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Abstract 

This review investigates and analyses the effects and usage of 

solid lubricants on high melting polymer printed via fused 

filament fabrication (FFF). The analysis indicated that most 

FFF printed parts suffer non-uniformity in mechanical 

properties and such printed pieces are generally weaker than 

conventionally produced counterparts. About 95% of 

researches on FFF were about solving the weakness and non-

uniformity of mechanical properties, with 98% ignoring the 

tribological effects. Addition of laminar solids to polymer not 

only improves the tribological properties but also some 

mechanical properties. Nevertheless, the effects of laminar 

solid results on polymer might not be predictable as the 

outcome depends on relative properties of such polymer, solids 

and FFF processing parameter. It is suggested that further 

research should be carried out on the effects of laminar solids 

on FFF processed polymer. 
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1 INTRODUCTION 

Additive Manufacturing (AM) was defined by ASTM F 2792-

12a (2013) as “a process of joining materials to make objects 

from 3D model data, usually layer upon layer, as opposed to 

subtractive manufacturing methodologies”. It also categorises 

the AM technology into seven classes based on the production 

of layer mechanism, namely “Material Extrusion (ME), Vat 

Photopolymerization (VAT), Material Jetting and Binder 

Jetting. Other classes were Powder Bed Fusion (PBF), Direct 

Energy Deposition (DED) and Sheet Lamination” (ASTM 

International, 2013). 

AM can also be grouped according to input material form, 

namely: wire-based form or filament as seen in ME process, 

liquid form as seen in VAT method and powder form as in PBF 

method (Gibson et al., 2015). 

Furthermore, AM was further categorised into two groups, 

namely: Direct Printing techniques (DIP) and Indirect Printing 

Techniques (IPT) by Travitzky et al., (2014) and Zocca et al., 

(2015). Direct Printing methods generally use direct extrusion 

through nozzles, and sometimes direct hardening of polymers 

or drop on demand technique. In contrast, Indirect printing 

technique is majorly a powder-based AM technology, in which 

the powder is usually laid first and fused thermally or with 

adhesive before a new layer of powder is spread over the 

existing layer. 

AM has a significant advantage over the traditional way of 

manufacturing with a high degree of freedom during 

production as it is a layer by the layer manufacturing process. 

The high degree of freedom makes it easy to be used to 

fabricate objects with complex geometries, relatively low error, 

lower production cost, and minimal material wastage (Gibson 

et al., 2015; Thompson et al., 2016). These advantages make 

AM an optimum technique for adoption in manufacturing 

technology. The degree of freeform made it easily applicable in 

the manufacturing of complex engineering components for 

biomedical, defence, and other specialized areas (Adikari 

Appuhamillage, 2018).  

Fused Filament Fabrication (FFF), also known as Material 

extrusion (ME) or Fused Filament Modelling (FDM) process is 

the most popular and most used in AM technology due to its 

cheapness and easy setup design for the printer (Adikari 

Appuhamillage, 2018). The production of AM printed parts 

generally was projected in 2016 to have about 4900% monetary 

increase by the year 2030 (Vitale and Cabral, 2016; Adikari 

Appuhamillage, 2018).  

 

2. FFF AND PROCESSING PARAMETERS   

FFF is a 3D fabrication process whereby material in wire form 

is heated to a semi-solid state and then forced out through an 

orifice called extrusion nozzle. The movement of the extrusion 

nozzle depends on the input parameters of the 3D 

stereolithographic computer file (STL file) to produce a 3D 

model (Wong and Hernandez, 2012; Ngo et al., 2018). Also, 

FFF printing technique can be further explained as the process 

of manufacturing where thin wire plastics are fed into a 

machine. The machine heats the melt and ejects the material as 

a semi-plastic form; this is then laid layer by layer at a typical 

thickness of 0.25 mm (Wong and Hernandez, 2012). The 

nozzle is usually in the extrusion head which alters the 

temperature, pressure and feed rate as required by the computer 

input. 

FFF method is attracting a lot of attention due to its simplicity, 
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cheapness, easy setup and wide range of material usage. 

However, FFF printed parts are generally plagued by 

anisotropicity in its properties that originated from the 

layerwise structure (Xia et al., 2020). Most of  FFF produced 

parts only features 60 % to 8 0 % mechanical strength of 

traditionally produced counterparts (Ngo et al., 2018; Lin et al., 

2019; Liu et al., 2019; Wang et al., 2019; Golbang et al., 2020; 

Park et al., 2020; Ramesh and Panneerselvam, 2020; Yadav et 

al., 2020). 

The primary materials used in AM industries are polymers, 

metals and ceramics. Polymers and its composites account for 

about 81 % of usage in AM industries (Dizon et al., 2018). 

Also, compositing of polymers with other materials is done 

mostly to alleviate some mechanical deficiencies of pure 

polymers and increases its industrial application (Kuo et al. 

