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1. Theoretical background: 

1.1. Glassy carbon 

1.1.1. Characteristics 

Glassy carbon (GC) or vitreous carbon (VC), a unique form of carbon with an 

amorphous atomic structure, has gained significant attention in various scientific fields due to 

its exceptional properties and versatile applications. Its good temperature stability, low density, 

and excellent mechanical and electrical properties make it a valuable material for a wide range 

of scientific and technological advancements [1]. The term “glassy carbon” was first introduced 

in 1962 by Yamada and Sato [2]. Back then it referred to “gas-impermeable, not impregnated 

carbon”. Nowadays, it is defined as non-graphitizing amorphous carbon, most often obtained 

from pyrolysis of phenol-formaldehyde resin [1], [3]. However, it should not be mistaken with 

other amorphous forms of carbon such as carbon black, activated carbon or carbon dots, due 

presence of sp2 hybridization of carbon atoms in glassy carbon structure. The most up to date 

GC structure model is characterized by curved carbon sheets comprising pentagons, hexagons, 

and heptagons, along with occasional closed particles and densely packed bunches (Fig. 1) [4], 

[5]. So far, this explains the unique combination of GC properties. The properties of glassy 

carbon are presented in Table 1. 

 

Figure 1 Schematic structure of glassy carbon [4] 
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Table 1 Properties of glassy carbon 

Property Value 

Young’s modulus 20 – 40 GPa [3] 

Hardness 
82.8 HV [6] 

4 Moss [2] 

Density 1.30-1.55 g/cm3 [7], [8] 

Electrical conductivity ~200 S/m [9] 

Thermal expansion coefficient (2.0–3.4) ×10−6 K-1 [7] 

Thermal conductivity ~10 Wm-1K-1 [8] 

Refractive index 1.87 (for 620 nm) [10] 

 

Glassy carbons are produced through the pyrolysis of polymer precursors rich in carbon, 

typically carried out in an inert atmosphere composed of gases such as Ar or N2 [3], [11]. Glassy 

carbon is described in the literature as occurring in three alternative forms: bulk or monolithic 

[12], [13], foams or reticulated vitreous carbon (RVC) [14], [15] and powder or spheres [16]. 

All mentioned forms can be manufactured at different parameters and from different polymers. 

In case of bulk GC, Origo et. al [12] obtained monoliths from furfuryl alcohol resin polymerized 

with different acids as catalysts: p-toluenesulfonic monohydrate (PTLS), hydrochloric, sulfuric, 

nitric, and phosphoric and then carbonized the ingredients at 1200˚C/2h in N2 atmosphere. They 

show that different catalysts usage during resin curing leads to different value and morphology 

of porosity. Similar approach with furfuryl alcohol resin was showed by Passador et. al [17], 

however lower temperature (1000˚C) and shorter time (30 min) was used. For carbon foams, 

the high porosity is developed due to usage of blowing agents or supporting spatial structures. 

Tadyszak and Litowczenko et. al [14] proposed a method of obtaining carbon foams from 

sucrose as a carbon source and NH4Cl as a blowing agent. They pyrolysed the ingredients at 

1100˚C/2h in Ar atmosphere. Cellular structure was obtained. By changing a ratio between 

sucrose and ammonium chloride, different strength and thickness of the cell walls can be 

obtained. In contrast, Myalski and Hekner [15] presented a method in which glassy carbon from 

phenol-formaldehyde resin was made. The carbon foam was obtained by infiltrating 

polyurethane foams with different ppi (pores per inch). In this approach a pyrolysis was 

performed in stages with different heating rates, which ensures distribution and separation of 

all the compounds in the precursor material. In case of GC powder or spheres two approaches 

can be found. The first one uses dry spraying process to form particles and spheres. Levendis 
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and Flagan [16] showed a procedure in their publication of obtaining particles with diameters 

from few micrometres up to 200µm. In their study, they sprayed mixture of furfuryl alcohol in 

acetone with various blowing agents. The final carbonization was held at 1500 K in N2 

atmosphere. The second approach is simple milling of monolithic GC [18] or RVC [19]. The 

reported particles sizes were approximately 100µm and 160µm, respectively.  

1.1.2. Applications of glassy carbon 

The glassy carbon has a range of potential applications. In the reviews [1], [3], [20], the 

usage in the biomedical, pharmaceutical, electronic, micro- and nanomanufacturing and energy 

sectors were described. The GC’s applications have evolved as a potential material for 

specialized crucibles [7]. However, how Uskoković described in his historical review [1], 

currently, the most popular use is in electrochemistry, with special reference to electrodes [21]. 

One of the first described use of GC as an electrode was in 1965 by Zittel and Miller [22], when 

they used it in voltammetry. They proposed this material due to its high chemical resistance to 

strong acids and oxidizing agents. Over the years, the GC established its presence in chemistry 

as reliable material, i.e., Simka et al. [23] used GC as a counter electrode in investigating black 

TiO2 coating doped with Ni and Cu as a working electrode. The widespread usage of GC 

electrodes even motivates the investigations on corrosion under electrochemical oxidative 

conditions, which occur under oxygen-involving reactions like oxygen reduction reaction 

(ORR) and oxygen evolution reaction (OER) [24]. Also, a popular procedure in 

electrochemistry is surface modification of GC electrodes. This broadens up the usage of GC, 

e.g., detection of organic compounds [25], catalyst for fuel-cells [26] or energy storage [27]. 

The biomedical applications are the second popular research topic concerning GC applications. 

Most of them revolve around sensing and detection using GC electrodes; however, some of 

them utilize biocompatible property of GC (Fig. 2) for tissue engineering [28], [29] or drug 

delivery [30]. 
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Figure 2 Examples of GC applications in medicine: a) tissue scaffold [29], b) microneedle [30] 

 

1.1.3. Glassy carbon composites 

The niche application of glassy carbon that can be observed in research fields is a 

participation in composite materials. GC can be utilized as reinforcing component, enhancing 

properties of the composite. Several distinct types of composites containing GC can be found 

(Fig. 3). Historically, the first two research was made by Hokoa et al., presenting the composites 

of GC with graphite [6] and diamond [31]. In those publications, GC is used as a matrix for 

respectively graphite and cluster diamond particles. The composites exhibit lower coefficient 

of friction (CoF) than base material and self-lubricating property. In the next years, the two 

main groups of composites, where GC was used as a reinforcement, can be distinguished – 

metal matrix composites (MMCs) and polymer matrix composites (PMCs).  
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Figure 3 Types of composites with GC 

 

In case of MMCs, the several different matrices were used with both glassy carbon 

particles and foams as a reinforcement. Probably, the biggest contribution in this topic is from 

teams of Olszówka-Myalska et al. and Myalski et al., where magnesium matrix composites 

[18], [32]–[35] and aluminium matrix composite [36]–[38] was investigated. For the 

magnesium-based composites, the ones reinforced with particles and carbon foam were 

obtained and impact on properties and wear resistance was investigated. The authors proposed 

material for biomedical applications which contribute to mentioned previously trend [33]. They 

showed that GC can improve hardness, compressive strength, and wear resistance of pure 

magnesium. However, the manufacturing procedure (gravity casting/pressure die casting) 

highly affects the obtained properties. In case of aluminium matrix composites, the authors 

investigated GC as skeleton reinforcement for wear applications. In their research, glassy 

carbon as coating for alumina foam and as RVC was obtained [37], [39]. The glassy carbon 

decrease wear rate and CoF of aluminium alloy matrix. Also, the temperature profile on cast 

iron pin used in one research is also lower due to self-lubricating properties of glassy carbon. 

For MMCs, Juszczyk et al. [40] present the research, in which the composites with GC particles 

in CuSn10 and CuSn10PTi2 was investigated. The composites prepared with powder 

metallurgy and stir casting was examined and in both cases improved tribological properties. 

In some cases, even quick stabilization of CoF is visible.  

Composites 
with GC

Metal Matrix 
Composites

Polymer 
Matrix 

Composites

Thermoplastic

Thermoset 
resins
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For the PMCs, several research of thermosets resin based [15], [41]–[44] and 

thermoplastic based [13], [17], [19], [45]–[48] composite can be found in literature. The first 

research of Pusz et al. [43], in which epoxy resin with 10 wt.% of GC was examined, the 

increase of thermal stability and stiffness was reported. Later, Szeluga et al. [42] reported epoxy 

resin composites with GC and multi-walled carbon nanotubes (MWCNTs). The composites 

with 10 wt.% of GC exhibit higher tensile strength and significantly lower resistivity, while 

composites with GC and MWCNT has lowest value of resistivity and increase of Tg. The use 

of GC skeleton (foam derived) reinforcement for epoxy resin was reported by Myalski et al. 

