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DEVELOPMENT AND PREPARATION OF THE PRODUCTION OF PLASTIC PARTS
WITH THE HELP OF ADVANCED SIMULATIONS

VYVOJ A PRIPRAVA VYROBY PLASTOVYCH DIiLU
S POMOCI POKROCILYCH SIMULACIH

TomAS CURDAL, PETR SUVA?2

CAE simulations and optimization are now becoming one of the most important factors
influencing the quality of plastic parts and the economics of their production. Today, almost every
manufacturer is using these technologies in some way, but the critical benefit comes when they are
applied to the entire development and production workflow. This does not necessarily mean an
increase in the cost of CAE technologies.

CAE simulace a optimalizace se dnes stavaji jednim z nejvyznamnéjsich faktoru ovliviujici
kvalitu plastovych dilii a ekonomiku jejich vyroby. Dnes temer kazdy vyrobce tyto technologie
néjakym zpiisobem pouziva, ale rozhodujici benefit prichdzi az pri nasazeni na celé workflow vyvoje
a vyroby. Nemusi to ale nutné znamenat narust vynalozenych ndakladit na CAE technologie.

KLICOVA SLOVA

CAE simulation, Optimization, Simulation-driven Design, Plastic injection molding,
Mold flow analysis, Automated variant analysis and optimization, part quality, production, ...

UvoD
Plastové dily jsou naprosto béZnou soucasti mnoha vyrobku, od automobili pies

spotiebni elektroniku po 1ékatskd zatizeni. Vyvoj téchto dilti v§ak neni snadny, protoze se musi
brét v ivahu mnoho faktord, jako jsou materialy, design, funkéni pozadavky a vyrobni procesy.

Protoze simulace a optimalizace dnes neznamenaji jen podptirné procesy pii konstruovani
vyrobku a pfi ptipravé jeho vyroby (napf. simulace procesu vstiikovani do formy), budeme se
v tomto ¢lanku vénovat celkovému workflow zajist'ujici na vystupu vyrobek optimalizovany
z pohledu technickych parametrti, jakosti, ceny a dnes i ekologické zatéze.

1Ing. Tomas Curda, Ph.D., Advanced Engineering s.r.0., Czech Republic. Web: www.advanced-eng.cz, Email:
tcurda@advanced-eng.cz, Tel: +420 739 544 198.

2 Ing. Petr Stiva, Plasty Gabriel s.r.o., Czech Republic. Web: www.cadmould.cz, Email: petr.suva@petrsuva.cz,
Tel: +420 777 899 169.
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V tomto ¢lanku se zaméfime na vyznam CAE simulaci pro vyvoj plastovych dilt a jak
mohou pomoci zlepsit jejich kvalitu, snizit ndklady a urychlit vyrobu.

Vice k tomuto tématu miizeme diskutovat na stanku Advanced Engineering s.r.o. a Plasty
Gabriel s.r.o. vramci konference Kompozitni polymery 2023 a detailngji diskutovat
funkcionalitu a pfinosy nize zminovanych nastroji od spole¢nosti Altair a Simcon ¢i zkusenosti
Z inzenyrskych projektii. Dobrou zpravou je, Ze nyni Ize dale zminované technologie zastieSit
jedinou licenci a vyznamné usetfit.

Kontrola kvality Kontrola kvality
Optimalizace
virtualniho dilu vyrobeného dilu

Névrh dilu v CAD * Definovéani materiald * Zobrazeni odchylek * Nalezeni spravnych * Zobrazeni odchylek od
3 ivni polohy a typu predpoklddanych deformaci technologickych a definovanych kvalitativnich
kﬂtéﬂf (vykres, PMI, ...) vtoku od definovanych konstrukénich parametrd pozadavki definovanych

& + Stanoveni vstfikovacich kvalitativnich poZadavk( pomoci automatické cilené ve vykresu nebo pomoci PMI
parametri definovanych ve vykresu optimalizace
nebo pomoci PMI « Pro definici kritériich kvality
mohou byt vyuZity kritéria

1. NAVRH A KONSTRUKCE DILU

Jestlize v minulosti navrh dilu ptedstavoval proces, na jejimz konci ale zaroven v jakémsi
sttedobodu byl vyrobni vykres, v lepSim ptipad¢ 3D geometricky model, dnes zaznamenavame
posun smérem ke komplexnéjSimu digitdlnimu modelu, chcete-li dvojceti piipravovaného
vyrobku. Ve fazi konceptu a konstrukce je asi nejvyznamnéj$im posunem piistup Simulation-
driven Design, ktery konstruktérovi dava do ruky nastroje, které mu umoziuji navrhovat dily
rovnou na zakladé fyzikalnich pozadavkd — napt. silového namahani. Jedna se 0 nastroje pro
generativni design, topologické, topografické, tvarové, rozmérové a parametrické optimalizace.
Takze pozadovany plastovy dil bude mit s ohledem na pozadavky provozu optimalné navrzené
proporce, rozméry, Zebrovani, vyztuhy a podobné.

V ranych stadiich vyvoje je tfeba rozhodnout i o vyrobni technologii a ji od zacatku
prizptsobovat konstrukéni feSeni. Zde se vySe uvedeny piistup vyvoje za pomoci simulaci
napliuje ve svém uplném nazvu — Simulation-driven Design for Manufacturing. Ten dopliuje
podporu konstrukce o ovéfovani vyrobitelnosti a provadi pfedbézné simulace vyrobniho
procesu s cilem odhalit mista, ve kterych mohou vznikat vyrobni vady. Pro oblast plastl je
k dispozici podpora vstiikovani plasti a PU pény, a dale protlacovani polymerd. Spole¢nost
Altair podporuje Simulation-driven Design produktovou rodinou Altair Inspire.
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2. SIMULACE

Historicky vznikly pocitacové simulace ve vyvoji vyrobkil jako nahrada fyzickych testl
ve zkuSebné v ramci ovéfovani. Dnes jsou simulace integralni soucasti vyvojového procesu
pocinaje koncepcni fazi popsanou v predchozi kapitole. Pokrocilé simulace, zejména multi-
fyzikalni nebo vice-kriterialni optimalizace ale stale zstavaji doménou vypoctaru-specialisti,
ktefi se do vyvoje v jednotlivych iteracich zapojuji. Z pokro€ilych simulaci tykajicich se
plastovych dili vzpomenime napt. virtudlni padové zkousky (drop-testy) napf. pro spotiebni
elektroniku, vypocty unavy a zZivotnosti, termalni ¢i fluidni analyzy pro potrubni systémy nebo
simulace EM poli pii vyvoji antén a jejich zakrytovani. Protoze tada plastovych dili je
vystavena i vyznamnému mechanickému namahani, ptichazeji v Gvahu i strukturalni analyzy
kompozitnich materiali, kde vstupem jsou vysledky vyrobni simulace urCujici orientaci
vystuznych vlaken. Specifickou disciplinou je pak navrh vrstvenych kompozitovych struktur
(laminata), kde Ize materidl modelovat na drovni vlaken a matrice, na drovni jednotlivych
vrstev a jako homogenizovany na drovni celého dilu. Funkcionalitu pro pokro¢ilé multi-
fyzikalni simulace naleznete v prostiedi Altair HyperWorks s tesSi¢i OptiStruct, Radioss,
AcuSolve, Feko a dal§imi.

Za ptedpokladu, Ze jsme v pfedchozich krocich zajistili podminky vyrobitelnosti
plastového dilu, lze ,,zmrazeny", design dilu pouzit pro komplexni a detailni analyzu
technologickych (vyrobnich) parametri a kontrolu pfedpokladané kvality dilu. Program
CADMOULD také ov¢éti, pripadné navrhne, vhodnou polohu a pocet vtoki 1 jejich spravné
dimenzovani. Dale ukaze problematickd mista z hlediska plnéni, odvodu tepla z povrchu

tvarové dutiny i predpokladané kvality dilu.
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3. OPTIMALIZACE

U navrhu dild vyvijenych pro hromadnou nebo velkosériovou vyrobu se vyplati
konstrukéni feSeni co nejvice optimalizovat — zajistit co nejvySsi kvalitu dilu, ale uSetfit na
hmotnosti a vyrobnich nakladech. Pfichazeji ke slovu pokrocilejsi varianty strukturalnich
optimalizaci zminovanych u koncepéniho vyvoje (topologické, topografické, tvaroveé,
rozmé&rové, parametrické) ale i dalsi. Bez zajimavosti neni, Ze s topologickymi optimalizacemi
se setkavame jiz i u fluidnich uloh (CFD). Specifické jsou opét laminatové kompozity, u kterych
optimalizujeme tlouStky vrstev, smér vlaken, materidly jednotlivych vrstev a potadi vrstev, aby
vyvijeny dil mé¢l dostateCnou pevnost, ale i pozadovanou tuhost. Tento typ optimalizaci
naleznete zejména v nastroji Altair OptiStruct.

Nejpokrocilej$imi optimalizacemi ve vyvoji jsou multi-fyzikalni a multi-kriteridlni, kdy
se snazime najit idealni kompromis v§ech sledovanych parametrii — geometrickych, fyzikalnich
i dalSich. Anebo zjistit citlivost vystupi na jednotlivé vstupni parametry (DOE studie). Tyto
vypoéty funguji v rezii nadiazeného feSi¢e (Altair HyperStudy), ktery podle pokrocilych
algoritmu vytipovava kombinace vstupnich parametrd, vold pro jednotlivé fyziky ptislusné
fesice a vysledky vyhodnocuje. Vyhodou je, Ze 1ze zapojit rizné feSice riznych vyrobctl. Takto
sestavené optimalizac¢ni vypocty predstavuji vysoky pocet béhi a jsou tedy narocné na Cas
potazmo vypocetni vykon. Proto nove do algoritmi vstupuji technologie strojového uceni pro
radove rychlejsi predikei vysledk.

Pozadu nezlstavaji optimalizace vyrobniho procesu. Nej€astgji se provadi hledani
nejlepsSich technologickych parametrii s ohledem na pozadovanou kvalitu dilu. Dale jsou
provadény optimalizace konstrukce dilu a formy za ucelem dosazeni stanovené kvality
vyrabéného dilu, spotiebu materialu a energie a tim 1 cenu dilu. Pro tyto ucely se vyuziva
unikatni systém 1 od spole¢nosti Simcon.

Po ziskani optimalizovane konstrukce dilu z hlediska designu, mechanickych
a fyzikélnich vlastnosti je nutné povéfit tento stav s ohledem na konstrukci formy, vyrobu
samotného dilu, a pfedevsim na vyslednou kvalitu vyrobeného dilu. Pomoci unikatniho systému
VARIMOS zjistime potfebné nastaveni technologickych parametrii pro dosazeni pozadované
kvality dilu a dodrZeni technologickych a ekonomickych pozadavka.



MULTI-FYZIKALNI OPTIMALIZACE A PODPORA AI

Mglti-‘flyzi'kéln.i a multi- DOE a parametrické Predikce namahani dilu Klasifikace a zafazovani
kriterialni optimalizace studie Physics AI do skupin
Altair HyperStudy Design Explorer Expert Al

4. KONSTRUKCE A VYROBA FORMY

Pokud jsme v piedchozich krocich vynechali navrh a kontrolu vtokového systému a jeho
dimenzovani, musime jej navrhnout a ovéfit nyni. Stejné jako temperacni systém a ovéfeni
kvality dilu. Jestli ndm vysledky simulaci v programu CADMOULD ukazi n&jaka
problematickd mista nebo pfimo nedostatky v konstrukei dilu ¢i formy, je vhodné vSechny
problémy opravit jesté pred zahdjenim vyroby formy. USetfite tim ¢as i ndklady za pozdé&jsi
upravy formy. Pro snazs$i a rychlejsi odstranéni problémi se vyplati pouzit syst¢ém VARIMOS,
ktery v kratkém ¢ase doporué¢i vhodné tpravy konstrukce dilu nebo formy a také nastaveni
technologickych parametri s ohledem na pozadovanou kvalitu dilu a dodrzeni vami
definovanych technologickych a ekonomickych pozadavki. Systém VARIMOS rychle nalezne
technologické okno, ve kterém je mozné vyrabét dil v pozadované kvalité. Déle ukaze citlivost
technologickych a konstruk¢nich parametrti a vnéjsich vlivli na kvalitu dilu a pomuze zajistit
robustnost a stabilitu vyrobniho procesu.

Teplotni management formy je moZzné ovéfit také pomoci CFD simulaci, konkrétné
pomoci Altair HyperWorks CFD se solverem AcuSolve, ktery umi, stejn¢ jako CADMOULD,
ukézat priubéh a vliv ohfevu a chlazeni formy na kvalitu dilu.

Po odstranéni vSech problému v konstrukci dilu nebo formy, zajisténi spravného plnéni
dilu a pozadované kvality dilu je mozné pfistoupit k vyrob& vstiikovaci formy. Pfesnost
vyrobené formy a tvarové dutiny miizeme zkontrolovat pomoci optického méteni a vyhodnotiti
méficim softwarem od spolecnosti VG Studio MAX. S jeho pomoci a pii vyuziti CT
technologie mizZeme provéfit i vnitini strukturu jednotlivych ¢asti formy a provedeni vtokového
a temperacniho systému.

Pokud chceme vyrabét malé mnozstvi dilt, neni tieba vyrabét plnohodnotnou ,,zeleznou*
formu, ale je mozné vyuzit n€kterou z rapid prototyping technologii (3D tisk dild, technologii
vakuového liti, ...) nebo 3D tisk tvarovych vlozek. Plastovych i kovovych. Pro simulaci
aditivniho vyrobniho procesu je vhodny Altair Inspire Print3D.

10
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5. VZORKOVANI

Vzorkovani slouzi k ovéfeni funkce formy, nalezeni vhodnych technologickych
parametrl a zajisténi vyroby dilu v pozadované kvalité. Pro zkraceni doby vzorkovani a snizeni
nédkladd na vzorkovani je mozné vyuzit doporuc¢enych technologickych parametri ziskanych
ze simulaci nebo optimalizaci. Nékteré vstfikolisy jsou propojeny se simulacnim softwarem
CADMOULD a optimalizaénim syst¢tmem VARIMOS a proto je mozné ziskand doporucena
nastaveni ptenést do téchto vstiikolisti automaticky a zajistit jejich vyuziti pro prvni zkousSeni
formy.

Jestlize chceme mit néklady a Casovou naro¢nost vzorkovani zcela pod kontrolou,
vyuZzijeme moznosti a funkci systému VARIMOS Real. Diky nému ziskame piesny plan
vzorkovani a také jasn¢ dany Cas obsazenosti lisu.

Kvalita vyrobenych dili se dnes nejcastéji kontroluje pomoci optického méteni.

V ptipadé dilu se zalisky se vyuziva CT technologie. Pro vyhodnoceni zmétené vnéjsi i vnitini
kvality vyrobenych dili mizeme pouzit métici software VG STUDIO MAX.

6. SERIOVA KONTROLA

Po schvéleni kvality vyrobenych vzorkl lze piejit k sériové vyrob&. Jeji podoba
anaro¢nost se odviji od pozadavkil na kontrolu kvality vyrobenych dild. Lze provadét
nahodilou kontrolu kvality vyrabéného dilu, ale je také mozné mit 100% kontrolu nad sériovou
vyrobou. S vyuzitim informaci ze vstiikolisu a pfipadné senzori teploty a tlaku umisténych ve
formé, je mozné dosdhnout fizené a 100 % kontrolované sériové vyroby. Po zapojeni
automatické kontroly kvality dilu je mozna i 100% kontrola vSech vyrobenych dilt a jejich
okamzité tfidéni podle vysledkli zmétené kvality. VSe zéalezi na pozadavcich zakaznika
a vybaveni lisovny.
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ZAVER

Simula¢ni a optimaliza¢ni technologie dnes vyznamné ptispivaji ke zvySovani kvality
plastovych dilt pfi udrzeni naklad v potiebnych mezich. Dafi se vylepSovat funkéni
a vykonové parametry vyrobki, zajistit vyS$i kvalitu dilu jiz pfi prvnim vzorkovani
I minimalizovat pocet korekénich smyéek. Celkové pomohou zkratit a zlevnit jak vyvoj, tak
vyrobu, ¢imz si zajist'uji navratnost investovaného usili a prostiedki.

Na prvni pohled je cely proces navrhu a ptipravy vyroby komplikovany, ale pii vyuziti
vhodnych a vzajemné provazanych nastroji lze tento proces snadnéji nasadit do praxe.

