
ww.sciencedirect.com

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 4 : 7 3 1e7 4 2
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Original Article
Tensile and flexural response of 3D printed solid
and porous CCFRPC structures and fracture
interface study using image processing technique
Nabeel Maqsood*, Marius Rima�sauskas

Department of Production Engineering, Faculty of Mechanical Engineering and Design, Kaunas University of

Technology, 51424 Kaunas, Lithuania
a r t i c l e i n f o

Article history:

Received 17 April 2021

Accepted 27 June 2021

Available online 1 July 2021

Keywords:

Additive manufacturing

CCFRPC

Porous composite structure

Mechanical properties

Fracture interface imaging
* Corresponding author.
E-mail address: nabeel.maqsood@ktu.edu

https://doi.org/10.1016/j.jmrt.2021.06.095
2238-7854/© 2021 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

Additive manufacturing is an advanced manufacturing technology that creates 3D parts

geometry by depositing layers upon layers till the final part is manufactured and this

technology is effectively utilized in numerous engineering applications. Due to inherently

low mechanical properties of polymers, continuous carbon fiber was introduced to the

thermoplastic material to form continuous carbon fiber-reinforced polymer composite

(CCFRPC) to enhance their properties. This paper is going to present solid and porous

CCFRPC structures manufactured by fused deposition modeling 3D printing technology.

Porous composite structures were fabricated using grid infill pattern at three different infill

density levels (20%, 40% and 60%) with one perimeter shell, while the solid composite

specimen was fabricated with 0O unidirectional layers. After the fabrication of solid and

porous CCFRPC specimens, the effects on the tensile and flexural properties were experi-

mentally examined. To study the fracture modes caused during the mechanical tests,

fracture interface after performing mechanical tests was observed using microscope's

micrographs which were further undergoes image processing technique to acquire edge

detection (E.D), contrast enhancement (C.E) and E.D on C.E using source image (S.I) to

analyze the voids and clearly identify the interface of the composite parts.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

3D printing, also referred to as additivemanufacturing (AM), is

a process of fabricating polymer, metallic, ceramic and com-

posite parts having complex geometries layer by layer till the

final product is manufactured [1,2]. The 3D part is fabricated

followed by the CAD model and using the optimized printing
(N. Maqsood).
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parameters. AM technology is used for manufacturing light

weight polymers and polymers matrix composite structures

that have been extensively used in engineering applications

such as biomedical field for tissue growth, architectural field

for structural models, aerospace, construction, textile, food

processing industries, automobile, electronics, military and

robots etc. [3e6]. Compared to conventional and traditional

manufacturing, 3D printing has the ability to shorten the
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design manufacturing cycle with more accuracy and perfec-

tion, thus it reduces the production cost and time [4]. Various

3D printing techniques have been industrialized for the pro-

duction of polymer parts, the mainly used technologies

include; Selective Laser Sintering (SLS), Stereolithography

(SLA) and Fused Deposition Modelling (FDM) [2,7]. But, the

pure polymer parts manufactured by these methods attains

meager mechanical properties and because of their less

strength and stiffness and may not be capable to be used as

the purposeful components, due to lack of strength and load-

bearing properties [8,9].

Different investigations have been performed and studied

the poor mechanical performance of 3D printing of pure

polymers and to overcome this issue. One of the possibleways

is to add the reinforcement to these in the form of fibers,

particles, flakes or nanomaterials to form fiber-reinforced

polymer composites (FRPCs) that are viewed as elite constit-

uents because of their outstanding performance [5]. Rein-

forcement used in the composite may be either continuous or

discontinuous, depending on the manufacturing process [10].

However, the composite reinforced with discontinuous or

short fibers has lessmechanical performance compared to the

composites that are reinforced with continuous fiber, and the

prospect of introducing continuous FRPC will lead to much

higher mechanical performance of such functional parts

[11e13]. AM with improved technology that has the ability to

print FRPC and resolved the limitations of poor mechanical

performance of pure polymers [14]. Carbon fiber reinforced

polymer composites (CFRPC) provide excellent mechanical

properties. Continuous carbon fiber (CCF) has ultra-high-

strength and ability to print with polymers forming contin-

uous carbon fiber-reinforced polymer composites (CCFRPCs)

[15,16]. CCFRPCs are lightweight, stiff and strong and utilized

in a wide range of engineering applications. Due to excep-

tional mechanical properties, reusing ability and capability to

be used as lightweight structures, CCFRPC are now becoming

an alternative materials to substitute the traditional metals.

