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Rezumat

Sursele termice hibride sunt utilizate in diverse procese pentru a se imbundtdti procesul de incdlzire si pentru
a se diminua dezavantajele specifice unei incdlziri traditionale specifice unui proces tehnologic anume. Lucra-
rea prezintd principalele elemente care au compus procesul complex de conceptie, realizare si verificare a unei
surse termice hibride utilizate la imprimarea 3D prin procedeul Fabricatie cu Filament Topit (FFF). Sursa hibridd
elaboratd a constat din aldturarea sinergicd la sursa traditionald rezistivd a unei a doua surse, un jet de aer cald
cu debitul si temperatura controlabile. In cazul celei de-a doua componente termice au fost verificate trei solutii
constructive, a fost calculat circuitul pneumatic pentru o curgere neturbulentd si au fost efectuate simuldri si
verificdri ale cdmpului termic la nivelul piesei imprimate, utilizdnd sursa hibridd. S-a constatat faptul ca aerul
cald se poate constitui intr-o sursd termicd utilizabild la imprimarea 3D, aducdnd o serie de avantaje, dar si
dezavantaje noului sistem de fabricatie aditiva creat. Principalul avantaj este legat de structura mai compactad
rezultatd ca urmare a aplatizarii depunerii materialului, acest fenomen avdnd loc datoritd mentinerii in starea
fluid-vdscoasd pentru mai mult timp a polimerului depus. Principalele dezavantaje sunt legate de complexitatea
noii instalatii si de costurile energetice specifice celei de-a doua surse.

Cuvinte cheie
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Abstract

Hybrid heat sources are used in various processes to improve the heating process and to reduce the specific
disadvantages of traditional heating specific to a particular technological process. The paper presents the
main elements that compose the complex process of conception, realization, and verification of a hybrid
thermal source used in 3D printing through the Fused Filament Fabrication (FFF) process. The developed
hybrid source consisted of the synergistic addition to the traditional resistive source of a second source, a
hot air jet with controllable flow and temperature. In the case of the second thermal component, three con-
structive solutions were verified, the pneumatic circuit was calculated for a non-turbulent flow, and simula-
tions and verifications of the thermal field at the level of the printed part were performed, using the hybrid
source. It was found that hot air can be used as a heat source for 3D printing, bringing several advantages,
but also disadvantages to the new additive manufacturing system created. The main advantage is related
to the more compact structure resulting from the flattening of the material deposition, this phenomenon
occurs due to maintaining the fluid-viscous state for a longer time of the deposited polymer. The main dis-
advantages are related to the new installation's complexity and the second source's specific energy costs.

Keywords
Hybrid heat source, FFF process, structural design, modelling and simulation of thermal field, temperature measurements

1. Introducere 1. Introduction

Tn principiu, un ,sistem hibrid” const3 intr-un ansam- In principle, a “hybrid system” consists of an inte-
blu integrat a doud sau mai multe sisteme separate grated assembly of two or more separate systems
care combinate formeaza un intreg ale carui efecte that combined form a whole whose effects are su-
sunt superioare efectelor celor doua subsisteme luate perior to the effects of the two subsystems taken
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separat, iar conceptul de ,sistem hibrid" este unul
modern, aplicabil in diverse domenii, cum ar fi in-
gineria, economia, tehnologia informatiei si biologie.
Cu toate acestea, daca ne referim la ideea de com-
binare a doud sau mai multe sisteme sau tehnologii
pentru a crea un sistem imbunatatit sau mai eficient,
atunci originea acestui concept poate fi urmarita in
mai multe domenii si momente temporale.

Primele exemple de sisteme hibride apar fin
agriculturd, unde cultivarea plantelor hibride
(obtinute prin incrucisarea a doua varietati diferite
pentru a produce o planta cu trasaturi dorite) a fost
introdusa de cercetdtori agricoli. Un exemplu istoric
notabil este dezvoltarea porumbului hibrid la incepu-
tul secolului al XX-lea, promovat de oameni de stiinta
precum George Shull si Edward East in Statele Unite [1].
Optiunea pentru sistemele hibride este in crestere,
in special Tn zona de energie electrica si termica,
datoritd anumitor avantaje pe care uftilizatorii le
identificd in functionarea acestora [2]. Tn capitolul 6
»Innovating Clean Energy Technologies in Advanced
Manufacturing” al Quadrennial Technology Review
(QTR) din 2015, Departamentul pentru Mediu al
Statelor Unite identificd mai multe tipuri de surse
termice hibride, unele pentru incalzirea ambientalg,
altele pentru distilare sau pentru distrugere de
deseuri [3]. Tncélzirea mediului ambiant la nivelul
unor incinte rezidentiale sau de lucru se poate face
cu sisteme hibride pentru a creste eficienta fluxului
de caldura dinspre sursa catre utilizator.