Spravné nastaveny a vyuZivany digitalizovany proces vyvoje a vyroby plastového dilu je
uzivatelsky piivétivéjsi a usnadiuje praci. Cinnosti, které se béhem vyvoje a vyroby plastového
béZné provadéji nékolikrat, jsou pii vyuziti digitalizovaného procesu provadény pouze jednou.
Z praxe vime, ze doba vyvoje dilu se mirn¢ prodlouzi. Také néklady na vyvojovou fazi mirné
vzrostou. Ale znacné se snizi pocet korek¢énich smycek vyrobené formy. Tim se celkova doba
vyvoje a vyroby plastového dilu vyznamné zkrati a také odpadnou vysoké naklady na korekéni
smycky, resp. Upravy, formy. Pokud k témto pfinosiim a vyhoddm ptidame jesté 1 dosaZenou
kratSi dobu vyrobniho cyklu, niz8i spotfebu materidlu a energie, tak celkové ndklady na vyvoj
a vyrobu plastového dilu budou vyrazné nizsi a produkt se na trh dostane mnohem dfive.

ProtoZe zmiitlovani vyrobci simulac¢nich technologii Altair Engineering Inc. a Simcon
Kunststofftechnische Software GmbH spolupracuji v rdmci tzv. Altair Partner Alliance, lze
zminéna feSeni pofidit pod jednou licenci bez navyseni nakladu.
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TENSILE TEST OF COMPOSITES USING DIGITAL IMAGE CORRELATION

TAHOVA ZKOUSKA KOMPOZITU S VYUZITIM DIGITALNI KORELACE OBRAZU

LUKAS GREGOR!?

This paper deals with the measurement of mechanical properties of carbon fibre reinforced
polymer samples using tensile testing and digital image correlation. This combination allows the
determination of the mechanical properties and observation of the sample failure mechanism.

Tato prdce se zabyva merenim mechanickych viastnosti uhlikovych kompozitii s vyuZitim
tahovych zkousek a digitalni korelace obrazu. Tato kombinace umoziiuje urceni zdkladnich
materialovych vlastnosti a sledovani mechanisma: poruchy vzorku.

KEYWORDS
DIC, CFRP, tensile test, composite, carbon fibre
INTRODUCTION

Carbon fibre reinforced polymers (CFRP) are widely used in many structural applications
because of their high specific strength and stiffness. For lightweight and efficient structures,
stress-strain analyses using finite element methods are often used, but there is a high risk of
inaccuracy in simulations compared to reality. It is caused by high sensitivity to manufacturing
technology, correct direction of fibres when they are laid, and incorrect mechanical properties
of the input material model. This paper deals with the determination of mechanical
characteristics using tensile testing and digital image correlation (DIC). This setup is used to
measure the linear elastic constants of the T700G woven fabric and to evaluate the engineering
constants of specified laminates. These data will be further used to improve and correct the
material model of T700G lamina and finite element analysis (FEM). DIC is used as a convenient
method for measuring surface strains and is an appropriate alternative to strain gauges as [1,2,3]
confirms. Quasi-static tests are performed on universal testing machine (UTS) according to
ASTM standards [4,5] with controlled head displacement. Since the strain rate has a minimal
influence when the fibres dominate in the lamina, only one speed is used according to the
standard [6].

! Ing. Lukas Gregor, Institute of Manufacturing Technology, Faculty of Mechanical Engineering, Brno University
of Technology. Technicka 2896, Brno, Czech Republic. Email: lukas.gregorl@vutbr.cz.
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The effort to reduce potential measurement discrepancies leads to a focus on these areas
of interest. Control of the entire production process, in particular: proper production technology,
correct fibre orientation, prevention of sample damage during machining, bonding of glass fibre
tabs to the clamping area, and accurate sample orientation during clamping.

SPECIMEN PREPARATION

Five sets of CFRP specimens were prepared. The materials used for the samples were
carbon fibre weave (240 g/m? and 630 g/m?) and biaxial tape (+45 ° / -45 °, 300 g/m?), both
with a 60% volume of Toray T700G fibre and an epoxy resin system ER 38 by MEEM. The
fibre and resin properties are in the Tab. 1. Samples fabrication was carried out using the manual
lay-up technique and autoclave processing at 120 °C and 6 bars. Specimens after autoclave
processing are shown in Fig. 1. The geometry and other requirements are defined by the ASTM
standard for the tensile test of polymer composites [4] and the samples were machined to the
desired geometry with a diamond rotary blade. Glass fibre tabs were bonded to the ends of the
samples to provide support and reduce the risk of sample damage by grip and therefore crack
in an unacceptable area. The tabs can be seen in Fig. 5b). The overview and layup are in
theTab. 2.

Tab. 1 Selected mechanical properties of Toray 700G fibre and epoxy system ER 38

Mechanical properties of Toray fibre T700G
Tensile strength 4900 MPa
Tensile modulus 240 GPa
Strain at failure 2.0 %
Mechanical properties of epoxy resin system ER 38
Flexural strength 4900 MPa
flexural modulus 240 GPa

Tab. 2 Produced specimens

Specimen
Specimen series Areal density [g/m2] Layup thickness
[mm]

CF_600 630 0/90 1,3
CF1_200 245 (0/45)s 1,0
CF2_200 245 (0/45/0/45)s 2,0
SW_0 T - 630, Bi - 300 0(T)/(0/45/0/45/0)(Bi)/0(T) 3,1
SW_45 T - 630, Bi - 300 45(T)/(45/0/45/0/45)(Bi)/45(T) 3,1

Fig. 1 Specimens before machining
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Before testing, the samples were covered with a stochastic pattern. This was achieved by
painting a white background and spraying black dots. Three commonly used paint bases were
tested for pattern application. The suitability of these bases is in Tab. 3. The tests showed that
visually there were no adhesion problems on the cleaned and degreased surface. However, in
the tensile test, the hairspray (Fig. 2) proved unsuitable as its deformation was not telling and
it fell off during the test. Acrylic-based (Fig. 3) or water-based (Fig. 4) paint performed well in
the tests. The water-based paint performed best because it was the easiest to apply.

Tab. 3 Stochastic pattern basis

Stochastic pattern basis result
hairspray (Fig. ) poor
acrylic paint (Fig. ) good
water-based paint (Fig. ) great

Fig. 4 Water — based paint pattern
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DATA ACQUISITION AND EVALUATION

The tensile tests were carried out on Zwick-Roell Z100 UTS with TestXpert Il software.
An additional GOM Aramis optical system was connected and synchronised with the UTS. The
strains were evaluated from the recorded deformation of the samples using DIC. As mentioned,
this system is an alternative to conventional foil strain gauges with adequate accuracy [1,2,3].
It is fast and reliable solution allowing measuring in multiple axes simultaneously. The
measurement setup is shown in Fig. 5a). Due to explosive rupture (Fig. 5b)) of some samples
it was necessary to partially cover the UTS with a transparent plastic film, which does not affect
the optical measurement.

Fig. 5 a) Tensile testing setup with DIC camera b) Broken sample

RESULTS

The graph of the tensile test is in Fig. 6. The results derived from the Aramis software are
in Tab. 4. Sample CF_600 damage development and technical strain increase up to failure is
possible to see in Fig. 7. In the nonlinear region of the test it is clearly visible how the fibres
slip and then appear LGM failure according to ASTM D3039 [4].

Tensile test
700

600

CF_600
500
— . =CF1_200
400

......... CF2_200
300

Tensile stress [MPa]

200

100

0 0,5 1 1,5 2

Fig. 6 Tensile test result
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Tab. 4 Summary of measured properties

Specimen | Areal density Lavu thickness nrggallllj}s Stress at Strain at
series [g/m?] yup [mm] break [MPa] | break [%]
[GPa]
CF_600 630 0/90 1,3 63,0 650 1,41
CF1_200 245 (0/45)s 1,0 37,7 285 0,84
CF2_200 245 (0/45/0/45)s 2,0 35,6 485 1,37
SW.0 Lo, O(T)/(0/45/0/45/0)(Bi)/0(T) 3.1 444 615 135
T - 630, .
SW_45 Bi - 300 45(T)/(45/0/45/0/45)(Bi)/45(T) 31 331 540 1,85

[%]
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Fig. 7 Visualisation of technical strain ¢ in axial direction during damage development, CF_600
sample

The linear elastic data obtained from the measurement are specifically for the CF_600
lamina: Young’s modulus in tension EL = E1 = 63 GPa, ultimate tensile strength oL = o1 = 650
MPa and poison ratio vt = 0,064. For a precise material model it is necessary also to obtain
shear data - shear modulus Gt and shear strength .. It can be achieved with the same method
when the specimen for this lamina is angled at 45°.

CONCLUSION

The selected mechanical properties of woven fabric (T700 / ER 38) have been measured
and the linear elastic properties of the samples were evaluated under tension until break. The
DIC appears as an efficient tool for strain measurement, offering the possibility to evaluate data
retrospectively in comparison with conventional extensometers. The data gained and future
tasks are follows:

- Specific data gained for 0/90, EL = Et = 63 GPa, oL = o1 = 650 MPa, v_.t = 0,064
- Engineering constants gained for selected laminate layups CF1, CF2, SWO0, SW45
- Shear data G, tLT, have to be measured to complete material model
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Further work should focus on measuring the shear properties of woven fabric

(T700/ER 38) and the complete elastic constants of biax fabric (T700/ER 38). The data and
data obtained in this paper can then be used to validate the material model.
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The present paper documents and discusses research work associated with a newly designed
passenger door structure demonstrator. The composite structure was manufactured from carbon-
fiber-reinforced thermoplastic. A composite frame with a variable cross-section was designed,
optimized, and fabricated using thermoforming technology. FEM was applied for design and testing
and special SW was used for process simulation. The demonstrator was put to the static and fatigue
test.
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1. INTRODUCTION

At present, aeronautical industry composite structures are still primarily thermosets;
nevertheless, the share of high-performance thermoplastic composites (TPCs) is continuously
increasing despite their high purchase prices [1]. They provide good material properties, such
as fracture and impact resistance [2], formability, weldability, self-healing possibilities, and
recyclability [3]. The main benefits of TPCs can be seen in their potential for repeated heating
and molding, without negative influence on mechanical and physical properties. Traditionally,
composite fibers within a layer have the same orientation, leading to constant stiffness
properties. Recently, due to the development of advanced manufacturing technologies, such as
automated laying processes (fiber placement, fiber patch placement, tow shearing), the fiber
orientation of a layer can be continuously varied, together with varying stiffness properties.
Another procedure is to align fibers in the direction of the principal stress with the aim of

1 Ing. Josef Krena, Latécoére Czech Republic, 199 02 Praha 9, 65 Beranovych, Czech Republic. Email:
josef.krena@latecoere.aero
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reducing stress concentrations and weight [4]. In [5], a three-step approach for variable-stiffness
laminate design was applied to shear panels. The first step is to find the optimal stiffness
distribution in terms of the lamination parameters [6]; the second step is to find the optimal
manufacturable fiber angle distribution; and the third step is to retrieve the fiber paths [7]. All
above mentioned methods have relatively significant disadvantages in terms of time and
a costly manufacturing process. Additionally, utilization of these methods is limited by the
requirements to exclude the fiber/tow shift and gaps or overlaps that are present during
manufacturing. Thermoplastics, together with thermoforming, create possibilities to
manufacture flat plates with predefined fiber/fabric layer orientations, and/or tailored blanks to
achieve structural parts with varying stiffnesses and mechanical properties [8,9]. The
thermoforming process enables the manufacture of a structural part with varying cross sections
in a relatively very short amount of time. Thus, the thermoforming process appears to be a very
promising manufacturing technology for TPCs. An additional significant impact of
thermoplastic material exploitation is out-of-autoclave manufacturing process development
(which can potentially save up to 75% on energy consumption compared with the autoclave
process) as well as weight and waste reductions [10]. All these attributes lead to a significant
reduction in eco-impact throughout the life cycle of a structure. These are the main reasons why
this technology and type of material were used for the pressurised passenger door that was
designed, optimized, manufactured, and verified in this work. Moreover, the above-discussed
advanced technology is in accordance with composite roadmap developments within the
Latécoére Innovation department. In compliance with airworthiness requirements, primary
structures manufactured from composite materials must be designed and operated in
compliance with the damage tolerance (DT) philosophy [11,12,13,14]. This approach allows,
in certain cases, structure operations with an allowable size of flaw (damage). The experimental
certification procedure of a structure, according to DT philosophy, requires conducting several
relatively independent phases: mechanical loading (both static and fatigue), environmental
loading, non-destructive inspection, simulation of impact damage, and residual static tests.
Environmental effects could be included as a so-called knock-down factor, which includes not
only the influence of humidity on structure properties, but also structure performance at
different altitudes [15]. The present paper documents and discusses relevant procedures
associated with a pressurised passenger door demonstrator, designed and manufactured from
carbon-fiber-reinforced composite with thermoplastic resin. The work consisted of several
phases: technology development, process optimization, numerical model development and
verification, test campaign definition, loading system design and manufacturing, impact
damage tests, mechanical loading, non-destructive inspection, deformation and strain
measurements, and residual static strength evaluation. A new numerically verified
manufacturing technology was developed where a composite frame with variable cross section
was fabricated using thermoforming technology. The design was supported by an experimental
campaign with the aim of verifying mechanical properties and comparing them to numerical
simulations. The verification methodology was designed based on the damage tolerance
philosophy; this means that structural properties were proofed under both static and fatigue
loading conditions with the presence of impact damage. Main load is given by the inner
overpressure in the fuselage which is about 60 kPa. Numerical simulations of finite element
(FE) models were used to determine the load of the real structure, to optimize the design of
critical parts, and to define the representative load distribution into the newly designed door
panel. A linear analysis with linear contact between each part of the structure or the load system
was used for numerical simulations. The Tsai-Wu and maximal stress criteria were used for
damage analysis of the composite parts. Topological optimization was used for the design of
metal hinges from the point of view of weight reduction. A FE model of the real test assembly
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was also used for post-test analyses and results comparisons. The simplification of overpressure
simulation for experimental verification of the door structure was designed and applied.

2. MATERIALS

The panel consisted of the skin, three Omega beams, two Z frames, and six stop fittings
(locks) assembly. Individual parts of the structure were joined using bolts. The Z-frame and
Omega profiles were fabricated using a hot forming method. All composite parts were
fabricated of carbon material utilizing a polyphenylenesulfide (PPS) thermoplastic resin system
which was supplied by Toray and specified as TC1100. The melting temperature of PPS is
280°C and that of Tg is 90°C. The reinforcement fabric was 5HS 3K T300 with an area weight
of 285 g/m2 and the weight rate of matrix was 43%. Basic properties are included in Tab. 1.

Tab. 1 Properties of one layer of the carbon fabric/PPS matrix material

Tensile Tensile Compression | Compression | Shear Shear
strength modulus strength modulus strength modulus
MPa GPa MPa GPa MPa GPa
670 58 510 53 90 4,1

The Omega profiles had 10 plies of C fabric with the layup [[(0,90)/(_45)]2/(0,90)]s. Z-
frames had a layup of [[(0, 90)/(_45)]3/(0/90)]s) with a thin glass layer on the surface. The skin
was cut using water jet technology from a flat plate with a layup of [(0,90)/(_45)]5/(0,90)).
An overview of the used thermoplastic material is summarized in Tab. 2.

Tab. 2 Overview of composite materials used for door panel manufacturing.

Structure Material Resin Nominal Number Layup

Element System | thickness (mm) | of layers

Omega profile | TC1100 PPS 3,1 10 [[(0,90)/(x45)1/(0,90)]s
Z-profile TC1100 PPS 4,34 14 [[(0,90)/(x45)]4/(0/90)]s
Skin TC1100 PPS 3,41 11 [(0,90)/( £45)]5/(0,90)

Stop fittings were milled from titanium alloy (Ti-6Al-4V) annealed plate material
(minimum ultimate strength of 900 MPa, yield strength of 830 MPa). Individual parts of the
door panel were joined using bolts. The Omega profiles with the stop fittings were joined using
NAS6604D16 steel bolts, the Omega profiles and Z-profiles were joined using ABS0114-4
titanium bolts, and the skin, Omega profiles, and Z-profiles were joined using EN6114V3-5
titanium bolts. The overall geometry of the door panel was: length (L) = 1250mm, width (W)
=950 mm and height (H) = 114 mm. The panel was manufactured as shown in Fig. 1.

