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A B S T R A C T

The main objective of this study is to investigate, for the first time, the feasibility of 3d printing a continuous 
carbon fiber (CCF) reinforced metal matrix composite using a cost-effective material extrusion (MEX) technol
ogy. Notably, this paper presents a detailed analysis of the microstructure and mechanical and physical prop
erties of a bronze matrix composite reinforced with CCF. The results reveal that CCF significantly impedes the 
expected densification levels of the composite’s structure, causing extensive gaps between the bronze particles. 
However, despite the high porosity level, the composite’s electrical conductivity remains relatively high, 
demonstrating the limited negative impact of the CCF material on the composite’s conductivity. Moreover, 
mechanical evaluations were performed through 3-point bending and tensile tests, highlighting the composite 
material’s advantages and limitations. The results show that the composite material exhibits an improved yield 
stress of 76 %, increased ultimate tensile strength of 20 %, and an extended fracture strain of 30 %. However, the 
flexural strength decreases by 23 % due to the presence of massive gaps formed by CCF.

1. Introduction

Continuous carbon fiber (CCF) is a notable high-strength reinforce
ment utilized in the composition of lightweight and strong composite 
materials due to its superior properties, such as high strength, stiffness, 
durability, and design flexibility [1–6]. CCF comprises long, thin carbon 
fiber strands bundled into integrated tows to create composite compo
nents. The composite components use a resin such as epoxy or vinyl 
ester, which binds and transfers load between the fibers, resulting in a 
material with superior properties than the individual components [7]. 
Owing to its excellent features, CCF is becoming increasingly popular in 
various industries such as aerospace [8], automotive [9,10], civil engi
neering [11,12], and sporting goods [13,14], making it a critical 
component in the development of modern-day advanced materials.

Recently, the implementation of 3D printing technology has facili
tated the development of intricate structures previously deemed chal
lenging or unachievable through traditional manufacturing methods 
[15–20]. One of the significant aspects of this technology is its potential 
to produce composite materials with impeccable precision, especially 
those reinforced with CCF [21–24]. The benefits of 3D printing tech
nology in fabricating CCF-reinforced composite materials are vast and 
diverse, including cost-effectiveness, production of parts with complex 

geometries, and the ability to print intricate designs. With the applica
tion of 3D printing technology in producing CCF-reinforced composite 
materials, there is significant promise for creating high-performance 
materials with tailored properties that meet specific needs [25–28]. 
Despite the significant advancements in 3D printing technology, the 
successful manufacturing of CCF composite material is still a compli
cated process, which requires consideration of several factors that 
include but are not limited to fiber orientation, curing, and printing 
parameters that affect the overall quality and mechanical properties of 
the material [29,30].

Various studies have investigated using different additive 
manufacturing techniques to fabricate continuous carbon fiber- 
reinforced polymer (CFRP) components. Heidari et al. [31] conducted 
mechanical tests to analyze the influence of different printing parame
ters on the strength and modulus of material extrusion (MEX) 3D printed 
carbon fiber-reinforced PLA composites. They identified the optimal 
printing conditions for enhancing their mechanical performance. 
Furthermore, Lu et al. [32] utilized a novel technique for fabricating 
CCFRP composites using vat photopolymerization (CONFIB-VPP) and 
demonstrated the feasibility and advantages of this approach through 
experiments and finite element analysis. In another work, Kumar et al. 
[33] demonstrated the feasibility of using CCF reinforcement in 
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conjunction with shape memory polymer to produce programmable, 
stimuli-responsive structures through 4D printing technology. Akmal 
et al. [34] demonstrated 3D printing self-sensing capabilities of CCF and 
metal wires in a plastic matrix. Their research evaluated the mechanical 
properties of these structures under different temperatures and mois
tures. Additionally, new numerical methods and modelling can be 
helpful to analyze the mechanical properties of composite materials 
[35]. On the other side, additive manufacturing techniques have yet to 
be widely utilized in the fabrication of components made of continuous 
carbon fiber-reinforced metals (CFRMs), with conventional methods 
being the predominant manufacturing approach adopted in this field. In 
CFRMs, the fabrication procedures are usually divided into three pri
mary categories: (a) solid-state processing, (b) liquid-state processing, 
and (c) deposition processing [36]. Powder metallurgy and casting are 
widely employed conventional techniques for enhancing the mechanical 
properties of CFRMs. The addition of carbon fiber to different compos
ites leads to an increase in hardness and ultimate tensile strength. Some 
composites also demonstrate significant enhancements in both tensile 
and compressive properties. These techniques utilize a variety of metal 
matrices, such as aluminum [37–41], magnesium [42], copper [43–46], 
and titanium [47–49]. The present state of research indicates an 
apparent gap in knowledge regarding the additive manufacturing of 
CFRMs. Further investigations are required to expand our understanding 
of this domain for the development of innovative and efficient 
manufacturing techniques.

