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CH. 2 FDM/FFF TECHNOLOGY – FUSED DEPOSITION MODELING – 

FUSED FILAMENT FABRICATION 

2.1 HISTORY OF FDM/FFF 

The FDM process was first marketed by Stratasys in 1991, with patents being granted to 

the company's founder, Scott Crump in 1992 [33]. The machines sold by Stratasys were well 

received, as the manufacturing process and mechanical structure of the machines were simple 

compared to those of machines using stereolithography, but the explosion in popularity of the 

FDM process came with the expiration of the patents held in the field.. 

The process produces parts by extruding a material, usually a thermoplastic polymer (Fig. 

2.1).  The extruder pushes a filament of thermoplastic material through a heated nozzle moving 

in the XY plane to create a two-dimensional layer. This layer is a section of the digital model 

of the solid that will be 3D-printed. To ensure proper fusion between the layers of material, the 

base on which the first layer is deposited, or the machine enclosure, is heated. 

Where necessary, support material can be deposited using a separate nozzle, which will 

be removed by various methods after completion of manufacture. The precision and accuracy 

of the process are limited by the size of the nozzle, which can have diameters of tenths of 

millimeters.  

 
Fig. 2.1. Operating principle of additive manufacturing by fused filament fabrication 

Processes that use material extrusion use a relatively simple principle: a material is forced 

through a cylindrical hole of well-defined dimensions. If the force with which this material is 

pushed or pulled through the hole is constant, then the characteristics of the resulting material 

will be constant. In the case of FFF printers, the diameter of the plastic filament remains 

constant if the nozzle moves at a constant speed that corresponds to the filament feed speed. 

The extruded material must be in a semi-solid state when passing through the nozzle but must 

solidify in the form in which it was deposited. In addition, the material must adhere to the 

previously deposited material layers, as well as to the adjacent areas of the current layer.. 

Since the material layers are deposited horizontally, the FFF additive manufacturing 

machine must be able to move in the XoY plane. Moreover, because the areas of certain parts 

are not always continuous in the horizontal plane, the machine must have the ability to stop the 

flow of material on demand, in order to traverse areas that do not need to be filled. When one 

material layer is finalized, the machine must be repositioned on the Z axis in order to start filling 
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the next layer. Regarding the extrusion process, the most common approach is to use 

temperature as a way to control the condition of the material. The material is liquefied inside a 

cavity or a tank, then it is pushed through a nozzle of a predetermined diameter, and will adhere 

to the previously deposited layer before it solidifies. This process is similar to the extrusion 

process of polymers, with the difference that the extruder is not mounted horizontally, but 

vertically.. 

2.2 FUNDAMENTAL PRINCIPLES OF THE EXTRUSION PROCESS 

Additive manufacturing processes that use polymer filament extrusion share several 

common elements: 

- Material loading; 

- Material liquifaction (melting); 

- Applying pressure to force the material through the nozzle; 

- Material extrusion; 

- Controlled extruder motion following a predetermined path; 

- Material fusion with previously deposited layers and material solidification; 

- Use of support or material structures for complex geometric elements. 

2.2.2 Material liquifaction (melting) 
The extrusion method works due to the fact that once the material arrives in the heated 

chamber it liquefies and gains a viscosity low enough to be pushed through the nozzle by the 

pressure imprinted by the feeding mechanism. The chamber in which the liquefaction takes 

place is usually heated by heating coils by resistive or inductive methods. The heat applied to 

the material must be constant and must take into account the characteristics of the material, so 

as not to cause thermal shocks, thermal currents, change of the material phase, etc. 

Also, some polymers degrade at high temperatures and the material can burn, leaving 

residues that are difficult to remove. The solution is to keep the material at a temperature as 

close as possible to the melting temperature. 

2.2.3 Material Extrusion  
The extrusion nozzle gives the shape and size of the extruded filament. A larger diameter 

nozzle allows the material to be extruded easier and faster, but produces a part with lower 

accuracy and larger deviations from the ideal model (CAD). The diameter of the nozzle also 

determines the smallest geometric elements that can be created. It is usually recommended that 

the geometric elements of the parts made by filament deposition are at least twice the diameter 

of the extrusion nozzle. 

Principle of operation: unlike traditional extrusion processes in which the molten 

material is pushed through the nozzle by a screw, in the case of fused filament fabrication the 

pressure comes from the filament feeding mechanism. However, the extrusion process can be 

characterized by drawing a parallel to the simple Archimedean screw extrusion. In the case of 

the screw model, the molten material moves along the screw channel to the end of the screw 

where the nozzle is located. The velocity V of the molten material flow along the channel is  

𝑉 =  𝜋𝐷𝑁 𝑐𝑜𝑠 𝜑,             (2.1) 

where D is the screw diameter, N is screw rotation speed and φ is the screw angle. Velocity U 

of the material flow towards the nozzle is: 

𝑈 =  𝜋𝐷𝑁 𝑠𝑖𝑛 𝜑.             (2.2) 

For a constant angle of the screw the volumetric flow produced by the screw inside a 

pipe, also known as the friction flow QD is proportional with the dimensions and the rotation 

speed of the screw 

𝑄𝐷 =  𝐷2𝑁𝐻,             (2.3) 
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where H is screw height. 

In the case of friction flow the relative speed of the molten material is V for the material 

in contact with the screw and 0 for the material in contact with the pipe walls. Thus, when the 

molten material passes through a channel of thickness B and height dy, the flow along the 

channel QD can be expressed as 

QD = ∫
𝑉

2
𝐵𝑑𝑦 =

𝑉𝐵𝐻

2

𝐻

0

. (2.4) 

Replacing V in the previous equation  

QD =
π

2
DNBH cosφ. (2.5) 

The pressure in a channel of width L and height H can be derived from the tensile strength 

equation  

𝜏(𝑥) =  
𝛥𝑃

𝐿
𝑥, (2.6) 

where x is perpendicular on flow direction and 𝛥𝑃 is the pressure variation along the channel. 

For Newtonian flows, 𝜏 can be extressed as 

𝜏 = 𝜼
d𝑣𝑧

d𝑥
, (2.7) 

where 𝜂 is the dynamic viscosity of the molten polymer. Combining the two previous equations  

−𝜼
𝑑𝑣𝑧

𝑑𝑥
=  

𝛥𝑃

𝐿
d𝑥. (2.8) 

 

The average velocity Vm of the molten material moving through a rectangular orifice can 

be calculated by integrating the above aquation between 0 and ±H / 2 (center of the channel) 

𝑉𝑚 =
1

𝐻
∫ 𝑣𝑧(𝑥) =  

𝛥𝑃𝐻2

12𝜼𝐿

𝐻
2

−
𝐻
2

. (2.9) 

Pressure is determined by the flow of material through the channel in a unit of time, 

𝑄𝑃 =
𝐵𝐻3

12η
∙

d𝑃

d𝑧
. (2.10) 

For extrusion to be possible the condition which needs to be fulfilled is that the pressure 

on the nozzle should be larger than the pressure on the material  

𝑄𝑇 = 𝑄𝑃 − 𝑄𝐷 ,    
   

(2.11) 

𝐵𝐻3

12η
∙

d𝑃

d𝑧
−

𝑉𝐵𝐻

2
> 0. (2.12) 

A similar equation can be written for the circular nozzle used in fused filament 

fabrication. The gripping roller based filament feeding system used by most FFF machines is 

the one that generates the pressure required for extrusion. If the force exerted by the feeding 

system is greater than the outlet pressure, the filament may bend on the way to the nozzle. A 

detailed analysis of the extrusion process in which the feeding is done with a roller system is 
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made by Turner et al. [22]. This analysis indicates the dependence of the process parameters on 

those of the extruded material, showing that less brittle materials are more difficult to control 

during the process. The more flexible the material, the greater the need for precise control of 

the filament supply to avoid bending the filament. 

2.2.4 Material Solidification  
Once the material has been extruded, it must retain its original shape, position and 

dimensions. In practice, many factors change these characteristics, the most important ones 

being gravity, the surface tension of the molten material and the coefficient of thermal 

expansion. Often, the expansion and thermal contraction are not linear, which causes 

deformations of the final part. These can be avoided by precisely controlling the temperature 

of the chamber in which the material is deposited but also by controlling the cooling process.  

It is expected that the extrusion process in the case of additive manufacturing machines 

will take place through a nozzle with conical inlet and cylindrical outlet. The molten material 

adheres to the walls of the enclosure where liquefaction takes place, and the velocity of the 

material in these contact areas is 0. Therefore, the breaking stress equation can be written as 

𝜏 = (
𝛾̇

𝜑
)

1/𝑚

, (2.13) 

where m represents the exponent of the flow and φ is the fluidity of the material. The exponent 

m represents the flow characteristics for a given material and the deviation from the Newtonian 

behavior. 

2.2.6 Layer adhesion 
For heat-based systems, there must be sufficient residual heat in the material to activate 

the surfaces of the contacting regions, causing adhesion. This process can be viewed as a 

function of the energy introduced into the material by the extrusion head. If the transmitted 

energy is insufficient, some regions may have incomplete adhesion and may lead to destruction 

of the part. Once the material has been extruded, it must solidify and adhere to the previously 

deposited material. Yardimci et al. defined a series of equations that describe the thermal 

processes that take place in a filament of extruded material deposited in a given direction x, 

depending on the properties of the material [23]: 

𝜌
𝛿𝑞

𝛿𝑞
= 𝑘

𝛿2𝑇

𝛿𝑥2
− 𝑆𝑐 − 𝑆1, (2.14) 

where 𝜌 is material density, 𝑞 is specific enthalpy, 𝑘 is thermal conductivity, T is the average 

temperature of the section of the deposited filament. 𝑆𝑐 is a factor that describes energy losses 

through thermal convection  

𝑆𝑐 =  
ℎ

ℎ𝑒𝑓𝑓

(𝑇 − 𝑇∞), (2.15) 

where ℎ is the thermal convection transfer coefficient and ℎ𝑒𝑓𝑓 is a geometric factor 

representing the ratio between the volume of deposited filament and the surface on which 

thermal convection losses are present. 𝑇∞ temperature is the constant temperature of the 

environment and 𝑘 is a term that describes the interaction between adjacent deposited filaments: 

𝑆1 =  
𝑘

𝑙2
(𝑇 − 𝑇𝑎𝑑𝑐), (2.16) 

where 𝑙 is the width of the deposited filament and 𝑇𝑎𝑑𝑐 is the temperature of the previously 

deposited adjacent filament. The purpose of 𝑆1 is to describe the influence of the previously 

deposited material on the currently deposited filament. 
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A critical temperature 𝑇𝑐 which must be reached for the adhesion process to be activated 

can be identified. Below this temperature complete and correct adhesion is not possible. We 

can thus describe a term that expresses the potential of a route to adhere to the rest of the piece 

as: 

𝜑 = ∫ (𝑇 − 𝑇𝑐)d𝜏
𝑡

0

. (2.17) 

2.5 RESEARCH AREAS 

2.5.4 Development of processes for additive manufacturing with thermoplastic materials 

with high processing temperatures 

Finding new materials with superior properties that can be used in the manufacture of 

functional parts is one of the priorities of researchers in the field of additive manufacturing. 

