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Highlights 
 Cork powder residues were used to produce a biodegradable filament for additive 

manufacturing; 

 The addition of a maleic anhydride-based coupling agent to the PLA matrix improved the 

mechanical behaviour of cork-based composites; 

 Printed parts presented a non-plastic and warm touch, along with the release of a pleasant 

smell during the printing process; 

 
Abstract 
 

A cork-like filament fully biodegradable and filled with low granulometry cork powder residues 

was developed. Cork-polymer composites (CPC) were prepared using a Brabender type mixer 

incorporating 15% (w/w) of cork powder (corresponding to 55% (v/v)) and having polylactic acid 

(PLA) as matrix. In order to promote a chemical adhesion between cork particles and PLA, the 

effect of maleic anhydride grafted PLA (MAgPLA) was studied. Fourier Transform Infrared – 

Attenuated Total Reflection (FTIR-ATR) analysis was used to evaluate the functionalization of 

MAgPLA onto the polymeric chain. The addition of MAgPLA enhanced the mechanical behaviour 

by increasing tensile properties while improving the dispersion of cork particles within PLA matrix. 

In addition, cork particles and MAgPLA acted as nucleating agents during PLA melting process.  

To evaluate the printability of the developed CPC filament, specimens were printed by Fused 

Filament Fabrication (FFF) and compared to those obtained by injection molding (IM). FFF 

allowed to preserve the cork alveolar structure in the specimens, benefiting CPC mechanical 

behaviour.  3D parts could be printed with the CPC filament thereby demonstrating the usefulness 

of the fully biodegradable cork-based filament here developed. 3D printed parts exhibit unique 

characteristics, such as a non-plastic and warm touch, a natural colour and the release of a 

pleasant odour during the printing process.   

 

Keywords 

Cork; Composites; Material Extrusion; Additive Manufacturing Coupling agent 

 
  

Jo
ur

na
l P

re
-p

ro
of



3 

 

1. Introduction 

Additive manufacturing (AM) processes involve a set of technologies that produce parts using 

a layer-by-layer approach. A wide range of materials can be considered for AM, from polymers, 

metals, ceramics to composite materials. Main advantages of AM are (i) the production of highly 

customized and also, complex parts without tooling, (ii) a faster product development and 

manufacturing resulting in a quicker time  to market and (iii) on-demand manufacturing by 

adapting to the market needs [1]. Efforts are being made to change the stigma of AM association 

to prototyping, with attempts to connect AM to production. Fused Filament Fabrication (FFF) is 

one of the AM techniques, which builds parts through the extrusion of fused thermoplastic 

materials. FFF is the most affordable technology with a widespread use, fostered by the 

development of open-source FFF printers. A lot of effort has been put on the development of a 

wide range of filament solutions, from low-cost filaments for prototyping/general applications to 

high-end filaments for technological applications [2–5]. Anisotropy, porosity, layer adhesion and 

resolution are the main disadvantages when it comes to FFF [6].  

Cork is a natural product and Portugal is its main producer in the World. Cork is the outer bark 

of the Quercus suber L. oak tree, which is harvested every 9 years. Owing to its chemical 

composition, mainly suberin and lignin, and its honeycomb structure composed by closed cells 

filled with gas, cork has a unique set of properties. Such properties include low density, 

hydrophobic behaviour, high elastic behaviour and thermal, acoustic and electrical insulation 

properties [7]. Wine stoppers continue to be the major industrial application of cork. The 

rectification phase of the cork stoppers production, which involves top- and bottom polishing of 

stoppers, generates cork powder residues with low granulometries (< 500 µm) [8]. These small 

cork particles are not used in the development of cork-based products, being usually burned or 

disposed in landfills. Other well-known cork-based products are insulation boards, wall and floor 

covering, impact absorption artefacts and aeronautical applications [9–12]. The development of 

bio-based cork composites for FFF was triggered by the search of new applications for cork and, 

also by the need to add value to the low granulometry cork powder residues.  

Polylactic acid (PLA) is the most abundant biopolymer with properties similar to those of 

synthetic polymers. It can be found in the market as a biodegradable filament solution. PLA is an 

aliphatic polyester obtained from ring-opening polymerization of lactide, used as monomer. 