Pot exista combinatii de surse rezistive combinate cu
apa caldg, jet de aer cald combinat cu apa calda, jet de
aer cald combinat cu rezistiv etc. Un exemplu in acest
sens este pompa de caldura hibrida, dispozitiv care se
referd la un sistem ce utilizeaza o pompa de cdldura
standard aldturi de o alta sursa de caldura, de obicei
un boiler pe combustibili fosili (gaz, petrol sau GPL) [4].
Utilizarea sistemelor hibride de propulsie la autove-
hicule cunoaste astazi o cerere in crestere continua
si accelerata, datorita managerului de putere care
asigura variatiile de putere necesare in functionarea
vehiculului, la vitezd mare si la consum redus [5].
Propulsia pur electrica are ca principal dezavantaj o
autonomie redusa, in timp ce propulsia termica este
recunoscuta ca fiind mare consumator simare polua-
tor [6]. Aceste dezavantaje dispar in cazul propulsiei
hibride, pastrand sau chiar marind performantele
tehnice ale vehiculului.

n ceea ce priveste procesele tehnologice de prelu-
crare a materialelor, cele mai cunoscute sisteme hi-
bride sunt sursele termice hibride compuse din doua

separately, and the concept of “hybrid system” is
a modern, applicable in various fields such as engi-
neering, economics, information technology and bi-
ology. However, if we refer to the idea of combining
two or more systems or technologies to create an
improved or more efficient system, then the origin
of this concept may be followed in several domains
and time points.

The first examples of hybrid systems appear in agri-
culture, where the cultivation of hybrid plants (ob-
tained by crossing two different varieties to produce
a plant with desired traits) was introduced by agri-
cultural researchers. A notable historical example is
the development of hybrid maize in the early 20th
century, promoted by scientists such as George Shull
and Edward East in the United States [1].

The option for hybrid systems is growing, especially
in the area of electricity and heat, due to certain ad-
vantages that users identify in their operation [2]. In
Chapter 6 “Innovating Clean Energy Technologies in
Advanced Manufacturing” of the 2015 Quadrennial
Technology Review (QTR), the United States Depart-
ment of the Environment identifies several types
of hybrid heat sources, some for ambient heating,
others for distillation or waste destruction [3]. The
heating of the ambient environment at the level of
residential or work premises can be done with hy-
brid systems to increase the efficiency of heat flow
from the source to the user.

There can be combinations of resistive combined
with hot water sources, hot air jet combined with
hot water, hot air jet combined with resistive etc.
An example of this is the hybrid heat pump, a de-
vice that refers to a system that uses a standard heat
pump alongside another heat source, usually a fossil
fuel boiler (gas, oil or LPG) [4].

The use of hybrid propulsion systems in automobiles
today has a continuously growing and accelerating
demand, thanks to the power manager that ensures
the power variations required in the operation of the
vehicle, at high speed and with low consumption [5].
Pure electric propulsion has as its main disadvantage
a reduced autonomy, while thermal propulsion is rec-
ognized as high consumption and high polluter [6].
These disadvantages disappear in the case of hybrid
propulsion, preserving or even increasing the tech-
nical performance of the vehicle.

Regarding the technological processes of material
processing, the most well-known hybrid systems
are hybrid thermal sources composed of two or
more sources, the operation of which means the
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sau mai multe surse, a cdror functionare inseamna
cumularea avantajelor fiecarei surse luate separat
si reducerea efectelor dezavantajelor fiecarei surse
luate separat [7,8]. Prin realizarea acestor sisteme
hibride incalzire se urmareste o omogenizare a mo-
dului de Tncalzire, o omogenizare a temperaturilor la
nivelul unei piese, precum si o distributie omogena a
caracteristicilor mecanice sau de alte naturi la nive-
lul produsului incalzit. De asemenea se urmareste o
reducere a tolerantelor in ceea ce priveste tempera-
tura atinsa de material, dar si crearea posibilitatii de
a realiza facil trepte de incalzire si racire sau cicluri
diverse controlabile in detaliu. Tntalnim astfel de
surse de caldura hibride in procesele de sudare si
lipire [7,8], de tratament termic, precum si in siste-
mele de prelucrare cu microunde [9,10] sau in cele
de prelucrare cu plasma [11,12].

