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Abstract 
 
The fusion bonding between individual filaments of 3D printed short carbon-fibre reinforced polyamide 6 

(SCF/PA6) in thin films manufactured using the fused filament fabrication (FFF) process has been studied. 

The thin films were deposited by an ‘in-plane’ mode or an ‘interlayer’ mode. The main characterisation 

technique employed was the essential work of fracture (EWF) method. Undertaking EWF tests on such thin 

films is shown to be a feasible and efficient way to evaluate the extent and quality of fusion bonding between 

individual filaments of the 3D printed SCF/PA6 composites. For example, firstly, for the 3D printed SCF/PA6 

thin films it was readily evident that the extent of fusion bonding, i.e. the adhesion via molecular inter-

diffusion, often termed the autohesion, between the filaments is the weakest, and the most variable, in the 3D 

printed SCF/PA6 thin films deposited via the interlayer mode. This was indicated by the lowest measured 

values of both the specific essential work of fracture, we, and the coefficient of determination, R2, of  19.6 ± 

3.9 kJ/m2 and 0.05, respectively, for the interlayer printed SCF/PA6 thin films. Secondly, the quality of the 3D 

printed SCF/PA6 thin films deposited via the in-plane mode was significantly enhanced by the use of further 

compression moulding (CM) processing, since the value of R2 increased from 0.77 to 0.92. The results clearly 

suggest the need to improve the extent and quality of fusion bonding between individual filaments printed 

using the FFF process when 3D printed components are made for practical applications.  
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1. Introduction 
 
The fused filament fabrication (FFF) process is the most extensively used 3D printing method among many 

different kinds of additive manufacturing technologies and is well-known for its cost-effectiveness, easy 

access, fabrication flexibility, etc. [1]. In the FFF process, the component is fabricated by the deposition of 

molten polymeric filaments which are fused together. Therefore, the mechanical performance of the 

manufactured component is very dependent upon the extent and quality of the fusion bonding between the 

deposited filaments. Now, for good and consistent fusion bonding between the deposited filaments, a first key 

requirement is the attainment of intimate molecular contact between two filaments, so that the second key 

requirement of good intrinsic adhesion via molecular inter-diffusion (i.e. autohesion) between the two 

filaments can then occur. 

 Currently, with the rapid developments in this field, the options of available thermoplastics for use as 

the filament feedstock have increased steadily, ranging from pure polymers such as polyamides, poly(ether-

ether-ketone), etc. to fibre-reinforced polymer composites [2-5]. However, for a given feedstock material, 

components manufactured using the FFF process generally suffer from a significantly reduced mechanical 

performance compared to those made using conventional manufacturing methods, such as injection or 

compression moulding. This observation is mainly attributed to the aspect mentioned above, namely 

inadequate fusion bonding between the filaments being developed during the FFF process.  

 Considerable efforts have been made during the last two decades to address the problems of the relatively 

poor mechanical performance of 3D printed components manufactured by the FFF process and, thereby, 

enhance their load-bearing capacity for structural applications. Many studies have focused on the optimisation 

of the printing parameters in order to improve the mechanical properties of the fabricated components, 

including the film layer thickness, printing orientation, temperature of extrusion, etc. [6-8]. Additionally, the 

development of novel feedstock materials for the FFF process by adding reinforcements to the polymer has 

attracted intense interest, including the development of nanofibre reinforced composites [9], short-fibre 

reinforced composites [10-12], and continuous-fibre reinforced composites [5, 13, 14]. For example, Tekinalp 

et al. [15] have investigated the effects of adding short carbon-fibres (SCFs) to an acrylonitrile-butadiene-
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styrene (ABS) polymer by testing uniaxial tensile specimens manufactured using the FFF process. Compared 

to traditional compression moulded specimens, the 3D printed specimens possessed an increased tensile 

modulus and strength of 115% and 700%, respectively. They ascribed these increases to an improved 

orientation and dispersion of the SCFs in the specimens manufactured using the FFF process. They also stated 

that minimising the void formation during the 3D printing process, by improving the extent and quality of the 

fusion bonding between filaments, was a necessary development in order for the FFF process to reach its full 

potential. 

 The above work highlights the need for a quantitative characterisation of the fusion bonding between 

adjacent filaments which results from the FFF process. Several workers have attempted to use a fracture 

mechanics approach to achieve this goal. A test method to characterise the Mode-I (tensile opening) fracture 

toughness of specimens printed by the FFF process based on a modified double-cantilever beam (DCB) test 

has been proposed by Young et al. [16]. For example, the values of the fracture toughness of a 3D printed ABS 

polymer and a SCF-reinforced ABS (SCF/ABS) composite were found to be relatively low when compared 

with similar specimens that had been subjected to further compression moulding (CM). This was attributed to 

relatively fast cooling of the deposited materials, the presence of voids and, in the case of the SCF/ABS 

composite, poorly wetted fibres. Besides the DCB test to characterise the extent and quality of the fusion 

bonding, compact-tension tests have been conducted by Papon and Haque [17] using FFF printed polylactic 

