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LONG-TERM CREEP BEHAVIOR AND CREEP-FRACTURE MECHANICS OF
POLYMER MATERIALS

ANJA BERTHOLD®, RALF LACH?, BEATE LANGER®, WOLFGANG GRELLMANN?

The material properties of polymers are highly time-dependent to be known as viscoelasticity
(stress relaxation or strain relaxation, i.e. creep). Material failure in the form of fracture or
unacceptable deviation in shape and dimension can occur as a result of long-term creep.
Therefore, the mechanical and the fracture mechanics properties to predict the service time must
be known with high precision to assure both the quality and the safety of the products. In order to
assess the material behavior in a reasonable and effective way, suitable polymer test methods are
necessary.

KEYWORDS
Creep, Stepped Isothermal Method (SIM), creep-fracture mechanics, J*-integral
INTRODUCTION

The continuous further development of polymer materials associated with increasing
use as construction and high-performance materials requires a reliable prediction of the
service time in order to guarantee the quality and the safety of the products. A challenge in
predicting the service time of plastics is their time-dependent (viscoelastic) material behavior
(stress relaxation or strain relaxation, i.e. creep), which already occurs at room temperature.
As a result of long-term creep a component can failure in the form of fracture or unacceptable
deviation in shape and dimension. Furthermore, local stress concentrations in the component,
which can be caused by the material, production or design, can lead to the initiation and
propagation of cracks. The crack propagation can generate failure before the service time has
been reached [1]. Therefore, the mechanical and the fracture mechanics properties to predict
the service time must be known with high precision in the initial phase of product
development. This contradicts the fact that, for example, the creep behavior of plastics is
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determined experimentally by the tensile creep test under static uniaxial tensile load according
to 1ISO 899-1 [2]. Those creep tests are very time- and cost-intensive, because the standard
requires a wide range of stresses, times (0.1 to 1000 h) and ambient conditions. In order to
predict the long-term creep behavior early and reliably, the results of such long-term tensile
creep tests form the basis for the development of new accelerated test methods. Furthermore,
for assessing the crack initiation and propagation process plastics-compatible methods of
fracture mechanics have to be applied. To design components tailored to plastic for long-term
loading at higher temperatures or/and being exposed to media, concepts of creep-fracture
mechanics (such as the J*-integral concept) have to be applied more frequently [3]. However,
only very few experimental results are available for polymer materials so far.

TEST METHODS
Stepped Isothermal Method (SIM)

A possibility to reduce the required time and financial expenses to characterize the long-
term creep behavior of polymer materials is the Stepped Isothermal Method (SIM). This
method has already been used in the geosynthetics sector by Thornton [4, 5] and is
standardized in ASTM D 6992 [6] for this group of materials. In recent years, the SIM has
been transferred to other polymer materials and test equipment, as the works of Achereiner [7,
8] or Lach [9] have shown. The SIM is based on the time—temperature superposition principle
which states that the molecular processes of viscoelastic materials proceed more rapidly as
temperature increases. During the process, the relaxation and retardation time spectrum shifts
to shorter times [1]. The SIM requires only one specimen, which is loaded at constant stress.
By gradually increasing the temperature, the occurring increase of deformation is determined.
Finally a master curve can be constructed which predicts the long-term creep behavior with a
measuring effort of 1 — 2 days for up to 100 years.

J*-integral concept

In the case of inhomogeneous stress distribution in a component, local stress
concentrations due to construction or production, for example, can lead to the initiation and
propagation of cracks. Various studies (e.g. [1, 10]) provide an overview of the crack
propagation and fracture behavior of plastics under static long-term load in a gaseous or liquid
ambient medium. As it can be seen, creep rupture diagrams generated by the Full Notched
Creep Test (FNCT) (see Figure 1), for example, are mostly used to quantify the resistance
against stress cracking. The disadvantages of these methods are that they do not allows any
statements about the damage Kkinetics as well as the crack initiation and crack propagation
behavior. Furthermore, they are not based on fracture mechanics concepts and the determined
characteristic values are strongly geometry-dependent, therefore.
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Fig. 1 Schematic creep-rupture diagram: | — ductil, Il — brittle, resistance against slow
crack growth, 111 — brittle, thermooxidative degradation



A possibility to determine the cracks criteria failure and instability, when the material
undergoes creep under constant stress, is the creep J*-integral method. The creep J*-integral
is defined as a modification of the J-integral proposed by Rice in 1968, in which strain and
displacement are replaced with their rates [11]. Figure 2 shows the creep J*-integral for a
two-dimensional, time-dependent deformation field (x, y — coordinates normal and
perpendicular to the crack front; r, 8 — polar coordinates from the crack tip; 7" — way of
integration).

Fig. 2 Creep J*-integral [12]
MATERIALS

The materials used were commercially available polypropylene (PP) and PP composites
with 10 and 20 wt.-% short-glass fiber contents (homopolymer and random copolymer). For
the tensile creep test according to 1ISO 899-1 and SIM dumbbell specimens (type 1A)
according to ISO 3167 were injection-molded. In addition, the specimens were annealed 24
hours at 140 °C before testing.

