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Abstract 

Continuous fiber-reinforced polymer (FRP) composites have been used for many applications to 

create strong yet lightweight products due to their high strength-to-weight and stiffness-to-

weight ratios. Aerospace [1], automotive [2], and sport [3]industries are three of the few 

industries that have been using FRP composites. The increasing need for prototyping and 

customization of fiber reinforced polymer composite parts is prompting innovations in new 

manufacturing processes to realize short manufacturing cycle time and low production cost, 

which is challenging to accomplish using conventional molding process. Fused filament 

fabrication (FFF) -a material extrusion additive manufacturing (AM) technique trademarked as 

fused deposition modelling (FDM) by Stratasys- holds promise to achieve low-cost production 

on continuous fiber-reinforced thermoplastic (FRTP) composites.  In this paper, the FFF 

technique is employed to fabricate continuous carbon and glass FRTP composites and its 

microstructural characteristics and the resulting tensile, flexural, and quasi-static indentation 

characteristics of the printed composites are examined. Additionally, the fracture behavior of 

each test sample is evaluated and discussed in detail.  
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1. Introduction 

Additive manufacturing (AM) is a layer-by-layer manufacturing process in which parts are 

robotically manufactured from digital geometries [4]. It is a disruptive technology because it 

dramatically shortens the timeline for parts being designed and fabricated to end user 

requirements. Parts with intricate internal geometries such as honeycomb structure can be 

fabricated using AM which would otherwise be challenging or impossible using conventional 

techniques [5-7]. In polymer printing, many materials have been developed which are specific 

to the AM techniques employed [8]. For instance, thermoplastic polymer are developed for 

fused filament fabrication [9], powder materials for selective laser sintering [10] and liquid 

photopolymers for polyjet and stereolithography [11, 12]. However, the low mechanical 

properties that pure polymers typically exhibit are not suitable for high performance engineering 

applications. Recent trend shows the development of composite materials specifically for AM 

with enhanced mechanical properties over existing polymeric materials [13].  

A composite material is a material made from two or more constituent materials with 

significantly different physical or chemical properties that, when combined, produce a material 

that offers superior overall performance compared to the individual components [14]. Research 

on development of composite materials for AM processes has been ongoing for more than a 

decade[15]. Most studies were focused on the development of materials with short fiber 

reinforcements [16-27] with only a few on continuous fiber reinforcements [28-38]. Although 

short fiber reinforced composites offer better mechanical performance compared to their 

unreinforced counterparts, there is still a substantial gap between the mechanical properties of 

additively manufactured composites and conventionally manufactured fiber reinforced polymer 

(FRP) composites, which mainly use continuous fiber reinforcement, in terms of mechanical 
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properties. For instance, the tensile strengths of additively manufactured short fiber composites 

are in the range of 70 MPa [16, 17, 39] which are inferior to the strengths of conventionally 

manufactured FRP's (200-1500 MPa) [40]. 

Although AM of composite material have been ongoing for the past decade, AM of continuous 

fiber reinforced thermoplastics (FRTP) composites are still in its infancy. To date, only 

stereolithography [28-30] and free form fabrication (FFF) [31-37] have been used to fabricate 

continuous fiber reinforced composites. FFF -a material extrusion AM technique- is seen to be 

the more promising technique compared to stereolithography to realize the fabrication of FRTP 

due to several reasons.  Firstly, it is technologically less demanding and can be achieved with a 

slight modification on the extrusion print head. Secondly, the FFF feedstock materials have 

much longer shelf life as they are less susceptible to degradation.  

In general, two methods have been developed for the FFF technique to realize the fabrication of 

FRTP composites, they are (1) in-situ fusion [31-36] and (2) extrusion of pre-impregnated fiber 

[41-44]. In in-situ fusion method, dry carbon fibers are fused with melted thermoplastics resins 

such as ABS and PLA in the FFF print head extruder. This method has the potential to create 

functionally graded composite parts by varying the amount of thermoplastic being extruded 

which in turn changes the fiber volume fraction. However, poor bonding at the fiber matrix 

interface resulting from the in-situ fusion remains one of the key challenges to be addressed 

[45]. On the other hand, although extrusion of pre-impregnated fiber (Fig. 1) does not give the 

flexibility to change the fiber volume fraction, it eliminates the problem of poor fiber matrix 

interface. This is because good impregnation can be performed with proper monitoring and 

quality control during the fabrication of pre-impregnated fibers. The fabrication of continuous 

fiber reinforced composites directly from pre-impregnated fiber has been attempted.  