Lactide results from the depolymerisation of lactic acid obtained by fermentation of sugar from 

plant-based materials. PLA can be processed by the technologies commonly applied to 

commercial polymers, such as extrusion, injection moulding, thermoforming and injection blow 

moulding [13]. However, PLA brittleness, low crystallization rate, hydrophobicity and high cost 

limit its extended commercialization [14,15]. Within this context, several strategies are being 

undertaken to overcome these drawbacks, namely the addition of plasticizers [16,17], blending 

PLA with other synthetic or biodegradable polymers [18,19], addition of reinforcement fillers [20–

22] and grafting with compatibilizers [23,24]. The development of sustainable composites with 

improved thermal and mechanical properties imply the addition of a compatibilizer to improve the 

interfacial adhesion between the hydrophobic polymeric matrix and the hydrophilic lignocellulosic 
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fibers. Maleic anhydride (MA) is the most used compatibilizer due to its reactivity and 

biodegradability [25]. There are several ways to functionalize PLA with MA, being melt 

functionalization the most applied one [21]. MA grafted PLA (MAgPLA) reacts with hydroxyl 

groups existing on the surface of natural fibers, creating chemical bonds that bridge polymer and 

fibers, resulting in composite materials not only with mechanical adhesion but also with improved 

chemical adhesion between its constituents [21,26].  Numerous  studies exploring the 

development of cork or wood-based 3D printing filaments are found on the literature [4,27–32] 

and some filaments are already available in the market [33,34]. Kariz et al. [4] evaluated the effect 

of wood content ranging from 0% to 50% (w/w) on the properties of six filaments using PLA as 

matrix. They concluded that adding more than 10% (w/w) of wood resulted in a decrease of 45% 

on tensile strength, when compared to pure PLA filaments. Also, as the wood content increases, 

the surface finishing of printed parts becomes rougher, combined with the presence of voids and 

wood particle clusters.  

The aim of this work was to develop a cork-based and fully biodegradable filament for FFF. 

Obtaining a filament that exhibits a non-plastic appearance while offering a warm touch after 

printing was also a goal of this project. This work is part of a continuous research presented 

elsewhere [35–38]. Thermal, chemical and morphological characterization of the developed cork-

polymer composites (CPC) is here assessed. In addition, mechanical and morphological analyses 

were carried out on injected and printed CPC specimens. The effect of MAgPLA on CPC 

behaviour was also studied.   

 

Methodology 

1.1 Cork  

Cork powder residues from a Portuguese cork company were used. The as-received material 

was fractionated through sieving (Retsch, Germany) using a vibrational sieve shaker. The 

amplitude used on sieve shaker was 70. Sieves with sizes varying from 200 to 20 μm were used 

[38]. Particle size distribution (PSD) was determined by measuring the powder mass retained in 

each sieve and by the design of the cumulative curve, as seen in Fig. 1. The presented values 

correspond to the average of 3 trials. Through Fig. 1, it is visible that the as-received cork powder 

presents a bimodal volume distribution over the 40-63 μm and 100-200 range.  

 

 
 

Fig. 1. Particle size distribution of as-received cork powder. 
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For composites preparation, it was retrieved the cork powder retained in the 40 μm sieve. 

The average pore diameter as well as the bulk density of this cork powder were determined by 

mercury intrusion porosimetry (MIP). For that, cork powder was previously dried in a vacuum oven 

(70 °C) for 24 h. The experiment was conducted in a Micromeritics Auto-pore IV 9500 apparatus. 

Mercury was then forced to enter into the pores under a pressure ranging from 0.3 MPa to 227 

MPa. MIP characterization results of cork powder are presented in Table 1. The reason for the 

selection of this particle size was related to the typical nozzle size of FFF extrusion system. 

 
1.2 Composites formulation 

A PLA with reference 4032D (IngeoTM) from NatureWorks was used and presents a 

stereoisomer composition of 1.2-1.6 % D-isomer lactide [37,38]. It presents a melting point lying 

between 155 and 170 °C and a melt flow index (MFI) of 4.60 g/10 min (190°C, 2.16 Kg). The 

method used for composites formulation is published elsewhere [37,38]. To remove the moisture 

content, cork powder and PLA were dried at 70 °C during 24h in a vacuum oven (Carbolite AX60 

model). In Table 2 are displayed the compositions of the developed CPC. A Brabender type 

internal mixer was used to prepare the composite materials. The formulation of MAgPLA was also 

performed by melt functionalization.  