[15], in which an increase of compressive strength was reported. Recently, Myalski and Posmyk 

[49] reported use of composite coating phenolic resin with GC (30 wt.%) on steel push rod of 

the internal combustion engine. The composite coating proves to protect sliding contacts against 

seizure in case of lubrication failure at unit pressures up to 8 MPa in laboratory tests, which 

extends the last stage of flight time of the aircraft. Also, Szeluga and Myalski et al. [44] showed 

epoxy-based composites with GC skeleton reinforcement with comparison to powder 

reinforcement. They showed that skeleton reinforcement allows to obtain similar tribological 

properties like composites reinforced with 10 wt.% of GC particles. Finally, Kumar and Sharma 

[41] showed result where GC was incorporated to 3D printing application. They used photo-

crosslinkable poly(ethylene glycol) diacrylate (PEGDA), which is biocompatible polymer for 

tissue engineering. The addition of GC once again decreased wear force, hence friction 

coefficient, and wear of produced parts with only up to 5% of GC. Also, the increase of 

mechanical properties was reported.  

The research on GC as reinforcement for thermoplastic polymers is quite a recent 

interest. In 2019, Santos and Passador et al. published research where the increase of tensile 

strength and young’s modulus for low-density polyethylene (LDPE) was reported [19]. Later, 

Oyama and Passador et al. reported a use of GC in LDPE anti-static packing. They reported a 

significant decrease of resistivity and water-vapor permeability with increase of tensile strength 

[17]. Passador et al. reported related results for PP/EVA blend and poly(hydroxybutyrate-co-

hydro-xyvalerate) (PHBV) [47], with similar results as for LDPE. In the case of tribological 

application, Myalski, Olesik and Godzierz examined PA6/GC composites. From this research, 

the increase of hardness and decrease of CoF [46]. Also, presence of GC particles promotes 

debris formation in PA6, which is beneficial for wear resistance, especially after 

recrystallization of α-phase.  
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1.2. HDPE composites 

1.2.1. Ceramic reinforcements 

High-Density Polyethylene (HDPE) is a versatile thermoplastic known for its strong 

molecular structure and high strength-to-density ratio. It is widely used in various industries 

due to its excellent chemical resistance, good impact resistance, and low moisture absorption 

properties. HDPE is commonly found in applications such as plastic bottles, pipes, containers, 

and packaging materials. Even more advanced uses such as bearings, prosthetic components, 

electrical insulation, or conductive layers can be found [50]–[52]. However, due to its lower 

strength and stiffness, in comparison to more advanced polymers, i.e.: polyamide (PA), 

Polyoxymethylene (POM), polyether ether ketone (PEEK), those applications are limited. To 

improve the desired properties of HDPE, the various fillers or reinforcements can be used. 

Depending on potential application a different reinforcement type can be used. For example, 

most study use ceramic particulates or fibres such as: hydroxyapatite [51], alumina [51], [53], 

zirconia [54], [55], nanoclay [56] or glass fibres [57] to increase both mechanical strength and 

wear resistance of HDPE. Even the use of natural reinforcements (not always ceramic) is 

reported by scientists. Salem et al. [58] researched the addition of MoS2, cuttlebone and red 

coral to increase wear resistance after hygrothermal aging. They conclude that MoS2 and red 

coral decrease both CoF and wear rate for HDPE composites under water lubricated friction. 

On the other hand, Mazur and Kuciel et al. [59] reported over twice high improvement on tensile 

strength and 6-times improvement of flexural strength by addition of basalt fibres to green 

HDPE more than double the improvement in tensile strength and a six-fold improvement in 

flexural strength after the addition of basalt fibres to green HDPE. The improvement in strength 

was even after 30 days of hydrothermal aging. The above-mentioned features are important for 

medical applications and wear applications. However, HDPE composites can exhibit more 

sophisticated properties. Kaczmarek and Królikowski et al. [60] reported piezoelectric 

composites of HDPE and MDPE (medium-density PE) with aluminosilicates (Sillikolloid P87) 

for microelectronic applications. They produced thin films of composites that, in case of HDPE-

based material, exhibit piezoelectric charge density at 300 pC/cm2 for non-oriented samples and 

500 pC/cm2 for oriented ones. Another example is HDPE composites with magnetic and gamma 

ray shielding properties reported by Reda et al. [61]. They prepared nanocomposites with α-

Fe2O3 and Al particles using melt-mixing, followed by hot-pressing. The material has a soft-

magnetic properties and higher mass attenuation of γ-ray than neat HDPE. Antibacterial 
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composites with nanoclay and nano silver was presented by Sanchez-Valdes [62]. The 

composites exhibit 99% of E. coli growth inhibition and ~80% for A. nigger bacteria.  

1.2.2. Carbon fillers 

Noticeably researched reinforcements for HDPE are carbon-based ones, such as carbon 

nanotubes, graphite or graphene and graphene oxides [48], [56], [63], [64]The HDPE-carbon 

composites often exhibits good wear properties and enhances both electrical and thermal 

conductivity of neat HDPE. In last 20 years, around 400 publications containing “HDPE” and 

“carbon” keywords can be found on Scopus [21]. For the wear application, composites 

reinforced with carbon-based materials most often exhibit a combination of low specific wear 

rate with an increase of mechanical properties such as tensile strength and Young’s modulus. 

Kamel and Dabees et al. reported HDPE/MWCNT composite for gears [65]. They obtained 

high thermal stability and mechanical strength at 2.5 wt% addition of MWCNT. Also, they 

reported decrease of mass wear loss and lower or even lack of deformation of spun gear in 

compared to neat HDPE. Faisal [66] showed composite with graphene oxide (GO) for 

orthopaedic implants, which exhibit higher fatigue life and lower wear depth than neat HDPE. 

Dong and Yuan et al. [67] reported a self-lubrication ability of HDPE composites with 1.5 wt% 

of graphene nanoplatelets. They suggest that an optimal amount of carbon nanofiller is needed 

to exhibit a stable formation of a tribo-film under dry and water-lubricated conditions against 

Si3N4 ball. Another mechanism of friction presented Tangpong et al. in [68], [69] where silane 

coated carbon nanofibers were used. They evaluated wear performance in dry condition against 

stainless steel ball. They concluded that decrease of CoF and specific wear rate was a result of 

matrix cracking prevention by carbon fibres. In the case of conductive polymer-matrix 

composites (CPC), the aim is to obtain a conductive percolation path that can effectively 

transfer electric charges. For the HDPE/graphite, Zhang et al. [70] reported the volume content 

at which formation of conductive path was achieved (percolation threshold) – it was about 20%. 

However, Hoang et al. [71] showed composites with MWCNT with percolation threshold at 

around 1.2 vol%. Such composites can be applied to microelectronic applications. Another 

example of composites with increased conductivity usage might be weld joints. Mamunya et 

al. [72] presented a HDPE composite with segregated carbon black and micrometric carbon 

fibres. They used the pyroresistive properties of carbon fillers to achieve composite welded 

joint with enhanced heating kinetics for resistance welding.  
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1.2.3. 3D printing of HDPE  

Due to the rapid development of 3D printing technique, more and more materials is 

investigated for this technolgy, and more applications can take advantage from it. For 

thermoplastic materials, the most popular method is Fused Deposition Modeling (FDM). In this 

method a thermoplastic filament is fed by an extruder into a hot end. Then is pushed through 

heated nozzle and deposited on (usually also heated) bed. Nowadays, the accessibility of FDM 

3D printed is higher than ever, allowing manufacturing in all fields. From in-home at demand 

elements (i.e., doorknobs, hooks, containers) to medium scale production (i.e., board games 

elements, face cover masks). Even more advanced applications in automotive, medicine, sport, 

or architecture [73] are possible. One of the examples can be found in the research of Haryńska 

et al. [74], in which biocompatible polyester was evaluated for cytotoxicity. They confirmed 

that material is a valid choice for tissue engineering. The other can be a review of Cholleti [75], 

where several different Polyvinylidene Fluoride (PVDF) based composites are described. 

However, one of the most interesting materials for FDM filaments is HDPE. This quite common 

material still is not easily available on a large market of FDM filaments. The reason is many 

defects and challenges that come when HDPE is printed. Mülhaupta et al. [76] published work 

in which they describe many challenges in printing HDPE. The most important challenges are 

adhesion to build plate (heated bed) and warping (lifting of print’s corners or edges during 

printing, Fig. 4a). In their work, they showed that most popular build plate surfaces do not work 

for HDPE and specially designed surfaces are necessary. Nonetheless, there is noticeable 

interest of many scientists in 3D printing HDPE and HDPE-based composites. Barba et al. [77] 

reported a HDPE composite filament with grafted cellulose fibres. They achieved 25% increase 

in Young’s modulus for the filament and showed example 3D printouts. Vidakis and Petousis et 

al. [78] published work in which they examined HDPE/nanoTiO2 composites that were 3D 

printed. The material exhibited enhanced mechanical strength (both tensile and flexural) with 

hardness increase. Also, FDM 3D printing of HDPE composites with carbon fillers was 

reported. Kumar and Doddamani et al. [79] investigated HDPE/MWCNT composites for a 3D 

printing. They reported an overheating issue (Fig. 4c) in 3D printing and an increase of tensile 

strength, Young’s modulus, and flexural strength. Also, the thermal stability was enhanced even 

at low concentrations of carbon filler. Freeman et al. [80] reported a 3D printing HDPE 

composite with phase-change material (PMC). In their work, the composite with 40 wt% of 

PMC had a better printability, than pure HDPE, especially concerning print adhesion. Also, 

their material is capable of thermal energy storage. A research team of Horst et al. [81] presented 

results of electrical conductivity for various nanocomposites based on most of popular 
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thermoplastic materials. Among several researched materials HDPE composites with 15 wt.% 

of carbon black, CNT, and graphite, showed reliably low electrical resistance. In case of wear 

resistant application, only composites based on ultra-high molecular weight polyethylene 

(UHMWPE) was found. The research team of Panin et al. [82], [83], presented two studies with 

3D printed parts made from blend of UHMWPE, HDPE, and polypropylene 

(UHMWPE/17wt% HDPE-g-VTMS/12wt% PP). They used modified FDM method, which 

uses powder rather than filaments. They reported a good tribological properties, which are 

comparable to parts made by hot-pressing. The 3D printing parameters reported in literature are 

presented in Table 2.  

