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Abstract 

Nowadays, evolution happens every second. The innovation in the technological field is probably the biggest evi-

dence of this growth, looking for ways to improve products every day, as well as their building process. Additive 

manufacturing has increasingly been showing its voice in the industry, and many indicate that it fits into the new in-

dustrial revolution, also known as Industry 4.0.  

The plastic consumption is something that has also been increasing, due to the ease of processing and the raw mate-

rial cost. However, it represents a threat to our ecosystems and environment in general. Not only for environmental 

but also for financial reasons, the reuse of the raw material is a great advantage for those who deal with this type of 

material.  

In the Product Development Lab of Instituto Superior Técnico, the additive manufacturing is explored every day and, 

hence, the need to create a thermoplastic polymer recycling station has born. This station has the purpose of repro-

cessing parts without use in order to give them a new life, producing filaments for printing by fused deposition mold-

ing.  

In addition to the creation of the recycling station, this study focuses in the quality of the produced filaments. A re-

search has been done to understand what determines the quality of both the filament and the final product after print-

ing, and with this, take some conclusions about the obtained results. The final products were compared to similar 

products of never-recycled material and non-degradation of the polymer was verified after a recycling cycle. 

  

Key-words: Mechanical recycling, filaments production, additive manufacturing, 3D printing, polymer degradation, 3D 

printing with recycled plastic. 

 

1. Introduction 

It is well known that the industry related to AM (ad-

ditive manufacturing) has been growing sharply in recent 

years. The ease of producing parts either functional or for 

final consumption (rapid prototyping) with complex de-

tails and at low cost, is a factor that drives this growth. 

According to the Wholers Report 2016 [1], the additive 

manufacturing industry grew by 25.9% in 2015, corre-

sponding to an overall value of 5,165 billion dollars. Data 

indicate that more than 278,000 3D printers have been 

sold (considering only printers worth less than $ 5000). 

In 2021, a turnover of more than 10 billion dollars is ex-

pected. Once the technology is adopted, it becomes use-

ful for any company to minimize waste and reuse raw 

material. By giving this material a new life, the company 

can automatically reduce its production costs apprecia-

bly. In the Laboratory for Product Development of Insti-

tuto Superior Técnico, the technologies of additive man-

ufacturing are explored and studied every day. Hence, the 

need to create a recycling station where members of the 

lab workgroup can recycle their material as well as test 

new thermoplastic polymer compositions. 

2. Additive Manufacturing 

Additive Manufacturing (AM) is the process of bond-

ing materials with the purpose of creating components 

based on a digital model, usually layer after layer instead 

of producing parts by removing material, or subtractive 

manufacturing. It is the generic name given to the set of 

technologies that use a material deposition process for 

rapid prototyping. This process is based on the addition 

of material in successive layers, allowing the creation of 

parts with basic or sophisticated geometries in a simple 

way, easily controlled and manipulated by an eventual 

operator. It is often associated with the addition of ther-

moplastic material, but there is already techniques capa-

ble of producing metal components and the main goal is 

to achieve quality levels that allow production with hu-

man tissue. In addition to these, there are other processes 

that rely on this type of production method. In this study 

the focus in on FDM technology - Fused Deposition 

Molding. 
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2.1. Fused deposition molding 

FDM is one of the techniques used in 3D printing and 

probably the most common. It is intended for the use of 

thermoplastic materials, that are materials with the ability 

to melt / soften when heated (at temperatures physically 

easy to reach by addition of heat) and which assume the 

solid state again when they cool down. The process be-

gins by heating the material in the extrusion head where 

the polymer begins to melt. Thereafter, the material is ex-

truded and deposited on the table at a defined speed and 

diameter. The variation of these parameters can influence 

the duration of the print as well as the thickness and pre-

cision of the layer, which of course will influence the 

quality of the produced part. 

3. Polymer recycling 

 

Plastic waste can have a high impact on the environ-

ment, such as in a company's economy. With recycling, 

the possibility of saving resources has been created, in-

creasing the life of landfills and minimizing waste. Since 

thermoplastic is a type of recyclable material, we can as-

sume that its recycling brings beneficial results in several 

aspects. There are three types of polymer recycling: me-

chanical, chemical and energetic (or primary, secondary 

and tertiary). Chemical recycling transforms the polymer 

to recycle into monomers or hydrocarbons which can be 

used to produce high quality plastics or even chemicals. 

Energetic recycling is the use of plastic as a fuel to pro-

duce thermal and electrical energy [2][3]. In this case, the 

focus is on mechanical recycling, since it is the one that 

fits directly with the studied topic. 

