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a b s t r a c t

Additive manufacturing (AM) technologies have been successfully applied in various applications. Fused
deposition modeling (FDM), one of the most popular AM techniques, is the most widely used method for
fabricating thermoplastic parts those are mainly used as rapid prototypes for functional testing with
advantages of low cost, minimal wastage, and ease of material change. Due to the intrinsically limited
mechanical properties of pure thermoplastic materials, there is a critical need to improve mechanical
properties for FDM-fabricated pure thermoplastic parts. One of the possible methods is adding reinforced
materials (such as carbon fibers) into plastic materials to form thermoplastic matrix carbon fiber rein-
forced plastic (CFRP) composites those could be directly used in the actual application areas, such as
aerospace, automotive, and wind energy. This paper is going to present FDM of thermoplastic matrix
CFRP composites and test if adding carbon fiber (different content and length) can improve the me-
chanical properties of FDM-fabricated parts. The CFRP feedstock filaments were fabricated from plastic
pellets and carbon fiber powders for FDM process. After FDM fabrication, effects on the tensile properties
(including tensile strength, Young's modulus, toughness, yield strength, and ductility) and flexural
properties (including flexural stress, flexural modulus, flexural toughness, and flexural yield strength) of
specimens were experimentally investigated. In order to explore the parts fracture reasons during tensile
and flexural tests, fracture interface of CFRP composite specimens after tensile testing and flexural testing
was observed and analyzed using SEM micrograph.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Additive manufacturing

Additive manufacturing (AM) is defined as “a process of joining
materials to make objects from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing methodologies” [1].
AM technologies make it possible to build a large range of pro-
totypes or functional components with complex geometries those
are unable or at least difficult to be manufactured by conventional
methods [2,3]. Compared with conventional methods, AM can
shorten the design-manufacturing cycle and thus reduce the pro-
duction cost and increase the competitiveness [4,5]. In addition,
due to the improvements of processes and advancements of
: þ1 806 742 3411.
modeling and design [6], AM technologies have been involved in
wider various applications in the past three decades. The largest
three rapid-increasing applications of AM fall into the areas of
aerospace, automotive, and medical [7,8]. Other applications
include architecture [9], education [10], fashion [11], etc.

1.2. AM of plastics

The first developed AM techniques are typically applied to
fabricate pure plastic parts those are mainly used as rapid pro-
totypes for functional testing [12]. AM techniques include stereo-
lithography apparatus (SLA) from photopolymer liquid [13], fused
deposition modeling (FDM) from plastic filaments [14], laminated
object manufacturing (LOM) from plastic laminations [15], and
selective laser sintering (SLS) from plastic powders [16]. However,
FDM is the most widely used method among all the AM techniques
for fabricating pure plastic parts with low cost, minimal wastage,
and ease of material change [17,18]. Before FDM-fabricating
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process, the STL file generated by the CAD software is sliced into
horizontal layers and the thickness of each layer can be set
depending on the demands of customers. As shown in Fig. 1, in FDM
processes, the filament on the spool is fed into the liquefier head
with the aid of feeding pressure generated from a driver gear and a
grooved bearing. Plastic parts can be built layer by layer through
depositing the filament material which is heated to glass transition
state and extruded through the extrusion nozzle at a constant
temperature. Liquefier head moves on the XeY plane as the tool
path generated by the software and deposits the first desired layer
at a time onto the print bed to form a foundation for the part. When
the layer is completed, the build platformmoves downward for one
layer thickness for following layer of filament material fabrication.
Each single layer will be deposited repeatedly on the previous one
in the same way until the part is completed. In the FDM machine
with dual extrusion nozzles, build filament material with another
color or support filament material can be simultaneously extruded
through the second nozzle if necessary. After FDM fabrication, the
support material can be easily removed either mechanically or
chemically (e.g., using solvent) [19].