2005; Lai et al., 2007; Chen et al. 2012; Zalaznik et al., 2 016; 

Garcia et al., 2019; Arif et al., 2020).  Research studies on 

materials used in the FFF techniques indicated that polymer is 

the primary material for the FFF process (Gibson et al., 2015; 

Dizon et al., 2018; Popescu et al., 2018; Arif et al., 2020; Wu 

et al., 2020). The widely used polymer in FFF manufacturing 

industries is a variety of Acrylonitrile Butadiene Styrene 

(ABS). Some other polymers like polycarbonate (PC), 

polylactic acid (PLA) and Polyetheretherketone (PEEK) are 

being experimented on and used as the base material in FFF for 

printing.  The search for excellent mechanical properties, high 

thermal resistance and biocompatibility from these polymers 

are needed for broader applications in aerospace, medical and 

military.  Also, the polymer used in FFF processes must 

generally be able to undergo phase change easily at extrusion 

point either chemically or thermally (Gibson et al., 2015). 

These polymeric materials are those that can quickly solidify or 

turn into semi-solids at a specific temperature or chemical 

change. Most materials used for FFF printing must possess this 

particular feature.  

Major processing parameters that are usually considered in any 

FFF manufacturing process are; temperature, building 

orientation and slicing information (Ngo et al., 2018; Popescu 

et al., 2018). However, other processing parameters are 

printing angle, post-printing treatment, printing speed, in-fill 

pattern and in-fill ratio. 

1) Temperature: this affects the mechanical and 

morphological properties of the final fabricated parts. High-

temperature settings lead to thermal degradation of the printed 

piece. In comparison, low-temperature environments result in 

weaker interlayer bonds which might result in easy 

delamination of the printed piece (Gibson et al., 2015; Popescu 

et al., 2018). Vaezi and Yang (2015) classified thermal 

management of the FFF process into three significant parts viz:  

a) Bed temperature: this is the platform where the 

printing is layered on and is usually preheated to 

improve interlayer adhesion. The preheating ranges  a 

few degrees of about 10 oC to 30 oC below the 

transition temperature of the material or polymer 

intended to be printed  (Popescu et al., 2018) 

b) Extrusion temperature: the temperature at the nozzle, 

is close to the melting temperature of feed material to 

maintain it in semi-solid form and to avoid thermal 

degradation. Thermal degradation also varies per 

material and the density of the material, which is 

usually above the melting point (Yang et al., 2017; 

Popescu et al., 2018).  

c) Environmental temperature:  It is the atmospheric 

temperature of the enclosed space where the parts are 

printed on the building bed. The enclosed area is often 

preheated to a close glass temperature of about 5% 

lesser to input material melting temperature and 

regulated to achieve best interlayer layer adhesion. 

This environmental temperature is mostly used for a 

polymer with a high melting temperature (Vaezi and 

Yang, 2015; Yang et al., 2017; Popescu et al., 2018). 

2) Building orientation: these are the directions of builds 

with coordinate axes. The test specimen is usually vertical, 

horizontal or laterally oriented, but other build orientations 

might be used with the need of supporting materials. Basic 

build orientations and print angles that are being used in FFF 

method were illustrated in Fig. 2.1 (Domingo-Espin et al., 

2015; Zaldivar et al., 2017; Popescu et aol., 2018). 

 

 

Fig. 2.1 The dog-bone specimen, illustrating several building 

orientations (Zaldivar et al., 2017). 

 

3) Slicing parameter: these are sets of computer 

instruction about specific parameters, such as layer thickness or 

diameter, raster, and nozzle diameter about the 3D STL model 

and file. 

a) Layer thickness or diameter: this refers to the 

movement of the nozzle in an upward direction, i.e. Z-

direction during fabrication (Wu et al., 2017; Salazar-

Martín et al., 2018). 

b) Raster angle: this is the angle between the nozzle path 

and the X-axis of the build platform  (Wu et al., 2017). 

The raster angle is represented as 𝜃 within Fig 2.2a 

and graphically annotated on dog bog specimen in Fig 

2.2b 
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Fig 2.2    (a) The raster angle and print direction of the FFF 

process (Wu et al., 2015) (b) dog bone specimen indicating 

various raster angles (Xia et al., 2020). 

 

c) Extrusion diameter: this determines the width of the 

road or raster width; it is the diameter of the nozzle or 

orifice where the feed material is forced out. The 

diameter must always be smaller than the layer 

thickness to achieve the best resolution during 

fabrication. The smaller the diameter, the more 

detailed the resolution and the more time-consuming 

(Gibson et al., 2015; Salazar-Martín et al., 2018). 

Review of several studies indicated that FFF printed objects 

have anisotropic mechanical properties which are also the 

factor of processing parameters and input material 

characteristics (Ziemian et al., 2012; Torrado and Roberson, 

2016; Chen et al., 2017; Meng et al., 2017; Ngo et al., 2018; 

Popescu et al., 2018; Somireddy et al., 2019). This property is 

prompting many FFF researchers to research into the 

improvement of tensile properties and the reduction in 

anisotropic properties across the printed parts or specimens.  