3.1. Mechanical Recycling 

This type of recycling is used in two different do-

mains: the industrial (reprocessing of the polymer allows 

it to return to the production line) and the post-consump-

tion (waste in general). For the polymer to be recycled, it 

needs to pass through the following steps [4]. 

• Separation: where the different types of plastic are di-

vided and regrouped according to their type; 

• Crushing: where they are milled and crushed into 

smaller pieces or even into granules; 

• Washing: often with water, to remove any contami-

nants; 

• Drying: where the material is dried and compacted; 

• Extrusion: final step where the material is melted, com-

pacted and extruded. 

 

In this study, the separation step is done prior to the 

use of the equipment. This means that the user must con-

sider the material being processed and be careful to recy-

cle components with the same composition. In addition, 

it must also be considered, when storing the samples, to 

not mix different materials. The washing and drying steps 

are neglected in this study. The purpose of the equipment 

does not require these processes to obtain the expected 

results. In addition, for the used prototypes that have be-

come useless, since their life has not been in contact with 

substances with a high risk of contamination, these pro-

cesses do not bring many advantages to the generated 

product. It is possible to find some scientific documenta-

tion that relates the study of the mechanisms of both 

shredding and extrusion, essential mechanisms for suc-

cess in the recycling process. The recycling process to be 

developed involves a first step in which the material is 

shredded into small pieces of maximum controlled di-

mensions. After obtaining the desired sample, the mate-

rial undergoes an extrusion process in order to obtain the 

filament as final product. It is easily concluded that two 

machines are needed: a shredder and an extruder. 

3.2. Shredder 

The shredder is a kind of equipment very common in 

different industries. Some are designed to grind paper, 

others to grind plastics and there are some even capable 

of grinding a car. Obviously, depending on their func-

tions, vary their characteristics, whether functional or 

structural. However, within the same branch of industry, 

plastic for example, the characteristics of the shredder 

may also differ. It is possible to find shredders with an 

axle of rotary blades that, with the help of a set of fixed 

blades, is able to cut the material. In an equipment with a 

similar but more demanding purpose (in higher produc-

tion volumes, for example) a shredder with two rows of 

movable blades can be used.  

The shredding action results from the combination of 

three actions [5]: 

• cutting action: it is the cutting mechanism itself. Its ef-

ficiency depends on how sharp the blades are and the tol-

erance between two consecutives, like a scissors mecha-

nism; 

• tearing action: the action of pulling the material and the 

ability to separate it, opening an initial fracture. This ac-

tion is particularly verified with plastics and rubbers; 

• fracture action: some materials have a very brittle frac-

ture behavior, such as glass. It is also common to have a 

fracture when the blades are not properly sharpened or 

there is too much gap between them. Particular care must 

be taken with this because of the danger of projecting 

small parts out of the equipment. 

All these actions are present when using a shredder. 

However, when the tolerances are properly tight and the 

edges of the blades sharp, the predominant action is cut-

ting. 

3.3. Extruder 
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In the same way that shredders of different sizes and 

purposes exist, so do extruders, which may be to extrude 

filaments for 3D printing or to inject polymers into a 

mold, for example. The key components of an extruder 

(Figure 1) are: 

• Structure: what supports the machine and guaran-

tees the alignment of the rotating components; 

• Threaded shaft: responsible for transporting the ma-

terial along the pipe; 

• Tube: also plays an important role in the flow of ma-

terial; 

• Hopper: place where the raw material is fed; 

• Motor shaft: responsible for the rotational move-

ment of the threaded shaft; 

• Heating cells (resistors): with the function of heating 

and melting the material; 

• Matrix: can have multiple configurations and de-

fines the geometry of the material section at the output; 

• Motor, electric in most cases. 

The operation of an extruder begins by feeding the 

previously crushed material into small pieces. The mate-

rial must enter the hopper and by gravitational action, go 

down to the throat - opening at one end of the tube 

aligned with the base of the hopper. Here, the material 

gets in contact with the threaded conveyor shaft and, due 

to the frictional loads generated therein, combined with 

those of the inner surface of the tube, the polymer begins 

to be drawn to the other end. During the course, the ma-

terial is heated gradually backwards to the front of the 

tube (the back, where the material enters the machine and 

the front, where it is released). The temperature of the 

extrusion screw is often greater than 275 ° C [7]. 

4. Filaments – Materials, quality and printing 

parameters 

Nowadays, there is a large amount of filament mate-

rials for 3D printing. As in all areas, each material is a 

material and it may have totally different properties. The 

material choice must be made based on its application. In 

this context, the range of values for different properties is 

significantly wide. There are materials with a high stiff-

ness, capable to resist to great stresses without significant 

strain as well as deformable materials with a simple hu-

man touch. In addition, the aesthetic aspect is also very 

varied. It is possible to find filaments with different 

shades, colored, translucent or even metallic. In fact, it is 

even possible to obtain filaments with the appearance of 

stone, iron, bronze or wood from PLA composites [8]. 