One of the categories of interest is represented by plastics such as "engineering plastics". Such 

plastics, such as polyetherimide (PEI) or polyether etherketone (PEEK) are used in industry for 

both their special mechanical properties and their chemical resistance. 

The processing of these materials by additive manufacturing is more difficult than that 

of commonly used materials. High melting temperatures require the use of specialized 

components and present difficulties in interacting with the environment during the additive 

manufacturing process. In this thesis, a series of activities were planned that will allow the 

formulation of conclusions on additive manufacturing by fused filament fabrication from 

polymers with high processing temperatures. The plan, shown in Fig. 2.18, includes finite 

element thermal analysis activities for certain components of a 3D printer, finite element 

thermal analysis for parts during manufacturing, as well as experimental validation of these 

analyses. These analyses will be used to establish technical requirements for a vacuum chamber 

printer and a set of process parameters. Following the construction of the printer, test specimens 

will be manufactured that will be subjected to destructive and non-destructive testing to 

determine their mechanical and thermal properties. 
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Fig. 2.18. Research activities plan on additive manufacturing by fused filament fabrication from 

polymers with high processing temperatures 
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CH. 3 HARDWARE MODELS OF FFF 3D-PRINTERS 
From the point of view of the component parts, an additive manufacturing machine using 

the FFF process can be schematically represented as shown in Fig 3.3. 
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CH. 5 PROCESS PARAMETERS 

5.1 PROCESS PARAMETERS 

During the additive manufacturing process various parameters influence the 

dimensional accuracy and mechanical properties of the manufactured parts [48], as well as the 

duration and cost of manufacturing the part. By their nature, these parameters can be divided 

into different categories:  

− Environment parameters: 

− temperature; 

− humidity; 

− Position and orientation of parts; 

− Extruder selected for part fabrication, on 3D-printers with 2 or more extruders; 

− Paramteres specific to the FFF additive manufacturing process: 

− Filament diameter; 

− Extrusion nozzle diameter; 

− Extruder temperature; 

− Machine bed or printing chamber temperature (on 3D printers with heated 

bed or chamber); 

− Extruder speed; 

− Extruder acceleration; 

− Forced cooling of the printed part; 

− Layer thickness; 

− Layer width; 

− Filament retraction distance; 

− Parameters specific to the printed part geometry: 

− Number of outer surface perimeters; 

− Number of outer surface horizontal layers;  

− Parameters specific to the material deposition method: 

− Minimum duration for an individual layer (used to ensure adequate 

cooling); 

− The method of fabricating thin walls; 

− The method of fabricating cylindrical columns;; 

− The method of fabricating islands (disjointed surfaces belonging to the 

same layer of material). 
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CH. 6 DETERMINING MATERIALS FOR THE CONSTRUCTION OF 

AN EXTRUDER FOR POLYMERS WITH HIGH PROCESSING 

TEMPERATURES USING THERMAL FINITE ELEMENT ANALYSIS 

6.1 FINITE ELEMENT ANALYSIS SETUP  

The FFF additive manufacturing machine QidiTech Avatar IV uses two extruders 

equipped with stepper motors, with direct filament feeding by means of a serrated wheel and a 

tension spring mechanism.  

Melting of the filament for extrusion and deposition is achieved by heating an aluminum 

block using a ceramic cartridge with a power of 40 W. Heat is transferred by thermal conduction 

to an extrusion nozzle made of brass, with a minimum hole diameter of 0.4 mm. To reduce 

energy consumption and temperature variations, the aluminum block is wrapped in kapton tape 

thermal insulation. Temperature monitoring is done with an NTC 3950 thermistor with a 

resistance of 100 kΩ. The reduction of temperatures outside the melting zone is done by two 

mechanisms: 

− a teflon tube (PTFE), a material with a low thermal conductivity positioned 

inside the intermediate tube, with the role of reducing the speed of temperature propagation; 

− a fan that cools by forced thermal convection a radiator with blades made of 

aluminum. 

For the doctoral project, the extruder nozzle of the 3D printer must reach the 

temperatures necessary for the melting and extrusion of the materials for which experimental 

determinations are performed.  

For additive manufacturing with PEEK or PPSU material, the extruder nozzle must be 

maintained at temperatures above 390 °C. From the start, we can note that the temperature 

monitoring mode with NTC thermistor is not suitable for the application. It is necessary to 

change this system with PT100 temperature sensors or type K thermocouples. These variants 

can perform accurate measurements in the 200 ... 400 °C temperature range. 

To analyze the thermal performance of the other components, we used a finite element 

analysis of the temperatures of the extruder components during the manufacturing process. The 

design of the extruder and of the finite element analysis were initially validated by analysing 

the performance of the extruder with the parameters recommended by the manufacturer. Then, 

we resorted to thermal analysis for a case in which the ceramic heating element raises the nozzle 

temperature to 400 °C. Subsequently, since the only cooling parameter that can be adjusted 

without changing the mechanical structure of the extruder is the airflow speed generated by the 

fan, the thermal analysis was repeated with different values of cooling generated by forced 

thermal convection [34]. 

The thermal behavior of the extruder during the additive manufacturing process results 

from the combination of two heat transfer mechanisms. In the first phase, the extrusion nozzle 

is heated by the ceramic cartridge integrated in the aluminum block. Subsequently, the heat is 

dissipated from the extruder body by forced convection. A finite element analysis was designed 

to analyze the thermal performance of the extruder during the extrusion process, depending on 

the air velocity generated by the extruder fan [68]. The 3D virtual model was created in the 

SolidWorks 2011 software package (Fig. 6.2). 



Research on additive manuf. by deposition of molten filament from polymers with high processing temperatures  

 

16 

 

 
Fig. 6.2. Section through the 3D virtual model of the carriage which holds the extruder 

This 3D model has been simplified by removing small threads and chamfers, and has 

been imported into the thermal simulation module of the same software package.  

The assembly consists of 6 

components subjected to thermal analysis 

(Fig. 6.3), as follows: 

1. Thermal block made of 

aluminum AW 3003-H18, which contains 2 

cylindrical holes, one for the ceramic 

heating cartridge and the second for the 

thermistor; 

2. Extrusion nozzle (brass EN 

CW614N); 

3. Intermediary steel tube; 

4. Heatbreak tube made from 

teflon (PTFE); 

5. Extruder mounting bracket 

(aliminum AW 3003-H18); 

6. Fin radiator (aliminum 

6063). 

 

Fig. 6.3. Simplified virtual model subjected to 

thermal analysis 

In the case of solid parts, thermal analysis solves the energy equation for every node 

𝜌𝐶𝑝𝑢 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + 𝑄̇, (6.1) 

  where 𝐶𝑝 is heat capacity at constant pressure; 

  k is thermal conductivity, 

  𝑄 is the heat flow. 
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The conditions setup in the thermal analysis (Fig. 6.4): 

− All items declared in the thermal analysis are considered thermally insulated 

from the environment; the only element that introduces energy into the system is considered 

the ceramic heating element; 

− The energy is taken out of the system through thermal convection; 

− The contact between the air and the walls of the extruder takes into account the 

no-slip condition, which means that the air speed is equal to zero at the contact surface; 

− Although the fan is not included in the model, its influence is included in the 

thermal analysis by the convection heat transfer variable. In the case of the analysis of the 

behavior at high temperature, 3 values of the air speed given by the fan were analyzed by 

considering 3 values for the variable of thermal transfer by convection: 25 W, 50 W or 100 W 

/ (m2K), respectively [57]; 

− For the aluminum mounting bracket and the exposed surface of the intermediate 

steel tube, as well as for the inner cylindrical surface of the heatbreak, a heat transfer factor by 

free convection with the air of 25 W/(m2K); 

− As the thermal block is insulated using Kapton tape, energy losses through 

contact with the environment are neglected; In the analyzed model, the thermal block is 

considered insulated; 

− Thermal energy is introduced into the system through the cylindrical surface in 

contact with the ceramic heating element. A constant temperature has been declared for this 

surface, as follows: 

− for the validation analysis of the virtual model, t = 230 °C 

− for the analysis of high temperature behavior, t = 400 °C 

− Starting conditions: 

− Constant pressure of 1 atm. 

− Temperature of the air that comes in contact with the surface of the 

extruder is room temperature, 20 oC. 

        
               a)                                           b)         c) 

Fig. 6.4. Application of thermal loads a) Constant temperature, b) Free convection; c) Forced 

convection 

Meshing of the components was done with the Fine setting, setting the minimum 

element size of 0.1 mm. The maximum size of the elements is 1 mm. 