acid (PLA) and SCF/PLA composites, where the functional relationships between the fibre content and the 

fracture properties for the SCF/PLA composites were explored. However, neither the modified double-

cantilever beam nor the compact-tension test directly evaluate the extent and quality of fusion bonding 

between individual filaments of the 3D printed polymer, or composite, films. Therefore, He et al. [18] 

successfully developed a novel test method based upon the concepts of the essential work of fracture (EWF) 

approach to characterise the quality and extent of the fusion bonding between individual filaments of 3D 

printed polyamide (PA6) thin films, manufactured by the FFF process. They reported that the use of EWF tests 

was a feasible and efficient way to evaluate the fusion bonding, and that such tests could provide a valuable 

insight into the 3D printing quality of the FFF process. It should be noted, that the evaluation of the extent and 

quality of fusion bonding can also be indirectly undertaken in a semi-quantitative manner by using a 
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mesostructural analysis with, for example, the variation of the neck growth between adjacent filaments being 

measured using optical microscopy [19, 20]. 

 The present work aims to characterise the fusion bonding of adjacent filaments in thin films of 3D 

printed SCF-reinforced polyamide 6 (SCF/PA6) composites, manufactured using the FFF process, by 

employing the EWF method. Further, to identify the process–structure–property relationships, the 

mesostructures of the thin films are examined using optical microscopy. Thin films manufactured via both the 

‘in-plane’ and ‘interlayer’ deposition modes are studied. The work firstly aims to define differences in the 

extent and quality of the fusion bonding, i.e. the adhesion via molecular inter-diffusion, between the filaments 

and also the mesostructures of the thin films developed during the deposition of the SCF/PA6 filaments, using 

the two different deposition modes. Secondly, the results obtained are compared to those from thin films of 

in-plane printed SCF/PA6 composites which have been further processed using CM, so as to try to enhance 

the extent and quality of the fusion bonding between the filaments. Thirdly, the results obtained are also 

compared to those from corresponding thin films of 3D printed non-reinforced (i.e. ‘pure’) PA6 polymers 

which have also been manufactured using the FFF process.  

2. Experimental details and materials 
 
2.1 Principles of the EWF test method 
 
The EWF methodology has gained widespread acceptance for the fracture characterisation of thin films of 

ductile polymers and ductile short fibre-reinforced polymeric composites due to the relative ease and 

simplicity of this test method  [18, 21-24], which uses the double edged-notched tension (DENT) test specimen. 

The EWF method has been shown to be applicable to thin films of ductile polymers and composites providing 

the following criteria are met: (a) full ligament yielding occurs prior to crack initiation, (b) self-similar load-

displacement curves are measured, (c) plane-stress conditions prevail and (d) the volume of the outer plastic 

dissipation zone approximately scales with the square of the ligament. More details about these required test 

conditions can be found in a comprehensive review [21] and these four criteria are all met for the present EWF 

tests, as shown previously [18] and as discussed below. Thus, in accordance with the theory of the EWF 

method, the total energy dissipated during an EWF test is: 
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 𝑊𝑊𝑓𝑓 = � 𝑃𝑃 𝑑𝑑𝑑𝑑
𝛿𝛿𝐶𝐶

0
 ( 1 ) 

where Wf is the total work of fracture, P is the tensile load applied to the specimen and δ is the corresponding 

measured displacement until complete failure occurs. In principle, the term Wf  can be divided into two parts: 

the essential work done in tearing the ligament, We, and the plastic work done in a more diffuse zone, Wp, 

surrounding the crack tips. For plane-stress conditions, We is proportional to the length of the ligament, L, 

while Wp is proportional to L2, and thus Equation 1 can be re-written as:   

 𝑊𝑊𝑓𝑓 = 𝑊𝑊𝑒𝑒 + 𝑊𝑊𝑝𝑝 = 𝑤𝑤𝑒𝑒𝐿𝐿𝐿𝐿 + 𝛽𝛽𝑤𝑤𝑝𝑝𝐿𝐿2𝑇𝑇 ( 2 ) 

where we is the specific essential work of fracture, wp is the specific non-essential work, T is the thickness of 

the DENT specimen, and β is a shape factor. Hence, if both sides of Equation 2 are divided by the area of the 

ligament region (i.e. L × T), the relationship between the specific total work of fracture, wf, and the ligament 

length, L, will be: 

 𝑤𝑤𝑓𝑓 = 𝑤𝑤𝑒𝑒 + 𝛽𝛽𝑤𝑤𝑝𝑝𝐿𝐿 ( 3 ) 

Thus, if several DENT specimens with different ligament lengths are tested, then the value of wf can be plotted 

against L, where the positive intercept of the least-squares regression-line would be we, with the slope being 

βwp. The value of we so obtained was used to quantify the toughness of all the polymeric composite films 

manufactured in the present study and, more importantly, to evaluate the extent of fusion bonding developed 

during the FFF process [18].  