EXPERIMENTAL

The tensile creep test according to ISO 899-1 and SIM were performed on a creep
testing machine from Coesfeld. For the tensile creep test 1A dumbbell specimen were loaded
with constant stresses of 4 MPa and 8 MPa, respectively, at a temperature of 70 °C for 1000 h
and a clamping length of 115 mm. The equipment recorded the increase in time-dependent
elongation. The creep strain &(t) can be calculated using Equation (1):

L) - L,
t)=—2—2x100%
e(t) L (1)

where Lo and L are the initial length before testing and the actual length at time t, respectively.
The SIM was performed under the same conditions as the tensile creep test. That means, that
a single specimen was loaded with constant stresses of 4 MPa or 8 MPa, respectively, at a
reference temperature of 70 °C. Then the temperature was stepwise increased by 10 K, after a
dwell time of 3 hours, until a temperature of 130 °C was reached. The increase in time-
dependent elongation was recorded. The data were evaluated according to [6, 7].

RESULTS

The creep curves resulted from the tensile creep test and the SIM are shown in Figure 3.
It is distinguishable for the homopolymer PP with 20 wt.-% short-glass fiber content



(designated as PP-A20), that the master curves from the SIM fit very well the long-term creep
curves.
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Fig. 3 Creep curves (creep-time diagram)

It could be shown for example in [7] that results of long-term creep tests carried out for
more than one year show a small deviation from the SIM data due to the physical aging
process of the specimens during the long-term creep experiment. This ageing behavior cannot
be reproduced with SIM, as the specimens in the short-term experiment only shows its current
state of ageing.

OUTLOOK
J*-integral concept

However, only very few experimental results of creep-fracture mechanics are available
for polymer materials so far, as for example polystyrene (PS) and high-density polyethylene
(PE-HD), as shown in Figure 4. Basically, it was found a relationship in the form of

a~J* 2)

with g as material- and environment-dependent exponent. In addition, other test objects and
conditions are planned.
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Fig. 4 Dependence of the crack velocity a on the creep J-integral J* under static long-
term loading by media exposure (5 % dispersant BO solution for PE-HD and oil/oleic acid
mixture, ratio 1:1, for PS) [13] (M., — molecular weight)
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CONCLUSION

The Stepped Isothermal Method is a useful tool for predicting the long-term creep
behavior quickly. It can be used especially in the product development and quality control.
Advanced studies of the ageing behavior are meaningful to achieve a more accurate
correlation between long-term creep tests and the SIM.

Furthermore, methods of fracture mechanics such as the creep J*-integral should be
involved in the lifetime estimation of plastic components, because the crack initiation and
propagation process can lead to premature failure.

Acknowledgement: Anja Berthold thanks the federal state of Germany, Saxony-Anhalt for
financial funding within the scope of the program “FEM POWER”.
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NEw COMERS IN THE EUROPEAN COMPOSITES MARKET: CARBON FIBER
OPPORTUNITIES FROM FAR EAST.

NADIA Bosis?

Highlight of worldwide market figures of the carbon fibre brands, current and outlook for the
next future, introducing the opportunity coming for procurement from the faster growing
manufacturers from China and their plans in Europe to be an opportunity for the European
customers.

KEYWORDS:

Nadalia Consulting, Zhongfu-Shenying Carbon Fiber Co. Ltd, Zhongfu-Shenying
Europe Srl

INTRODUCTION

The average annual growth of carbon fiber consumption since 2013 is about 11.10%.
Even if the manufacturing of carbon fiber is still in the hands of few players, in the last years
some newcomers gained an interesting share in this niche market. Below we will introduce
the carbon fiber manufacturing leader in China, Zhongfu-Shenying Carbon Fiber Co Ltd, and
their new strategy in Europe. In this sense, to reinforce European presence, in February 2019
it was established Zhongfu-Shenying Europe srl. As exclusive sales representative it was
appointed Nadalia Consulting, thanks to the long term experience of the owner, Nadia Bosis.

CHAPTER 1: Nadalia Consulting

Nadalia Consulting borns from the experience of more than 30 years in a leading
company in the field of composites materials. Nadia Bosis, in its role of purchasing and
procurement director, came in contact with all the biggest and most important companies of
the whole supply chain, starting from the fibers, to the fabrics, to prepregs and chemicals, as
well as with the supplier of plant and machineries of the several technologies that carbon
fiber can be used in.

In 2018 Nadia left this role to use its experience as freelance to support those company
who desire approaching the world of composites with the competence and the definition
imposed by 1SO 9001, EN 9100, 1S0 14001 regulations.

What Nadalia Consulting offers:

' Nadia Bosis, Owner of Nadalia Consulting, Via Bellini, 84, 24027 Nembro (Bg) Italy.
Tel +39 328 6577284. Email: nadiabosis@nadalia.it. Website www.nadalia.it
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» Procurements Organisation

Y

Supply chain management, make or buy analysis

» Contracts: General Conditions for Purchase, Standard of Supplying, Subcontracting
Agreements, NDA

» Support to Quality Management according with 1SO9001, EN9100, risk analysis,
suppliers' audit

» Support to Environmental Management according with 1ISO14001 regulation

Markets where Nadalia Consulting operates:
Composites
Aerospace
Technical Textile
Chemical for Composites
Industrial Plant Engineering

vV V.V V V V

Any developping market

From 2019 Nadalia Consulting is the European exclusive representative of Zhongfu-
Shenying Co Ltd and of Zhongfu-Shenying Europe srl.

Contacts:
CONSULTING
www.nadalia.it

nadiabosis@nadalia.it
mobile +39 3286577284

CHAPTER 2: Highlights of Carbon Fiber Trends

The carbon fiber global demand development since 2010 moved from 33 thousand tons
in 2010 to around 80 thousand tons in 2018, with expectations of close to 100 thousand tons
production in 2020 and 120 thousand in 2022. On a nameplate production capacity of 149,3
kt/a the undisputed market leader is Toray+Zoltek, followed by SGL, Mitsubishi and Toho
Tenax Teijin and all the others.

