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H2SO4 Sulphuric acid 

HNO3 Nitric acid 

ISO International Organization for Standardization 

J Joule 

kg Kilogram 

kWh Kilowatt-hour 

MA Maleic anhydride  

MA-g-ABS MA grafted ABS  

MFI Melt flow index  

mm Millimeter 

mm Micron 

Mpa Mega pascal 

N2 Nitrogen 

N Newton 

NSERC Natural Sciences and Engineering Research Council  

O3 Ozone 

OH Hydroxyl 

OWRK Owens, Wendt, Rabel and Kaelble 

PA Polyamide 

PAHs Polycyclic aromatic hydrocarbons  

PAN Polyacrylonitrile 

PE Polyethylene 

PP Polypropylene 

RMS Root mean square 

S Sulphur 

SEM Scanning electron microscopy  

TGA Thermogravimetric analysis  

wt% Weight percent 

XPS X-ray photoelectron spectroscopy  
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properties because they have a non-uniform stress distribution, which leads to higher local stress 

and makes them more prone to failure [51]. Moreover, thicker fibers may have random alignment 

of graphite crystals causing weaker overall mechanical properties [52]. Leistenschneider et al., 

Zuo et al. and Karaaslan et al. also observed comparable instances of reduced tensile characteristics 

in ACFs as the fiber diameter increases [24, 53-54]. 

Extensive fiber surface analysis of ACFs is crucial for understanding their roughness and how well 

they integrate with polymer matrices. To obtain detailed information on the surface topography 

and roughness features of ACFs on a nanoscale, high-resolution tapping mode AFM images were 

obtained. Detailed area characterization of tapping-mode images was done with Gwyddion 2.61 

to obtain surface roughness modalities of the ACFs (Fig. 2.2e) and CCFs (Fig. 2.2f). The results 

have been tabulated in Table B3 to highlight the apparent surface homogeneity of the fibers with 

scan areas ranging from 50-500 nm2 as highlighted in Fig. 2.2e and Fig. 2.2f. The results (Table 

B3) show that ACFs have a smaller RMS surface roughness in the order of 9.04±5.16 nm, while 

CCFs show a significantly higher roughness in the order of 18.89±5.18 nm. Such variations in 

roughness have significant impacts on the wettability of the surface. Typically, at such scales 

during wetting, entrapment of air bubbles inside the grooves underneath a liquid film adds to 

hydrophobicity (heterogeneous Cassie-Baxter wetting regime) [55]. It is generally understood that 

surface energy decreases with short-scale surface roughness having a predominant disposition 

towards heterogeneous wetting [56]. Our roughness analysis result suggests that ACFs will exhibit 

relatively lower surface energy with respect to CCFs, which is further confirmed by our surface 

energy measurement results (Fig. 2.3a). In support of the reported roughness values of CFs 

surfaces, the background substrate roughness and waviness are also extracted and highlighted 

(Table B3) along the diagonal cross sections D1 and D2, respectively (Fig. B1). The average 
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This suggests that even without undergoing any surface modifications or sizing, ACFs still possess 

competitive compatibility with ABS.  
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In addition to recognizing the thermal stability of ABS and its blends, it is essential to test their 

flow behavior under temperature-dependent conditions that are unique to 3D printing. The MFI 

analysis was performed at 230°C to check whether the pristine ABS and CFs mixed ABS filaments 

would be able to flow through upon heating easily through the printer's nozzle for uninterrupted 

3D printing. Fig. 2.3d shows that the MFI of pure ABS was lowered after the incorporation of CFs. 