Fig. 1 Door panel with Omega beams and Z frame
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3. STRUCTURE DESIGN AND MANUFACTURING

All elements of the structure were manufactured by the thermoforming process. The raw
material is consolidated plate of required layup. The blank which was cut out from the plate is
preheated in the oven and shaped in the suitable tool subsequently. The scheme of the process
is displayed in Fig. 2.

Pressure

Composite blank

reongime  [IH— 0] aresns | - AT N |
NI e ~ _
Formed Trim -
Part edges
Infra-red or convection heating
Pre-heating oven Thermoforming Press Trim Station Final Part

Fig. 2 Scheme of the thermoforming

The assembly consisted of three types of parts, where the Omega profile had the most
complex shape of them. That shape was chosen due to the loading along that profile. There was
maximal bending moment in the center of the profile, so that the maximal inertia of the cross
section was located there, and the profile was wide. The opposite situation occurred on the
edges of profile where the maximal shear force was located at the metal stop fitting. Here, we
needed to distribute the large local force into the surrounding structure. This was why the
Omega profile was designed with such a complex shape (Fig. 3). edges of profile where the
maximal shear force was located at the metal stop fitting. Here, we needed to distribute the
large local force into the surrounding structure. This was why the Omega profile was designed
with such a complex shape (Fig. 3).

Fig. 3 Optimized Omega profile

The problem of non-developable shape thermoforming is a risk to the folded layers or the
wrinkles created during forming. Two basic mechanisms can help to successfully form the
complex shape of a laminate. The first is sliding between layers and the second is shear
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deformation of the layer. Interlaminar sliding can be caused by folding of the laminate into the
final shape of the part (Fig. 4).

|
(-

Fig. 4 Interlaminar sliding caused by laminate folding

Planar shear deformation also enables fitting of the laminate to a final shape; however,
shear stiffness strongly depends on the orientation of fibers relative to the load direction. It also
induces sliding between layers with different fiber orientations (Fig. 5). This second mechanism
Is the key for forming non-developable parts.

P o ot ot ot
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P ]
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Fig. 5 Shear deformation of the layers with different fiber orientations

All described and more mechanisms are included in the special SW AniForm [16], which
was used for simulations of the thermoforming process. It enables prediction, not only of
wrinkles, but also reorientation of fibers, stress in layers, etc. The complex shape of the Omega
beam was created on the basis of loading, as described above. However, slight modification
using simulations was needed for it to be feasible to produce the beams without wrinkles and
folding due to the non-developable shape. Two extracted steps in the forming simulation are
displayed in Fig. 6. The first step (a) shows us the shape of the blank at the beginning of
forming, and the second step (b) is a fully shaped part with a spectrum displaying shear
deformations.

(@) ' (b)

Fig. 6 Contour maps of shear deformation at the beginning of forming (a) and in the final
shape of stamping (b)

The verified shape of the part was the baseline for designing the stamping tool, which
consisted of male and female metal parts is shown in Fig. 7.
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Fig. 7 Stamping tool for omega beam

Stamping was performed after preheating of the blank up to a process temperature of
about 330 °C. The manufacture of the part confirmed the correct prediction as a good quality
of profiles was achieved. Trimming of the contour was performed using a NC machine and
assembly was carried out with the help of titanium mechanical fasteners (Hi-Lock), excluding
the joining of titanium stop fittings where titanium screws were used.

4. TESTING OF THE PANEL

The main load acting on the door structure was overpressure. For simulations of real
pressure loads on the physical test, several variants, as rubber bags, foam boards, special inserts,
and using existing fasteners points, were considered. Finally, the continuous pressure load was
transformed into the resultant force and the continuous load was introduced into the door
structure using a special whiffle tree loading system. The overpressure load was distributed
(pressure simulation) into the door panel through 24 individual points. A scheme of the whiffle
tree system is shown in Fig. 8 panel.

Fig. 7 CAD model of the whiffle tree system for load distribution into the door panel
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The experimental procedures complied with airworthiness regulations included the
following separate procedures:

e Barely visible impact damage (BVID) creation by energy up to 45 J;
e Static loading up to LL;

e Fatigue loading;

e Static loading up to LL;

e Static loading up to UL followed by continuous loading to failure;

e Static loading

During the experimental work, the following systems were used for data acquisition and
measurements:

— Deformation optical measurement system;

— Strain gage measurement system;

— LVDT measurement system (displacement of given point).
5. RESULTS

Load vs. displacement dependence up to door panel failure was measured using LVDT
sensors placed in the middle of the panel span (Fig. 8) and strain measurements in the highly
loaded regions of the panel (surrounding of fittings) up to failure using resistance strain gauges.
Panel failure occurred at 214.01 kN in an area of the stop fitting connection with the Omega
and Z-profiles.
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Fig. 8 Force vs. LVDT displacement comparison of experimental data and numerical
prediction

The door panel sustained all required procedures and loading without structural failure.
No damage propagation was observed. Real structural strength was about 25% higher compared
with the ultimate (UL) structure strength.
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6. CONCLUSIONS

A new thermoplastic carbon composite panel door design, its manufacture, numerical
analyses, and experimental verification according to the damage tolerance philosophy is
presented. Thermoforming technology was used for the composite beam with variable cross
section manufacturing. The variable shape of the Omega profile was optimized and
manufactured without any imperfections (typically the occurrence of wrinkles in the
thermoforming process is very dangerous). No impact damage propagation was observed in the
composite parts during mechanical tests (180,000 fatigue cycles under a load level close to the
limit load) despite visible impact damage being introduced into the structure. No significant
difference between numerical simulations and the experimentally measured total deformation
was observed. Repeated deformation measurements over a time interval during fatigue showed
changes and a nonlinear structure behavior. This can be attributed to the relaxation of the
thermoplastics or by the behavior of mechanical fasteners. The stiffness degradation of the
thermoplastic composites needs future additional detailed analysis. As there was an expectation
that no growth of impact damage would be observed, this leads to the conclusion that the
composite structure was overdesigned. Accordingly, in general, future work should be focused
on improving the design philosophy to achieve weight and costs saving. Two ways to achieve
this seem to be suitable: higher utilization of material mechanical properties (decrease of knock-
down factors) and improving damage tolerance design (change the non-growth design criterion
using the slow growth criterion, for example).
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PRECISION AND DIMENSIONAL STABILITY OF BONDED JOINTS OF CFRP PARTS

PRESNOST A ROZMEROVA STABILITA LEPENYCH SPOJU KOMPOZITNICH
SOUCASTI
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In this paper, a precision bonding technology that could enable the use of CFRP in optical
applications is presented. 15 technological samples were tested under mechanical and climatic
conditions based on 1SO 9022-1. The total runout of the key dimensions was evaluated after
production and after passing the tests. The results suggest that for accurate bonding, the stresses
introduced during adhesive curing must be eliminated by mechanical or thermal treatment.

KEYWORDS
Carbon fiber, composite materials, sports optics, precision bonding
INTRODUCTION

The popularity and use of fibre reinforced composite materials have been growing year
by year. The demand for composite materials tripled between 2010 and 2020 [1]. Despite that
the application of CFRPs in the production of sports optics or other optical instruments is still
very rare. Among the obstacles that hinder the adoption of composite materials in optical
devices, the limited manufacturing precision of composite parts is the major one [2]. In some
cases, limited impact resistance and the absence of plastic deformation are the main limitations
[3]. In other cases, it may be necessary to consider outgassing parameters, which for composites
is currently a complex topic with a limited state of knowledge [4]. If these problems can be
eliminated, composite materials could bring several benefits to optical devices. This paper
builds on previous research on this topic [2] [5]. The accuracy and thermal stability of tubular
bonded joints of metal and CFRP adherents was studied. Only a few studies are focusing on the
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use of CFRP in industries similar to sport optics. The research goal is to demonstrate that the
use of CFRP can be beneficial for optical devices as well and that all limitations can be
eliminated by selecting an appropriate manufacturing method.

SUBJECT OF RESEARCH

The main goal of this study was to investigate the accuracy and thermal stability of tubular
bonded joints of metal and CFRP adherents. For our research purposes, a sports optics device,
primarily a binocular or spotting scope, was selected as a reference instrument. The testing
conditions are established by 1SO 14490-6:2014 and 1SO 14490-7:2016 for testing of optical
parameters and by 1ISO 9022-1:2016, ISO 9022-2:2015, ISO 9022-3:2015 and 1SO 9022-8:2015
for testing of mechanical properties and climatic resistance. The choice of a particular reference
device does not limit future adoption to this a relatively narrow set of devices. The insights
gained are likely to overlap with other types of optical devices. Winding technology was chosen
for the technological samples, mainly for the wide range of commercially wound cylindrical
tubes available.

DESIGN OF TEST SAMPLES

The technological sample (Fig. 1) consists of a wound CFRP tube made of [90°/0°/+£30°]
layers with a length of 90 mm, an inner diameter of 50 mm, and a wall thickness of 1.5 mm.
The CFRP tube is bonded to anodized EN_AW-6061-T651 aluminium alloy sleeves, which
represent the interface for mounting optical assemblies, e.g. objective and eyepiece of the
Keplerian telescope. The 1 mm wide gluing gap allows for compensation of manufacturing
inaccuracies of the carbon components. The mutual relative position of the two sleeves
according to the required tolerances is ensured by precise gluing or turning after bonding.
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Fig. 1 Geometry of a technological sample

An assembly fixture was designed for bonding the technological sample with the required
precision. (Fig. 2).

Fig. 2 An assembly fixture

Total runout of the inner diameters of both sleeves was chosen as a critical parameter with
the maximal allowed value of 0.05 mm (Fig. 1). These requirements must be achieved after
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production and must also be met after a set of mechanical and climatic tests, which are described
in the next chapter.

DESIGN OF EXPERIMENT

To guarantee a logical structure of the tests/experiments, it was necessary to establish

a methodology and schedule to be followed during the experiments. The processes were divided
into three stages:

Stage 1 = Design and preparation of technological samples

The first stage was focused on material selection and design of the sample and
assembly fixture. After that, it was necessary to select the adhesives. Then, the
samples were produced by turning metal parts, shortening carbon tubes and
gluing the samples using the assembly fixture.

Stage 2 = Verification of dimensions and geometric tolerances

The inspection of the pieces was carried out using CMM Zeiss Contura G2,
Formline Roundscan 555, and a set of OK/NOK gauges.

Stage 3 = Verification of the stability of a bonded joint under operating conditions

Samples with unsatisfactory tolerances were fixed by turning and tested again
according to the methodology of the stage 2. After that, climatic resistance tests
based on 1ISO 9022-2:2015 were realized using the climatic chamber V6tsch VT3
7030 S2. Firstly, the technological sample was placed into a climatic chamber
tempered to +70 + 2 °C for 16 hours. Then, the same process was repeated under
temperatures of -40 £ 3 °C. The last climatic resistance test was focused on
thermal shock testing when the technological sample was exposed to thermal
shocks in temperatures — 25 °C / +40 °C. After all climatic resistance tests, the
dimensions and geometric tolerances of the samples were verified again using
the same equipment as in the stage 2. The final set of mechanical resistance tests
according to ISO 9022-3:2015 included a shock test, a bump test using
TIRAshock 4110, and a sinusoidal vibration test using Derritron TW 6000. After
all mechanical resistance tests, the dimensions and geometric tolerances of the
samples had to be again verified according to the methodology of the stage 2.

SELECTION OF ADHESIVES

Epoxy adhesives are the most common adhesives for composite materials [3]. Therefore,

individual types of epoxy adhesives (Tab. 1) were also selected for our experiments based on
the following criteria:

the selected adhesive is suitable for bonding metals and thermoplastics,
it has high environmental resistance (-40 °C to +70 °C),
and low shrinkage (however, most manufacturers do not specify this parameter).
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Tab. 1 Selected adhesives and their properties [6] [7] [8] [9] [10]

Working Clamping  Cure  Viscosity at room Shear Volumetric
Adhesive type time time time temperature Density strength shrinkage
[min] [min] [days] [Pa.s] [g/cmd] [MPa] [%0]
DP110 9-15 20 2 65,0 1,12 17 not
specified
DP125 25 150 1 52,5 1,13 13,4 not
specified
DP190 90 480 7 86,3 1,31 117 not
specified
Spabond 340 LV 45 1060 28 264 1,12 29 1,91-1,94
Eprosin Flex 70 1440 7 15 1,55 15,9 not
specified

RESULTS AND DISCUSSION

According to the prescribed methodology and schedule, 15 samples were produced. The
required accuracy of 0.05 mm was achieved in 7 out of 15 (46.6 %) samples (Fig. 3).
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Fig. 3 Values of total runout

Based on the experiments and measurements performed, it can be concluded that:

e 46.6 % of the samples have the total runout deviation below the required value 0.05 mm

e The non-compliant samples were likely to deform due to stress introduced by shrinkage
of the adhesive and/or uneven filling of the adhesive joint (presence of bubbles), to be
verified by a CT scan.

e The most favorable results were obtained with DP 110, Eprosin, and Spabond and
therefore, they appear to be suitable adhesives.

e Increasing the accuracy of the assembly fixture and metallic counterparts would result
in higher accuracy of the resulting samples.

Stage 3 followed. The non-compliant samples from the previous stage had to be calibrated
by turning to ensure their required accuracy before environmental testing. As Fig. 4 presents,
the total runout of all the samples was satisfactory after calibration (see the highlighted part of
columns compared to previous values in the light colour).
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Fig. 4 Values of total runout after calibration

Then all the samples went through the climatic and mechanic tests. From the data
presented in the graph in Fig. 5 the relationship between the machining (calibration) of the
samples and the total runout deviation during the tests can be seen.
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Fig. 5 Deviation of total runout during the environmental tests

A total of 7 samples underwent calibration turning because of unsatisfactory precision
after bonding (1,2,4,5,6,10,14 — plotted in light grey). None of the calibrated samples exceeded
the deviation of total runout more than by 0.01 mm. For 7 of the 8 calibrated samples (87,5 %)
the deviation of total runout did not even exceed 0,005 mm. On the other hand, a total of 7
samples did not require calibration turning because their precision was satisfactory after
bonding. 6 of the 7 (85 %) non-calibrated samples exceeded the 0.01 mm tolerance at least once
during environmental testing. 2 out of 7 (28,5 %) non-calibrated samples exceeded the deviation
of 0,025 mm at least once during environmental testing. From the above, a link between not
calibrating and a tendency to reach a higher maximum deviation value of total runout is evident.

CONCLUSION

Technological samples consisting of a CFRP tube into which aluminium alloy sleeves
were bonded using an assembly fixture. 46.6 % of the samples achieved the required precision
after bonding. The failed samples were calibrated by turning. During the stability tests of the
bonded joint, which consisted of two climate resistance tests and one mechanical resistance
test, the following findings were observed:
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e For 7 out of 8 calibrated samples (87.5 %), the deviation did not exceed 0.005 mm.

e In 6 out of 7 (85 %) of the noncalibrated samples, the deviation of 0.01 mm was
exceeded at least once during the environmental tests, which is probably due to
shrinkage stress in the bonded joint that was partially released during turning in the
calibrated samples.

Based on these findings, it is evident that one of the main topics for further research will
be thermal deformation in the bonded joint and its elimination. One of the possible causes of
these deformations may be shrinkage stress. From the obtained results it is evident that it is
important to deal with the problem further and it is likely that the potential findings will be used
in practice.
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The present contribution gives short insight into the long-time successful co-operation between
German and Nepal groups dealing with biodegradable/biobased and natural fiber-reinforced/
biobased-filled polymer materials. The first example is dealing with the composting behavior and
the properties of PBAT/nano-cellulose composites and the second example with the morphology and
the properties of biobased polymer blend filled with biogenic nano-hydroxyapatite.
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INTRODUCTION

Unmanaged dumping of the polymeric waste is causing environmental problems. Natural
nanofibers from plant sources such as nanocrystalline cellulose (NCC) [1-3] — extracted by
different thermo-chemical and mechanical methods [4] — can enhance the biodegradability of
the polymer composites. Incorporation of such nanofibers in biodegradable polymer results in
good biocompatibility and are reliable for various high-tech applications such as biomedical
applications, implants materials, tissue engineering, filtration device, permeable membrane,
packaging materials, cell culture, paints, screen coatings, low load-bearing materials, furniture
and many more [5-8]. Although there are some works done to prepare NCC-fabricated
degradable polymer nanocomposites [2, 9-11] more detailed information concerning the
degradation behavior and properties of NCC-fabricated poly (butylene adipate-co-
terephthalate) (PBAT) nanocomposites are needed. In this work, NCC is extracted from
agricultural waste, the wheat stalk, by thermochemical treatments and melt mixed with PBAT
to prepare nanocomposites with various concentrations of the NCC (0 — 10 %). The composites
are studied for their spectroscopic, morphology, thermogravimetric analysis and mechanical
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deformation behavior (for detailed information about the preparation of NCC and the
composites as well the used characterization techniques see [12]). The novelty of this work is
the study of degradation susceptibility for the composites by measuring its water absorption
with absorption Kinetics, contact angle measurements for water droplets i.e. wettability and
validating soil composting behavior by micrographs of the composted specimens.

