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Motivace

« TenCici se zasoba stavebnich surovin, vysoka uhlikova stopa

stavebnictvi (38%), doprava surovin a vyroba cementu (8%)

« Alternativa - vyuziti mistnich zdroji — napf. odpadnich materialt

jako nahrady cementového betonu

* Recykluje se max. 50% plastového odpadu (2019)

Al Factory Marsha Habitat Concept

Construction Climate Change, WBCSD, zalohujeme.cz
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Motivace a predbézny cil prace

Fyzikalni vlastnosti (pisek/PET 23/77) POLYBET konvenéni
Polybet — kompozit termoplastu vysoce plnény agregatem —
Objemovéd hmotnost 1950 kg/m? 2300 kg/m’
Stiedni pevnost v ohybu 14,6 MPa 7 MPa
« Predbézny cil prace je zpracovani metody 3D tisku materialu Nasslavost 0% 7%
Mrazuvzdornost 1[-] 0.8[-]
Odolnost proti pdsobeni vody a CHRL po 50 cyklech odpad odpad
4g/m2 250 g/m2
stuperi stuperi
poruseni: poruseni:
nenaruieny  siobé
ry s . ry - . " N4 r . narugen};
« Nesdili stejné limitace jako soucasne metody tisku ve Hioubka prisaks tiakoou vodon omm P

stavebnictvi pfi tisku optimalizovanych dilu

« L Hlavnim prinosem 3D tisku nebude rychlost ani cena
procesu, ale potencial pridané hodnoty.“

S

C. Gosselin et al., 2016 A | Lity Polybet
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*  Okno procesnich parametr(
¢ Maximum pojiva 80%

E. Kulovana et al., 2019
I. Slieptsova et al., 2016

* Kompozit PET vloCek a pisku,
pomeér slozek 1:1 pro max R; a R,

O. Dumitrescu et al., 2011

Sample: PET vzduch TGA File: C:...\Desklop\ZETA TGAPET vzduch.001
Size: B.1480 mg Operator: MC
Method: Ramp Run Date: 01-Feb-2018 15:20

Comment: 10°C/min do 700°C, vzduch Instrument: TGA Q500 V20.13 Build 39
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Tensile Strength [MPa]

Soucasny stav poznani - Material

Linearni smrsténi mat. 2-5%

VlIakno snizuje deformaci (84%)

PInéni viakny zvySuje anizotropii a
porozitu (z 2% az 10%)

F. Ning et al., 2015
C. E. Duty et al., 2017

Tensile Strength of BAAM Materials

Injection Mold Ref = 78.6 MPa

o [13% CF-ABS |
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*  PInéni zrnem snizuje
deformaci o max. 46%

*  Prace popisuje test smrsténi

D. Stoof and K. Pickering, 2018

Layer

Layer

Test smrsténi
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Vliv trajektorii
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print head

contour
road distortion

toolpath
starts

(a)

VOIdb build material melt
motion of
print head
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toolpath stop

(b)

B. N. Turner, R. Strong, and S. A. Gold, 2014, 2015
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Soucasny stav poznani -

Technologie

Viceosy tisk

« Nutnost pfizpusobit tiskové
trajektorie materialu

C. Gosselin, et al., 2016

«  Previs pfi 5-osém tisku az 90°

Testovani viceosého tisku

P. Krejcirik et al., 2018

*  Prutova metoda — nanosy
po 3D trajektoriich

N. Hack and W. V. Lauer, 2014
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Soucasny stav poznani - Aplikace

FDM, 3D print Canal House CC, 3D Printhuset EM, R. Duballet, et al., 2017 D-Shape, E. Dini, 2009

- Z&dna existujici metoda nekombinuje material vhodny »  Charakterizace tisténého materialu, limity rozmeéru a
pro stavebnictvi a tvarovou volnost dostatecnou pro tvarove volnosti Polybetu

optimalizované tvary

R. Duballet, et al., 2017
B. Khoshnevis et al., 2001
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Cil prace

Hlavnim cilem disertaCni prace je vyvoj metody, nalezeni limitd a vymezeni
aplikacniho prostoru technologie velkorozmeérového tisku z polymerniho betonu.