4.1. ABS 

ABS (acrylonitrile butadiene styrene) was one of the 

first materials in FDM and is still one of the most com-

mon. It is a petroleum-derived thermoplastic that is 

widely used in the industry because it has a high stiffness, 

impact and temperature resistance, and a long service 

life. It is a material that can be found in various colors 

and usually has a matte tone. When compared, for exam-

ple, to PLA, this material exhibits a greater flexibility. 

This may be convenient if it is necessary to make a fit-

ting, for example. Although it allows a good surface fin-

ish, the accuracy of the ABS is worse than the PLA - it 

does not allow, for example, very sharp corners. From the 

most common materials, this allows an easier post-pro-

cessing. The ABS is easily machined and is soluble in 

acetone, what facilitates the process if necessary. 

4.2. PLA 

PLA is the environment’s "favorite" material. This 

one takes only 2 years to degrade if it is under the ground 

and 4 years immersed in water, since it is of biological 

origin - derived from roots of cassava, cane and corn 

starch. It can be found in opaque or translucent tones with 

always some brightness. It is a very rigid material, re-

sistant and difficult to deform. Its high hardness makes it 

an unsuitable material to resist impacts. It allows a very 

consistent extrusion rate and a very good thermal shrink-

age, which results in a good dimensional finish and geo-

metrical accuracy. However, it is a material with low re-

sistance to high temperatures, friction and low machina-

bility due to the friction involved in the processes. It is 

therefore not recommended for fittings or parts subjected 

to large mechanical or thermal stresses. 

4.3. Influence of the printing parameters 

Aspects such as mechanical and thermal behavior be-

come essential in the choice of thermoplastic to be 

printed, as well as the surface quality, the dimensional 

and geometric tolerance intended. Some studies indicate 

that the increase in temperature favors maximum and 

yield stresses, as well as the elastic modulus [9]. The de-

crease in the layer thickness also increases these proper-

ties, which are favored by 0⁰ / 90 printing orientation 

[10]. The decrease in the layer thickness also tends to in-

crease the ultimate strain [11]. In opposition to the stated 

properties, fracture toughness and fracture extension in-

crease with the decrease in printing temperature and are 

favored by -45⁰ / 45 printing orientation. In general, in-

crease the fill density results into better mechanical prop-

erties. 

4.4. Fiber orientation and mechanical characteriza-

tion of the material 

Figure 1 - Extruder componentes [6]. 
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During the print, material is deposited along what 

may be called a line, which will be referred as fiber in 

this document. These fibers are deposited side by side 

and in different layers, providing the structure to the built 

component. The most common print sequence [12] be-

gins with the drawing of a contour that is then filled with 

fibers deposited with successive movements, oriented at 

45⁰ with the horizontal axis. The following layers have a 

similar geometry but rotated 90⁰ regarding the layer 

above (figure 2). 

 It has been observed that the shape and interaction of 

the fibers as well as the print trajectory affect the proper-

ties and performance of the final product. This implies 

that the manufacturing strategy is important, and the used 

parameters must be considered, as well as the response of 

the material to the thermal request involved. The fibers 

in the components manufactured by FDM closely resem-

ble the structure of the reinforced fiber composites. They 

are significantly stronger in the axial direction of the fiber 

but, on the other hand, the material has a weaker response 

in the direction of adhesion between layers. In any orien-

tation, specimens usually exhibit a brittle fracture. How-

ever, the direction of the layers also has some importance 

on the new surface when related to the direction of the 

applied load [13]. In figure 3 is a scheme that illustrates 

this fracture according to the layers orientation of the 

tested parts. 

4.5. Mixtures and recycled materials 

The behavior of ABS has been studied when submit-

ted to recycling processes or mixed with other materials 

[11]. It has been found that with the recycling processes, 

there is no significant change in the glass transition tem-

perature, the fracture stress or the elastic. However, the 

same does not happen with the fracture strain or with the 

impact resistance, that reduce substantially. R.Scarffaro 

et al. [14] observed some variations in the tensile proper-

ties of the material as well as in its extrusion flow (in the 

study it was compared and mixed post-consumer ABS 

and virgin ABS in different proportions). In that test, it 

was found that there is a large decrease in the fracture 

strain. Despite this, the biggest decrease was in impact 

stress. This phenomenon is justified by two main reasons: 

the loss of the most volatile molecules of the material and 

its degradation due to the break of its bonds. From these 

tests, it was concluded that the viscosity of the mixtures 

only begins to decrease after being processed for the third 

time when compared to the viscosity of the virgin ABS. 

