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DESIGN OF MACHINE FOR 3D PRINTING OF POLYETHYLENE TEREPHTHALATE
GLYCOL COMPOSITES WITH CONTINUOUS CARBON FILAMENT
FOR MANUFACTURE OF AEROSPACE PRODUCTS

At present time, technologies and materials, designed for 3D printing are of great interest. Due to lack of
the well-known polymeric materials with high stress-strain properties the modern science and technology is
targeted at strengthening of available polymers by filling them with carbon nanotubes, microspheres, dis-
continuous and continuous fibers, as well as 3D printing devices.

In order to create optimal solution for 3D printing by polyethylene terephthalate glycol composites with
continuous carbon fiber an improved 3D printer design was proposed with revised design of extruder and mod-
ified components, which will allow to accomplish assigned task. Owing to new extruder design and use of mate-
rials, recommended in this scientific paper, one may obtain a carbon plastic with strength characteristics,

which exceeds 3-3.7 times the characteristics of unfilled polymeric material. |dx.doi.org/10.29010/085.2]
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1. Introduction

State-of-the-art additive technologies for manufac-
ture of products from polymeric composite materials
(PCM) allow to automatize execution of manufacturing
operations and significantly expand the list of compo-
nents, made from PCM in aerospace technology. Among
additive technologies, which have found application in
serial manufacture of parts from PCM the following
aspect has become most widely spread — automatic fiber
positioning (for manufacture of nonrotational
awkward-shaped parts), filament winding (for manufac-
ture of parts in the form of rotation bodies) and 3D print
(for manufacture of small-size nonloaded parts).

In recent years, improvement of materials for 3D
print and 3D printer design allowed to manufacture
products with higher strength, that, however, is not
enough for aerospace products. As an example, for car-
bon plastic based on carbon fiber Tenax-E IMS65
(Toho Tenax, Japan) and epoxy polymeric matrix
IAT-69Y (Compositservis, Ukraine) the elasticity
modulus in tension is 140 GPa, whereas ONYX fila-
ment certified values, with discontinuous carbon fibers
and ABS resin as polymeric matrix, produced by Mark
Forged company, are 24 GPa [1], that does not allow to
apply this material in components, which are under
high load. Based on the sources [2, 3] it is known that
there are designs for continuous carbon fiber 3D prin-
ting devices, using PLA resins, as a polymeric matrix.
Unmodified carbon plastic, obtained in the work [2]
has modulus of elasticity in tension 64 GPa. The work
[3] presents modulus of elasticity in flexure, which was
30 GPa. Owing to printing head design feature the bin-
der content in carbon plastic is 70-55% by volume.

Due to insufficient physical mechanical parame-
ters of products, printed by 3D printer, using the fila-
ment with discontinuous fibers there is a need for
search of solutions for printing by filament with con-
tinuous fibers.

The objective of the scientific paper is: selection of
optimal solutions for building 3D printer by simula-
tion melting method, using continuous carbon fiber as
a filler and using polyethylene terephthalate glycol
(PET-G) as polymeric matrix.

2. Design part

2.1. Recommended materials for 3D printing

2.1.1 PET-G polymeric matrix

PET-G resin is polyethylene terephthalate with
added glycol (according to PET-G international desig-
nation). PET-G has high impact strength and does not
crystallize when heated, has a low shrinkage coeffici-
ent, does not absorb moisture. The filament certified
values [4] are shown in Table 1.

Table 1
PETG resin characteristics

Parameter of g::;sure Value
Tensile elongation % 228
Ultimate tensile strength MPa 49
Flexural strength MPa 68
Modulus of elasticity in tension GPA 23.27
Izod impact strength kJ/m?2 8
Density g/cm? 1.23
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2.1.2. Carbon filler

Carbon yarn IMS 65 E23 24K 830 tex, produced by
Toho Tenax, is recommended to be used as carbon fil-
ler. The yarn IMS 65 E23 24K 830 tex is compatible
with thermoplastic binders, such as polyetherketone,
polyethyleneterephthalate and polyamide. The rest of
yarn certified values [5] are shown in Table 2.