 
Figure 4 Challenges of 3D printing HDPE: a) warping, b) lack of warping[76], c) and d) overheating [79] 

  

d) 
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Table 2 3D printing parameters of HDPE filaments – literature reports  

Parameter Value 

Filament diameter [mm] 1.75 [78], [80], [81] 

2.85 [76], [79] 

Temperature [˚C] 200 – 220 [79] 

250 [78] 

180 – 240 [81] 

200 – 240 [76] 

Layer height [mm] 0.3 – 0.5  [79] 

0.2 [76] 

Printing speed [mm/s] 25 – 30 [79] 

25 – 150 [76] 

10 [81] 

20 [80] 

Bed surface SEBS/HDPE plate [76] 

HDPE plate [80] 

HDPE tape [84] 

 

1.3. Summary 

From above literature review, a few conclusions can be drawn. First, glassy carbon is 

still a material that has a great interest among scientists. The material has the potential to 

be used in medical application and its potential for use in polymer matrix composites is not still 

fully recognized. Especially in thermoplastic matrix composites, where only one research 

group managed to report producing a material reinforced with it. Also, HDPE as potential 

candidate for medical and microelectronic applications might be a good matrix for 

making composites filled with glassy carbon. Moreover, the significant advancement and 

interest in 3D printing shows a potential for composite filaments based on HDPE and GC. 

Basing on trends and various publications, two main types of composites might be considered 

as a research gap. The first is wear-resistant 3D printing part for medical applications. The 

second embraces 3D printed elements with enhanced conductivity and/or special physical 

properties (i.e., piezoelectric properties). Such composites often have heterophase 

reinforcements (at least two different types of reinforcement) to obtain materials with the most 

suitable properties. The reinforcing phases combination also shows a high scientific potential.  
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2. Aim of work 

With the conclusions from the literature review above as a foundation, the subsequent thesis 

of the work has been formulated:  

 

It is possible to make HDPE/GC composite filaments for FDM 3D printing and to obtain 

printouts with special tribological and piezoelectric properties.  

 

The aim of the work is to perform original research in terms of HDPE-matrix composites 

containing GC, alone  and as heterophase with nano Al2O3 and nano SbSI (antimony 

sulfoiodide), in two aspects:  

1. The scientific aspect:  

• Analysing the influence of glassy carbon particles size and distribution on HDPE 

matrix composite properties, fabricated by FDM 3D printing. 

• Analysing the role of GC as an addition in HDPE matrix composites filled with 

nano Al2O3 and nano SbSI.  

2. The practical aspect:  

• Determining technological conditions for fabrication of HDPE/GC composites.  

• Determining technological conditions for fabrication of heterophase HDPE 

composites containing nano Al2O3 and GC, and their wear resistance.  

• Determining technological conditions for fabrication of heterophase HDPE 

composites containing nano SbSI and GC, and their piezoelectric properties.  

 

To achieve the above goals, the research plan has been developed - presented in Fig. 5. 

The planned research investigates the impact of GC grain size and distribution on the properties 

of homogenic and heterophase composites. Two distinct types of GC grain size (micrometric 

and submicrometric) were employed. The composite for wear application used nano-alumina, 

one of the most popular materials for wear-based medical applications. The composite intended 

for microelectronic applications used SbSI nanowires xerogel which was selected due to its 

reported promising functional performance with various polymer matrices [85]–[88].  
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Figure 5 Research experiment plan  



17 

 

3. Experimental part: 

3.1. Milling of glassy carbon 

3.1.1. Milling methodology 

The GC component was prepared by milling methods. The feedstock for preparing the 

component were fragments of GC foams. The GC foam (Figure 6a) was prepared by prof. Jerzy 

Myalski via high-temperature pyrolysis. The process of producing GC foams was described in 

detail in [15]. The obtained GC foams was initially crushed in agate mortar into fine cullet 

(Figure 6b) and later subjected to milling.  

 

Figure 6 Macrograph of glassy carbon: a) foam, b) crushed foam 

A goal of the milling process was to obtain GC powder with two different grain sizes: 

micrometric and submicrometric. The micrometric powder was characterized by the mean 

diameter (D4/3) between 1.0 µm and 20.0 µm. The powder characterized by the mean diameter 

(D4/3) between 0.1µm to 1.0 µm was designed as the submicrometric one (sµGC). To achieve 

a desirable grain size, a different milling approaches was used. Assessed milling procedures 

was involving a usage of high-energy planetary mill with steel grinding balls, attritor mill with 

Si3N4 grinding balls and high-energy planetary mill with ZrO2 grinding balls. The equipment 

used for the research was: Fritsch Pulverisette 6 with steel chamber (V=500 ml), Szegvari 

Attritor System with Teflon chamber (V=1000 ml) and Fritsch Pulverisette Premium Line 7 

with alumina chamber (V=80 ml). The impact of milling parameters such as: time, ball-to-

powder ratio, addition of liquid and grinding balls’ size were considered. The overall tested 

milling procedure is presented in Table 3. In this part, parameters were evaluated or adjusted 

until obtaining desirable grain size of glassy carbon. As a feedstock for milling was used 

crushed GC foam as mentioned previously, however only for milling to µGC powder. More 
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specifically, for milling at Pulverisette 6 and Szegvari Attritor. The feedstock for milling to 

sµGC (at Pulverisette Premium 7) was the µGC powder obtained previously.  

Table 3 Milling parameters. 

Parameter Pulverisette 6 Szegvari Attritor 
Pulverisette 

Premium 7 

RPM 600 300 1000 

Grinding media 10 mm steel 3 mm Si3N4 1.75 mm ZrO2 

Ball-to-Powder 

mass ratio 
4:1 2:1 10:1 

Condition Dry 
Distilled Water 

Ethyl alcohol (99.8%) 

Dry 

Ethyl alcohol (99.8%) 

Time 0.5h – 2.5h 2.0h – 20.0h 1.0h 

 

3.1.2. Research methodology 

The particle size distribution was characterized using laser diffraction method on 

Malvern MasterSizer3000 device in water conditions. The measuring procedures was as follow: 

1. Mixing the powder with 10 ml of distilled water. 

2. Deagglomeration in ultrasonic cleaner for 15 min. 

3. Addition of deagglomerated mixture to measuring system until achieving 7-9% 

obscuration rate. 

4. Five consecutive measures under mixing with 1250 RPM. 

5. Ultrasonic treatment for 5 min in measuring system. 

6. Five consecutive measures under mixing with 1250 RPM. 

 The powders morphology was characterized with use of Hitachi S-3400N and Quanta 

FEG 250 scanning electron microscopes (SEM). The accelerating voltage was 15 kV and 10kV, 

respectively. The powder samples were immobilized at conductive substrate with acrylic glue. 

The obtained powder density was measured with pycnometer method according to PN-

EN ISO 18753:2017-10 standard. The powder density was calculated using following equation: 

𝑑 =
(𝑚2 − 𝑚1)𝑑0

(𝑚2 − 𝑚1) − (𝑚4 − 𝑚3)
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Where: d – density of glassy carbon powder [g/cm3], d0 – distilled water density at 20˚C (0,9982 

g/cm3), m1 – mass of dry pycnometer [g], m2 – mass of pycnometer with powder [g], m3 – mass 

of pycnometer with water [g], m4 – mass with pycnometer with water and powder [g] 

3.1.3. Results - grain size distribution  

The results of grain size distribution are presented at Figures 7-10 and parameters of 

selected powders are presented in Table 4. In the graph presenting impact of milling time with 

Pulverisette 6 (Fig. 7) is visible that most optimal is 1.0 h of milling. The prolonging of milling 

time increases only tendency for powder agglomeration. Similar grain size distribution was 

obtained by milling for 8h in water condition and 2h in ethyl alcohol at Szegvari Attritor (Fig. 

8 and Fig. 9). Comparing these three powders together leads to conclusion that all of them can 

be used as micrometer glassy carbon powder reinforcement (µGC). However, in this work, 

powder milled at Szegvari Attritor for 8h in water condition was chosen as most suitable. The 

decision was motivated by bigger load size and less expensive liquid medium in case of Attritor 

mills.  