 

 

Firstly, PLA was charged and melted at 190 °C, during 2 min at 40 rpm, and then cork powder 

was added and mixed for an additional 8 min. Then, composite materials were granulated into 

granules (0.5–1.0 mm) using a granulator (Dynisco). The volumetric composition of the final 

mixture is 45 vol. % of polymeric matrix and 55 vol. % of cork powder, respectively. For CPC 2 

preparation, MAgPLA was added together with PLA.  

 

1.3 Thermal analyses 

Differential scanning calorimetry (DSC) analysis was employed to evaluate samples thermal 

behaviour using a Shimadzu DSC-60 equipment. Samples weighing from 8.0 to 10.0 mg were 

conditioned in aluminium pans and the experiments were carried out in air atmosphere. The 

temperature profile employed was of 20 to 200°C with a heating rate of 2.5°C/min. The second 

run was the one considered to determine thermal properties, such as glass transition temperature 

(Tg), cold crystallization temperature (Tcc), melting temperature (Tm), cold crystallization enthalpy 

(ΔHcc). Melting (ΔHm) and cold crystallization (ΔHcc) enthalpies were also calculated and the 

crystallinity degree (Xc) was determined by Eq. 1. 

𝑋𝑐 =
∆𝐻𝑚 − ∆𝐻𝑐𝑐

∆𝐻𝑚
0 (1 − 𝑤)

× 100             (1), 

where w is the percentage weight of cork and ∆𝐻𝑚
0  is the melting enthalpy for 100% crystalline 

PLA (∆𝐻𝑚
0  = 93.0 J/g) [39].  

 

1.4 Chemical analyses  
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Fourier Transform Infrared – Attenuated Total Reflection (FTIR-ATR) measurements were 

performed in Bruker Tensor apparatus equipped with an ATR golden gate (diamond) from 

Specac®. Each spectrum was obtained from 256 scans with a 4 cm-1 resolution in absorbance 

mode in the range of 4000-400 cm-1. An average of 3 trails for each sample was considered.   

 

1.5 Mechanical analyses 

Mechanical tests were performed using the procedure published elsewhere [37,38]. A 

universal testing machine Autograph AG-IS (Shimadzu) with a 10kN load cell applying a constant 

crosshead speed of 1 mm/min was used. Tests were performed at ambient temperature and at 

least six specimens were tested for each sample. The tensile strength (σmax) and elongation at 

break (εmax) were taken as the maximum values from the stress-strain curve. Only for comparison 

purposes, the Young modulus (E) was estimated from the initial slope by linear regression. A 

micro-injection moulding machine (Babyplast® 610P) was used to prepare the specimens using 

the conditions presented in Table 3.  

 

Mould cavity was machined considering the preparation of specimens type IV, according to ISO 

527-2:1996 standard [40]. 

 

1.6 Density 

The density (ρ) of samples was determined using an analytic balance (Explorer Pro 210, 

Ohaus) equipped with a density determination kit (Ohaus, 80253384 model). Distilled water at 

25°C was used as immersion medium. For each sample, six measurements were performed 

being the average value presented here.  

 

 

 

1.7 Filament extrusion 

CPC 2 filament was prepared using a 3Devo NEXT 1.0 extruder with temperatures ranging 

from 170 to 190°C [37]. A filament thickness of 1.75 mm was obtained with a tolerance deviation 

of 5 µm. 

 

1.8 FFF printing conditions 

Filaments of PLA and CPC filament were printed into specimens according the standard 

ISO 527-2:1996 (specimens type IV) [40]. In Fig. 2 is presented the specimens’ dimensions and 

it focuses the applied concentric infill pattern. A Delta WASP 3D printer was used with a 0.4 mm 

diameter stainless steel nozzle. 
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Fig. 2. Specimens’ dimensions. The zoom image focuses the concentric infill pattern used.  

The printing head was set to 40 mm/s, the nozzle temperature to 190°C and the printing bed 

temperature to 40°C, for preventing the printed material from warping. It was applied a concentric 

infill pattern with a layer height of 0.06 mm and an infill percentage of 100%, as published 

elsewhere [38]. Cura software was used to generate the G-code. 

