating intelligent carbon fiber-reinforced lattice structures based on cold program-
ming-induced shape memory effect. Negative Poisson’s ratio structures printed by this
strategy 4D (Fig. 30b) can not only dissipate a large amount of energy, but also recover
to the original shape after being stimulated. A similar structure (Fig. 30d) is the hypersur-
face chiral structure with electromagnetic frequency selectivity and isotropy designed by

Top skin

honeycomb
core

bottom skin

alb=1 a/b 2

Qe

Structural anisotropy

Fig. 29 Additive manufacturing of CFRCs honeycomb structures: a Honeycomb board structure schematic
[140, 141]; b Honeycomb panel sandwich prepared by CCFRC [142] ¢ and d Sandwich panels with three-
dimensional sandwich structure [143, 144]
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Kang et al. [148], which can not only realize thermal deformation in different temperature
environments, but can also be used to regulate the transmission properties of electromag-
netic waves. In addition, CFRCs have unique advantages in the field of acoustics, taking
advantage of their multifaceted characteristics to achieve excellent sound absorption and
vibration isolation properties [149]. As shown in Fig. 30c, a carbon fiber honeycomb was
incorporated as a backbone into the acoustic periodic array structure, achieving an absorp-
tion bandwidth of 0.9 at 2400-10000 Hz and 1.5 MPa hydraulic pressure [150]. With the
rise of AM, more and more acoustic structures will be designed and realized.

6 Challenges and Problems

This paper describes the current feasible methods for AM of CFRCs and highlights the cur-
rent status of research on the preparation of CFRC parts by FDM and SLS. Compared to
traditional manufacturing, AM has tremendous potential to reduce time to market, provide
personalized service, and expand design options. However, the manufacturing accuracy
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Fig.30 4D printing of CFRCs: a Snapshot of Joule heating-induced shape recovery in 4D printed CCFRCs
[146]; b The auxiliary auxetic structure was innovatively printed using a continuous-fiber-reinforced poly-
dimethylsiloxane composite [149]; ¢ Fabrication procedures of carbon fiber honeycomb supported sound-
absorbing periodically arrayed structure [150]; d Strategies for 4D printing continuous carbon fiber-reinforced
PA hypersurface structures [148]
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and flexibility of additive manufactured CFRCs are also limited by raw materials, equip-
ment, and path-planning algorithms.

For the raw materials, carbon fiber prepregs with excellent initial properties should be
selected to facilitate subsequent additive manufacturing. As described in this paper, the
preparation technique of short carbon fiber prepreg is simpler than that of continuous car-
bon fiber prepreg, but the mechanical properties of the fabricated parts are much less out-
standing than those of continuous carbon fiber parts. High-performance continuous carbon
fiber prepregs should have low porosity, a high degree of resin encapsulation, and uni-
form carbon fiber dispersion. So far, the carbon fiber prepregs reported in the literature are
judged by tensile strength and modulus, while there is no unified standard to quantify the
properties of porosity, resin encapsulation, and carbon fiber dispersion.

For the equipment, the current gantry system limits the part size and complexity. More-
over, the free deposition method is difficult to form dense parts. Therefore, robot-assisted
additive manufacturing technology has received more attention. The multiple degrees of
freedom robot system allows changing the accumulation direction during the additive
manufacturing process, making it feasible for printing curve and overhang features with-
out support. However, some critical issues need to be addressed in robot-assisted additive
manufacturing. First of all, the mainstream slicing software on the market cannot gener-
ate G-code data compatible with the robot language, making it difficult to quickly obtain
multi-model slicing data adapted to the robot language. Furthermore, robot-assisted addi-
tive manufacturing has low precision, which may affect the subsequent processing and
mechanical properties of the part. Finally, for the fabrication of some large objects, multi-
ple robots need to be used simultaneously, but this poses a synergy problem.

For the planning algorithm, there have been many studies on continuous path algo-
rithms for honeycomb structures, but these algorithms are not suitable for all targets. In the
process of additive manufacturing, large corners and intersections in the print path need to
be avoided to control part accuracy, but these factors have not been fully considered [151].
In addition, for heterogeneous objects, how to macroscopically set the start point of each
layer path is also a key factor for the path planning, while this has not been reported yet.
Therefore, path planning remains one of the key issues for continuous carbon fiber additive
manufacturing. A set of path-planning algorithms that can be used for a variety of complex
structures urgently needs to be developed to make continuous carbon fiber additive manu-
facturing more flexible.

7 Outlook

This paper reviews the raw materials, processes, and equipment related to additive
manufacturing of carbon fiber reinforced composites and all the literature is detailed in
Table 2. After the above summary, the future direction of additive manufacturing CFRC
can be obtained:

1. High-quality and high-volume content carbon fiber prepreg is the development direc-
tion of fiber prepreg. The raw material’ goodness directly affects the performance of
the formed component. Different CFRC additive technologies have different require-
ments for raw materials. Carbon fiber prepreg tape process and equipment are mature,
but ATP, FDM, and other processes of carbon fiber prepreg material is not yet fully
commercialized. Moreover, the current carbon fiber prepreg filaments have a relatively
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high porosity, fiber content is low, low porosity (less than 1%), high specific content
(more than 50%) of high-quality carbon fiber prepreg is urgently needed.

2. The optimization of process parameters is still the focus of research in the future. Any
CCFRC part with high mechanical properties cannot be achieved without an optimal
combination of process parameters, which should also cover the planning of fiber paths.
Exploring the effects of force, temperature, and fiber path on the CCFRC additive mold-
ing process will help us better control the parts’ properties.

3. Exploring the process mechanism through the simulation method is the development
direction of the process research of additively manufactured carbon fiber reinforced
composites. The processing core is the resin melting and solidification forming process
in the composite filament, and the related process research focuses on single-factor or
multi-factor experimental research. However, some of the additive process is exception-
ally complex, such as ATP, robotic additive manufacturing, and other processes. Under
the action of laser radiation, the resin is melted and solidified. In this process, there are
energy absorption, conversion, and transfer, as well as the effect of resin melting flow
field and external pressure. Therefore, it is very difficult to model this process, and the
key is to construct a multi-field coupled heat-force-flow model.

4. Additive manufacturing CFRCs can be used in structural lightweight design and func-
tional empowerment. For the former, a wider variety of honeycomb porous structures
can be developed. For example, the standard hexagonal honeycomb has evolved from the
basic cell shape to variations of truncated-square, reentrant hexangular core, and chiral
honeycombs which facilitates the combination of both mechanical and thermal proper-
ties for efficient structural load support and thermal management [139, 152]. The lattice
structure is expected to further reduce the weight of carbon fiber components while
achieving customizable mechanical properties. For the latter, additively manufactured
parts can be given more functionality, such as acoustic, thermal, and shape memory
properties, i.e., expanding from 3D printing to 4D printing.

5. Additive manufacturing of CFRCs is moving towards a multi-material/gradient design.
Currently, most additive manufacturing equipment can only form single material compo-
nents with relatively uniform internal material distribution. However, due to the obvious
directionality of continuous carbon fiber properties, different filling strategies, different
filling densities or different filling materials can be obtained through path planning, to
achieve different properties. Therefore, the manufacturing of carbon fiber reinforced
composite components with multi-material/gradient design through the additive manu-
facturing will be an important direction in the future.

In summary, carbon fiber additive manufacturing is still in its initial stage, many struc-
tures have not been realized yet, and more functions have not been explored yet. To
achieve these goals, it will be a great challenge to integrate advanced materials, smart
devices, precise processes, clever structural designs, and other fields.
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