6.2 RESULTS OF THE FINITE ELEMENT ANALYSIS 

Following the thermal finite element analysis (Fig. 6.6), it can be seen that the 

temperatures in the case of the validation analysis fall within the normal limits. The maximum 

temperature reached by the teflon tube (Fig. 6.7) is 228.31 °C, under the limit of 250 °C. 
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a) b) 

  
c) d) 

Fig. 6.6. Finite element analysis results: a) 230 °C, with fan at maximum speed; b) 400 °C, with fan 

turned off; c) 400 °C, with fan at medium speed; d) 400 °C, with fan at maximum speed. 
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Fig. 6.7. Temperature distribution along the teflon tube during validation analysis 

Following the high temperature analysis (Fig. 6.8), in which the aluminum block in 

where the heating ceramic cartridge is positioned was brought to a temperature of 400 °C, it 

can be seen that the temperature of the teflon heatbreak has passed the admissible temperature 

of 250 °C in more than 72% of the tube’s volume. It can also be seen that the impact of 

increasing the fan speed is small, as it is positioned at a long distance from the melting zone 

[86]. 

Experimental data show that replacing the radiator with another more efficient 

construction variant would not produce significant changes [70]. 

Another problem is the temperature reached by the aluminum thermal block. According 

to available experimental data, the mechanical strength of AW-3003-H18 aluminum decreases 

from 190 MPa at 20 °C to only 21 MPa at 400 °C. 
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Fig. 6.8. Temperature distribution along the teflon tube during high temperature analysis 

Also, the brass (EN CW614N) nozzle exceeds the maximum continuous operating 

temperature, having a mechanical strength of 51 MPa at 400 oC. 

The other components, namely the aluminum mounting bracket AW-3003-H18, the 

6063 aluminum radiator and the steel intermediate tube maintained temperatures below the 

maximum continuous operating temperatures. 

Next, the thermal analysis was repeated after the replacement of the incompatible 

components according to Table 6.6. and Fig. 6.10. 
Table 6.6. Component revision 

No.. Component Change 

1 Nozzle Material changed from brass  EN 

CW614N to 304 stainless steel 

2 Thermal block Material changed from aluminum  

AW-3003-H18 to 304 stainless steel 

3 Teflon heatbreak The two components were 

redesigned into a single component 

made from 304 stainless steel  
4 Intermediary steel tube 

 

After repeating the thermal analysis it can be seen that all components fall within the 

temperature limits (Fig. 6.11, Table 6.7). 
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Fig. 6.11. Results of the thermal finite element analysis after the revision of components 

Table 6.7. Maximum temperatures reached after component redesign. 

No. Component Maximum temperature [oC] 

1 Thermal block 400 

2 Extrusion nozzle 399.21 

3 Combined heatbreak 398.67 

4 Monting bracket 57.31 

5 Fin radiator 39.84 

6.3 EXPERIMENTAL DETERMINATION OF THE OPERATING 

TEMPERATURES OF AN EXTRUDER FOR ADDITIVE MANUFACTURING 

BY FUSED FILAMENT FABRICATION 

The first part of this chapter treated the problem of the materials used to make the 

extruder of an additive manufacturing machine. The thermal behavior of an MK10 extruder was 

analyzed using a finite element analysis method (static thermal analysis) and conclusions were 

drawn regarding the behavior of the extruder at temperatures between 230 oC and 400 oC. In 

the following section the transient thermal analysis will be presented, as well as the 

experimental validation of the results obtained from the finite element analysis. The process 

was repeated for a new type of extruder whose construction takes into account the conclusions 

formulated following the previous static thermal analysis.  

Thermistor type temperature sensors were used to determine the temperatures. These 

are circuit elements that change their resistance depending on the temperature. The type of 

thermistors used is NTC 3950, with a resistance of 100 kΩ at a temperature of 21 oC. The 

experimental arrangement consists of 5 thermistors connected to a measuring circuit and an 

Arduino type micro-controller. After attaching the sensors to the extruder, the printer was used 

to print a test piece whose manufacturing process took 15 minutes, long enough for the extruder 
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components to reach thermal equilibrium. Temperatures from measurements and data 

processing were saved in text files, from where they were uploaded to Microsoft Excel to create 

charts.  

The finite element analysis of the MK10 extruder was performed using SolidWorks 

Flow Simulation and incorporates elements of transient thermal analysis and fluid dynamics. 

The conditions specified in the finite element analysis are: 

- temperature 230 oC for the cylindrical surface in which the ceramic cartridge is fixed 

(Fig. 6.14a) 

- thermal convection 25 W/m2K for the lamellar surface of the radiator (Fig. 6.14b); 

the air hitting this surface has room temperature, 25 oC. 

- thermal convection 20 W/m2K for the exposed surface of the intermediate tube; the 

air that comes in contact with this surface has a temperature of 45oC. 

- fluid flow (air) set as lamellar and turbulent; 

- the initial temperature of the extruder parts is room temperature, 25 oC 

- the total duration of the transient thermal analysis is 900 seconds, with the 

calculation of intermediate solutions once per second. 

 

 
                                        a)                                                           b) 

Fig. 6.14. a) Ceramic cartridge temperature; b) Heat transfer on the radiator surface 

The results of the finite element thermal analysis, as well as the experimental 

measurements performed for the MK10 type extruder are presented in Fig. 6.15. 
The position of the temperature sensors and the experimental values measured with their 

help can be found in Table 6.10.  
Table 6.10. Experimental values measured for the MK10 extruder 

Sensor 

No. 
Placement 

Distance from nozzle 

tip [mm] 

Stable temperature 

[oC] 

1 
Exposed bottom side of the 

intermediary tube 
19,0 205,62 

2 
Exposed upper part of the 

intermediate tube 
25,0 135,52 

3 Center of the bracket 32,5 138,17 

4 The bottom of the radiator 40,0 125,12 

5 Center of the radiator 55,0 122,76 
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Fig. 6.15. Experimental temperature measurements of the MK10 extruder 

 

Fig. 6.16. Improved extruder components. 1) extrusion nozzle (brass EN CW614N); 2) thermal block 

(aluminum AW-3003-H18); 3) connection tube (SS304); 4) cylindrical radiator (aluminum 6063). 
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The conditions specified in the finite element analysis are: 

- the geometry and materials specified in the figure 6.16; 

- temperature 230 oC for the cylindrical surface in which the ceramic cartridge is fixed 

(Fig. 6.17a) 

- thermal convection 25 W/m2K for the lamellar surface of the radiator (Fig. 6.17b); 

the air hitting this surface has room temperature, 25 oC. 

- fluid flow (air) set as lamellar and turbulent; 

- the initial temperature of the extruder parts is room temperature, 25 oC 

- the total duration of the transient thermal analysis is 900 seconds, with the 

calculation of intermediate solutions once per second. 
 

 

                                        a)                                                           b) 
Fig. 6.17. a) Definition of ceramic cartridge temperature; b) Definition of heat transfer on the radiator 

surface 

The results of the thermal analysis with finite elements, as well as the experimental 

measurements performed for the extruder made entirely of metal are presented in Fig. 6.18. 

The position of the temperature sensors and the experimental values measured with their 

help can be found in Table 6.12. 

Table 6.12. Experimental values measured for the all-metal extruder 

Sensor 

No. 
Placement 

Distance from nozzle 

tip [mm 

Stable temperature 

[oC] 

1 
Exposed bottom of the intermediate 

tube 
16,5 223,72 

2 
Exposed upper part of the intermediate 

tube 
18,5 62,97 

3 Lower third of the radiator 21 62,54 

4 Center of the radiator 28,5 53,20 

5 Upper third of the radiator 38,5 49,33 
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Fig. 6.18. Experimental temperature measurements of the all-metal extruder  
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6.4 THERMAL FINITE ELEMENT ANALYSIS OF A PART 

MANUFACTURED BY FUSED FILAMENT FABRICATION 

A finite element analysis was performed in order to determine the influence of the 

process parameters on the thermal behavior of the parts manufactured by fused filament 

fabrication. 

The literature presents different methods [71, 72] for thermal simulation of the additive 

manufacturing process. Most approaches use individual discretization of filaments of material 

deposited in various positions (sideways, above) and analyze the distribution of temperatures 

according to the position and time of their deposition [73]. While this approach produces 

accurate results at the level of individual filaments, the generalization of the method for 

simulating the behavior of a complete part presents difficulties [74]:  

− during the additive manufacturing process, the filament deposition position 

varies depending on the surface of the deposited layer. 

− the direction of deposition differs depending on the default process parameters, 

specific to the software program that generates the deposition trajectory. 

In what follows, another approach is proposed, namely a simplified analysis, at macro 

level, in which the analyzed part is manufactured layer by layer, and the analysis with finite 

elements is done for each individual layer. The simulation process is performed in steps (Fig. 

6.19): 

1. Establishing process parameters  

▪ Deosition speed; 

▪ Material layer height; 

▪ Deposited filament width; 

▪ Extrusion temperature; 

▪ Build plate or chamber temperature (ambient air temperature). 

2. Sectioning the part in layers accounting for material layer height. 

3. Taking into account the deposition rate, the horizontal move speed and the width 

of the deposited material filament, the time required for the deposition of a layer is 

approximated. Part infill is considered to be 100%. 

4. The thermal evolution of the top layer of deposited material is approximated 

while taking into account the temperature of the extruder. 

5. The temperature of the base layer is approximately equal to the temperature of 

the heated bed. 

6. After setting the thermal parameters, the dynamic thermal analysis for the first 

two deposited layers is performed, where the initial temperature of the lower layer is that set in 

step 5, and the initial temperature of the upper layer is that determined in step 4. 

7. The transient thermal analysis is run for a period of time equal to the time 

required to deposit a layer determined in step 3. 

8. The temperatures resulting from the dynamic analysis are saved and are 

considered as initial temperatures for the next simulation. The process is repeated until all layers 

of material are analyzed. 
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Fig. 6.19. Diagram of the stages of the thermal analysis 

The tested piece is a parallelepiped with dimensions 20  20  40 mm, sectioned in 200 

layers of material, each with a thickness of 0.2 mm. Using the estimates provided by the 

software dedicated to the sectioning of virtual models for additive manufacturing, the 

approximate time of deposition of a layer of material was calculated taking into account the 

process parameters: deposition speed 60 mm / s, filament width 0.4 mm. The calculated time is 

20 seconds for each deposited layer. Therefore, the total simulation time is 4000 seconds. The 

parameters used in the finite element analysis can be found in Table 6.13. 