The MarkOne composite printer that uses extrusion technique to print continuous glass and 

carbon fibers has also been made available commercially giving product designers an alternative 

to realize their product design [46].  A detailed evaluation of mechanical properties of additively 

manufactured carbon fiber and glass fiber reinforced are very limited to the authors’ knowledge. 
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Potentially, there is a need to characterize the mechanical properties and fracture behaviors of 

the additively manufactured continuous FRP composites to give product designers a detailed 

understanding on the characteristics of the additively manufactured continuous FRP composites.  

In this paper, the two types of commonly used fibers (carbon and glass fibers) are chosen to be 

evaluated due to their distinctly different raw material cost. Carbon fibers are known for their 

high stiffness-to-weight ratio but expensive ($150 per 50cm3) and hence are only used in 

industries that are very particular about weight such as aerospace industry. On the other hand, 

glass fibers are relatively inexpensive ($75 per 50cm3) and exhibit fairly good mechanical 

properties and are suitable for parts that are less stringent on weight and strength (especially for 

sports industry) so that parts can be fabricated at lower cost. Various mechanical properties that 

are relevant to sports, automotive, and aerospace industries, such as tensile, flexural, and 

indentation resistance of additively manufactured continuous carbon and glass FRTP are 

evaluated by conducting mechanical testing. In addition to that, scanning electron microscopy 

(SEM) and micro-computerized tomography (μCT) -scan were also used to observed the 

microstructures and fracture mechanism of the composites. 

 

Figure 1 Extrusion of pre-impregnated continuous fiber composite filament in FFF 
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2. Material and test methods 

2.1 Manufacturing process 

The carbon and glass fibers are provided by Markforged, United States. The materials are 

composed of multiple strands of carbon or glass fibers coated with nylon matrix and come in 

spools [47]. The diameter and density of the carbon fiber composite filament were measured to 

be 370 microns and 1.30 g/cm3. Similarly, the diameter and density of the glass fiber composite 

filament were measured to be 290 microns and 1.45 g/cm3. The extruder temperature was set to 

260 °C. The parts were fabricated with unidirectional pattern (0°) as shown in Fig. 2. Layer 

height was set as 0.1 mm. Air gap was kept zero to ensure the specimens were solid. Table 1 

illustrates the parameters selected for part fabrication. 

 

Figure 2 Isotropic unidirectional fiber pattern (0°) of a single layer. Fiber layers are stacked up 

on top of each other without any nesting. 

 

Table 1 Printing parameters 

Extruder 

temperature (oC) 

Print pattern Layer height 

(mm) 

Infill (%) 

260 Unidirectional 0.1 100 (solid) 

 

2.2 Experimental methods 

Microstructure analysis 

After the tests, μCT-scan (Skyscan 1173, Bruker Co., United States) images of the fractured 

specimen were taken to observe the fracture mode and determine the porosity. The μCT-scan 

machine has a CCD sensor with 2240x2240 pixels, each with the pixel size of 50 μm. 1x1 
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camera binning mode was used and the resulting image pixel size was 16.404 μm when the 

object was placed 119.318 mm from the source. Source voltage, source current and the exposure 

time were set to 40 kV, 200 µA, and 1200 ms respectively. To investigate the interfacial and 

inter-layer properties of the continuous FRTP, the microstructure of the additive manufactured 

FRTP was observed using optical stereo microscope (SZX7, Olympus Co. Japan), laser 

scanning confocal microscope (VK-X250, Keyence, Japan) and SEM (JSM-IT300LV, JEOL 

(Japan Electro Optics, Ltd.), Japan).  

Density, fiber content, and porosity measurements 

The densities of the dry carbon fiber, pure nylon, and the composite materials were determined 

using Metler Toledo XS204 analytical balance. The fiber loading, Vf and the porosity were 

determined in accordance to the ASTM D3171-15 (Standard Test Methods for Constituent 

Content of Composite Materials) [48]. Burn-off technique was used to remove the matrix 

material. The material was heated linearly at the rate of 20 oC/min from room temperature to 

500 oC to remove the matrix material. 

Tensile test 

The tensile test specimens were designed and printed according to ASTM D3039/D3039M-14 

(Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials)  [49]. 

The dimension of the specimen is 25 x 250 x 2.5 mm. Three specimens are prepared for each 

type of fiber. The 23 layers of fibers were laid unidirectionally in 0°. Tensile test was conducted 

with a universal testing machine (100kN, Shimadzu Co., Japan). The crosshead speed was set to 

be 1.5 mm/min.  

Flexural test 

The flexural test specimens were designed and printed according to ASTM D790-15e2 

(Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and 

Electrical Insulating Materials) [50]. The dimension of the specimen is set to be 13 x 154 x 4 

mm such that the support span-to-depth ratio is 32:1. The support span was set to be 128 mm. 