However, in the formation of CCFRPC, the mixture of the

reinforcement fibers and the polymer matrix with optimum

alliance, control of fiber orientation, quantity, low cost

manufacturing with the optimummechanical performance is

challenging [17,18].

Lightweight composites can be fabricated by incorporation

of porous reinforcing fibrous structures that result in the

reduction of the densities of composites, hence could

remarkably decrease material usage, energy consumption,

waste generation, and thus endorses sustainability of mate-

rials [19]. Porous structure of the part greatly depends on the

infill pattern and density that also plays an important role in

defining their mechanical properties [20,21]. Porous structure

parts fabricated through AM have been mostly utilized in the

biomedical applications in scaffold tissue and cell develop-

ment as biomaterials [22,23]. The above-mentioned porous

structures developed by 3D printing have mostly been applied

in biomedical applications and no study is reported for

structural application, especially with the CCFRPC.

FDM is the most commonly used AM technique for the

production of polymers and polymer matrix composites due

to ease of use, minimum wastage of material, material flexi-

bility and low cost. This technology has the ability to print
composite parts, irrespective of either continuous or discon-

tinuous carbon fiber [24]. Most commonly used thermoplastic

filaments by the FDM process include acrylonitrile butadiene

styrene (ABS), polylactic acid (PLA), polypropylene (PP) or

polyethylene (PE) [25]. PLA, also known as environmental-

friendly polymer, one the most widely used thermoplastic, is

a bio-based polymer extract from a renewable resource used

to create objects using FDM 3D printers.

A. Dickson et al. [7] found the tensile strength of CCF

reinforced nylon composite 6.3 times higher compared to pure

nylon polymer. X. Tian et al. [7] investigated the effect of 3D

printing temperatures on the composites formed by PLA with

CCF and concluded that temperature ranges between 210 and

230OC shows more adequate mechanical performance. F.

Ning et al. [26] studied the mechanical and microstructural

properties of ABS matrix reinforced with short carbon fibers

composite and achieved maximum tensile and flexural

strengths of 42 MPa and 65 MPa, respectively. H.L. Tekinalp

et al. [27] investigated short carbon fiber reinforced ABS

composites and studied their processability, microstructure

and mechanical performance. The results showed that by

increasing the fiber content, voids between the printed layers

decreased and the tensile strength of 3D-printed samples

increased 115% compared to pure ABS. M. Rimasauskas et al.

[10] prepared impregnated CCF with PLA and ABS filaments

and experimental results showed that CCF reinforced PLA

composite structure has the maximum tensile strength of

165 MPa. M. Heidari-Rarani et al. [28] used 1 K roving carbon

fiber and prepared 3D printed CCF reinforced PLA composite

by achieving highest tensile and bending strengths of 61.4MPa

and 152.1 MPa, respectively. H. Al. Abadi et al. [19] evaluated

the elastic response of continuous carbon, kevlar and glass

fiber reinforced with Nylon filament.

In the above reported literature, limited research has been

found on illustrating the failure modes and mechanical be-

haviors of AM of CCFRPC [15]. Both continuous and short

carbon fiber has been used with various polymers to form

composite and study their mechanical performance, but no

research has been performed to develop porous CCFRPC

structures. This study aims to evaluate the mechanical per-

formance of CCF reinforced PLA thermoplastic solid and

porous composite structures and to compare their properties.

Porous composite structure was fabricated using a grid infill

pattern printed at three different infill density levels (20%, 40%

and 60%). This research presents an extensive study of effects

on tensile and flexural properties and comparison of solid and

porous CCFRPC structures and the fracture interface was

discussed after performing the mechanical testing through

microscope's micrographs which were further undergoes

image processing technique to acquire edge detection (E.D),

contrast enhancement (C.E) and E.D on C.E using source image

(S.I) to analyze the voids and clearly identify the interface of

the composite parts. This technique is especially applied for

the porous structure.