Cu10Sn alloy has become a promising material for electronic pack
aging, bearings, and other industrial applications, with its excellent 
electrical conductivity, good machinability, and high corrosion resis
tance [50–53]. The porous bronze is a high-performance candidate for 

energy conversion and storage, catalysis, and filtration applications. 
Additionally, Cu10Sn porous materials that can create a lubricating film 
in the presence of moisture are self-lubricating and have gained popu
larity as a potential material choice for sliding components such as 
bearings and bushings [54–56]. On the other side, 3D printing of 
Cu10Sn allows for the production of complex structures and customized 
parts with precise dimensions, which can be used in manufacturing and 
engineering applications [57,58]. This study explores the feasibility of 
producing a CCF-reinforced bronze matrix composite by utilizing an 
affordable 3d printing technology, particularly MEX. Furthermore, this 
investigation evaluates the mechanical and physical properties of the 
sintered composite, which will be compared to those of the sintered 
bronze part. This comparative analysis can give a deeper understanding 
of the effectiveness of incorporating CCF into a bronze matrix. The re
sults of this study may contribute to the development of intricate and 
mechanically enhanced porous bronze structures, which could present 
challenges for production using conventional methods. These structures 
have potential applications in aerospace, marine, and automotive in
dustries, serving as bearings (attributed to self-lubricating properties 
and enhanced mechanical attributes), bushings, as well as electrical 
contacts, connectors, and switches (owing to their high electrical 
conductivity).

2. Material and methods

2.1. Materials and equipment

In this study, Cu10Sn Bronze FilametTM (The Virtual Foundry, USA; 
Copper: 89.80 %, Tin: 10.20 %) and CCF filament (Anisoprint Sarl, 

Fig. 1. Schematics depicting the nozzles for printing CCFR-bronze composite, and the bending and tensile test specimens with the layer structure design.
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Luxembourg) were used to produce a continuous carbon fiber-reinforced 
bronze composite (CCFR-bronze). The Bronze Filament with a diameter 
of 1.75 mm and a density of 4.5 g/cm3 contains PLA as the binder and a 
metal content of 89 wt-%. According to the manufacturer, the d70 
particle size for bronze powder is 44 μm. The CCF filament utilized in 
this study consists of 1.5 K carbon fiber, exhibiting a tensile strength of 
2200 MPa and an elastic modulus of 149 ± 5 GPa. The filament has a 
diameter of 0.35 mm and incorporates a 60 % carbon fiber volume 
fraction (from Anisoprint company). The specific production process of 
this filament is documented in references [59,60]. The filament is 
impregnated with a specialized combination of photopolymer and 
epoxy, which serves as the thermoset matrix for the filament tow due to 
optimizing its printability and also mechanical, thermal, and chemical 
properties. For this study, an Anisoprint Composer A4 3d printer (Ani
soprint Sarl, Luxembourg) was used to generate the specimens due to its 
composite fiber co-extrusion technology, which makes it possible to 
impregnate the carbon fiber optimally into the matrix. Following the 
printer’s mechanism, a co-extruder material (plastic) is simultaneously 
extruded with the CCF/epoxy filament, effectively securing the CCF in 
place during the printing process. Fig. 1 presents a schematic of both 
extruders utilized in this printer.