Three specimens are prepared for each type of fiber. The fiber was laid unidirectionally in 0°. 
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Flexural test was conducted with a universal testing machine 10kN, Shimadzu Co (10kN, 

Shimadzu Co., Japan). The loading and supports noses have a diameter of 5 mm. The crosshead 

speed was set to be 6.82 mm/min such that the strain rate is 0.01 mm/mm.min. 

Quasi-static Indentation test 

Indentation test specimens were designed and printed according to ASTM D6264/D6264M-

12(Standard Test Method for Measuring the Damage Resistance of a Fiber-Reinforced Polymer-

Matrix Composite to a Concentrated Quasi-Static Indentation Force) [51] with slight 

modification in specimens’ dimensions. The dimension of the specimens is 100 x 100 x 1.6 mm. 

Three specimens are prepared for each type of fiber. Quasi-isotropic fiber layup was used in 

which fiber direction is changed by 45° from one layer to the next [0/45/90/-45] for 14 layers. 

Quasi-static indentation tests were conducted with a universal testing machine (10kN, Shimadzu 

Co., Japan). Standard indenter geometry which has a blunt, hemispherical tip with diameter of 

13 mm was used. The specimens were tested in an edge supported condition (circular boundary 

with diameter of 78 mm) so that the deflection of the specimen and stiffness effect can be 

considered [5]. The test specimens were supported over a circular opening. Crosshead speed 

was 1.25 mm/min. The maximum indentation energy during quasi-static indentation was 

defined as the area under the loading curve.  

 

3. Results and Discussion 

 

3.1 Microstructure Analysis 

This section discusses the effect of extrusion on the microstructures of the filament and 

additively manufactured composite parts. SEM images of the pre-extruded and extruded 

composite filament were taken in order to investigate the change in shape after the extrusion 

process. Both the pre-extruded and extruded composite filaments were broken at room 

temperature to capture the SEM images of the cross-section of the filaments. As shown in Fig. 
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3(a), the composite filament consists of multiple strands of continuous fibers coated with matrix. 

Figure 3(b) shows a composite filament before undergoing extrusion whereas Fig. 3(c) shows a 

composite filament after extrusion. The initial diameter of the composite filament is 460 μm. It 

is observed that the composite filament is flattened to 180 μm, after the extrusion process. Due 

to the flattening nature, the base is considerably wide (1.0 mm) making it impossible to create 

thin wall structures. Adjacent filaments are connected by partial overlapping (~ 250 μm) at the 

sides of the filament (Fig. 3(c)). 

 

 

Figure 3(a) SEM image of composite filament showing multi-strands of fibers (b) SEM image 

of a single raw carbon fiber composite filament (c) SEM image of the two overlapping extruded 

composite filaments (d) CT-scan image of cross section of composite specimen showing the 

voids formed between adjacent filament (e) Pore size distribution obtained from μCT-scan 

analysis 
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The fiber matrix interface of the extruded carbon fiber composite filament can be observed in 

Fig. 3(a). It is observed that there are voids in several regions of the extruded filament. This 

could be due to improper impregnation of nylon matrix during the fabrication of carbon fiber 

composite filament. Another reason could be the lack of consolidation process to enhance the 

fiber-matrix bonding and to reduce porosity. The porosity of the additively manufactured 

CFRTP are determined using μCT-scan and density calculation method. In μCT-scan, the 

porosity is calculated as the percentage of ratio of the voids area (black area within the cross 

section of the specimen) to the cross-sectional area. The pore size distribution from the μCT-

scan analysis is shown in Fig. 4 and the average porosity is found to be 2.7%. It should be noted 

that the porosity obtained from μCT-scan analysis is most likely underestimated as pores 

smaller than pixel size (16.4 μm) will not be detected. From (Fig. 3(d)), the μCT-scan is able to 

capture the voids between the adjacent filament, which are normally larger than 16.4 μm. 

However, the density calculation method reveals that the porosity of the extruded composite is 

about 10%, which is much higher than the 2.7% obtained from μCT-scan analysis. This 

suggests that micro pores with size smaller than 16.4 μm exist in the extruded filament and 

constitutes most of the porosity in the extruded composite materials. 