 

1.9 Morphological analyses 

Scanning electron microscopy (SEM) analyses were performed using a SEM Hitachi S4100 

equipment. Fracture surfaces obtained after tensile tests of both injected and printed specimens 

were analysed. The samples were prepared using the methodology published elsewhere [38]. 

Samples were assembled on aluminium stubs and, then, fixed in a sputter coater chamber 

(Polaron E 5000). Consequently, to avoid electrostatic charging, samples were sputtered with an 

Au/Pd target for 2 minutes at 12 mA.  

 

2. Results and Discussion 

2.1 Thermal and chemical characterization  

DSC melting thermograms of all samples are presented in Fig. 3 and the correspondent thermal 

parameters are listed in Table 4. PLA exhibited a double melting peaks, while MAgPLA and 

composites showed a single peak, with Tm values ranging from 150 to 169°C. The lower Tm of 

PLA in comparison to that of other materials can be attributed to a more cohesive polymeric 

structure. In addition, the presence of a double-melting peak can be attributed to the occurrence 

of melting of thinner lamellae followed by the melting of crystals derived from melt-recrystallization 

[41].  

CAD

Printed Specimens
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Fig. 3. DSC thermograms of all studied samples.  

A shift to lower Tcc values occurred when cork was added to the PLA matrix. This is an 

indication that cork promotes the initial cold crystallization of the PLA matrix due to the 

heterogeneous nucleation effect. An increase of the crystallinity degree was observed reinforcing 

the nucleating ability of cork. Also, the presence of MA contributed to the increase of the 

crystallinity degree of the polymeric matrix. The same tendency was visualized in a previous work 

performed by Oliveira and co-workers [42]. 

 

 

Fig. 4 presents the FTIR-ATR spectra of all the studied samples. These analyses were made 

in order to firstly evaluate the grafting of MA onto PLA chain and then to access the interaction of 

MAgPLA with cork (CPC 2). The characteristic peaks of PLA can be well identified, namely the 

peak at 1749 cm-1, which is attributed to C=O stretching of PLA ester group. Also the peaks at 

1182 cm-1 and 1083 cm-1, both related to the C–O bond, are detected [20,43]. 
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(a) 

 

(b) 

 

Fig. 4. FTIR-ATR spectra of (a) all studied samples and (b) zoom-

out of PLA, MA and MAgPLA spectra to evidence MA 
functionalization onto PLA molecular chain. 

For MA, it is also visible its distinguishing peaks, such as the peak at 1590 cm-1, which 

corresponds to the cyclic C=C stretching of anhydride, and the peaks at 1753 and 1774 cm-1 

associated with the asymmetric stretching of the carbonyl group (C=O) of the cyclic anhydride 

[21,44]. For MAgPLA spectrum, the absence of the peak at 1590 cm-1 is noticed (box delimited 

area in Fig. 4 (b)) thereby suggesting that MA was grafted onto the PLA chain. The same tendency 

was observed by Raghu et al. [44]. In addition, the presence of the peak at 698 cm-1 also indicates 

that MA was grafted onto the PLA by the bending of the CH group of the anhydride ring [23]. The 

FTIR-ATR spectrum of cork exhibited the characteristic peaks assigned to suberin, namely the 

absorption peaks at 2922 cm-1 and 2852 cm-1 corresponding to asymmetric and symmetric 

vibrations of C-H, respectively [7]. Vibrations at 1738 cm-1 (C=O in suberin), 1159 cm-1 (C-O-C 

ester group in suberin) and 1242 cm-1 (C-O stretch in suberin) can also be found. The presence 

of lignin (guaiacyl) was detected by the vibration peaks at 1510 cm-1 and 1463 cm-1 [7]. Concerning 
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the composite materials, the addition of cork to PLA (CPC 1) resulted in a spectrum similar to that 

of pure PLA (vibration peaks at 1083, 1182 and 1749 cm-1). This can be attributed to the poor 

interaction between the filler and the polymeric matrix. In the case of CPC 2, those characteristic 

vibration peaks of PLA shifted to 1081, 1180 and 1747 cm-1, respectively, suggesting that 

interactions between cork and PLA were improved. In order to perform an accurate analysis 

without the influence of experimental procedure, these characteristic peaks were normalized by 

the absorbance peak of PLA at 1454 cm-1. The peak at 1454 cm-1 is associated with CH3 bending 

vibration, being an internal characteristic peak of PLA [43,45]. In Fig. 5 are displayed the 

absorbance ratios of pure PLA, MAgPLA, CPC 1 and CPC 2. It is observed that the grafted PLA 

exhibits a higher intensity of vibration peaks of carbonyl and ether groups due to the presence of 

MA.  