Prima sursa termica hibrida pentru prelucrarea ma-
terialelor, care combina diferite metode de incalzire
pentru a Tmbunatati eficienta si calitatea procesului
de prelucrare, a fost introdusd in domeniul sudarii
[13,14]. William Steen este cel creditat cu dezvol-
tarea, Tn anul 1979, a primului sistem de sudare cu
sursa hibrida de incalzire [14]. Acest sistem este cel
mai cunoscut sistem pentru prelucrarea materiale-
lor, sursa hibrida fiind formata dintr-un fascicul laser
(care asigura patrunderea dorita si o zond influentata
termic mai redusa) si un arc electric traditional (pen-
tru flexibilitate in pozitionare si control al procesu-
lui). Cele doua, functionand sinergic, contribuie la o
calitate imbunatatita a sudurii si la o productivitate
mai mare a procesului de sudare. Acest tip de sursa
hibrida pentru sudare a fost aplicata cu succes in indus-
trii precum constructia de nave [15], industria feroviara
[16], dar siinincarcare [17] sau fabricatie aditiva a unor
componente metalice sau polimerice complexe [18-
21], unde precizia si durabilitatea sunt esentiale.
Dezavantajele sistemelor hibride sunt legate de
complexitatea acestor sisteme, complexitate care
atrage implicit si costuri de structurare relativ mari,
de dificultatea si costurile de implementare, dar si
de consumurile energetice crescute comparativ cu
sursele termice traditionale [13-18].

Cu alte cuvinte, sistemele hibride si-au facut loc n
multe domenii ale ingineriei, iar limitarea aplicarii
lor tine numai de limitele inventivitatii specialistilor.
Asa cum se preciza maisus, siin domeniul fabricatiei
aditive au fost incercdri de introducere a sistemelor
hibride, uneori cu succes, alteori anumite limitari
i-au facut pe cercetdtori sa abandoneze aceasta
idee.
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accumulation of the advantages of each source tak-
en separately and the reduction of the effects of the
disadvantages of each source taken separately [7,8].
By creating these hybrid heating systems, a homog-
enization of the heating method, a homogenization
of temperatures at the level of a part, as well as a
homogeneous distribution of mechanical or other
characteristics at the level of the heated product
is aimed at. It also aims to reduce the tolerances
in terms of the temperature reached by the mate-
rial, but also to create the possibility to easily realize
heating and cooling steps or various cycles that can
be controlled in detail.

We meet such hybrid heat sources in welding and
soldering processes [7,8], heat treatment, as well as
in microwave processing systems [9,10] or plasma
processing [11,12].

The first hybrid heat source for material process-
ing, which combines different heating methods to
improve the efficiency and quality of the process-
ing process, was introduced in the field of welding
[13,14]. William Stein is credited with developing, in
1979, the first welding system with a hybrid heat-
ing source [14]. This system is the most well-known
system for processing materials, the hybrid source
being formed by a laser beam (providing the desired
penetration and a reduced heat-affected zone) and
a traditional electric arc (for flexibility in position-
ing and process control). The two, working syner-
gistically, contribute to improved weld quality and
higher productivity of the welding process. This type
of hybrid welding source has been successfully ap-
plied in industries such as shipbuilding [15], the rail-
way industry [16], but also in loading [17] or addi-
tive manufacturing of complex metallic or polymeric
components [18-21], where precision and durability
are essential.

The disadvantages of hybrid systems are related to
the complexity of these systems, the complexity that
implicitly attracts relatively high structuring costs,
the difficulty and costs of implementation, but also
the increased energy consumption compared to tra-
ditional thermal sources [13-18].

In other words, hybrid systems have made their way
into many areas of engineering, and the limitation
of their application lies only with the limits of the
inventiveness of specialists. As stated above, also in
the field of additive manufacturing there have been
attempts to introduce hybrid systems, sometimes
successfully, and other times certain limitations have
made researchers abandon this idea.
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In continuare se vor prezenta rezultatele unor
cercetadri efectuate cu scopul de a crea surse termice
hibride pentru fabricatia aditiva prin procedeul FFF.

2. Solutiile constructive propuse

2.1 Principiile tranzitiei spre o sursa hibridd
Trecerea de la sursa rezistiva, traditionald, la o sursa
hibrida atrage dupa sine o serie de modificari ale
procesului de depunere. Din acest motiv, aceastd
tranzitie trebuie sa se deruleze respectand anumite
principii care s-au formulat de catre autori in baza
observatiilor efectuate Tn cadrul unor incercari experi-
mentale preliminare.

Privind strict din perspectiva procesului de extrudare,
se poate considera ca sursa rezistivd a unei impri-
mante FFF functioneaza punctual, direct la nivelul
duzei de extrudare. Tn schimb, a doua sursa termica,
adaugata pentru a structura sistemul hibrid, nu poate
actiona punctual. O astfel de actiune punctuala ar
putea fi localizatd fie pe duza de extrudare, fie in
zona de depunere. In primul caz, sursa suplimentara
ar altera fluiditatea polimerului la iesirea din duza,
perturband procesul de depunere. in al doilea caz,
o actiune punctuald asupra suprafetei depuse ar fi
ineficienta, deoarece ar necesita o incalzire instanta-
nee, sincronizata cu depunerea polimerului, pentru
a incalzi in mod adecvat noile straturi extrudate.
Astfel, sursa suplimentara trebuie sa actioneze la
nivel de suprafatd, nu punctual.