Talking about Chinese producers, even if China lists more than 20 carbon fiber
producers, only very few have comparable quality and production capacity to compete with
major brands.

The biggest three in terms of capacity are Zhongfu-Shenying with a nameplate of 6000
tons/a and a proprietary PAN production, Hengshen with 5000 tons/a, and Kangde with 1700
tons/a.

14
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CHAPTER 3: Zhongfu-Shenying Carbon Fiber Co. Ltd

Zhongfu-Shenying Co Ltd, established in 2006 in Jiangsu Province, China, belongs to
CNBM Group, which is one of word’s top 500 enterprises, managed by the supervision and
administration commission of China State Council.

& DESWMERGHESIRAT

ZHONGFU-SHENYING,CARBON FIBER CO.LTD.

Zhongfu-Shenying Co integrates the research and development, production and sale of
carbon fiber and PAN precursor. They have the technology to produce T700 grade quality
(SYT49S) T800 grade (SYT55S) T1000 grade (SYT65) and IM grades M30 — M35 (SYM 30
and SYM35).

Zhongfu-Shenying Co, with a nameplate of 6000 tons/a, is the biggest producer in
China with already decided investment to double production capability in few years. They
have more than 50% market share in domestic carbon fiber supply.

Tab. 1 CARBON FIBER

. linear ; :

MODEL [TOW sIree?lsg;lﬁt Modulus| Elongation der}séi)'gy/d dge/gfrl]tzy éli?r%nee}g}'
SYT45S 3K 4000 230 1.7 198 1.79 7

12K 4500 230 1.8 800 1.79 7

24K 4500 230 1.8 1600 1.79 7

12K 4900 230 2.1 800 1.79 7
SYTA49S| 24K 4900 230 2.1 1600 1.79 7
SYM30 | 12K 4900 290 1.6 740 1.7 7
SYM35 | 12K 4900 340 14 450 1.72 5
SYM40 | 12K 4700 375 12 430 1.78 5
SYT55 | 12K 5500 295 1.8 450 1.79 5
SYTs5s | 12K 5900 295 1.9 450 1.79 5

Their products are widely used in building reinforcement, sports and leisure, pressure
vessels, carbon/carbon composites, carbon fiber cable core, wind blade, automotive and
aerospace.

Regarding Europe, Zhongfu carbon fiber is already introduced and qualified for
industrial application and major automotive projects.

Zhongfu-Shenying Co supplying program includes continuous filament carbon fiber on
spools, chopped fiber, compatible with most of the thermoset and thermoplastic matrix and
pre-pregged tow.

15



Tab. 2 CHOPPED FIBER

Product Code | Size level Size type Bulk Applicatio
Density (g/l) n
SYC-100 No water i Water dispersible
3,6,12MM sizing
SYC-200 0 d_WatejLI . Water dispersible
3.6.12,24MM 3.-4% ispersible 50-350
SYC-300 1-1.3% Epoxy 250 Thermoset resin
3,6MM
SYC-400 PU Thermoplastics, ABS, PC, PA,
3% 500 PBT, PET, POM, PPO, LCP
6MM
SYC-500 4% PA 400 Thermoplastics, PA, PBT, PPS
6MM
SYC-600 H|-t_emp. Hi-temp. thermoplastics PEEK,
6MM 1.2-2.0% size 420 PEI, PPS, PSU, PES

CHAPTER 4: Zhongfu-Shenying Europe srl

To support the international strategy and the increasing sales outside of China, in
February 2019, Zhongf-Shenying Europe srl was established in Italy, to cover the European
markets.

The company is designed to be a sales and logistic hub in order to facilitate the supply,
shortening the lead time and increasing the service level to customers.

Thanks to the deep knowledge in carbon fiber applications and markets, Nadalia
Consulting will be able to meet all carbon fiber requirements, from the most different
converting technologies and processes.

LFSE

ZHONGFU-SHENYING EUROPE SRL
Via F. Ferrucci, 57
59100 PRATO Italy

SEDE OPERATIVA E MAGAZZINO
Via Leonardo da Vinci 198/200 24043 Caravaggio (BG) ITALY

LITERATURE

1. JEC COMPOSITES MAGAZINE (various issues)
2. CCeV-MAI Carbon research
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RHEOLOGICAL AND DILATATION BEHAVIOR OF INORGANIC ADHESIVES FOR
HIGH TEMPERATURE RESISTANT SANDWICH STRUCTURES

DILATACNI A REOLOGICKE CHOVANI ANORGANICKYCH LEPIDEL PRO
VYSOKOTEPLOTNE ODOLNE SENDVICOVE STRUKTURY

MARTIN CERNY?, ZDENEK CHLUP?

The study deals with the properties of the inorganic glued joint between the CMC skins and the
core of the Si-O-C ceramic foam of pyrolysed polysiloxane. Two types of alumino-silicate adhesive
were tested by two types of compression experiment using either static or cyclic loading. The most
important finding of these experiments was the irreversible dilatation occurring during curing and
evaluation of their extent.