Table 2
IMS 65 E23 24K 830 tex characteristics

Parameter I‘i:;t:u:g Value

Linear density tex 830

Density kg/m? 1780

Ultimate tensile strength MPa 6000
Modulus of elasticity in tension GPa 290
Fiber diameter MKM 5.0
Relative elongation % 2.0

2.2. 3D printer structural schematic

3D printer structural schematic includes units as
follows:

- computer — controls the device by means of dedi-
cated software;

- controller — generates commands for drivers: step
motors; filament and fiber feed roll motors; fiber and
polymeric filament cutter drive;

- step motor driver — processes and transmits sig-
nals to step motors;

- filament and fiber feed roll motor driver — proces-
ses and transmits a signal to roll motors;

- fiber and polymeric filament cutter driver — pro-
cesses and transmits a signal to fiber and polymeric
filament cutting device;

- power-supply unit — serves as alternating-current
source;

- heating element — heats the filament;
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Fig. 1. Schematic of 3D printer extruder designed for printing by
continuous carbon fiber along the direct and curvilinear trajectory
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- forced cooling system — reduces the temperature
at the inlet of extruder guide tube;

- voltage converter — converts 12 V to 5'V;

- step X motor — sets X carriage in motion;

- step Y motor — sets Y carriage in motion;

- step Z motor — sets Z carriage in motion;

- filament feed roll motor — sets filament feed rolls
in motion;

- fiber feed roll motor — sets fiber feed rolls in
motion;

- fiber and filament cutter drive — sets fiber and
polymeric filament cutter drives in motion;

- 0X sensor — microswitch, locates initial point in
X-coordinate;

- 0Y sensor — microswitch, locates initial point in
Y-coordinate;

- 0Z sensor — microswitch, locates initial point in Z-
coordinate.

2.3 Extruder design

3D printer extruder, designed for printing by conti-
nuous carbon fiber along direct and curvilinear trajec-
tory, is shown in Figure 1. PET-G filament and carbon
yarn are fed into extruder guide tube, where under the
influence of temperature PET-G from glassy phase
state turns into viscous flow state and mixes with car-
bon yarn. Forced cooling radiator is at the inlet of
extruder guide tube (to ensure PET-G glassy state at
the inlet of extruder). For uniform and unhindered
extrusion of PET-G melt and carbon yarn it is propo-
sed to use a conical nozzle with round die hole. During
extrusion process, PET-G melt with carbon yarn sticks
to the heated platform (table) surface for printing,
ensuring in this way constant tension and feed of the
carbon yarn. Owing to carbon filament and polymeric
matrix cutting device, extruder allows to position
PET-G melt and carbon yarn according to schematic,
shown in Figure 2 that ensures lesser content of PET-
G in resin (50-55% by volume) and increases physical
and mechanical characteristics of end product.

Carbon
fiber bundle

End point
PETG ™ '

Fig. 2. Layout of carbon fiber and melt of PET-G resin
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3. Theoretical calculations of the composite
physical mechanical characteristics

PCM mechanical properties are defined by stress-
strain properties of the filler and polymeric matrix, its
correlation and bond strength at boundary line [6].
Having analyzed the data of Table 1 and Table 2 one
may calculate theoretical values of ultimate tensile
strength and modulus of tension in carbon plastic with
one-directional reinforcing fiber, taking into account
that polymeric matrix-to-filler relationship is 50:50 %
by volume. The calculations are performed according
to the formulas:

GTeOp = (GB‘/B) +(0-n‘/n) (1)

G e =[6000-(5—0D +[49-[5—0)]=3024,5, MPa (2)
" 100 100

By = KB ) HEN,) 3)

Enp= (290-[5—OD+[23,27-[5—0D:156,635, GPa(4)
100 100

Where o, and E, — ultimate tensile strength and
modulus of elasticity in tension of fiber; 6, and E, —
ultimate tensile strength and modulus of elasticity in
tension of polymeric matrix; V, and V, volume content
of fiber and polymeric matrix

Based on the source [7], it is known that theoreti-
cal calculations of ultimate tensile strength and modu-
lus of elasticity in tension, as well as practical test
results can be different by 45-55%. Based on the above,
the values of composite stress-strain properties, given
in Table 3, were predicted.