Daca sursa suplimentara provoaca fie o crestere
a temperaturii duzei de extrudare, fie o incalzire
volumica intensa a sistemului de extrudare, aceas-
ta va destabiliza procesul de depunere. Cresterea
temperaturii duzei de extrudare peste nivelul op-
tim poate duce la degradarea termica a polimerului
sau, cel putin, la deteriorarea proprietatilor fizice si
mecanice ale acestuia. Daca fluxul termic la nivelul
duzei este prea intens, materialul topit va deveni ex-
cesiv de fluid, compromitand controlul asupra depu-
nerii. Din aceste motive, sistemul hibrid trebuie sa
mentind regimul de incdlzire al duzei neschimbat.
Depasirea temperaturii optime de extrudare va
modifica atat parametrii depunerii, cat si caracteris-
ticile polimerului depus.

Orice alterare a procesului de extrudare cauzatad de
sistemul hibrid va necesita ajustari ale parametrilor
cinematici ai deplasarii capului de extrudare. Pentru
a minimiza impactul asupra sistemului cinematic,
sursa suplimentard nu trebuie sa influenteze proce-
sul de extrudare a polimerului.

In the following, the results of research carried out in-
tending to create hybrid heat sources for additive man-
ufacturing through the FFF process will be presented.

2. Proposed design

2.1 Principles of transition to hybrid heating

The transition from the traditional resistive source
to a hybrid source entails a number of changes in
the deposition process. For this reason, this transi-
tion must take place respecting certain principles
that we have formulated based on the observations
made in preliminary experimental trials.

Looking strictly from the perspective of the extru-
sion process, the resistive source of an FFF printer
can be considered to operate pointwise, directly at
the level of the extrusion nozzle. In contrast, the
second heat source, added to structure the hybrid
system, cannot act punctually. Such point action
could be located either on the extrusion nozzle or
in the deposition area. In the first case, the addi-
tional source would alter the fluidity of the poly-
mer at the nozzle exit, disrupting the deposition
process. In the second case, a spot action on the
deposited surface would be ineffective, as it would
require instantaneous heating, synchronized with
the deposition of the polymer, to adequately heat
the newly extruded layers.

Thus, the additional source must act at surface level,
not pointwise.

If the additional source causes either an increase
in the temperature of the extrusion nozzle or an in-
tense volume heating of the extrusion system, it will
destabilize the deposition process. Increasing the
temperature of the extrusion nozzle above the op-
timum level can lead to thermal degradation of the
polymer or, at least, deterioration of its physical and
mechanical properties. If the heat flux at the noz-
zle is too intense, the melt will become excessively
fluid, compromising deposition control. For these
reasons, the hybrid system must maintain the nozzle
heating regime unchanged. Exceeding the optimum
extrusion temperature will change both the depo-
sition parameters and the characteristics of the de-
posited polymer.

Any alteration of the extrusion process caused by
the hybrid system will require adjustments to the
kinematic parameters of the displacement of the
extrusion head. To minimize the impact on the kin-
ematic system, the additional source must not influ-
ence the polymer extrusion process.
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Un sistem hibrid cu o sursa care actioneaza la nivel
de suprafata poate incalzi suplimentar platforma de
imprimare. Aceasta din urma are un sistem propriu
de reglare automata a temperaturii, insa o cantitate
excesiva de caldurd de la sursa suplimentara poate
compromite functionarea acestui sistem. Prin ur-
mare, la integrarea sursei suplimentare in sistemul
hibrid, trebuie evitata afectarea functionarii siste-
mului de reglare termica al platformei.

Addugarea unei surse suplimentare care urmareste
zona de depunere trebuie sa tina cont de parametrii
cinematici ai sistemului de deplasare a capului de
extrudare. Montarea sursei termice suplimentare pe
sistemul de deplasare va modifica acesti parametri
din cauza masei addugate, ceea ce poate duce la o
functionare necontrolabild a imprimantei. Tn plus,
dimensiunile suplimentare pot restrictiona spatiul
de miscare al capului de extrudare.

2.2 Sursa termicd suplimentara propusd

De-a lungul timpului au fost dezvoltate diverse tipuri
de surse termice, unele cu aplicabilitate generald,
altele cu dedicatie pentru anumite procese. Pentru
cercetarile prezentate in aceasta lucrare s-a ales ca
sursa termica suplimentara jetul de aer cald.

O astfel de sursa termica, oarecum dificil de con-
trolat cu precizie, este o sursa utilizatd cu succes in
procesele de lipire prin retopire industriale. Este o
sursa termica simplu de realizat, costurile implicate
fiind relativ mici.

Pentru introducerea acestei surse termice suplimen-
tare s-au proiectat si verificat trei variante construc-
tive (figura 1).

: 3
y— N =

A hybrid system with a surface-acting source can
additionally heat the print bed. The latter has its
own system of automatic temperature regulation,
but an excessive amount of heat from the addi-
tional source can compromise the operation of this
system. Therefore, when integrating the additional
source into the hybrid system, it must be avoided
to affect the operation of the thermal regulation
system of the platform.