The present paper is prepared as follows. Firstly, the

experimentalmethods are briefly presented, summarizing the

material and specimens preparation, AM process of compos-

ite parts, experimental set-up and testing procedures. After-

ward, the main results of the study are summarized, and the

effects of the mechanical performance are highlighted and
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Fig. 1 e FDM 3D printing; a) equipment and printing process, b) schematic of the designed extrusion device to print CCFRPC.
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discussed in detail. Finally, conclusions of this work are

defined.
2. Materials, experimental set-up and
measurement procedures

2.1. Materials

In this study, commercially available 3D printing PLA filament

PolyLite (Polymaker) of 1.75 mm diameter was used as a ma-

trix material having tensile strength of 46.6 MPa, Young's
modulus of 2.6 GPa and density of 1.24 g/cm3, while CCF

T300B-3000 tow from Toray company was used as reinforce-

ment material having diameter of one fiber equals to 7 mm.

CCF tow (T300B) is a high-performance carbon fiber made of

polyacrylonitrile having tensile strength, Young's modulus

and density of 3530 MPa, 230 GPa and of 1.76 g/cm3, respec-

tively [29]. As, standard non-impregnated spool of CCF tow

cannot be directly used for the printing. Therefore, it is

necessary to impregnate standard CCF tow before the printing

process. Same procedure was followed for the impregnation

process of carbon fiber as discussed previously by the author

[10] using the solution of PLA pellets and di-methyl chloride

(CH2Cl2) resin for better printing quality and functioning.

2.2. Printing and process parameters

Specimen geometries for the tensile and flexural tests were

modelled using the software Pro-engineer wildfire 5.0 and

exported as an STL file and further imported to the 3D printing

software (simplify 3D) for specimen printing preparation.

MeCreator 2 (Geeetech) 3D printer was used for the

manufacturing of solid and porous CCFRPC due to its

simplicity and ease of use. The extrusion process of the FDM

3D printer was modified by introducing two inputs, one for

PLA thermoplastic as matrix and impregnated CCF tow as

reinforcement and one output where the two materials fused

and extruded together. Fig. 1 shows the 3D printing equip-

ment and schematic design of the modified extruder used for

printing CCFRPC. For the printing of specimens PLA filament

of 1.75 mm diameter was introduced to one input hole

through a feed mechanism, while the CCF bundle was
inserted to the other input directly to the printing nozzle. The

drive wheel pushes both the materials towards the extrusion

head to the heating unit, where the thermoplastic material

melted and made a bond with the impregnated carbon fiber

and they fusedwith each other and extruded together through

the printing nozzle on the build platform.

In this study, grid infill pattern was chosen for the

manufacturing of 3D printed porous composite structure with

the range of infill density levels of 20%, 40% and 60% with one

perimeter shell using the single tow. The perimeter shell

represents the layers that deposited outside the surface prior

to the filling of internal structure. The infill pattern of porous

structure was covered by two upper and two bottom unidi-

rectional layers that covered the internal structure. The in-

ternal infill angle offsets for grid pattern was printed with 45O,

�45O. The internal layers of grid pattern deposited were

counted 4 in lines. The layers were deposited using the spec-

ified path defined by the Simplify 3D. While, for the 100% infill

composite specimen, unidirectional 0� flat specimen was

selected to print for the experiment and isotropic fiber pattern

was analyzed in this case without any perimeter shell. Fig. 2

shows the infill patterns of 3D printed specimens fabricated

for this experimental study. Printing parameters are pre-

sented in Table 1.

2.3. Tensile and flexural testing

Tensile and flexural properties of 3D printed CCFRPC were

carried out to study and analyze the performance of com-

posite parts. In the present research, ASTM D3039 [30] stan-

dard was used to perform tensile, while D790 [31] standard

was used to perform flexural test of the specimens. According

to the mentioned tensile and flexural testing standards, five

specimens were prepared to determine their properties and a

total 40 specimens were printed for the testing.

As there is no specified geometry is defined for the CCFRPC

parts fabricated using FDM technology. Therefore, for the

tensile test, the specimens having dimensions

150 � 13 � 3 mm of rectangular cross-section were fabricated

and weighted before applying the tabs. For the grip PLA tabs

having dimensions 50 � 12.5 � 2 mm with the bevel angle of

30O were applied on each tensile test specimen. Four points

weremarked 15mm from the center of the specimens in order

https://doi.org/10.1016/j.jmrt.2021.06.095
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Fig. 2 e Infill patterns of 3D printed specimens fabricated

with Grid infill a) 20%, b) 40%, c) 60% and unidirectional

with infill d) 100%.

Table 1 e 3D printing parameters used for CCFRPC
specimens.