Table 3
Predicted values of the composite stress-strain
properties
Parameter Units Value
of measure
Ultimate tensile strength MPa |1360.8-1663.2
Modulus of elasticity GPa 70.5-86.15

4. Application areas of PET-G composites
with continuous fiber

The obtained predicted material characteristics are
indicative of its applicability in the following areas:

- for manufacture of launch vehicle spacecraft com-
ponent elements;

- in the manufacture of civil, cargo and military
aircrafts;
- printing of unmanned aerial vehicle components.

5. Conclusions

The research paper analyzes design of 3D printer,
intended for printing PET-G by composite with conti-
nuous carbon fiber. As a result of design an optimal
printing head configuration was presented, where car-
bon fiber is coated with binder melt. The printing head
combines classical 3D printer and the device for
making filled polymeric filaments, whereby it makes
the cost of end product cheaper. Owing to polymeric
filament cutting device, integrated into printing head
and optimum configuration of extruder die an expec-
ted binder content in carbon plastic is achieved and is
50%.

The research paper also discusses theoretical calcu-
lations of the composite predicted stress-strain proper-
ties. Elasticity modulus of PET-G composite with con-
tinuous filament is 3-3.7 times higher than in PETG
resin, and ABS resin, filled with discontinuous fibers,
1.1-1.3 times higher than in PLA resin, filled with con-
tinuous fiber and 0.5-0.4 times lesser than in carbon
plastic with epoxy binder.
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MPOEKT YCTPOMCTBA JIJIS 3D-IIEYATU MOJUITUJIEHTEPEDTAJATIJIMKOJIEBBIX
KOMIIO3UTOB C HEIIPEPBIBHBIM YIJIEPO/IHBIM BOJIOKHOM J1JI
NU3TOTOBJEHUSA U3JIEJIUIT ABUAKOCMUYECKOTO HASHAYEHU A

B nacmosuwee epems 6016woil unmepec 6vi3bl6a0M MEXHOJ0ZUU U MAMEPUATbL, NPEOHASHAMEHHbLE 015
mpexmepnoii newamu. B céasu c omcymcmeuem uzeecmivLx nOAUMEPHLIX MAMEPUATOE C BbICOKUMU YNPY-
20NPOUHOCMHBIX XAPAKMEPUCTUKAMU COBPEMEHHA HAYKA U MEXHUKA HAUEJIEHA HA YNPOUHEHUEe UMEIO-
WUXCA NONUMEPOE NYMEM HANOJIHEHUS UX Y2aePOOHBIMU HAHOMPYOKAMU, MUKPOCPepamu, OUCKpemuvLMu
BONLOKHAMU U HENPePbIEHLIMU 60JI0KHAMU, MAK Jce YCmpoucmeamu 01 mpexmepHoil newamu.

C uenvio co30anus onmumManviozo pewenus 0aa 3D-newamu noausmunenmepedmanameauronesoLmu
KOMNO3Umamu ¢ HenpepoléHbLM Y2llepooOHbIM 60JI0KHOM NPeOoNCeHA YCOBEPULEHCMEOBAHNHAS KOHCMPYK-
uua 3D-npunmepa c usmenennoi Koncmpyxuueu sxcmpyoepa u 00padomanvIMuU Y3aaMi, KOMopsvLe NO360-
aam 00cmutb 60310%cennoi 3adauu. baazooaps 1noeoil xoncmpyxuuu sxcmpyoepa u ucnoJib308aHUI0 PeKo-
MenoyeMblX 6 0aHHOU CMamve MAmepuailos 603MONCHO NOJYHUMb Y2JeNnTACMUK C NPOUHOCTMHLIMU XAPaK -
mepucmukamu, Komopwie npecvlualom Xapaxmepucmurky HeHaNoJHEHH020 NOJUMEPH020 MAMEPUAld 6
3-3,7 pasa. [dx.doi.org/10.29010/085.2]

Kmiouesvle crosa: 3D-npunmep; 3D-newamv; KOMNO3UMbL; NOIUIMULEHMEPEPMANAMLIUKOND; YZAENIAACMUK.
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