DilCi cile:
« Nalezeni procesnich parametri materialu, v zavislosti na experimentalné
zjiSténych vlastnostech

« Test mechanickych vlastnosti tisteneho materialu a porovnani s lisovanym
stavem

«  Vyvoj velkorozmeérové tiskoveé strategie a jejich limit pro plnény material

»  Pokrocile tiskove strategie se zamérenim na aplikaci ve stavebnictvi Proces tisku

Prinosem prace je potencial uvedeni technologie na trh.
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Vymezeni oblasti prace

VSTUPY TECHNOLOGIE PROVEDEN[ VYHODNOCENI Rychlost nanosu pfi tisku vrstvy 4 mm
DESIGN gié
EXTRUDERU £°
RIDICI SYSTEM ——— ¥
MATERIALOVA | _ o
SMES o - o 2 . |
m / \ Pocet ota¢ek za minutu
O - A i , X
g TRAJEKTORIE EXI;’_EEIZI_P/IOEVI\'I&TIGLNI MATERIALOVE A
- , I . NAVRHOVE — APLIKACE
5 PROCESNI VLASTNOSTIA LIMITY METODY
§ PARAMETRY TISKNUTELNOSTI
\_ J
4
ZPETNA VAZBA
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Vedecke otazky

1) Do jaké miry a jakym zptsobem degraduji mechanické vlastnosti
polymerniho betonu pri procesu 3D tisku?

2) Jak Ize kompenzovat smrSténi a geometrické limity velkorozmeroveho
tisku pomoci tvaru tiskovych stop, naklonu hlavy a neplanarniho tisku?

3) Jaka je zavislost tuhosti na sniZzeni relativni hustoty pomoci tisku
prostorove vyplné?

Tiskova soustava
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Material a metody

PROCESNI = \
PARAMETRY _{ TRAJEKTORIE ]_,[ ROBOT KOD I l ROBOT
Grasshopper kukaPRC Kuka KR60 HA
vt h @ f |
)/ 3 . . -
+ N+

TESTOVACI Rhinogeros grasshopper d
TELESO —~

[ EXTRUDER | B -
; Arduino + PID J VZOREK
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Vedecka otazka 1

[ Otazka J [ Vzorek ] [ Test

" Porovnanis 4 « N
| litym stavem 14('6\’?;],[5'\]
éleso :
- Dva typy 50x50x200, I Ry, zwick 2020 J
Vlivy degradace trajektorii a trojbody ohyb
\ kontrola \_
‘

/
Analyza " Totalni porozita )
porozity X mCT )
( Vybrusy )

| Slozeni porozity |

[ Vyhodnoceni J

J

\

|

JUUUUUIL
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Pevnost v ohybu

R¢(MPa) Odchylka o

Podelny 19,5 0,631
Pficny 14,9 0,265
Lity 19,7 0,194

Védecka otazka 1 — Reseni

Porozita:

1. Podélny 12,59%
2. PFicny 10,54%
3. Lity 1,58%

« Patrna souvisla kavita v materialu u 3D tiStenych vzorku

* VIliv porozity a anizotropie

Pfispévek do RPJ: DOI: 10.1108/RPJ-12-2019-0316

USE OF POLYMER CONCRETE FOR LARGE SCALE 3D PRINTING

Ing. M. Kréma, P. Vosynek, PhD., T. Zikmund, J. Kaiser, D. Skaroupka, PhD.,

doc. D. PalouSek, PhD
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Védecka otazka 1 — Reseni

rA
- ,Diference in behaviour during additive manufacturing

between different compositions of polymer concrete,,

« Porovnani generaci polymerniho betonu, tisknutelnost,
mechanickeé vlastnosti a zkrouceni pfi tisku

1. Puvodni sloZeni
2. Slozeni optimalizované pro 3D tisk

3. Slozeni vhodné pro cirkularni pouziti

Journal of Renewable Materials Q3, Imp 1.37

Testovani viaknového plniva
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Vedecka otazka 2

4 N\ ( ) 4
3-ose. Vzorek Jev Vyhodnoceni
| trajektorie X ) .
e . N ™ [ \ e ) (" R— 2R
Lokalni zména Deformace Test smrdténi  1(z = 2) = (R—2h)*m*p
trajektorie X ) X 180
| s
R
! L

h = vyska vrstvy

oy Max. previs : . X
Lokalni lax. previs, Tisknutelnost — oblast kontinuity a tvarové
: premosteni a Cr e
orientace vrstev oy stalosti nanosu
prufez
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Vedecka otazka 2

o>-0se Vzorek Jev Vyhodnoceni
| trajektorie X ) X
( . N (] (" Tisknutelnost, [ e e . o
Te€na fesnost a Opticka digitalizace, vybrus svaru a
navaznost pre . test tlakem na kopuli
. . kvalita svaru ) N
\ - ‘ ‘

Tisknutelnost a

povrch Opticka digitalizace

SO0

[ Neplanarni tisk J— ﬁ

~
\_ J

prufez vnéjsi sténou 3D tisténého vzorku

stfedni hodnota odchylky stény

pravidelny rastr vrstev
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Védecka otazka 2 — Reseni

* Planovana publikace: Nonplananarni pétiosy tisk, slicing
objektu, vliv na tisknutelnost a povrch