Nozzle diameter 1.5 mm

Extrusion multiplier 0.5

Extrusion width 1.5 mm

Layer height 0.5 mm

Printing speed 3.0 mm/s

Extruder temperature 210OC

Bed temperature 90OC

Fan speed 60%
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to measure the elastic strain. The test was performed using

the standard head displacement rate of 2 mm/min.

For the three-point bending flexural test, rectangular cross-

section specimens having dimensions 127 � 12.7 � 3.2 mm

were fabricated. The test was performed using the crosshead

motion rate and span support length of 1.35 mm/min and of

51.2 mm, respectively. Tinius Olsen H25KT (capacity 25 kN)

universal testing machine was used to perform both the tests,

as it has the ability to convert to dual column as well as three-

point bending set-up. Dimensions of 3D printed specimens are

presented in Table 2.

2.4. Fracture interface study of the specimens

Fracture interface study was performed on the specimens

after performing tensile and flexural tests and observed using

microscope (Delta Optical Smart) micrographs. This experi-

ment was performed to study the failure mode and response

of the deposited layers and detached and the ruptured fibers

in the matrix after performing the mechanical tests. The ob-

tained images from microscope were further undergone

image processing technique to enhance the quality of the

source image for detailed study.

2.4.1. Contrast enhancement
This image processing technique is used to enhance the image

having poor contrast. The histogram equalization seems an

effective technique to improve the contrast of an image. In

this regard, Non-Parametric Modified Histogram Equalization

(NPMHE) [32,33] is utilized to improve the contrast of an image

and preserve the low brightness of the source image Ai.

Xi/X0
i (1)

NPMHE is employed to fracture interface images to obtain

an improved image X0
i. Contrast enhancement centrally im-

proves the intensity distribution and enhances the image

details.

2.4.2. Edge detection
After performing contrast enhancement, the images are then

rectified through spatial stimuli sketch model (SSGSM) [34,35]

based edge detection technique to acquires the object

boundaries through detection of brightness discontinuities

[36]. Edge detection improves performancewhen used on high
contrast images. This method emphases on the intensity of

the focus and the edges of the image and calculates an un-

known area on the coarse solution map to achieve informa-

tion that is focused on the two activity level maps. The weight

of the local stimuli is intentionally adjusted by determining

the local change in brightness perceived at each site. The

brightness of the contrast enhanced image X0
i is perceived in

Eq. (2) as:

Ei ¼ zlog10

�
X0

i

�
(2)

where, X0
i represents the contrast enhanced image and de-

notes the scaling factor. Gradients indicate strong changes in

image intensity.

It is a measure of spatial distance to the measured varia-

tion of local pixels. This amplitude is mathematically

computed as the mesh difference in identified brightness in r

and s directions as:

Bi ¼gradient
h
бrj ; б

s
j

i
(3)

zrj ¼ бrj

�
e
�
���бrj
����
; zsj ¼ бsj

�
e
�
���бsj
����

(4)

where, intensity variations (Bi) on the r and s axis denoted by zrj

and zsj respectively. These variations are computed in Eq. (3)

and Eq. (4) by employing the corresponding gradients бrj , б
s
j .

The local stimuli (Li) is calculated in Eq. (5) as:

Li ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
zrj

�2
þ
�
zsj

�2
r

(5)

3. Experimental results and discussions

3.1. Observation of printing process parameters and
specimen geometry

The porous specimens were fabricated using a grid infill

pattern that represents the internal geometry structure of the

composite part at three different infill density levels (20%, 40%

and 60%). The infill structure was covered within one perim-

eter shell and with two bottom and two top unidirectional

layers as shown in Fig. 2. By increasing the infill density, the

internal structure of the specimen increases by addition of

unit cells to the porous structure, while the outer wall layer

remains the same. Irregular distribution of the layers were

observed during the printing process. This is due to the infill

paths created by the simplify 3D that is also an important

https://doi.org/10.1016/j.jmrt.2021.06.095
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Table 2 e Dimensions of 3D printed specimens.

