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Abstract
This study created a composite polymer for 3D printing from agave by-product using 
mechanical alloying process. The cold milling technique used by the ball mill is a stand-
ard procedure to homogenize metallic mixtures. This paper reports results from a series of 
laboratory tests to create a homogeneous mixture that could be extruded into a printable 
filament mixture of agave bagasse fibres and PLA pellets by using the kinetic energy of a 
ball mill. PLA and agave bagasse mixtures in this study were ground several times using 
this principle; steel and ceramic balls were used to grind them. The results of the study 
showed that this principle can be effective on a polymer-based mixture; indeed, an adhe-
sion between the pellets and the agave bagasse fibres was obtained. The results showed the 
different parameters that influence the mixture quality as the milling time, the ball mate-
rial, the number of balls, the mixture concentration and the rotational speed. Optical and 
ESEM/EDX analyses have confirmed our expectations about cohesion between fibres pul-
verized in powder and pellet adhesion, where powder accumulation on all the surfaces was 
detected. The absence of powder penetration in the pellets allowed us to explain the losses 
obtained during the process and to find new solutions to reduce them. Proof-of-concept 
parts were 3D printed with agave bagasse/PLA filaments. Their printed quality can be 
compared to that of commercial filaments. These results offer new perspectives to reuse 
agricultural by-products to create composite filament with a chemical-free manufacturing 
process.
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Introduction

Polymer 3D printing is used to create a large array of parts using materials derived from 
petroleum such as acrylonitrile butadiene styrene (ABS) or from biological polymers such 
as polylactic acid (PLA). PLA offers a very good opportunity for development as it is a 
100% natural material that is widely used in this industry. However, the challenge of pro-
posing new materials from natural materials for 3D printing is a very interesting gamble 
because it allows other sectors to be developed, for example, bespoke 3D components and 
products applicable in aerospace, automotive, healthcare, biomedical, construction, culi-
nary and textile sectors. Furthermore, the use of natural materials for 3D printing has the 
potential to increase compliance with zero waste and circular economy guidelines in these 
sectors [1–3].

An abundant plant molecule present in biomass is cellulose [4]. The blending of cellu-
lose with PLA was made possible thanks to the principle of controlled and stabilized emul-
sion known as “Pickering emulsion”. It consists of introducing some fibre solvent droplets 
into oil, water and cellulose mixture to make them miscible. The outcome of the study was 
the creation of a bio-composite filament created from plant molecules that added value to 
an abundant by-product and is likely to offer better mechanical characteristics [5]. Other 
studies have been carried out following the same emulsion scheme by chemical process 
[6], where the emulsion allows the control of porosity in a bi-material after mixing and 
demonstrated the possibility of printing with a porous material. Currently, research relies 
on improving the methods for fusing continuous fibres with the composite matrix [7].

The recovery of agricultural waste contributes to guaranty resource efficiency, sustaina-
ble production and consumption and the reduction of negative environmental impact [8]. A 
large body of research has been conducted to reuse and recycle agricultural resources; e.g. 
coconut shell-clay composite can be used as inexpensive alternative composite for treat-
ment of wastewater contaminated with phenol and 4-notrophenol [9], the application of an 
isolated fungus to replace chemicals used in detergent industries [10]. The agave-tequilana 
bagasse originating from Mexico is found in significant quantities as a by-product from 
the beverages industry. Production of Tequila beverage involves milling of thousands of 
“cooked” agave plant hearts. This action liberates agave syrup which is then fermented 
and distilled to make the beverage. The milling process accounts for the majority of this 
industry’s vastly fibrous by-product, i.e. agave bagasse. It is estimated to exceed 300,000 
t annually [11]. New waste regulations, make its effective management an urgent problem 
for the sector.

To date, possible routes for valorisation and upcycling of agave bagasse have demonstrated 
the viability and versatility of this by-product. This includes bagasse reuse to produce bio-
fuel [12], activated carbons [13], adobes reinforced with agave fibres [14], MDF boards [15], 
nutraceutical compounds [16], other valuable biochemical compounds [17] and bagasse-based 
composites [18]. Agave leaves have also been used to obtain fibres by mechanical extraction 
[19]. More recent studies have demonstrated the potential of using this by-product as a rein-
forcement in polypropylene automotive composites [20] and in PLA for non-structural auto-
motive components as well as consumer goods [21]. However, fibre compatibility through 
surface treatments is often used to improve the interfacial bonding, ease the compounding and 
improve the resulting properties for natural fibre-based composites [22–25].