Up to two processing cycles, there are no changes in the 

thermal distortion temperature. On the other hand, blends 

processed three times, especially those with high post-

consumption ABS content, showed a decrease in that 

temperature. The tensile properties of the blends de-

creased with the first recycling process. The increase in 

the number of cycles and the post-consumption ABS con-

tent does not cause major changes in the mechanical 

properties of the material. In terms of bending, only the 

increase in the number of cycles causes small changes. 

The impact resistance decreases with both the increase in 

the number of cycles and the increase in the percentage 

of post-consumption ABS. 

4.6. Coalescence between layers 

The bond between the different fibers and layers of a 

given part manufactured by FDM is a decisive factor in 

its mechanical properties. The cooling time of the mate-

rial between the deposition of two consecutive layers is a 

determining factor in the bond strength. Thus, the process 

of creating these links is influenced by the surrounding 

environment and the adopted print strategy [15]. The pro-

cess of creating these bonds happens by sintering (change 

in the microscopic structure of a base element) when 

above 200 ° C in the case of ABS, passing to a diffusion 

process when below that temperature, until reaching the 

glass transition temperature (108 ° C) [16]. 

4.7. Dimensional quality of filaments 

Tolerance in the filaments production has a very im-

portance in the dimensional or geometrical quality of a 

printed part. Manufacturers increasingly seek to be able 

to monitor the quality of the filaments they produce and 

try to reduce the tolerance they get to the maximum. In 

industry, the applied tolerance is ± 0.05 mm. A constant 

diameter along a filament defines a huge part of its qual-

ity, since this quantity also defines the quality of the im-

pression, with a significant impact on the extrusion flow 

rate. Common printers do not read the filament diameter, 

they only calculate the print volume based on the nominal 

size, extrusion speed, and nozzle diameter [17]. A re-

duced diameter can hinder or prevent extrusion of the fil-

ament because the sprocket wheel of the extruder may 

not be able to reach it properly, it can cause backflow that 

makes the filament in the nozzle difficult to reach, or 

cause air spaces inside the part. On the other hand, an ex-

cessive diameter can cause nozzle clogging or deposit 

clusters of material in the print. An excess diameter may 

also interrupt the extrusion because of being too large to 

Figure 2 - Example of a 45⁰ layer orientation printing strategy 

[12]. 

Figure 3 - Type of fracture for different layer orientations [13]. 
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pass through the extruder channel, or cause the sprocket 

to scrape and damage the filament (Figure 26). This last 

phenomenon both damages the filament, causing a kind 

of cracks, but also accumulates those small pieces re-

moved in the extruder, increasing the risk of failure. 

 

5. Recycling station 

This study starts with the intention to create a recy-

cling zone in the Laboratory for Product Development of 

the Mechanical Engineering Department of IST. In this 

laboratory, 3D printing technology (FDM) is used daily 

and the existence of a raw material recycling zone has 

been taken as an obvious added value. The process of cre-

ating the equipment started from an initial cost analysis 

and realizability from the production point of view. 

5.1. The shredder 

In general, a shredder is made up of: 

 

• Feed hopper; 

• Shredding chamber; 

• Rotary shaft; 

• Storage of crushed material; 

• Support structure; 

• Geared motor; 

• Coupling between the shaft and gearbox; 

• Component and electronic box with button to start 

and stop the motor rotation. 

The configuration of the equipment created is shown 

in the figure 6, where part of the components described 

above can be identified. 

Since it is an equipment to be in the laboratory and 

not in a workshop with ample space, it was attempted to 

develop an equipment as compact as possible. This com-

pactness is favored by the simplicity of the design and 

must be structurally resilient. The shaft is the element re-

sponsible for transmitting power from the motor to the 

rotating blades as it is where they are engaged (figure 7). 

The blades must rotate with the shaft without slipping 

and, for this, a non-circular section has been chosen. 

However, attention must be paid to the number of possi-

ble contact points between the blades and the shaft - the 

larger the number of possible contact points, the smaller 

the gap and the more distributed load transferred from the 

blades to the shaft. Thus, a hexagonal section (figure 36) 

Figure 2 – Printing issues regarding the tolerance of the fila-

ment [17]. 

Figure 3 - Recycling station. 

Figure 4 - Shredder produced overview. 