Given the non-uniformity of properties of the FFF printed parts, 

the addition of other polymer materials, chemicals and tubes as 

fillers to mitigate or alleviate the effects of such anisotropicity 

of such fabricated parts are necessary (Christ et al., 2017; 

Rajpurohit and Dave, 2018; Tambrallimath et al., 2019; Kumar 

and Senthil, 2020; Wu et al., 2020). These additives often 

referred to as nanofillers, are used to improve some specifically 

targeted properties like tensile strength and Young modulus of 

elasticity (Dorigato et al., 2017; Wu et al., 2020). Other 

properties are tribological properties, crystallisation, hardness, 

electrical properties, flame retardancy and sometimes 

colouration (Shofner et al., 2003; Dorigato et al., 2017; 

Golbang et al., 2020; Wu et al., 2020).  For instance, 

Tambrallimath et al., (2019)  used 0.8 wt% graphene as nano-

filler to increase the Young modulus of ABS-PC composite to 

about 60 % to pure ABS-PC composite’s value. Similarly, 

Dorigato et al. (2017) melted multiwalled carbon-nanotubes 

with ABS using a twin-screw extruder of 16mm screw 

diameter. The twin extruder was configured to length-diameter 

(L/D) ratio of 25, with temperature ranging from 180 oC to 240 
oC at 5 revolutions per minutes. This addition process altered 

the electrical conductivity and elastic modulus of FFF produced 

ABS by 70 % and 40% increase respectively. However, it is 

strongly building orientation dependent. 

In another experiment by Olesik et al. (2019), the effects of 

glass filler particle size on Low-density polyethene (LDPE)  

were characterised by Young’s modulus of elasticity, 

morphology and friction properties. LDPE was mechanically 

mixed with glass particles of an average diameter of 0.5 mm 

and dried at 70 oC. Young’s modulus of elasticity increased by 

13.5 %. Nevertheless, the friction coefficient reduced 

drastically, with 15% of glass-filled LDPE when compared to 

30 % glass filled LDPE. However, the friction properties 

depend on the relative friction direction and print direction. 

Also, LDPE filled with 30 % glass had a higher wear rate than 

the 15 % glass-filled LDPE irrespective of the frictional 

direction due to polymer matrix and filler concentration. 

Nevertheless, the addition of glass particles reduced the wear 

rate and increased the Young modulus when compared with 

pure LDPE. 

The addition of fillers to polymers might improve some 

properties and cause degradation in some other properties; this 

prompts the need to fully understand the effect of such addition 

to the polymer used in the FFF method (Rajpurohit and Dave, 

2018; Popescu et al., 2018; Ngo et al., 2018). Additionally, the 

reaction or output properties of traditionally fabricated parts are 

quite different from the FFF printed parts. Mechanical strength 

of FFF parts only accounts for about 60-80% of traditionally 

manufactured parts, irrespective of the polymer used in printing 

or fabrication (Hossain et al., 2013; Ngo et al., 2018; Popescu 

et al., 2018; Rajpurohit and Dave, 2018). 

Furthermore, Aumnate et al. (2019) showed that fillers and 

polymer matrix are factors of dispersion; Oversized particle-

sized organoclay filler dispersed poorly in the Polypropylene 

matrix, tends to aggregate and might cause buckling at 

extrusion nozzle. Similarly, Sanes et al., (2020), confirmed the 

effect of particle size and concentration of graphene on the 

polymer’s mechanical properties, which was similar to the 

findings of Aumnate et al. (2019) on the varied particle size of 

organoclay fillers.  

The works of Olesik et al. (2019), Aumnate et al. (2019)  and  

Sanes et al. (2020) on filled polymer usage in FFF method 
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confirmed the need for effective dispersion method for fillers 

in the polymer matrix, which is vital to the homogeneity of 

mechanical properties.  

Some polymers with high melting points, e.g. PEEK, tend to be 

viscous due to early crystallization at high temperature  

(Zalaznik, 2016; Golbang et al., 2020). The viscosity might 

cause warpage and dimensional inaccuracy. Besides, an 

increase in temperature might also result in thermal degradation 

(Vaezi and Yang, 2015).   

 

3. POLYETHERETHERKETONE  

Polyetheretherketone (PEEK) is a material that possesses 

excellent mechanical strength, flame retardant, chemical 

inertness, high-temperature resistance and low weight to 

strength ratio. It changes from liquid to gel-like form quickly, 

and it has excellent biocompatibility with good mechanical 

properties and high-temperature resistance. The melting point 

is about 343oC and thermally degrades at a temperature above 

575 oC (Patel et al., 2010). Due to its mechanical and thermal 

properties, it satisfies the necessary use conditions in 

aerospace, construction, automobile and medical industries. 

Additionally, PEEK was considered to be very close to human 

bone in both mechanical and physical properties, and this 

makes it widely acceptable in dentistry and prosthesis 

application (Gibson et al., 2015; Najeeb et al., 2016; Geng et 

al., 2019). Additionally, PEEK might be considered as a 

replacement for metal, due to its semi crystalline-nature, high 

thermal resistance, chemical inertness, flame retardancy and 

good mechanical properties which make it suitable for 

aerospace industries. 