Recently, composites of biopolymers and bioceramics have attracted increasing attention
in the scientific community for their use as scaffolds in bone tissue engineering (BTE).
Polycaprolactone (PCL), poly L-lactic acid (PLLA), and gelatin are one of the most studied
biopolymers because of their nontoxicity, excellent biocompatibility, and biodegradable nature
[13, 14]. Furthermore, the US Food and Drug Administration (FDA) has approved PCL and
PLLA for clinical use in humans [15-17]. For decades, the scaffolds of these biopolymers have
been used in various biomedical applications despite their weak mechanical properties [18-20].
Therefore, there have been numerous studies to enhance the mechanical properties of these
scaffolds by incorporating different filler materials where the bioactive and biocompatible
nature nano-hydroxyapatite (nano-HAp) is extensively used as a filler material to enhance the
mechanical properties and osteoconductivity of scaffolds for BTE applications [13]. As this
ceramic has a chemical composition similar to the inorganic component of natural bone
minerals, biopolymer-based scaffolds filled with nano-HAp have received a keen interest in
BTE [13, 21-24]. In the past decades, several studies have attempted to explain the mechanical
behavior of HAp-blended electrospun binary composite scaffolds of PCL/PLLA, PCL/gelatin,
and PLLA/gelatin [25-28]. However, the micromechanical behaviour of nano-HAp- and
vitamin D3-incorporated ternary blends of PCL/PLLA/gelatin scaffold has been rarely studied.
Hence, in this work, we aim to fabricate non-woven fibrous scaffolds with different volume
fraction percentages (0 — 12 %) of nano-HAp/TFE suspension blended into ternary composite
mixtures of PCL/PLLA/GEL by electrospinning technique and to study the effect of filler
addition on the micromechanical behaviour after tensile test of the scaffold fibers (for detailed
information about the preparation of nano-HAp and the nanocomposites as well the used
characterization techniques see [29-31]).

PBAT/NCC NANOCOMPOSITES FOR PACKAGING MATERIALS

Hydrophilic properties such as water absorption capacity and wettability of the materials
increase with the NCC content in the PBAT/NCC nanocomposites thereby enhancing their
biodegradability. The soil composting is induced by the morphological transformation due to
bacterial and fungal attacks. Moreover, this composting adds more fragility to the
nanocomposites prepared with increased NCC content.

After 2 month composting higher biodegradability of the nanocomposite compared to the
neat PBAT can clearly detected on the fracture surfaces (Fig. 1a). The NCC agglomerates were
found to be disappeared to form big voids. A closer look into Fig. 1b observed many oval spiny
microbes on fracture surfaces. It clearly shows that the specimens with high NCC weight
fraction get much affected by the microbes on soil composting.

Underlying structure—properties correlations in PBAT/NCC nanocomposites regarding
theirs structural, mechanical, thermal and surface properties are concluded as follows. The
structural characterization of the nanocomposites by spectroscopic, microscopic and diffraction
techniques reveals that the nanocomposites comprise the compatible and phase-segregated
constituents which keep their identity in the nanocomposite materials. The morphology of the
fillers and matrix remains unchanged. Analysis by Fourier transform infrared (FTIR)
spectroscopy showed that the NCC phase is homogeneously dispersed in PBAT matrix inside
the nanocomposites and both phases are held together by physical interactions. The analysis by
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scanning electron microscopy (SEM) also manifested the homogeneously dispersed NCC in
PBAT matrix.

Fig. 1 Micrographs showing fracture surface of 2 months soil compost: N-10 (a) low
resolution (500 um) and (b) high resolution (50 pum)

The PBAT/NCC nanocomposites are thermally stable within their application ranges,
showing two stages of degradations for NCC at 250 °C and for PBAT at 430 °C, separately.
This means that the investigated nanocomposites are found to be stable within their desired
application temperature as packaging materials.

Tab. 1 Values of the mechanical parameters of PBAT and different nanocomposites

NCC Tensile test Recording microindentation test
content | Tensile strength | Strain at break | Martens hardness Indentation Elastic—plastic work
(%) (MPa)* (%)* (N/mm?) modulus (MPa) | of deformation ratio
0 16.01 835 6.86+0.11 118+1 3.0740.24
1 11.93 810 6.97+0.21 11943 2.98+0.09
2 7.49 398 4.53+1.60 73429 3.62+1.23
5 6.25 345 6.17+0.51 103+10 2.77+0.37
10 9.98 624 5.99+0.65 104+10 2.4740.41

*Mean standard deviation of tensile strength: 2.45 MPa, mean standard deviation of strain at break: 226 %.

Applying the uniaxial tensile test (Tab. 1) the tensile properties of the nanocomposites
are found to degrade in terms of strain at break, tensile strength and tensile modulus. By using
the recording microindentation test (Tab. 1), the initial increase in the elastic work relative to
plastic work during indentation correlates well with the decrease in the hardness values,
attributable to the softening effect found by uniaxial tensile testing. However, the reinforcing
effect dominated at higher filler content leading to an increase in indentation modulus and
hardness, and a decrease in the work of elastic deformation.

NANO-HAP-BLENDED NANOCOMPOSITES FOR BONE TISSUE ENGINEERING

For bone tissue engineering, nano-HAp is a widely used bioceramic filler in polymer
fibrous scaffolds that changes the morphology and micromechanical behaviour of fibers. In this
study, different volume fraction percentages of nano-HAp and vitamin D3 were incorporated
into electrospun polymer blend fibrous scaffolds comprising PCL, PLLA and gelatin. FTIR,
SEM, transmission electron microscopy (TEM), and uniaxial tensile testing were used to
characterize the chemical, morphological, and micromechanical properties of the scaffolds.

The FTIR analysis showed the presence of functional groups of fillers and polymers and
their molecular interactions in the fibers. In the microscopic analysis, the fillers were found to
affect the fiber morphology (including diameter, phase separation, and texture; see Tab. 2 and
inserts in Fig. 2) and the response of the fibers under tensile deformation. The addition of 3 %
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by volume of filler suspension resulted in maximum diameter of 4.34 um, and the addition of
6 % to 12 % filler led to an increase in tensile strength from 0.7 MPa to 5.6 MPa and strain at
break from 2 % to 37 % for the composite fibers compared to neat fibers (Fig. 2 and Tab. 2).
The crazing behaviour of the fiber is more noticeable at a low filler content (0 %), whereas thin-
layer yielding becomes predominant at a higher filler content (12 %) [30, 31]. Thus, the study
shows that scaffold fibers undergo brittle-to-ductile transitions as the filler percentage in the
polymer blend increases from 0 to 12 %. This transition in microdeformation mechanism was
observed in the microphase-separated electrospun fibrous scaffolds but not in the macrophase-
separated solution-cast films which are very brittle independently of the nano-HAp content
(Tab. 2).

In cell-line experiments high concentration of osteoblasts has been further found on
electrospun mats containing nano-HAp (Fig. 3) indicating highly improved biocompatibility.
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Fig. 2 Stress—strain curves of fibrous scaffolds as a function of nano-HAp fraction and related
SEM images: 0 % (a), 2 % (b), 6 % (c) and 12 % (d) nano-HAp

CONCLUSION

Structural, mechanical, thermal and surface properties of nanocomposite polymer
materials were studied comprising biodegradable aromatic—aliphatic PBAT reinforced with
wheat stalk-based bio-NCC. The NCC phase was found to be homogeneously dispersed inside
in the polymer matrix even at high volume fractions. The tensile properties of the
nanocomposites degraded in terms of strain at break and tensile strength. At higher filler
content, the reinforcing effect dominated leading to an increase in indentation modulus and
hardness. The wettability and the water absorption capacity of the materials increased with NCC
content thereby enhancing the biodegradability of the composites.
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Tab. 2 Average fiber diameter of electrospun fibrous scaffolds and mechanical properties of
the scaffolds and solutions cast films

Volume of Electrospun fibrous scaffolds Solutions cast
nano-HAp films
suspension in Average fiber Mechanical properties
polymer blends | diameter (um) | Elastic modulus | Tensile strength Strain at break (%)
(% viv) (MPa) (MPa)
0 0.17 52+16 0.68+0.28 2.1840.67 1.81
2 1.84 50+41 1.08+0.31 22.6+8.5 -
3 4.34 31+18 0.90+0.31 17.7+4.7 1.25
6 0.58 41+7 1.46+0.16 36.9+6.3 1.54
12 0.48 199+40 5.62+0.98 27.316.1 0.50

Fig. 3 High concentration of cells (osteoblasts) on electrospun mats with 6 % nano-HAp

Non-woven mat-like scaffolds for bone regeneration were fabricated using a biobased
polymer blend composed of PCL, PLLA and gelatin by electrospinning which were partly
modified using vitamin D3. The blend was reinforced with 0 — 12 % biobased nano-HAp —
extracted from ostrich bones — to improve both biocompatibility and mechanical performance.
Both elastic modulus, tensile strength and strain at break were highly increased by incorporation
of nano-HAp. Thus, filler addition improved the fiber's microdeformation behaviour
corresponding to a brittle-to-ductile transition, i.e. a transition from highly localized crazing to
non-localized thin-layer yielding. Additionally, electrospun nano-HAp-filled blends were
characterized in cell line experiments using osteoblasts confirming excellent biocompatibility.
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NEW GENERATION SANDWICH PANEL FOR BALLISTIC RESISTANCE FB1-FB4

SENDVICOVY PANEL NOVE GENERACE PRO BALISTICKOU ODOLNOST FB1-FB4
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PREMYSL KHEML®, RADOSLAV SOVJAKS®

Civil and infrastructure security as well as army strategical fortifications has always been
a priority, nowadays even more due to the current geopolitical situation. A plethora of ballistic
protection objects have been developed, from shield jacket to high resistance panels. The Czech
Technical University in Prague (CVUT) has commercialized an ultra-high-performance concrete
(UHPC) for a whole range of projectiles from civilian FB4 standard CSN EN 1522 to NATO Stanag
2280 level A4. Those composite panels show an outstanding ballistic resistance, even though a
certain thickness is required to avoid any harmful concrete fragment generation called scabbing
effect. To tackle this issue and increase the ballistic performance of the current UHPC, a next
generation multilayer sandwich has been designed by the help of a finite element model. Prototypes
for FB1 to FB4 protection optimized for civil engineering consisted in two polymeric layers glued
on a 30 mm UHPC core by a structural epoxy adhesive. These polymeric panels were a combination
of a 3 mm fibre reinforced composite, and a 5 mm filled polyurethane elastomer. The latter material
acted as a first barrier against projectiles and as a flame retardant for the fibre reinforced composite
which slows down the projectile enough to avoid back stripping. The elastomer showed a constant
damping from -35 °C to 50 °C and fair fire retardancy. The fibre reinforced composite has been
designed from a twill wave E-glass fabric impregnated with an epoxy-amine resin having a glass
transition temperature of 80 °C. The whole sandwich structure has been certified by VTU (Vojensky
technicky ustav) for the FB1-FB4 ballistic resistance range. In addition, it resulted in weight
reduction of 29 wt. % compared to the 5cm sole UHPC required to fulfill the standard FB4.

! Ing. Alexandre Perrot, Department of Polymers, Alkyds, Branched Structures and Paints, Synpo a.s.
S. K. Neumanna 1316, Pardubice 532 07, Czech Republic. Email: alexandre.perrot@synpo.cz

2 Ing. Barbora Bubnova, Department of Polymers, Alkyds, Branched Structures and Paints, Synpo a.s.
S. K. Neumanna 1316, Pardubice 532 07, Czech Republic. Email: alexandre.perrot@synpo.cz

% Ing. JiFi MasSek, Section of development, Spolek pro chemickou a hutni vyrobou. Revoluéni 1930/86, 400 01
Usti nad Labem-mésto, Czech Republic. Email: masek@spolchemie.cz

4Ing. Petr Hala, PhD., Experimental Centre, Faculty of Civil Engineering, Czech Technical University in Prague,
Thékurova 7, 166 29 Prague 6, Czech Republic. Email; petr.hala@fsv.cvut.cz

5 Ing. Premysl Kheml, Experimental Centre, Faculty of Civil Engineering, Czech Technical University in Prague,
Thékurova 7, 166 29 Prague 6, Czech Republic. Email: premysl.kheml@fsv.cvut.cz

® Doc. Ing. Radoslav Sovjak, PhD., Experimental Centre, Faculty of Civil Engineering, Czech Technical
University in Prague, Thakurova 7, 166 29 Prague 6, Czech Republic. Email: radoslav.sovjak@cvut.cz

40



mailto:alexandre.perrot@synpo.cz
mailto:alexandre.perrot@synpo.cz
mailto:masek@spolchemie.cz
mailto:petr.hala@fsv.cvut.cz
mailto:premysl.kheml@fsv.cvut.cz
mailto:radoslav.sovjak@cvut.cz

KEYWORDS

Sandwich panel, Elastomer, Fibre reinforced composite, Ultra-high-performance
concrete, Ballistic resistance

INTRODUCTION

With the development and research in the field of stable protective and defense structures
and objects, the use of high-performance cement composites (UHPC) is increasingly coming to
the fore recently as a very suitable solution for ballistic protection (1) (2). In addition to their
main function, UHPC also meet economic requirements and are thus often deployed while
maintaining a relatively slim and subtle design (3). Despite all the efforts in the development
of these materials, it is difficult to suppress the formation of the front and rear craters, and with
the impact of the projectile, dangerous secondary fragments can be generated which may be
very injurious in the immediate vicinity (sometimes more damaging than the effect of the bullet
itself) (4). The solution is to connect the UHPC carrier layer with advanced polymer composite
layers of suitable composition into a sandwich panel with high ballistic resistance, which stops
the projectile without any release of secondary fragments into its surroundings.

Compared to available existing protective structures, this sandwich structure has several
advantages: versatility of use, flexibility in structure and formulation, the possibility of using
renewable raw materials and nanomaterials, as well as rapid transfer to production.
Contemporary non-metallic armors are based on fiberglass, aramide, special concrete,
polycarbonate, or ceramic/elastomer sandwiches, (5) (6) etc. The implementation of an
additional composite polymer layer on concrete, according to available information, has not
been used yet. This additional layer should combine the high energy dissipation and flexibility
of an elastomer with the high impact resistance provided by an aramid/epoxy or glass/ epoxy
composite. The primary function of the polymer layer is to prevent the formation and release
of concrete fragments after being hit by a projectile. In the case of a ballistic resistance up to
FB4, the following structure has been chosen: 30 mm UHPC, 3 mm glass/epoxy composite and
5 mm elastomer. In this work we will focus on the panels design and the added value of the
polymeric layer to UHPC.