Finally, in the linear-regression analysis, the coefficient of determination, R2, can be deduced, which 

describes how the variation of the specific work of fracture, wf, is directly related to the change in the ligament 

length, L: 
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where n is the total number of EWF tests, 𝑤𝑤𝑓𝑓𝑖𝑖 and Li represent the specific work of fracture and the ligament 

length, respectively, from the i-th test and 𝑤𝑤𝑓𝑓  𝑎𝑎𝑎𝑎𝑎𝑎 𝐿𝐿 are their mean values, respectively, and 𝑆𝑆𝑤𝑤𝑓𝑓 and SL are 

their standard deviations, respectively. Ideally, for a large number of EWF tests on a material of perfect 

consistency, i.e. without any experimental error, the value of R2 is 1.0. Now, for the EWF tests, a relatively 
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low value of R2 suggests an inconsistent quality of the tested material. Therefore, besides using the term we to 

evaluate the extent of fusion bonding developed during the FFF process, the coefficient of determination, R2, 

gained from the linear regression analysis can be used as an indicator to assess the consistency of the printing 

quality of the 3D printed composite thin films [18]. 

2.2 Materials and specimen preparation 

All the 3D printed films were manufactured via the FFF process using a desktop 3D printer (Markforged® 

Mark Two, USA) with a feedstock of filaments of 15 wt% of SCFs in a PA6 matrix (Onyx®, USA) [25]. A 

main advantage of using the SCFs/PA6 composite as the feedstock for the filaments is that the presence of the 

SCFs markedly increases the modulus of the filaments, compared to using the non-reinforced (i.e. pure) PA6 

polymer. Hence, the presence of the SCFs in the filaments increases the overall stiffness of the component 

manufactured using the FFF process. The default pre-set printing parameters were used with the temperature 

set at 275oC and a deposition speed of 16 mm/s. The diameter of the extruded filaments of SCF/PA6 was 0.4 

mm before deposition.  

DENT specimens were prepared from the thin films of the 3D printed SCF/PA6 composites, deposited 

in the ‘in-plane’ and ‘interlayer’ modes, respectively, using the FFF process, see Figure 1. Now, Figure 1 (a) 

shows a schematic of the single-layer thin film (100×85×0.125 mm) which was used to characterise the in-

plane fusion bonding between individual filaments, whereas a single-filament box (110×110×90 mm) with the 

nominal thickness of 0.4 mm of each side wall was used to evaluate the interlayer (i.e. through-thickness) 

fusion bonding, as shown in Figure 1 (b). To study if more extensive molecular inter-diffusion of the filaments 

could be obtained, SCF/PA6 thin films were firstly printed using the FFF process, being deposited by the in-

plane mode but now using two deposited layers with a nominal thickness of 0.25 mm. They were then 

subsequently hot-pressed using a compression moulding (CM) press. This moulding operation was undertaken 

at 220oC and a pressure of 2 MPa was applied for 5 minutes to the SCF/PA6 composite thin film, followed by 

allowing natural cooling to room temperature.    

Figure 2(a) shows a schematic diagram of a DENT specimen. The nominal dimensions (W×H×T) of 

the DENT specimens were 30×80×0.125 mm3 (cut from the single-layer film printed via the in-plane 

deposition mode) or 30×80×0.4 mm3 (cut from the single-filament box printed via the interlayer deposition 
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mode). As indicated by the two rectangles in Figure 1(a), two DENT specimens could be cut, in the x-y plane, 

from the single-layer of in-plane printed composite thin film. Further, as indicated by the two rectangles in 

Figure 1(b), two DENT specimens could be cut, in the z-x plane, from each side of the single-filament box of 

interlayer printed composite. For the cutting, a laser cutter (Fusion M2, Epilog, USA) was used. By locating 

the DENT specimens within the 3D printed films as centrally as possible any edge effects resulting from the 

printing process were minimised. For each DENT specimen, both sides were notched by using a new, sharp 

razor blade, in order to obtain a ligament with a nominal length ranging from 2 mm to 10 mm. DENT 

specimens with equally spaced values of the ligament length were prepared. The upper-bound of the ligament 

length was taken to be one-third of the specimen width to avoid edge effects, whilst the lower-bound value 

was selected as being greater than five times of the thickness of the film in order to meet the necessary plane-

stress conditions [24]. It should be noted that for the two DENT specimens that were cut from the same printed 

film, the ligament length was varied so as to avoid any ‘batch effect’.  

2.3 Experimental methods 
 
To measure the length of the short carbon-fibres in the Onyx® filament, a small segment of the SCF/PA6 

composite filament was placed in a beaker filled with formic acid (F0507, Sigma-Aldrich, Australia). After 

the PA6 matrix had completely dissolved, the mixture was filtered through filter paper. The retained short 

fibres were dried and measured using an optical microscope. 

The thermal properties of the 3D printed SCF/PA6 composite films, with and without CM being 

employed after the FFF process, were evaluated using differential scanning calorimetry (DSC), namely a 2920 

Modulated DSC (TA Instruments, USA). The specimens were ~10 mg in mass and were encapsulated in an 

aluminium pan and heated at a rate of 10oC/min from 30 to 300oC in a nitrogen atmosphere, with the heat flow 

recorded during the test.   