Figure 5 - Rotary shaft with blades assembled. 
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was chosen and, although it is more difficult to machine 

than a square section shaft, better fulfills this last require-

ment. For the shaft design, the rated power for the motor 

of 𝑃 = 2.2 kW was considered. From this value and the 

chosen rotational speed of 𝑤 = 70 rpm, it is possible to 

know the produced torque, 𝑇: 

𝑇 =
𝑃

𝑤
= 300.15 𝑁𝑚 

Knowing this value and considering the maximum al-

lowable shear stress of 275 MPa for the S275JR steel and 

its polar moment of inertia for solid circular shafts 𝑱, it is 

possible to establish the relation between the minimum 

diameter of the shaft (2𝑐) and the applied torque, from: 

𝜏𝑚𝑎𝑥 =
𝑇𝑐

𝐽
 

𝐽 =
𝜋

2
𝑐4 

𝜏𝑚𝑎𝑥 =
2𝑇𝑐

𝜋𝑐4
 

𝑐 = (
2𝑇

𝜋𝜏𝑚𝑎𝑥

)

1
3

= (
2 ∗ 300.15

𝜋 ∗ 275 ∗ 106
)

1
3

= 8.86 𝑚𝑚 

2𝑐 = 𝑑𝑚𝑖𝑛 = 17.72 𝑚𝑚 

This is, therefore, the minimum value that the diame-

ter of the shaft can have. Thus, it was decided to use a 

nominal diameter of 20 mm, which gives the shaft a 

safety factor of 1.4. The increase in diameter is also ad-

vantageous in resisting the vibrations inherent to the op-

eration of the machine, as well as resisting the bending 

caused by the weight of the blades and the reaction force 

of the material. It was decided to use a gearmotor with a 

transmission ratio of 1 to 20, 2.2 kW of power, 4 poles, 

IP55 and 50 Hz. The power used combined with a speed 

of rotation of 70 rpm allows a torque of 300 N.m at the 

output. Since it is a 2.2 kW motor, it was decided to use 

a direct start with a push button (if it was more powerful, 

above 7.5 kW, it would be necessary to opt for a star-

delta starter, for example). Thus, this starter only needs a 

contactor, a thermal relay, two buttons (start and stop) 

and wires for the power and command circuit. 

5.2. The extruder 

For the extrusion part of the recycling station, it was 

decided to buy a bench extruder. Since it is not an indus-

trial equipment, the production rate does not have to be 

too high. Several options were considered such as pro-

duction rate, extrusion channel isolation, extrusion tem-

perature range and cost, Filastruder 2.0 was finally cho-

sen (Figure 8). After the parts arrived, the equipment was 

assembled and placed in the place of the laboratory in-

tended for the purpose. 

The Filastruder version 2.0 is an improvement on pre-

vious versions and is available at a very affordable price, 

in opposition to some more expensive and similar equip-

ment. Its structure is made of 6061 aluminum alloy that 

allows a good life and easy assembly. This motor allows 

the voltage and current intensity to be varied for better 

control of speed and torque due to a pulse width modula-

tion (PWM) controller, working in closed loop. It should 

be noted that the current limit results in limiting the motor 

torque, while limiting the voltage limits the motor speed. 

The motor and controller are cooled by a 60 mm fan 

placed in the structure surrounding the machine. The 

temperature control is made with a PID controller. There 

is also a fan at the exit of the extrusion channel which 

facilitates the solidification of the material. The extrusion 

die (nozzle) contains a filter to ensure good filament 

quality. This filter does not allow particles larger than 

200 μm to pass through, preventing contamination of the 

mixture, increasing the quality of the section geometry, 

which is ideal to not clog the extrusion head of the 

printer. Filastruder must be fed with pieces of material 

smaller than 5 mm in any direction. Its production rate is 

around 5-8 h / kg, depending on the material to be treated, 

output diameter and service temperature. The maximum 

achievable temperature is limited for reasons of safety, 

equipment preservation and degradation of the polymer 

and can reach 260 ° C. Its maximum power is 75 W, usu-

ally working around 50 W (average value) being able to 

apply pressures higher than 150 psi (1 MPa approxi-

mately). It operates with a voltage of 110-240 VAC and 

frequency of 50/60 Hz. Some materials may release 

smoke and must be operated in a ventilated area. The op-

erator must ensure his protection - in terms of smoke in-

halation and possible burns. The operator must always 

follow the process and do not leave the machine unat-

tended. During the operation of the extruder, the operator 

must set the desired temperature and wait for the heating 

cell to reach the same temperature. When this happens, 

he must wait 15 to 20 minutes and then insert the shred-

ded plastic. When the temperature is not uniform and 

well established in the chamber, the polymer may not sof-

ten sufficiently and cause deformation of the structure if 

the motors are activated, as well as rotating the compo-

nents of the extrusion channel by resistance effect. It is 

important to lubricate the components that generate fric-

tion in the machine, with special attention to the thrust 

Figure 6 - Filastruder 2.0 assembled. 
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bearings. This should be done every 100 hours of opera-

tion. 