 

Fig. 5. Absorbance ratio of peaks at 1083, 1182 and 1749 

cm-1 for pure PLA, MAgPLA, CPC 1 and CPC 2. 

Comparing the vibration peak intensities of both composites, the reduced intensity values for CPC 

2 can be an indication of an esterification reaction between the hydroxyl groups of cork and MA 

[21].  

 

2.2 Effect of MAgPLA on CPC mechanical behaviour 

The effect of the addition of MAgPLA on the mechanical behaviour of CPC was evaluated. 

Tensile properties of the developed materials, namely σmax, εmax and Young modulus (E) are 

presented in Fig. 6. 
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(b) 

 
 

Fig. 6. Mechanical properties of the injected PLA, MAgPLA, CPC 1 and CPC 2: (a) tensile strength (σmax) 
and Young modulus (E); (b) elongation at break (εmax). Note: i - stands for the injected specimens. 

When compared to composites, pure i-PLA exhibits higher tensile strength and modulus. The 

incorporation of cork into the PLA matrix led to a decrease of ≈61% on the σmax and ≈35% on the 

Young modulus (i-CPC 1). The decrease on Young modulus can be attributed to the characteristic 

lower stiffness and foamed structure of cork. Neat PLA is a brittle material and when cork is added 

to the matrix (i-CPC 1) a decrease of ≈59% on the εmax is noticed. The effect of the high pressure 

applied during IM process may have an impact on the mechanical properties of composites. Since 

cork is a cellular material, the high pressure applied will compress the honeycomb structure and 

the intrinsic cork properties will be damaged. It is known that other mechanisms can also influence 

the mechanical behaviour of CPC, namely (1) the type of matrix; (2) the compatibility between 

cork and polymeric matrix; (3) the cork content; and, (4) the dispersion within the matrix and 

homogenization [37,46]. In order to improve the mechanical behaviour of CPC 1, the effect of a 

coupling agent to promote the adhesion of cork to PLA was evaluated. To the PLA-Cork system, 

it was added 4% (w/w) of MAgPLA. The selected amount of MAgPLA was based on previous 

studies [42,47].  

As a result of the addition of MAgPLA to PLA-Cork system, an increase of ≈56% on σmax, of ≈8% 

on Young modulus and of ≈234% on the εmax were attained. This enhancement of tensile 

properties can be attributed to the improvement of the interfacial adhesion between the polymeric 

matrix and cork particles as a result of the establishment of covalent and hydrogen bonds between 

hydroxyl and anhydride groups. The presence of a coupling agent, such as MA, improves the 

stress transfer between polymer and filler resulting on the enhancement of composites 

mechanical behavior. Fig. 6 also shows that MA can act as a plasticizer by reducing σmax and 

tensile modulus, and by increasing the εmax (i-MAgPLA) [17]. On the other hand, Fourati et al. [48] 

reported an increase of 21% on σmax, of 314% on Young modulus and  of 105% on εmax when 2% 

of MA-based coupling agent was added to a Thermoplastic Starch/Polybutylene Adipate 

Terephthalate blend.  

Several studies on the use of coupling agents in lignocellulosic composites and consequent 

improvement of mechanical properties are found on the literature. A study from Raghu et al. [44] 
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on the development of thermoplastic starch/PLA blends showed that the presence of 10% of 

MAgPLA and 20% of wood fiber induced a 86% improvement on σmax and a 106% raise on flexural 

strength. Fernandes et al. [26] reported that the addition of 4 wt.% of polypropylene grafted maleic 

anhydride promoted an increase of 20% on σmax and of 19% on εmax of CPC. The effect of the 

same amount of coupling agent showed an increase of 19% on σmax and of 21% on εmax for 

PLA/Soy protein composites [49]. The mechanical properties of composites are influenced by 

coupling agents being relevant the following factors: (i) the amount added to the matrix/fiber, (ii) 

the saturation of the matrix/fiber interface, (iii) the functionalization site and (iv) its functionality 

[21].  