The ligament length of each DENT specimen was measured using an optical microscope before 

performing the EWF test. As an example, an optical micrograph showing part of a 3D printed SCF/PA6 

specimen, deposited via the in-plane mode, with a nominal ligament length of 2 mm, is given in Figure 2 (b). 

Clearly, from such optical micrographs the actual crack length can be measured accurately. The thickness of 

each DENT specimen was repeatedly measured three times with the aid of a precision micrometer, and the 
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average thickness determined. 

EWF tests were carried out using a universal testing machine (Instron 5567, USA) equipped with a 

100 N load cell at a rate of test of 2 mm/min.  The tests were performed in a controlled environment, i.e. at 

25oC and 60% RH. Sandpaper was placed inside the pneumatic grips to ensure firm clamping of the DENT 

specimen and a pre-load of ~ 0.2 N was applied to obtain alignment of the specimen (Figure 2 (c)). More than 

twenty specimens were tested for each type of EWF test, in order to get an accurate determination of we. All 

the EWF tests were video-recorded using a high-resolution camera that operated from the start of each EWF 

test. Thus, the fracture behaviour, e.g. the blunting of the cracks, the type of crack propagation, etc., could be 

readily studied and measured.  

Several polished cross-sections of the 3D printed SCF/PA6 thin films that were cut from the in-plane 

and interlayer deposition mode specimens were observed using an optical microscope, see Figure 1, with the 

thickness of the thin films being measured by using image-processing software (ImageJ, NIH, USA). 

Additionally, to quantify the fibre-orientation distribution in the 3D printed composite films, without and with 

further compression moulding (CM), the films were examined using a transmission optical microscope, with 

more than one thousand fibres being assessed via the image-processing software.  

3. Results: material properties and mesostructures 
 
An optical micrograph of the SCFs from the SCF/PA6 composite feedstock filament, after removing the PA6 

matrix, is presented in Figure 3, where a noticeable variation in the length of the fibres can be clearly observed. 

Based on measurements, using more than five optical micrographs, the lengths of the short fibres (of 7 µm in 

diameter) revealed a wide range from 35 µm to 245 µm, with an average of 105 µm. Significantly, these values 

are less than the nozzle diameter, i.e. 400 µm, of the equipment used for the FFF process. 

Figure 4 shows typical DSC curves of 3D printed SCF/PA6 thin films deposited via the in-plane and 

interlayer modes, and the 3D printed film deposited via the in-plane mode with further CM processing. The 

crystallinity was calculated by taking the heat of fusion of the fully crystalline PA6 to be 230 J/g [26] and 

allowing for the 15 wt% of fibres present in the SCF/PA6. No clear differences in the melting temperatures, 

of ~200oC, of the 3D printed SCF/PA6 thin films before and after CM are observed. However, there is a slight 
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difference in the degree of crystallinity between the SCF/PA6 films printed via deposition using the in-plane 

or the interlayer modes, and also the thin film with further CM, with values of 19.5%, 21.1% and 17.4%, being 

measured, respectively. These relatively small variations are likely to arise from slight differences in the 

weight fraction of fibres in the 3D printed films.  

Figure 5 shows optical micrographs of typical cross-sections of the three types of the SCF/PA6 thin 

films, i.e. (a) the in-plane printed SCF/PA6, (b) the interlayer printed SCF/PA6 and (c) the in-plane printed 

SCF/PA6 with further CM processing. Variations in the thickness of the thin films, along the height, H, of the 

DENT specimens, are clearly visible in the 3D printed SCF/PA6 films for both the in-plane and interlayer 

deposition modes, which both show a regular ridge–valley pattern. Specifically, the thickness ranges from 111 

to 142 µm, with an average of 125 ± 11 µm, for the in-plane deposition mode and between 346 to 460 µm, 

with an average of 408 ± 49 µm, for the interlayer deposition mode, see Figure 5 (a) and (b). Furthermore, as 

may be seen from these figures, for both types of deposition mode, most of the SCFs appear as small bright 

dots across the section, indicating that they are predominantly orientated parallel to the printing direction due 

to the significant shear flow that occurs in the FFF process. In comparison, the in-plane printed SCF/PA6 film 

with further CM processing is obviously flattened by the further CM due to the pressure applied during this 

process. This may readily be seen from Figure 5 (c), where this film shows a relatively smooth surface along 

its height, H, in the DENT specimen, with no ridge–valley pattern and a uniform thickness with an average 

thickness value of 178 ± 7 µm.    