Infill Tensile specimen Flexural specimen

Length, mm Width, mm Thickness, mm Mass, g Length, mm Width, mm Thickness, mm Mass, g

20% 150.68 ± 0.47 13.08 ± 0.13 3.08 ± 0.05 6.05 ± 0.05 126.33 ± 0.74 12.73 ± 0.08 3.31 ± 0.08 3.86 ± 0.05

40% 150.86 ± 0.39 13.07 ± 0.08 3.11 ± 0.06 6.58 ± 0.07 126.25 ± 0.27 12.78 ± 0.04 3.27 ± 0.03 4.09 ± 0.06

60% 150.64 ± 0.62 13.04 ± 0.03 3.09 ± 0.06 7.05 ± 0.09 126.83 ± 0.03 12.77 ± 0.07 3.23 ± 0.02 4.28 ± 0.04

100% 150.78 ± 0.56 13.08 ± 0.11 3.06 ± 0.07 7.89 ± 0.06 126.95 ± 0.04 12.73 ± 0.05 3.25 ± 0.04 5.27 ± 0.06
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feature of anisotropy [37]. The grid infill structure has a nodal

connectivity equal to 4 which is known to be anisotropic

[38,39]. The specimen with 100% infill density level was prin-

ted with 0O unidirectional layers without any perimeter shell.

Fig. 3 (a and b) represents the mass as a function of infill

percentage for the 3D printed specimens fabricated for tensile

and flexural tests. The mass of each specimen with the in-

crease in infill density level increases. Increasing the infill

percentage will lead to occupying more space compactly

within the shell, since the perimeter shell, bottom and top

layers remain the same. Significant increase in the mass can

be observed when the infill density level rises from 60% to

100%. The mass in case of tensile test specimens can be seen

higher due to higher in length compared to flexural test

specimens. The internal structure and pattern defined within

the specimen geometry define the mechanical properties [38]

of the composite part.

3.2. Tensile test response of composite parts

Effects on tensile properties (tensile strength, young's
modulus and ductility) were studied and compared by per-

forming tensile tests of each group of specimens. Typical

tensile stressestrain curves of each set of groups are pre-

sented in Fig. 4. Selection of the curves were made according

to the mean results i.e. the curve that showed average tensile

strength are presented and marked up to the point of

breakage.

It can be observed from the stressestrain curves that the

specimen printed with 100% infill density level achieved the

largest level of strength, while the specimen printed with 20%

infill density level showedminimum tensile strength. 40% and
Fig. 3 e CCFRPC specimens mass as
60% infill density specimens were marked at average level

between them. The tensile properties of each set of groups are

shown in Fig. 5. Box plots were used to represent the effect of

tensile properties obtained from the tensile test, showing the

average values with the range of maximum and minimum

standard deviation values of the 3D printed composite parts.

According to ASTM D3039 [30], 3D printed composite

specimens showed Lateral-at tab-top (LAT) and edge

delamination-gage- middle (DGM) failure modes. The differ-

ence in the failure modes is caused due to various condition

circumstances under the same test conditions that includes

gripping pressure, specimen geometry and tab material of the

specimens [40]. The outcomes of tensile properties estimated

from the tensile test is illustrated in Table 3.

3.2.1. Tensile strength
The tensile strength of the CCFRPC specimens of each infill

density level is shown in Fig. 5(a). From the box plot, it can be

observed that the specimen fabricated with 100% infill den-

sity reaches the largest mean tensile strength of 253.25 MPa

While, the composite specimens with 20%, 40% and 60% infill

density levels showed average tensile strength values of

150.16 MPa, 165.32 MPa and 171.48 MPa, respectively. 100%

infill density level specimen's tensile strength increased by

68%, 53% and 48% compared to 20%, 40% and 60% infill

density levels specimens, respectively, which showed a

dramatic increase in the strength value. The result indicated

that, by increasing the infill density level, strength will in-

crease. Maximum tensile strengths of the PLA printed with

CCF composite parts with 100% infill achieved were 91 MPa,

61.4 MPa and 170 MPa [10,28,41]. Compared to previously

obtained results, porous composite parts showed significant
a function of infill percentage.
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Fig. 4 e Stressestrain curve obtained from the tensile test.
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comparison in the tensile strength result that have been

almost reached to the same level even contrast to 20% infill

density level specimen.

3.2.2. Young's modulus
The young's modulus of the 3D printed composite parts of

each infill density level is shown in Fig. 5(b). The largest

young's modulus value of 25.75 GPa can be seen in the
Fig. 5 e Results of tensile properties
composite specimen with 100% infill density. The specimen

with 20% infill density showed the lowest young's modulus

value by reaching 16.61 GPa. While the 40% and 60% infill

density levels specimens showed average young's modulus

values of 17.53 GPa and 18.24 GPa, respectively. Significant

increase in the Young's modulus value can be observed when

the infill densitywas increased from 60% to 100% infill density.