2.2. Specimen preparation

Standard test specimens of bronze and CCFR-bronze for bending 
(ASTM standard B 528-99: 32 × 13 × 6.2 ± 0.05 mm) and tensile (ASTM 
standard E 8: 80 × 9 × 4.3 ± 0.05 mm) tests were designed using Sol
idWorks (Dassault Systèmes SOLIDWORKS Corp., Waltham, USA). The 
STL files were imported into Aura software (Version 1.27.2, Anisoprint 
Sarl, Luxembourg) to generate the G-code. Custom layers were created 
to precisely control the amount of carbon fiber printed, minimize large 
air voids, and ensure maximum carbon fiber adhesion with the matrix 
(bronze) in the composite specimens. By default, the Aura algorithm 
generates G-code that deposits carbon fiber alongside the co-extruded 
material (PLA) in every internal layer, lacking the ability to selectively 
determine which layers receive carbon fiber. Additionally, it fails to 
infill the interior region with bronze (matrix) material, resulting in 
substantial air gaps that diminish composite integrity and impede the 
effectiveness of fiber-to-bronze adhesion. To address this, multiple G- 
codes were generated using different layer settings and flow rates in 
Aura. Subsequently, the layers were extracted and generalized for 
placement as needed. Finally, the layers were carefully combined by 
adjusting the G-code parameters (Fig. 1) using MATLAB (R2022a, 
MathWorks, Natick, USA). This methodology facilitated the generation 
of G-code files with precise layer configurations customized to the in
dividual specimen design, incorporating pure matrix layers to eliminate 
large air gaps and enabling the utilization of different layer heights. The 
manipulation of layer heights allowed for optimization of the carbon 
fiber layers, while smaller layer heights in the pure matrix layers 
maximized resolution. In the bending and tensile composite specimens, 
the CCF filament was printed in cross and parallel line patterns, 

respectively. The key parameters used for printing both bronze and 
CCFR-bronze specimens are outlined in Table 1. These parameters were 
chosen based on the material data sheet recommendations and the 
default printing settings. Due to the high metal content of the bronze 
filament, a temperature of 265 ◦C was selected to facilitate a smoother 
flow of extrusion of the material. The next bronze layer directly above 
the printed CCF layer, referred to as the bronze shell layer, was chosen to 
have equal thickness to that of the CCF layer (0.17 mm) to prevent 
wearing away the printed CCF. Additionally, the flow rate of the bronze 
(matrix) was set at 150 % to ensure coverage of the spaces between the 
CCF lines and to minimize gaps in the printed structure. Two distinct 
patterns were employed for printing the CCF in preparation for bending 
and tensile testing. A cross pattern, featuring 50 % infill, was utilized for 
bending tests, while a line pattern oriented parallel to the direction of 
tension, with 80 % infill, was chosen for the production of tensile test 
specimens. The infill percentage is a specific value determined by Aura 
software, depending on the pattern type, and should not be conflated 
with the volume fraction of the printed CCF filament. The volume 
fractions of bronze and CCF filaments utilized for the bending and ten
sile specimens (0.9/0.1 and 0.94/0.06, respectively) were determined 
based on data from the Aura software, filament density values provided 
by the manufacturers, and microstructural observations from the cross 
section. The selection of the patterns and infill percentages was based on 
empirical experimentation conducted during this and previous research 
[33]. The objective was to establish optimal printing parameters that 
minimize voids within the matrix and enhance the orientation of 
continuous carbon fiber (CCF) for improved effectiveness.

The printed specimens were placed in an alumina container and 
covered entirely with Al2O3, CaO, and SiO2 powder ballast. The purpose 
of the ballast powder was to protect the specimens from oxidation. This 
container was then inserted into a horizontal tube furnace (Nanoe, 
Zsinter 2-5-17TPD2, France) for debinding (removal of the binding 
agent from the printing process) and sintering processes. A B-type 
thermocouple was connected to a logger outside the furnace to record 
the temperature. According to the manufacturer’s recommendations, 
the debinding process was done in two stages: firstly, the temperature 
was increased at 2 K/min from room temperature up to 300 ◦C (with no 
held), and secondly, the temperature was raised at 1 K/min up to 450 ◦C 
and held for 1 h. The sintering process started immediately following the 
de-binding process, while the position of the specimen remained un
changed. The temperature was raised by 3 K/min until reaching the 
target sintering temperature of 900 ◦C, where it was held for a duration 
of 5 h. Lastly, the specimens were cooled down at a 3 K/min rate. The 
entire debinding, sintering, and cooling processes were conducted in an 
argon atmosphere with a flow rate of 0.5 l/min.