Studie se zabyva vlastnostmi anorganického lepeného spoje mezi nosnou vrstvou a jddrem
Z keramické Si-O-C pény ziskané pyrolyzou polysiloxanu. Dva typy alumino-silikatového adhesiva
byly testovdany dvéma typy tlakového experimentu pouzivajiciho bud’ statické predpéti nebo cyklické
zatéZovani. Nejpodstatnéjsim zjisténim téchto experimentii bylo nalezeni ireverzibilnich dilataci
nastavajicich v priitbéhu vytvrzovani a urcéeni jejich rozsahu.

KEYWORDS
Sandwich, ceramic foam, CMC composite, rheological behaviour
UVOD

Sendvicova struktura skladajici se z materiald odolavajicich vysokym teplotam je
potencialné atraktivnim tématem nékolika primyslovych oborti v€etné kosmonautiky, letectvi
¢i energetiky. Bézn¢ pouzivané sendvi¢ové konstrukce poskytuji predev§im odlehéeni, coz je
bezesporu jejich velkym benefitem. V ptipadé konstrukce slozené pouze z keramickych
materidld nabizeji sendvice mozZnost fesit dal§i dva zdsadni problémy pokrocilé keramiky.
Prvni moZnosti je snizeni ceny vyrobku usporou velmi nakladnych keramickych vlaken,

‘Ing. Martin Cerny, Ph.D, Institute of Rock Structure and Mechanics, v.v.i., ASCR, Prague, Czech Republic,
cerny@irsm.cas.cz

% Ing. Zden&k Chlup, Ph.D, Institute of Physics of Materials, v.v.i, ASCR, Brno, Czech Republic,
chlup@ipm.cz
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pouzivanych napf. pro vyrobu CMC (ceramic matrix composites). Druha moznost je spiSe
akademicka a spociva V rozsifeni témat materidlového vyzkumu zabyvajiciho se lomovou
houZevnatosti a razovou odolnosti keramiky. Inspiraci mohou byt rdzové odolné sendvice,
jejichz jadro tvofi diskrétni keramické dlazdice, které jsou v poslednich letech diskutovany na
strankach odborné literatury. Tyto a obdobné problémy diskutovanych materiali 1ze nalézt v
[1-7].

MATERIAL

Jako vné&jsi nosné vrstvy byly pouzity dvé varianty CMC vyztuzené tkaninou liSici se
typem vlakna. Prvnim typem je vldkno Nextel 720 majici alumina mullite nanocristaline
strukturu. Elasticky modul téchto vlaken je 190 GPa a maximadlni teplota pouziti je do 1300
°C. Druhym typem vlakna je Nextel 610 s ¢ist¢ alumina nanocristaline strukturou majici
zvySenou creepovou odolnost, modul pruznosti 300 GPa a teplotu pouziti do 1400 °C. Oba
typy kompozitnich materialti byly vyrobeny ru¢nim laminovanim textilni vyztuze, ktera byla
prosycena MS pryskyfici. Deskové vzorky byly lisovany pfi fizeném rezimu tlaku (do 1MPa)
a teploty do 250 °C. Nasledné¢ byly kompozitni desky pyrolyzovany na teplotu 1100 °C.
Kompozit vyztuzeny atlasovou tkaninou z vlaken Nextel 720 (dale N720 composite) ma
pevnost MPa, Young’'s modulus GPa a density 2,24 g/cm3. Kompozit vyztuzeny atlasovou
tkaninou z vlaken Nextel 610 (dale N610 composite) ma pevnost MPa, Young’s modulus GPa
a density 2,45 g/cma3.

Pénové jadro sendvice bylo vyrobeno napénénim prekeramického polymeru (MPS
pryskyfice) modifikovaného 12 hm. % ptidaného Skrobu. Pénéni a vytvrzovani probihalo
soucasné pii teploté¢ 230 °C po dobu 2 hodin. Nasledné péna byla pyrolyzovana pfi pomalém
vzriustu teploty az do 1100 °C. Tato pé€na ma uspokojivé mechanické vlastnosti, dobrou
oxida¢ni odolnost pfi vysokych teplotdch a jeji amorfni struktura méa vysokou teplotni
stabilitu. Nizkd hustota této keramické pény je dobrym piedpokladem pro vyuZiti
v sendvicovych strukturach.

Jako pojivo mezi vngjsimi nosnymi vrstvami a pénovym jadrem byly pouzity dva typy
vysokoteplotnich tmelli na bazi aluminosilikatl, které se dosti li§i svymi technologickymi
vlastnostmi. Tmel Rudokit (dale Rk) vyrabény Moravskymi lupkovymi zavody v CR je uréen
pro pouziti do teplot 1350 °C. Hustota Rk je 2,12 g/cm3. Tmel Silicate Adhesive (dale SA)
vyrabény firmou Technigll v PL je ur¢en pro pouziti do teploty 1200 °C. Hustota SA je 1,98
g/cm3. Dulezitym parametrem je maximalni velikost zrn plniva, ktera je pro Rudokit 0,5 mm
a pro Silicate adhezive 0,1 mm.

Vysledny sendvi€ je zobrazen na obr. 1. Zde jsou téz uvedeny charakteristiky teplotnich
dilataci pro teplotn¢ stabilizované komponenty zobrazené sendvi¢ové struktury.

MERENI, VYSLEDKY A DISKUSE

Pfi vyrobé 1 pfi provoznim pouziti sendvi¢ovych struktur vznikaji vlivem rozdilného
teplotniho koeficientu vnéjSich nosnych vrstev, jadra a adhesivni vrstvy zna¢na smykova
pnuti. Idealnim stavem pfi porovnani teplotni roztaznosti by byla vzajemna shoda koeficientl
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teplotni roztaznosti jednotlivych slozek sendvice. Toho neni snadné dosahnout napft. proto, ze
je dostupny pouze omezeny pocet typa kvalitnich keramickych vlaken.