To investigate the laying of the continuous carbon fibers composite filament, the printed carbon 

fiber parts were put under the optical stereo microscope and laser scanning confocal microsope 

to observe if there is any discontinuity of fibers along the laying direction. Figure 4(a) shows an 

optical image and figure 4 (c), and (d) show high magnification laser-optical images of the 

extruded carbon fibers. It is observed that there is no obvious crack indicating the carbon fiber is 

still continuous. However, it is unclear whether the carbon fibers have some micro cracks 

formed due to the perpendicular laying which might affect the mechanical properties of the 

printed parts and could not be observed using the laser scanning confocal microscope and the 

μCT-scanner. Future study to investigate the effect of laying direction on the formation of micro 

cracks and thus the mechanical properties is being considered. 
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Figure 4 (a) continuous carbon fiber without observable breaking under optical microscope (b) 

breaking of carbon fibers at small turn radius (c) laser-optical image of multiple-strands of 

fibers at 50x magnification (d) laser-optical image of multiple-strands of fibers at 150x 

magnification 

In addition, the design window of the laying of the carbon fibers is investigated. A single-layer 

benchmark part with various turning radii (1, 1.5, 2, 2.5 and 3 mm) was printed and put under 

the optical microscope to observe the microstructures of the printed part. Carbon fiber breakage 

was observed for turning radii approximately 1 mm (Fig. 4(b)).  

3.2 Mechanical properties 

In this section, the tensile, flexural, and indentation resistance properties of the additive 

manufactured carbon fiber reinforced thermoplastic (CFRTP) and glass fiber reinforced 

thermoplastic (GFRTP). Three specimens were tested per material for each type of test. A 

comparison of the mechanical properties between carbon and glass FRP is shown in table 2. It 

should be noted that the fiber volume fraction of carbon fiber (41 vol%) is slightly higher than 

that of the glass fiber (35 vol%). The failure mode of each test is also observed and evaluated. 
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The larger discrepancy of the young’s modulus and the flexural modulus from the 

manufacturer’s data could be due to difference in method in obtaining the strain values. Data for 

conventional carbon and glass fiber reinforced composites are shown to serve as references. 

Table 2 Mechanical properties of FFF-fabricated CFRTP and GFRTP (average value ± standard 

deviation). 

  FFF 

GFRTP 

(Vf: 

35vol%) 

Manufac

-turer’s 

data 

(GFRTP) 

Conven-

tional glass 

fiber 

composites 

FFF 

CFRTP 

(Vf: 

41vol%) 

Manufac

-turer’s 

data 
(CFRTP) 

Conven-

tional 

carbon fiber 

composites 

Tensile test Tensile 

Strength 

(MPa) 

450 ± 1 590 225-

235 a 

600 ± 30 700 408b 

Young’s 

Modulus 

(GPa) 

7.20 ± 

0.01 

20 16.9-

17.9 a 

13.0 ± 1.0 50 71.4 b 

Flexural 

test 

Flexural 

Strength 

(MPa) 

149± 10 310 356-

359 a 

430 ± 13 470 750c 

Flexural 

Modulus 

(GPa) 

14.7±0.5 21 15-

15.4 a 

38.1 ± 1.0 48 47 c 

Quasi-static 

Indentation 

test 

Maximum 

Force, Fmax 

(N) 

1410 

±108 

NA NA 1080 ± 123 NA 1580d 

Displace-

ment at 

maximum 

force (mm) 

7.68 ± 

0.43 

NA NA 3.54 ± 0.20 NA NA 

Displace-

ment @ 

0.2*Fmax 

(mm) 

13.0 ± 

1.0 

NA NA 10.6 ± 0.3 NA NA 

Maximum 

Energy (J) 

7050 ± 

268 

NA NA 6260 ± 668 NA NA 

a Vf=38.3~41.5% E-glass stitched multi-axial non-crimp fabrics/epoxy composites[40] 
b Vf=40% unidirectional carbon fabric/ PA 6/6 composites [52] 
c Vf=47.5% unidirectional carbon fiber/epoxy composites [53] 
d CFRP with a 0/90 configuration[54] 

 

3.1.1 Tensile properties 

Figure 5(a) shows a typical tensile stress vs strain graph of the additively manufactured carbon 

fiber and glass fiber tensile coupons. For both carbon fiber and glass fiber, it is observed that the 

stress increased almost linearly with the strain before breaking abruptly at 5.2% and 6.2% strain 

for carbon and glass fibers respectively, indicating brittle nature of the composite. The 
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maximum tensile strength and Young’s modulus recorded for carbon fiber samples was 600 

MPa and 12.99 GPa respectively whereas the maximum tensile strength and Young’s modulus 

recorded for glass fiber was 450 MPa and 7.20 GPa respectively. The longer elongation before 

rupture for glass fibers indicates that glass fibers are more flexible than carbon fibers. A drop in 

slope is noticed in stress-strain curves of both materials. Similar results have been obtained by 

Li et al. [31].  The sudden drop in tensile strength followed by a slight rise before a complete 

failure was observed in all carbon fiber samples and it was likely due to localised fiber failure.  