Table 6.13. Thermal parameters used in finite element analysis 

No.. Parameter Value 

1 Thermal conductivity of PLA  0.10 W/mK 

2 Thermal conductivity of ABS 0.16 W/mK 

3 Thermal conductivity of PETG 0.39 W/mK 

4 Thermal transfer coeff. of  air 25 W/m2K 

5 Ambient temperature in open 

printing chamber 

25 oC 

6 Ambient temperature in open 

printing chamber 

45 oC 

7 Extruder temperature 190-230 oC 

8 Heated bed temperature 25-110 oC 
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Fig. 6.20 presents the 

results of the transient thermal 

analysis for the first 5 cycles of 

the analysis and the temperature 

distribution for each of them. 

The measurements are recorded  

in the time moments presented 

in Table 6.14. 
Table 6.14. 

Cicle 

No. 

Part Height 

[mm] 

Analysis 

Time 

1 1 1’40” 

2 2 3’20” 

3 3 5’00” 

4 4 6’40” 

5 5 8’20” 

From the transient 

thermal analysis it can be seen 

that the temperature of the 

deposited layers decreases 

rapidly following exposure to 

the environment at room 

temperature. The cooling of the 

part is more accentuated 

towards the external surfaces, 

especially around the edges of 

the part. After the completion of 

the second cycle it can be seen 

that the part has cooled enough 

that the highest temperatures 

are recorded around the bed 

heated to 60 °C. When adding 

subsequent layers of material, 

the formation of a warm area 

inside the part is observed. 
 

 
 Fig. 6.20. The first 5 cycles of thermal analysis 
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Fig. 6.21 shows the evolution 

over time of temperatures in 

the same simulation cycle. 

The first image represents the 

moment t = 0 of the deposition 

of a new layer of material, and 

in the adjacent images it can 

be observed the way in which 

the heat is distributed (Table 

6.15). 
Table 6.15 

Cicle 

No. 

Part 

Height 

[mm] 

Analysis 

Time 

5 5 6’40” 

5 5 7’00” 

5 5 7’20” 

5 5 7’40” 

5 5 8’00” 

It should be noted that 

the temperature inside the 

piece reaches the temperature 

of the bed before completing 

the cycle and the deposition of 

the next layer, while cooling 

in areas closer to the surface is 

more pronounced. This 

indicates the presence of 

temperature fluctuations, 

which leads to the 

accumulation of internal 

voltages. In the upper part of 

the part the temperatures fall 

below the temperature of the 

bed heated to 60 oC, indicating 

a low influence of the heated 

bed for the upper part of the 

part, even in the case of small 

parts (z = 5 mm).  

 

Fig.  6.21. Temperature evolution in the 5th cycle of thermal 
analysis 
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Fig.. 6.22 presents the 

situation of the part in an advanced 

stage of the manufacturing process. 

The first image in the 

sequence represents the moment t0 of 

the deposition of the layer z = 30 mm, 

and the subsequent images illustrate 

the way heat propagates in the part. 

Table 6.16 
Cicle 

No. 
Part 

Height 

[mm] 

Analysis 

Time 

30 30 48’40” 
30 30 49’00” 
30 30 49’20” 
30 30 49’40” 
30 30 50’00” 

As it can be seen, the 

influence of the heated bed at this 

point in the manufacturing process is 

reduced to the lower section of the 

part, the side surfaces reaching a 

temperature of 31.56 ° C. 

Thus, it can be concluded that, 

starting from a certain distance of the 

currently deposited layer from the 

plane of the heated bed, the effect of 

the latter is too low to justify 

maintaining its temperature at an 

elevated level. Since the heated bed is 

one of the main consumers of 

electricity of a 3D printer equipped 

with such a system, by lowering its 

temperature starting with a certain 

point of the printing process, 

manufacturing costs can be reduced. 

The efficiency of such a change is 

increased in the case of tall parts. 

 
 Fig. 6.22. Temperature evolution in the 30th cycle of thermal 

analysis 
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 Fig. 6.23 presents 5 sequences 

from the simulation captured at the time 

of deposition of a layer of molten 

material at a distance z = 35 mm from the 

base of the part (Table 6.17). 

Table 6.17 

Cicle 

No. 
Part Height 

[mm] 
Analysis 

Time 
35 35 58’20” 
35 35 58’40” 
35 35 59’00” 
35 35 59’20” 
35 35 59’40” 

The scale of the section graphs 

was fixed to show temperatures between 

31.61 oC and 59.34 oC, to highlight the 

way heat propagation occurs.  

Fig. 6.23. Thermal analysis: temperature distribution 

when depositing a layer at a part height of z = 35 mm 
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6.5 EXPERIMENTAL MEASUREMENT OF INTERIOR TEMPERATURE OF 

PARTS MADE BY FUSED FILAMENT FABRICATION 

To validate the results obtained based on the finite element thermal analysis model 

described above, as well as to identify the influence of various thermal parameters on the heat 

propagation mode in the manufactured part, a number of tests were performed, manufacturing 

test pieces of 20  20  40 mm from the 3 materials specified above. The test pieces were 

provided with 5 cylindrical bores (Fig. 6.25) positioned 5 mm from the base of the piece. 

 

 
The bores were arranged equidistantly in the vertical direction, at a distance of 7.5 mm 

from each other. Two positions in the vertical plane were considered, namely: a position in the 

plane of symmetry of the part and a position halfway between the plane of symmetry and the 

outer surface of the part. Table 6.19 lists the coordinates of the points whose temperature was 

determined experimentally. The point of origin of the part is considered to be the intersection 

of the frontal plane with the left lateral plane and the base plane. 

Table 6.19. Coordinates of experimentally determined points 

Point No. Coordinates (X;Y;Z) 

P1 (10;10;5) 

P2 (10;10;12,5) 

P3 (10;10;20) 

P4 (10;10;27,5) 

P5 (10;10;35) 

P6 (5;10;5) 

P7 (5;10;12,5) 

P8 (5;10;20) 

P9 (5;10;27,5) 

P10 (5;10;35) 

During manufacturing, once the layer delimiting the inner bores was completed, 

temperature sensors were inserted in the part to monitor the cooling process (Fig. 6.26). The 

parts were manufactured using a QidiTech Avatar IV 3D printer equipped with the MK10 

extruder.  

Fig. 6.25. Test pieces manufactured for experimental temperature measurement 
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Fig. 6.26. Positioning the temperature sensors inside the part 

 

Fig. 6.28. Temperature variation during the additive manufacturing process (5 sensors) 

In Fis. 6.28 experimental results are plotted for two test parts made with PLA material 

at a printing temperature of 210 °C and a deposition rate of 60 mm / s. The time interval in 

which the experimental data are taken is between 540 and 4000 seconds for the first temperature 

sensor, between 1280 and 4000 seconds for the 2nd temperature sensor, between 1820 s and 



Research on additive manuf. by deposition of molten filament from polymers with high processing temperatures  

 

34 

 

4000 s for the third temperature sensor, between 2640 s and 4000 s for the fourth temperature 

sensor and between 3300 s and 4000 s for the fifth temperature sensor.. 

The graphically represented values are the measured values for both points in the same 

horizontal plane 

As the measured point moves away from the heated bed, it should be noted that the 

temperature variations are more pronounced initially, but decrease more rapidly as the process 

progresses. This difference in the thermal behavior of the part is useful in determining the areas 

where internal stresses may occur.  

The graph in Fig. 6.29 shows the temperature differences between the pairs of points in 

the horizontal plane. In the case of the part made of PLA at a temperature of 210 °C, these 

differences are at most 2.75 ° C, indicating that the potential stresses due to thermal variations 

are significantly reduced in the horizontal plane of the part [75]. This, in conjunction with the 

orthotropic nature of parts made by additive manufacturing shows why the attention of 

designers of parts must be focused on the stresses in the vertical plane of the part.. 

 

Fig. 6.29. Temperature differences between two points in the same horizontal plane (PLA, 210 ° C) 

The graph in Fig. 6.30 shows the thermal evolution of the test pieces made of PLA 

material in case of increase of the deposition temperature from 190 °C to 230 °C. The graphs 

were drawn for the sensor positioned at a distance z = 5 mm from the heated bed. 

As the experimental results presented by other works in the field indicate that the fusion 

of the plastic layers is stronger when the molten filament is deposited at a higher temperature 

[76], this element represents a potential optimization direction for increasing the mechanical 

strength of parts manufactured by fused filament fabrication. 
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Fig. 6.30. Temperature variation for test parts made of the same material, at different deposition 

temperatures (PLA, 190oC, 230oC) 

When manufacturing a part using a higher filament deposition temperature, it can be 

seen that the differences between the temperature of the inner volume of the part and that of its 

surface are higher, which indicates the need to find a solution superior to the heated bed in the 

case of parts printed at high temperatures (Fig. 6.31). 

 

Fig. 6.31. Temperature differences between two points in the horizontal plane (PLA 190 °C, 230 °C) 

In order to determine the influence of the heated bed on the manufactured part, 

experimental measurements were performed in the case of the test parts made from ABS 

material, with a deposition temperature of 230 °C and a heated bed temperature of 60 °C. The 

second set of measurements was performed in a manufacturing process with the bed heated to 

a temperature of 110 °C. As the results of the finite element analysis suggest that the influence 

of the heated bed leads to the rapid stabilization of the temperature in the lower layers of the 

part, in order to highlight the effect of increasing the bed temperature from 60 °C to 110 °C, a 

graph has been drawn that considers temperature sensors positioned at a distance z = 12.5 mm 

from the heated bed (Fig. 6.33) 
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Fig. 6.33. Temperature variation for test parts manufactured using different heated bed temperatures 

(ABS, bed temperature 60 °C and 110 °C) 

The results obtained in this case are as expected, namely, in the case of the bed heated 

to a higher temperature, the temperature variations are attenuated and the part cools more 

slowly. 