From the environmental point of view, this work explores the cold grinding of solid 
compounds using mechanical alloying method (MAM), currently used in the aeronauti-
cal industry [26], as an alternative chemical-free filament elaboration process. This study 
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evaluates whether it is legitimate to think that the MAM ball mill is suitable to obtain a 
homogeneous mixture with two materials initially immiscible by cold grinding, namely a 
mixture composed of PLA pellets and Agave bagasse fibres (ABF) to create an industrial 
quality 3D printing filament with a simple manufacturing process. In terms of social-eco-
nomic aspect, the ultimate challenge would be to allow the agave based spirit producers to 
add value to their agave bagasse by-product thus diverting the need for landfill disposal.

The proposed process is following 4 phases, the fibre treatment, the mixture milling in 
pellets, the extrusion into a filament and the printing tests. Following an empirical approach 
and a defined protocol, an experimental matrix was developed. Then, samples were pre-
pared following the methodology from Huerta-Cardoso et al. [21]. The experimental pro-
tocol was kept evolving throughout the study. This paper reports the obtained experimen-
tal protocol. The results of this study lead to the validation of the cold milling efficiency 
for agave bagasse fibres and PLA. This study proposes a new chemical-free elaboration 
method of polymeric mixtures for 3D printing, intended for industrialists and researchers 
to create a new polymer-based composite or improve the existing material results.

Materials and Methods

Fibre Treatment

The agave bagasse fibres (ABF) for this study were used “as received” and chemically 
untreated. Before using them, they were separated manually in order to have finer fibres 
without impurities. Subsequently, to facilitate better milling, the finer fibres were chopped 
to produce fibre lengths of approximately 10 mm as shown in Supplementary Information 
(S1.1). The fibres were then sieved to remove any impurities. The pure PLA pellets used 
were Ingeo™ Biopolymer 4043D, from NaturalWorks. To remove humidity inside the pel-
lets and prepare them for the milling process, a Binder ED 23 classic line 20L heating oven 
was used. The pellets were spread on a sheet of aluminium foil to be dried in the oven for 
1 h at 50 °C without ventilation. The strong translucid appearance of the pellets afterwards 
implied that the humidity had been removed.

Milling Process

Mechanical alloying method consists of rotating balls inside a pot of the same material; 
these balls possess sufficient energy to weld and fracture the particles of the mixture repeat-
edly as shown schematically in the Supplementary Information (S1.2). Prior to milling, 6 
samples of 3 different mixtures were prepared separately at 10%, 20% and 40% of chopped 
fibres and dried PLA balanced. The quantities of materials (g) used to produce each mix-
ture are summarized in the Supplementary Information (S1.3). Following the planned 
materials mixtures, samples were milled following the experimental matrix in Supplemen-
tary Information (S1.4). After mixing, the samples were poured into steel or ceramic ball 
mill pots. Samples were milled at 200 RPM during 4 h, per 1 h cycle. The ball mill used 
was a Pulverizette 5 planetary ball mill from Fritsch. The time of exposure to air after dry-
ing until the pellets are crushed was kept to minimum. At the end of each cycle, the fibres 
accumulated at the pot-lid joint were pushed down to keep the fibres in touch with the 
balls during the milling. The parameters investigated to understand the effect of the mill-
ing process, were ball number and the ball material. The other criteria relative to the ball 
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mill were kept constant to simplify the process. Following these criteria, a Chromium Steel 
ball with a density of 7.8 was used (Comp C) as well as a Zircon Oxide ball (97% ZrO2) 
with a density of 5.7 (Comp D). The abrasive properties defined by the manufacturer for 
these balls were respectively classified as good and very good by the Pulverisette 5 user’s 
manual. The material ball properties are listed in the Supplementary Information (S1.5). 
Given the experimental results, the number of fibres unmilled was too high for the small-
est ceramic balls; that is the reason why these balls were removed from the study (Comp 
E). The “Pulverizette 5” ball mill user’s manual specifies that the mixture should occupy 2

3
 

of the volume of the jar. Following this method, 2
3
 of the bowl volume was occupied by the 

grinding material and the grinding balls while 1
3
 of the bowl volume was free as space to 

develop the ball inertia during the milling. This process is schematically described in the 
Supplementary Information (S1.6) (a) and experimentally represented in (S1.6) (b). It is 
observed in (S1.6) (a) 2

3
 of volume occupation and 1

3
 in picture (S1.6) (b). Once complet-

ing full milling cycle, the mixture was removed from the jar to separate the unmilled fibres 
from the pellet with embedded powder. The finality of this method is to keep the mixture 
where the adhesion fibres/pellet is a success. A mass measuring was made for each sam-
ple to quantify the mixture loss that did not penetrate the pellets. The visual aspect in the 
Supplementary Information (S1.6) (b) shows the mixture proceeded with steel ball after 
2 h of grinding. The unground fibres of each sample were compared to assess the effect 
of the material milling balls. Thus, the objective of having pulverized fibres was achieved 
for both mixtures. It was observed that less ground fibres and less aggressive pellets were 
removed for mixture milled with ceramic milling balls. The milling steps described previ-
ously were executed in a logical order, the steps and the methods kept evolving to improve 
the results. Figure 1 is the proposed milling method final version.