In Fig. 7 are shown SEM micrographs of pure PLA, cork particles and composite materials. 

PLA exhibited a brittle behaviour reflected on a smooth surface fracture (Fig. 7 (a)). [50] 

 

 

 

Fig. 7. SEM images of (a) pure PLA; (b) cork powder; (c) i-CPC 1; (d) i-CPC 2.  

Cork powder residues used in this work came from an industrial polishing process of cork 

stoppers. In Fig. 7. (b), it is possible to observe that some cork alveolus remain closed, while few 

of them are damaged as a result of the grinding process. According to Flores et al. [51], cork 

elastic properties are more affected by the content of damaged cells than by their size. This effect 

on elastic properties is more pronounced for particles smaller than 200 µm. The addition of 

MAgPLA results on the disappearance of voids and an undetectable interface between cork 

particles and polymer matrix, as observed when comparing CPC 1 and CPC 2 (Fig. 7 (c)-(d)). 

SEM micrographs thus reveal that MA acts as a compatibilizing agent by improving the interfacial 
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adhesion between matrix and filler.  These results support those obtained from mechanical 

analysis.  

 

2.3 Effect of printing conditions on CPC mechanical behaviour  

The mechanical behaviour of 3D printed parts should present a behaviour similar to that of 

parts obtained by conventional methods [52]. Besides manufacturing technologies, the 

mechanical behaviour of parts is also dependent on the properties of the material itself. For parts 

printed by FFF the anisotropy acquired during printing is the major problem that is related mainly 

to the layer size and its consequent thickness. Fig. 8 shows SEM micrographs of a CPC specimen 

emphasizing the homogeneity and adhesion of printed layers and the average layer height of 60 

µm. Printing parameters also influence the mechanical behaviour, such as raster angle, air gap 

between layers, filament orientation and build direction [52–56]. According to Letcher et al. [55], 

printed PLA exhibited higher tensile strength for a raster angle of 45°. In addition, a study reported 

by Chacón et al. [53] showed that samples produced with flat and on-edge orientations had the 

highest tensile strength and stiffness values. It is important to point out that these were the printing 

conditions applied in this study. 

 

Fig. 8. SEM images of printed CPC specimen highlighting the average layer height. 

The mechanical behaviour of printed and injected specimens of PLA and CPC 2 are presented 

and compared in Fig. 9. As observed, p-PLA sample shows a ≈12% reduction of tensile strength 

as compared to i-PLA. This reduction can be due to the porosity associated with the FFF process, 

as can be seen in Fig. 10 (b). 
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(b) 

 

Fig. 9. Mechanical properties of the injected and printed specimens of PLA and CPC 2: (a) tensile strength 

(σmax) and Young modulus (E); (b) elongation at break (εmax). 

In the case of CPC 2, both injected and printed specimens display similar σmax and E values. The 

higher εmax value observed for the injected part can be attributed to the rapid cooling down of the 

molten CPC 2 after the injection process. Contrarily, in the FFF process, CPC 2 is subjected to a 

longer thermal treatment resulting in a lower cooling rate and, consequently, a higher crystallinity 

degree. The same tendency was observed by Zhu et al. [57], where these differences on the 

crystallization behaviour resulted in higher σmax and E values and lower εmax values for printed 

parts, when compared to the IM parts.  

SEM micrographs of the injected and printed specimens are presented in Fig. 10. It can be 

seen that i-CPC 2 and p-CPC 2 specimens exhibit different fracture mechanisms.  
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Fig. 10. SEM images of injected and printed specimens: (a) i-PLA, (b) p-PLA, (c) i-CPC 2 and (d) p-CPC 

2. 

i-CPC 2 exhibits a fracture mechanism governed by the matrix while p-CPC 2 shows an 

intergranular fracture mechanism. The pressures applied during IM and FFF processes have 

different magnitude, being both processes classified as high- and low-pressure processes, 

respectively. It is here hypothesized that such different pressures account for the observed distinct 

fracture mechanisms. This hypothesis is being currently explored (ongoing study).   