Zaznamy meéteni teplotni roztaznosti materialti pouZitych pro zkoumany sendvic, jejichz
struktura jiz byla teplotné stabilizovéna, je na obr. 1. Z tohoto grafu je zfejmé, Ze oba tmely
maji podobné teplotni roztaznosti jako pouzité kompozitni materidly. Témeét shodné zaznamy
teplotni roztaznosti vykazuje kompozit vyztuzeny N610 stmelem Rudokit. Kompozit
vyztuzeny N720 ma teplotni roztaznost ponc¢kud nizsi, coz odpovidd odlisné krystalické
struktufe jeho vlaken.

0.012
e Si-0O-C ceramic foam
0.01 —— Rk adhesive
rd
= = N610 composite -
0.008
O
S
o
=
= 0006
<
0.004
0.002
0
0 200 400 600 800 1000
W ."1 spot ————— o
o7 mm ETD 2.0 . . Temperature (°C)

Obr. 1 Mikrosnimek SEM lepeného sendvicového spoje (vlevo) a teplotni dilatace jeho
komponent (vpravo)

Zaznam reologicko-dilatacniho méfeni na vzorku tmelu, ktery byl vytvrzen pii
pokojové teploté, je uveden na obr. 2 v pribéhu jeho Zihani do teploty 1000°C. Hranolovy
vzorek 0 méfené délce cca. 12 mm je ve zkuSebnim stroji tlakové zatizen cyklickou silou.
Cyklus sestava z predpéti 5 N trvajiciho 300 s, ktery je nasledovan linedrnim vzristem na 30
N, vydrzi trvajici 10 sa zavé€reCnym linedrnim sestupem na hodnotu predpéti. Zaznam
registrujici délkové zmény vzorku ve sméru talkového zatizeni se sklada ze tii principialné
odlisnych slozek: prvni sloZkou je reverzibilni teplotni dilatace, druhou sloZkou je teplotné
indukovana ireverzibilni (technologicka) dilatace, jenz ptevazné souvisi S vytvrzovanim tmelu
a tfeti slozkou je deformacni odezva na cyklické zatéZovani vzorku. Tento méfici zdznam
znazoriuje teplotni a mechanicky indukované dilatace ziskané pfi tfech principialné odlisnych
experimentech provedenych na tmelu Tuba. Casteéné zde probihd i plasticka deformace.
Mechanicky indukovana deformacni odezva je vSak zkreslena ireverzibilni teplotni dilataci. V
této teplotni oblasti experimentu nastava ireverzibilni smr§téni méfeného materialu. V oblasti
mezi 700 a 800 °C wvrchol deformacni odezvy postupné zanika, coz je projevem
vysokoteplotniho vytvrzeni méteného tmelu. Jisté (reverzibilni) meknuti struktury nastava
nad teplotou 900 °C. Deformacni odezva nad touto teplotou ma zcela odliSny charakter.

19



0.025
+ 120
0.02 . .
—relative displacement
Z o015 1 100
- —load
&
0.01
qu +80
& 0.005 4
Q
2 0 - e 0 B
o Y o
° 300.00 400.00 500.00 600.00 700.00 00.00 900.00 100p.00 —
2 -0.005 1 40
o Temperature (°C)
¥ 001
+ 20
-0.015
-0.02 0

Obr. 2 Zaznam méfeni reologickych vlastnosti Rk anorganického adheziva v priabéhu jeho
vytvrzovani

Vzajemné rozliSeni jednotlivych dilata¢nich principii a reologickych mechanizmu je
mozno provést tfemi experimenty, jejichz zdznamy jsou zobrazeny na obr. 3. VySe
diskutovany experiment cyklického zatéZzovani je zde vynesen tenkou carou. Silné zelend Cara
zna¢i velmi podobny experiment, ktery byl také proveden na vzorku vytvrzeném pouze pii
pokojové teploté. V tomto piipadé byl vzorek zatizen pouze piedpétim 5 N a ndsledné
zahfivan za stejnych podminek jako experiment s cyklickym zatézovanim. Tento experiment
popisuje prubeh ireverzibilnich (technologickych) dilataci souvisejicich s vysokoteplotnim
vytvrzovanim tmelu. Tteti experiment vyneseny zlutou ¢arou byl proveden za piesné stejnych
teplotnich a mechanickych podminek na vzorku, jehoz materidlova struktura byla
stabilizovdna hodinovym zihanim na 1000 °C. Tento méfici zdznam predstavuje prubch
reverzibilni teplotni roztaznost studovaného materialu.

V ramci této studie byly méfeny reologické vlastnosti a teplotné indukované dilatace
dvou tmelt. Vysledky méfeni pro tmel Silicate adhezive jsou uvedeny na obr. 4 a pro tmel
Rudokit na obr. 5. Z hlediska prvkového slozeni nejvyznamnégjsi rozdil mezi t€mito tmely
spociva v souhrnném obsahu alkalii v matrici, kde pomoci EDX bylo stanoveno Na20O+K20
= 2,5 wt.% pro Rudokit a 4 wt.% pro Silicate adhezive.