To quantify the fibre-orientation distribution within the SCF/PA6 thin films, further mesostructural 

analyses were conducted to characterise the alignment of the SCFs, as shown in Figure 6. The angle of the 

fibre, relative to the longitudinal direction of the filament, was measured for about one thousand fibres to 

obtain the fibre-orientation distribution of the SCFs [27]. Multiple optical micrographs were taken using 

transmitted light, or reflected light, from polished sections of the films. In the (a) in-plane printed SCF/PA6 

films and (b) interlayer printed SCF/PA6 films it is evident that almost all the SCFs preferentially align parallel 

to the printing direction, i.e. along the longitudinal direction of the filament, see Figures 6(a) and 6(b). The 

distribution of the fibre-orientation distribution can be fitted using a Gaussian function, with more than 65% 

of the SCFs distributed in the range of ±10° of the printing direction for both of these films.  Indeed, for the 
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in-plane printed SCF/PA6 films, in the x-y plane, there were 83% of fibres oriented in the range of ±20° relative 

to the printing direction, whilst for the interlayer printed SCF/PA6 film, in the z-x plane, there were 99.8% of 

fibres oriented in the range of ± 20° relative to the printing direction. By contrast, the SCFs were found to be 

distributed relatively randomly in the in-plane printed SCF/PA6 films with further CM processing, see Figure 

6(c). This trend to a more random orientation, after further CM processing, is likely to arise from (a) the 

relatively short length of the SCFs and (b) the lack of any constraint on the films during the CM process.  

4. Results: the EWF tests 
 
4.1 In-plane deposition mode  
 
Typical load versus displacement curves for the in-plane printed SCF/PA6 films with different ligament 

lengths from the EWF tests are shown in Figure 7 (a). As is evident, all the load versus displacement curves 

are very similar in shape, satisfying the critical prerequisite [18, 21, 24] for the EWF test methodology to be 

valid, i.e. criterion (b) as discussed in Section 2.1. It may also be observed that the area under the curves, after 

the maximum load has been attained, is much greater than that before the maximum load occurs, which 

indicates that slow crack propagation, crack tip blunting and considerable ductile deformation has occurred in 

the EWF test. Again, these observations confirm the validity of the EWF methodology with respect to testing 

the current 3D printed ductile thin films [18, 21, 24], and see Section 2.1. Figure 7 (b) shows photographs of 

the fracture behaviour of an in-plane printed SCF/PA6 film with a nominal 10 mm ligament length. With an 

increase in the applied tensile load, both of the sharp notch-tips begin to blunt slightly, followed by the 

initiation of stable crack propagation after the ligament fully yields. Upon the stable crack growth occurring, 

the load drops gradually as there is a decrease in the remaining ligament length, with a final sharp fall 

corresponding to the complete failure of the ligament. It should also be noted that gross, ductile yielding and 

necking of the ligament were observed in all the DENT specimens, which again confirms [18, 21, 24, 28, 29] 

the validity of the EWF method to characterise the fusion bonding developed in the 3D printed SCF/PA6 

composite thin films.     

As discussed in Section 2.1, a quantitative indicator of the quality of fusion bonding between the 

filaments, i.e. the specific essential work of fracture, we, can be extrapolated from a plot of wf against L. The 
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plot of all the experimental data, together with the linear-regression line, and the 95% confidence and 

prediction lines, are shown in Figure 7 (c). The value of we, i.e. the positive intercept of the fitted regression 

line, was determined to be 29.2 kJ/m2, while the coefficient of determination, R2, was 0.77.  

4.2 Interlayer deposition mode  
 
EWF tests were conducted using the interlayer printed SCF/PA6 thin films. As shown in Figure 8 (a), again, 

all the load versus displacement curves are very similar in shape, satisfying this critical prerequisite of the 

EWF test [18, 21, 24]. Furthermore, all the other criteria described above in Section 2.1 for the validity of the 

EWF approach are also met. However, as may be clearly seen, the interlayer printed SCF/PA6 films, with the 

same nominal ligament length, demonstrate a value of the peak load of more than double that measured for 

the in-plane printed films. This arises mainly from the greater thickness of the interlayer printed SCF/PA6 

films, i.e. 0.4 mm versus 0.125 mm for the in-plane printed films. Comparing the stable crack propagation 

observed during the EWF tests for the interlayer printed films, to that observed in the in-plane films, it takes 

a much shorter time for the cracks from both tips to propagate through the whole ligament in the DENT 

specimens for the interlayer films. This occurs just after the maximum load is reached as is evidenced by a 

rapid drop of the load at this point, see Figure 8(b). Furthermore, as may be seen by comparing Figures 8 (b) 

and 7(b), a much smaller plastic zone is observed for the interlayer DENT specimens, which is reflected in 

the lack of noticeable thinning of the interlayer films during EWF testing. Finally, it should be noted that 

unstable crack growth was observed in some interlayer DENT specimens, especially when the ligament length 

was relatively large. 

A plot of the total specific work of fracture, wf, against the ligament length, L, was obtained for the 

interlayer printed SCF/PA6 films, see Figure 8 (c). A relatively large scatter in the experimental data is 

observed, as reflected by the wider confidence bands shown in Figure 8 (c), compared to Figure 7(c). The 

value of we was determined to be 19.6 kJ/m2 accompanied by a very low value of R2 of 0.05, which clearly 

reveals the poor consistency of the fusion bonding achieved by the FFF printing using the interlayer deposition 

mode. Moreover, the significant decrease of 33% in the value of we, compared to that for the composite film 

printed using the in-plane deposition mode, clearly reveals that the fusion bonding between filaments when 

an interlayer deposition mode is used is much weaker than that developed in the 3D printed SCF/PA6 films 
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using the in-plane deposition mode.    