A considerable amount of research has been done on material 

selection, and mechanical properties of FFF processed parts 

and processes. Nevertheless, the focus on PEEK has been 

minimal due to its high melting temperature and high viscosity 

during extrusion, which affect the flowability during extrusion 

and print quality after printing. However, the need to solve the 

high viscosity problems of PEEK is critical, to make it 

printable, useful and in creating more functional parts via FFF 

technique. Furthermore, little has been done on the effects of 

solid lubricants on FFF processed polymers including PEEK 

(Wong and Hernandez, 2012; Mani et al., 2014; Gibson et al., 

2015; Najeeb et al., 2016; Arif et al., 2018; Wu et al., 2020). 

Zalaznik et al. (2016) and Golbang et al. (2020) attempted to 

solve the high viscosity problem and improve the wear 

properties of PEEK by addition of various solid lubricants in 

varied weight ratio. They found out that the addition of such 

lubricants didn’t only improve the rheology and flow rate but 

also increased some other mechanical properties of the 

composited PEEK. However, Zalaznik et al. (2016) research 

work used compression moulding technique which made the 

experiment not comparable with FFF technique. Nevertheless, 

the mixing method used showed higher dispersion and 

improved properties. (Golbang et al., 2020). 

 

4. SOLID LUBRICANTS 

Solid lubricants are fillers added to the material to alter the 

tribological properties of the material, usually to reduce friction 

(µ <0.2) and wear rate (k< 10-6mm3/Nm) (Lancaster, 1972; 

Allam, 1991; Omrani et al., 2017). Table 3.1 summaries the 

application of solid lubricants and their types according to the 

review on Solid lubricants for applications at elevated 

temperatures by Allam,(1991).  Allam’s (1991) study 

confirmed the reason why laminar solids are more applicable 

to FFF method, and specifically PEEK FFF fabrication. 

 

Table 3.1 Summary of Solid Lubricants and Application. Summarised from Allam, (1991). 

S/N Types Operating  

temperature range 

Common examples Environment where applicable 

1 Polymers 27 oC to 300 oC PTFE, Polyamides Vacuum and cryogenic 

temperature  

2 Laminar 

Solids 

50 oC to 450 oC MoS2, WS2, graphite  Vacuum and non-adsorption 

conditions 

3 Metal 

Fluorides 

500 oC to 1000 oC Chemically stable oxides and chemically 

stable fluoride group I & II, e.g. LiF, 

CaF2, BaF2, CuO, V2O5, PbO, Bi2O3 

Fused coating and composting 

above 500 oC. as they only 

lubricant above 500 oC 

Most solid lubricants don’t have a standard way of application 

or usage; it requires a significant volume of trial and error 

methods to understand better, the effects of solid lubricants on 

a specific material or environment (McCook et al., 2006; 

Omrani et al., 2017). Depending on the relative properties of 

both polymer matrix and solid lubricants. Solid lubricants can 

mitigate crack propagation and reduce the shear strength and 

sliding contact of the polymer (Blanchet and Kennedy, 1992; 

Ye et al., 2015). However, none of these functions of solid 

lubricants can be used to predict their effects on polymer 

structure, loading pattern and wear rate of such polymer 

(Omrani et al., 2017). These phenomena also buttressed the 

need for characterisation of solid lubricants and polymers for 

better understanding and industrial application.  
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5.      CONCLUSION 

FFF produced objects suffers from anisotropicity in both 

mechanical properties and surface quality. Also, FFF made 

parts can only account for a 65 to 80% of the mechanical 

strength of the traditionally manufactured part of the same 

dimension and material. This review-study shed some light and 

need for the addition of fillers usually inorganic material to 

solve the deficiency of anisotropicity and weakness of 

manufactured parts by the FFF technique.  

Nevertheless, the homogeneity of the FFF produced part, and 

its mechanical property is highly dependent on the dispersion 

and other processing parameters like temperature and building 

direction. 

Besides, some high melting polymer had a high level of 

dimensional inaccuracy when printed via FFF technique due to 

high viscosity. This brought about the use of laminar solids to 

alleviate the viscous issue and at the same time, improve the 

mechanical properties. Nevertheless, most FFF researches 

focused on enhancing the mechanical properties with little 

attention to its tribological properties. Also, the addition of 

filler to FFF processes is quite unpredictable in terms of its 

mechanical properties at the end; especially laminar solid 

whose behaviour in the polymer matrix is highly dependent on 

its relative properties. 

 

REFERENCES 

[1] Adikari Appuhamillage, G. (2018) ‘New 3D Printable 

Polymeric Materials for Fused Filament Fabrication 

(FFF)’, (January), pp. 7. DOI: 

10.13140/RG.2.2.31264.43526. 

[2] Allam, I. M. (1991) ‘Solid lubricants for applications at 

elevated temperatures: A review’, Journal of Materials 

Science, 26(15), pp. 3977–3984. DOI: 

10.1007/BF02402936. 

[3] Arif, M. F., Alhashmi, H., Varadarajan, K. M., Koo, J. 