To determine the influence of the chamber temperature on the evolution of the 

temperature inside the 3D printed part, the experimental measurements made during  

manufacturing of test parts were compared, initially with the printer chamber open, then closing 

the chamber and letting the indoor air temperature stabilize around of 45 °C. In both cases, the 

parts were made of ABS material, with a deposition temperature of 230 °C and a heated bed 

temperature of 60 °C. The deposition temperature of the material is 230 °C in both cases. 

Considering the influence of the heated bed previously determined, to visualize the effect of 

closing the build chamber, a graph of the experimental measurements made by the sensors 

placed at a distance z = 20 mm from the heated bed was drawn (Fig. 6.34). 

Another way to experimentally validate the finite element analysis method is to visualize 

a printing process through a thermography camera. For this purpose, a specimen of dimensions 

length = 30 mm, width = 5 mm and height = 30 mm was printed on a Zortrax M200 3D printer 

from a mixture of polycarbonate with ABS. The extrusion temperature was 260 °C. The 

manufacturing process was recorded with a ThermaCAM SC640 thermal camera (FLIR 

Systems - Wilsonville, OR, USA). Figure 6.35 shows frame captures in which a temperature 

distribution similar to that determined by finite element thermal analysis described in this 

chapter can be observed..  

The results of the measurements indicate a much more pronounced impact of the 

enclosure temperature compared to that of the heated bed temperature. 
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Fig. 6.34. Temperature variation for test parts manufactured using different machine enclosure 

temperatures (ABS, ambient temperatures 24 °C, 45°C) 

 

Fig. 6.35. Still frames taken from the ThermaCAM SC640 thermal camera during the additive 

manufacturing process of a PC + ABS test tube on a Zortrax M200 3D printer 
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CH. 7 FDM 3D PRINTER WITH A VACUUM BUILD CHAMBER  

Previously, it was experimentally determined that the influence of the printer enclosure 

temperature on the part temperature is much more significant (Fig. 6.34) than the influence of 

the heated platform, which has a limited effect (Fig. 6.33). These observations are of major 

importance, given that the objective of doctoral studies is to carry out an additive manufacturing 

process of objects using special plastics, with high melting temperatures, which requires a 

system of maintaining the temperature of the parts at adequate values during manufacturing 

process. 

One approach to the problem of using thermoplastic materials with high melting 

temperatures may be to eliminate the cause of inadequate cooling of the deposited material, 

namely the phenomenon of thermal convection [77]. This would be possible by depositing 

molten filament in a vacuum chamber. This approach presents some technical hurdles that need 

to be overcome: 

- Obtaining a vacuum level in the room suitable for the application; 

- Development of a motion transmission system that can operate in a vacuum for periods 

of time specific to the manufacturing process (over 24 hours of continuous operation 

without outside intervention) 

- Transmission of electricity for internal electrical and electronic components; 

- Thermal management of components. 

Before making a detailed analysis of these issues, a few remarks can be made: 

- Vacuum systems for vacuum sublimation plating are widely used in industry; they use 

high intensity electricity 

- The actuators (stepper motors) of special construction can be placed in a vacuum; an 

alternative is to place them outside the vacuum enclosure and create a system for 

transmitting motion through the enclosure wall; 

- The aerospace industry is an important source of documentation and experimental results 

for materials and systems used in vacuum. 

7.2. THERMAL TRANSFER IN A VACUUM  

Heat can propagate through 3 mechanisms: 

- Thermal convection - a form of heat transfer specific to fluids (gases and liquids) that 

depends on the presence of a material that comes into contact with the volume of fluid. 

Convection is conditioned by the existence of the movement of fluid particles and can 

be of two types: natural convection, if the fluid particles are moving due to pressure 

differences generated by temperature, or forced convection, if this movement is 

produced by external forces (generated by pumps, fan, etc.). 

- Thermal conduction - is the propagation of temperature through the volume of a 

material by collisions between elementary particles that are part of the material. 

- Thermal radiation - is the phenomenon by which condensed bodies emit 

electromagnetic radiation. 

7.2.1 Heat transfer in the case of the extruder of a machine for additive manufacturing by 
fused filament fabrication. 

By eliminating the phenomenon of thermal convection, the temperature transfer in 

vacuum is done predominantly by thermal conductivity. In the case of an additive 

manufacturing process by deposition of topical filament, two distinct moments can be identified 

related to this aspect, namely: 

- Thermal conductivity and heat transfer from the heated head to the filament and to 

the extruder structure when the thermoplastic filament melts; 
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- Thermal conductivity and heat transfer from the volume of extruded material in the 

machine platform. 

In the case of the extruder, the heat transfer occurs through the thermal tube and through 

the material contained in it (Fig. 7.6). 

 
Fig. 7.6. Heatbreak and its section 

In the section with the thinnest walls, heatbreak has an inner diameter of 2 mm and an 

outer diameter of 2.8 mm, resulting in a section area of 3,016 mm2. During operation, the 

narrow part of this tube is filled with thermoplastic material at a temperature close to the 

extrusion temperature. Therefore, the cross-sectional area of the thermoplastic material is 3.14 

mm2. 

Thermal transfer through conductivity can be expressed by Fourier's law (Fig. 7.7): 

 

𝑞𝑥 = 𝑘𝐴
𝑑𝑇

𝑑𝑥
, (7.17) 

where 

𝑞𝑥 – the amount of heat transferred 

[W, J/s]; 

𝑘 – the thermal conductivity 

coefficient of the material [W/mK]; 

𝐴 – material cross-section area [m2]; 

𝑑𝑇 – temperature difference [K]; 

𝑑𝑥 – material thickness [m]. 
 

 
Fig. 7.7. Heat transfer by thermal conduction 

7.2.2 Heat transfer in the case of deposited material 
The amount of heat transferred by the deposited material depends on the volume of 

extruded material, the extrusion speed and the specific heat of the material. The specific heat 

(material constant) is determined from the relationship: 

𝑄 = 𝑐𝑚∆𝑇, (7.18) 

where 

Q is the amount of heat, 

c – specific heat (material characteristic), 

m – material mass, 

∆𝑇 – temperature difference. 
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The amount of heat Q that must be released by the thermoplastic material after deposition 

(Table 7.7) for the part to reach the appropriate temperature is calculated using the relation:  

𝑄 = 𝑐 ∙  𝜌 ∙ 10−3 ∙ 𝑅𝑑𝑒𝑝 ∙  ∆𝑇, (7.19) 

where 

c – specific heat [J/g·K]; 𝜌 – density  g/cm3; 𝑅𝑑𝑒𝑝 – material deposition rate [mm3/s]; 

∆𝑇 – temperature difference. 

Table 7.7. The heat ceded by the thermoplastic material after deposition 

Material 

Specific 

heat 

[J/gK] 

Extrusion 

temperature 

[oC] 

Part 

temperature 

[oC] 

Density 

[g/mm3] 

ΔT 

[oC] 

Q min 

[W] 

Q max 

[W] 

PC 1.41 280 80 0.00122 200 0.069 2.064 

PEI 1.10 315 95 0.00127 220 0.061 1.844 

PPS 0.95 350 105 0.00134 235 0.060 1.795 

PEEK 0.32 400 120 0.00132 280 0.024 0.710 

7.3 VACUUM BUILD CHAMBER 3D PRINTER DESIGN 

7.3.1 Dimensioning the resistance structure for the sealed chamber 
It is recommended that the walls of a vacuum chamber be made of metal or non-metal 

alloys. Due to its good strength, machinability and weldability characteristics, the manufacture 

of aluminum alloy walls EN-AW-5083 with the chemical composition AlMg4,5Mn0,7 was 

chosen.. 

To dimension the thickness of the camera walls, a finite element analysis was performed 

using the simulation module integrated in the Autodesk Fusion 360 software. The considered 

model is a square plate measuring 340  340 mm with standardized thicknesses of 5, 6, 8 , 10 

mm. The material assigned to the model was taken from the application database and is 

“Aluminum 5083 87 cold formed” with a breaking strength of 270 MPa. The gravitational force 

and a pressure of 1.2 bar were applied to the front surface of the plate, equivalent to the pressure 

difference between the pressure in the vacuum chamber and the atmospheric pressure, with a 

safety factor of 1.2. The volume of the virtual model was processed with a tetrahedral structure 

mesh with a maximum element size of 1% of the model dimensions 

 
Fig. 7.9. The result of the analysis with finite elements - Tensions appearing in the 8 mm thick plate 
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As it can be seen in Fig. 7.9, the maximum stress in the material for a plate thickness of 

8 mm is 55.13 MPa, below one third of the allowable stress of 150 MPa at which the material 

begins to deform plastically. According to the results, the thickness of the material of more than 

5 mm is sufficient to withstand the forces to which it is subjected during use. The maximum 

elastic deformation of the material is between 0.3307 and 2.6210 mm. Table 7.8 presents the 

results of the finite element analysis for standardized plate thicknesses. 

Table 7.8. The results of the finite element analysis - predimensioning of plates from Al 5083 

 Thickness [mm]  Tensile load [MPa] Max deformation [mm] 

10 34,15 0.3307 

8 55.13 0.6431 

6 97.89 1.5190 

5 142 2.6210 

7.3.2 Producing the relative motion of the extruder in relation to the machine platform 
When constructing the mechanism that produces the relative motion of the extruder 

relative to the platform surface, the constructive variants of 3D printers presented in Chapter 3 

were taken into account.. 

The first considered criterion is the 

volume occupied by the mechanical 

structure of the movement system. The 

working space of the machine must be large 

enough to allow the manufacture of 

standard ASTM D638 samples used in 

destructive testing. A workspace of 180 x 

180 x 180 mm was thus established. The 

volume occupied by the mechanical 

structure must be minimal, in order to 

reduce the loads acting on the walls of the 

enclosure due to the pressure difference. To 

meet this criterion, the platform was fixed 

in the horizontal plane and the relative 

movement of the extruder in this plane is 

performed by a double portal type system. 

The relative movement in the vertical plane 

is achieved by translating the platform on 

the vertical axis. 

A second criterion is the positioning 

of the stepper motors outside the vacuum 

enclosure and the transmission of the 

rotational motion through the enclosure 

wall. This is made possible by the drive and 

transmission system represented in Figs. 

7.12. 