4.3 In-plane deposition mode with further CM 

Figure 9 (a) shows the typical load versus displacement curves of the in-plane printed SCF/PA6 thin films 

with further CM processing. From Figures 9(a) and 9(b), again all the criteria are met for the EWF 

methodology to be considered a valid approach to analyse the failure of these DENT test specimens, as 

discussed in Section 4.1. Compared to the results of the 3D in-plane (single-layer) printed SCF/PA6 film but 

with no further CM, see Figure 7 (a), there is now a significant increase in the maximum load for the same 

nominal ligament length. This mainly arises, of course, from the greater thickness of the 3D in-plane (double-

layer) printed SCF/PA6 film with further CM processing, namely 178 ± 7 µm compared to 125 ± 11 µm.  

Figure 9 (c) shows the experimental data of wf versus L for the in-plane printed SCF/PA6 films with 

further CM processing, where the excellent linearity with very narrow confidence bands can be observed. The 

value of we was determined to be 25.2 kJ/m2, with a high coefficient of determination, R2, of 0.92.  

 

5. The extent and quality of the fusion bonding between filaments 

The values of both we and R2 for all the 3D printed SCF/PA6 composite thin films are summarised in Table 1. 

And they are also compared to values for the non-reinforced (i.e. ‘pure’) PA6 thin films taken from [18], where 

the ‘pure’ PA6 films were fabricated using the same printing configurations. Several interesting observations 

may be made in terms of using these values to identify the extent and quality of fusion bonding in the 3D 

printed SCF/PA6 composite thin films. 

Firstly, for the 3D printed SCF/PA6 composite thin films it is readily evident that the extent of fusion 

bonding, i.e. the adhesion via molecular inter-diffusion, often termed the autohesion [30, 31], between the 

filaments is the weakest, and the most variable, in the composite thin films deposited via the interlayer mode, 

as indicated by the lowest measured values of both we and R2, respectively.  The low value of R2 arises due to 

significant defects in the mesostructures being formed during the FFF process when using the interlayer 

deposition mode. The reasons for this poor quality of the fusion bonding between the filaments are illustrated 

in Figure 10. For example, Figure 10 (b) reveals that there are many defects, e.g. flattened voids, in the fusion 
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line between adjacent filaments where incomplete fusion has occurred. Now, such voids may especially 

develop and grow ahead of the main crack tips, where relatively high stress concentrations exist, and are 

shown in Figure 10 (c), where this EWF test was stopped during the rapid crack propagation stage so that the 

ligament was preserved without complete separation. The voids that develop at the crack tips, coupled with 

the relatively weak autohesion between the filaments, leads to the unstable crack growth that was seen in some 

of the EWT tests using the interlayer printed SCF/PA6 film. Indeed, such unstable crack growth is only 

observed in this type of interlayer printed SCF/PA6 composite film and occurs when the ligament suddenly 

ruptures at the very onset of the main cracks propagating. This is reflected in the very sharp drop in the load, 

see the load versus displacement curve shown in Figure 10 (a). Now, for good fusion bonding between the 

deposited filaments, a first key requirement is the attainment of intimate molecular contact between two 

filaments, so that the second key requirement of good intrinsic adhesion via molecular inter-diffusion (i.e. 

autohesion) between the two filaments can then occur. This first key requirement, of the attainment of intimate 

molecular contact, is largely governed by the external thermal energy and pressure [18, 19] available for this 

requirement. Now, a lack of sufficient thermal energy in the FFF process will cause a relatively large 

temperature gradient and a reduced fluidity, i.e. a higher viscosity, of the feedstock material forming the 

filament, especially given the presence of SCFs in the PA6 composite filament. Further, insufficient pressure 

from the depositing nozzle will also inhibit the formation of good fusion bonding. All of these factors will 

thus tend to lead to relatively weak fusion bonding between adjacent filaments in the interlayer printed 

SCF/PA6 composite films. Now, following the work reported in [18], the individual filaments in a 3D printed 

SCF/PA6 film will indeed cool down far more rapidly in a film deposited via the interlayer mode, as compared 

to those in an in-plane printed SCF/PA6 film. Furthermore, the nozzle pressure will be relatively low for the 

films printed via the interlayer deposition mode, since there is no lateral constraint offered by adjacent 

filaments, compared to the in-plane deposition mode. These processing effects therefore give rise to the 

relatively poor extent and quality of the fusion bonding between the filaments in the interlayer printed 

SCF/PA6 composite thin films, as evidenced by the associated low values in we and R2. Finally, it is interesting 

to note that very similar observations were recorded [18] for the interlayer printed (non-reinforced) PA6 

polymer thin films. 
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Secondly, for the 3D printed SCF/PA6 thin films deposited via the in-plane mode, the use of a further 

compression moulding (CM) process appears to have no significant effect on the extent of fusion bonding, 

since there is no significant difference in the values of we for the in-plane printed SCF/PA6 thin films without 

and with further CM processing. However, the interpretation of the relevant values of we is not straightforward, 

since the further CM processing also changed the orientation of the SCFs in the PA6 matrix, as shown earlier 

in Figure 6. Nevertheless, the quality of the in-plane printed SCF/PA6 composite thin film with the use of 

further CM processing is clearly significantly enhanced, compared to similar composite films with no further 

CM processing, since the value of R2 is increased from 0.77 to 0.92. To improve the fusion bonding between 

filaments, it is worth mentioning that adopting CM during the 3D printing manufacturing process is not readily 

feasible. Instead, modification of the feedstock material, such as using a surface treatment for the 

reinforcement or some other in-process methods (e.g. adding an external heat source for controlling the 

temperature field, using some form of ultrasonic excitation, etc.) may be promising solutions and worthy of 

further exploration.    