This could be due to an obstruction in the flow from the CFs exhibiting the behavior of rod-shaped 

particles in the melt ABS thermoplastic, thus increasing the melt viscosity and reducing the MFI 

index. The interference in flow may have occurred due to various factors, such as a combination 

of misalignment of CFs inside the matrix, hydrodynamic interactions between the CFs and ABS 

or improved interfacial interaction leading to enhanced friction and thus resulting in increased flow 

resistance [62-63]. The 7.5% CCFs-ABS blend exhibited the lowest MFI value at 230°C, which 

was around 40% less than the MFI of pure ABS.  It was discovered that the MFI values for ACFs-

ABS blends were higher (by 14.6%, 24.8% and 18.1% respectively for 2.5%, 5% and 7.5% CFs 

content) than the corresponding loadings of CCFs-ABS blends. Such increased MFI values of 

ACFs-impregnated ABS might have been the consequence of ACFs' greater flexibility and 

bending (low modulus of elasticity) as well as reduced compatibility between ACFs and ABS, 

leading to lower viscosity than CCFs-ABS blends. Additionally, the elevated MFI values of ABS 

blended with ACFs also suggest a lower aspect ratio (the ratio of length to diameter) of ACFs in 

comparison to CCFs inside the ABS matrix, indicating a possibility for ACFs to be broken. 

However, these variations in MFI values (10.61 g/10 minutes for pure ABS to 6.3 g/10 minutes 

for 7.5% CCFs-ABS) at 230°C were considered to fall within an acceptable range that did not 

impact the processing conditions or melt-flow characteristics of ABS [64-65]. Thus, based on the 

MFI study, pure ABS and ABS-CFs blends were suitable for 3D printing at 230°C. 
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material to fabricate all the composites. Reinforcement, however, was different, which in some 

cases was with ACFs and some with CCFs with varying loadings. The ultimate performance and 

characteristics of the composites are, then, determined by the type and loading of the CFs utilized. 

Evaluating the mechanical data of ACFs reinforced composite materials is essential for gaining 

useful insights into the functionality, longevity and reliability of composites, as well as for 

assessing the material's suitability for different applications. 

Tensile testing of ACFs-ABS composites provides insights into their structural integrity by 

assessing their resistance to stretching or pulling forces without shattering. Fig. 2.4a & Fig. 2.4b 

show that the tensile performance of ABS is enhanced with the addition of CFs, regardless of the 

type and loading. The inclusion of 7.5% ACFs successfully enhanced the tensile strength and 

modulus values of ABS by 4.8% and 30.3%, respectively. Even though the increments were less, 

all doses of ACFs enhanced the composites' tensile properties consistently, as represented by Table 

B12. By adding an equivalent loading of CCFs, the tensile strength experiences an increase of 

21.78%, while the tensile modulus exhibits a rise of 124.9%. A maximum tensile strength value 

of 48.03±1.65 MPa was obtained for 5% CCFs composites. Tensile strength dropped down by 

almost 4 MPa despite the increase in CCFs concentration to 7.5%. A further reduction in strength 

to 42.23±1.06 MPa was observed when the CCFs loading was increased to 10%. A possible 

explanation is that 7.5% and 10% surpasses the critical fiber content (CFs content leading to 

maximum tensile strength) of the composite, resulting in a decrease in the tensile strength. Since 

CCFs are in tow (as opposed to ACFs), it is possible to have fiber aggregation within the composite 

matrix and contribute to a higher void fraction at higher CCFs dosage, resulting in partial wetting 

or poor adhesion between the fibers and the matrix [66]. The SEM pictures of the cracked surface 

(Fig. B5) verified that the 10% CCFs-ABS composites exhibited both fiber aggregation and 
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suitable for altering the surface chemistry of ACFs to enhance the fiber-matrix adhesion. This 

would potentially improve the compatibility further to achieve better mechanical properties 

relative to CCFs embedded composite structures. 