Video abstrakt BE.AM 2020:

yotructural members manufactured by freeform deposition of
polymer concrete”

« V souCasné dobé probiha technologicka uprava soustavy

Plan publikace: Prvni Ctvrtleti 2021, Rapid Prototyping Journal, Q1

Neple
slicing
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Vedecka otazka 3

[ Prutove J Vzorek [ Test J [ Vyhodnoceni }
struktury

Vertikalni prut

Nanosové test ( Premosteéni,
[ rutu g Sestupny prut Tisknutelnost vyska, pokles
" > nanosu
Horizontalni —> 3,
prut
1. 2.
Ovéreni kvality Burika/Dva Tahovy test Tvar rozhrani a
HeAlni difuze, pevnost
svaru vertikalni pruty a vybrus vary
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Use of polymer concrete for large-scale
3D printing

Martin Kréma , David Skaroupka and Petr Vosynek
Faculty of Mechanical Engineering, Bmo University of Technology, Brno, Czech Republic

*  VO1 z velké Casti zodpovézena (75%), dal I1ze zpracovat detailngji ot Skt ot K
porozitu a vliv parametrd

David Palousek
Faculty of Mechanical Engineering, Bmo University of Technolegy, Brno, Czech Republic

Abstract

Purpose - This paper aims to focus on the evaluation of a polymer concrete as a three-dimensional (3D) printing material. An associated company
has developed plastic concrete made from reused unrecyclable plastic waste. s intended use is as a construction material.
Design/methodology/approach - The concrete mix, called PolyBet, composed of polypropylene and glass sand, is printed by the fused deposition
modelling process. The process of material and parameter selection is described. The mechanical properties of the filled material were compared to
its cast state. Samples were made from castings and two different orientations of 3D-printed parts. Three-paint flex tests were carried out, and the
area of the break was examined. Computed tomography of the samples was carried out

Findings — The influence of the 3D printing process on the material was evaluated. The mechanical performance of the longitudinal samples was
dose to the cast state. There was a difference in the failure mode between the states, with cast parts exhibiting a tougher behaviour, with fractures
propagating in a stair-like manner. The 3D-printed samples exhibited high degrees of porasity.

Originality/value - The results suggest that the novel material is a good fit for 3D printing, with little to no degradation caused by the process.
Layer adhesion was shown to be excellent, with negligible effect on the finished part for the longitudinal orientation. That means, if large-scale
testing of buildability is successful, the material is a good fit for additive manufacturing of building components and ather large-scale structures.

«  VO2vfeSeni (40%), vyvinuté metody
VO3 (10%), zatim predbézné testy

1 vydana publikace, 1 abstrakt na symposiu, 1 rozpracovana
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Keywords 3D printing, Robatic fabrication, Polymer conarete, Recydled thermoplastic

Paper type Research paper
Introduction
As th (3D) printing matures, so

rises the number of its applications. Recently, there has been a
ificant growth in projects focusing on 3D printing in the
construction industry. The progress is driven mostly by
architects, who desire the freedom of form made possible by
additive manufacturing. At first, cement concrete may appear
as a viable choice of material for 3D printing, but its specific
properties make it hard to process using extrusion
manufacturing (EM). Cement concrete is also known as a great
contributor to the carbon dioxide (CO,) emissions worldwide.
Thermoplastics commonly used for 31 printing are costly and
present a substantial burden on the climate. An associated

company has presented a novel material comprised of recycled
waste from consumer packaging industry. The composite
consists of large percentage of filler, mostly common or glass
sand, and binder, in this case polypropylene (PP). Being
comprised mostly offiller, the material may be viable for use in
the construction industry for both its mechanical and

cconomical qualitics. Its suitability for 3D printing will be
evaluated.
State of the art

This section explores the curent works on topics of
thermoplastic composites from recycled material, their use for

achieve a product of the same quality as virgin plastic are
currently unavailable at a comparable cost. As a result, plastic
waste is stored in landfills in megatons (Welle, 2011). The first
mention of a more economic method to process this waste is a
patent from Midland Ross Corp., which describes a process
based on re-melting scrap plstic in large-scale extrusion

device, mixing it with an additive and re
Corp, 1981). The process on which thi
quite similar at its core, but the mixture is prepared ina reactor,
which also dries and preheats it. That mixture is then melted
and mixed by a screw extruder and used for casting building
The system is variable, capable of processing

ing it (Midland-Ross
article is based on is

‘The currentissueand ful textarchive of thisjoumal is availableon Emerald
Insight at hupssifwww.emerald.com/insight1355-2546. htm