Figure 5(b) and (c) show the fracture mode of the additively manufactured carbon and glass 

fiber reinforced tensile coupon respectively. Figure 5(d) illustrates failure mechanisms occurred 

in the tensile specimen in the tensile test. Tensile rupture and shear rupture are observed in all 

the CFRTP and GFRTP specimens. Shear rupture is regarded as shear damage along the fiber 

direction whereas tensile rupture is regarded as damage in perpendicular to the loading direction. 

Horizontal cracks formed without necking as shown in Fig. 5(e) is the result of tensile rupture, 

which indicates the brittle nature of the composite. Additionally, specimens of both materials 

showed severe delamination after the tensile test.  Also, de-bonding between two adjacent fiber 

filaments in the same layer is also noticed (Fig. 5(b) and (c)). Delamination and de-bonding (as 

observed in Fig. 5(e)) are the results of shear rupture. As the fiber layers and the fiber bundles 

are held together by the matrix, the delamination and de-bonding between fiber bundles indicate 

that weak bonding exists between the layers. The weak bonding between layers is attributed to 

the lack of consolidation process in the FFF technique. 

The micro-scale fracture mechanism can be observed using SEM. Large amount of fiber 

breakage is observed in Fig. 5(f) and (g). Extensive fiber breakage suggests that the failure 

mode of additively manufactured CFRTP and GFRTP specimens subjected to tension are fiber 

dominant, indicating loads are effectively transferred from matrix to fibers. Figure 5(g) shows 

that matrix adheres onto the fiber which indicates good interfacial bonding between matrix and 

fiber. Although the printed composite part generally has a good fiber-matrix interfacial bonding, 

a small number of holes observed (Fig. 5(f)) suggests that only a very small amount fiber pull-
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out occurred in the tensile test. The small amount of pull-out could be due to the improper 

coating of nylon matrix onto the fiber surface during the fabrication of composite filament. That 

said, the fiber pull-out is generally insignificant in comparison to the large number of fiber 

breakage. 

 

 

Figure 5 (a) Stress-strain curves of an additively manufactured carbon and glass FRTP (b) 

illustration of tensile fracture mechanism of additively manufactured FRTP (c) fracture mode 

that consists of cracking and delamination of a carbon fiber tensile specimen (d) fracture mode 

that consists of cracking and delamination of a glass fiber tensile specimen (e) matrix crack due 

to shear rupture and fiber breakage due to tensile rupture (f) SEM image showing fiber pull-out 

at the fractured surface (g) SEM image showing fiber breakage and matrix adhering to fiber 
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3.1.2 Flexural properties 

For both carbon and glass fibers, the flexural stress is linear up to 1.0% flexural strain (Fig. 6). 

At 1.0% strain, a slight drop in flexural stress is observed. Different trends are observed after 

the slight drop at 1.0% strain. For carbon fiber, the reason for the drop could be due to localised 

fiber breakage on the tensile side of the specimen. The flexural stress continues to rise after the 

slight drop. The flexural specimens broke abruptly upon reaching the maximum flexural 

strength with corresponding strain of 1.5%. The maximum flexural strength and flexural 

modulus recorded for carbon fiber were 430 MPa and 38.1 GPa respectively. For glass fiber, the 

flexural stress continues to rise gradually until it reaches a maximum point before gradually 

decreasing after 2.5% strain. No sudden rupture is observed for glass fiber specimen. The 

maximum flexural strength and flexural modulus recorded for glass fiber were 149 MPa and 

14.7 GPa respectively, around 40% of the strength and modulus of carbon fiber.  

 

Figure 6 Typical 3-point bending test response of AM carbon and glass FRTP composite 

specimens 

In fracture analysis of carbon fiber specimens, a high-speed camera (Fastcam SA4, Photron, 

Japan) was used to observe the fracture mechanism of the carbon fiber specimens at 5000 

frames per second. Crack initiation at the top-most surface of the compression side was first 
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observed (Fig. 7 (d-ii)). The crack was likely formed as a result of crushing of fibers due to the 

high compressive stress at the top-most surface. The crack continued to propagate towards the 

neutral axis while the specimen still remained in one piece under the bending load (Fig. 7 (d-

iii)). This behavior is similar to most of the conventional CFRP in which failure in compression 

is normally observed due to poor compressive strength of carbon fibers [55, 56]. The sudden 

drop in flexural stress at 1.57% strain is because the flexural specimens fail catastrophically 

when the fibers at the tensile side break. When the outermost fiber layers at the tensile side 

break (Fig. 7 (d-iv)), the bending load will have to be distributed among the remaining intact 

layers. However, the fewer number of layers that remains intact will not be able to take up more 

loads and would break eventually causing the catastrophic failure Fig. 7 (d-v)). 