The submicrometric glassy carbon powder was made at Pulverisette Premium 7. The 

impact of milling condition (dry and ethyl alcohol) was investigated. The Fig. 10 shows that 

usage of alcohol as a milling medium ensured elimination of fraction around 10.0 µm. However, 

to get desirable effect, the volume ration of ethyl alcohol to GC had to be around 1:0.28. Also, 

the 1 ml of alcohol had to be added to the bulk every 20 min of milling in order to balance the 

evaporation effect. In this work, the milling in Pulverisette Premium 7, in ethyl alcohol 

condition, was chosen as procedure of obtaining submicrometer glassy carbon (sµGC) powder.  
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Figure 7 Grain size distribution of GC powder after milling with Pulverisette 6 

 

Figure 8 Grain size distribution of GC powder milled with Szegvari Attritor in distilled water. 
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Figure 9 Grain size distribution of GC powder milled with Szegvari Attritor in ethyl alcohol. 

 

Figure 10 Grain size distribution of GC powder milled with Pulverisette Premium 7 
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Table 4 Selected GC powders parameters 

Sample name D10
* [µm] D50

** [µm] D90
*** [µm] D4/3 [µm] 

Attritor 2h in 

ethyl alcohol 
2.11 7.18 19.0 9.77 

Attritor 8h in 

distilled water 
1.40 4.21 10.4 5.17 

Pulverisette 6 

for 1h 
0.896 2.82 7.58 5.62 

Pulverisette 7 

Ethyl alcohol 
0.24 0.51 1.02 0.576 

Pulverisette 7 0.417 1.54 13.2 4.33 

*   the particle diameter particle diameter corresponding to 10% volume on cumulative distribution curve 
**  the median particle diameter 
*** the particle diameter particle diameter corresponding to 90% volume on cumulative distribution curve 

 

Figure 11 Cumulative curve for selected GC powder 
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The morphologies of obtained GC powders are presented in Figure 12-13. The particles 

(grains) show sharp edges and ununiform shape. Such morphology is typical for a brittle nature 

of amorphous materials, and it is a result of fracturing during milling process. The two-step 

procedure with smaller grinding balls and presence of ethyl alcohol leads to formation of 

smaller powder grains. This is caused by two phenomena: an increase in the frequency of 

collisions between the grinding media and the powder grains, and more efficient (in comparison 

with the one-step procedure) removal of adhered powder particles from the chamber walls. The 

latter effect hinders the occurrence of the cushioning phenomenon, which prevents further 

grinding by reducing ball energy [89]. The measured glassy carbon density was 1.78 g/cm3, 

which is slightly higher than usually reported in literature [2], [3].  

 

Figure 12 SEM micrograph of micrometric GC powder morphology 



24 

 

 

Figure 13 SEM micrograph of submicrometric GC powder morphology 
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3.2. Composites for tribological applications 

3.2.1. Material preparation 

The composites containing µGC and sµGC was prepared alongside with composites 

containing nano-alumina (n-Al2O3) and reference neat HDPE. As a matrix for the composites 

HDPE HIVOREX 2600J (Lotte Chemical, Seoul, South Korea) was used. The properties of the 

material according to producer are listed in Table 5. For heterophase composite preparation, 

nano-alumina (product number:  544833, Merck KGaA, Darmstadt, Germany) with <50 nm 

particle size was used.  

Table 5 Properties of HDPE HIVOREX 2600J by Lotte Chemical 

Properties Test method Value 

Melt Flow Index ASTM D1238 20 g/10 min 

Density ASTM D1505 0.959 g/cm3 

Tensile Stress (Yield) ASTM D638 24.5 MPa 

Tensile Strain (Break) ASTM D638 > 300% 

Flexural Modulus ASTM D790 1.275 MPa 

Notched Izod Impact 

Strength (23℃) 
ASTM D256 0.4 J/m 

VICAT Softening Point ASTM D1525 120˚C 

 

The granulate for extrusion process was prepared by covering HDPE granules with 

respective powder reinforcements during specially conducted mixing process. The amount of 

reinforcement necessary to cover a surface of granule was calculated by Eq. 1. Calculations was 

performed only for µGC powder and basing on that result, the matrix-to-reinforcement volume 

ratio was set. During mixing, a slight excess of reinforcement material was added to compensate 

for losses and underestimations. The procedure of mixing HDPE granulate with powder 

reinforcement was as follow: 

1. Weighting the appropriate amount of components. 

2. Adding components to a beaker. 

3. Filling the beaker with 96% ethyl alcohol until all components soaked. 

4. Ultrasonic mixing for 15 min. 

5. Pouring the mixture into separate polypropylene container. 

6. Drying in 50.0˚C to remove excess of alcohol. 
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7. Mechanical mixing for 1 minute. 

8. Drying in 50.0˚C until alcohol evaporation. 

𝑀𝜇𝐺𝐶 =
2𝜋

3
(𝑑𝜇𝐺𝐶 + 𝑑𝐻𝐷𝑃𝐸)2𝜌𝜇𝐺𝐶𝑑𝜇𝐺𝐶   (Eq. 1) 

Where: MµGC – mass of µGC need to cover one HDPE granule, dµGC – diameter of one GC 

grain (10 µm), dHDPE – diameter of one HDPE granule (3 mm), ρµGC – density of GC 

 The filament extrusion was conducted at ZAMAK DTR EHP-2x16S twin screw 

extruder (Zamak Mercator Sp. z o.o., Skawina, Poland). The schematic representation of the 

extrusion process is given in Fig. 14. The extrusion temperature was 180˚C and nozzle diameter 

was 1.8 mm. The composition of extruded filaments is shown in Table 6. The prepared filaments 

(Fig. 15) were used to prepare samples via two alternative methods: FDM 3D printing and hot 

pressing.  

Table 6 Compositions of the composites used for the FDM filaments  

Sample Volume content [%] 

HDPE µGC sµGC n-Al2O3 

HDPE 100.0 - - - 

µGC 99.0 1.0 - - 

sµGC 99.0 - 1.0 - 

n-Al2O3 99.0 1.0 - - 

µGC/n-Al2O3 99.0 0.5 - 0.5 

sµGC/n-Al2O3 99.0 - 0.5 0.5 
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Figure 14 Filament extrusion set up: a) scheme, b) photograph  

 

Figure 15 Examples of extruder filament, from left to right: HDPE, n-Al2O3, µGC, sµGC. 
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The 3D printing process was performed at Original Prusa Mini (Prusa Research a.s., 

Praga, Czech Republic) with BondTech dual gear extruder upgrade (BondTech AB, Värnamo, 

Sweden), which are presented in Fig. 16. The parameters of the printing process were optimized 

to achieve quality necessary to equal to the research tasks. The list presenting challenges during 

printing process is shown in Table 7. The detailed description on problem solving 3D printing 

challenges will be presented in Chapter 3.2.3. The final printing parameters are presented in 

Table 8. The g-code for a printer was prepared with use of PrusaSlicer software (version 2.4.0 

and newer). 

 

 

Figure 16 3D printer used in research: Original Prusa Mini (left), BondTech dual gear extruder (right) 

 

Figure 17 Example of 3D print project visualization: 1 - draft shield, 2 - brim 

1 

2 
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Table 7  Challenges during printing HDPE and HDPE composites 

Problem Cause Solution 

Under extrusion 
Filament slipping at extruder’s 

gear 
Upgrade to dual gear extruder 

Under extrusion 
Low filament diameter (below 

1.75 mm) 
Increase filament flow rate 

Melted infill 
Heat concentration in the centre of 

the print 
Increase cooling rate 

Cracking during printing 
Poor layer adhesion combined 

with rapid print cooling 
Use of draft shielding (Fig.17) 

Print detaches during printing  
Poor adhesion of PE to common 

print beds 
Use of different bed surfaces 

Print warpage Shrinkage of print Use of brim (Fig. 17) 

Print warpage Shrinkage of print Decrease cooling rate 

Print warpage Shrinkage of print Minimize print surface 

 

Table 8 The FDM 3D printing process parameters 

Parameter Value 

Nozzle diameter 0.4 mm 

Nozzle temperature 200.0˚C 

Bed temperature 85.0˚C 

Bed surface PE tape 

Print speed 30.0 mm/s 

Feed rate 1.1 – 1.5 

Layer height 0.1 mm 

Extrusion width 0.45 

Cooling rate (Cooling fan speed) 15.0% (40 RPM) 

Retraction distance 0.0 mm 

Infill ratio 100% 

Perimeters count 2.0 

 

The separate set of non-printed samples was produced for tribological tests. The samples 

were made via hot pressing (HP) in a steel mold. First, the filaments were cut into 5.0 mm 

pieces and 2.0 g of respective material was added to the mold. The mold was held in 150.0˚C 

for 2h, until filament was melted. Next, the material was pressed under 30 MPa and hold for 10 
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seconds under pressure. The sample was left in mold until it cools down to room temperature. 

The list of all samples subjected to tribological test is presented in Table 9. 