Nejvyznamnéjsi problém vSech méfenych dilatacnich a reologickych charakteristik
zkoumanych tmell predstavuji ireverzibilni dilatace nastavajici u obou zkoumanych tmelt
v pribéhu jejich vysokoteplotniho vytvrzovani. V ptipadé SA se objevuje ireverzibilni
dilata¢ni pik o hodnoté 2 % (vztazeno k pocatecni velikosti vysokoteplotné nevytvrzeného
vzorku) pfi teploté 623 °C. Velikost tohoto dilataéniho efektu zna¢né prevysuje reverzibilni
teplotni dilataci stabilizovaného materialu, ktera by za stejnych podminek byla 0,38 %. Nad
teplotou 800 °C je trend dilatacni kiivky témét shodny s dilataci stabilizovaného SA.

20



0.025

—dilatati t HT curing - cyclic load

0.02 ilatations a curing - cyclic loa M
—_— softening at HT curing - cyclic load / V‘
‘q&; 0.015 1 dilatations at HT curing - static preload / """
% dilatation of therm. stabilized material
g 001 1 et e e
= P h
2 e
T 0.005 7 !
2 !
E 0 / A /’/M
o YT 1T T/ TR, y T e
o 100 200 300 400 500 600 70'%0 900 1000

-0.005 Temperature (°C) : ‘ .

-0.01

Obr. 3 Reologické chovani a dilata¢ni efekty SA adheziva v pribéhu jeho vytvrzovani a
teplotni dilatace jeho stabilizované faze
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Obr. 4 Reologické chovani a dilatacni efekty Rk adheziva v prubéhu jeho vytvrzovani a
teplotni dilatace jeho stabilizované faze

Reologické chovani tmelu SA jiz bylo zminéno v pfedchozim textu. Jeho
nejvyznamnéj$im jevem je meknuti pii vysokoteplotnim vytvrzovani mezi 600 a 800 °C,
které je dobte patrné. Tato zvySena deformacni schopnost neni zptisobena pouze uvolnénim
viskoelastického mechanizmu. Dal§im deformaénim efektem je plasticita projevujici se
creepem, ktery je zietelny z rozdilu poloh deformacni kiivky cyklického zatézovani s kiivkou
statického méfeni ireverzibilni deformace. Tento creep nastava v prubéhu jednotlivych
zatézovacich piki. Celkova plastickd deformace na konci teplotniho intervalu méknuti je cca.
1%. ZvySena plasticita mize pfiznivé kompenzovat nepiiznivy vliv ireverzibilni dilatace
Vv prub&hu vysokoteplotniho vytvrzovani. Nad teplotou 800 °C je jiz tmel vytvrzen. Méknuti
pii teploté¢ nad 900 °C ma pro lepeny spoj vyznam pii uvazovani o dlouhodobém pouziti
sendviCe pii vysokych teplotach, kdy malé smykové posunuti nosnych vrstev mize zptisobit
velkou tvarovou zménu sendvicového télesa.

Také tmel Rudokit vykazuje ireverzibilni dilatace v pribéhu vysokoteplotniho
vytvrzovani. Jejich prubéh je vSak proti tmelu SA odlisny. Vyraznéjsi vzrist ireverzibilnich
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dilataci se objevuje pii teploté 540 °C. Maximum o hodnoté 1,26% je dosazeno pfi teploté
775°C, tedy o 150 °C vySe nez u SA. Pfi dalSim vzristu teploty dochazi ke smrstovani
meéteného materidlu a pii teploté¢ 1000 °C je rozmér méfeného vzorku na hodnoté pocatku
experimentu pii 300 °C. Dalsi zvySovani teploty (neni uvedeno v grafu) vede ke creepu
zpusobenému silou piedpéti. Pfiznivou vlastnosti Rudokitu je pomérné nizka hodnota maxima
ireverzibilnich dilataci, které je zhruba polovi¢ni oproti SA.

ZAVER

Me¢ftené reologické a dilatacni charakteristiky dévaji dobry ptedpoklad pro dlouhodobé
pouziti lepeného spoje anorganickym adhezivem pii vysokych teplotach vcetné moznosti
teplotniho cyklovani. V ptipadé spojeni alumino-Silikatového adheziva s Si-O-C pénou
vhodnost tohoto spojeni neni tak jednoznacné z diivodu ponékud rozdilné teplotni roztaznosti
pény oproti pouzitym adhezivim i CMC nosnym vrstvam. Mechanicky experiment na
sendvicovych vzorcich vSak prokézal redlny potencial takového pouziti. Zaroven experiment
upozornil na zévazny vliv detekovanych ireverzibilnich dilataci nastavajicich v pribéhu
vysokoteplotniho vytvrzovani obou typa alumino-silikatovych adheziv.

PODEKOVANI

Prezentace vysledku byla umoznéna diky projektu AV CR — AV21 - Nové materily na
bazi kovl, keramik a kompozitu.

LITERATURA

1. Y. Li, J.B. Li, R. Zhang, Energy-absorption performance of porous materials in
sandwich composites under hypervelocity impact loading, Compos. Struct. 64(2004)
71-78.

2. S. Schmidta, S. Beyera, H. Knabeb, H. Immicha, R. Meistringc, A. Gesslerc, Advanced
ceramic matrix composite materials for current and future propulsion technology
applications, Acta Astronaut. 55 (2004) 409-420.

3. H.N.G. Wadley, M.R. O’Masta, K.P. Dharmasena, B.G. Compton, E.A. Gamble, F.W.
Zok, Effect of core topology on projectile penetration in hybrid aluminum/alumina
sandwich structures, Int. J. Impact Eng. 62 (2013) 99-113.