 

2.4 Density of injected and printed specimens  

In Table 5 the density values for injected and printed specimens are listed. The processing 

technology and the presence of cork particles affected the density values. As expected, the 

injected specimens present higher density values than the printed ones. This is due to the higher 

pressures applied during the injection moulding process as compared to the lower pressures 

associated to the filament extrusion printing process. The addition of cork did not induce a 

significant reduction of specimens’ density.  

 

This tendency could be associated with the densification of cork particles caused by the pressures 

applied in both processing methods, also reported by Fernandes et al. [46,59]. As it is already 

known, cork low density is related to its honeycomb structure composed by cells filled with gas. 

However, in this study, cork powder results from the polishing stage of cork stoppers production, 

in which the honeycomb cork structure is damaged to some extent. It can be assumed that the 

contribution of cork particles to the density measurements of composites is associated to the 

density of cork cell wall, which is estimated to be 1.25 g/cm3, and also, to the incorporation of PLA 

into that same damaged cork cells [51].  
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2.5 Case-study | Printed parts 

Fig. 11 shows examples of printed parts using CPC 2 filament. Parts exhibited a non-plastic 

appearance and a warm touch, similar to that of cork, as well as a smooth surface finishing. An 

interesting characteristic when using CPC 2 filament is the pleasant smell that is released during 

the printing process. This is an important feature for desktop printers.  

 

 

 

 

 (1) 

 

 (2) 

 

Fig. 11. Examples of printed parts using CPC 2 filament. 

The obtained dark-brownish colour is related to the natural colour of cork. The development of 

CPC filaments presenting new colours solutions is now being conducted.  

 

3. Conclusions 

A filament composed by industrial low granulometry cork residues and a biodegradable matrix 

was developed. The use of these residues on the development of filaments provides a new 

material solution for AM world with unique characteristics, namely a non-plastic and warm touch, 

a natural colour and the release of an agreeable odour during the printing process.  

PLA was functionalized with MA by a melt functionalization process and the extent of MA 

grafting was evaluated through FTIR-ATR analyses. The addition of MAgPLA during composite 

preparation promoted the adhesion and dispersion of cork particles into the polymeric matrix, 

resulting in an increase of the tensile properties. Both cork and MAgPLA materials acted as 
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nucleating agents during PLA melting process. The specimens prepared by FFF allowed the cork 

to preserve its alveolar structure, which benefits CPC mechanical behaviour in opposition to those 

obtained by IM.  

It is here envisaged that the characteristics and properties of this cork-like filament will foster 

the development of new design solutions and products.   
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Table 1. Cork powder characterization by MIP. 

Average pore diameter (µm) 23.3 

Bulk density (g/cm3) 0.156 

Apparent Density (g/cm3) 0.694 

Porosity (%) 77.6 

 

 
Table 2. CPC formulation compositions. 

Samples 
PLA 

(w/w %) 

Cork 

(w/w %) 

MAgPLA 

(w/w %) 

CPC 1 85 15 - 

CPC 2 81 15 4 

 

 
Table 3. Injection moulding conditions. 

Temperature profile (°C) 180-185-190 

Injection pressure (MPa) 13 

Second pressure (MPa) 10 

 

Table 4. Samples thermal parameters obtained from DSC thermograms. 

Samples 
Tcc 
(°C) 

∆Hcc 

(J/g) 
Tm               

(°C) 
∆Hm 

(J/g) 
Xc  
(%) 

PLA 118.3 29.3 150.1; 156.2 -35.9 7.2 

MAgPLA 91.9 33.7 168.0 -47.2 14.6 

CPC 1 92.7 25.6 169.6 -37.5 15.1 

CPC 2 93.4 28.0 169.2 -43.0 19.0 
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Table 5. Density values for injected and printed specimens –  

ρ(PLA) equal to 1.24 g/cm3 [58]. 
 

Specimens 
ρ 

(g/cm3) 

i-PLA 1.26± 0.01 

i-MAgPLA 1.26± 0.02 

i-CPC 1 1.22± 0.01 

i-CPC 2 1.24± 0.08 

p-PLA 1.11± 0.05 

p-CPC 2 1.19± 0.02 
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