Thirdly, the discussions above have been based upon the trends, within a given feedstock material, 

shown in the values of we for the 3D printed films made using the SCF/PA6 composite filaments and the non-

reinforced PA6 polymer filaments, via the FFF process. However, it is not possible to readily compare the 

absolute values of we for these two different filament materials in terms of identifying the extent of fusion 

bonding in these thin films. This is because the absolute value of we is a function not only of the extent of 

fusion bonding, i.e. the autohesion, between the filaments but also the inherent ductility of the film itself; and 

these two factors are not simply additive [30, 32, 33]. The non-reinforced PA6 polymer thin films, as discussed 

in detail in [18], are clearly far more ductile than the current SCF/PA6 composite thin films, and this prevents 

a direct comparison of the absolute values of we between the two types of thin films for the results shown in 

Table 1. 

Finally, it should also be noted that both the weight fraction and length of the fibres were fixed in the 

current study, due to using only one type of feedstock filament. Therefore, a follow-up investigation may be 

beneficial to understand fully the effects of these two factors on the extent and quality of the fusion bonding 

between the SCF/PA6 filaments by the FFF process, using the proposed EWF method.  
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6. Conclusions 

The present study has examined the extent and quality of the fusion bonding between individual filaments of 

short carbon-fibre reinforced polyamide 6 (SCF/PA6) composite that were deposited to manufacture thin films 

via 3D printing, employing the fused filament fabrication (FFF) process. Now, for good fusion bonding 

between the deposited filaments, a first key requirement is the attainment of intimate molecular contact 

between two filaments, so that the second key requirement of good intrinsic adhesion via molecular inter-

diffusion (i.e. autohesion) between the two filaments can then occur.  

 The SCF/PA6 feedstock composite had 15 wt% of fibres present, with the lengths of the short fibres 

ranging from 35 µm to 245 µm, with an average of 105 µm. Significantly, these values are less than the nozzle 

diameter, i.e. 400 µm, of the equipment used for the FFF process. The SCF/PA6 composite thin films were 

deposited by an in-plane mode or an interlayer deposition mode, and also by the in-plane deposition mode 

followed by further compression moulding (CM). The SCFs were found to be preferentially aligned in the 

composite filaments along the printing path during the FFF process, with more than 83% and 99.8% of the 

SCFs oriented in an angle of ± 20° with respect to the printing direction for the in-plane (the x-y plane) and 

the interlayer (the z-x plane) deposition modes, respectively. However, further processing of the in-plane 

printed SCF/PA6 composite thin films using CM led to the SCFs becoming relatively random in their 

orientation.  

 The main characterisation technique employed was the essential work of fracture (EWF) method which 

has shown to be a valid approach and allows the evaluation of the extent and quality of the fusion bonding 

between the composite filaments by determining the value of the specific essential work of fracture, we, and 

the associated experimental reproducibility R2, respectively. Further, to identify the process–structure–

property relationships, the mesostructures of the films have also been identified.  

The following conclusions can be drawn: 

a) Undertaking EWF tests on 3D printed SCF/PA6 composite thin films has proven to be a feasible and 

efficient way to evaluate the extent and quality of fusion bonding between individual filaments of the 3D 

printed composite films. Such tests can provide a valuable insight into the printing quality of the FFF 

process.  
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b) For the 3D printed SCF/PA6 composite thin films, it was readily evident that the extent and quality of the 

fusion bonding, i.e. the adhesion via molecular inter-diffusion, often termed the autohesion, between the 

composite filaments was the weakest, and the most variable, in the composite thin films deposited via the 

interlayer mode. This was shown by such composite films possessing the lowest measured values of the 

specific essential work of fracture, we, and of the coefficient of determination, R2, of 19.6 ± 3.9 kJ/m2 and 

0.05, respectively, of all the different types of 3D printed composite thin films that were studied. 

c) The above observations in b) for the interlayer printed SCF/PA6 composite thin films arose from 

incomplete intimate contact between the composite filaments in these thin films, due to significant defects 

in the mesostructures being formed during the FFF process when the interlayer deposition mode was 

employed. 

d) For the 3D printed SCF/PA6 composite thin films deposited via the in-plane mode, the use of a further 

compression moulding (CM) process appears to have had no significant effect on the extent of fusion 

bonding, since there was no significant difference in the values of we for the in-plane printed SCF/PA6 

films without and with further CM processing. However, this conclusion is not straightforward since the 

further CM processing also changed the orientation of the SCFs in the PA6 matrix, leading to them 

becoming relatively random in orientation as opposed to being highly oriented in the direction of the 

composite filament for the in-plane printed SCF/PA6 thin films with no further CM processing. 