2.3. Materials characterization and testing procedures

After sintering, the density of the specimens was measured using the 
Archimedes principle as described in DIN ISO 3369. That was performed 
to assess the densification parameter (ψ) and porosity, which is math
ematically represented as [61]: 

ψ = ((ρsinter – ρbrown) / (ρth – ρbrown))                                              (1)

Porosity (%) = [1 - (ρsinter / ρth)] × 100                                          (2)

Here, ρsinter denotes the sintered density (g/cm3), ρbrown represents 
the density of debound parts (g/cm3), and ρth is the theoretical density 
(g/cm3). The theoretical and apparent densities of Cu10Sn were deter
mined to be 8.76 and 4.69 g/cm3, respectively. Additionally, a digital 
caliper measured the dimensional changes and shrinkage rate of the 
specimens after sintering. The electrical conductivity was determined 
using a conductivity meter (Ossila Limited, UK) based on the four-point 
probe method, which involves passing a current through two outer 
electrodes and measuring the voltage across two inner electrodes. The 
electrical conductivity was measured from three different areas, 

Table 1 
Printing parameters used for CCFR-bronze specimens.

Parameters Values

Macro-layer height (CCF layer) (mm) 0.17
Bottom layer height (mm) 0.2
Bronze layer height (mm) 0.1
Bronze shell layer height (mm) 0.17
Matrix (bronze filament) flow rate (%) 150
CCF infill density for bending test specimen (%)/pattern 50/cross
CCF infill density for tensile test specimen (%)/pattern 80/line
Matrix (bronze filament) extruder temperature (◦C) 265
CCF-PLA extruder temperature (◦C) 215
Build plate temperature (◦C) 60
Printing speed (mm/s) 50
Matrix (bronze filament)/CCF-PLA extruder nozzle diameter (mm) 0.6/0.25
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including the top and bottom surfaces as well as the cross-section 
(center) of each specimen. The microstructure of the specimens was 
examined with an optical macroscope (Zeiss Stemi 508, Germany), and 
the bonding between Cu10Sn and CCF, as well as the elemental distri
bution, were evaluated using a scanning electron microscope (SEM; 
Zeiss Sigma VP, Germany) equipped with an energy-dispersive spec
trometer (EDS; Oxford Ultimmax, UK). Furthermore, to compare the 
mechanical properties of the composite with the bronze specimen 
(without CCF), both the 3-point bending test (ASTM standard B 528-99) 
and the tensile test (ASTM standard E 8) were performed using a uni
versal testing machine (MTS insight, USA). The span length chosen for 
the bending test was 24.5 mm, and the rates used for the bending and 
tensile tests were 0.03 mm/s and 0.01 mm/s, respectively. All the tests 
were conducted at least three times to guarantee the reliability of data.

3. Results and discussion

The SEM images from the cross-section of both bronze and CCF fil
aments are presented in Fig. 2, which illustrates spherical shape bronze 
particles and carbon fiber strands in the binders. The macrostructure of 
the CCFR-bronze specimen is analyzed from top and side views and 
shown in Fig. 3. For better observation of the printed CCF within bronze 

particles, a thin layer of bronze from the top of the CCFR-bronze spec
imen is partially removed before and after sintering. The CCF strands 
keep their shape (cross pattern) after sintering while surrounded by 
sintered bronze particles (Fig. 3b). Fig. 3c indicates a side view of the 
CCFR-bronze print; the side surface is polished to make the CCF (black 
lines) visible. A side view of the sintered CCFR-bronze after the bending 
test is also shown in Fig. 3d, in which the bronze matrix is deformed and 
eventually ruptured. However, in macro-observation, CCF remains in a 
good connection with the matrix.

The microstructure of the CCFR-bronze is depicted in Fig. 4 to study 
the connection between the composite components in more detail. As 
evidenced by the SEM image taken from the composite’s polished sur
face (side-view), CCF strands create massive disconnections (gaps) in the 
matrix structure so that the bronze particles cannot fill the spaces be
tween strands. At the interface area, however, the CCF strands have 
sufficient cohesion with bronze particles, represented by higher 
magnification in Fig. 4b. Moreover, the microstructure from the cross- 
section of the CCFR-bronze before and after sintering, indicated in 
Fig. 4c, provides a better view of CCF strands within the bronze struc
ture. This microstructure shows that the distance between the strands is 
diminished (from 415 μm to 270 μm) in the z direction after sintering, 
probably due to gravitational force. Similar results have been observed 

Fig. 2. SEM image from a cross-section of (a) Bronze FilametTM and (b) CCF filament.