The addition of an additional source tracking the
deposition zone must take into account the kinemat-
ic parameters of the extrusion head displacement
system. Mounting the additional heat source on the
travel system will change these parameters due to
the added mass, which may result in uncontrollable
printer operation. In addition, the modifications of
the actual dimensions can restrict the movement
space of the extrusion head.

2.2 Proposed additional power source

Over time, various types of heat sources have been
developed, some with general applicability and oth-
ers tailored to specific processes. For the research
presented in this paper, a hot air jet was selected as
an additional thermal source.

Although this type of heat source can be somewhat
challenging to control precisely, it is widely and suc-
cessfully used in industrial reflow soldering process-
es. It is also a relatively simple and cost-effective op-
tion to implement.

Three distinct constructive variants were designed
and verified for the application of this additional
heat source (figure 1).

oo -

Figura 1. Variantele de surse termice suplimentare propuse: a) Jet de aer cald fara controlarea suprafetei de actiune;
b) Jet de aer cald cu un control minim al suprafetei de actiune; c) Jet de aer cald cu control ridicat al suprafetei de
actiune
Figure 1. Variants of proposed additional thermal sources: a) Hot-air jet without controlling the activated surface;
b) Hot-air jet with low control of the activated surface; c) Hot-air jet with high control of the activated surface

in fiecare dintre cele trei variante sursa de aer cald a
fost un dispozitiv rezistiv (functionand in baza efectului
Joule-Lenz) care incdlzeste aerul pus in miscare de catre
un ventilator, dispozitiv destinat sistemelor de sudare cu

36

In each of the three variants, the source of hot air
was a resistive device (operating based on the Joule-
Lenz effect) that heats the air set in motion by a fan,
a device intended for hot air welding systems of pol-



SUDURA, XXXIV - 3/2024

aer cald a polimerilor. Circuitul pneumatic a trecut prin
mai multe faze de proiectare, de la simpla transmitere a
jetului de aer cald prin atmosfera, pana la aducerea jetu-
lui de aer la capatul duzei si orientarea lui pe piesa.
Calculul circuitului s-a fadcut in baza mentinerii unei
curgeri laminare in conditiile utilizarii unor pereti
gofrati ai tubului de ghidare, gofrajul permitand
modelarea facild a circuitului.

Curgerea laminara presupune incadrarea numarului
Reynolds sub valoarea de 2300:

Re=2m2? < 2300 (1)

v

Vascozitatea cinematicd v este definita cu ajutorul
vascozitatii dinamice de relatia:

=
v=_10)

unde:

v - vascozitatea cinematica [m?/s]

M - vascozitatea dinamica [kg/m-s sau poise]: n = A-T",
unde A si n sunt constante ale fluidului (aerului), iar T
este temperatura momentana

p - densitatea fluidului [kg/m?3].

Cum diametrul tubului de ghidare a fost de 35 mm
s-a obtinut o viteza necesara pentru mentinerea cur-
gerii laminare de 1,17 m/s.

S-a considerat faptul ca pierderile de sarcina prin tu-
bul de ghidare sunt raportabile la energia cinetica a
fluidului aflat in miscare:

2
Po=k 3= (3)

unde:

P_- pierderile de sarcina

k - coeficient de rezistenta

v - viteza fluidului

g - acceleratia gravitationala.

Conform H.P.G. Darcy, forma fundamentald a
pierderilor liniare este:

I 2
Py=213 5= (4)

unde:

P - pierderile de sarcina liniare

A - coeficientul pierderilor liniare de sarcina

1 - lungimea tubului de ghidare

D - diametrul tubului de ghidare

v - viteza fluidului

g - acceleratia gravitationala

Tn urma calculelor efectuate rugozitatea echivalent
pentru tubul gofrat de suflare de aer cald este: A =
2,817 mm. Se poate concluziona cd aceasta valoare de
pierderi de sarcina reprezinta valoarea maxima pe care
tubul gofrat de suflare de aer cald trebuie sa o aiba.

ymers. The pneumatic circuit went through several
phases of design, from simply passing the jet of hot
air through the atmosphere, to bringing the jet of air
to the end of the nozzle and directing it onto the part.
The calculation of the circuit was made on the basis
of maintaining a laminar flow under the conditions
of using embossed walls of the guide tube, the em-
bossing allowing easy modelling of the circuit.
Laminar flow requires the Reynolds number to be
below 2300:

Re=2m2? < 2300 (1)

v

The kinematic viscosity v is defined using the dy-
namic viscosity by the relation:

=
v=_10)

where:

v - kinematic viscosity [m?/s]

N -dynamic viscosity [kg/m-s or poise]: n = A-T",
where A and n are constants of the fluid (air), and T
is the instantaneous temperature

p - fluid density [kg/m?].