Table 9 List of samples’ designations 

Sample type 3D printed Hot Pressed 

HDPE HDPE – 3D HDPE – HP 

µGC µGC – 3D µGC – HP 

sµGC sµGC – 3D sµGC – HP 

n-Al2O3 n-Al2O3 – 3D n-Al2O3 – HP 

µGC/n-Al2O3 µGC/n-Al2O3 – 3D µGC/n-Al2O3 – HP 

sµGC/n-Al2O3 sµGC/n-Al2O3 – 3D sµGC/n-Al2O3 – HP 

 

3.2.2. Research methodology 

 The tensile test of printed samples was performed at Shimadzu AGX-V (Shimadzu 

Corp. Kyoto, Japan). Test was performed at cross head speed 5 mm/min in ambient condition. 

The tested samples were HDPE, µGC and sµGC printouts. The tensile strength (Rm) and 

Young’s Modulus (E) were determined. The tested samples are presented at Fig. 18. The results 

of mechanical test were evaluated using One-way ANOVA variance comparison with post-hoc 

Fisher’s LSD test. The samples' cross-sections were investigated with use of Hitachi S-3400N 

microscope at 15.0 kV acceleration voltage and in low vacuum conditions.  
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Figure 18 Scheme of sample for mechanical testing (left) and macrographs of 3D printed samples: HDPE (1), µGC 

composite (2) and sµGC composite (3) 

Melt mass-flow rate (MFR) of the neat HDPE and the composite filaments was 

determined using CEAST plastometer (by CEAST/Instron, USA) with accordance to ISO 1133-

1 standard. Cut filament, previously obtained in the extrusion process, was used as a sample 

batch. The measurement was made at 190.0˚C and under load of 2.16 kg. The mass 

measurement for the materials was performed at five samples each, with the 20.0 second cut 

time. Collected data was used for calculating shear-rate (Eq.2) and viscosity (Eq.3) [90]  

 

𝛾̇ =
4𝑀𝐹𝑅

600𝜌𝜋𝑅𝑛
3       (Eq.2) 

 

where: γ – shear rate [1/s], ρ – melt density (754.6 kg/cm3 for neat HDPE and 766.8 kg/cm3 for 

composite filaments), Rn – nozzle radius (0.9 mm); 
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𝜂 =
𝑅𝑛𝐿𝑔

2𝜋𝑅𝑝
2𝑙𝛾̇

       (Eq.3) 

 

where: η – dynamic viscosity [Pa*s], L – load (2.16 kg), g – gravitational acceleration [m/s], 

Rp – piston radius (4.8 mm), l – nozzle length (7.7 mm).  

The structural analysis by X-ray diffraction was performed on the Panalytical Empyrean 

diffractometer with Cu Kα anode and Kβ filter made from Ni. The test samples were HDPE, 

µGC composite and sµGC composite printouts. The scanning range was set between 10.0˚2θ 

and 50.0˚2θ. The characteristic peaks for PE crystal structure were fitted to measured spectrum 

using Guassian-Lorentzian equation [64]. The fitting parameters were calculated by using 

Origin Software. The obtained fitted peaks profiles were used to calculate the crystallites size 

(Eq.4) and the polymer crystallinity (Eq.5):  

 

𝐿 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
      (Eq. 4) 

 

where: L – crystallite size [Å], K – shape factor (0.89), λ – wavelength of XRD anode (1.5406 

Å), β – peak FWHM [rad], θ –peak centre [rad]; 

 

𝜒 =
𝐴𝑐

𝐴𝐴+𝐴𝑐
∗ 100%      (Eq. 5) 

 

where: χ – crystallinity [%], Ac – area of crystalline peaks, AA – area of amorphous broadening. 

 To determine impact of GC at melting and crystallization process, the differential 

scanning calorimetry (DSC) was performed. The research was performed for neat HDPE, µGC 

composite and sµGC composite filaments. The DSC was performed with use of 2920 DSC 

V2.6A (TA Instruments, New Castle, USA). The measuring range was between 0.0˚C and 

200.0˚C with 10K/min heating and cooling rate under a nitrogen atmosphere with a nitrogen 

flow rate of 50 ml/min. Samples of approximately 10 mg were encapsulated in standard non-

hermetic aluminium pans. The two cycles of heating and cooling were applied for single test. 

First cycle was used to remove a thermal history of the material and determine the 

crystallization temperature (Tc) and the crystallization enthalpy (ΔHc). Second cycle was used 

to determine the melting temperature (Tm) and the melting enthalpy (heat of fusion, ΔHm) in 

accordance with ISO 11357-3 standard. The obtained data and the heat of fusion of 100% 

crystalline HDPE (ΔHm
0= 293.0 J/g) was used to calculate crystallinity according to Eq. 6: 
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𝑋𝑐(%) =  
∆𝐻𝑚

∆𝐻𝑚
0 −(1−𝜑)

∙ 100     (Eq. 6) 

 

where: χc – crystallinity from DSC [%], ΔHm – heat of fusion [J/g], ΔHm
0 – heat of fusion of 

100% crystalline HDPE [J/g], φ – mass percentage of reinforcement.  

 The tribological tests, performed in order to obtain the friction coefficient (COF) and 

mass wear of the materials, were conducted at ambient condition under technically dry friction 

conditions using a pin-on-block tribo-tester set up (Fig. 19) constructed and available at Faculty 

of Materials Engineering, Silesian University of Technology (Katowice). The samples were 

cylindrical shaped with 20.0 mm in diameter and: 2.0 mm in height for 3D printed samples and 

7.0 mm in height for hot pressed samples. For each test, the sample was positioned in the 

direction providing the printed paths at 45˚ to the sliding movement. This angle was chosen as 

the best performing in accordance with other studies [91]. In the test, the normal force of 10.0 

N was used and the sliding speed was 0.1 m/s. The test was conducted over sliding distance of 

1000.0 meters. The two different counterparts were used alternatively: alumina ball and 

stainless-steel ball, both 5.0 mm in diameter. During tribological tests, the friction load was 

measured continuously by using a strain gauge connected with an analogue-digital converter 

and recorder. The obtained data was used to calculate the friction coefficient. The samples were 

weight before and after the test. The mass wear rate was calculated with following equation:  

 

𝑊 =
𝑚0−𝑚1

𝑚0
∗ 100      (Eq. 7) 

 

where: W – mass wear rate [%], m0 – sample mass before test [g], m1 – sample mass after test 

[g].  
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Figure 19 Scheme of tribo-tester set up: 1—Load, 2—strain gauge holder, 3—counterpart (ball), 4—sample,  

5—sample holder, 6—moveable plate; on the right side – photo of the real stand  

 

3.2.3. Results 

The morphology of selected prepared composite granules is presented in Fig. 20 and 

Fig. 21. The micrographs exhibit that each time most of the granule surface is covered with 

powder, however some areas without powder and with excess of powder are visible. This might 

be a result of poor adhesion of GC and n-Al2O3 to HDPE. Also, the alumina particles tend to 

agglomerate forming a particle with 4.0 µm and below in diameter, which are distributed 

between the GC particles.  
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Figure 20 SEM micrograph of HDPE granule covered with micrometric GC powder: a) whole granule, b) surface 

fragment  

 

a) 

b) 
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Figure 21 SEM micrograph of HDPE granule covered with micrometric GC and nano-Al2O3 powders: a) whole 

granule, b) surface fragment  

  

a) 

b) 



37 

 

The examples of 3D printed parts are presented in Fig. 22. The challenges of HDPE 3D 

printing come from two things: high crystallinity and chemical structure. The first one causes 

sudden shrinkage during fast cooling. The molten HDPE has density of 0.820 g/cm3 [64], while 

the crystallites have 0.985 g/cm3. The final density, assuming 80% of crystallinity, is 0.955 

g/cm3. In theory, this result in around 14.0% of volume shrinkage, which is unavoidable without 

any crystallization inhibitors. In result, that phenomenon causes lifting of print edges (warping 

or warpage), cracks (delamination) between layers and detaching from print surface. 

Additionally, due to latent heat of crystallization and poor thermal conductivity of PE, the 

excess of heat makes a printout central area one molten piece during printing, which results in 

poor reproduction of details. To minimize the impact of the above mentioned effects, the use of 

a brim, a draft shield, and minimal cooling was required. The brim compensates some of 

warping and draft shield, by “closing” warm air around print, reduces cracking. Use of cooling 

during print helps to accelerate removing of heat from printout central area.  

 
Figure 22 Macrograph of exemplary FDM 3D printed HDPE parts 

The adhesion to a print bed was another challenge. The HDPE is known as strongly 

polar and chemically resistant polymer and many substances do not stick to it surface easily. 

This – for instance - makes gluing of HDPE parts difficult. Similar effect is observed during 

3D printing. One of the most important things during FDM process is adhesion between the 

overlaid thermoplastic path and the print bed surface. The HDPE does not adhere to most of the 

bed materials used in printers (such as: glass, SiC, PEI, PVA glue layer). In the field most 

popular bed surface for HDPE 3D printing is PE or PP packing tape. However, the usage of 

Styrene-ethylene-butylene-styrene copolymer (SEBS) was presented in literature [76]. By 
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comparing the chemical structure of PE and SEBS (Fig. 23), the argument that print bed surface 

should have similar chemical groups to HDPE can be made.  