The result indicated that by increasing the infill density, car-

bon fiber content in the matrix increases that lead to increase

in the young's modulus value [13,26].

3.2.3. Ductility
The Ductility of the 3D printed composite specimens of each

infill density level is shown in Fig. 5(c). From the figure, it can

be observed that the CCFRPC part with 20% infill had the

smallest average ductility of 2.62%, while the largest mean

ductility value of 3.3% can be seen in specimens with 100%

infill density level. The result confirms the increase in the

ductility with the increase in infill density level of the com-

posite part.

3.3. Flexural test response of composite parts

Effects on flexural properties (flexural stress and flexural

modulus) of the 3D printed solid and porous CCFRPC speci-

mens were obtained and studied by performing flexural test
obtained from the tensile test.

https://doi.org/10.1016/j.jmrt.2021.06.095
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Table 3 e Results of mechanical properties measured.

Specimens Tensile Properties Flexural Properties

Tensile strength (MPa) Young's modulus (GPa) Ductility (%) Flexural strength (MPa) Flexural modulus (GPa)

Infill 20% 150.16 ± 9.27 16.61 ± 0.91 2.62 ± 0.1 105.99 ± 9.51 10.82 ± 1.52

Infill 40% 165.32 ± 11.26 17.53 ± 0.46 2.83 ± 0.17 115.89 ± 8.55 11.02 ± 1.04

Infill 60% 171.48 ± 9.14 18.24 ± 0.53 2.97 ± 0.15 130.1 ± 8.68 12.18 ± 0.89

Infill 100% 253.25 ± 10.42 25.75 ± 0.83 3.3 ± 0.19 173.48 ± 9.85 14.77 ± 1.45
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for each set of groups. Referring to the ASTM D790 standard

[31], flexural tests would be valid, if the maximum strain of

the specimen breakage in the outer region occurred within

the 5% strain limit. During the test, 3D printed CCFRPC

specimens rupture in the outer region occurred within the

5% strain limit. Typical flexural stressestrain curves of each

infill density level are demonstrated in Fig. 6. Selection of the

stressestrain curve results presented in the figure were

made that represent average flexural strength levels of each

set of groups.

From the stressestrain curves, it can be perceived that the

composite specimen with 100% infill showed maximum flex-

ural stress level. Similarly, decreasing the infill density level

tends to decrease in the flexural stress value. The flexural

properties of CCFRPC parts are shown in Fig. 7. Box plots were

used to illustrate the flexural properties, showing the average

values with the range of maximum and minimum standard

deviation values of the 3D printed composite parts result ef-

fects on the flexural properties.

3.3.1. Flexural strength
The flexural strength of the 3D printed solid and porous

CCFRPC parts of each infill density level is presented in

Fig. 7(a). From the box plot graph, the specimen fabricated

with 100% infill density had the largest flexural strength value

of 173.48 MPa. While, the composite specimens fabricated

with 20%, 40% and 60% infill density levels had average flex-

ural strength values of 105.99 MPa, 115.89 MPa and 130.1 MPa,

respectively. Increasing the infill density level leads to in-

crease in flexural strength. CCF reinforced PLA composite

specimens printed with 100% infill density level showed

highest flexural strength, increased by 63.6%, 49.7% and 33.3%,
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Fig. 6 e Stressestrain curve obtained from the flexural test.
respectively, compared to 20%, 40% and 60% infill density

levels of composite specimens. The same result can also be

observed [15], that showed the increase in the flexural

strength values by increasing the content of carbon fiber in the

composite.

3.3.2. Flexural modulus
The flexural modulus of the composite specimens prepared

with the range of infill density levels are presented in Fig. 7(b).

The largest flexural modulus value of 14.77 GPa can be seen in

the 100% infill density level CCFRPC specimen. Composite

specimens printed with 20%, 40% and 60% infill density levels

hadmean flexural modulus values of 10.82 GPa, 11.02 GPa and

12.18 GPa, respectively. The results indicated that by

increasing the infill density of the structure increases the

flexural modulus of the CCFRPC part.