Rapid Prototyping Journsl
© Emersld Publishing Limited [ISSN 1355-2546]
[DOI 10.1108RP}-12-2019-0316]

various thermoplastics and working with filler ratios of 0-80%.
The compressive strength is 29 MPa, the flexural strength is
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Accepied 22 September 2020
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Shrnuti

Projektoveé zapojeni:

- ZETATJ01000034, Vyvoj procesnich parametrd aditivni vyroby vysoce pinénych odpadnich termoplasti

«  TREND FW01010513, Vyvoj produkéniho systému velkoformatové aditivni vyroby vysoce plnénych odpadnich termoplastu
- ZETATJ04000408, Vyvoj technologie a strategii robotické aditivni vyroby velkorozmérovych prutovych struktur

Prace na projektech a hospodarskych smlouvach nesouvisejici s tématem. Napf:
*  Projekt fondu védy FV 2019-03, feSitel

Prezentace:
« MSV 2019, 3D EXPO Bratislava 2019, Prototyp 2018, Noc védcu, 120 let VUT

Vyuka:
«  Bc. studium: YRP, 1K, 2K, 3CD
*  Mgr. studium: ZM1, ZPP

Sériova vyroba prvku instalace
(Pro EXPO, design Surman)
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Otazka c.1

 Co je pfesné minéno pevnosti v ohybu okolo hodnot 14,6 MPa na str. €. 35?

- Polybet vyrobeny odlitim, ma pfi testu podle normy CSN EN 14617 — umé&ly kamen, tfibody
ohyb, téleso 50x50x200, pevnost v ohybu 14,6 Mpa. S touto hodnotou 3d tistény material
porovhavam.
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Otazka ¢.2

- Jaky je plan ohledné ovérovani mechanickych vlastnosti vzniklého materialu?

*  Doposud pouzivam normovany test pro umély kamen — tfibody ohyb

« Mezivrstva soudrznost/anizotropie materialu pomoci tahovych testt (Double
cantilever beam). Dale je moznost pouZiti testll na beton, jako je pfi¢ny tah.

« Mechanické testovani vyhod pétiosého tisku.

Navrhovany test je tlak na kopuli tiSténou 3 a 5 ose.

Tam et al., 2015

Prezentace SDZ - Velkoprostorovy tisk z polymerniho betonu 24/'20' k ESLAS\'/I'RUDVANI'



Otazka c.3

* V éem spoéiva ,,kompromis“ uvedeny v prvni vété na str. 36, kdyz se pozadavky jevi
uspokojeny?

«  Kompromis byl zamysleny mezi 3D tiskem Cistého polymeru a cementového betonu a jejich
vyhodami a nevyhodami. Vhodnéjsi by mohl byt napf. vyraz spojeni.
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Otazka c.4

« Jak je to s pripadnym dlouhodobym vyvojem mechanickych vlastnosti Polybetonu, jeho
odolnosti proti agresivnim vliviim prostredi ve stavebnictvi a jak by se méla reSit otazka
odbouravani samotnych odpadu z Polybetonu?

« UV zareni typicky degraduje PP. Diky plnému probarveni a vysokému stupni plnéni je ale
material pfed UV zarenim stabilni.

« Nasakavost — Lisovany Polybet nema s nasakavosti a naslednym poskozenim mrazem
problémy. Matrice vlivem mrazu nedegraduje, projde skelnym pfechodem (-15°C). Aditivni
zpracovani ale zatim vnasi do materialu vysokou uroven porozity.

« Polypropylen se uvadi jako chemicky odolny plast, odolny proti polarnim rozpoustédiim,
kyselinam, zasadam a solim i za zvySenych teplot.

« Tepelna odolnost — Samotna PP matrice je stabilni do teploty 100°C, pfi pInéni vilakny nebo
mineraly se teplota zvySuje na 140-150°C. Lisovany material ma podle CSN EN ISO 11925-2
pozarni odolnost Bfl-s1 a byl pouzivany jako krytina.

(ViaAlta, 2016, L.Béhalek, 2015)
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Otazka ¢c.4

« Jak je to s pripadnym dlouhodobym vyvojem mechanickych vlastnosti Polybetonu, jeho
odolnosti proti agresivnim vliviim prostredi ve stavebnictvi a jak by se méla reSit otazka
odbouravani samotnych odpadu z Polybetonu?

- Jako kazdy kompozit je zachazeni s odpadem problematické, kvuli obtizné separaci slozek
pro spalovani nebo jiné zpracovani. Pro Polybet se vypada nejvhodné&jsi pyrolyza.

* Recyklace Polybetu je zamySlena pomoci cirkularniho vyuZziti materialu, degradace PP je
nizka a umoznuje opakované pouziti materialu pro aditivni vyrobu. Je potfeba zmenit plnivo,
aby nebranilo mleti vytiska.
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Otazka ¢c.4
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