Currently, only thermoplastic filaments are used as feedstocks in
FDM [20], including acrylonitrile butadiene styrene (ABS), poly-
carbonate (PC), polylactide (PLA), polyamide (PA), and the mixtures
of any two types of thermoplastic materials [14,21]. FDM of plastics
are usually used to make conceptual prototypes with mature
development stages [12], since the pure thermoplastic parts built
by FDM are lack of strength as the fully functional and load-bearing
parts. Such drawback restricts the wide applications of FDM tech-
nology [22,23]. Therefore, there is a critical need to improve the
strength of FDM-fabricated pure thermoplastic parts to overcome
the limitations. One of the possible methods is adding reinforced
materials (such as carbon fibers) into plastic materials to form
thermoplastic matrix carbon fiber reinforced plastic (CFRP) com-
posites [20,22,24]. In CFRP composites, the carbon fibers can be
used to support the load. Meanwhile, the thermoplastic matrix can
be used to bind and protect the fibers and transfer the load to the
reinforcing fibers [25e28]. Currently, thermoplastic matrix CFRP
composites are widely used in many applications, such as fuselage
of Airbus A350 aircraft, components in automotive, blades of wind
turbine, and endoscopic surgery [29,30].

1.3. Present state of knowledge in FDM of composites

Among reported literatures, there are limited numbers of
studies on developing newmaterials especially the fiber reinforced
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Fig. 1. Schematic of FDM process.
thermoplastic composites using FDM process. Zhong et al. [23]
conducted experiments to investigate the processability of glass
fibers reinforced ABS matrix composites with three different glass
fiber contents used as feedstock filaments in FDM. The results
showed that glass fibers could significantly improve the tensile
strength and surface rigidity of the ABS filament. Gray et al. [31,32]
presented thermotropic liquid crystalline polymer (TLCP) fiber
reinforced polypropylene (pp) composites filament for FDM.
Compared with chopped fiber, using longer TLCP fibers (length/
diameter ratio > 100) in the composites led to larger tensile
strength and better functionality of the fabricated prototypes. The
tensile strength of TLCP fiber reinforced pp composites was much
larger than that of most of other FDM fabricated materials. Shofner
et al. [22] developed nano-fiber reinforced ABS matrix composites
using FDM. Feedstock filaments consisted of single-walled carbon
nanotubes and ABS plastics. Compared with unfilled ABS speci-
mens, nearly 40% and 60% increase in tensile strength and tensile
modulus were obtained at nanofiber loading of 10 wt%, respec-
tively. Tekinalp et al. [20] compared carbon fiber reinforced ABS
composites fabricated by both compress molding and FDM. Tensile
testing was conducted in this work and tensile strength and
Young's modulus were measured for the comparisons, but no other
tensile properties were investigated for details. The results showed
that the FDM-fabricated parts had lower tensile strength than those
made by compress molding at almost all the fiber contents, and
parts made by both FDM and compress molding methods show
significant increases in both tensile strength and Young's modulus
with the increase of carbon fiber content.

Although some attempts have been made to develop different
reinforcement plastic matrix composites to improve the properties
of the existing thermoplastics for the FDM process, there are no
reported comprehensive experimental investigations on many
different aspects of mechanical properties (including tensile
properties and flexural properties) in FDM of CFRP composite parts
through American Society for Testing and Materials (ASTM) stan-
dardized methods [33,34].
1.4. Outline of the paper

In this paper, the authors are going to experimentally investi-
gate if adding carbon fiber into ABS plastic can improve the me-
chanical properties of FDM-fabricated parts. Tensile test and
flexural test were conducted according to ASTM standards [33,34]
for CFRP composite parts to obtain the mechanical properties, as
listed in Table 1. Effects of carbon fiber content and length on the
mechanical properties and porosity of fabricated parts were
investigated. Fracture interface of CFRP composite parts at each
carbon fiber content was observed using SEM micrograph to
analyze the parts fracture reasons. Successfully accomplishing such
investigation will provide knowledge on the improvement of FDM-
fabricated parts. There are 3 sections in the remainder of this paper.
Table 1
Mechanical properties measured in this paper.

Categories Properties Unit

Tensile test Tensile strength MPa
Young's modulus GPa
Toughness J*m�3*103

Yield strength MPa
Ductility %

Flexural test (within 5% strain limit) Flexural stress MPa
Flexural modulus GPa
Flexural toughness J*m�3*103

Flexural yield strength MPa
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After the introduction, experimental set-up and measurement
procedures will be illustrated in Section 2, then followed by the
experimental results and discussions in Section 3. Finally,
concluding remarks will be included in Section 4.