3.4. Study of fracture interface after mechanical testing

To observe the deformation and fracture behavior that how

the fracture occurred during the mechanical test, fracture

interface of the CCFRPC solid and porous composite fractured

specimens was decided to study based on the experimental

results of tensile and flexural tests. To study such behavior,

microscope's micrographs were carried out after performing

tensile and flexural tests. For this purpose, one specimen of

each infill density was selected that reflects the best failure

mode. Microscope's micrographs were carried out at 1.5 mm

of scale and this scale was kept constant for all the images of

each specimen. The obtained micrographs further undergoes

image processing technique to acquire E.D using S.I. The S.I is

subjected further to get C.E images, which were further pro-

cessed to achieve E.D on C.E image to analyze the voids and

clearly study the fracture interface modes of the composite

parts.

Fracture interface's micrographs E.D, C.E and E.D on C.E

using S.I of the specimen after performing tensile tests are

shown in Fig. 8. From the figure, it can be observed that the

matrix layers were separated from each other holding the

impregnated CCF within it after the tensile test was per-

formed. The fracture occurred at the maximum load during

the experiment. Fig. 8 (a-c) showed the micrographs of porous

composite parts. The gaps andmore voids area can be seen in

case of porous specimens, the reason is due to hollow struc-

ture inside, while the perimeter shell is visible. More cavities

are clearly visible at low infill density specimens. Further

increasing the infill density level decreases the gaps and hol-

low structure inside the specimen. The major reason for the

fracture of such a structure is caused due to fiber pull out

[13,41,42]. The CCF stills hold the matrix within it at various
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Fig. 7 e Results of flexural properties obtained from the flexural test.
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portions and resulted in it could be used for load bearing and

structural applications during tension, as load was effectively

shifted from matrix to fiber.

Fig. 9 shows the fracture interface's micrographs E.D, C.E

and E.D on C.E using S.I of the specimen after performing
Fig. 8 e Fracture interface's micrographs E.D, C.E and E.D on C.E

infill density level of (a) 20% (b) 40% (c) 60% (d) 100%.
flexural test. A fractured region is clearly visible, where the

breakage occurred upon bending force. Matrix layers were

separated instantly, letting the reinforcementmaterial behind

it. In case of 100% infill density level specimens, more dense

structure can be observed compared to porous structures,
using S.I of the specimen after performing tensile test with
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Fig. 9 e Fracture interface's micrographs E.D, C.E and E.D on C.E using S.I of the specimen after performing flexural test with

infill density level of (a) 20% (b) 40% (c) 60% (d) 100%.
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while the voids and hollow region is noticeable in case of

porous structure. This reason can also be enlightened and

validated by attaining the highest flexural stress level among

the group. Increasing infill density level resulted in a more

dense structure with low level of porosity inside the specimen

shell. The CCF upon bending test separated from the matrix

material layers at various instant. However, this is caused due

to broken carbon fibers. The main reason for the dominant

failure mode of the CCFRPC structure was mainly broken fi-

bers [26,43].

3.5. Effects of continuous carbon fiber content

The specimens with three infill density levels had different

content of reinforcement. It varies with the specimen's size,

geometry, extrusion multiplier, infill pattern and density. The

carbon fiber content was estimated using the length of tool

path, number of layers in length and width of the specimen.

Therefore, the CCF contentmeasured can be considered as the

weight ratio of carbon fiber content to the matrix material.

Although the number of layers in porous structures were the
same but occupied less portion inside the shell and most of

the portion was hollow. Increasing the infill density level, the

structure inside the shell was occupied more compactly,

forming a more dense structure and more material was

consumed. Increasing the material quantity will result in an

increase in reinforcement content. For each case, the

increasing infill density of the composite part resulted in an

increase in CCF content.

Table 4 shows the carbon fiber contents of CCFRPC parts

with different infill density levels. The results showed that

increasing the infill density level of CCFRPC specimen lead to

increase in carbon fiber content and each set of specimenwith

increased infill density showed high tensile strength and

flexural stress as shown in Fig. 5(a) and 7(a), respectively.

Hence, it was demonstrated that by increasing the CCF con-

tent, the strength of the composite part increased. This result

is also validated by the previous achieved results [41,44]. This

study estimated the synergistic reinforcement of CCF for

porous composite parts printed with the infill ranges of 20%,

40% and 60%, CCFRPC specimens were prepared with geom-

etry dimensions of 3.6 cm3. The total numbers of layers in
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Table 4 e Carbon fiber contents of CCFRPC specimens
with different infill density levels.