Although CCFs have shown greater reinforcing qualities compared to ACFs, the cost-effectiveness 

and ecologically friendly nature of ACFs outweigh the inferior performance of ACFs in 

composites. Table B15 presents a concise comparison of the costs, energy consumption and 

greenhouse gas emissions between ACFs and CCFs. This comparison further supports the potential 

of ACFs as reinforcement in composites for a wide range of intermediate to low range applications, 

including automotive, sports, commodities, etc. 



































https://www.sciencedirect.com/topics/materials-science/fiber-reinforced-composite








































































101 | P a g e 
 

 



102 | P a g e 
 



103 | P a g e 
 



104 | P a g e 
 



105 | P a g e 
 



106 | P a g e 
 



107 | P a g e 
 



108 | P a g e 
 



109 | P a g e 
 



110 | P a g e 
 



111 | P a g e 
 



112 | P a g e 
 

 



113 | P a g e 
 

 

 

 

 

 

 

 

 

 

 

 

 

 





mailto:md.kibria@ucalgary.ca


116 | P a g e 
 

Table B1: Properties of CCFs [1] and ACFs 

Fiber property  CCFs ACFs 
Length 3.175 mm 3-4 mm 

Unpacked Bulk Density 352.406 Kg/m3 - 
Sizing Content  1.5% by weight 0 
Fiber Strength 4140 MPa 500-1150 MPa 

Tensile Modulus 241.3 GPa 40-90 GPa 
Electrical Conductivity 645.41 S/cm 288.29 

Density 1800 Kg/m3 - 
Fiber Diameter 7.19 µm 6-12 µm 
Carbon Content > 95% 93.34% 

 

Table B2: Printing parameters  

Print core CC 0.6 

Material Type White ABS 

Layer Height 0.15 mm 

Infill density 100% 

Infill line direction [90,90] 

Printing temperature 230°C 

Build plate temperature 105°C 

Print speed 45 mm/s 

Fan speed 25% 

Table B3: Roughness characterization of ACFs and CCFs from tapping mode AFM 

 
Zone 

RMS 
roughness        

(nm) 

Mean roughness 
(nm) 

Avg Height 
 (nm) 

 

ACFs 
  

A1 6.21 5.22 42.55 

A2 12.25 10.49 52.09 

A3 6.169 4.76 48.16 

A4 5.094 3.55 35.99 

A5 8.22 6.05 35.7 

A6 20.61 10.71 60.6 

A7 6.54 4.98 36.13 

A8 7.25 5.7 31.75 

Extracted substrate Background 
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Table B6: O1s bonds of ACFs and their relative composition. 

Name C-O-C C-OH C=O/O=S=O/S=O R-OOR/R-COOH 

Position 530.6619 532.1219 533.4836 535.321 

FWHM 1.6956 1.7814 1.78 2.3 

Area (%) 37.4752 23.6317 26.8219 12.0713 

Lineshape GL(30) GL(30) GL(30) GL(30) 

 

Table B7: S2p bonds of ACFs and their relative composition. 

Name C-S-C/ 
Aliphatic  

C-S-C/ 
Thiophenic 

S=O/ 
Sulphoxide 

O=S=O/ 
Sulfone 

O-SO-O/ 
O-SO2-O/S-SO2-O 

C-SO2-OH 

Position 163.26 163.9235 164.9 165.484 167.6856 170.495 

FWHM 1.4 1 1.2293 1.4515 2.11 2.51 

Area (%) 1.61494 30.851 15.2519 14.9933 16.1598 21.1291 

Lineshape GL(30) GL(30) GL(30) GL(30) GL(30) GL(30) 

 

Table B8: Comparison of elemental analysis data between ACFs and CCFs 

Type of fiber C H N S 
ACFs 93.335 0.135 0.7 0.385 
CCFs 94.85 0.04 3.84 0 

 

Table B9: Surface composition of CCFs from XPS analysis 

Elements Percentage (%) 

C1s 83.05 

O1s 15.95 

N1s 1.00 
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Figure B1: Extracted background highlighting the (a) mean roughness and (b) waviness of 

substrate 

 

Figure B2: XPS spectra of ACFs. (a) survey spectra of ACFs surface. (b-d) C1s, O1s and S2p 

high-resolution spectra respectively. 
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Figure B4: TGA onset point of (a) ABS in presence of N2 (b) ABS in presence of air (c) 2.5% 

ACFs-ABS blend in air (d) 7.5% ACFs-ABS blend in air 
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Figure B7: Impact resistance comparison. 

 

 

 

 

 

 

 

 

 

 

 