H., Hart, A. J. and Kumar, S. (2020) ‘Multifunctional 

performance of carbon nanotubes and graphene 

nanoplatelets reinforced PEEK composites enabled via 

FFF additive manufacturing’, Composites Part B: 

Engineering. Elsevier Ltd, 184, pp. 107625. DOI: 

10.1016/j.compositesb.2019.107625. 

[4] Arif, M. F., Kumar, S., Varadarajan, K. M. and 

Cantwell, W. J. (2018) ‘Performance of biocompatible 

PEEK processed by fused deposition additive 

manufacturing’, Materials and Design. Elsevier Ltd, 

146(2017), pp. 249–259. DOI: 

10.1016/j.matdes.2018.03.015. 

[5] ASTM International (2013) 

http://www.ciri.org.nz/nzrma/technologies.html, Rapid 

Manufacturing Association. DOI: 10.1520/F2792-

12A.2. 

[6] Aumnate, C., Limpanart, S., Soatthiyanon, N. and 

Khunton, S. (2019) ‘PP/organoclay nanocomposites for 

fused filament fabrication (FFF) 3D printing’, Express 

Polymer Letters, 13(10), pp. 898–909. DOI: 

10.3144/expresspolymlett.2019.78. 

[7] Blanchet, T. A. and Kennedy, F. E. (1992) ‘Sliding wear 

mechanism of polytetrafluoroethylene (PTFE) and 

PTFE composites’, Wear, 153(1), pp. 229–243. DOI: 

10.1016/0043-1648(92)90271-9. 

[8] Chen, B., Wang, J. and Yan, F. (2012) ‘Comparative 

investigation on the tribological behaviors of CF/PEEK 

composites under sea water lubrication’, Tribology 

International. Elsevier, 52, pp. 170–177. DOI: 

10.1016/j.triboint.2012.03.017. 

[9] Chen, Q., Mangadlao, J. D., Wallat, J., De Leon, A., 

Pokorski, J. K. and Advincula, R. C. (2017) ‘3D printing 

biocompatible polyurethane/poly(lactic acid)/graphene 

oxide nanocomposites: Anisotropic properties’, ACS 

Applied Materials and Interfaces, 9(4), pp. 4015–4023. 

DOI: 10.1021/acsami.6b11793. 

[10] Christ, J. F., Aliheidari, N., Ameli, A. and Pötschke, P. 

(2017) ‘3D printed highly elastic strain sensors of 

multiwalled carbon nanotube/thermoplastic 

polyurethane nanocomposites’, Materials and Design, 

131, pp. 394–401. DOI: 10.1016/j.matdes.2017.06.011. 

[11] Dizon, J. R. C., Espera, A. H., Chen, Q. and Advincula, 

R. C. (2018) ‘Mechanical characterization of 3D-printed 

polymers’, Additive Manufacturing. Elsevier B.V., 20, 

pp. 44–67. DOI: 10.1016/j.addma.2017.12.002. 

[12] Domingo-Espin, M., Puigoriol-Forcada, J. M., Garcia-

Granada, A. A., Llumà, J., Borros, S. and Reyes, G. 

(2015) ‘Mechanical property characterization and 

simulation of fused deposition modeling Polycarbonate 

parts’, Materials and Design. Elsevier Ltd, 83, pp. 670–

677. DOI: 10.1016/j.matdes.2015.06.074. 

[13] Dorigato, A., Moretti, V., Dul, S., Unterberger, S. H. and 

Pegoretti, A. (2017) ‘Electrically conductive 

nanocomposites for fused deposition modelling’, 

Synthetic Metals. Elsevier B.V., 226, pp. 7–14. DOI: 

10.1016/j.synthmet.2017.01.009. 

[14] Garcia, D., Wu, Z., Kim, J. Y., Yu, H. Z. and Zhu, Y. 

(2019) ‘Heterogeneous materials design in additive 

manufacturing: Model calibration and uncertainty-

guided model selection’, Additive Manufacturing. 

Elsevier, 27(March), pp. 61–71. DOI: 

10.1016/j.addma.2019.02.014. 

[15] Geng, P., Zhao, J., Wu, W., Ye, W., Wang, Y., Wang, S. 

and Zhang, S. (2019) ‘Effects of extrusion speed and 

printing speed on the 3D printing stability of extruded 

PEEK filament’, Journal of Manufacturing Processes, 

37(September 2018), pp. 266–273. DOI: 

10.1016/j.jmapro.2018.11.023. 

[16] Gibson, I., Rosen, D. and Stucker, B. (2015) 

http://link.springer.com/10.1007/978-1-4939-2113-3. 

Second Edi. New York, NY: Springer New York. DOI: 

10.1007/978-1-4939-2113-3. 

[17] Golbang, A., Harkin-Jones, E., Wegrzyn, M., Campbell, 

G., Archer, E. and McIlhagger, A. (2020) ‘Production 

and characterization of PEEK/IF-WS2 nanocomposites 

for additive manufacturing: Simultaneous improvement 

in processing characteristics and material properties’, 

Additive Manufacturing. Elsevier, 31(June 2019), pp. 