MATERIAL DESCRIPTION

Each layer of the sandwich panels is detailed in Fig. 1 (not at scale) and Tab. 1,Tab. 2 and
Tab. 3. The preparation of a ballistic panel occurs as follow:

1) Preparation of the epoxy/glass composite

2) Casting of the elastomer on the epoxy glass composite

3) Penetration of UHPC with 100% solid primer (CHS Epoxy 474 primer)
4) Gluing of the polymeric layer (elastomer + composite) on the UHPC

[ le—— Elastomer

+——— Composite Epoxy glass
:\ Structural adhesive

Fig. 1 Structure of a new generation ballistic panel
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Tab. 1 Characteristics of the elastomer layer

Characteristics Filled two component PU elastomer
Viscosity 25 °C (Brookfield CAP 13.305 + 0.182 Pa's
2000+)
Density 23 °C (1SO 2811-1) 1.182 g/cm3
Weight ratio (comp. A + comp.B) 100 + 13
Filling rate 30 wt. %
Curing 24 h/23 °C + 3 h/80 °C
Preparation casting

Tab. 2 Characteristics of the epoxy structural adhesive

Characteristics Filled two component PU elastomer
Viscosity 25 °C (Brookfield CAP 2000+) Thixotropic
Density 23 °C (ISO 2811-1) 1.55 g/cm?3
Weight ratio (comp. A + comp.B) 100 + 40
Preparation hand spreading

Tab. 3 Characteristics of the epoxy glass composite

Glass fabric INTERGLAS™ 92125, 280 g/m?, twill 2/2
Number of plies 13
Binder E582-T0542 (100+32)
Curing 1 h/RT + 6 h/45 °C + 2 h/120 °C
Composite thickness 3.1+0,1 mm
Composite density 1.82 g/cm?®
Surface weight fabric 5.6 kg/m?
Fiber weight/volume content 61 + 2 wt. % /44 + 2 vol. %.
Preparation hand lay-up

RESULTS
Design (numeric finite element model)

The impact of a projectile into a sandwich composite composed of an elastomer, a glass
fabric reinforced composite (GFRC) and a core (UHPC) of high-quality fiber-reinforced
concrete was simulated. The elastomer layers constituted the surface on both sides of the
sandwich panel. The GFRC were below them, glued to the UHPC core. UHPC, GFRC and
elastomer thicknesses were kept constant in all simulations. The thickness of the core was
30 mm, the thickness of the elastomer was 5 mm, the thickness of the epoxy composite was
3 mm. The properties of the contact between the elastomer and the GFRC were unknown, so
its damage was not considered and it was created using finite element node sharing. The
projectile under consideration was of the .357 Magnum type. According to EN 1522:1998, the
initial velocity of the projectile was considered to be 430 m/s. The Simulation of ballistic
resistance of sandwich panels was performed with Ansys mechanical software. The damages
induced by such of projectile are shown in Fig. 2.
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(b)

Fig. 2 Simulation of damaged induced by a 357 magnum projectile (a) Sole 3mm UHPC
(b) Sandwich panel 30 mm UHPC, 3 mm GFRC, 5 mm elastomer

As can be seen, without the polymeric layer, a 30 mm thick UHPC would probably not
pass the FB4 certification as scabbing would occur. Significant damages are seen even in the
case of the upgraded UHPC, but the those are more spread in the core thickness. At the same
time, the thickness of the panel cannot be too high, in order to avoid oversizing and thereby
increasing of weight and price. Material properties of the polymeric layer (elastomer, epoxy
glass composite and adhesive) were measured in the SYNPO lab department; the details are
given in the next chapter.

Polymeric layer properties

The polymeric layer protecting layer for the FB1-FB4 ballistic resistance was composed
of a 3 mm epoxy composite and a 5 mm elastomer. The whole layer is glued on the UHPC
surface. Tab. 4, Tab. 5 and Tab. 6 details the properties used for modelling.

Tab. 4 Properties of the 3 mm GFRC

FVC (tested panel) [%0] 422+1.2

Ty (tested panel) DMA (ISO 6721-7), ONSET G’ [°C] 74
Tensile (ISO 527-4) E [GPa] 18.7+£25
o™ [MPa] 290+ 11

g [%] 1.7
Flexural (1SO 178)* M [GPa] 21.8+0.9
o™ [MPa] 575+ 10

eM [%] 28+1

Interlaminar Shear Strength (ILLS) [MPa]** 425+0.9

*Characterization will be completed with ISO 14125 standard for more precise results
**Values are given for orientation purposes due to an invalid rupture type
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Tab. 5 Properties of the 5 mm elastomeric material

Tensile (ASTM 1708 mikro) o™ [MPa] 3.52+0.25
100 mm/min; 23 °C e [%] 121 +£10

Adhesion (epoxy substrate) o™ [MPa] 2.36 £ 0.34
. i Strength A [KN/m] 1.7+£0.09

Tear resistance (1SO 34-1) Median peak [N] 329+ 0.19

Tab. 6 Properties of the structural epoxy adhesive

Tg (tested panel) DMA (1SO 6721-7), ONSET G” [°C] 65
Density 23 °C (1SO 2811-1) 1.4 g/lcm?
Shear strength (CSN EN 1465) 19.3+ 1.2 MPa
Maximal strength T peel [N/cm] (ISO 11339) 8.45+0.93

Ballistic test results

Ballistic panels for FB1-FB4 resistance certification were submitted to VTU (Vojensky
technicky Ustav). Two standard types of munitions were used for testing .357, MAG
and .44 Rem MAG. Fig. 3 shows the damages encountered by the panels. As can be seen,
neither front nor rear fragments were ejected from the samples validating the certification acc.
CSN EN 1522.

357 Mae. - b —4—
: FB 4
SN EN 15272

5«0 ¢-=-0b

-—
FBY
GNEN 1522

Fig. 3 Appearance of panels after shooting (a) 357, Magnum front (b) .44 Rem Magnum front
(c) 357, Magnum rear (d) 44 Rem Magnum rear

Price and weight comparison

The impact of the polymeric layer addition was evaluated considering the weight saving
and inevitable price increase. The new generation panel with a 30 mm UHPC core was
compared to a sole 50 mm UHPC withstanding the FB4 ballistic resistance. Fig. presents the
comparison per a one-meter square panel. As can be observed, there was a significant weight
reduction of almost 30 wt. %. This together with an increased security due to the elimination of
the scabbing effect (primary goal of the UHPC upgrade), makes the new generation sandwich
panel efficient for ballistic purposes. A rough estimation of costs was calculated. A significant
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increase of price was expected, nevertheless it can be reduced by further optimizing the
formulation of the polymeric layers.

CONCLUSION

The new generation of ballistic panels based on UHPC were designed to prove resistance

up to level FB4, with complete suppression of scabbing and reduction of panel requisite weight.

400,0
+58%
300,0 F
200,0
-29%
0,0 .

Weight (kg) Price (€)
E5cm UHPC 1m2 117,9 205,00 €
@3cm UHPC 1m2 + Polymeric layer 83,6 323,08 €

m5cm UHPC 1m2 @3cm UHPC 1m2 + Polymeric layer

Fig. 4 Price and weight comparison of UHPC and new generation ballistic panel
withstanding the FB4 resistance

Next, the panels design will be upgraded for higher ballistic resistance such as FB5 to

FB7 and finally Stanag Al to A4. Accelerated aging will be performed on panels to complete
the FB1- FB4 resistance certification.
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VISKOELASTICKE MATERIALOVE MODELY POLYMERNICH KOMPOZITU
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The demands of industrial development require the use of CAE approaches to predict and
evaluate the time response of structures containing hybrid structures composed of structural
polymer composites. This paper discusses options that account for the viscoelastic behaviour of
materials as a function of time or frequency under operationally standard loading and temperature
conditions, typically in the temperature range of 23 to 120 °C.

Pozadavky priimyslového vyvoje vyZaduji aplikovat CAE pristupy, které by umoznily predikovat
a ocenit casovou odezvu konstrukci obsahujicich hybridni struktury sloZené z konstrukcnich
polymernich kompozitii. Prispévek diskutuje moznosti, které respektuji casové nebo frekvencni
viskoelastické chovani materialii za provozné standardnich zatézovacich a teplotnich podminek,
zpravidla v intervalu teplot 23 az 120°C.

KEYWORDS
Viscoelasticity, CAE numerical simulations, Finite Element Method
INTRODUCTION

In the current practice of predictive CAE simulations, the stresses of structural composite
material structures and their assemblies are usually evaluated and assessed according to the
strain and stress levels in an elastic anisotropic/ortho-tropic continuum or an elasto-plastic
isotropic continuum. It is evident that it is not possible to make an educated guess, by means of
the mentioned material models, as to what states of stress and strain occur in these materials
under the assumption of their viscoelastic response induced mainly by the operating
temperature, or under the normatively prescribed thermal-climatic conditions. A requirement
and necessity for informed CAE predictions is the knowledge of viscoelastic material models,
including failure criteria for structural composites from longer-term temperature-influenced
perspectives.
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1. RHEOLOGICAL MANIFESTATIONS OF MATERIALS DURING LOADING AND
UNLOADING

The rheological manifestations of substances are associated, among other things, with
phenomena known as viscoelasticity/relaxation/creep. These phenomena are spontaneous
material processes activated by external energy supply and subsequently by transport
thermodynamic phenomena occurring both in the material itself and in contact with the
surrounding environment, with varying intensities depending on the environmental conditions
[1, 2], see basic diagrams in Fig. 1.

g(t)“ o(t) 4
Relaxation | o(t) = go[E(t —ty)]
fod_——_
Fading
4 %) t t-l tzV’ t
| o) = eolEct - t)- ECt - 1]
O'(t)“ E(t)n
Creep £() = oot = )] |
Ood————
Recovery
K20 = 00ll(t ~ t)- )¢t~ )
|
|
> !
2

t, t, t 1, t
Fig. 1 Viskoelasticita — relaxace/creep

2. VISCOELASTIC MODELS OF MATERIALS

Basic rheological models of substances, see Fig. 2, cannot describe the real response of
materials used in engineering practice due to their simplicity.

E U]
o" E®

AR e gl

n

& &
E®
#\/\/\/\H\ b s
TI-/WWL— n F w 1. J ) l; 1 Jr;_l 5;1}.;

pe

Fig. 2 Examples of "two", "three" and "four" parametric viscoelastic models

Therefore, these models are combined in an attempt to approximate reality. This broad
topic has become part of the educational field referred to as "materials engineering". The basis
of the field is physical experimentation, followed by analytical and numerical methods, which
only together can satisfactorily identify the behaviour of the material in question under
operating conditions (generally climatic conditions, operating temperature range, strain rates,
long-term service, environmental aggressiveness, radiation, etc.).

47



For a more comprehensive description of the viscoelastic response of materials under
service conditions, especially polymer composites, generalized viscoelastic models are used.
Initial examples are given in Fig. 3.

Generalized o Generalized
Maxwell Model T Kelvin Chain
Fe= = = E_ n E E 1 E N ,]
_AAAR
vy v
<] “THTH L7 L=
E| n n, g li r F A } i ! o
______ . 7,

Fig. 3

The mathematical description of their behaviour is based on Boltzmann's superposition
principle, which considers the loading effects on the viscoelastic medium to be independent and
additive, and the response of the medium to these effects to be linear. It can be applied to both
creep and relaxation processes. This results in so-called hereditary integrals, i.e.:

Hereditary Integral for Strain

t

9]

gt) = fj(t - 1) Z(TT) dt where j(t) is the creep function (compliance).

0

Hereditary Integral for Stress
t
de(T)

a(t) = fg(t —T) gt where g(t) is the relaxation function (modulus).

0

Often the above relations are given in forms that can be obtained by integrating them per-
partes. Valid
0j(t)
dt

ot

() =j0) o(t) + j o(t—1)

0

o(t) =g(0)e(t) + f e(t— T)%d‘[

0
where j(0) and g(0) are the initial values of the creep compliance function and the relaxation
modulus.

From the preceding, it is evident that the creep and relaxation behaviour of materials are
related and, therefore, that there is a correlation between the material functions of creep
compliance j(t) and relaxation modulus g(t). This can be interpreted in integral forms, which
result from the use of the Laplace transform. Valid

t ai t
i@+ [t~ L2 ar=1 anajor 0)j+ [ jtt -

0 0

dg(7)
ot

dt

t t

fg(r)j(t—r) dt =t and/or fj(r) gt—1t)dr=t
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3. VISCOELASTIC MATERIAL MODELS IMPLEMENTED IN CAE/FEM SW
PRODUCTS

The formulation for these models is based on the above and the parameters contained in
them are usually attributed to the behaviour of materials in the solid state, the so-called "solids".

The basis is the Prony series, which is based on generalized models composed of many
Maxwell groups N
t
G(t) =G, + z G; exp (——) )
i=1 Ti

where G, is the long term "equilibrium"” modulus that corresponds to "complete” relaxation
(in infinitely long time), t; a G; are the parameters of the Prony series and t is time.

If we introduce the instantaneous so-called "dynamic™ modulus G4, which represents the
stiffness of the material immediately after loading (at time t =0)

Go= G(t=0)=G,+Y¥,G;
we get the Prony series in the equivalent form

6(8) = Go - i Gi[1- ewp- D]
i=1 ‘

Note that the parameters of the Prony series G; and t; are determined on the basis of
suitable experiments (tension, pressure, shear, volumetric or biaxial tests) and by processing
the measured data through numerical regression procedures into the desired form (fitting
curves, e.g. least squares method).

Predicting the viscoelastic response of polymer composite products requires the
implementation of relaxation or creep experiments depending on temperature and time or
frequency, see next.

In certain cases, the so-called Time-Temperature Superposition Principle can be used to
shorten the experimental measurement time and determine the relaxation modulus or creep
compliance as a function of time in the form of a so-called master curve, represented
mathematically by a Prony series, together with the Williams-Landel-Ferry empirical
relationship. For polymeric materials, it is necessary to distinguish between materials exhibiting
thermo-rheological simplicity or complexity under operational loading. In the former case, the
time-temperature superposition principle (master curve) can be used, but not in the latter. The
reason for this is the differences in their molecular structure, which consists in the
environmental mobility of the "structural elements” of the respective material, especially as a
function of temperature [3].

The above approximate relationships of experimental creep and relaxation measurements
in the time domain are usually implemented in sw tools (ANSY'S, Abaqus, MSC.MARC, etc.)
in one of the following normalized (dimensionless) forms:

G;

G
al = = andfor af= L
Go Go

t t
G(t) = G, [afo +Y¥  afexp (— r_z)] andlor G(t) = Gg [1 -y af exp (1 - r_l)] ;
where 7 is a user-selected so-called relaxation time spectrum in graphical interpretations
usually displayed in logarithmic time decades.
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4. MATHEMATICAL REPRESENTATIONS OF THE VISCOELASTIC MODEL IN
FREQUENCY FORM

We also mention that the viscoelastic behaviour of the material can be identified by
dynamic vibration experiments, the so-called DMTA (Dynamic Mechanical Temperature
Analysis) method. In these experiments, the material is subjected to small strain vibrations at
different modes of excitation. The measurements result in real G'(w) and imaginary G (w)
components of the complex moduli G(w), which are functions of the frequency @. From the
theoretical background, it follows that the following relationship holds between the Prony series
parameters introduced above in the time domain and the frequency representation of the linear
viscoelastic responpse of gnaterials

A e

For the complex module G(@) and the loss factor ,,tg& @) valid

() = VG2 (w) + (@) tg(w) = G( ))

The preceding shows that if we determine the value of G, and the normalized parameters
ai from experimental data by regression methods through the above mathematical relations (in
time and frequency, respectively), we can convert the material dependencies to each other.
However, this is subject to the validity of superposition principles (Boltzmann + TTSP) and for
thermo-rheologically simple materials.

5. PHYSICAL EXPERIMENT — THE CONDITION AND BASIS FOR
UNDERSTANDING THE VISCOELASTIC RESPONSE OF MATERIALS

To identify the time response of solid materials to external loading effects, it is necessary
to be aware of a number of implications arising from the theory of solid continuum mechanics.
The basic point is that for a homogeneous isotropic material, the strain and stress of
a viscoelastic body, as well as that of an elastic body, can be divided into two components that
characterize the change in shape of the elementary volume of the material (stress and strain
deviators) and the change of the elementary volume of the material and where relations hold
between the quantities K, G, E and u

26(0) A+p®) _ _ GOEQY _ E(t)
3(1-u(®) 3BG(H-E®)  3(1-2u(t)

To identify the viscoelastic properties of the materials, experimental techniques based on
the following experimentally verified assumptions are used:

K(t) =

1. the material behaves identically in shear and volumetric deformation
E(t)

u(t) = u=konst. <0.5 E

E
G )
2. the material is elastically compressible

E(t) _ (1-2u()
E  (1-2p '

3. the material is incompressible K(t) —» o, E(t) =3 G(t), u(t) = konst. =0.5.

K(t) = K = konst.
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6. NUMERICAL SIMULATION OF DMTA TEST IN 3-POINT BEAM BENDING
MODE

For the purpose of CAE simulations of hybrid structures, LENAM has developed
a methodology to identify the viscoelastic properties of polymer composites using the DMTA
experimental method in combination with numerical simulations [4].

Fig. 4 shows a comparison of DMTA experimental results and FE simulations in the
temperature range 40-120°C.