Fig. 3. The macrostructure images of the CCFR-bronze from the top view: (a) the printed and (b) sintered specimens; and side view: (c) printed and (d) sin
tered specimens.
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in other studies [62–65], demonstrating the effect of gravitational force 
on the rearrangement of metal particles and the sintering process. In 
fact, after sintering, the CCF strands become denser at the core, while 
bronze particles fill the spaces between the interface strands. However, 
the considerable magnitude of the gap remains (Fig. 4a) and has 

noticeable effects on the mechanical properties of the CCFR-bronze.
Further explanation of these effects will be provided in subsequent 

sections of this manuscript. To better understand the elemental distri
bution in the CCFR-bronze microstructure, the EDS mapping and point 
analysis are examined from the interface area between the CCF strands 

Fig. 4. The microstructure of CCFR-bronze from a) the side view, b) the interface area between bronze and CCF strands, and c) the cross-section before and after 
sintering. d) Mapping and EDS point analysis from the interface area.

Table 2 
The density values and shrinkage rate of bronze and CCFR-bronze specimens.

Specimen Printed density (g/cm3) Debound density (g/cm3) Sintered density (g/cm3) Densification parameter (%) Sintering shrinkage (%)

x y z

Bronze 4.65 4.50 6.36 43.8 13.77 13.36 14.01
CCFR-bronze 3.96 3.88 4.45 11.6 6.71 7.76 8.9

Fig. 5. The average of measured electrical conductivity and porosity of both bronze and CCRF-bronze before and after sintering at room temperature.
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and bronze matrix of sintered CCFR-bronze and depicted in Fig. 4d. 
Oxygen and carbon in the structure are inevitable because both elements 
are released from the binder when they burn out during the debinding 
process. According to the elemental analysis, the carbon content at the 
bonding area (point 4) is higher than that in the bronze matrix (point 1).

The dimensions of the printed bending and tensile specimens are 
32.4 × 13.9 × 6.2 ± 0.5 mm and 81.0 × 9.0 × 4.1 ± 0.5 mm, respec
tively. Following the debinding process, these dimensions are altered to 
31.2 × 13.3 × 6.0 ± 0.5 mm and 78.1 × 8.5 × 4.0 ± 0.5 mm. The 
printed (green), debound (brown) and sintered densities are measured 
to compare the densification rate in bronze and CCFR-bronze specimens. 
Table 2 gives the density values and dimensional changes after sintering 
in three directions. That indicates that bronze has a significantly higher 
densification rate and shrinkage level than CCFR-bronze. The massive 
gaps between bronze particles formed by CCF strands (shown in Fig. 4a) 
prevent the expected densification. These gaps are likely due to the 
lower measured sintered density in the CCFR-bronze. Besides, the 
printed CCF in a grid-like structure tends to keep its shape and resists 
more shrinkage.

Moreover, in both specimens, the shrinkage in the z-direction is 
slightly higher than that in the other coordinates, probably caused by a 
more appropriate rearrangement of bronze particles after debonding 

due to gravitational force. The average values of electrical conductivity 
and porosity level, accompanied by their respective standard deviations 
(SD), measured before and after sintering at room temperature, are 
displayed in Fig. 5. Analysis demonstrates that the conductivity of CCFR- 
bronze displays no notable difference before and after sintering owing to 
the similarity in porosity levels (low level of densification parameter). 
Further examination of the sintered specimens indicates a decrease in 
electrical conductivity from 2.351 kS/cm in bronze to 1.46 kS/cm in 
CCFR-bronze when porosity increases from 27.46 % to 49.53 %. The 
presence of gaps in the CCFR-bronze structure leads to the reduction in 
electrical conductivity. Nonetheless, there is no significant decrease in 
the conductivity of CCFR-bronze compared to bronze, indicating the 
effectiveness of the CCF material in maintaining conductivity despite 
increased porosity levels.