Extrusion into a Filament

The filament extrusion phase was carried out by pre-heating the Noztek pro extruder for 1 h 
before extruding a given mixture, to avoid the PLA glass transition during extrusion. The PLA 
glass transition is close to the extrusion temperature defined in the protocol to extrude the fila-
ment, which is 150 °C, thus, keep heating the nozzle before using is necessary to be sure that 
the nozzle has reached the 180 °C. When the temperature was completely settled after 1 h, the 
cooling system as well as the extruder screw was turned on. A test with the pure PLA and con-
stant settings were realized to check the filament quality. The starting temperature for the tests 
was set at 180 °C regarding the Ingeo technical documentation supplied. This temperature was 
adapted according to the different mixtures tested to obtain a correct viscosity. A constant rota-
tional speed for the winder was used during extrusion which is an automatic system to wind 
the filament directly on a spool. This system applies no extra tensile on the filament produced 
and controls the filament diameter by compressing the filament between two wheels to keep 
the right diameter. The extrusion temperature for all tests was kept in the range of 175–185 °C. 
The winder speed was set from 24 to 36 tr/s. The extrusion steps described previously were 
executed in a logical order as well as the milling process, the steps and the methods were kept 
evolving to improve the results. Figure 2 is the final version.

Thanks to a rotational speed and a temperature properly controlled, a final spool for the 
proof of concept was extruded. The filament spool shown in the Supplementary Informa-
tion (S1.7) was obtained by following the protocol. Other spools were produced following 
the concentrations on the experimental matrix (S1.4) from 10% ceramic and steel grinding 
to 20% ceramic and steel grinding.



1445Circular Economy and Sustainability (2023) 3:1441–1459	

1 3

Results and Discussion

Effect of the Milling Process

The samples A-1, A-2, C-5 and C-6 have been discarded because they did not provide more 
visual information, but they appear in the results. Samples B-3 and B-4 were metallograph-
ically prepared and observed with a digital microscope VHX-6000e. Further examinations 
were carried out using standard analytical techniques such as an optical and ESEM micros-
copy. All samples were processed in the ball mill according to the protocols from Fig. 1 
and Fig. 2 and the experimental matrix (S1.4). The damage mechanism of the pellets can 
be seen at first sight in sample cross-sections showed in the Supplementary Information 
(S2.1). The white areas appear to be cracks in picture (a), which break the pellets. These 

Mixture 

Drying of the fibres (1h) at 50 °C in an oven/stove 

Prepare 6 samples in 3 different concentrations (10%, 20%, 40%)

Sample with 10% 

ABF fibres chopped 

at 10 mm  

Incorporate 90% PLA 

pellets and 10% ABF in a 

ball mill pot with balls 

Mix the mixtures at ambient temperature for 4H cycle at 200 RPM (ceramic and steel balls for each) 