 

Fig. 7.12. Motion transmission system - XY 

horizontal axes of motion 
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Fig. 7.13. Motion axes structure 

The stepper motors (Fig. 7.13 - 1) located outside the enclosure, transmit the rotational 

motion through the enclosure wall. The rotational motion is transformed into translational 

motion by means of transmission belts (Fig. 7.13 - 4). The two stepper motors are positioned 

on perpendicular axes, producing the motion of the extruder (Fig. 7.13 - 5) in the XY horizontal 

plane. The printing platform (Fig. 7.13 - 6) moves on the vertical axis Z, being driven by stepper 

motors (Fig. 7.13 - 7) that rotate the trapezoidal screw (Fig. 7.13 - 3). Guiding the vertical axis 

is done using guide axes (Fig. 7.13 - 2).  

7.3.3 Linear axes actuation 

The linear shaft drive assembly is one of the complex elements of the system, as it must 

drive the linear shafts from outside the vacuum enclosure. The transmission of the rotational 

motion through the stainless steel shaft (Fig. 7.14-1) is done through the walls of the vacuum 

chamber. For this reason, the drive system includes sealing elements. The sealing of the rotating 

shaft is done with a seal made of fluoropolymer material (Fig. 7.14-4) with low coefficient of 

friction and wear resistance. The oil seal is prestressed in the housing (Fig. 7.14-5) using a 

stainless steel outer ring. The oil seal is optimized for vacuum applications, with prestressing 

on the inner shaft by means of an elliptical spring. In order to meet the concentricity 

requirements necessary for sealing, the stainless steel shaft is guided by radial ball bearings 

located both in the vacuum part (Fig. 7.14-2) and in the part subjected to atmospheric pressure 

(Fig. 7.14-6). In order to reduce wear and improve sealing, low degassing vaseline is introduced 

between the oil seal and the bearing. The housing that contains the sealing components is 

inserted into the housing of the assembly (Fig. 7.14-7) and attached to the wall of the printer 

with fasteners (7.14-8). A viton frontal o-ring (Fig. 7.14-3) seals the system. The rotational 

motion is transmitted from the stepper motor (Fig. 7.14-11) to the shaft by means of a flexible 

coupling (Fig. 7.14-10) which has the role of reducing vibrations and compensating for the 

eccentricity of the two coupled shafts.  
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Fig. 7.14. Linear axes actuation assembly 

7.3.4 Thermoplastic filament extruder 

Chapter 6 presented finite element thermal analyses for two types of extruders used in 

commercially available 3D printers. The recommendations made after analyzing the results of 

these simulations were applied to the design of an extruder (Fig. 7.15) capable of processing 

thermoplastic filament at high temperatures and sub-atmospheric pressure. 

 

Fig. 7.15. Extruder assembly 

According to the recommendations, the brass extrusion nozzle found in commercially 

available extruders has been replaced with a stainless steel extrusion nozzle (Fig. 7.15-3) which 
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maintains its mechanical properties at temperatures of 400 °C. Also, the tube for slowing down 

the heat transfer made of teflon was removed and the filament is guided through a stainless steel 

tube (Fig. 7.15-5). The heating of the extrusion nozzle and the melting of the thermoplastic 

material is done by a ceramic heater with a power of 80 W (Fig. 7.15-4). The temperature is 

monitored with a PT100 type temperature sensor usable up to temperatures of 500 °C (Fig. 

7.15-2). The sensor, the ceramic cartridge and the extrusion nozzle are fixed in an aluminum 

heating block (Fig. 7.15-1).). 

As the air in the enclosure is evacuated, the extruder body (Fig. 7.15-6) is cooled using 

liquid cooling (Fig. 7.15-7). Keeping the extruder body at temperatures below 60 °C is done to 

prevent heat transfer by conduction to other parts of the machine and to keep the guide bushes 

for translating the extruder horizontally (Fig. 7.15-8) at appropriate temperatures.. 

7.3.5 Passing electric current through the vacuum chamber walls 

3D printers for fused filament fabrication require some electrical components to be 

positioned inside the enclosure (end-of-travel sensors, ceramic heater cartridge, temperature 

sensors, etc.). Therefore, in the case of a vacuum chamber, it is necessary to pass the electrical 

conductors that supply these components through the wall of the vacuum chamber, without 

compromising the vacuum level inside. 

The choice of sealing materials and the dimensioning of the feedthrough elements (Fig. 

7.16) will be made taking into account the intensity and type of current required.: 

- 220 VAC, 0.5 A for the ceramic heating cartridge; 

- 5 VDC, 300 mA for temperatre sensors; 

- 3.3 VDC for end-of-travel sensors; 

 
Fig. 7.16. Feedthrough assembly for electrical conductors 

The electrical conductors (Fig. 7.16-1) are sealed using a volume of epoxy resin (Fig. 

7.16-4) with degassing properties suitable for use in vacuum. To limit the mass of resin lost by 

evaporation, its surface that is exposed to the vacuum environment is covered with a stainless 

steel lid (Fig. 7.16-3). The conductors are electrically insulated in the lid area using kapton tape 

(Fig. 7.16-2). The volume of epoxy resin is obtained by casting the resin in an aluminum 

connector (Fig. 7.16-5). The connector is fixed to the wall of the vacuum chamber (Fig. 7.16-
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6) by screwing. The diameter of the connector and the volume of resin required for sealing will 

be dimensioned according to the number of electrical wires.  

7.4 WORKING PRINCIPLE 

Within the doctoral program, research was carried out on the additive manufacture of 

special plastic parts (with high melting temperatures) that require a system to maintain the 

temperature of the parts at adequate values during the manufacturing process to prevent defects 

caused by internal thermal stresses.  

Research in the field on parts made of ABS and polyamides in an inert nitrogen medium 

[85] shows that the mechanical properties of printed parts are better in the absence of oxygen. 

The application chosen for detailed investigation is the manufacture of parts in the 

absence of oxygen, in a vacuum chamber. The exclusion of air aims to standardize the heat 

transfer process of the 3D printed part during manufacturing, in order to reduce the influence 

of repeated cooling / heating cycles on the mechanical properties of the part.  

In a system, heat can propagate through 3 mechanisms: 

- Thermal convection - a form of heat transfer specific to fluids (gases and liquids) that 

depends on the presence of a material that comes into contact with the volume of fluid. 

Convection is conditioned by the existence of the movement of fluid particles and can 

be of two types: natural convection, if the fluid particles are moving due to pressure 

differences generated by temperature, or forced convection, if this movement is 

produced by external forces (generated by pumps, fan, etc.).  

- Thermal conduction - is the propagation of temperature through the volume of a 

material by collisions between elementary particles that are part of the material. 

- Thermal radiation - is the phenomenon by which condensed bodies emit 

electromagnetic radiation. 

As the atmospheric air in the vacuum chambers, which is the convection heat propagation 

medium, is evacuated, the phenomenon of convection heat transfer is gradually eliminated. 

What determines whether the heat transfer by convection takes place, as well as the amount of 

heat transferred, is the average free flow of air molecules in the vacuum chamber. The average 

free path is the average distance traveled by a molecule inside a volume until it collides with 

another molecule. In the kinetic theory of gases their properties are explained on the basis of 

the movements of molecules. In this theory, gas molecules move freely, continuously, 

depending on temperature, influencing each other only at the moment of collision. 

In support of the research, a prototype of a 3D printer with a vacuum chamber was made, 

with the help of which a series of parts printed both in vacuum and in the atmosphere at room 

temperature were manufactured. The parts were subjected to mechanical tests to determine their 

tensile strength. 

 7.5 MECHANICAL STRUCTURE 

The vacuum chamber is made of 5083 aluminum sheet with a thickness of 8 mm 

processed by water jet cutting, with interlocking geometry for easier assembly. The gaps 

between the walls were sealed using epoxy resin. The vacuum chamber is mounted on an 

external structure of industrial aluminum profiles. The stepper motors that drive the printer's 

motion system are mounted on the same outer structure. 

The printing bed is made of EN-AW-5083 aluminum alloy plate with a thickness of 8 

mm and has a perforated plate made of FR4 material on the surface. The role of the perforated 

plate is to retain the auxiliary raft structure on which the part is made, preventing its 

delamination during printing. The platform moves on the vertical axis Z (Fig. 7.17), the 

movement system consisting of two stepper motors, rigidly coupled to a trapezoidal screw with 
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2 starts and 8 mm pitch. The platform is guided at each end on two linear guides. The guide 

bushes and the movement nut are made of sintered bronze.  

 

Fig. 7.17. Printing platform and vertical axis Z: a) platform; b) perforated plate; c) linear guide axes; 

d) guide bushes; e) trapezoidal movement screws; f) movement nuts. 

The horizontal axes X and Y (Fig. 7.18) are actuated by means of a mechanism with a 6 

mm wide rubber drive belt, reinforced with Kevlar wires. Bronze bushes allow the extruder to 

slide freely on the stainless steel guide shafts.. 

 

Fig. 7.18. Horizontal axes of the 3D printer. 

For mechanical actuation, the motion must be transmitted through the wall of the vacuum 

chamber without losing the vacuum inside. For this purpose, a sealing system (Fig. 7.19) with 

a viton seal with elliptical prestressing spring for vacuum sealing applications is used. The oil 

seal is inserted into an aluminum housing that attaches to the wall of the vacuum chamber 

through a flat seal with an o-ring seal. The shaft that rotates to drive the belt wheel and engage 

the drive belt is connected to the stepper motor shaft through an aluminum elastic coupling. 
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Fig. 7.19. Shaft sealing system for motion transmission. a) stepper motor; b) intermediate motor 

support (3D PLA print); c) elastic coupling; d) motor support (3D PLA printing); e) flange bearing f) 

bearing and energised seal housing; g) energised seal; h) o-ring; i) rotation shaft. 

 7.6 ELECTRICAL AND ELECTRONIC COMPONENTS 

The heaters and the components whose role is to control the printing temperature, as well 

as the vacuum pump, are supplied from a mains socket, with 230 VAC. The rest of the printer 

components are powered by a 12 V, 20 A (240 W) DC power supply 

Ceramic resistor - a resistor with a power of 80 W that works at 230 VAC is used. With 

a power twice the that of heating cartridges commonly found in commercially available printers 

(30−40 W), the possible printing temperature is 400 oC. 