100920. DOI: 10.1016/j.addma.2019.100920. 

[18] Hossain, M. S., Ramos, J., Espalin, D., Perez, M. and 

Wicker, R. (2013) ‘Improving tensile mechanical 

properties of FDM-manufactured specimens via 



International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 13, Number 12 (2020), pp. 4262-4268 

© International Research Publication House.  http://www.irphouse.com 

4267 

modifying build parameters’, in 24th International SFF 

Symposium - An Additive Manufacturing Conference, 

SFF 2013, pp. 380–392. 

[19] Kumar, P. and Senthil, P. (2020) ‘Prediction of in-plane 

stiffness of multi-material 3D printed laminate parts 

fabricated by FDM process using CLT and its 

mechanical behaviour under tensile load’, Materials 

Today Communications. Elsevier, 23(January), pp. 

100955. DOI: 10.1016/j.mtcomm.2020.100955. 

[20] Kuo, M. C., Tsai, C. M., Huang, J. C. and Chen, M. 

(2005) ‘PEEK composites reinforced by nano-sized 

SiO2 and A1 2O3^Os particulates’, Materials Chemistry 

and Physics, 90(1), pp. 185–195. DOI: 

10.1016/j.matchemphys.2004.10.009. 

[21] Lai, Y. H., Kuo, M. C., Huang, J. C. and Chen, M. (2007) 

‘On the PEEK composites reinforced by surface-

modified nano-silica’, Materials Science and 

Engineering A, 458(1–2), pp. 158–169. DOI: 

10.1016/j.msea.2007.01.085. 

[22] Lancaster, J. K. (1972) ‘Polymer-based bearing 

materials. The role of fillers and fibre reinforcement’, 

Tribology, 5(6), pp. 249–255. DOI: 10.1016/0041-

2678(72)90103-0. 

[23] Lin, L., Ecke, N., Huang, M., Pei, X. Q. and Schlarb, A. 

K. (2019) ‘Impact of nanosilica on the friction and wear 

of a PEEK/CF composite coating manufactured by fused 

deposition modeling (FDM)’, Composites Part B: 

Engineering. Elsevier Ltd, 177(August), pp. 107428. 

DOI: 10.1016/j.compositesb.2019.107428. 

[24] Liu, Z., Lei, Q. and Xing, S. (2019) ‘Mechanical 

characteristics of wood, ceramic, metal and carbon fiber-

based PLA composites fabricated by FDM’, Journal of 

Materials Research and Technology. The Authors, 8(5), 

pp. 3743–3753. DOI: 10.1016/j.jmrt.2019.06.034. 

[25] Mani, M., Lyons, K. W. and Gupta, S. K. (2014) 

‘Sustainability characterization for additive 

manufacturing’, Journal of Research of the National 

Institute of Standards and Technology, 119, pp. 419–

428. DOI: 10.6028/jres.119.016. 

[26] McCook, N. L., Boesl, B., Burris, D. L. and Sawyer, W. 

G. (2006) ‘Epoxy, ZnO, and PTFE nanocomposite: 

Friction and wear optimization’, Tribology Letters, 

22(3), pp. 253–257. DOI: 10.1007/s11249-006-9089-5. 

[27] Meng, S., He, H., Jia, Y., Yu, P., Huang, B. and Chen, J. 

(2017) ‘Effect of nanoparticles on the mechanical 

properties of acrylonitrile–butadiene–styrene specimens 

fabricated by fused deposition modeling’, Journal of 

Applied Polymer Science, 134(7), pp. 1–9. DOI: 

10.1002/app.44470. 

[28] Najeeb, S., Zafar, M. S., Khurshid, Z. and Siddiqui, F. 

(2016) ‘Applications of polyetheretherketone (PEEK) in 

oral implantology and prosthodontics’, Journal of 

Prosthodontic Research. Japan Prosthodontic Society, 

60(1), pp. 12–19. DOI: 10.1016/j.jpor.2015.10.001. 

[29] Ngo, T. D., Kashani, A., Imbalzano, G., Nguyen, K. T. 

Q. and Hui, D. (2018) ‘Additive manufacturing (3D 

printing): A review of materials, methods, applications 

and challenges’, Composites Part B: Engineering, pp. 

172–196. DOI: 10.1016/j.compositesb.2018.02.012. 

[30] Olesik, P., Godzierz, M. and Kozioł, M. (2019) 

‘Preliminary characterization of novel LDPE-based 

wear-resistant composite suitable for FDM 3D printing’, 

Materials, 12(16). DOI: 10.3390/ma12162520. 

[31] Omrani, E., Rohatgi, P. K. and Menezes, P. L. (2017) 

‘Tribology and Applications of Self-Lubricating 

Materials’, in Menezes, P. L., Rohatgi, P. K., and 

Omrani, E. (eds) Tribology and Applications of Self-

Lubricating Materials. 1st Editio. Boca Raton : CRC 

Press, Taylor & Francis, 2017.: CRC Press, pp. 69–118. 

DOI: 10.1201/9781315154077. 