  

Figure 23 Chemical structure of PE (left) and SEBS (right) 

The other commonly used polymer containing ethylene group is polyethylene 

terephthalate (PET, Fig. 24), which is also one of the most popular materials for 3D printing. 

To evaluate viability of PET as a print bed surface, the 3D printed thin rafts was used and 

compared with regular PE packing tape. Different printing temperatures were tested. The result 

of test show that PET can be used as a print bed surface (Fig. 25) in printing temperature range 

between 200˚C and 240˚C. However, the technological difficulty is changing filament after raft 

printing. The leftovers of PET were visible (colour change) in few first layers and cleaning the 

nozzle after switching filaments discourage of using this material as printing surface.  

 

 

Figure 24 Chemical structure of PET  
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Figure 25 3D printed PET raft (left) and HDPE sample (right) 

The PE packing tape performed well, however above 200˚C it melts and aderes to the 

first layer of the print and became damaged during print detaching (Fig. 26). Thus, the printing 

temperature of 200˚C was chosen in further printing. 

 

Figure 26 PE packing tape after printing: 1 – 200˚C, 2 – 220˚C, 3 – 240˚C, red circle – damaged area 

The results of mechanical tests are presented in Fig. 27 and Table 10. They show that 

printed samples have lower tensile strength than value reported by HDPE producer (for the 

equivalent injected samples). Also, the composites with GC reinforcement have higher Rm and 

E than neat HDPE. However, the composite with µGC exhibit the highest values. The cross-

sections of the composite samples after tensile tests are visible in the Fig. 28 and Fig. 29.  

1 
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The mechanism of reinforcement behavior during tension is visible in the form of 

powder particles being pulled out from the polymer matrix, resulting in holes or voids within 

the matrix. This phenomenon is observed in both composites. In the sµGC composite, the voids 

are smaller and more evenly distributed throughout the cross-section. In the case of the µGC 

composite, some particles with fractured surfaces can be observed, indicating that larger 

diameter GC particles can partially bear the load during tension. However, the presence of voids 

suggests poor adhesion between the GC particles and the matrix. The sµGC particles may have 

a weaker bond to the HDPE matrix compared to the µGC ones and due to lower diameter, they 

are more easily pulled out. This explanation goes hand in hand with the results of the tests - 

µGC is stronger than sµGC. However, another explanation for the breakage of some particles 

in µGC may be the negative impact of the scale effect. In the case of larger particles, there is 

simply a greater probability of defects occurring in the material, which are the beginning of the 

failure process. In smaller particles this probability is lower, therefore in the (relatively small) 

analysed population we do not observe particle cracks in the sµGC composite. However, the 

overall increase in strength of the composites compared to neat HDPE may be attributed to the 

synergistic effect of load bearing during tension, energy dissipation due to debonding particle 

from matrix and changes in the crystal structure of the matrix.  
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Figure 27 Representative curves of static tensile test  

 

Table 10 Results of static tensile test  

Sample 
Tensile strength (Rm) 

[MPa] 

Young’s modulus (E) 

[MPa] 

HDPE 17.99 ± 0.23 335.61 ± 14.03 

µGC 21.41 ± 0.32 483.06 ± 23.69 

sµGC 20.10 ± 0.33 395.78 ± 40.66 
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Figure 28 SEM micrographs of the cross-section of µGC sample at different magnifications 
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Figure 29 SEM micrographs of the cross-section of sµGC sample at different magnifications 
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 The results of MFI and viscosity calculations are presented at Fig. 30 and Fig. 31. The 

addition of GC decreased the melt flow index value. However, statistical analysis shows that 

only sµGC is significantly different from neat HDPE. In case of dynamic viscosity calculation, 

the composite filament shows significantly higher viscosity value than neat HDPE, which was 

confirmed by statistical analysis. The above observation can be explained by limiting polymer 

chain movement possibilities by GC particles. The bigger impact in this regard has sµGC due 

to smaller size of particles, closer to molecular level of structure, in comparison with the µGC.  

 

Figure 30 The MFI results for neat HDPE and composite filaments 
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Figure 31 Dynamic viscosity results for neat HDPE and composite filaments 

The results of XRD analysis are presented in Fig. 32 and Table 11. The main PE 

crystalline peaks which are visible, correspond to planes (110) and (200). The peaks positions 

for the composite samples show a shift towards lower 2θ values, which can be concluded as a 

decrease of crystallite sizes. This is supported by apparent crystallite size calculation. The 

lowest values of crystallite size for L110 and L200 was reported for sµGC. The reinforcement 

particles acting as surface for heterogenous nucleation of PE-orthorhombic phase. The lower 

value of crystallite size is also the result of the suppressed crystal growth caused by the presence 

of GC particles. The sµGC composite exhibites the lowest value of crystallite size due to higher 

dispersion level than in µGC composite. The calculated crystallinity is presented in Fig. 33. It 

shows that crystallinity is slightly higher for the composite samples, and the highest value was 

reported for µGC composite.  
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Figure 32 XRD spectrum of FDM 3D printed samples – neat HDPE and its composites with µGC and sµGC 

particles  

 

Table 11 Results of apparent crystallite size calculation for neat HDPE and its composites with µGC and sµGC particles  

Sample 
Peak position 

[°2θ] 
Β [°2θ] L [Å] (hkl) 

HDPE – 3D 
21.7170 0.3201 241.02 110 

24.0537 0.4768 161.14 200 

µGC – 3D 
21.6047 0.3332 231.58 110 

23.9487 0.4537 169.37 200 

sµGC – 3D 
21.6170 0.3456 223.31 110 

23.9302 0.4841 158.75 200 
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Figure 33 Crystallinity results from XRD for neat HDPE and its composites with µGC and sµGC particles  

 

The results of thermal analysis are presented in Fig. 34 and Table 12. The slight decrease 

in melting point (both first and second melting cycle) for composite filaments was observed. 

However, the first melting cycle was used to remove the thermal history of the materials, thus 

is not needed to interpret this part. Although, the slight decrease in Tm2 for sµGC composite 

might be related to chain compaction and crystal imperfections caused by limitation of polymer 

chains mobility by the particles. This effect is not observed in µGC composite, which suggest 

that larger particles do not impede the crystal structure formation as much as the smaller 

particles. This is confirmed by XRD apparent crystallite size calculation and observed changes 

in viscosity. The significant increase in crystallization onset temperature suggests that both µGC 

and sµGC particles act as heterophase nucleates for HDPE crystallites. The highest increase 

was observed for sµGC, which is related to most probably higher specific surface area. The 

crystallinity calculation shows that sµGC composite is characterized by lower value of 

crystallinity than neat HDPE and µGC composite. This confirms the above mentioned 

interpretation. The smaller particles act as nucleates for HDPE, however due to easier dispersion 

than larger particles may impede crystal growth and negatively impact crystallinity. It is worth 

to notice that crystallinity calculated from DSC results does not match crystallinity calculated 
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from XRD. This difference between the methods' results has already been reported in literature 

[64].  

  

Figure 34 DSC results: left column - 1st melting cycle, middle column - crystallization, right column - 2nd melting 

cycle.  

Table 12 Results of DSC analysis: Tm1 – melting point during first melting cycle, Tc, on – crystallization onset, Tc – crystallization 

temperature, Tm, on – melting onset during second melting cycle, Tm2 – melting point during second melting cycle, ΔHm – 

enthalpy of melting. χm – crystallinity from melting 

Sample Tm1 [˚C] 
Tc, on 

[˚C] 
Tc [˚C] 

Tm,on 

[˚C] 
Tm2 

ΔHm 

[J/g] 
χm 

HDPE 136.89 118.83 116.78 123.08 132.18 186.00 63.5% 

µGC 135.93 120.03 116.96 122.37 132.89 188.80 65.9% 

sµGC 134.23 121.65 114.81 120.60 131.86 174.70 61.0% 
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The relation between friction coefficient (CoF) and sliding distance are presented in Fig. 

35-38. The friction coefficient for composites was reported slightly higher than those for neat 

HDPE sample. The highest CoF was reported for samples with n-Al2O3, which correlate with 

wear rate results (Table 13 and Table 14). However, in all combination (counterpart material, 

manufacturing process) addition of GC reinforcement stabilize CoF curves over whole sliding 

distance. The ware rate for 3D printed parts is most often higher than those for the hot-pressed 

samples.  

 

 

Figure 35 Coefficient of friction vs. distance for 3D printed samples with alumina ball countersample 
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Figure 36 Coefficient of friction vs. distance for hot-pressed samples with alumina ball countersample 

 

Figure 37 Coefficient of friction vs. distance for 3D printed samples with steel ball countersample 
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Figure 38 Coefficient of friction vs. distance for hot-pressed samples with steel ball countersample 

Table 13 Results of friction coefficient and mass wear rate for samples wear versus alumina ball. 