+ DMTA [um] + FEM[um] --e-T[°C]

250

200 ot
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Fig. 4 Comparison of the results of DMTA experiments and FEM simulations

CONCLUSION

The developed methodology allowed to verify the correctness of the determination of the
Prony series parameters entered into the material models of the respective
parts/components/objects by calculations of the analyzed hybrid structural assemblies.

With the support of CAE modelling and FE simulations of physical experiments such as
DMTA, the realistic behaviour of polymer composite materials in their viscoelastic response
modes to service loads can be competently estimated and their material models can be
developed.

By deploying modern experimental techniques in conjunction with computational
matrices, both analytical and numerical, in the pre-development conceptual stages of product
development, gaps between the desired goal and its outcome can be bridged and appropriate
measures can be discussed and proposed, thereby minimizing product development errors early
on.
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BENEFITS OF COMPOSITE MATERIALS IN MACHINE TOOL STRUCTURAL PARTS

PRINOSY VLAKNOVYCH KOMPOZITU V KONSTRUKCI
NOSNYCH DILU VYROBNICH STROJU

MILAN RUZICKA?L, VIKTOR KULISEK?, PETR KOLARS,
JAN SMoOLIiK*, ONDREJ UHER®

This paper describes application of carbon fiber composites in machine tools, where the main
advantage is not the strength, but high stiffness and lower weight compared to steel or cast-iron
structures. Three practical examples are described. The first one on the rotary parts where the steel
drive shafts have been replaced by a long high modulus carbon fiber composite shaft. The second
on a full composite Z-axis glide structure and the third on a hybrid ductile-cast iron Z-axis glide,
which is reinforced by inner composite tube.

KEYWORDS
Machine tools; fibre composites; light-weight design; dynamic stiffness
UvoD

Vldknové kompozity jsou jiz Siroce pouzivanou skupinou materiald, kterd nachéazi
uplatnéni v riznych primyslovych aplikacich. Jejich vyS$si uplatnéni v oblasti vyrobnich stroji
je dosud pomérné vzacné, predstavuje velké technické vyzvy i slibné potencidlni pfinosy. Na
komponenty pohybovych os vyrobnich strojii jsou totiz kladeny enormné vysoké naroky
z hlediska jejich statické i dynamické tuhosti. Tradi¢ni materidlova feSeni z litin nebo oceli
vedou K silnosténnému charakteru komponent o zna¢né hmotnosti, coz omezuje dynamickeé
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chovani pohybovych os (dosazitelné rychlosti a zrychleni linedrnich posuvi, kritické otacky
rotacnich komponent). Mozné odlehceni pomoci vlaknovych kompozitii by vedlo ke zvyseni
produktivity vyroby vyrobniho stroje, v ptipadé zvySeni dynamické tuhosti i ke zvySeni
piesnosti a jakosti pfi obrabéni vyrobku. Pozadavek vysoké tuhosti v§ak predstavuje odklon od
tradi¢nich tenkosténnych kompozitnich konstrukei k silnosténnym strukturam, ve kterych jsou
namisto vysoko-pevnostnich vldken (s modulem pruznosti E+~230 GPa) aplikovana (ultra)-
vysoko-modulovéa vldkna (Es~640-780-960 GPa). Z divodu ortotropniho chovani kompozitu
vSak nelze jednoznacné konstatovat, ze aplikace uhlikovych kompoziti do komponent
vyrobnich stroji bude vzdy piinosna. Zejména viceosové namahani — kombinace ohybu, krutu
a pricného smyku a technologické i konstrukéni pozadavky na vyslednou skladbu kompozitu a
pripojovaci rozhrani mohou devalvovat teoretické tivahy o jeho pfinosu. Mezi dalsi nevyhody
patii vysoka cena kompozitniho materialu, zejména vysokomodulovych vldken a navaznych
technologii pfipojovéani. Pfehled kompozitnich aplikaci v riznych komponentdch vyrobnich
stroju je uveden naptiklad v [Mohring].

KOMPOZITNI MATERIALY V ROTACNICH KOMPONENTACH

Velky potencidl maji vlaknové kompozity v konstrukci komponent s rota¢ni osou, kdy
jeji vyrazné odlehCeni pii zachovani nebo zvyseni jeji statické a dynamické tuhosti pfinasi
sniZzeni spotfeby energie pro pohony a vyss$i dynamické parametry sestavy. To lze vyuzit
zejména u nastroji pro obrabéni, hiidell vysokootdCkovych vieten, ndhonovych hiideld,
ptipadné dalsich aplikaci. Vyuziti ultra-vysoko-modulovych uhlikovych vlaken umoziuje
dosdhnout vyrazné vyssich vlastnich frekvenci a kritickych otacek nez u tradicnich ocelovych
hiidelt. Diky tomu lze napt. nahradit sestavu kratSich ocelovych htideli a spojek jednou
dlouhou kompozitni htideli, ktera kromé zjednodusené montaze ptinasi i dalsi uspory z hlediska
redukce poctu lozZisek, spojek a vyrobnich a montdznich nékladt. Piikladem je ndhonova hiidel
(Obr. 1) pro obrabéci stroj s primérem 65 mm, délkou 2000 mm a schopnosti dlouhodobé
zatéze na Mk=3000 Nm.

Obr. 1 Kompozitni nahonova hiidel béhem zkousek pevnosti spoji

Kritickou oblasti vyse zminénych konstrukci byva zejména tvorba spojovacich rozhrani.
U nahonové hiidele (Obr. 1) to piedstavuje tvorbu spoje mezi kompozitni Casti hiidele
a ocelovymi koncovkami, obsahujiciho pfipojovaci prvky pro spojeni do sestavy (plochy pro
loziska, drazky pro pera apod.). Jednou z moznosti je pouziti lepenych spojit mezi kompozitni
a ocelovou casti. Navrh lepeného spoje obvykle limituje vyuzitelnou pevnost a Zivotnost
sestavy hiidele. Na Obr. 2 az Obr. 4 jsou zobrazeny 3 modelove verze lepeného spoje, které
jsou tvofeny lepenou valcovou plochou, lepenym kuzelovym spojem, nebo kombinovanym
lepenym a tvarovym spojem mezi kompozitni hiideli a ocelovou koncovkou. Experimentélni
porovnani pevnosti pro zkuSebni vzorky priméru 42 mm je zobrazeno na Obr. 5, kdy
usporadani zkousky odpovida konfigurace z Obr. . Rizna konstrukce spoje vede k drobnym

53



rozdiliim v torzni tuhosti celkové sestavy hiidele. Zejména ale ovlivituje pevnost hiidele
i chovani hiidele po iniciaci poruchy spoje, jak demonstruji kiivky deformaéniho diagramu.

" plochy lepeného spoje

Obr. 2 Vélcovy lepeny Obr. 3 Oboustranny Obr. 4 Lepeny a tvarovy spoj
Spoj kuzelovy lepeny spoj

3000000 —Valcovy spoj

—Oboustranny kuzelovy spoj

2500000

—Tvarovy spoj
2000000

1500000

Mk [Nmm)]

1000000

500000

Natoceni [deg]

Obr. 5 Porovnani pevnosti a tuhosti hidelt modelovych spoju pfi torznim namahani

KOMPOZITNI MATERIALY VE SMYKADLECH A DALSICH NOSNICICH

Dalsim potenciadlnim uplatnénim kompoziti ve vyrobnich strojich je odlehceni, nebo
vyztuzeni komponent, které zajiSt'uji linearni pohyby dilti do sméru pohybovych os. Jedna se
0 smykadla, pti¢niky, ramena robotickych manipulatort a jiné strukturalni nosniky. Spole¢nym
pozadavkem téchto aplikaci je dliraz na vysokou statickou tuhost — minimalizaci deformaci pro
kombinované naméahani ohyb — krut — pficny smyk. Experimentalni porovnani klicovych
vlastnosti je pro vzorky modelovych nosniki o rozmérech 120x120%1200 uvedeno na Obr. 6
avTab. 1. Vzorek zsedé litiny, ocelového svafence je zde porovnan s dvéma typy
kompozitnich vzorkt, které byly vyrobeny z ultra-vysoko-modulovych vlaken modulu
pruznosti Ef 780 GPa. Rozdil mezi vzorky Kompozitl a Kompozit2 spocival v tom, ze vzorek
Kompozitl byl vyroben jako integralni vzorek technologii navijeni a kladeni vlaken, zatimco
Kompozit2 byl vyroben lepenim z pifedvyrobenych desek a jako takovy v sobé obsahoval dalsi
poddajnost rohovych spojti.

Obr. 6 Modelové vzorky nosnych struktur (vlevo) a zkousky statické tuhosti (vpravo)
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Tab. 1 Porovnani geometrie, modalnich parametrd a tuhosti nosnik 120x120x1200

Litina | Ocel Kompozitl | Kompozit2

Hmotnost [kg] 43,4 23,2 11,2 11,5
Tloustka stény [mm] 10 5 13 14

1. frekvence [Hz] 493 390 915 762
Tlumeni 1. ohyb. tvaru {1 [%] 2,1 0,3 1,6 1,3
Primérné tlumeni Cpr [%] 0,45 0,38 1,37 0,7
Ohybové tuhost EJ [N.mm?] 1,52e12 | 1,57el12 | 2,22e12 1,61el12
Staticka tuhost F/y [N/mm] 55503 | 34068 | 46903 34123

Porovnani hodnot v Tab. 1demonstruje, ze pii stejné ohybové tuhosti lze dosahnout
vyrazné hmotnosti redukce, zvyseni vlastnich frekvenci i tlumeni u kompozitnich vzorkt vici
tradiénim konstrukénim koviim. Nutnosti v8ak bylo pouziti vyssi tloustky stény u kompozitu
oproti ocelovému i litinovému vzorku stejného vnéjsiho prifezu. Je to zptsobeno vlastnostmi
anizotropniho materialu. To pro kombinované namahani (zde ohyb + pfi¢ny smyk, viz Obr. 6)
vede k nutnosti pouzit vrstvy s orientaci 0° i vrstvy s orientaci +45°, ¢imz dochazi k sniZzovani
efektivniho modulu pruznosti v podélné ose, zvySuje se vSak modul smykovy. Porovnani
vzorkd Kompozit 1 a Kompozit 2 ukazuje, Ze celonavijeny nosnik ma vyrazn¢ vyssi tuhost nez
nosnik spojovany.

Vyhody a nevyhody celokompozitnich feSeni ukazuje studie kompozitnich smykadel
obrébéciho stroje. Zkusebni kompozitni téleso rozméra 275%x230x1100 je zobrazeno na Obr. 7
béhem zkousky statické tuhosti. Téleso bylo vytvoieno z lepenych kompozitnich desek
s zebrovou vnitini vyztuhou. Ke kompozitu bylo uloZeno referencni ocelové téleso pro méteni
pruhybt nosniku pii jeho zatizeni ve vertikalnim sméru (viz Obr. 7). Na Obr. 8 je ukézano
zebrovani vnitintho prostoru smykadla, které bylo u kompozitu tvofeno vlepenymi
kompozitnimi deskami, u oceli svafenymi vyztuzemi. Porovnani geometrie a statické tuhosti je
uvedeno v Tab. 2.

........

Obr. 7 Smykadlo pii zkousce tuhosti Obr. 9 Zebrovani kompozitniho smykadla
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Tab. 2 Porovnani hmotnosti, geometrie a statické tuhosti smykadel obrabéciho stroje

Téleso Hmotnost Tlou$tka Khorizon Kvertikal
[ka] stény/Zebra [mm] | [N/um] [N/um]

Referenéni 112 10/8 55 64

ocelové sm.

Deskové 45 19/11 26 58

kompozitni sm.

I pfes dvojnasobné zvyseni tloustky stény bylo analogicky k zédkladnim vzorkim
dosazeno u kompozitniho feSeni vyrazného snizeni hmotnosti a podobné statické tuhosti pfi
zatizeni ve svislém sméru, kde plisobi kombinace ohyb a smyk. Problém se ukazuje pii zatizeni
ve vodorovném na podélnou osu pfiéném sméru, kdy se navic vyvozuje krut. Kombinované
namahani a poddajnost struktury (lepené desky, lepené Zebrovani) pro tento piipad vedlo
k dosazeni piiblizné k polovi¢ni tuhosti s referenéni ocelovou variantou. JistéZze existuji
zpusoby, jak finalni vyrobek fesit 1épe a zvysit jeho statickou tuhost, naptiklad pouzitim celo-
navijeného profilu misto lepenych desek. Nicméné na vysledcich zkuSebnich smykadel lze
demonstrovat, ze celokompozitni feSeni je vhodné do komponent pohybovych os s pozadavky
na velké zrychlovani a co nejvyssi redukci pohybovych hmot. Vhodnou aplikaci mohou byt
napftiklad pfi¢niky strojii pro rychlé fezani laserem a dalsi.

Jako vhodna se také ukazuje kombinace kompoziti z ultra-vysoko-modulovych vldken
s oceli / litinou pro tvorbu tzv. hybridnich struktur. Kovové ¢asti l1ze pak vyuZit pro spojovaci
rozhrani a také jako nosnou cast, kterd pomiize se statickou tuhosti pfi kombinovaném
namahani. Kompozitni ¢ast 1ze navic optimalizovat pro dosaZeni vhodné tuhosti a hmotnosti
celku. Ptikladem je hybridni smykadlo obrabéciho stroje s vnéj$im plastém z tvarné litiny
a vnitini kompozitni vyztuzi (Obr. 9). Na télesu rozméru 420x400x2500 znamenalo vlepeni
kompozitni vyztuze hmotnostni piirtistek mensi nez 10 % ptvodni hmotnosti. Vyztuzeni
lehkou a tuhou kompozitni vyztuzi pak vedlo k vyraznému zvySeni dynamické tuhosti
samotného telesa (viz Obr. 11), které bylo naméteno pii modalni analyze smykadel (Obr. 10).
Je zde patrny vyrazny piinos hybridni struktury z hlediska zvySeni dynamické tuhosti
i vlastnich frekvenci. Pfinos je nutné ale vzdy posuzovat z hlediska sestavy celého stroje, kdy
napiiklad zvySeni tlumeni samotného télesa se v sestav€ vyrobniho stroje nemusi projevit, viz
[Kulisek]. Na Obr. 12 je vypoctoveé demonstrovan efekt zvySeni tuhosti smykadla na dynamické
tuhosti a frekvencich sestavy obrabéciho stroje.

Obr. 9 Hybridni smykadlo s vnéjs$im Obr. 10 Hybridni smykadlo pti modalni
litinovym plastém a kompozitni vyztuzi. analyze
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Obr. 11 Dynamickéa poddajnost Obr. 12 Dynamickéa poddajnost sestavy
hybridniho/referencniho smykadla obrabéciho stroje s hybridnim/referenénim
(zkouska) smykadlem (MKP).
ZAVERY

Vlaknové kompozity maji velky potencial pro zvySeni uzitnych vlastnosti vyrobnich
stroji. Nabizeji vyrazné odleh¢eni komponent pohybovych os pii zachovani vysoké statické
tuhosti. Jedna se ale o specifické uplatnéni kompoziti, ve kterém se zejména jednd o silnosténné
dily s kompozity z ultra-vysoko-modulovych vlaken. Aplikace kompoziti viak vyzaduje FeSeni
fady dalSich otdzek, napf. spojovaci rozhrani, optimalizovanou tuhost pro vSechny moédy
namahani vcetné posouzeni finanéni efektivity aplikace. Prispévek ukazuje vyuZitelny
potencial kompozitl jak v rota¢nich télesech, tak v nosnych dilcich pohybovych os vyrobnich
stroja.

PODEKOVANI

V této praci byly shrnuty vysledky projekti TE01020075 Centrum kompetence —
Strojirenska vyrobni technika a TA02010543, které byly podporovany Technologickou
agenturou Ceské republiky.

LITERATURA

1. Mohring, H. C. Composites in Production Machines. Procedia CIRP, 2017, Vol. 66,
pp 2-9. ISSN 2212-8271

2. Kono, D., et al. A Machine Tool Motorized Spindle with Hybrid Structure of Steel and
Carbon Fiber Composite. In: CIRP Annals - Manufacturing Technology. Vol. 68, 2019,
pp. 389-392. ISSN: 1726-0604.