4. N.P. Bansal, Mechanical behavior of silicon carbide fiber-reinforced strontium
aluminosilicate glass—ceramic composites, Mater. Sci. Eng. A 231 (1997)117-127.

5. R.E. Tressler, Recent developments in fibers and interphases for hightemperature
ceramic matrix composites, Compos. A: Appl. Sci. Manuf. 30(1999) 429-437.

6. B. Wilshire, F. Carre™no, Deformation and damage processes during tensilecreep of
ceramic-fibre-reinforced ceramic—matrix composites, J. Eur. Ceram.Soc. 20 (2000)
463-472.

7. A. Yousefpour, M.N.G. Nejhad, Processing and performance ofNicalon/Blackglas and
Nextel/Blackglas using cure-on-the-fly filamentwinding and preceramic polymer
pyrolysis with inactive fillers, Compos. Sci.Technol. 61 (2001) 1813-1820.

22



POLYMER COMPOSITES
2019

Tabor, May 15™-16 " 2019
CZECH REPUBLIC

ELECTROSPUN FIBROUS MATERIALS WITH INTEGRATED INORGANIC
PARTICLES

ELEKTRICKY ZVLAKNENE MATERIALY S INTEGROVANYMI
ANORGANICKYMI CASTICEMI

JAN GREGR?, LASZLO MESZAROS?, MICHAELA KOZLOVSKA®, KAREL
HAVLICEK? EVA KUZELOVA KOSTAKOVA®

Electrospinning of polymeric solutions with integrated inorganic particles especially metal
oxides results in interesting composite micro and nanofibrous materials. All these results are very
important for final application of such electrospun composite layers as a main part of Xray
capture materials in special protective clothing and in the treatment of waste water.

Elektrické zvidknovani polymernich roztokit s integrovanymi anorganickymi Cdsticemi
specidalné casticemi oxidi kovii prindsi velmi zajimavé vysledky ve formé kompozitnich mikro a
nanovlakennych materiali. Vysledky téchto praci jsou dilezité pro finalni aplikace napriklad v
ochrané proti ionizujicimu zareni nebo pri odstrarniovani polutantii z odpadnich vod.

KEYWORDS

Composite nanofibers, nanofibers with oxide particles, X-ray capture materials,
wastewater treatment.

1 Ing. Jan Grégr, Katedra chemie, Fakulta pfirodovédné-humanitni a pedagogicky, Technicka
univerzita v Liberci, Studentska 2, 46117, Liberec, Ceska republika, Tel.: +420485353579.
Email;jan.gregr@tul.cz

2 Dr. Laszlé Mészaros, Department of Polymer Engineering, Faculty of Mechanical Engineering,
Budapest University of Technology and Economics, Muegyetem rkp.3., T.bldg. Ill., Budapest, H-
1111 Hungary, Tel.: +3614631056, Email: meszaros@pt.bme.hu

3 Mgr. Michaela Kozlovska, Laboratof dozimetrie a monitorovani radioaktivity, Odbor jaderné
ochrany, SUJCHBO v.v.i., Kamenna 71, 361 52 Milin, Ceska republika, Tel.: +420318600217,
Email: kozlovska@sujchbo.cz

4 Ing. Karel Havliéek, Ustav pro nanomaterialy, pokro&ilé technologie a inovace, Studentska 2, 46117
Liberec, Ceska republika

5 Doc. Ing. Eva Kuzelova Kost'akova, Ph.D., Katedra chemie, Fakulta pfirodovédné humanitni a
pedagogicka, Technicka univerzita v Liberci, Studentska 2,46117 Liberec, Ceska republika, Tel.:
+420285353489, Email: eva.kostakova@tul.cz

23



UvVoD

Kompozitni nanovlakenné materidly vyrabéné pomoci elektrického zvldknovani jsou v
literatufe pfedstavovany uz po mnoho let S riznymi modifikacemi z jehel jako ze
zvlaknovacich elektrod [1] tak i vyrabéné technologii bezjehlového zvlaknovani [2]. V
zékladu vzdy polymerni nanovldkna jsou “vyztuzovana” riznymi zejména anorganickymi
¢asticemi. Muze se jednat o uhlikové nanomateridly jako jsou fullereny, uhlikové nanotrubice
¢1 uhlikova nanovlakna a nebo ¢asticemi na bazi oxida kovi.

Elektrick¢ zvlaknovani jako nadfazeny nézev pro technologii elektrického nebo
elektrostatického zvldknovani stejnosmérnym zdrojem vysokého elektrického napéti (DC
electrospinning) [3] a technologii elektrického zvlaknovani stiidavym zdrojem vysokého
elektrického napéti (AC electrospinning) [4]. V soucasné dob& jsou ziejmé zakladni
parametry ovliviiujici proces vyroby vlaken z polymernich kapalin (roztok nebo tavenin) a
témi jsou zejména procesni podminky (velikost elektrického napéti, tvar a usporadani
elektrod, okolni podminky jako vlhkost a teplota vzduchu, charakteristiky podkladového
materidlu atd.) a materidlové podminky, jimiz jsou vlastnosti zvldknované kapaliny
(viskozita, povrchové napéti, elektrickd vodivost, aditiva atd.). Zasadni rozdil u pouziti
stejnosmérné¢ho a stiidavého zdroje elektrického napéti a proudu je nepotiebnost pouziti
elektricky aktivniho kolektoru u stfidavého zvlaknovani oproti jeho naprosté nezbytnosti u
stejnosmérné¢ho typu. Dle typu zachytu vldken a jejich ukladani ¢i dalSiho zpracovani je
mozné vytvaret nejen plosné vrstvy, ale i délkové utvary jako nité ¢i hybridni nité obsahujici
vjadru klasickd mikrovldkna a obal je pak tvofen nanovlakny. Nanovldkna mohou byt
ukladana nahodile ¢i jejich orientace mize byt jednosmérna. U stejnosmérného zvladknovani
na vzorovany elektricky aktivni kolektor miize dokonce dojit k vytvafeni vzorovanych vrstev
nanovladken. Vyslednd vlakna mohou byt pak hladka ¢i na povrchu porézni. I pies vSechny
tyto modifikace je spole¢nou charakteristikou pro elektricky zvldknéné nanovldkenné
materialy velky specificky povrch spojeny s malymi pory ale velkou celkovou porozitou.