5.3. The filament winder 

The Filawinder (Figure 9) has a simple mechanical 

system, with a control system that allows to synchronize 

the extrusion speed with the winder speed. This equip-

ment is controlled by a closed loop system that receives 

information from a sensor in which the filament passes 

through. This sensor can read the speed that the wire is 

moving and adjust the winding speed. Too much winding 

speed would cause excessive strain and an eventual break 

/ deformation of the filament and less speed would make 

it accumulate much material before the winder, causing 

deformations and possible contact with contaminants. 

The sensor signal is sent to the controller, which in turn 

sends information to a servomotor that is in the winding 

zone. This servomotor is coupled to a bi-helical tooth 

gear which transmits the power to another gear of a larger 

size to reduce the speed. The reel is compressed against 

the larger gear and, by friction, the reel spins with it. The 

observation of the rotational speed of the reel allows a 

qualitative measurement of the production (extrusion 

rate). If the reel is stopped for too long and turning just a 

little when moving, it means that the production rate is 

low. If, on the other hand, it moves frequently or even 

continuously, it means that the production rate is higher. 

If the production rate is too low, it can be increased by 

increasing the temperature. However, this difference can 

cause degradation of the polymer, if it is excessive, and 

may also influence the dimensional quality of the fila-

ment. Ideally, the extrusion should be made at a suitable 

and constant temperature.There is also a guide which 

constantly moves between two ends, parallel to the axis 

of the reel and ensures that the rolled filament does not 

accumulate in the center or the sides but is distributed in 

a more uniform manner. 

6. Experimental procedure 

The experimental procedure of this study went through 4 

stages, namely: 

• Shredding; 

• Extrusion; 

• Print; 

• Tests. 

The final tests allowed to elucidate the tensile properties 

of the material. It was decided to study these properties 

for 3 types of blend composition - purely recycled ABS, 

blend of recycled ABS with virgin ABS at a ratio of 50/50 

percent regarding volume and only virgin ABS. The re-

cycled ABS was obtained from the shredding of unused 

parts followed extrusion of the filament. The added vir-

gin ABS in the mixture was obtained by shredding part 

of a new filament. In addition to the different combina-

tions in the composition of the material, the printing ori-

entation was also varied. Specimens were printed on the 

xy plane with the layers oriented at 45 ° and 90 ° with the 

axis of the part (coinciding with the tensile axis in the 

tests). From each of these configurations, 3 specimens 

were printed, resulting in a total of 18 printed specimens. 

6.1. Shredding 

 From this operation 3 different mixtures with an 

associated code that allows a more simplified interpreta-

tion and data organization as defined in the following ta-

ble appear: 

Table 1- Names given to the different mixtures of materials. 

ABS Virgin ABS 

ABS.50 Mixture of 50% of recycled ABS and 50% of 

virgin ABS 

ABSS.100 Recycled ABS 

 

In Figure 10 is possible to observe the shredded pieces of 

ABS.100. 

6.2. Extrusion 

 This is the stage where the filament was pro-

duced. At this stage, it was possible to evaluate the di-

mensional quality of the filament of different samples. 

Figure 7 - Filawinder assembled. 

Figure 8 - Shredded flakes of ABS.100. 
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Thus, after extrusion, the diameter of each filament was 

measured at various points and the dimensional tolerance 

obtained. Once the material used was ABS, an extrusion 

temperature of 190 ° C, with a nozzle of 1.75 mm was 

used. This nozzle contained a filter that allows a better 

quality of the mixture and does not prevent the passage 

of contaminants greater than 200 μm that may be in the 

middle of the pieces of material used to feed the extruder. 

For a better visual inspection, white material was used to 

be noticeable the presence of contaminants. An extrusion 

slope of 30 ° was used with the horizontal axis. 

6.3. Print 

 The test pieces were produced by 3D printing 

(FDM) in a 3D Ways w200 to evaluate its tensile proper-

ties. It started by using the standard parameters for ABS 

printing of the Simplify 3D software. However, there 

were some difficulties in printing, because at a certain 

point, it stopped extruding material. After a system fail-

ure analysis, it was found that because the diameter was 

not uniform throughout the filament, at some point the 

extruder was no longer able to push the filament - when 

extruded by hand, there was no clogging of the nozzle. 

What really happened was that when the printer retracted 

the filament, it stopped printing - retraction is when the 

extrusion head has to move without depositing material 

and pulls the material in the opposite direction. When this 

happens, when it rotates again in the direction in which it 

pushes the filament, the sprocket cannot apply a load in 

the material, not pushing it. This problem was overcome 

by reducing the retraction speed and retraction distance 

by half. 