As the diameter of the guide tube was 35 mm, a
velocity necessary to maintain laminar flow of 1.17
m/s was obtained.

It was considered that the pressure losses within the
guiding tube are related to the kinetic energy of the
fluid in motion:

2
Po=k 3= (3)

where:

P - pressure losses

k - resistance coefficient

v - velocity of the fluid

g - gravitational acceleration.

According to H.P.G. Darcy, the fundamental form of
linear losses is:

)

v
‘g

(4)

O~
N

where:

P - linear pressure losses

A - coefficient of linear load losses

1 - the length of the guiding tube

D - the diameter of the guiding tube

v - velocity of the fluid

g - gravitational acceleration

Following the calculations, the equivalent roughness
for the hot air-blowing corrugated tube is A = 2.817
mm. It can be concluded that this pressure loss val-
ue represents the maximum value that the hot air-
blowing corrugated tube must have.
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Tabel 1. Viteza masurata a jetului de aer

Table 1. Measured hot-air jet speed

Treapta Valoare viteza jet Valoare viteza jet Valoare viteza jet
vitezd jet de | de aerinvariantal | de aerinvarianta2 | de aerin varianta 3

aer cald (m/s) (m/s) (m/s)
1 2,0-2,1 0,8-0,9 1,5-1,6
2 2,8-2,9 1,1-1,2 2,5-2,6 Figura 2. Anemometru
3 3,1-3,2 1,2-1,3 2,6-2,7 utilizat la masurarea vitezei
4 3,5-3,6 1,3-1,4 3,7-3,8 Figure 2. Anemometer used
5 3,9-4,0 1,5-1,6 4,3-4,4 for measurement of speed

3. Program experimental

3.1 Materiale utilizate la depunere

Pentru experimentarile de depunere prin procedeul
FFF s-a utilizat un filament din Acid Polilactic (PLA).
PLA este un poliester termoplastic provenind din
amidon de porumb, radacini de tapioca sau trestie
de zahar. Desi se degradeaza relativ repede (max 2
ani) cand este expus la radiatia ultravioletd a Soare-
lui, este, totusi, considerat a fi un polimer cu o
rezistentd mecanica relativ buna pentru aplicatii cu
solicitare mecanica medie. Se comporta bine la im-
primarea 3D si poate fi colorat. Dezavantajul lui este
un comportament slab la temperaturi ridicate si la
solicitari mecanice de valori mari.

Tn experimentdri s-a utilizat un filament din PLA
comercial, avand diametrul de 1,75 mm.

3.2 Parametrii procesului de imprimare FFF
Pornind de la natura materialului filamentului, ABS,
s-au stabilit valorile parametrilor de imprimare prin
procedeul FFF (tabelul 2).

3. Experimental design

3.1 Materials used in printing

A Polylactic Acid (PLA) filament was used for the FFF
deposition experiments.

PLA is a thermoplastic polyester derived from corn
starch, tapioca roots, or sugar cane. Although it de-
grades relatively quickly (max 2 years) when exposed
to ultraviolet radiation from the Sun, it is neverthe-
less considered to be a polymer with relatively good
mechanical strength for applications with medium
mechanical stress. It performs well in 3D printing
and can be coloured. Its disadvantage is poor be-
haviour at high temperatures and high mechanical
stress.

A commercial PLA filament with a diameter of 1.75
mm was used in the experiments.

3.2 Parameters of the FFF printing process

Starting from the nature of the filament material,
PLA, the values of the FFF printing parameters were
established (table 2).

Tabel 2. Parametrii procesului de depunere FFF
Table 2. Parameters of FFF process

Parametru Valoare Parametru Valoare

Parameter Value Parameter Value
Tnaltimea stratului 0.1 mm Materialul filamentului PLA
Unghiul de depunere 0° Diametrul filamentului 1,75 mm
Densitate de umplere 50% Temperatura duza de extrudare 215°C
Model de umplere Grila Temperatura pat depunere 60°C
Unghiul rasterului 45° Viteza de imprimare 50 mm/s
Diametrul duzei 0.4 mm Temperatura ambianta 23 °C

3.3 Probele imprimate

Proba imprimata a fost o clema de fixare a unor ele-
mente de circuit electric, functionand in conditii de
solicitare la compresiune (figura 3.a).

3.4 Examinarea vizuald

Probele imprimate au fost examinate vizual pen-
tru a se identifica eventualele schimbari ale formei
sectiunii filamentului depus. Examinarea s-a realizat
in conditiile SR EN 13100-1:2017 Examindri nedis-
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3.3 Printed specimens

The printed sample was a clamp for fixing some elec-
trical circuit elements, operating under compression
stress conditions (figure 3.a).