Sample name 
Hot Pressed 3D printed 

CoF Wear rate CoF Wear rate 

HDPE 0.10±0.03 0.00% 0.10±0.03 0.00% 

uGC 0.15±0.05 0.00% 0.15±0.04 0.00% 

Al2O3 0.19±0.07 0.30% 0.36±0.14 2.60% 

uGC/Al2O3 0.10±0.03 0.10% 0.21±0.08 0.60% 

suGC 0.15±0.05 0.10% 0.22±0.08 0.80% 

suGC/Al2O3 0.11±0.03 0.00% 0.20±0.07 0.40% 
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Table 14 Results of friction coefficient and mass wear rate for samples wear versus steel ball. 

Sample name Hot Pressed 3D printed 

CoF Wear rate CoF Wear rate 

HDPE 
0.11±0.03 0.00% 0.12±0.04 0.10% 

uGC 
0.17±0.05 0.00% 0.20±0.07 0.50% 

Al2O3 
0.35±0.13 0.30% 0.34±0.12 2.10% 

uGC/Al2O3 
0.14±0.04 0.00% 0.16±0.05 0.10% 

suGC 
0.19±0.06 0.10% 0.26±0.09 1.40% 

suGC/Al2O3 
0.14±0.04 0.10% 0.19±0.07 0.80% 

 

The chosen wear tracks of tested samples are presented in Fig. 39-45. In the neat HDPE 

sample, the dominant mechanism is plastic deformation of the polymer matrix. There are visible 

particles from alumina ball and HDPE debris attached to the surface. They are wear products 

formated during friction. Some of HDPE debris are also attached to surface of alumina ball 

(Fig.46). In the case of n-Al2O3 composites, plastic deformation along with microcutting was 

determined. The most probable explanation is cracking and pulling out of alumina particles 

from the matrix, which then cut the surface before being squished back into the polymer. For 

composites with µGC and sµGC, plastic deformation is visible along with slight plastic flow 

and wear particles attached to the surface. However, the wear tracks with GC are smoother, and 

the effects of plastic flow are less visible than on neat HDPE. This might be a result of carbon 

tribo-film formation (Fig. 46). In this case, the carbon layer acts as a solid lubricant and might 

prevent further wear. The mechanism described above was observed for both alumina and steel 

counterparts. However, the difference was visible for the composite containing both GC and n-

Al2O3. In both cases, plastic deformation and plastic flow of the matrix were observed. Also, in 

both samples, the alumina particles most probably wore out from the surface and reattached to 

the polymer matrix. However, more alumina fellings is visible in the sample than the steel 

fellings worn during the test against the steel counterpart. This suggests that the alumina 

particles cracked and were not pressed into the matrix but instead remained loosely attached to 

the worn surface. In the case of the alumina counterpart, the particles seem to form agglomerates 

that were pressed into the matrix.  
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Figure 39 SEM micrograph wear track of 3D printed HDPE sample after friction test with alumina ball 

counterpart  
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Figure 40 SEM micrograph wear track of 3D printed HDPE after friction test with steel ball counterpart 
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Figure 41 SEM micrograph wear track of n-Al2O3 sample after friction test with alumina ball counterpart 
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Figure 42 SEM micrograph wear of µGC sample after friction test with alumina ball counterpart 
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Figure 43 SEM micrograph wear of µGC/Al2O3 sample after friction test with steel ball counterpart 
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Figure 44 SEM micrograph wear track of µGC/Al2O3 sample after friction test with alumina ball counterpart 
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Figure 45 SEM micrograph wear track of sµGC sample after friction test with alumina ball counterpart 
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Figure 46 Macrograph of alumina ball surface after wear test: a) neat HDPE, b) µGC composite. 

The difference in this behavior might be correlated with different plastic flow. The steel 

ball has higher conductivity than the alumina ball, which leads to more efficient heat dissipation 

from the friction surface, resulting in reduced plastic flow and hence more loosely attached 

alumina particles. In both cases, the formation of a carbon tribo-film should occur, which is 

suggested by both the wear rate and CoF. The proposed mechanism is visualised in Fig. 47.  

 

Figure 47 Scheme of proposed wear behaviour in composites with GC and n-Al2O3 particles: 1 – formation of 

carbon film with alumina particles attached to the surface, 2 - formation of carbon film with alumina particles pushed into 

the surface 

 

b) a) 
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3.3 Piezoelectric composites 

3.3.1 Materials preparation 

The two types of samples were prepared: the first for electrical conductivity testing and 

the second for piezoelectric response test. The composites for conductivity tests were prepared 

in two series containing µGC or sµGC at various volume content (φ). The composites were 

prepared by dissolving HDPE in xylene (Warchem, Warsaw, Poland) and mixing with the filler 

with use of magnetic stirrer. The procedure of preparing composites was as follow: 

1. Mixing HDPE with GC powder in glass bottle. 

2. Addition of xylene to the reaction bottle. The mass proportion of xylene added to HDPE 

was 6:1. 

3. Deagglomeration of GC powder by ultrasonic mixing. 

4. Putting the reaction bottle to oil bath. 

5. Heating up mixture to 150.0˚C until HDPE dissolves. 

6. Moving the reaction bottle in oil bath to magnetic stirrer.  

7. Slow ramping of stirring speed up to 300 RPM. 

8. Stirring for 5 min. 

9. Pouring the mixture to glass beaker and leaving for12 hours to dry. 

10. Grinding the obtained powder (Fig. 48). 

11. Drying at 150.0˚C by 10 minutes to remove leftover of xylene.  

 

Figure 48 Macrograph of HDPE/GC composite powder after drying  
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The obtained compositions are presented in Table 15. The samples for conductivity test 

were hot-pressed with the same process parameters as those described in Chapter 3.2.1.  

Table 15 The compositions of composites for conductivity testing  

GC, vol% µGC sµGC 

1.0 µ1R sµ1R 

2.0 µ2R sµ2R 

3.0 µ3R sµ3R 

5.0 µ5R sµ5R 

7.0 µ7R sµ7R 

10.0 µ10R sµ10R 

12.0 µ12R sµ12R 

14.0 µ14R sµ14R 

16.0 µ16R sµ16R 

18.0 µ18R sµ18R 

20.0 µ20R sµ20R 

  

The samples for piezoelectric response tests were prepared using antimony sulfoiodide 

(SbSI) nanowires xerogel. The xerogel was manufactured and provided by Institute of Physics 

– Centre for Science and Education at Silesian University of Technology. The procedure of 

obtaining SbSI xerogel is described within previous studies [86], [92]. The composites with 

SbSI were prepared with the same procedure as composites for conductivity test – the 11-step 

procedure is described above. However, due to the sensitivity of SbSI to prolonged exposure to 

elevated temperatures, the xerogel was added immediately after reaching a stirring speed of 300 

RPM during the ramping process (step 7 of the procedure). Then, the obtained composite was 

cut into small pieces and extruded with the same procedure as described in Chapter 3.2.1. The 

obtained filament and the composition are presented in Table 16 and in Fig. 49.  
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Table 16 The hybrid HDPE-GC-SbSI composites compositions: ω - % mass content, φ - %volume content  

Component 
SbSI SbSI/µGC SbSI/sµGC 

ω φ ω φ ω φ 

HDPE 80.0% 95.3% 72.7% 89.6% 72.7% 89.6% 

SbSI 20.0% 4.7% 18.2% 4.4% 18.2% 4.4% 

µGC - - 9.1% 6.0% - - 

sµGC - - - - 9.1% 6.0% 

 

 

Figure 49 Piezoelectric composite filaments based on HDPE filled with: SbSI, SbSI/µGC and SbSI/sµGC  

 

The piezoelectric composite filaments were used for FDM printing 3D samples for 

piezoelectric test. The used FDM 3D printing process was described in Chapter 3.2.1. However, 

the printing temperature was raised to 220˚C due to drastic drop of MFR in comparison with 

neat HDPE. Also, the single layer height was increased to 0.20 mm. The sample dimensions 

were 15x30x0.6 mm and the schematic representation is presented in Fig. 50.  

 



64 

 

 

Figure 50 Scheme of FDM 3D printed sample for piezoelectric test (left) and real photo of fabricated and 

instrumented sample (right)  

3.3.2 Research methodology 

The conductivity test for HDPE/GC composites was measured using Keysight 6430 

(Keithley Instruments, Cleveland, USA). The gold electrodes were deposited on the top and 

bottom surfaces of each sample and then a copper wire were attached to each surface (see Fig. 

50). The voltage vs. current characteristic was measured by changing the applied voltage. The 

range of voltage variation was selected depending on the sample. The sample resistance was 

determined by applying linear regression to obtained data. The conductivity (σ) was calculated 

by following equation:  

𝜎 =
𝐿

𝑅𝐴
      (Eq. 8) 

where: R - sample resistance [ohm], A - electrode area (~2.18*10-4 m2), L - sample thickness 

[m].  