3. Kulisek, V., et al. On Passive Damping in Machine Tool Hybrid Structural Parts.
International Journal of Advanced Manufacturing Technology, 2021, Vol. 114,
pp 1925-1952. ISSN 1433-3015

57



POLYMER COMPOSITES
2023

Tabor, May 24t-25th 2023
CZECH REPUBLIC

FLAX MULTIAXIAL FABRICS — WAY FOR REDUCING OF THE PRODUCT CARBON
FOOTPRINT

LNENE MULTIAXIALNI TKANINY — CESTA KE SNIZENI UHLIKOVE STOPY
VYROBKU

MAREK SCERBAL

KEYWORDS
Multiaxial fabrics, flax, natural fiber composite
INTRODUCTION

One idea to reduce the product carbon footprint is to reduce over-engineering - by using
natural fiber fabrics. In cooperation with Terre de Lin, one of the world’s biggest suppliers of
linen, we developed this new product series for our customers: the new flax fiber NCFs. Made
by SAERTEX in France. Maybe they will not replace glass fiber fabrics. But they are one way
to reduce the CO2-footprint. For example, of interior parts in boats, for skis or boards and those
composite parts in transportation that are 0.k. with the mechanical properties of flax fibers and
good damping characteristics are a benefit.

Our main goals are following:

Improve product offer at a competitive price in order to complement STX non-crimp
fabric product range. This will not replace glass fiber applications but applications where glass
is overdesigned. In combination with glass/carbon this can reach semi-structural to structural
applications.

! Ing. Marek S¢erba, SAERTEX, GmbH., Tel: +420 554 61 15 53. Email: m.scerba@saertex.com
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UvoD

Jednim z napadl, jak snizit uhlikovou stopu produktu, je omezit mechanickou
predimenzovanost klasickych vyztuzi — pomoci tkanin z pfirodnich vlaken. Ve spolupraci
s Terre de Lin, jednim z nejvétSich svétovych dodavatelti Inénych vlaken, jsme pro nase
zakazniky vyvinuli tuto novou produktovou fadu: nové multiaxialni tkaniny na bazi Inéného
vldkna. Vyrobeno ve spolecnosti SAERTEX France. Mozné nenahradi tkaniny ze skelnych
vlaken. Ale jsou jednim ze zpusobd, jak snizit uhlikovou stopu. Napiiklad interiérové dily
V lodich, pro lyZze nebo snowboardova ¢i kite prkna a ty kompozitni dily v doprave, které
uspokoji uzivatele s mechanickymi vlastnostmi Inénych vlédken a jejich dobrymi tlumicimi
vlastnostmi, které jsou jejich velkym ptinosem.

Nase hlavni cile jsou nasledujici:

Vylepsit nabidku produkt za konkurenceschopnou cenu, abychom doplnili sortiment
naSich multiaxialnich tkanin. To nenahradi aplikace ze sklovyztuzi, ale aplikace, kde je sklo
pfedimenzované. V kombinaci se sklem ¢i uhlikem mizeme dosahnout az polostrukturalnich
az strukturélnich aplikaci.
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INFLUENCE OF THE PREPARATION TECHNOLOGY AND PLASMA TREATMENT
ON THE STRENGTH OF POLYETHYLENE WITH GLASS FIBERS

OVLIVNENI PEVNOSTI POLYETHYLENU SE SKLENENYMI VLAKNY TECHNOLOGII
PRiIPRAVY A PLAZMOVOU UPRAVOU

JAN SEZEMSKY?!, ZDENKA JENIKOVAZ, TATANA VACKOVA3

The paper deals with the preparation and testing of a composite material based on a non-polar
thermoplastic matrix reinforced with short glass fibers. This material was prepared by various
manufacturing technologies, namely rotomolding, compression molding and FDM 3D printing. Pre-
treatment of the polyethylene matrix with plasma was included in the preparation process to improve
adhesion between phases and as a result the properties of the final material.

KEYWORDS
Polyethylene, glass fibers, plasma, rotomolding, compression molding, 3D printing
UvoD

Kompozitni materidly na bazi polymerii jsou v soucasnosti nedilnou soucasti fady
technickych aplikaci, a to diky snadné zpracovatelnosti mnohymi vyrobnimi technologiemi
nebo nizké mérné hmotnosti v kombinaci s dostateénymi mechanickymi vlastnostmi. Téch je
ale dosaZeno za ptedpokladu dobré adheze matrice k vldknlim. LepSimu spojeni mize
dopomoci v pribéhu piipravy vnéjsi tlak, jako je tomu napf. v pfipad€ vstiikovani nebo
lisovani. V technologii, kde neni vyvijen tak vysoky tlak (3D tisk), nebo cely proces probiha za
atmosférického tlaku (rotomolding), je v piipad€ nedostatecné adheze nutno zatadit prediipravu
vlaken nebo matrice. U nepoldrnich polymerti je moZnosti napt. chemicka funkcionalizace,
roubovani nebo plazmova modifikace povrchu. Ovéteni vlivu plazmové Gpravy polyethylenové
matrice na pevnost riizné pripravené¢ho kompozitu je predmétem tohoto ptispévku.

Y Ing. Jan Sezemsky, Department of Materials Engineering, Faculty of Mechanical Engineering, Czech Technical
University in Prague. Karlovo namesti 13, Praha 2, Czech Republic. Tel: +420-22435-9778. Email:
jan.sezemsky@fs.cvut.cz

2 Ing. Zdeiika Jenikov4, Ph.D., Department of Materials Engineering, Faculty of Mechanical Engineering, Czech
Technical University in Prague. Karlovo namesti 13, Praha 2, Czech Republic. Tel: +420-22435-9756. Email:
zdenka.jenikova@fs.cvut.cz

% Ing. Tatana Vackova, Ph.D., Department of Materials Engineering, Faculty of Mechanical Engineering, Czech
Technical University in Prague. Karlovo namesti 13, Praha 2, Czech Republic. Tel: +420-22435-9755. Email:
tatana.vackova@fs.cvut.cz
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POUZITE MATERIALY

Jako matri¢ni material byl pouzit polyethylen (PE) Dowlex 2629.10UE, ktery byl ve
vychozim stavu dodan v podobé prasku (Obr. 1a). Pouzity polyethylen je nizkohustotnim typem
ama tyto zakladni vlastnosti: hustota 0,935 g-cm, teplota tani 124 °C, pevnost v tahu
17,5 MPa, MFI 4 g/10 min [1]. Matrice byla vyztuzena kratkymi sklenénymi vldkny (GF)
Lanxess MF 7982 (Obr. 1b) o praiméru 14 um, s pramérnou délkou 150 um a objemovou
hmotnosti 0,750 g-cm™ [2].

Obr. 1 Vychozi suroviny a) polyethylenovy prasek; b) sklenéna vlakna

POPIS PLAZMOVE UPRAVY

Modifikace polyethylenového prasku byla provedena na nizkotlakém plazmovém
laboratornim zaiizeni LA 400. Plazma bylo generovano pomoci mikrovinného zdroje v Kysliku
pfi konstantnim pritoku 300 sccm. Vakuum o tlaku 100 Pa bylo vytvofeno a udrZzovéano
dvoustupnovou rotacni vyvévou Pfeiffer Vacuum Duo 35. Pro dosaZeni rovnomérné tpravy PE
Castic byl prasek v aparatufe umistén do michacky s konstantnimi otackami 40 ot./min.
V jednom plazmovém modifika¢nim cyklu bylo dohromady navazeno a upravovano 250 grami
surového materialu. Celkova doba plazmové Upravy byla 10 minut.

TECHNOLOGIE PRIPRAVY

Proces piipravy kompozitnich vzorkil ve v§ech piipadech zacal navaZzenim a smichanim
10 hm. % sklenénych vlaken s polyethylenovym praskem. Vychozim polotovarem pro
rotomolding a lisovani byla praveé tato smes, pro 3D tisk byl pfipravovan filament.

Rotomolding (RM)

Ptiprava vzorkd technologii rotomolding probihala na laboratornim zafizeni
zkonstruovaném firmou Zelezny, s.r.o. Jedna se o stroj typu “rock and roll”, ktery umoziiuje
kyvani pece jako celku v jednom sméru a otd€eni formy umisténé ve vnitinim prostoru pece.
Forma se pak otac¢i ve sméru kolmém na smér kyvani. Nastavend maximalni teplota v peci byla
250 °C, PIAT, ktera urCuje maximalni dosazenou teplotu uvnitt formy byla 210 °C. Chlazeni
formy probihalo proudem vzduchu vhanéného dovnitt pece.

Lisovani

Lisovani vzorkil prob¢hlo na hydraulickém lisu HOLZMANN WP45H. Tento lis byl
upraven pro zpracovani a piipravu vzorkl z termoplastii. Celisti stroje byly nahrazeny dvéma
elektricky vyhtivanymi deskami, které bylo mozno chladit vodou. Mezi desky se vlozila

médeéna forma s pripravenou kompozitni smési, ktera se nasledné zahtala na 160 °C. VVzorky
byly poté lisovany za tlaku 1,25 MPa po dobu 20 minut.
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3D tisk (FDM)

Proces ptipravy kompozitniho filamentu pro tisk vzorkl byl nasledujici. Smés PE prasku
a vlaken se nejprve nechala spéct v peci pifi atmosférickém tlaku a teploté¢ 180 °C po dobu
30 minut. Slinuté desky byly poté rozdrceny v laboratorni drti¢éce. Kompozitni filament byl
ptipraven z rozdrcenych pelet pomoci extrudéru Noztek Pro. Extrudovani probihalo pfi teploté
180 °C. Kviili abrazivnim t¢inklim sklenénych vlaken byla pouzita ocelova tryska o priméru
1,75 mm. Nakonec byly kompozitni vzorky vyti$tény na tiskarné Prusa i3 MK3S+ s ocelovym
tiskovym platem a s hladkym oboustrannym PEI povrchem. Soubory GCode byly generovany
v programu PrusaSlicer 2.3.3., kde byly nastaveny tyto tiskové parametry: teplota trysky
240 °C, teplota podlozky 90 °C, pramér trysky 0,8 mm, rychlost tisku 60 mm-s™, vyska vrstvy
0,3 mm. Zkus$ebni télesa byla tisténa se 100% piimocarou vyplni, v podélném sméru.

TESTOVACI METODY

Ptipraveny kompozitni material byl charakterizovan z hlediska mechanickych vlastnosti
a mikrostruktury. Pevnost v tahu byla méfena na zkuSebnich télesech s rozméry dle normy
ASTM D638 (Typ IV). Ze vzorkt pfipravovanych rotomoldingem a lisovanim byla zkusebni
télesa obrobena na CNC frézce, pro tisk byla pfimo definovana vygenerovanym GCodem.
Samotné testovani probihalo na univerzalnim stroji MTS Exceed E42.

Rozlozeni vlaken v matrici bylo vyhodnoceno pomoci svételného mikroskopu Nikon
Eclipse ME600 na preparatech z tenkych folii. Pro pozorovani morfologie vnitiniho povrchu
byl pouzit skenovaci elektronovy mikroskop JEOL JSM-7600F. Studované vzorky byly
ziskany mrazovym lamanim v tekutém dusiku. Lomové plochy byly pokryty vrstvou Cu
pomoci vakuového naprasovaciho zatizeni HVM Flexicoat 3.

VYSLEDKY

Ze srovnani na obrazku 2 je patrné, Ze nejvyssich hodnot pevnosti nevyztuzeného PE
dosahuji lisované vzorky. Béhem lisovani dojde vlivem vnéjSiho tlaku k dokonalejSimu slinuti
Castic prasku bez defektl, jako jsou bubliny, jejichz ptitomnost je typickd u vzorku
piipravovanych technologii rotomolding [3], nebo prazdnych mist — voidi, které se formuji
mezi jednotlivymi vrstvami pii FDM tisku [4]. Tyto nehomogenity pak ve vysledku negativné
ovliviuji celkovou pevnost materialu.
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Obr. 2 Srovnani pevnosti kompozitu pouzitim odlisné technologie a plazmové tGpravy
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Déle z vysledku plyne, Ze ptidani sklenénych vlaken do Cisté polyethylenové matrice
zcela nepiinasi zadouci vyztuzujici efekt. U vzorkd piipravovanych lisovanim doslo k poklesu
pevnosti z primérnych 19,1 MPa na 17,4 MPa. Hodnoty pevnosti lisovanych a tisténych téles
zlstaly na hodnotdch vychoziho matricniho materidlu. Na snimcich potfizenych svételnou
mikroskopii Ize pozorovat, ze u vzork pripravovanych v rotomoldingu (Obr. 3a) jsou sklenéna
vlakna v polyethylenu rozmisténa nahodné. To je dano charakterem technologie, kdy se v prvni
fazi pracovniho cyklu material pouze volné pohybuje uvniti formy a vlakna zstanou nahodné
ulozena v mistech nataveni polyethylenového prasku. Pisobenim tlaku pfi lisovani (Obr. 3b)
a vlivem pohybu vlaken pii extruzi a skrz trysku béhem tisku (Obr. 3¢) zaujimaji GF urcitou
preferovanou orientaci. Proto by v n¢kterych mistech mohlo do jisté miry dojit k pfenosu napéti
na vlékna, a tudiz u lisovanych a tisténych vzorkl se nemusel projevit pokles pevnosti jako
u rotomoldingu. V tomto pfipad¢ by neuspotadana vlakna mohla fungovat jako dalsi defekty
snizujici nosny prufez.
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Obr. 3 Rozlozeni vlaken vzorka z a) rotomoldingu; b) lisu; ) 3D tisku

Nakonec pozitivné se ve vSech piipadech na zlepSeni pevnosti kompozitu podilela
prediprava matrice plazmatem v porovnani s neupravenym stavem. Toto zjisténi podporuji
snimky potizené SEM. Odtud byla patrna misty leps$i interakce mezi plazmovanym PE a GF,
kterd se projevila pokrytim vlaken matrici. Pti plazmové upravé se na upravovany povrch navic
vazi nové funkéni skupiny a zvySuje se jeho polarita [5]. Tim by se mohly ustanovit silngjsi
intermolekularni interakce mezi polarnimi molekulami SiO2 a novymi skupinami na povrchu
PE. Zlepseni adheze mezi t¢mito dvéma fazemi miize zabranovat vytahovani sklenénych vlaken
z matrice a tim zlepsit pfenos napéti z matrice na vldkna. Adheze mezi GF a neupravenym PE
je nedostate¢na a GF jsou vylomena nebo dokonce chybi (viz Obr. 4).

No oo

X E V'Y mak"‘i é
Obr. 4 Snimky vzorkti z RM a tisku z PE v zékladnim stavu ZS a po plazmové upravé
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OPTIMALIZACE 3D TISKU

Pii 3D tisku maji zvolené tiskové parametry zasadni vliv na mechanické vlastnosti.
Z dtvodu nedostatku publikaci zabyvajici se kompozitnim tiskem nepolérnich polyolefini byla
navic provedena optimalizace teploty a rychlosti tisku. Z vysledku vynesenych na Obr. 5 je
vidét postupny nardst pevnosti z prumérnych 18,5 MPa az na 25,4 MPa v rozmezi teplot
od 180 do 260 °C. Pti nizSich teplotach tisku muze dochazet k nedostate¢nému spojovani
jednotlivych vrstev, a jakozto nove vzniklé poruchy se budou podilet na snizeni mechanickych
vlastnosti.

Rychlost tisku méla opac¢ny vliv na hodnoty pevnosti a taznosti, jak je znazornéno na
obrazku. Vyssi rychlost zpusobila trhani kladeného filamentu a nespravnou tvorbu vrstev.
Z téchto dat byly s ohledem na dobu tisknuti uréeny optimalni tiskové parametry, které pro

teplotu tisku lezely v rozmezi 220 az 260 °C a pro tiskovou rychlost mezi 40 az 60 mm-s™.
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Obr. 5 Vliv tiskovych parametrti na mechanické vlastnosti kompozitu

Vliv mnozstvi sklenénych vldken a plazmové upravy polyethylenové matrice je
ilustrovan na Obr. 6. Odtud lze usoudit, jak s narustajicim obsahem sklenénych vlaken roste
| pevnost v tahu, a to az do 40 hm. % GF. Pfi této koncentraci bylo dosazeno nejvyssi primérné
pevnosti v tahu o hodnoté¢ 25 MPa. Tento nartst byl 43% oproti nevyztuzenému materialu. Pti
vysSich mnozstvich je matrice vlakny ptesycena a kompozit vykazoval pokles pevnosti.
Pevnost v ohybu tento pokles nevykazoval, coz mize byt vysvétleno tim, Ze se jedna
0 kombinované naméhani, kdy krom¢ tahu figuruje i tlak. VysSich pevnosti bylo dosaZeno
zatfazenim plazmové modifikace matrice, kdy jsou patrné vyssi hodnoty plazmovanych vzorki.
Pevnosti vzorkil s neupravenym PE kolisaly kolem hodnot neplnéného zakladniho materialu.