6.4. Test 

 In this study it was intended to study the tensile 

behavior of the material. The direction of the applied load 

is parallel to the plane of the layers in all cases, whereby 

the resistance is controlled by adhesion between fibers. 

According to ASTM D883 [18], ABS fits into the rigid 

plastic profile because its elastic modulus is greater than 

700 MPa, this value being in the range of 2.0-2.6 GPa. 

All tests were performed at a temperature of 23 ° C and 

50% relative humidity. The values for stresses, exten-

sions and elastic modulus were obtained graphically from 

the data taken during the test. The tensile test was per-

formed according to ASTM D638 [19] on an INSTRON 

5566 machine with a 10 kN load cell and a crosshead 

speed of 2 mm / min. The following standard applies to 

specimens with a thickness of 1-14 mm. Since they were 

produced by FDM - which gives a good freedom in terms 

of dimensions - the recommended thickness of 3.2 ± 0.4 

mm was used. 

7. Results 

 

7.1. Visual aspect 

 When inspecting the material, the first impres-

sion is that it has a uniform geometric appearance. In Fig-

ure 11, purely recycled ABS can be observed after extru-

sion and winding. 

Once white ABS was used, it was possible to examine the 

presence of contaminants in the mixture. The ABS that 

was shredded initially eventually retained some dirt like 

powder and pieces of the steel calamine layer from the 

blades. This effect is highly undesirable as the accumula-

tion of contaminants in the printer nozzle can lead to the 

clogging of the printer. This contamination happened be-

cause it was the first material to be shredded in the equip-

ment and ended up retaining the impurities deposited in 

the equipment. The later shredded pieces became much 

cleaner. For the preservation of the equipment, namely 

the nozzle of the printer, the contaminated filament was 

not used, only the one extruded from the later shredded 

pieces. By inspecting the appearance of the remaining 

test pieces produced, it is possible to verify that the higher 

the percentage of recycled material, the darker the fila-

ment eventually becomes. 

7.2. Dimensional precision 

 After shredding and separation of the different 

types of blends, the filaments were extruded. In industry, 

a standard tolerance of ± 0.05 for filaments of 1.75 mm 

diameter [17] is taken as standard. In this case, since it is 

an unsophisticated equipment and less precise processes, 

a wider tolerance is expected. For comparison effect, an-

other virgin filament from Tevo 3D was measured. The 

average diameter obtained results were: 

Table 2 - Average diameter for each filament. 

Material ABS.100 ABS.50 ABS 
ABS Tevo 

3D 

Diameter 

[mm] 
1.825 1.654 1.760 1.675 

  

The produced filaments for this study showed deviations 

higher than the tolerance imposed in the industry allows. 

This result was expected since they were produced in a 

Figure 9 - Reel of ABS.100. 
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little precise way due to the quality of the production 

equipment. 

7.3. Print quality 

 In the 3D printing community, some parts have 

been created to evaluate the print quality. To get a sense 

of the performance of the recycled filament, two of these 

examples of parts were reproduced. The printing of a test 

piece summarizes everything that tests the quality of a 

print. Overall impressions were good, with only a few 

flaws in the most challenging areas. 

7.4. Specimens quality 

The quality of the printed specimens proved to be very 

good with any of the filaments. Tolerances obtained on 

all measurements have complied with ASTM 638 for ten-

sile testing. It was possible to evaluate visually the sur-

face quality of the specimens. This proved to be quite 

good, since the "ladder effect" was not significant. The 

ladder effect is the name given to the effect caused by 

successive layers on a given edge where its contours are 

clear - a good finish presupposes a reduced ladder effect. 

7.5. Mechanical properties 

After the tensile test, it was possible to find the properties 

that characterize the material. Table 3 shows the average 

values for each material regarding the layers orientation. 

Table 3 - Average values of the tensile properties. 

Material 
Orien-

tation 

Yield 

stress 

[MPa] 

Maxi-

mum 

stress 

[MPa] 

Frac-

ture 

stress 

[MPa] 

Elastic 

Modu-

lus 

[GPa] 

Yield 

strain 

[%] 

Frac-

ture 

strain 

[%] 

ABS.100 
45⁰ 36.95 40.48 35.60 2.14 2.75 4.76 

90⁰ 33.73 35.20 32.49 2.00 2.70 3.33 

ABS.50 
45⁰ 24.71 25.82 21.89 1.69 2.44 3.33 

90⁰ 20.19 20.90 19.06 2.20 1.65 1.89 

ABS 
45⁰ 32.03 34.12 30.49 1.78 2.80 5.16 

90⁰ 34.03 35.88 33.22 2.00 2.74 3.54 

 

 For ABS.100 specimens, all properties related to 

stresses, extensions and elastic modulus were higher for 

45⁰ oriented layers with the workpiece axis. For ABS.50 

specimens, the values for stresses and strains were higher 

for the parts with orientation of the layers at 45°. The 

same did not happen to the elastic modulus, which was 

higher in the specimens with 90⁰ oriented layers. Con-

versely, for ABS specimens, those with 45⁰ oriented lay-

ers had higher strain values. The tensile strength proper-

ties and Young's modulus were higher for specimens 

with 90⁰ layers.  