Change number of balls 

Sample with 20% ABF 

fibres chopped at 10 

mm 

Sample with 40% 

ABF fibres chopped 

at 10 mm 

Incorporate 80% PLA 

pellets and 20% ABF in a 

ball mill pot with balls 

Incorporate 60% PLA 

pellets and 40% ABF in a 

ball mill pot with balls 

Try to do the Extrusion filament process 

Extrusion filament process 

Change ball materials Change the kind of pellets 

Fig. 1   Mixture milling in pellets final protocol
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cracks show the aggressiveness of the steel balls on the PLA. The result on the picture (b) 
where the PLA pellets do not seem to be damaged can be compared with the picture (a), no 
cracks are displayed on the picture (b). Furthermore, the pellets shape with the steel balls 
seems to be more irregular than with the ceramic balls probably because the force exerted 
by the steel balls on the pellets surface is greater than the allowable yield strength of the 
PLA. Agave bagasse particles are observed in number on the surfaces of the PLA pellets 
in S2.1 picture (a) and (b). It seems that the pellets in picture (b) contain a bigger quantity 
of ABF particles. It could suppose that the ball setting was better for the fibre’s penetra-
tion. Accumulations of fibres can be seen in places, but it is not possible to assess their 
adhesion and penetration with the PLA or the size of these particles. It is supposed that 
the adhesion between the fibres and the PLA matrix is a way to evaluate the efficiency of 
mechanical grinding. To quantify the size of the particles, the method of Feret’s diameter 
was used during the measurement with the digital microscope VHX-6000. Feret’s diam-
eter is a measurement method used in particle sizing to accurately determine the size of 
imperfect, non-spherical or randomly shaped particles. It seems that the size of the pellets 
has not changed much as shown by Feret’s diameters summarized in the Supplementary 
Information (S2.2). The pictures in S2.1 confirmed this hypothesis as well. Indeed, Feret’s 
diameters for the samples B-3 and B-4 are almost similar to the pure PLA values, around 

Fig. 7 Extrusion into a filament final protocol 

Extrusion filament 

Prepare samples of mixture milled and 

filament extruded with an ink epoxy resin 

Observe the samples in the cross section with the optical 

microscope after metallographic preparation 

Retry mixture 

preparation if the result 

is not validated 

Check preparation process and mixture 

Extrude the filament 

Compare the results: 

- According to the different granule sizes 

- According to the different concentrations 

- According to the different mixing processes 

Adapt the settings during extrusion according to the result obtained (burnt areas, 

filament diameter fixed at 1.75 mm, density) 

Check the extruder setting (Temperature, cooling, 

filament winding) 

Fig. 2   Extrusion into a filament final protocol
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4.36 m and 4.22 mm for the pure PLA, 3.96 mm and 4.23 mm for the sample B-3, and 4.46 
and 4.13 mm for the sample B-4. Thus, Feret’s diameters of the PLA pellets are close to the 
ground pellet samples B-3 and B-4 so the milling does not appear to have had much effect 
on pellet size. Another indicator of the milling ball materials effects, i.e. steel vs. ceramic, 
is depicted as distributions in Fig. 3 and Fig. 4 from 10 samples.

It appears that in Fig. 3, steel grinding causes the most damage to the pellets after ceramic 
grinding. This is also the case in Fig. 4, where steel grinding is the most aggressive proce-
dure, producing small pellet sizes. Another observation made is that ceramic grinding does 
not deteriorate the pellets if we compare the trend curve of the unground reference PLA pel-
let with those of ceramic grinding in Fig. 3. This observation confirms the assumption made 
in S2.1 (a) and (b) where the pellets by ceramic grinding were visibly not cracked in contrast 
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to steel grinding. It is believed that this effect is due to the lower density of ceramic balls 
that may result in a grind that releases less energy. Clear non-processed PLA pellets size is 
4.36 mm and 4.22 mm, which is approximately 0.1 mm more than the B-3 and B-4 samples 
values. Moreover, the pellets surface states for B-3 and B-4 samples in Fig.  4 were sig-
nificantly affected by the milling balls density during the grinding in comparison with clear 
PLA pellets that are consistently circular and smooth. This shows that the milling ball mate-
rial and density has an important role on the grinding process. This pellet study in the effect 
of the milling process section aimed to identify the effect of the ball mill on the pellets and 
understand what this implies for the adhesion and cohesion of the fibres and ultimately, the 
quality of the resulted mixture. Therefore, next section aims to know whether the cracks or 
the surface condition obtained by milling help the ABF to adhere to the main PLA matrix.

Effect of the Milling Process in ABF/PLA Particle Cohesion/Adhesion

Previous studies on fabricating material pieces from natural waste-fibres in PLA, have 
demonstrated that this mixture can be processed without decreasing the clear PLA mechan-
ical properties via extrusion up to concentrations of 40% [21, 22] and via 3D printing 
up to 20% [2]. This background set the parameters to systematically explore 3D printing 
using the agave bagasse. In this study, the agave bagasse particles after extrusion presented 
imperfections inside the produced filaments; these impurities are thought to potentially 
cause a quality issue when the filament is used to print. The Supplementary Information 
(S2.3) shows a cross-section comparison of the lab-scale produced filaments (a) sample 
B-3 vs. (b) sample B-4. Both shows a longitudinal distribution of agave bagasse visible 
as brown dots. However, brown dots are less present in sample B-3, filament created from 
steel milling material (a) whereas, the filaments in B-4, ceramic milling materials, (b) 
seems to contain more agave bagasse particles. The distribution of these dots is homogene-
ous but there are sometimes irregularities. These results do not allow to say whether this 
is a piece of fibre or burnt spots during extrusion. This is attributed to insufficient grinding 
of the fibres when using ceramic milling materials, corroborating the effectiveness of the 
steel milling materials observed in S2.3 (a), or perhaps too high temperature is involved 
during the extrusion process. Therefore, further studies need to be carried out to determine 
whether these irregularities are pieces of fibres or burn spots during the extrusion process 
and their effect in the 3D printed pieces microstructure and performance.