2. Experimental set-up and measurement procedures

2.1. Experimental set-up procedures

The entire fabricating process of thermoplastic matrix CFRP
composites is shown in Fig. 2. The raw materials used in this paper
were virgin ABS thermoplastic pellets and carbon fiber powders
(Zoltek Companies Inc., St. Louis, MO, USA). The carbon fiber
powders had two different average carbon fiber lengths, 150 mm
(Panex 30) and 100 mm (Panex 35), with common fiber diameter of
7.2 mm. The pellets and carbon fiber powders were mixed in a
Fig. 2. Fabrication and
blender with different carbon fiber contents (3 wt%, 5 wt%, 7.5 wt%,
10 wt%, and 15 wt%).

The plastic extruder (EB-1, ExtrusionBot Co. Chandler, AZ, USA)
was used to fabricate the carbon fiber filled filaments. During the
extrusion processes, extrusion temperature, filament yield speed,
and nozzle diameter were set at 220 �C, 2 m/min, and 2.85 mm,
respectively. The filaments could be cut into small pieces and refed
in the extruder for the second extrusion to make them with high
bulk density, which led to more consistent flow rates and fusion on
each layer. During such process, filaments withmore homogeneous
distribution of carbon fibers could be obtained, thereby improving
the FDM fabrication process and parts performance. The FDM 3D
printer (Creatr, Leapfrog Co., Alphen aan den Rijn, Netherlands) was
used to fabricate CFRP composite parts. The nozzle diameter of the
FDM unit was 0.35 mm and nozzle temperature was set at 230 �C
during FDM process. Printing velocity was set at 1.2 m/min for the
testing processes.
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first layer and maintained at 1.5 m/min for the rest layers. 14 layers
were printed with each layer thickness of 0.2 mm. The infill pattern
deposition directions for different layers were 45� and 135�, alter-
nately. The infill density was set at 100%.
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Fig. 3. Typical tensile strainestress curves for specimens with different carbon fiber
contents (Carbon fiber length is 150 mm).
2.2. Measurement procedures

ASTM D638-10 standard [33] and ASTM D790-10 standard
[34] were followed for tensile test and flexural test, respectively.
Five thermoplastic matrix CFRP composite specimens of each
sample were prepared by FDM for both tests. Type-І specimen
dimensions in ASTM D638-10 standard were used for tensile
testing of FDM-fabricated parts. Proper dimensions of specimen
were also selected for flexural test according to ASTM D790-10
standard. The detailed dimensions of specimen and set-up for
both tests are also illustrated in Fig. 2. The mass values of the
specimens were measured by a precision balance (PN-6100 A,
American Weigh Scales INC., Norcross, GA, USA). Tensile test and
flexural test were conducted in a test machine (AGS-J, Shimadzu
Co., Kyoto, Japan) with a 10 kN force transducer capacity. Tensile
test employed two grips (one fixed grip and one movable grip) to
hold the specimens, and a three-point bending set-up (including
one midway loading nose and the two supports) was utilized in
flexural test. The relationships between force (N) and displace-
ment (mm) were collected by computer with help of a data
acquisition software (Trapezium, Shimadzu Co., Kyoto). The spe-
cific testing parameters for the tensile test and flexural test were
listed in Table 2. The mechanical properties of CFRP composite
parts were obtained five times by testing five specimens at each
carbon fiber content. Fracture interface of the specimens was
observed using a SEM (S4300, Hitachi Co., Tokyo, Japan) with
different magnifications.
3. Experimental results and discussions

3.1. Effects of carbon fiber content on tensile properties

Typical tensile strainestress curves of all the specimens with
different carbon fiber contents are illustrated in Fig. 3. For the
testing specimens with carbon fiber content of 5 wt% and average
length of 150 mm, for example, the curve was selected from the
results of five specimens, depending on the maximum number of
values those were the most closed to the mean value of each tensile
properties.

Effects of carbon fiber content on tensile properties (including
tensile strength, Young's modulus, toughness, yield strength, and
ductility) of CFRP composite specimens are shown in Fig. 5. Box-
plots were used to express the distributions of data at each carbon
fiber content. The box range covered from 25% to 75% percentile of
confidence interval. Mean value in the middle of the box was used
to express the trends on effects of carbon fiber content on tensile
properties. In the following Sections, the strainestress curves were
selected in the samemethodology and boxplots were defined in the
same way.
Table 2
Testing parameters.