7.6. Failure modes 

 The specimens tested in the tensile test main-

tained good coherence within each batch, that is, their 

fracture behavior did not differ when comparing speci-

mens with the same configuration (material and orienta-

tion of the layers). In addition, all specimens fractured at 

the junction between the handle and the narrow section. 

This happened since it is a stress concentration zone. All 

fractures were brittle, but the specimens with layers ori-

ented at 90° showed a more evident brittleness, creating 

a straight fracture, orthogonal to the layers. These frac-

tures are in agreement with the numerical results of the 

tests because in all cases the specimens at 45° showed a 

higher difference between yield and fracture strain (that 

defines the region of plastic deformation). The specimens 

produced from the mixture of recycled material and vir-

gin material had a very interesting behavior, that was not 

expected. The print strategy used in all the specimens be-

gins with the contour deposition, where the walls are de-

fined, followed by the filling of the interior with succes-

sive lines. In this way, the walls always align with the 

direction of the applied load in this test. When this mate-

rial was tested, fracture occurred in the interior of the 

part, not fracturing the walls. This failure mode indicates 

that the tensile strength is not uniform throughout the sec-

tion and is higher in the walls area. This non-uniformity 

caused a greater deformation in the interior zone slippage 

occurred between that part and its contour / walls, that 

lost adhesion. For a better analysis of the fractures, these 

were observed in a Hitachi scanning electron microscope 

(SEM), model S-2400. Image acquisition was done by X-

ray spectrometry using dispersive energy using Bruker 

Esprit 1.9 equipment. In order to obtain an image in this 

type of microscope, the material must be electrical con-

ductor, because this is the only way to obtain contrasts. 

Since ABS is a bad electrical conductor, it was necessary 

to use a very thin film of gold and palladium and thus, 

make the observation of the fractures in a front plane. 

With these images it is possible to verify exactly where 

the break of each fiber occurred and to see if there was 

any plastic deformation before the fracture. In figure 12 

is possible to observe one of those images, for ABS.100 

oriented at 45⁰. The obtained images allow, in addition to 

the analysis of cutting surfaces, to observe part of the in-

ternal structure of a part produced by 3D printing, accord-

ing to the strategy of deposition used. It is possible to ver-

ify that, with this manufacturing technology, something 

very similar to an orthotropic microstructure is obtained, 

where each layer is composed by several fibers parallel 

to each other. 

Figure 10 – ABS.100 oriented at 45⁰ fracture 

image acquired with SEM. 
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8.  Conclusions 

 Regarding the goals established for the quality 

of the recycled filament, it can be concluded that they 

were achieved with success. Considering the dimensional 

quality obtained, it can be seen that the values of ABS.50 

were less satisfactory than those of ABS.100. In fact, the 

ABS.50 was the filament with the lowest uniformity in 

the solid mixture (mixture of shredded flakes). A loss of 

flow rate was seen during extrusion in relation to the 

purely recycled material. In the study of the influence of 

the filament dimensions on the printed product, it was 

concluded that a filament above the nominal size means 

a worse finish, but better structural conditions. It was also 

concluded that, for filaments with diameter less than 

nominal, the opposite is obtained. In this study, the re-

traction speed was reduced to half the standard value for 

ABS and the results were positive. In fact, this solution 

applies not because the filaments are recycled but be-

cause of their poor tolerance, so it is a solution to be 

adopted whenever a filament with poor dimensional rigor 

is used. When evaluating the mixtures of recycled and 

new thermoplastic, it can be verified that they had a sim-

ilar behavior. In fact, for parts with 45° layers, higher ten-

sile strength values were obtained for the ABS.100. For 

test specimens with 90° layers, a great similarity was ob-

served in the tensile properties. There was a slight reduc-

tion in the ductility of the recycled polymer, but very low. 

These values are assumed as residual and it is concluded 

that there is no degradation of the tensile properties of the 

polymer, with 1 recycling cycle. The fractures were brit-

tle, more pronounced in specimens with 90° layers. The 

interpretation of the stress-extension curves is in agree-

ment with the obtained fractures, since a region of greater 

plastic deformation can be verified in the specimens with 

layers at 45⁰. 
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