Generally, a ball mill is used for grinding mixtures composed of powders. In this study, 
the mixture is composed of powder with solid elements (the pellets) with the purpose of pro-
moting adhesion between agave bagasse particles and PLA pellets. Once the milling was 
completed, all the powder particles not fully adhered to the pellets were considered a loss for 
the time being. This is because is not recommended to extrude with a mixture composed of 
powder without adhesion with pellets. A summary of the unmilled fibres per sample is pre-
sented in the Supplementary Information (S2.2). Significant losses were obtained, which are 
in the order from 9 to 42%, it is supposed that the concentrations at the end are much lower. 
Even with the mass of the fibres unmilled, estimate the agave bagasse concentration in the 
PLA pellets after sieving was not possible because the unmilled mixture is also composed of 
PLA powder which result in pellet damaged. By using the optical analysis, it has been pos-
sible to evaluate the real concentration inside the filament because it is a manner to evaluate 
the efficiency and the durability of the mechanical alloying process for a polymer application 
[27]. The real concentration of each sample before using the optical microscope was unknown 
due to the loss after sieving. Therefore, the Keyence VHX software (microscope measurement 
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software) was used to define the quantity of agave particles. This software detects automati-
cally brown spots that have been identified during the ESEM analysis to be agave fibres. The 
method used by the software is to differentiate dark spots from lighter ones or vice versa. Once 
the software has detected the right area, it colours the shape in red. Figure 5 shows how the 
software recognizes the brown shapes which are the pellets and how the software detects the 
agave bagasse particles in the filament following the same methods.

The Feret diameter results for the pellet are summarized in S2.2. The method (a) in Fig. 5 
was used to recognize the pellet shape. The agave bagasse content for the sample is in S2.2 as 
well. The method (b) in Fig. 5 was used to detect the content and the grain size. To observe 
the agave bagasse particle distribution, two filament orientations were tested. As observed in 
Fig. 5 picture (b), the samples prepared in the length direction were useful to know the grain 
size but inaccurate to measure the agave bagasse volumetric content. The other method con-
sisted of cutting the filament in the cross-section. This orientation has been useful to know 
the grain size as well and especially the agave content. The fact is that it is easy to calcu-
late the cross-section diameter of the filament, so the entire filament area. And comparing to 
the length direction method, the entire filament area was not precisely determined unlike the 
cross-section expressed as:

Knowing that the average is 1.75 mm for the filament diameter, the entire cross-section is 
2.4 mm2.

Then, the area ratio/real concentration is expressed as:

These data have allowed the calculation of the porosity content of the material expressed as:

This value is between 0 and 100% and defines the number of voids/pores inside the 
samples and gives information on the sample’s flow. The results are displayed in Table 1. 

Entire f ilament area (In the cross section) = �

Filament diameter2

4

Agave content % =
Fibres area f ilament (mm2)

Entire f ilament area (mm2)
× 100

Vp = 1 − Vf − Vm

b) 

1 mm

1

2 3

4
5

6

7 8

a) 

1 mm

Fig. 5   Sample cross-sections on a Feret’s diameter principle applied on the pellets and b agave bagasse par-
ticle distribution applied on a filament
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All the data in Table 1 was calculated by using the values per sample summarized in the 
Supplementary Information S2.4.

All samples were metallographically prepared and examined with a digital microscope 
VHX-6000. Samples mounted with ink-resin were the ones that gave the most realistic 
results for the real concentration, which are 8% and 13% for samples 3 and 4 instead of 
20%, according to Table  1. Of course, the concentration without loss would be a desir-
able 20% bagasse adhesion to PLA, increase surface hydrophilicity without posing a risk 
on processability and mechanical properties of clear PLA. Surface hydrophilicity may 
promote biodegradability of the material at the end-of-life stage [2, 21]. The results are 
well defined for a future progression by considering the new process losses. The theoreti-
cal porosity content is typically range from less than 0.5% for solid granite to more than 
50% for peat and clay. According to Table 1, we obtained respectively 8.8% and 11.49% 
by supposing a homogenous section. This means that the filament flow will be a little bit 
disturbed if the filament is melted. The porosity content calculation (Vp) was determined by 
using the PLA content (Vm) and fibre content (Vf ).