 

Figure 7(a) schematics illustrating fracture mode of carbon FRTP undergone flexural test (b) 

fibers breakage occurred at the outer most layers which are in tensile (c) cross section view of 

the fracture surface (d) image sequence of the flexural test captured using high speed camera  

On the contrary, glass fiber specimens do not show failure in tension but rather buckling of 

fibers at the compression layers as illustrated in Fig. 8(a). The gradual decrease of flexural 

strength instead of an abrupt one can be explained from the fracture analysis. This is because the 

specimens do not fail in tension but rather it is just localised buckling at the compression layers 
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(Fig. 8(d)). Fiber buckling is likely due to the failure of the fibers as a result of shear kinking 

and matrix failure. The fracture mechanism of the glass fiber flexural test specimen is an 

example of a classical compression kink band in a composite material. The individual layers in 

the specimen are behaving as they should. However, the whole specimen is not behaving as a 

composite material, rather a composite structure, with poor bonding between adjacent filaments.  

De-bonding between two adjacent fiber filaments in the same layer is also noticed (Fig. 8(b)). 

The de-bonding is a result of shear kinking which introduces lateral force that separates the 

adjacent filament (Fig. 8(c)). The de-bonding between two adjacent fiber is also an indication of 

poor bonding between the fiber filaments. A closer inspection on the specimen reveals that 

shear kinking only happens in compressive layers as shown in Fig. 9(a), (b), (c), (d). In Fig. 9(b), 

de-bonding of adjacent filament is observed at the top layers which are in compression. No 

shear kinking is observed in the bottom layers which are in tension (Fig. 9(d)). 

 

Figure 8 (a) schematic showing the fracture modes of the additive manufactured glass FRTP 

undergone flexural test (b) top view of glass fibers specimens with buckling of fibers (c) μCT 

image of the top view of the glass fibers specimen showing the shear kinking at the middle of 

the specimen (d) μCT image of the side view of glass fibers specimens showing the buckling of 

fibers at compressive layers 
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In short, good flexural data are hard to obtain from these AM glass fiber specimens, because 

they are not acting like proper composite materials due to poor bonding between adjacent 

filaments. One of the probable reason for the de-bonding of adjacent filament could be due to 

the difference in the diameter of the filaments, with glass fiber filament being 80 microns 

smaller than the carbon fiber filament. By using the same printing parameters, the glass fiber 

filament with the smaller diameter will result in lesser overlapping area which would result in 

poorer bonding between adjacent filament (Fig. 9(b)). 

 

Figure 9 (a) μCT image of the side view of the glass fiber flexural test specimen undergone 

flexural test (b) cross sectional view of A-A (c) cut-out view of B-B showing shear kinking at 

top layer caused by poor bonding between adjacent filaments (d) cut-out view of C-C showing 

no obvious shear kinking at bottom layer 

3.1.3 Indentation test 

Figure 10 shows the typical results of the indentation test for carbon and glass fiber specimens.  

For carbon fiber, the indentation force increases to a maximum before dropping abruptly at 3.8 
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mm indentation when the quasi-isotropic carbon fiber sheet breaks. The force continues to rise 

initially after the sudden drop until a local maximum and begins to drop thereafter. The 

maximum indentation force recorded for the carbon fiber specimens was 1078 N and the 

indentation energy calculated up to 10.62 mm displacement (20% maximum force) was 6530 J.  

The sudden drop in indentation force is very similar to what happened in flexural test and could 

be due to the catastrophic failure at the tensile side of the carbon fiber flexural specimens.  

 

Figure 10 force-indentation curves for carbon and glass FRTPs 

For glass fiber, the indentation force increases to a maximum before dropping gradually at 7.68 

mm indentation when the quasi-isotropic glass fiber sheets break. The larger indentation at 

maximum indentation force of glass fiber is due to the lower Young’s modulus and flexural 

modulus as compared to the carbon fiber. The maximum indentation force and the indentation 

energy calculated up to 12.12 mm displacement (20% maximum force) recorded for the glass 

fiber specimens was 1406 N and 7046 J respectively. This suggests that glass fiber has higher 

indentation resistance as compared to carbon fiber.  

The typical fracture mode of additively manufactured carbon and glass fiber specimens is 

similar and the illustrations are shown in Fig. 11. During the test, a dent at the top layers is first 

observed and followed by fiber breakages at the bottom layers and eventually in all layers as the 
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indenter perforates the specimens (Fig. 11(a)). Delamination will also occur as a result of 

indentation. 