Specimens Volume of
CCFRPC

specimens
(cm3)

CCF content
volume
fraction
(vol. %)

CCF content
weight fraction

(wt.%)

Infill 20% 3.63 8.91 12.2

Infill 40% 3.67 10.9 14.8

Infill 60% 3.62 12.84 17.3

Fig. 10 e Effect of carbon fiber content on a) Tensile strength and b) Flexural strength.
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length and width calculated were 6 and 7, respectively. CCF

volume fractions Vf was obtained from the weight fractionWf

using the following formula [44].

Vf ¼
Wf

Wf þ rf

rm

�
1�Wf

� (6)

where, Vf is the volume fractions of carbon fiber, Wf is the

weight fraction of the carbon fiber of each specimen, rf is the

density of CCF (1.76 g/cm3) and rm is the density of PLA matrix

(1.24 g/cm3). Fig. 10 shows the effect of carbon fiber content on

the tensile strength and flexural stress of the composite parts.

3.6. Rule of mixtures

The theoretical tensile strength and elastic modulus could be

assessed based on the mechanical properties of the carbon

fiber and composite parts obtained in section 3 (Table 3) of the

solid and porous CCFRPC parts manufactured via FDM 3D

printing method. In this study, the elastic modulus of pre-

pared composite solid and porous parts was estimated using

Eq. (7), as the fibers are printed parallel to the matrix in each

case.

Ec ¼Vf :Ef þ
�
1�Vf

�
:Em (7)

where, Ec ¼ elastic modulus of composite, Vf ¼ volume frac-

tion of fiber, Ef ¼ elasticmodulus of fiber, Em ¼ elasticmodulus

of matrix.
Volume fraction of fiber (Vf ) is listed in Table 4, Ef is equals

to 230 GPa and Em is given by 2.6 GPa. Applying this technique

to the composite parts with different volume fractions

allowed us to estimate the elasticmodulus of composite parts.

The estimated elasticmodulus of porous composite structures

with 20%, 40% and 60% infill density levels were 20.3 GPa,

24.8 GPa and 29.2 GPa, respectively which showed highest

elastic modulus value that can also be validated by the tensile

test outcome. Rule of mixture estimated the maximum opti-

mum elastic modulus for the designed composite parts
demonstrated that the CCFRPC parts possessed high elastic

modulus. Increasing the content of CCF, both theoretical and

experimental values of modulus increases and this could

result in the decrease in porosity [27].
4. Conclusion

In this study solid and porous CCFRPC specimens were pre-

pared using FDM 3D printing technology. Porous composite

structures were fabricated using grid infill pattern printed at

three different infill density levels (20%, 40% and 60%). Effects

on tensile and flexural properties were experimentally inves-

tigated and compared. Afterwards, fracture interfaces of the 3D

printed CCFRPC specimens were observed and analyzed using

amicroscope'smicrographs after performingmechanical tests.

Following conclusions were drawn from this study.

1. Porous composite specimens with grid infill pattern

showed increase in tensile strength and Young's modulus

with the increase in infill percentage by achieving highest

strength and modulus values of 171.48 MPa and 18.24 GPa,

respectively in 60% infill density level.

2. Highest flexural strength and modulus values of 130.1 MPa

and 12.18 GPa, respectively were found in 60% infill density

level among the porous grid infill pattern structures. The

result also indicated that increasing infill density level

leads to increase in flexural strength and modulus.

https://doi.org/10.1016/j.jmrt.2021.06.095
https://doi.org/10.1016/j.jmrt.2021.06.095


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 4 : 7 3 1e7 4 2 741
3. Enhanced fracture interface's micrographs through image

processing technique of the composite specimens after

performing mechanical tests showed that the dominant

failure mode of such structure was caused due to fiber

breakage and pull out. The fiber still holds the matrix

within it at various portions of the interfacial layers. Hence,

the result was that it could be used for load bearing

applications.

4. Effect of carbon fiber content on mechanical properties

showed the increase in tensile strength and flexural

strength value with the increase in the fiber content.

5. The porous structure presented in this study exhibited

great potential to be utilized in structural engineering ap-

plications as it showed enhanced strength levels compared

to previously achieved strengths and it could probably

have ability to replace fully dense or solid structure, as it

consumes less material, mass and carbon fiber content.
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