Nevertheless, the samples C-5 and C-6 with the higher concentration did not present any 
fibres on the surface, as well as for the samples 1 and 2. A conclusive outcome was expected 
but the results did not provide any information which suppose neither the sample was not rep-
resentative nor the concentration was too high. As show in Table 1 as well, the average length 
agave bagasse fibres were 604.41–639.9  µm inside the filament extruded with 20% agave 
content. A different result was observed by changing the agave content at 10%, the average 
length of agave fibres was now 312.53–226.59 µm. Reducing the size of the pellet or changing 
their shape would improve the final concentration. This hypothesis could not be verified dur-
ing this study. The authors recommend investigating this hypothesis as immediate next step 
to forward the understanding of mechanical recycling for agricultural wastes for the additive 
manufacturing sector. The penetration of fibres into the pellets is not possible as shown in 
Supplementary Information S2.1 photographs. Therefore, the assumption of reducing the size 
of the pellets will decrease the losses and improve the concentration. The grain size meas-
urements were made according to the JIS-G0551, ISO-643 and ASTM-E1382 standards. The 
principle of the measurement is to identify the agave bagasse particles as known geometric 
shapes such as circles, lines and diagonals. This gives us the orientation of the particles/fibres 
and the predominant shapes (Supplementary Information S2.5). Average line segment length 
is given by the particle length value divided by the number of captured grains. In Fig. 6 and 
Fig. 7, most of the shapes are circles that are supposedly an efficient milling process where 
the fibres are totally milled in powder. The fibres not totally milled are still there with the line 
shapes detected who suppose fibres. The hypothesis of changing the ball material between 
steel and ceramic makes a difference. Indeed, Fig. 7, the number of grains is more important 
for the milling with steel balls than the milling with ceramic balls, it shows that the steel balls 
are more efficient in terms of penetration for a polymer application. The random and multidi-
rectional orientation of the agave fibres inside the filament was graphically confirmed in the 
cross-sections showed in the Supplementary Information S2.6. This fact is confirmed with the 
grain size (Fig. 6 and Fig. 7) as well where a variety of different shapes exist. A hypothesis 
was submitted which is the circle shapes are potentially fibres oriented perpendicular to the 
surface observed by the microscope; thus, it might be not powder but fibres. This hypothesis 
brings interesting information. It is anticipated that the mechanical performance of the fila-
ment may be influenced by these distributions. Researchers must remain vigilant when assess-
ing mechanical properties.

The ball mass is a determining factor in the fibre’s penetration, kinetic energy for a ball 
depends directly on its mass and the rotational speed of the planetary ball mill [28]:
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Equation 1 is the ball mill velocity (m/s); Eq. 2 is the acceleration of the ball (m/s2); 
Eq. 3 is the kinetic energy of the ball (J); Eq. 4 is the total kinetic energy in a pot (J/g).
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These ball velocity and acceleration for a planetary ball mill have been determined by 
Abdellaoui and Gaffet [29]. The same equations have been used by Gheisari et al. [30] to 
quantify the kinetic energy inside a ball mill. The total energy considering the milling time 
and the number of ball have been expressed by Dastanpoor and Enayati [31]. Following 
Eqs. 1, 2, 3 and 4, the kinetic energy inside a pot has been determined according to the 
different rotational speeds for our planetary ball mill. These calculations results are sum-
marized in Table 2.

Further ESEM examinations provided information about the chemical composition in 
each sample. PLA with the chemical formula C3H4O2 is the main component of this mix-
ture. The agave bagasse fibres are composed of 15.9% lignin and 64.8% α-cellulose in the 
majority [22], which are organic elements.

The most interesting part is that calcium and silicon elements were detected as elements 
which works together to form a lot of accumulation on the pellet boundaries, visible in Fig. 8 
pictures  (a)  and  (c). The accumulations of powder on the boundaries supposed a cohesion 
between the calcium, the silicon and the PLA. Silicon is not present in the 10% sample and 
in the pure PLA pellet pictures (a) and (b) displayed in the Supplementary Information S2.7, 
which means that the silicon is present when there are several agave particles. Indeed, silicon 
is part of the Agave composition thus we can exclude the hypothesis of an experimental per-
turbation. This hypothesis has been confirmed by Mondragón et al. [32].

As well as calcium is present when there are agave bagasse accumulations as in the pic-
ture (c). The most interesting part of this ESEM analysis is in picture (a) and (c) where the 
silicon and the oxygen are present exactly on the same location around the pellet’s bounda-
ries. It suggests traces of silicon dioxide SiO2 specific to plant fibres, so the agave particles 
are identified on the boundaries as first element. Furthermore, it seems that the silicon is 
deposited on the PLA boundaries first as shown in Fig. 8 in picture  (c) with the silicon. 
This observation is confirmed as well with the picture (a). Then, the calcium is adhered to 
the silicon as shown in the picture (a) and picture (c).