Categories Tensile test Flexural test

Testing speed 5 mm/min 1.4 mm/min
Sampling frequency 20 Hz 20 Hz
Distance between two grips 115 mm /
Distance between two supports / 51.2 mm
3.1.1. Effects on tensile strength
Fig. 4 (a) shows that with the increase of carbon fiber content

from 0 wt% to 5 wt%, tensile strength firstly increased, and then it
decreased with the levels of carbon fiber content increasing from
5 wt% to 10 wt% (especially when the carbon fiber content
increased from 7.5 wt% to 10 wt%, a sharp reduction of tensile
strength occurred). Tensile strength increased again from 10 wt% to
15 wt% of carbon fiber content. The largest mean value (42 MPa)
could be found at 5 wt% carbon fiber content, while the smallest
mean valuewas about 34MPawhen carbon fiber contentwas 10wt
% (almost the same with that of pure ABS plastics).

3.1.2. Effects on Young's modulus
Effects of carbon fiber content on Young's modulus is shown in

Fig. 4 (b). After an increase of Young's modulus with increasing of
carbon fiber content from 0 wt% to 7.5 wt%, there was a sudden
decrease in Young's modulus when the carbon fiber content
increased from 7.5 wt% to 10 wt%. Continuing increasing carbon
fiber content to 15 wt% resulted in Young's modulus increasing
again. Young’ modulus was the largest (2.5 GPa) at 7.5 wt% carbon
fiber content, while the smallest mean value (1.9 GPa) was found in
pure plastic specimen.

3.1.3. Effects on toughness and yield strength
There were similar relationships between carbon fiber content

versus toughness and carbon fiber content versus yield strength, as
illustrated in Fig. 4 (c) and 4 (d). It can be observed that both mean
values of toughness and yield strength had an overall decreasing
tendency when carbon fiber content increased from 0 wt% to 10 wt
% (except for a gentle rise at 5 wt% carbon fiber content). Toughness
and yield strength of the parts with carbon fiber content lower than
10 wt% were larger than those of the parts with carbon fiber con-
tent higher than 10wt%.When carbon fiber content exceeded 10wt
%, these two mechanical properties increased again. The largest
mean values for both toughness and yield strength could be found
in pure plastic specimen. CFRP specimen with 10 wt% carbon fiber
content generated the smallest mean values of toughness and yield
strength (6.3 J*m�3*103 and 18.75 MPa, respectively).

3.1.4. Effects on ductility
Effects of carbon fiber content on ductility is shown in Fig. 4 (e).

It can be observed that the ductility decreased with increasing of
carbon fiber content from 0 wt% to 10 wt%. Then, the ductility
increased when carbon fiber content exceeded 10 wt%. The pure
plastic specimen had the largest mean ductility of 4.14%. The CFRP
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Fig. 4. The effects of carbon fiber content on tensile properties (Carbon fiber length is 150 mm).
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composite specimen with 10 wt% carbon fiber led to the smallest
mean ductility of 2.74%.

3.2. Effects of carbon fiber length on tensile properties

A comparison of the typical tensile strainestress curves of CFRP
composite parts between two carbon fiber lengths (100 mm and
150 mm) at 5wt% carbon fiber content is shown in Fig. 5 (a). It can be
seen that as strain increased, the specimenwith carbon fiber length
of 150 mm first reached the maximum tensile stress.

Fig. 5 (b) illustrates comparisons of each tensile property be-
tween the two types of specimens. It can be seen that CFRP com-
posite specimen with 150 mm carbon fiber had larger tensile
strength and Young's modulus than that with 100 mm carbon fiber.
Compared with CFRP composite specimen with 100 mm carbon fi-
ber, specimenwith 150 mm carbon fiber had smaller toughness and
ductility, respectively.