Water pump - to cool the heated end of the extruder it is necessary to use a water cooling 

circuit powered by a 12 VDC pump.  

The vacuum pump is a two-stage pump with a maximum vacuum of 0.2 Pa (2  10-3 

mbar). The technical characteristics of the vacuum pump can be found in Table 7.13. 

Table 7.13. Technical characteristics of the vacuum pump 

Characteristic Value 

Air flow 51 L /min 

Vacuum 2  10-1 Pa (1.5  10-3 Torr) 

Power 250 W 

Inlet 1/4” SAE 

Oil capacity 200 ml 

Weight 9 kg 

The printer functions are controlled by a RAMPS 1.4 expansion board attached to an 

Arduino MEGA 2560 microcontroller. The expansion board includes 5 drivers for stepper 

motors type Allegro A4988 [86]. 

The extrusion temperature is adjusted separately from the main controller, by means of a 

circuit (Fig. 7.22) consisting of a PID temperature controller type REX-C100 with temperature 

monitoring interval between 0 oC and 999 oC which receives a signal from a K-type 

thermocouple and switches a ceramic resistor through a solid-state type relay. This solution was 
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chosen due to the limited interface of the RAMPS 1.4 expansion board that allows only the 

interface with NTC type sensors, in which case the maximum monitored temperature can be up 

to 250 oC 

 
Fig. 7.22. Extrusion temperature control circuit. a) circuit breaker; b) Temperature controller REX-

C100; c) thermocouple type K; d) solid state relay; e) ceramic resistance 

Stepper motors. The printer motion axes and the filament supply system are driven by 

stepper motors type NEMA17 model 42BYGHW609 with 1.8º rotational pitch. These are 

controlled by Allegro A4988 stepper motor drivers (2A max) in a 1/256 microstepping 

configuration. 

7.7 SOFTWARE AND FIRMWARE 

7.7.1 Firmware  
The Marlin 1.3 open-source firmware [87] is loaded on an Arduino MEGA 2560 

controller, which has been adapted to the application-specific mechanical and process 

characteristics. Because the temperature is not directly controlled by the microcontroller and is 

set separately in the REX-C100 temperature controller, the minimum extrusion temperature 

(standard - 170 oC) has been deactivated. Similarly, the thermal protection function has been 

deactivated. This would turn off the power supply if the temperature sensor does not detect the 

temperature rise with the power supply. Marlin 1.3 firmware comes preconfigured for Allegro 

A4988 stepper motor drivers. 

7.7.2 Slicer  
The printer has been configured in the Simplify 3D 4.0 slicer program (Ohio, USA). A 

series of instructions are executed at the beginning of each printing program. The extruder is 

brought to the zero position, the platform on the Z axis is recalibrated and the extruder is purged. 

At the end of the printing program, another series of instructions is executed that bring the 

extruder and the platform back to zero and signal the end of the program. 
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CH. 8. EXPERIMENTAL TESTING AND RESULTS 

8.1 METHOD AND MATERIALS 

Two materials were selected for testing the device and the manufacturing method: ASA 

(acrylonitrile styrene acrylate) and PEI (polyetherimide). 

ASA - acrylonitrile acrylate styrene or styrene acrylonitrile acrylic is a thermoplastic 

material produced as an alternative to ABS (acrylonitrile butadiene styrene) and is widely used 

in the automotive industry. Structurally, ASA is very similar to ABS but is more resistant to 

weather and ultraviolet radiation, more resistant to long-term high temperatures and more 

resistant to alcohols and cleaning agents. ASA retains its gloss, color and mechanical properties 

when exposed to the open air. It has good chemical and thermal resistance, high gloss, good 

antistatic properties and is hard and rigid. It is used in applications that require weather 

resistance, such as commercial displays, vehicle exterior or outdoor furniture. 

ASA filament with a diameter of Ø1.75 mm was sourced commercially, sold under the 

ApolloX brand (Formfutura - Nijmegen, the Netherlands). 

PEI - polyetherimide is a thermoplastic material with a high melting point, used especially 

in food, chemical and medical instruments due to its chemical stability, resistance to solvents 

and fire and due to the possibilities of sterilization. Ultem is a family of polyetherimides created 

in the early 1980s by Joseph G. Wirth. Ultem 1000 (standard resin, without additives) has high 

dielectric strength, does not burn and emits very little smoke. Ultem products can be processed 

by cutting, have very good mechanical properties (strength, rigidity) and can be used 

continuously at temperatures up to 170 oC.  

PEI filament with a diameter of Ø1.75 mm was purchased from the market, sold under 

the Thermax brand (3DXTech - Grand Rapids, MI, USA). The resin from which the filament 

was made is sold under the brand Ultem 1010 (SABIC - Riyadh, Saudi Arabia). 

The dimensions of the test specimens were chosen based on the standard for testing 

ASTM D638 type I plastics [88] and their minimum section is 3.5 x 13 mm. 

The manufacturers' recommendations were taken into account when setting the extrusion 

temperatures. A total of 12 specimens were manufactured, three for each material and 

conditions of the printing environment (atmosphere / vacuum). The specimens were 

manufactured with a material layer thickness of 0.2 mm, with 3 outer contours and 100% infill, 

alternating between -45º / + 45º the trajectory used to fill the inner volume of the piece. The 

extrusion temperature was 250 ºC for ASA material and 375 ºC for PEI. 

Due to the large difference between the melting temperatures of the two materials, the 

stainless steel extrusion nozzle was replaced after changing the material. All specimens were 

manufactured in a horizontal position. 

8.2 SURFACE QUALITY AND DIMENSIONAL ACCURACY 

The dimensional accuracy of the specimens made was measured after printing with an 

electronic caliper and it was found that there are no significant differences in the case of the 

parts printed in the vacuum chamber compared to those printed in the atmosphere at room 

temperature. In the case of two of the ULTEM specimens printed in atmospheric conditions, a 

slight delamination of the part from the shelf-type auxiliary structure was found. All ASA 

specimens, as well as ULTEM 1010 vacuum-printed specimens showed good adhesion of the 

layers.  

It is presented in the literature that the removal of oxygen, for example using inert gas 

[89] can lead to improved surface quality of printed parts. The roughness of surfaces can be 

analyzed using atomic force microscopy.. 
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To compare the quality of the surfaces, the printed parts made of Ultem 1010 material 

were analyzed using the NTEGRA Probe NanoLaboratory atomic force microscope. The pieces 

were inspected on the side surface, in order to be able to observe the roughness of the surfaces 

at the joints between the successively deposited layers of material. The inspection was done 

along the deposited filaments (Fig. 8.6). 

 
Fig. 8.6. Scanning direction 

 

Using the data taken by the atomic force microscope, three-dimensional graphs (Fig. 

8.9, Fig. 8.11) were drawn for the inspected surfaces of the two types of parts. Data on the 

surface quality of the parts were extracted using the NOVA software and can be found in Table 

8.3. 
Table 8.3. Surface roughness of 3D printed parts 

Printing environment Roughness Ra [µm] 

Atmospheric pressure 6.50 ± 0.26 

Low pressure 6.52 ± 0.21 

 

Fig. 8.9. Profile of the side surface of the piece made of Ultem 1010 material printed under 

atmospheric conditions 
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Fig. 8.11. The side surface profile of the Ultem 1010 part printed under low pressure conditions 

8.3 TENSILE STRENGTH TESTING 

In order to determine the mechanical properties of the parts resulting from vacuum 

printing, tensile tests were carried out on specimens of the dimensions specified above. The 

tests were performed on a universal Hounsfield H10KT test machine with a maximum load 

capacity of 10 kN. The tests were performed with a pretension of 5 N and a loading speed of 5 

mm / min, at an ambient temperature of 24 oC and a humidity of 60% 

 
Fig. 8.14. Graph of tensile test results - ASA specimens printed under atmospheric pressure 
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Fig. 8.15. Graph of tensile test results - vacuum-printed ASA specimens 

 
Fig. 8.16. Graph of tensile test results - ULTEM 1010 specimens printed under atmospheric pressure 
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Fig. 8.17. Graph of tensile test results - vacuum-printed ULTEM 1010 specimens 

The tensile fracturing mode for all ASA specimens took place along the deposited 

filaments. A similar way of fracturing is found in the case of ULTEM parts, except for one of 

the vacuum-printed specimens that fractured transversely, a sign that the deposited filaments of 

material had enhanced adhesion. 

8.4 THERMAL BEHAVIOR OF 3D PRINTED PARTS FROM ULTEM 1010 

A discussion must also be made about the heat transfer in the printed parts, to see if the 

absence of air during the manufacturing process makes a significant difference. Thus, a 

thermogram by Differential Scanning Calorimetry (DSC) was performed to highlight the 

thermal transitions in the manufactured parts, namely the glass transition, which is of major 

importance in determining the temperature range in which the 3D printed parts can be used. 

Three test specimens were printed for each of the two cases: atmospheric printing and vacuum 

chamber printing. These were analyzed using a Shimadzu DTA-50 machine (Shimadzu Corp., 

Kyoto, Japan). The first heating cycle was 20 °C - 280 °C with a temperature rise rate of 5 °C / 

min, followed by cooling to 30 °C at a rate of 5 °C / min. The second heating cycle was 30 °C 

- 370 °C at a rate of 10 °C per minute. The analysis was performed in a nitrogen atmosphere at 

a flow rate of 85 mL / min. The thermal transitions that occurred in the second heating cycle 

are shown in Figs. 8.19. 
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Fig. 8.19. Differential scanning calorimetry thermogram showing the glass transition of the 

second heating cycle for Ultem 1010 parts 

The glass transition for ULTEM 1010 parts printed under atmospheric pressure begins at 

Tg, 1atm = 215.23 °C and ends at Tpk, 1atm = 218.02 ° C. These temperatures are in accordance with 

those found in the data sheet of the material, as well as those found in specialty literature. In 

the case of parts printed in a vacuum chamber, the glass transition starts at a slightly lower 

temperature Tg, 0atm = 212.19 ° C and ends at Tpk, 0atm = 220.24 ° C. A possible explanation for 

this phenomenon would be that the heat transfer in the vacuum printed part is more efficient. 