[32] Park, S. J., Lee, J. E., Lee, H. B., Park, J., Lee, N. K., 

Son, Y. and Park, S. H. (2020) ‘3D printing of bio-based 

polycarbonate and its potential applications in 

ecofriendly indoor manufacturing’, Additive 

Manufacturing. Elsevier, 31(November 2019), pp. 

100974. DOI: 10.1016/j.addma.2019.100974. 

[33] Patel, P., Hull, T. R., McCabe, R. W., Flath, D., 

Grasmeder, J. and Percy, M. (2010) ‘Mechanism of 

thermal decomposition of poly(ether ether ketone) 

(PEEK) from a review of decomposition studies’, 

Polymer Degradation and Stability. Elsevier Ltd, pp. 

709–718. DOI: 

10.1016/j.polymdegradstab.2010.01.024. 

[34] Popescu, D., Zapciu, A., Amza, C., Baciu, F. and 

Marinescu, R. (2018) ‘FDM process parameters 

influence over the mechanical properties of polymer 

specimens: A review’, Polymer Testing. Elsevier Ltd, 

69, pp. 157–166. DOI: 

10.1016/j.polymertesting.2018.05.020. 

[35] Rajpurohit, S. and Dave, H. (2018) ‘Tensile Properties 

of 3D Printed PLA under Unidirectional and 

Bidirectional Raster Angle: A Comparative Study’, 

International Journal of Materials and Metallurgical 

Engineering, 12(1), pp. 6–11. 

[36] Ramesh, M. and Panneerselvam, K. (2020) ‘Mechanical 

investigation and optimization of parameter selection for 

Nylon material processed by FDM’, Materials Today: 

Proceedings. Elsevier Ltd. DOI: 

10.1016/j.matpr.2020.02.697. 

[37] Salazar-Martín, A. G., Pérez, M. A., García-Granada, A. 

A., Reyes, G. and Puigoriol-Forcada, J. M. (2018) ‘A 

study of creep in polycarbonate fused deposition 

modelling parts’, Materials and Design. Elsevier Ltd, 

141, pp. 414–425. DOI: 10.1016/j.matdes.2018.01.008. 

[38] Sanes, J., Sánchez, C., Pamies, R., Avilés, M. D. and 

Bermúdez, M. D. (2020) ‘Extrusion of polymer 

nanocomposites with graphene and graphene derivative 

nanofillers: An overview of recent developments’, 

Materials. DOI: 10.3390/ma13030549. 

[39] Shofner, M. L., Lozano, K., Rodríguez-Macías, F. J. and 

Barrera, E. V. (2003) ‘Nanofiber-reinforced polymers 

prepared by fused deposition modeling’, Journal of 

Applied Polymer Science, 89(11), pp. 3081–3090. DOI: 

10.1002/app.12496. 

[40] Somireddy, M., Singh, C. V. and Czekanski, A. (2019) 

‘Analysis of the Material Behavior of 3D Printed 

Laminates Via FFF’, Experimental Mechanics. 

Experimental Mechanics, 59(6), pp. 871–881. DOI: 

10.1007/s11340-019-00511-5. 

[41] Tambrallimath, V., Keshavamurthy, R., D, S., Koppad, 



International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 13, Number 12 (2020), pp. 4262-4268 

© International Research Publication House.  http://www.irphouse.com 

4268 

P. G. and Kumar, G. S. P. (2019) ‘Thermal behavior of 

PC-ABS based graphene filled polymer nanocomposite 

synthesized by FDM process’, Composites 

Communications. Elsevier, 15(May), pp. 129–134. DOI: 

10.1016/j.coco.2019.07.009. 

[42] Thompson, M. K., Moroni, G., Vaneker, T., Fadel, G., 

Campbell, R. I., Gibson, I., Bernard, A., Schulz, J., Graf, 

P., Ahuja, B. and Martina, F. (2016) ‘Design for 

Additive Manufacturing: Trends, opportunities, 

considerations, and constraints’, CIRP Annals - 

Manufacturing Technology, 65(2), pp. 737–760. DOI: 

10.1016/j.cirp.2016.05.004. 

[43] Torrado, A. R. and Roberson, D. A. (2016) ‘Failure 

Analysis and Anisotropy Evaluation of 3D-Printed 

Tensile Test Specimens of Different Geometries and 

Print Raster Patterns’, Journal of Failure Analysis and 

Prevention. Springer US, 16(1), pp. 154–164. DOI: 

10.1007/s11668-016-0067-4. 

[44] Travitzky, N., Bonet, A., Dermeik, B., Fey, T., Filbert-

Demut, I., Schlier, L., Schlordt, T. and Greil, P. (2014) 

‘Additive manufacturing of ceramic-based materials’, in 

Advanced Engineering Materials, pp. 729–754. DOI: 

10.1002/adem.201400097. 

[45] Vaezi, M. and Yang, S. (2015) ‘Extrusion-based 

additive manufacturing of PEEK for biomedical 

applications’, Virtual and Physical Prototyping, 10(3), 

pp. 123–135. DOI: 10.1080/17452759.2015.1097053. 