Therefore, the accumulation of agave bagasse is formed by layers of the silicon and the 
calcium contained inside the fibres and the silicon participates in the adhesion of calcium. 
After the extrusion, the filament contained visible particles in the pictures (b) and (d) where 
there are the same elements than in the agave particles accumulations. In this way, agave 
particles in the filament were identified. In this case, the Carbon element in the fila-
ments  (c) and  (d)  is not the predominate component so it is supposed that the extrusion 

Table 2   Grinding energy for a planetary ball mill with a polymer mixture

Rotational speed
Disk RPM (Ω)/
pot RPM (ω)

Ball velocity (m/s) Acceleration of 
the ball (m/s2)

Kinetic energy 
of the ball (J)

Total energy in 
the pot (J/g)

Steel 50/107.5 0.1399 0.1610 0.0011 0.64
100/215 0.2798 2.5761 0.0045 2.57
150/322.5 0.4198 13.0417 0.0100 5.79
200/430 0.5597 41.2182 0.0179 10.29

Ceramic 50/107.5 0.1427 0.1610 0.0007 0.28
100/215 0.2854 2.5761 0.0029 1.13
150/322.5 0.4281 13.0417 0.0066 2.54
200/430 0.5708 41.2182 0.0118 4.52
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temperature did not burn a lot of the agave fibre. Furthermore, the melting points of silicon 
and calcium are respectively 1400 °C and 840 °C so these chemical elements cannot burn 
during the extrusion process.

Screening Environmental Impact of the Ball Mill Process

Electricity consumption for the ball mill process used in this study was expressed as 
12.7  kW/h as a maximum in the energy consumption list showed in the Supplementary 
Information S2.8. It shows the high level of energy-consuming of the mechanical alloying 
process by using a ball mill. Another energy consumption was conducted by Rajaonariv-
ony et al. [28]. This milling solution is efficient to create a mixture with agave bagasse and 
PLA but energy consumption should be considered for a large application scale. For exam-
ple, other model with less energy consuming processes in the grinding part might con-
tribute more to the overall sustainability of the process. The ball mill energy consumption 
calculated for this study is approximately 12.7 kW/h for a completed grinding of 4 h. We 
can compare the consumption of the ball mill to a washing machine which consumes on 
average 1 kW/h. The ball mill process consumes three times more than a washing machine. 
Nevertheless, a complete cycle, optimized with the maximum number of samples that can 
be crushed in one cycle, the process produces up to 300 g of mixture, which is the equiva-
lent of one full spool of commercial 3D filament (usually sold in 250-g spools), by also 
considering the loss we can have during the manufacturing process.

Return on Investment and Energy Consumption of the Extrusion’s Equipment 
by Considering the Advantages of FDM 3D Printing

Extruding commercial grade filament requires a professional extruder and associated 
winder. The cost of purchasing this equipment can be amortized over a few years if the 
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milling balls) pellets (a) and (c) and filaments (b) and (d)
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number of parts printed by FDM 3D printing is properly optimized in the 3D slicer to print 
multiple parts in one as showed by Faludy et  al. [33]. Using desktop FDM 3D printing 
rather than professional methods such as professional FDM 3D printing or plastic injec-
tion makes the process financially viable when it is compared to the electron-beam melted 
(EBM) printing process, which uses the following cost formulation:

Detailed formulation in the cost analysis is developed by Baumers et al. [34]. The par-
ticularity of FDM 3D printing is that it allows, for example, to reduce the mass of the 
parts by topological optimization without deteriorating the mechanical advantages of the 
filament. As a result, the mass term “m” is predicted to be lower. The energy consumed 
“ EBuild ” of a desktop 3D printing has been estimated as 9 MJ (the maximum value in any 
desktop 3D printing). Relative to the EBM technology calculated by Baumers et al. [34], 
which is 200 MJ, it is 22 times less. This suggests that FDM 3D printing energy consump-
tion is not significant compared to the ball mill one. Following the energy consumption 
principle, the NoztekPro extrusion device used in this study, is not significantly energy 
consuming. From the manufacturer information, the global system runs at 260 W when it is 
combined with the motor and the heater. This is equivalent to lighting two and a half 100w 
light bulbs.