Nevertheless, the quality of the in-plane printed SCF/PA6 thin film was clearly significantly enhanced by 

the use of further CM processing, compared to those composite films with no further CM processing, 

since the value of R2 increased from 0.77 to 0.92. 
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Figures and Tables Captions: 
 

  
                                          (a)                                                                                  (b) 

Figure 1. Schematic of the printed double edge-notched tension (DENT) specimens with the deposition path 

of the SCF/PA6 filaments shown: (a) a single-layer film 3D printed in the x-y plane via the in-plane deposition 

mode and (b) a single-filament box 3D printed via the interlayer deposition mode. The fused filament 

fabrication (FFF) process was used to manufacture all the specimens. The orientations of the DENT specimens, 

labelled ‘S1’ and ‘S2’, are also indicated. 

 

 
 

    
            (a)                                                             (b)                                                                    (c) 

Figure 2. The double edge-tension (DENT) specimen and test: (a) schematic, (b) an optical micrograph of a 

nominally 2 mm long ligament in a SCF/PA6 composite thin film and (c) an essential work of fracture (EWF) 

test. 
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Figure 3. Optical micrograph of the SCFs from the SCF/PA6 composite feedstock filament, after removing 

the PA6 matrix. 

 

 
Figure 4. Typical DSC curves of the 3D printed SCF/PA6 composite thin films. 
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                           (a)                                                     (b)                                                      (c) 

Figure 5. Optical micrographs of typical cross-sections of the FFF manufactured composite thin films: (a) the 

in-plane printed SCF/PA6, (b) the interlayer printed SCF/PA6, and (c) the in-plane printed SCF/PA6 with 

further CM processing. 
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(a) 

   

(b) 

   
(c) 

Figure 6. Micrographs and statistical data showing the fibre orientation within the composite thin films: (a) the in-

plane printed SCF/PA6, (b) the interlayer printed SCF/PA6 and (c) the in-plane printed SCF/PA6 with further CM 

processing. 
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(a) 

 
 (b) 

  
(c) 

 
Figure 7. Results from the EWF tests on the in-plane printed SCF/PA6 composite thin films: (a) typical load 
versus displacement curves, (b) the fracture behaviour recorded during the test for a DENT specimen with a 
nominal 10 mm ligament length (the numbers refer to corresponding positions on the load versus displacement 
curve for this specimen as shown in Figure 7 (a)) and (c) a plot of the total specific work of fracture, wf, versus 
the ligament length, L, with the 95% confidence and prediction lines shown. 
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(a) 

 
 (b) 

 
(c) 

Figure 8. Results from the EWF tests on the interlayer printed SCF/PA6 composite thin films: (a) typical load 

versus displacement curves, (b) the fracture behaviour recorded during the test for a DENT specimen with a 

nominal 10 mm ligament length (the numbers refer to the corresponding positions on the load versus 

displacement curve for this specimen as shown in Figure 8 (a)) and (c) plot of the total specific work of fracture, 

wf, versus the ligament length, L, with the 95% confidence and prediction lines shown. 
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(a) 

 
(b) 

 
(c) 

Figure 9. Results from the EWF tests on the in-plane printed SCF/PA6 composite thin films with further 
compression moulding (CM): (a) typical load versus displacement curves, (b) the fracture behaviour recorded 
during the test for a DENT specimen with a nominal 10 mm ligament length (the numbers refer to the 
corresponding positions on the load versus displacement curve for this specimen as shown in Figure 9 (a)) and 
(c) a plot of the total specific work of fracture, wf, versus the ligament length, L, with the 95% confidence and 
prediction lines shown. 
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(a) 

 
 (b)  

 
(c) 

Figure 10. Fracture behaviour and mesostructures of the interlayer printed SCF/PA6 composite thin films 
when unstable crack growth occurs: (a) load versus displacement curve from a DENT specimen for unstable 
crack growth during the EWF test, (b) optical micrograph showing incomplete fusion between filaments and 
the defects, e.g. voided areas, are indicated by the yellow arrows, and (c) voids developing ahead of a main 
crack tip during the EWT test.  
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Table 1. EWF test results for the 3D printed SCF/PA6 composite thin films (present work)  

and for the non-reinforced (i.e. pure) PA6 polymer thin films [18]. 

 

 
SCF/PA6  
(in-plane) 

 PA6 [18] 
(in-plane) 

SCF/PA6  
(interlayer) 

PA6 [18] 
 (interlayer) 

SCF/PA6  
(in-plane  
with CM)  

PA6 [18] 
 (in-plane  
with CM) 

we (kJ/m2) 29.2 ± 3.9 25.7 ± 3.1 19.6 ± 3.9 21.3 ± 9.1 25.2 ± 2.1 38.1 ± 3.1 
R2 0.77 0.92 0.05 0.50 0.92 0.96 
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