3.4 Visual testing

The printed samples were visually examined to
identify any changes in the shape of the deposited
filament section. The examination was carried out
under SR EN 13100-1:2017 Non-destructive exami-
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o

Figura 3. Exemplu de proba imprimata (a.) si imagine marita a acesteia din timpul examinarii vizuale (b.)
Figure 3. Example of a printed sample (a.) and enlarged image of it during visual examination (b.)

tructive ale imbindrilor sudate ale semifabricatelor
din materiale termoplastice. Partea 1: Examinare
vizuald, utilizand un stereomicroscop.

Tn figura 3.b este prezentatd imaginea unei zone de
suprafata examinate vizual.

3.5 Incercarea la compresiune

Dat fiind faptul ca produsul real, realizat in experi-
mentul de imprimare 3D, functioneaza in conditii
de solicitare la compresiune, s-a decis ca incercarile
mecanice sa evidentieze tocmai comportarea la
acest tip de solicitare (figura 4). Solicitarea de com-
presiune s-a realizat cu ajutorul unei masini univer-
sale de incercare tip LBG 100 care dezvolta o forta
activa de 100 kN.

nations of welded joints of semi-finished products
from thermoplastic materials. Part 1: Visual exami-
nation, using a stereomicroscope.

Figure 3.b shows the image of a visually examined
surface area.

3.5 Compression testing

Given the fact that the real product, made in the
3D printing experiment, works under compression
stress conditions, it was decided that the mechani-
cal tests would highlight the behaviour under this
type of stress (figure 4). The compression test was
carried out using a universal testing machine, LBG
100, which can develop an active force of 100 kN.

/

7
Def/a‘rmafre 0,7 mm
. :

/

7|

/

O crestere a
rigiditatii
structurii cu

®

>

Forta apasare, kN
S

[

017 035 052 07 087 105 1.2 14 157 174
Traverse Stroke(mm)  Deplasare traversd, mm

[ TestResuts ] = TestResults |
20 2.
: i
1 Y] Fm 20.718KkN 1 . Fm 21.276kN
/h 1
164 /’ ; Rm BTITNmMm 16 /1 Rm 35.980N/mm”
143 S i
; i
' |
i

aproximativ 31% 52 =

l/v

Def/d/rmare 1,01 mm

:
.
:

|

/ :
7 i
:

;

:

;

,

apasare, kN
o @

N

et |
02 041 061 08 102 123 143 184 184 204
Traverse Stroke(mm)  Deplasare traversd, mm

o

[b)

Figura 4. Curba forta in functie de deplasarea traversei de apasare pentru probele realizate cu un adaos
termic de 70°C (a.) respectiv 50°C (b.) — s-a utilizat varianta 2 a solutiei constructive
Figure 4. The force curve according to the displacement of the pressing crossbar for the samples made with
a thermal addition of 70°C (a.) and 50°C (b.) respectively — variant 2 of the process was used

Tncercarea la compresiune s-a efectuat conform SR
EN ISO 604:2004 Materiale plastice. Determinarea
proprietdtilor de compresiune.

Tn figura 4 este prezentatd curba fortd in functie de
deplasarea traversei de apasare.

The compression test was applied according to SR
EN ISO 604:2004 Plastics. Determination of com-
pression properties.

Figure 4 shows the force curve as a function of the
displacement of the pressing crossbar.
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4. Rezultate si discutii

Experimentarile preliminare de imprimare au
demonstrat faptul cd sursa hibrida functioneaza si
aduce si unele avantaje legate de structura piesei
imprimate. Se constatd ca depunerea se aplatizeaza
datorita mentinerii mai indelungate in starea fluid-
vascoasa a polimerului, nemaifiind circulara ca in ca-
zul incalzirii traditionale. Astfel, structura devine mai
compacta si implicit mai rezistenta.

Cele trei variante constructive s-au comportat dife-
rit. Varianta 1, cu transmiterea fluxului de aer cald
direct de la sursd, nu a permis incdlzirea cu mai
mult de 50°C a zonei de depunere, datoritd faptu-
lui ca patul de depunere nu si-a mai putut autoregla
temperatura si imprimanta a fost oprita in mod au-
tomat la depadsirea temperaturii reglate a patului
de depunere. O astfel de variantd poate fi utilizatd
numai dupa Indepartarea sistemului de autoreglare
a temperaturii patului de depunere, dar aceasta
actiune poate afecta aderenta materialului depus la
suprafata patului de depunere.

Varianta 2 a avut cea mai buna comportare, duza
de iesire a aerului cald concentrand fluxul termic pe
suprafata piesei realizate prin imprimare si pe o zona
restransa ca suprafatd din jurul acesteia. S-a putut
adauga o cantitate de caldura care sa contribuie cu
aproximativ 70°C la temperatura materialului depus,
cantitate de caldura care a mentinut polimerul in
stare fluid-vascoasa cu cel putin 6 s mai mult timp decat
la incalzirea traditionala. Acest timp suplimentar a per-
mis polimerului sa rdmana in stare fluid-vascoasa pana
la urmatoarea trecere a duzei de extrudare, asadar fila-
mentul depus, inca fluid, a fost deformat (aplatizat) de
filamentul depus la trecerea urmatoare.