[46] Vitale, A. and Cabral, J. T. (2016) ‘Frontal conversion 

and uniformity in 3D printing by photopolymerisation’, 

Materials, 9(9), pp. 1–13. DOI: 10.3390/ma9090760. 

[47] Wang, P., Zou, B. and Ding, S. (2019) ‘Modeling of 

surface roughness based on heat transfer considering 

diffusion among deposition filaments for FDM 3D 

printing heat-resistant resin’, Applied Thermal 

Engineering. Elsevier, 161(April), pp. 114064. DOI: 

10.1016/j.applthermaleng.2019.114064. 

[48] Wong, K. V. and Hernandez, A. (2012) ‘Recent 

developments in polymers/polymer nanocomposites for 

additive manufacturing’, ISRN Mechanical 

Engineering, 2012, pp. 1–10. DOI: 

10.5402/2012/208760. 

[49] Wu, H., Fahy, W. P., Kim, S., Kim, H., Zhao, N., Pilato, 

L., Kafi, A., Bateman, S. and Koo, J. H. (2020) ‘Recent 

developments in polymers/polymer nanocomposites for 

additive manufacturing’, Progress in Materials Science, 

111, pp. 100638. DOI: 10.1016/j.pmatsci.2020.100638. 

[50] Wu, W., Geng, P., Li, G., Zhao, D., Zhang, H. and Zhao, 

J. (2015) ‘Influence of layer thickness and raster angle 

on the mechanical properties of 3D-printed PEEK and a 

comparative mechanical study between PEEK and 

ABS’, Materials, 8(9), pp. 5834–5846. DOI: 

10.3390/ma8095271. 

[51] Wu, W., Ye, W., Wu, Z., Geng, P., Wang, Y. and Zhao, 

J. (2017) ‘Influence of layer thickness, raster angle, 

deformation temperature and recovery temperature on 

the shape-memory effect of 3D-printed polylactic acid 

samples’, Materials, 10(8). DOI: 10.3390/ma10080970. 

[52] Xia, G., Shunxin, Q., Xiao, K., Yunlan, S., Jing, L. and 

Dujin, W. (2020) ‘Fused Filament Fabrication of 

Polymer Materials: A Review of Interlayer Bond’, 

Additive Manufacturing. Elsevier, pp. 101658. DOI: 

10.1016/j.addma.2020.101658. 

[53] Yadav, D., Chhabra, D., Gupta, R. K., Phogat, A. and 

Ahlawat, A. (2020) ‘Modeling and analysis of 

significant process parameters of FDM 3D printer using 

ANFIS’, Materials Today: Proceedings. Elsevier Ltd., 

21, pp. 1592–1604. DOI: 10.1016/j.matpr.2019.11.227. 

[54] Yang, C., Tian, X., Li, D., Cao, Y., Zhao, F. and Shi, C. 

(2017) ‘Influence of thermal processing conditions in 

3D printing on the crystallinity and mechanical 

properties of PEEK material’, Journal of Materials 

Processing Technology. Elsevier B.V., 248, pp. 1–7. 

DOI: 10.1016/j.jmatprotec.2017.04.027. 

[55] Ye, J., Moore, A. C. and Burris, D. L. (2015) ‘Transfer 

Film Tenacity: A Case Study Using Ultra-Low-Wear 

Alumina-PTFE’, Tribology Letters, 59(3), pp. 1–11. 

DOI: 10.1007/s11249-015-0576-4. 

[56] Zalaznik, M., Kalin, M. and Novak, S. (2016) ‘Influence 

of the processing temperature on the tribological and 

mechanical properties of poly-ether-ether-ketone 

(PEEK) polymer’, Tribology International. Elsevier, 94, 

pp. 92–97. DOI: 10.1016/j.triboint.2015.08.016. 

[57] Zalaznik, M., Kalin, M., Novak, S. and Jakša, G. (2016) 

‘Effect of the type, size and concentration of solid 

lubricants on the tribological properties of the polymer 

PEEK’, Wear, 364–365, pp. 31–39. DOI: 

10.1016/j.wear.2016.06.013. 

[58] Zaldivar, R. J., Witkin, D. B., McLouth, T., Patel, D. N., 

Schmitt, K. and Nokes, J. P. (2017) ‘Influence of 

processing and orientation print effects on the 

mechanical and thermal behavior of 3D-Printed 

ULTEM ® 9085 Material’, Additive Manufacturing. 

Elsevier B.V., 13, pp. 71–80. DOI: 

10.1016/j.addma.2016.11.007. 

[59] Ziemian, C., Sharma, M. and Ziemi, S. (2012) 

‘Anisotropic Mechanical Properties of ABS Parts 

Fabricated by Fused Deposition Modelling’, 

Mechanical Engineering. DOI: 10.5772/34233. 

[60] Zocca, A., Colombo, P., Gomes, C. M. and Günster, J. 

(2015) ‘Additive Manufacturing of Ceramics: Issues, 

Potentialities, and Opportunities’, Journal of the 

American Ceramic Society, 98(7), pp. 1983–2001. DOI: 

10.1111/jace.13700. 

 