A paired sample t-test has been conducted to compare the
yield strength between these two kinds of specimens. Null hy-
pothesis is that there is no significant difference in yield strength
between specimens with carbon fiber length of 100 mm and that
of 150 mm. The associated P-value (0.891) in the t-test indicates
that the null hypothesis cannot be rejected at the common sta-
tistical level of 0.05. That means the difference of yield strength
value between the two kinds of specimens is not statistically
significant.
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3.3. Effects of carbon fiber content on flexural properties

Flexural tests were conducted to compare flexural properties
of the specimens with and without carbon fibers. According to
the ASTM D790-10 standard [34], flexural test would be termi-
nated when the maximum strain in the outer surface of the
specimen reached 5% or when break occurred prior to reaching
the maximum strain. In this investigation, specimens did not
break within the 5% strain limit in the flexural test. Typical
flexural strainestress curves of specimens with and without
carbon fibers (150 mm) are illustrated in Fig. 6. It can be seen that
flexural stress at almost every given strain of the specimen with
carbon fiber was larger than that of the specimen without carbon
fiber.

Comparisons of flexural properties (including flexural stress,
flexural modulus, flexural toughness, and flexural yield strength)
between the pure plastic specimen and CFRP composite specimen
with 5 wt% carbon fiber content are shown in Fig. 7. The differences
of flexural properties between two types of specimens are signifi-
cant. It can be seen that adding 5 wt% carbon fiber could improve
almost all the flexural properties except for flexural yield strength.
Based on the mean values of each flexural property, the flexural
stress, flexural modulus, and flexural toughness of CFRP composite
specimen with 5 wt% carbon fiber content were increased by
11.82%, 16.82%, and 21.86%, respectively, as compared with the pure
plastic specimen.
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Fig. 6. Typical flexural strainestress curves for specimens with and without carbon
fibers (Carbon fiber length is 150 mm).
3.4. Fracture interface observations after tensile testing and flexural
testing

Based on experimental results in the Section 3.1, it could be
concluded that, most of tensile properties of specimenwith 10 wt%
carbon fiber content had the worst mean values. To investigate the
reasons of such phenomenon, the fracture interface of CFRP com-
posite specimens with different carbon fiber contents after tensile
testing was observed by a SEM to explore the specimen porosity as
well as interfacial adhesion between carbon fibers and thermo-
plastic matrix, as shown in Fig. 8. It can be seen from the SEM
micrographs that with the increase of carbon fiber content, porosity
got increasingly larger and became the largest at 10 wt% carbon
fiber content, resulting in the weakest specimen with such carbon
fiber content. The second largest porosity was observed at fracture
interface of specimenwith 15 wt% carbon fiber content after tensile
testing. The largest porosity was one of the possible reasons that
the specimen with 10 wt% carbon fiber content had the smallest
tensile properties (such as tensile strength, toughness, ductility,
and yield strength). Specimens with 15 wt% carbon fiber content
also had relative smaller tensile strength, toughness, ductility, and
yield strength. In addition, the SEM micrographs also showed that
many carbon fibers had been pulled out of the matrix especially at
10 wt% carbon fiber content, indicating that the interfacial bonding
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Fig. 8. The SEM fracture interface of specimens with different carbon fiber contents after tensile testing (Carbon fiber length is 150 mm).
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between thermoplastic matrix and carbon fibers was insufficient to
provide satisfactory reinforcement in the composites, as shown in
Fig. 9.

Fracture interface of the specimens after flexural testing was
also observed by SEM, as shown in Fig. 10. Compared with the pure
Fig. 9. The pulled-out carbon fibers in the fracture interface of CFRP compo
plastic parts, the carbon fibers in the CFRP composite parts can be
used to support the load during the bending process of part. The
ruptured fibers in the fracture interface indicated that load was
effectively transferred from the thermoplastic matrix to the carbon
fibers to achieve good properties.
sites (Carbon fiber content is 10 wt%; Carbon fiber length is 150 mm).



Fig. 10. The SEM fracture interface of the specimens with and without carbon fibers after flexural testing (Carbon fiber length is 150 mm).