Varianta 3 aduce fluxul termic strict pe suprafata de
depunere, aspect care este un avantaj pe care cele-
lalte variante nu il au. Singura limitare la aceasta
varianta este necesitatea asigurarii unui flux termic
redus, duza de iesire fiind de dimensiuni relativ mici
(6-10 mm). Pentru aceasta nu se poate utiliza o sursa
de jet de aer cald comerciala, ci ar trebui conceputa
0 sursa cu un debit sensibil mai mic.

Nu s-au inregistrat afectari ale functionarii impri-
mantei ca urmare a adaugarii sursei termice supli-
mentare. Chiar si Tn cazul montarii duzei de iesire a
aerului cald, impreuna cu furtunul de aductiune, pe
capul de extrudare (varianta 3), functionarea siste-
mului de avans al imprimantei a ramas neschimbat.
Avantajul modificarilor geometriei depunerii este
unul foarte important. in primul rand, s-a constatat o
reducere dimensionala a golurilor cu valori in dome-
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4. Results and discussions

Preliminary printing experiments have shown that
the hybrid source works and also brings some ad-
vantages related to the structure of the printed part.
It is found that the deposition flattens due to the
longer maintenance in the fluid-viscous state of the
polymer, no longer circular as in the case of tradi-
tional heating. Thus, the structure becomes more
compact and implicitly more resistant.

The three constructive variants behaved differently.
Variant 1, with the transmission of the hot air flow
directly from the source, did not allow the deposi-
tion zone to be heated by more than 50°C, due to
the fact that the deposition bed could no longer
self-regulate its temperature, and the printer was
automatically switched off when exceeding the
regulated temperature of the deposition bed. Such
a variant can be used only after removing the self-
regulating system of the temperature of the depo-
sition bed, but this action can affect the adhesion
of the deposited material to the surface of the dep-
osition bed.

Variant 2 performed best, with the hot air outlet
nozzle concentrating the heat flow on the surface of
the printed part and a narrow area around it.

An amount of heat could be added that contribut-
ed about 70°C to the temperature of the deposited
material, an amount of heat that kept the polymer
in the fluid-viscous state for at least 6 s longer than
with traditional heating. This additional time allowed
the polymer to remain in a fluid-viscous state until
the next pass of the extrusion die, so the deposited
filament, still fluid, was deformed (flattened) by the
filament deposited on the next pass.

Variant 3 brings the thermal flow strictly to the dep-
osition surface, which is an advantage that the other
variants do not have. The only limitation to this vari-
ant is the need to ensure a reduced thermal flow,
the outlet nozzle being relatively small (6-10 mm).
A commercial hot air jet source cannot be used for
this, but a source with a significantly lower flow rate
should be designed.

There was no impact on printer performance as a
result of adding the additional heat source. Even
when mounting the hot air outlet nozzle, together
with the supply hose, on the extrusion head (vari-
ant 3), the operation of the printer advance system
remained unchanged.

The advantage of changes in deposition geometry is
a very important one. First, a dimensional reduction
of voids was found with values in the range of 8-11%
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niul 8-11% pentru regimul de imprimare utilizat. Goluri-
le formate de depuneri au o geometrie aproximativ
dreptunghiulard. in cazul imprimarii traditionale laturile
golurilor sunt cuprinse intre 3,5-3,8 mm. Aplatizarea fila-
mentelor depuse reduce aceste laturi la valori cuprinse
intre 3,2-3,4 mm. Valorile lungimilor acestor laturi, fie cu
0 singura sursa termica, fie cu douad surse termice, de-
pind de schema de depunere stabilita de utilizator.

Tn al doilea rand, curbele de compresiune au indicat
o crestere a rezistentei la compresiune cu aproxima-
tiv 12% fatd de probele realizate in regim traditional
(cu o singura sursa termica).

5. Concluzii

Utilizarea surselor hibride in imprimarea 3D prin pro-
cedeul FFF este posibila. Mai mult, ea aduce si unele
avantaje, cele mai importante fiind, pe de o parte,
aplatizarea depunerii, cu efect direct in reducerea
dimensiunilor golurilor structurale, iar pe de alta
parte cresterea usoara a rezistentei la compresiune.
Variantele utilizate au avut comportdri diferite,
variantele 2 si 3 fiind cele care se pot utiliza fara efor-
turi mari financiare sau de proiectare.

Sursa termicd suplimentarad trebuie sd aibad o actiune
de suprafata si nu punctualda pentru a mentine o
zona cat mai mare de material depus in stare fluid-
vascoasa cel putin pana la urmadtoarea trecere. Cu
toate acestea suprafata de activare termica nu
trebuie sd afecteze sistemul de reglare automata a
temperaturii patului de depunere.
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