 

Figure 11(a) Deformation and delamination of fiber laminate before fiber breakage (b) fiber 

breakage of different fiber layup orientation after the indentation (c) failure mode of single fiber 

layup orientation which consists of fiber breakage and de-bonding between adjacent filament (d) 

cross section view which consists of delamination and fiber breakage in the indentation 

specimen 

The fractured area is evaluated after the test. As noted earlier, the failure mode for carbon FRP 

(Fig. 12(a), (b)) is similar to glass FRP (Fig. 13(a), (b), (c)). No fiber breakage or delamination 

occurred in region far away from the indentation centre (Fig. 12(a-i)). Voids observed in Fig. 

12(a-i) are results of the extrusion based fabrication method. Fiber breakage is observed at the 

middle where the indenter acted on and the maximum damage diameter (viewed from outside 

without considering internal damage) was 21 mm (Fig. 12(a-iii)). The average damaged area is 

found to be 201.5 mm2 or 4.4% of the total area. In addition to that, delamination is observed 
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around the perforated region (Fig. 12(a-iii) for carbon FRP and Fig. 13(b), (c-ii) for glass FRP) 

and beyond the perforated region (Fig. 12(a-ii), (a-iv) for carbon FRP and Fig. 13(c-i) for glass 

FRP) in which black gaps between the layers are observed. This suggests that the delamination 

would propagate from the middle where indenter is acting on towards the side of the specimen 

and the affected area is often larger than the damaged area observed from outside.  

 

Figure 12 (a) CT-scan image of the side view and cross-sectional views of the fractured area of 

carbon fiber specimen (b) 3D view of the μCT-scan image of the fractured area of carbon fiber 

specimen  
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Figure 13 (a) Top view of the μCT-scan image of the fractured area of glass fiber specimen (b) 

CT-scan image of the side view of the fractured area of carbon fiber specimen (c) fiber 

specimen CT-scan image of the cross section view of the fractured area of carbon fiber 

specimen 

4. Conclusion 

Additively manufactured carbon and glass fibers reinforced thermoplastics are fabricated, 

characterized and reported in this paper. Mechanical tests such as tensile, flexural, and 

indentation tests are conducted and compared with the conventional CFRTP and GFRTP. The 

detailed fracture behaviors of the carbon and glass FRPs have been evaluated and discussed. 

Through this study, the potential and limitations of the process have been identified. The 

extrusion of pre-impregnated continuous carbon and glass fiber composites has enabled the 
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fabrication of high-performance structural parts owing to the high tensile strengths that the 

continuous fibers provide in comparison with other pure thermoplastics and short fiber 

reinforced thermoplastics.  Unlike conventional composite manufacturing processes, the layer-

by-layer laying of continuous fibers eliminates the need for expensive molds during the 

fabrication process making it ideal for prototyping and customization. However, additive 

manufacturing of continuous fiber reinforced thermoplastics is not going to replace the 

conventional composite manufacturing processes due to the low deposition rate of this 

technique. Having said that, the fabrication speed can be easily improved using multi-nozzle 

system. Instead of printing what has been done conventionally, this additive manufacturing 

technique of continuous fiber composite, on the other hand, complements the existing 

composite manufacturing processes by taking advantage of the complexity that AM enables to 

redesign composite parts. This study will be helpful to product designers wanting to attempt 

using FFF technique to fabricate continuous fiber composite parts.  
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Figure Captions 

Figure 1 Extrusion of pre-impregnated continuous fiber composite filament in FFF  

Figure 2 Isotropic unidirectional fiber pattern (0 °) of a single layer. Fiber layers are stacked up 

on top of each other without any nesting. 

Figure 3(a) SEM image of composite filament showing multi-strands of fibers (b) SEM image 

of a single raw carbon fiber composite filament (c) SEM image of the two overlapping extruded 

composite filaments (d) CT-scan image of cross section of composite specimen showing the 

voids formed between adjacent filament (e) Pore size distribution obtained from μCT-scan 

analysis 

Figure 4 (a) continuous carbon fiber without observable breaking under optical microscope (b) 

breaking of carbon fibers at small turn radius (c) laser-optical image of multiple-strands of 

fibers at 50x magnification (d) laser-optical image of multiple-strands of fibers at 150x 

magnification 

Figure 5 (a) Stress-strain curves of an additively manufactured carbon and glass FRTP (b) 

illustration of tensile fracture mechanism of additively manufactured FRTP (c) fracture mode 

that consists of cracking and delamination of a carbon fiber tensile specimen (d) fracture mode 

that consists of cracking and delamination of a glass fiber tensile specimen  (e) matrix crack due 

to shear rupture and fiber breakage due to tensile rupture (f) SEM image showing fiber pull-out 

at the fractured surface (g) SEM image showing fiber breakage and matrix adhering to fiber 