F. Ning et al. / Composites Part B 80 (2015) 369e378376
3.5. Effects of carbon fiber content on porosity

Different categories of the specimen porosity are illustrated in
Fig. 11. Pore type 1, gas evoluted pore, was mainly generated during
the fabrication of feedstock filament by extrusion. When depositing
the materials using FDM, various carbon fiber distributions in the
filament resulted in inconsistent fusion of the layers. Pore type 2,
physical gap at layer/layer interfaces, was also generated by the
voids between different individual layers. In addition, holes (No. 3
in Fig. 11) generated by the pulled-out carbon fibers existed on the
fracture interface of the specimen, but these holes should not be
considered as the intrinsic porosity of the specimen. Therefore, the
porosities in first two conditions should be taken into consideration
and the overall porosity P could be expressed by the equation
below:

P ¼ Vt � Va

Vt
(1)

where Vt is theoretical volume of the specimen after the FDM
fabrication and Va is actual volume of the specimen. The volume of
designed solid object in CAD software was 8.45 cm3. However, such
value could not be directly applied into Vt due to the shrinkage of
the fabricated parts and printing accuracy error of the FDM ma-
chine. To calculate Vt, the specimen was cut into a regular
morphological volume which would be weighed for calculating the
average specimen density r. Such measurement was repeated five
times by calculating the five specimens at each carbon fiber con-
tent. Based on the actual measuredmass of the specimenM and the
Fig. 11. Illustration of different categories of the specimen porosity (Carbon fiber
content is 10 wt%; Carbon fiber length is 150 mm).
calculated specimen density r, the theoretical volume of the
specimen Vt could be obtained for each specimen.

Since there is no interfacial reaction between ABS and carbon
fiber, Va could be calculated as follows:

Va ¼ M � ABSwt%
rABS

þM � CFwt%
rCF

(2)

where,

M is the actual mass of the specimen;
rABS is the density of ABS plastic (1.05 g/cm3);
rCF is the density of carbon fiber (1.55 g/cm3).

The effects of carbon fiber content in CFRP composites on mass
and porosity are shown in Fig. 12 (a) and 12 (b), respectively. It can
be seen that with the increase of carbon fiber content, mass
increased firstly and began to decrease at 7.5 wt% carbon fiber
content, leading to the lowest mass when the carbon fiber contents
were 10 wt% and 15 wt%, where the masses were nearly the same.
The porosity decreased when carbon fiber content increased from
0wt% to 3wt% and then increased to the largest mean value (9.04%)
at 10 wt% carbon fiber content, with the second largest mean value
(3.27%) when carbon fiber content increased to 15 wt%. CFRP
composite specimens with 10 wt% carbon fiber had significantly
high porosity. Such porosity trend was consistent with the fracture
interface observations results in Section 3.4.

4. Conclusions

In this study, CFRP composite filaments were firstly prepared
from carbon fiber and ABS by extrusion processes. Experimental
investigations on if adding carbon fiber (different content and
length) into ABS plastic can improve the mechanical properties of
FDM-fabricated parts have been conducted. Effects on tensile
properties (including tensile strength, Young's modulus, toughness,
yield strength, and ductility) and flexural properties (including
flexural stress, flexural modulus, flexural toughness, and flexural
yield strength) of specimens were investigated. Fracture interface
of CFRP composite specimens after tensile testing and flexural
testing was observed and analyzed using SEM micrograph. The
following conclusions were drawn from this study.

1) Compared with pure plastic specimen, adding carbon fiber into
plastic materials could increase tensile strength and Young's
modulus, but may decrease toughness, yield strength, and
ductility.
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2) Specimenwith 5 wt% carbon fiber content had the largest mean
value of tensile strength and specimenwith 7.5 wt% carbon fiber
content had the largest mean value of Young’ modulus. The
tensile strength and Young's modulus of fabricated specimen
with 5 wt% or 7.5 wt% carbon fiber content could increase 22.5%
and 30.5%, respectively.

3) CFRP composite specimen with 150 mm carbon fiber had larger
tensile strength and Young's modulus than that with 100 mm
carbon fiber. Compared with CFRP composite specimen with
100 mm carbon fiber, specimen with 150 mm carbon fiber had
smaller toughness and ductility. There were no significant dif-
ference in yield strength value between these two kinds of
specimens.

4) Compared with the pure plastic specimen, CFRP composite
specimen with 5 wt% carbon fiber content had larger flexural
stress, flexural modulus, and flexural toughness with an in-
crease of 11.82%, 16.82%, and 21.86%, respectively.

5) Porosity became the severest in the specimens with 10 wt%
carbon fiber content. The porosity trend was consistent with the
fracture interface observations results. This phenomenon could
be the reason for that adding carbon fiber content to 10 wt%
resulted in all the smallest mean values of tensile strength,
toughness, yield strength, and ductility.
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