Since ULTEM 1010 is a material obtained from amorphous resin, there is no crystallization 

temperature, the degree of crystallization being 0. Also, the material does not show a melting 

point, but the fluidity of the material increases once the glass transition temperature is exceeded, 

reaching a rate flow rate of 17.8 g / 10 min under a load of 6.60 kg, at a temperature of 337 °C 

CH. 9 GENERAL CONCLUSIONS, ORIGINAL CONTRIBUTIONS AND 

FUTURE RESEARCH DIRECTIONS 

9.1 GENERAL CONCLUSIONS 

During the doctoral study program, research was conducted on the possibility of printing 

plastics with high melting points in an enclosure with sub-atmospheric pressure, to reduce or 

eliminate the influence of thermal convection on the properties of printed parts. 

The study began with the analysis of existing techniques and applications to date and 

continued with the investigation of the main constructive types of 3D printers with fused 

filament fabrication. 

In this paper, the process parameters for additive manufacturing by fused filament 

fabrication were studied. The environmental, dynamic parameters and those related to the 

filament deposition were treated briefly, with the emphasis on thermal parameters.. 

In order to visualize and analyze the heat transfer in the part during the manufacturing 

process, a finite element thermal analysis model was created. With the help of this model certain 

phenomena could be observed, such as: 

- in the case of 3D printers with heated bed, the manufactured part cools starting with 

the external surfaces, the heated bed having a local influence, restricted to the first 

layers of deposited material; 
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- in the case of tall parts, there is a potential to reduce the consumption of electricity 

used to heat the bed, as maintaining its temperature is no longer necessary to reduce 

temperature variations ( excluding the first layers).  

The finite element thermal analysis model was validated through a series of experimental 

tests, which demonstrate the occurrence of temperature variations inside the manufactured part, 

by varying thermal parameters, such as the deposition temperature, the type of material (thermal 

conductivity), the temperature of the heated bed and the temperature of the enclosure in which 

the material is deposited. Analyzing the results of the experimental measurements, several 

conclusions can be drawn: 

- the heat propagates inside the part in a similar way for all types of material tested; 

- the influence of the heated bed is stronger in the case of short parts (small size on the 

Z axis) 

- for materials that require high deposition temperatures, the heated bed is not an 

effective way to reduce temperature variations.  

- both a heated bed and a closed or heated enclosure are valid methods of reducing the 

temperature variations that occur in the part during the manufacturing process; 

In Chapter 6, a new approach to the problem of manufacturing thermoplastic objects with 

high melting points by fused filament fabrication was discussed, namely the elimination of 

problems caused by thermal convection by manufacturing in a vacuum chamber. This problem 

was first analyzed in terms of the behavior of materials in vacuum and at sub-atmospheric 

pressures. In the second part of the chapter are presented design elements related to the 

realization of a 3D printer with vacuum enclosure.  

For additive manufacturing with ULTEM, PEEK or PPSU material, the extruder nozzle 

must be maintained at temperatures above 350 ° C. For such an application, the temperature 

monitoring mode with NTC thermistor is not suitable, it is necessary to change this system with 

temperature sensors PT100 or with thermocouple type K. These variants can perform accurate 

measurements in the 200 ... 400 ° C temperature range. 

In order to analyze the thermal evolution of the other components of the extruder, a finite 

element analysis of the temperatures of the extruder components reached during the 

manufacturing process was used. 

The design of the extruder and of the finite element analysis was initially validated by 

analyzing the performance of the extruder using the parameters recommended by the 

manufacturer, for ABS type material. Then, thermal analysis was used in case the heating 

element raises the temperature of the nozzle to 400 °C, the temperature necessary for the 

extrusion of materials that are being investigated as part of doctoral research activities. The 

thermal behavior of the extruder during the additive manufacturing process results from the 

combination of two heat transfer mechanisms. In the first phase, the extrusion nozzle is heated 

by the ceramic cartridge integrated in the aluminum block. Subsequently, the heat is dissipated 

from the extruder body by means of forced convection. A finite element analysis has been 

designed to analyze the thermal performance of the extruder during the extrusion process, 

depending on the air speed generated by the extruder fan. 

Analyzing the results of the thermal analysis with finite elements it can be concluded that, 

regarding the constructive type and the material from which an extruder capable of processing 

plastics with high melting temperatures (350 .. 400 ° C) can be made, it is necessary to replace 

the teflon components from commercial devices with components made of stainless steel.. 

In the literature there are publications that analyze the surfaces of 3D printed parts in the 

absence of oxygen. In the experiments presented in these publications, replacing the 

atmospheric air with inert gas or carbon dioxide, parts with superior surface properties 

(roughness, better flatness) were produced. In an attempt to verify that these aspects could be 

repeated under low pressure conditions, test specimens made of ULTEM 1010 material were 

analyzed using an atomic force microscope. Following this investigation, it was found that the 
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surfaces of the parts did not undergo significant changes due to the variation of the environment 

in which they were printed. 

Twelve specimens sized according to ASTM D638 type I standard were manufactured in 

atmospheric conditions and in the vacuum chamber of the 3D printer and subjected to 

destructive tensile testing.  

The dimensional accuracy of the manufactured parts was not significantly influenced by 

the absence of air in the enclosure, except for the specimens made of ULTEM 1010 material 

which partially detached from the raft structure due to internal thermal stresses when printed in 

atmospheric conditions.. 

The results in figures 8.14-8.17 show that the impact of the absence of air is lower than 

expected in the case of ASA parts, given the similarity of the polymer to the ABS and the 

precedents in the literature. 

In the case of parts made of ULTEM 1010 polymer, the increases in strength are 

significant, on average the vacuum-printed specimens being 14% stronger [91].  

9.2 ORIGINAL CONTRIBUTIONS  

This paper addresses the problem of 3D printing by fused filament fabrication of 

thermoplastic materials that require high extrusion temperatures. Such temperatures require 

special printing conditions, as temperature fluctuations resulting from the interaction of the part 

with the environment lead to defects in parts such as deformations, material accumulations, 

delamination, etc. After consulting the scientific literature, which describes processes such as 

printing in a heated room, heating the part during manufacture with infrared lamps or printing 

in a chamber filled with inert gas, a new solution was developed, namely printing in a vacuum 

chamber in the absence of air. 

In order to understand in detail the heat transfer occuring during the manufacturing 

process inside a part produced by fused filament deposition, a series of finite element thermal 

analyses were performed. The method chosen for simulating the thermal behavior of the parts 

during layer-by-layer manufacturing is of original design and consists in successive thermal 

analyses that assess the thermal effects produced by each layer of newly added material on the 

previously deposited material layers. Based on this analysis, temperature graphs were drawn 

for different sections of the part. The results of finite element thermal analyses were also 

validated experimentally, using temperature sensors inserted in a rectangular part during the 

printing process. From the resulting graphs, conclusions were drawn on the development of 

internal thermal stresses that can lead to delamination defects, as well as on the influence of 

various parameters such as ambient air temperature or heated bed on the properties of the final 

part. The gained knowledge was used to develop a study on heat treatments to improve the 

mechanical strength characteristics of 3D parts made of PETG [92].  

Also of original design are the technical solutions developed for building a 3D printer 

with a sealed vacuum chamber: 

- Design of the printer structure and of the vacuum enclosure and their dimensioning 

by finite elements analysis; 

- Design of the drive system for the three axes of the printer, as well as the method of 

motion transmission through the walls of the vacuum chamber. 

- Design of the electrical system and vacuum chamber feedthroughs; 

- Building the above-mentioned systems. 

Finite element thermal analyses were also done for the thermoplastic material extruder, 

in order to determine a combination of build materials compatible with the temperatures 

required for the processing of the investigated printing materials. Finite element analyses were 

experimentally validated by using temperature sensors attached to two types of extruders.  
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With the custom-made printer, test specimens were 3D printed and tested destructively 

and non-destructively. Non-destructive testing includes inspecting the side surfaces of parts 

with an atomic force microscope to identify potential differences in surface roughness..  

Destructive tests were performed to determine the tensile strength of parts printed in the 

vacuum chamber.  

Samples from the manufactured specimens were also subjected to a DSC analysis to 

analyze the differences produced by the exposure of the materials to low pressure. 

9.3 FUTURE RESEARCH 
 

This thesis analysed the feasibility of printing thermoplastic materials with high extrusion 

temperature in an enclosure where the phenomenon of thermal convection is eliminated by 

extracting air with a vacuum pump. By designing and building a 3D printer with a vacuum 

printing chamber it was shown that the printing process is possible. Test specimens with a 

simple geometry have been successfully printed in this enclosure and have been used for 

destructive and non-destructive tests. One direction to follow in the future is to establish a 

profile of process parameters that takes into account the geometry of the printed part in such a 

way that the heat transfer achieved by thermal conduction through the deposited material allows 

uniform cooling of the part. 

Indeed, from a technical point of view, the solution of using a vacuum chamber is more 

complex than certain alternatives, such as heating the enclosure or replacing the atmosphere 

with inert gas, but it also has certain advantages, such as eliminating the need for auxiliary 

materials (inert gas) and the problems raised by their supply and storage. Also, in the absence 

of the thermal convection phenomenon, the temperature control in the case of the vacuum 

enclosure is more precise and does not depend on the dimensions of the side surfaces of the 

manufactured part, but only on the surface in contact with the printing bed. At the same time, 

there are applications in which the removal of oxygen prevents the oxidation of the material, 

such as in the case of filaments impregnated with metal powders. 

One approach of interest would be to combine the effect of a vacuum chamber with that 

of forced convection cooling, made possible by opening the valves of the vacuum chamber and 

allowing air to enter the enclosure. After cooling, the enclosure can be emptied again. This 

combination of effects would allow the manufacture of parts with complex geometry such as 

suspended structures. 
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