Figure 6 Typical 3-point bending test response of AM carbon and glass FRTP composite 

specimens  

Figure 7(a) schematics illustrating fracture mode of carbon FRTP undergoing flexural test (b) 

fibers breakage occurred at the outer most layers which are in tensile (c) cross section view of 

the fracture surface (d) image sequence of the flexural test captured using high speed camera  

Figure 8 (a) schematic showing the fracture modes of the additive manufactured glass FRTP 

undergoing flexural test (b) top view of glass fibers specimens with buckling of fibers (c) μCT 

image of the top view of the glass fibers specimen showing the shear kinking at the middle of 

the specimen (d) μCT image of the side view of glass fibers specimens showing the buckling of 

fibers at compressive layers 
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Figure 9 (a) μCT image of the side view of the glass fiber flexural test specimen undergone 

flexural test (b) cross sectional view of A-A (c) cut-out view of B-B showing shear kinking at 

top layer (d) cut-out view of C-C showing no obvious shear kinking at bottom layer 

Figure 10 force-indentation curves for carbon and glass FRTPs 

Figure 11(a) Deformation and delamination of fiber laminate before fiber breakage (b) fiber 

breakage of different fiber layup orientation after the indentation (c) failure mode of single fiber 

layup orientation which consists of fiber breakage and de-bonding between adjacent filament (d) 

cross section view which consists of delamination and fiber breakage in the indentation 

specimen 

Figure 12 (a) CT-scan image of the side view of the fractured area of carbon fiber specimen 

 (b) 3D view of the μCT-scan image of the fractured area of carbon fiber specimen 

Figure 13 (a) Top view of the μCT-scan image of the fractured area of glass fiber specimen (b) 

CT-scan image of the side view of the fractured area of carbon fiber specimen (c) fiber 

specimen CT-scan image of the cross section view of the fractured area of carbon fiber 

specimen 
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Tables 

Table 1 Printing parameters 

Table 2 Mechanical properties of FFF-fabricated CFRTP and GFRTP (average value ± standard 

deviation).

https://doi.org/10.1016/j.matdes.2017.10.021


This is an Authors’ Original Manuscript (AOM); that is, the manuscript in its original and 
unrefereed form; a ‘preprint’ of an article published by Elsevier in Materials & Design on 
5/01/2018, available online: https://doi.org/10.1016/j.matdes.2017.10.021. 

29 
 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9  
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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Table 1 

Extruder 

temperature (oC) 

Print pattern Layer height 

(mm) 

Infill (%) 

260\ isotropic 0.1 100 (solid) 
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Table 2  

 

  FFF 

GFRTP 

(Vf: 

35vol%) 

Manufac

-turer’s 

data 

(GFRTP) 

Conven-

tional glass 

fiber 

composites 

FFF 

CFRTP 

(Vf: 

41vol%) 

Manufac

-turer’s 

data 
(CFRTP) 

Conven-

tional 

carbon fiber 

composites 

Tensile test Tensile 

Strength 

(MPa) 

450 ± 1 590 225-

235 a 

600 ± 30 700 408b 

Young’s 

Modulus 

(GPa) 

7.20 ± 

0.01 

20 16.9-

17.9 a 

13.0 ± 1.0 50 71.4 b 

Flexural 

test 

Flexural 

Strength 

(MPa) 

149± 10 310 356-

359 a 

430 ± 13 470 750c 

Flexural 

Modulus 

(GPa) 

14.7±0.5 21 15-

15.4 a 

38.1 ± 1.0 48 47 c 

Quasi-static 

Indentation 

test 

Maximum 

Force, Fmax 

(N) 

1410 

±108 

NA NA 1080 ± 123 NA 1580d 

Displace-

ment at 

maximum 

force (mm) 

7.68 ± 

0.43 

NA NA 3.54 ± 0.20 NA NA 

Displace-

ment @ 

0.2*Fmax 

(mm) 

13.0 ± 

1.0 

NA NA 10.6 ± 0.3 NA NA 

Maximum 

Energy (J) 

7050 ± 

268 

NA NA 6260 ± 668 NA NA 

a Vf=38.3~41.5% E-glass stitched multi-axial non-crimp fabrics/epoxy composites[40] 
b Vf=40% unidirectional carbon fabric/ PA 6/6 composites [52] 
c Vf=47.5% unidirectional carbon fiber/epoxy composites [53] 
d CFRP with a 0/90 configuration[54] 
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