The percolation threshold was found by fitting the experimental results to the Eq.9:  

 

𝜎 = 𝜎0(𝜑 − 𝜑𝑐)𝑡     (Eq. 9) 
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where: σ0 – adjustable parameter [S/m], φ – the volume fraction of glassy carbon, φc – 

percolation threshold, t – critical exponent. The fitting was performed in the range for which σ 

~ (φ - φc) relation becomes linear. 

To observe the SbSI nanowires distribution in the polymer matrix, extruded filaments 

were cooled down in liquid nitrogen and broken mechanically in order to obtain possibly 

smooth surface of the cross-section. The cross-section of extruded material was investigated 

with use of the Hitachi S-3400N microscope at 15.0 kV acceleration voltage and under low 

vacuum conditions. 

The piezoelectric response was measured with Keysight DSOX3054T digital 

oscilloscope (Keithley Instruments, Cleveland, USA). The samples were prepared with the 

same procedure as samples for the conductivity tests. The stress to the samples was applied by 

using a pneumatic gun (Zoraki HP-01-2). The pressure of air stream was regulated by number 

of pumping. The output pressures were 4.86, 11.54 and 17.03 bar. The piezoelectric response 

(output voltage) over time was registered. The detailed description of this original method has 

been previously posted within the work [93]. The obtained data was used to calculate power 

density per area (Ps), which was determined using following equation:  

 

𝑃𝑠 =
1

𝑅𝑜𝐴
∫ 𝑈2𝑑𝑡

𝑡1

𝑡0
     (Eq. 10) 

 

where: Ro – oscilloscope internal impedance (1MΩ), A – air stream surface area (23.76 mm2), 

t0/t1 – peak’s start and end position [s], U – voltage [V].    
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3.3.3 Results – electric conductivity and piezoelectric response  

The Fig. 51 and Table 17 present the results of conductivity tests. The sµGC composite 

exhibits higher conductivity than the samples with µGC. Also, the composites with sµGC have 

lower percolation threshold. This effect probably relates to better distribution of conductive 

filler in polymer matrix. That allows more effective formation of conductive path within the 

material and hence higher conductivity and lower percolation threshold for the sµGC 

composite.  

 

Figure 51 Conductivity of the HDPE/GC composites 

Table 17 Fitting parameters of the percolation curve – according to Equation 9  

Sample type Φc t σ0 [S/m] 

µGC 4.7 % 1.8 0.5 

sµGC 4.0 % 2.0 5.0 
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Figure 52 SEM micrograph of HDPE/SbSI composite filament cross-section observed at different magnification: 

yellow arrow – SbSI agglomerate, green arrow – SbSI single wire 
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Figure 53 SEM micrograph of HDPE/SbSI/µGC hybrid composite filament cross-section observed at different 

magnification  
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Figure 54 SEM micrograph of HDPE/SbSI/sµGC hybrid composite filament cross-section observed at different 

magnification 
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Figure 55 SEM micrograph of HDPE/SbSI/sµGC hybrid composite filament cross-section – big magnification  

The cross-sections of the composite filaments containing SbSI are presented at Fig. 52-

55. Part of the nanowires form large, agglomerated particles with diameters around 10.0 µm, 

but most of them is deagglomerated and scattered. It is evenly distributed across the filament 

diameter and does not have a specific orientation. For filaments containing GC particles, it is 

not possible to certainly distinguish them from HDPE matrix. This is due to the lack of contrast 

between GC and HDPE. Also, SbSI may cover some of the GC reinforcement, which 

additionally disturb observation. However, some spots (red marks in Fig. 53 and 54) may be 

larger GC particles or areas from which particles were pulled out from the matrix during sample 

preparation. The similar voids and areas were observed within the cross-sections after 

mechanical testing (Chapter 3.2.3).  

  



71 

 

Fig. 56-60. present the results of piezoelectric tests. The output voltage for all samples 

shows a linear relationship with the shock load pressure applied during tests (Fig. 56). This 

result demonstrates the effectiveness of the used method for measuring the piezoelectric 

response of the composite samples. The samples with GC addition (hybrid composites) generate 

higher voltage output than the samples filled with only SbSI. The highest value of output 

voltage was observed for the composites containing sµGC. This dependence is observed for all 

applied pressures (Fig. 57-59). This phenomenon is related to the increase in the matrix 

conductivity. However, since the amount of SbSI has not been changed in the polymer matrix, 

and only SbSI generates piezoelectric response, the voltage output should not increase. In the 

Fig. 61, an increase in the power generated by samples (over 8-times increase between the SbSI 

filled one and the sµGC/SbSI filled one) was observed. This suggests that the addition of 

conductive filler increases the amount of generated Ps from sample’s surface.  

 

Figure 56 Results of output voltage dependence on test shock load pressure obtained for composites with different 

filling 
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Figure 57 Results of output voltage of HDPE/SbSI composite  

 

Figure 58 Results of output voltage of HDPE/µGC/SbSI composite 
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Figure 59 Results of output voltage of HDPE/sµGC/SbSI composite 

 

Figure 60 Results of output voltage comparison of composite at pressure 17.03 bar 
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Figure 61 Results of power density per area of investigated composites 

The hypothetic advantageous situation is for the power generated by the entire volume 
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the same for all tested samples. However, due to the high resistivity of the matrix in tested 

composites, charges cannot conduct through it. Due to the poor conductivity of HDPE, some 

part of power generated by the nanowires is lost. However, by enhancing the matrix 

conductivity with conductive particles, more charges generated by SbSI can be transferred 

though the matrix. This can be represented as an increase in the layer depth in which generated 

charges can be transferred outside to the electrodes and used. Thus, the increase in conductivity 

should be related to power generated by the composite sample. As the conductivity tests have 

shown, the sµGC reinforcement improves conduction in HDPE composites much better than 

µGC does. This might explain the increase in output voltage during piezoelectric tests, hence 

power generated by composites containing GC. Moreover, this also explains the better 

performance of composites with sµGC. The model presenting the proposed phenomena is 

presented in Fig. 62.  
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Figure 62 Schema of proposed piezoelectric layer depth change mechanism for investigated composites: 1 – gold 

electrode, 2 – layer of generated power, 3 – sample body, 4 – voltmeter 
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4 Summary and Conclusions 

The investigation on HDPE matrix composites filled with glassy carbon was performed. 

The glassy carbon improved mechanical strength, enhanced the electric conductivity and wear 

resistance of the polymer matrix. However, depending on potential application a different GC 

grain size should be used. Due to difference in milling procedure, obtaining sµGC requires more 

energy than fabrication of µGC (occurs more costly in practice). In applications that require 

wear resistance or self-lubricating properties, the µGC perform as good as sµGC, so there is no 

need to use the reinforcement which is potentially more expensive. However, in application that 

require high conductivity or at least antistatic properties, the advantage of using sµGC over 

µGC is obvious. Due to smaller grain size, it can be distributed more evenly within the matrix, 

which leads to shorter percolation path and hence higher conductivity.  

The performance of glassy carbon in heterophase (hybrid) composites as a secondary 

reinforcement was investigated. Depending on desired properties different grain size of GC can 

be used. In composite with n-Al2O3, GC can stabilize a friction coefficient and decrease mass 

wear rate of the composite. This is due to self-lubricating properties of GC. As mentioned above 

due to lack of significant difference in performance of composites containing µGC and sµGC, 

the more accessible is advised. In case of piezoelectric composites with SbSI, the use of sµGC 

can lead to significant increase in piezoelectric response - power generated by the composite 

during loading. This gives a potential for both energy harvesting elements and strain sensors.  

The performed research can be summarized with seven main conclusions:  

1. Developed and applied technological parameters allowed to obtain efficiently 

both HDPE/GC composite filaments and final elements by FDM 3D printing. 

That confirmed the dissertation thesis.  

2. The addition of glassy carbon particles affects matrix crystallization and impede 

movement ease of polymer chains. It results in smaller crystallites and higher 

mechanical strength of the composites in comparison with neat HDPE. 

3. The difference in the performance of the composites is dependent on the size of 

glassy carbon particles. The micrometric glassy carbon (µGC) had a higher 

impact on mechanical strength than submicrometric glassy carbon (sµGC). 

Additionally, no significant difference in performance during friction was 

observed.  
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4. Due to differences in particle size, the submicrometric glassy carbon increases 

the conductivity of the HDPE matrix more than the micrometric glassy carbon.  

5. The addition of glassy carbon to composites with nano-alumina results in a 

decrease in wear rate and the stabilization of the coefficient of friction over 

distances. The glassy carbon particles size does not impact these effects 

significantly.  

6. The HDPE composites with antimony sulfoiodide (SbSI) exhibit good 

dispersion of nanowire within polymer matrix. The addition of glassy carbon to 

the composites results in the increase in piezoelectric output voltage and 

piezoelectric power per area. An over 8-fold increase in generated power was 

observed for the composite containing submicrometric glassy carbon.  

7. The obtained composites proved to be usable in FDM 3D printing technology. 

This makes a real potential for 3D printed parts for biomedical applications, 

wear resistance applications or strain sensors.  
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