35 : 1 ! f ! f ! I
——3—- Pevnost v tahu (upravena matrice)
30
~
é Pevnost v tahu (neupravena matrice)
2 25
I:E —><— Pevnost v ohybu (upraveni matrice)
20
—<— Pevnost v ohybu (neupravena matrice)
15

ccr (hm. %)

Obr. 6 Vliv mnozstvi vlaken a plazmové upravy na pevnosti tisténych vzorkt
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ZAVER

Bylo ovéifeno, ze vysledné hodnoty pevnosti polyethylenu vyztuzeného sklenénymi
vlakny zavisi na pouziti vyrobni technologie. Nicmén¢ vyuzitim matrice v zakladnim stavu
nedochazelo k pozadovanému vyztuzujicimu efektu, kdy pevnosti kompozitnich vzorka byly
horsi, ptipadné prakticky odpovidaly hodnotam c¢istého matriéniho materidlu. Zatfazenim

plazmové modifikace polyethylenu doslo k ¢astecnému zlepSeni adheze mezi vldkny, coz se
V kone¢ném diisledku projevilo i do celkové pevnosti kompozitu.
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Presented paper deals with presentation of RETEX company and its possibilities for the
composite industry.
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Spole¢nost RETEX a.s. piisobi v oblasti vyroby a zuslechtovani netkanych textilii jiz
73let.

Pod zastitou systémovych certifikat fady ISO 9001, 14001, 45001, 50001 a IATF 16949
jsou fizeny dva vyrobni zdvody. Hlavni v Moravském Krumlové a druhy ve Strazi nad Nisou.
Technologicky park obou zavodl pokryva oblasti recyklace, vyrobu netkanych textilii a jejich
nasledné zusSlechtovani na chemickych linkadch a vyrobu kompozitl (tedy spojovani riznych
druhii materialu do jednoho vyrobku). Nase silnd tradice a zkuSenosti v recyklaci textilu ndm
pfina§i moznosti obohacovat trh o feSeni cirkularni ekonomiky. Pusobime v rtiznych
které napomahaji v boji proti klimatickym zménam. Zpracovavané vstupni materialy jsou jak
Z na syntetické, tak i na pfirodni bazi. Diky Sirokym vyrobnim moZnostem a inovativnimu
ptistupu vyvojového odd€leni, radi piijimame vyzvy z riznych odvétvi a piipravujeme pro né
feSeni na miru. Zalezi ndm na udrZitelnosti a Zivotnim prostfedi, proto jsme v mnoha
segmentech trhu schopni nabidnout feSeni na principech obéhového hospodarstvi. Spolecnost
tedy pro kompozitni primysl nenabizi pouze vyrobu kompozitnich vyrobkii samotnych
(zejména laminaty netkanych textilii), ale i feSeni pro jejich naslednou recyklaci a znovupouziti.
Dale konven¢nimi textilnimi technologiemi, jsme schopni pfipravit multiaxidlni vldkenné
vyztuze, pro nasledné zpracovani s plastickym pojivem. Vldkenna vyztuz pak dodava
vyslednému kompozitu lepsi mechanické vlastnosti, nez by méla matrice samotna.

YIng. David Véeli§, RETEX, a. s., U Nadrazi 894, Moravsky Krumlov, Czech Republic. Tel: +420 515 209 544,
Email: vcelis@retex.cz
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DEVELOPMENT OF NEW COMPOSITE MATERIALS WITH THERMOPLASTIC
MATRIX AND CONTINUOUS FIBER REINFORCEMENT USING INFUSION
TECHNOLOGY FOR AEROSPACE APPLICATIONS

VYVOJ NOVYCH KOMPOZITNICH MATERIALU NA BAZI TERMOPLASTICKE
MATRICE A KONTINUALNI VYZTUZE S POUZITIM INFUZNi TECHNOLOGIE PRO
APLIKACE V LETECTVi A KOSMONAUTICE

JANA ZEMANOVA!, BoHUSLAV CABRNOCH?, MICHAL KRAL?®

This work is devoted to the development of new composite materials with a thermoplastic matrix
and continuous reinforcement using the infusion technology, commonly used in thermosets, for
aerospace applications. The principle of production technology and an overview of thermoplastics
suitable for these purposes are presented here. Then, the preliminary performed experiment, the
results of material tests and analysis are described. Finally, future potential research as an
opportunity to create new advanced composite thermoplastic materials is identified and discussed.

KEYWORDS
Thermoplastic Composites, Continuous Fiber Reinforcement, Infusion, Aerospace
INTRODUCTION

Fiber reinforced polymer composites are increasingly popular alternatives to metal alloys
in aerospace industry, and thanks to their excellent strength-to-weight ratio, they are some of
the best structural materials ever. The polymer matrix is usually formed by a thermoset resin.
The market size of thermoplastic composites is estimated to be about $10 billion smaller than
that of thermosets [1, 2], and they differ from them in that they soften and melt under the
influence of heat and solidify again upon cooling. The fibers play an important role in
improving the mechanical properties of the polymer, this function of reinforcement is well
fulfilled by either inorganic (glass, carbon) or organic (polymer) fibers.

! Ing. Jana Zemanova, Materials and Technology Department, Space Division, Czech Aerospace Research
Centre, Beranovych 130, 199 05 Praha 18, Czech Republic. Tel: +420 225 115 247. Email: zemanova@vzlu.cz

2 Ing. Bohuslav Cabrnoch, Ph.D., Materials and Technology Department, Space Division, Czech Aerospace
Research Centre, Beranovych 130, 199 05 Praha 18, Czech Republic. Tel: +420 225 115 480. Email:
cabrnoch@vzlu.cz
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Although thermoplastic materials in general have many advantages compared to
thermosets, like easy storage, faster processing, environmental friendliness, medical
harmlessness, lower flammability, good toughness and impact resistance, good resistance to
corrosion and solvents, possibility of thermal welding and bonding, and recyclability at the end
of their life cycle, the obstacle to their more frequent use are properties related to processing,
like high melt viscosity and high melting point. This combination means high processing
pressures and temperatures that limit production technology, and some composite structures are
too complicated, or even impossible due to their geometry, to produce other than by infusion.

As a progressive solution in this case, polymerization in situ is offered, which provides
similar processing conditions as in the case of thermoset resins. Infusion of the composite
requires resins with viscosity less than 1 Pa-s to ensure good fiber impregnation, therefore,
thermoplastic polymer melts having a high molecular weight are unusable for this technology.
However, by polymerizing monomers directly in the tool together with fiber reinforcement, the
desired viscosity can be achieved at a temperature from (20 to 250) °C. [3-5]

This research project is focused on the polymerization process, manufacturing into the
final product by infusion technologies commonly used for thermosets, modification of
composite material to improve its properties, or possibilities of its recycling. Efforts to
understand, adapt and improve individual processes could help not only save production costs,
but also make structural composites of large and complex dimensions sustainable even into the
distant future for the more favorable ecological and health aspects of thermoplastic materials.

INFUSION TECHNOLOGY

The production of composite parts by infusion is a very flexible out-of-autoclave method
(however, an autoclave can also be used), where a liquid system is infused into the fiber
reinforcement, thereby impregnating it. Subsequently, the composite is allowed to cure at room
or elevated temperature, depending on the polymer matrix used. The production of composites
with a thermoplastic matrix by infusion technologies is feasible with the help of
monomer/oligomer polymerization in situ where the system has almost a water-like viscosity.

There are three main infusion technologies worth introducing when it comes to the
infusion of thermoplastic materials. The first is resin transfer moulding (RTM), an infusion
method of vacuum-pressure impregnation of the fibrous reinforcement semi-finished product
with monomer and its polymerization in the mould cavity. This process is more suitable for
resins with a shorter process window, and for small to medium sized parts. On the contrary,
vacuum assisted resin transfer moulding (VARTM) is a method applicable also for large
structures, since the monomer is infused through a plane into the reinforcement enclosed
between the bottom tool (flat or structured) and a flexible membrane under vacuum. By
eliminating the upper mould and requiring only technological layers instead, this method is
cheaper than RTM. And finally, resin film infusion (RFI) is a technology of infusing a
thermoplastic polymer or oligomer film into the reinforcement. Such a film can be applied to
dry reinforcement, or it can be sandwiched with it. This eliminates the need for a dosing
equipment, which can reduce the total working time. [6-10]

SELECTION OF THERMOPLASTIC MATRIX

The viscosity, moisture absorption, process temperature, process window, service
temperature and mechanical properties were selected as key parameters for choosing a suitable
thermoplastic matrix for infusion technology. Based on the selected parameters, three
acceptable groups of thermoplastics that theoretically meet the requirements were studied, i.e.
cyclic polyesters, anionic polyamides, and acrylate copolymers. [9]
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Polyesters are semi-crystalline thermoplastic polymers containing ester functional groups
(-COOR). The polymerization of cyclic polyester takes place by opening the cyclic oligomers
with a suitable initiator, which then spontaneously combine to form the resulting thermoplastic.
However, this process does not produce exothermic polymerization, so large macrocyclic
molecules are formed, and due to continuous ring expansion, the molecular weight is higher
than that of a linear polymer produced by step polymerization. [9, 11, 12]

Aliphatic polyamides (PA) are linear semi-crystalline thermoplastic polymers containing
an amide group (-CONH) in the main chain. By default, polyamides are produced by hydrolytic
polycondensation, however PA 6 and PA 12 can be produced by relatively quick anionic
polymerization of lactams at elevated temperature. Due to their chemical structure, the
monomers tend to absorb the surrounding atmospheric moisture, so that partial or no
polymerization can occur, which subsequently affects the mechanical properties. Therefore, it
is advisable to keep used tanks and preparations that come into contact with lactams in a vacuum
or treat them with N>. It is also advisable to heat infusion tubes or hoses. [4, 5, 9, 13]

Acrylate polymers containing acrylic acid (CH>=COOH) are amorphous linear
thermoplastics that can be processed by radical polymerization already at room temperature (or
higher) and viscosity from 0.1 Pa-s. Acrylate resins may contain methacrylate monomers such
as methyl methacrylate or butyl methacrylate, and acrylate copolymer chains. The reaction
takes place in the presence of a thermal initiator. The variability of the available resins consists
in copolymerization, e.g. vinyl acetate can be added to the acrylate monomers, which acts as a
crosslinker to improve the mechanical properties of the polymer. [3, 14]

PRELIMINARY EXPERIMENT

Based on the selected properties, Elium®188 XO acrylic resin and Noviper BP 50
dibenzoyl peroxide initiator were selected to manufacture a thermoplastic composite specimen
at room temperature with a theoretical viscosity of 0.1 Pa-s, a processing window of (60—90)
minutes, a moisture absorption of 0.55 hm. %, a glass transition temperature of 102 °C, a tensile
strength of 52.9 MPa, and a Young's modulus of 3 GPa. [15] The reinforcement function is
performed by ten layers of Aeroglass 280 glass fabric, as it is often used with a thermoset matrix
for the production of composites in Czech Aerospace Research Centre based in Prague.

A 500x500 mm sample was prepared using VARTM technology. The impregnation
proceeded well, similar to thermoset resin, however tiny air bubbles could be seen accumulating
under the vacuum bag film. Subsequently, the laminate was left for 24 hours at room
temperature under vacuum, while the monomer in situ changed by reaction into a polymer under
spontaneous heating and increasing viscosity. The composite specimen taken out after the given
time from under vacuum was post-cured in an oven at 80 °C for 2 hours in accordance with the
manufacturer’s technical data sheet. The average measured thickness of the specimen
containing ten layers of fabric was 2.4 mm.

In the next phase of the experimental part, the basic available tests such as differential
scanning calorimetry (DSC) to study the thermal properties of the polymer, dynamic
mechanical analysis (DMA), in-plane shear strength (IPS) and interlaminar shear strength
(ILSS) to evaluate the mechanical properties of the composite, and finally, scanning electron
microscopy (SEM) in order to assess the failure mechanism of the tested composite for ILSS
were carried out on the manufactured composite specimen, see Fig. 1 for results.
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Fig. 1 Material tests and analysis results: a) DSC, b) DMA, c) IPS, d) ILSS, e) SEM.

The main result values from graphs 1 a) to d) are shown in the table below for comparison
with the available internal data of conventional Epoxy LH288/Aeroglass 280 composite. As
can be seen, the loss modulus, representing the viscous part of the polymer material, is higher
for the Elium® based composite. At this temperature, the polymer undergoes a maximum
change in the mobility of the polymer chains and loses mechanical energy by being converted
into heat. On the other hand, the in-plane shear strength and interlaminar shear strength are
higher for the epoxy-based composite. The cause could be insufficient adhesion of the fiber to

the thermoplastic matrix, which can be confirmed using scanning electron microscope.

Tab. 1 Test results comparison of Elium®2188 XO/Aeroglass 280 and available internal results

of Epoxy LH288/Aeroglass 280 composites.

Test/Analysis Elium®188 XO/AG280 Epoxy LH288/AG280
DSC glass trans. temp. T4 [°C] 90.42 (pure Elium®) n/a

DMA loss modulus E” [°C] 106.33 90.28

IPS [MPa] 35.55 43.53

ILSS [MPa] 22.21 48.00
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In the SEM image (Fig. 1e)), it is quite clear that there is no matrix left on the pulled fiber,
so it can be deduced that the failure of the composite occurred at the fiber/matrix interface as
a result of the already mentioned insufficient adhesion of the fibers to the matrix. However, as
is usually the case, it is advisable to do more research and testing on this topic. In every way,
the main goal should be to achieve results of epoxy composite, or better, so that the
thermoplastic composite can be used for current applications in the aerospace industry.

Additionally, cuttings will be prepared from the remains of the porous part of the
preliminary composite specimen, and the quality of the impregnation of the reinforcement and
the content of voids in the polymer matrix will be studied using optical microscopy. Although,
just by looking at the specimen after the infusion ended, it was possible to conclude that
appropriate corrective actions will need to be implemented in this specific case.

FURTHER POTENTIAL RESEARCH

As this is just beginning a long-term research project, attention might be focused on
a more specific area of interest over time. There are certainly more opportunities where to aim.
Considering the first results, and their comparison with epoxy resin as a representative of
thermosets, it is suggested to carry out more different tests, the results of which could lead not
only to adjust the preparation of the material and the infusion technology itself, but also to
modify the individual material phases of the composite (matrix and fibers) to enhance the
mechanical, thermal, electromagnetic, or other properties of the final composite.

Even the ongoing continuous search for a suitable material for the thermoplastic matrix
and continuous reinforcement is beneficial and may lead to finding the golden path, not to
mention the possibility of copolymerization and the creation of a new unique matrix.

Another option is to make a self-reinforced polymer (SRP) composite that has both matrix
and fabric from the same polymer material that has the ability to spin. One of the benefits of
SRP composites is their ability to achieve excellent fiber-matrix interfaces and full
recyclability. And as is obvious, the resulting self-reinforced composite has higher stiffness and
strength than the pure polymer. SRP composites might have the potential to be used for
radiotransparent radomes to antenna of radar stations. [16, 17]

Furthermore, it is necessary to consider improving the surface properties of the composite
such as surface energy, roughness and cleanliness affecting adhesion before painting and
bonding, or applying coatings ensuring the resistance to environmental influences such as
temperature, fire, ultraviolet radiation, or humidity, depending on the specific application.

Last but not least, nowadays it is desirable to study the recycling of thermoplastic
composites, either by a physical method, which is more common and approachable, or by
a more challenging chemical depolymerization.

CONCLUSION

The preliminary experiment showed that although the manufacturing of thermoplastic
composites by infusion technology, originally intended for thermosets, is feasible without any
major problems, the acrylate-based composite does not yet have the shear strength to achieve
the typical epoxy composite used in aerospace applications.

Future research and experiments shall ensure the necessary properties according to the
given application, and thus allow a wider use of thermoplastic composite materials with
undeniable advantages even for large and complex structures, and where the institution’s
equipment is not capable to create such high pressures and temperatures as are required for the
traditional production of thermoplastic composites.
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