Fig. 6 illustrates the visual representation of the bronze and CCFR- 
bronze specimens, both before and after 3-point bending and tensile 
tests. Additionally, it presents the corresponding curves derived from 
these tests. Although each test was performed 3 times, to avoid over
crowding, only one curve is depicted in the graph, as the three curves in 
each case demonstrated substantial similarity. The bending test results 
(Fig. 6e) show that flexural strength decreased from 70.08 MPa in 
bronze to 53.80 MPa in CCFR-bronze (23 % reduction). However, 

Fig. 6. Images of bronze and CCFR-bronze specimens before and after bending (a,b) and tensile tests (c,d). Load vs. deflection curves obtained from the 3-point 
bending test (e); and stress-strain plots of the tensile test (f).
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contrasting with the results in this study, Heidari et al. [31] demon
strated an improvement in the bending strength of CCF-reinforced PLA 
specimens. This variation might be caused by the massive gaps formed 
during sintering due to adding CCF to bronze. However, the rupture 
deflection in CCFR-bronze increased by 210 % and reached 7.70 mm. It 
proves that CCF has considerably enhanced the bronze rupture deflec
tion thrice. Moreover, there is a slight increase in bending load after 
matrix (bronze) rupture, possibly due to the presence of coherent joints 
between CCF strands and bronze particles. However, these joints fail 
after a small amount of deflection (0.6 mm) and lose the strengthening 
effect, where the CCFR-bronze is crushed.

The stress-strain curves obtained from experimental analysis, as 
illustrated in Fig. 6f, reveal an improvement in both yield stress and 
ultimate tensile strength (UTS) of the CCFR-bronze. The yield stress, 
which is determined by the software interacted with MTS insight ma
chine, exhibits a remarkable increase of 76 %, reaching 65 MPa, when 
compared to the bronze, while the UTS values improved from 153 MPa 
to 184 MPa. Additionally, CCF has significantly extended the fracture 
strain in the CCFR-bronze by 30 %, increasing it from 0.26 to 0.34. 
Although the measured porosity level of the CCFR-bronze is high (~50 
%), leading to expected poor mechanical properties, the results 
demonstrate remarkable improvements in ductility and toughness 
compared to the pure bronze with lower porosity (~27.5 %). This 
improvement could be attributed to the parallel orientation of CCF with 
the direction of applied force and the acceptable interfacial bonding 
between CCF and matrix phases. Further analysis of the data demon
strates that Young’s modulus of the CCFR-bronze has reached 13.45 
GPa, far surpassing that of the bronze, which is recorded at 4.66 GPa. To 
verify the accuracy of the tensile test results, the Young’s modulus of the 
composite is calculated using the following formula: 

EC = ER VR + EM VM                                                                      (3)

where the volume fractions of reinforcement (VR) and matrix (VM) 
are determined to be 0.06 and 0.94, respectively. Additionally, the 
Young’s modulus of the bronze (porous) specimen (EM) measured from 
the tensile test was 4.66 GPa, while the value provided by the manu
facturer (150 GPa) was used for ER. The calculated value of the modulus 
is found to be 13.38 GPa. This finding provides evidence of a good 
agreement between the experimental observations and the theoretical 
predictions. Table 3 presents a summary of the critical mechanical 
properties of both Bronze and CCFR-Bronze, along with a comparison to 
composites fabricated using conventional methods.

4. Conclusions

This study has assessed the feasibility of producing a CCFR-bronze 

matrix composite using an affordable MEX technique and presented a 
comprehensive analysis of the material’s microstructure and mechanical 
properties. The elemental and microstructural analyses in this work 
confirm the successful production of the CCFR-bronze specimen. 
Microstructure analysis revealed the presence of massive gaps formed by 
CCF that prevented the expected densification of the composite’s 
structure. However, coherent joints were observed between CCF and 
bronze particles at the interface areas. Additionally, the electrical con
ductivity of CCRF-bronze remains relatively high (14.6 kS/cm), 
demonstrating the low negative impact of CCF material on the con
ductivity of the composite, despite increased porosity levels (~50 %). 
The mechanical evaluation of the CCFR-bronze showed a reduction of 
flexural strength by 23 % due to the formed gaps. Nevertheless, the 
improved rupture deflection by 210 % and the enhanced yield stress by 
76 % demonstrate the effectiveness of incorporating CCF into a bronze 
matrix. The tensile tests also revealed significant improvements in the 
composite material’s ultimate tensile strength, Young’s modulus, and 
fracture strain. These findings highlight the potential of CCFR-bronze 
composites produced by the affordable MEX technique in various in
dustrial applications due to their complex geometries and improved 
mechanical properties. Further studies can be conducted to address the 
issue of forming gaps between CCF and the matrix. This could involve 
adding some additives to the raw materials to form liquid phase during 
sintering process and fill the gaps, and ultimately enhance the me
chanical properties.
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