In this study, the agave bagasse initial separation has been performed manually at labo-
ratory scale. This is because the agave bagasse “as-received” not only contain bundles of 
fibres but a size variety of coarse clumps with different masses. To foresee a scale up of 
the proposed process, an automated system should be integrated to the overall process, for 
example, a commercial biomass shaker. It is known that sieve sizes should be selected to 
minimize the energy consumption while maximizing, in this case, the ball milling process 
stage and the resulted particle sizes [35]. This study has determined that the particle sizes 
obtained from the ball mill plays a determinant role in the fibre-pellet adhesion process. 
Future research should be conducted to understand and apply the ideal correlation between 
the sieve size and the agave bagasse particle sizes to maximize energy consumption when 
separating the bagasse automatically.

Prototyping

Tequila-shot glasses prototypes were printed for proof-of-concept and to assess the per-
spective of this bio-composite material based on reusing agave bagasse fibres. Processing 
temperature, flow and infill speed are critical parameters to obtain high quality 3D printing 
pieces. For pure PLA, processing temperature and infill speed for pure PLA filament are 
215 °C and 90 mm/s, respectively [36]. Subject to the 3D printing technology used, the 
printing flow can be modified with the software to 45–50 mm/s and conserve the product 
quality. In this study, a FMD (Fig. 9a) depicts a specimen printed with a processing tem-
perature of 215 °C and 40 mm/s infill speed infill speed. A thorough visual appreciation in 
Fig. 9a provided the confidence to move forward as the most common surface distortions 
and defects on 3D printed pieces were not observe, for example, under-filling (dry print-
ing), over-filling or the presence of cracks without adequate adhesion [37]. Printing infill 
speed was modified to produce the proof-of-concept prototypes. Clear PLA control proto-
type was printed to mimic a commercial tequila-shot glass dimensions and beverage capac-
ity. Based on this PLA control-prototype printing parameters, a new filament (PLA + 20% 

CBuild =
(

Cindirect × TBuild
)

+
(

m × PriceRawmaterial
)

+
(

EBuild × PriceEnergy
)
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ABF milled 4 h at 200 rpm) prototype was printed. As shown in Fig. 9b, the resulted pro-
totypes demonstrated that printing quality of pure PLA filament is similar to the new mate-
rial prototype.

The mixture quality obtained following the mechanical alloying enabled to create a 
printing quality comparable to a commercial quality filament. This proof-of-concept is 
at its infant stage, but the beginning is very promising. Improvements to the process can 
be made. Future investigations will rely on studying the effect of concentrations/ratios of 
agave bagasse fibres (e.g. 40, 60% ABF) with PLA mixtures for producing filament, and 
evaluating the FDM produced prototypes [38].

In the proposed method waste is repurposed (agave bagasse) and environmental impact 
such as raw-material use is reduced (PLA). Our method has designed-out chemical sub-
stances; i.e. mechanical alloying process does not require the fibres to be chemically pre-
treated to enhance adhesion properties, in line with the circular economy guidelines [39].

Conclusions

The hypothesis of using mechanical alloying process for a polymer application to create a 
bio-composite material has been carried out with success.

The use of steel ball in the milling process showed to be more efficient for this bagasse-
polymer application. Currently, the unmilled fibre in the ball mill varies within the amount 
of 7–12%. It is desirable that these amounts are further reduced. Reducing the losses dur-
ing the milling process will increase the fibre content of the pellets, therefore, improving 
the overall efficiency of the new process. Several solutions have been identified to enable 
future studies to address this issue, one of which is to reduce the size of the PLA pellets. 
Considering that agave penetration after milling is often absent, increasing the surface to 
volume ratio will improve the fibre content. In addition, an aggressive grinding process 
with high density pellets will create cracks that will accommodate more fibres inside. Fol-
lowing a satisfactory increased fibre content, chemical and mechanical characterization 
must be carried out in line with the ASTM material standards to the new filaments and 3D 
printed pieces.

Fig. 9   Tequila-shot glass prototyping; infill quality at the left (a) and material obtained comparison to the 
PLA standard measurement of tequila glass at the right (b)
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This new principle could be useful in the additive manufacturing industry as it offers other 
perspective to create a filament only by using a mechanical energy without chemical pro-
cesses during its manufacturing. Therefore, further positive socio-economic and environmen-
tal impact is anticipated. The energy consumption of this new process was considered in this 
study at laboratory scale. Full LCA analysis is recommended when upscaling the process. The 
protocols developed in this study allow upcycling for the tequila distillery bagasse waste and 
have the potential to be applied to other agricultural waste crops. Furthermore, the protocols 
will contribute to the circular economy transition within the additive manufacturing sector.
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