Kompozitni elektricky zvldknénd nanovldkna jsou ve vétSin€ piipadl zvlaknovana
Z polymernich roztokt. Tyto roztoky je nutné pfipravovat tak, ze jsou nejprve smiseny ¢astice
aditiva s rozpoustédlem ¢i rozpoustédlovym systémem. Nasledné je nutné homogenizovat
roztok napfiiklad 1 pomoci vyuziti ultrazvukovych homogenizatori a pak teprve je pfidavan
polymer a roztok je dokoncovan. Elektrické zvldknovani do formy nanovldken vyZzaduje
velmi homogenni polymerni roztoky. Shluky aditiv — nano ¢i mikrocastic by vyrazné
negativné ovlivnily proces zvladkiovani a pfi vétSim zastoupeni v roztocich by mohlo dojit i
k zastaveni ¢i nenastartovani tohoto procesu. U jehlovych zvlaknovacich elektrod by pak
nevhodné pfipraveny roztok obsahujici vétsi shluky mohl vést k ucpavani jehel ¢i trysek.

V piispévku na konferenci PC 2015 byl publikovan piispévek seznamujici
s problematikou technologii pfipravy polymernich nanokompozitli s anorganickymi ¢asticemi
[5]. Uspésny byly také Givodni experimenty s pfipravou polymernich nanokompoziti s vy$sim
obsahem anorganickych castic s téz8imi kovy a jejich schopnost zeslabit G¢inky ionizujiciho
zateni [6].

Mnozstvi aditiv ve formé mikro ¢i nanocéstic je v oblasti vyroby a testovani
kompozitnich elektrostaticky zvlaknénych material diskutovano s ohledem na mozné
zpomalovani procesu vyroby nejen diky zvySujici se hustoté zvldknovanych roztoka ale i
s ohledem na zvysujici se viskozitu a tedy neochotu k tvorbé jemnych vldken. Velké mnozstvi
anorganickych mikro a nanocastic (naptiklad az tfikrat vétSi neZ mmnoZstvi polymeru
V roztoku) vyrazné¢ méni morfologii vldken. Elektricky zvldknénd nanovlakna zaloZzena na
polyvinylbutyralu a riiznych oxidech kovl jsou v této praci studovana pomoci nékolika
riznych analytickych metod. Studie pfedstavuje vliv mnozstvi a typu castic oxidu kovl na
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pramér vlaken, rovnomérnost rozlozeni oxidi kovi ve vysledné vlakenné vrstvé a skutecny
hmotnostni pomér oxidii kova ve findlnich elektricky zvlaknénych vlaknech. Cilem této
studie je dosazeni maximalniho poméru c¢astic ku suSiné polymeru ve vldknech bez
negativniho vlivu na proces elektrického zvldknovani.

MATERIALY A METODY

Jako polymerni materialy byl zvolen polyvinylbutyral (PVB; Mowital B 60 H)
vyrabény firmou Kuraray. Castice vkladané do polymernich roztokid byly vybrany nasledujici
anorganické materidly: oxid bismutity Bi;Os; wolframan olovnaty PbWO,; jodid bismutity
Bils; oxid Zelezity Fe;Os; oxid horecnaty MgQO; jejich smésy v raznych pomérech a
magnetické nanocastice. VSechny castice byly ziskany od firmy Sigma Aldrich.
Rozpoustédlem pro zvlaknované roztoky byl etanol a koncentrace polymeru ve findlnim
roztoku byla 10 hm%.

Elektrostatické zvlakniovani probihalo na bezjehlovém elektrostatickém zvlakinovacim
zatizeni vyrdb&éném firmou Elmarco Nanospider'™ typ NS 4S1000U. Zvlakiovaci elektrodou
je struna, po které jezdi davkovaci cartridge s polymernim roztokem. Kolektorem je také
tenkd struna, pod kterou prochdzi podkladova textilie. V tomto piipadé se jednalo o
polypropylenovy spunbond s antistatickou Gpravou od firmy Pegas. Zvlakiovaci elektroda je
nabijena stejnosmérnym zdrojem vysokého napéti kladné a kolektor je nabijen zaporné.

Pro analyzu vzorkl byl vzdy pouzit rastrovaciho elektronovy mikroskop (SEM; Tescan
Vega SB Easy Probe; UHR FE-SEM ZEISS Ultra Plus) umoznujici vizualizaci vzniklych
vlakennych struktur. Dale to pak byla analyza chemického slozeni povrchu SEM-EDS (JEOL,
JED-2300) analyzy a TGA (TGA Q500 V29.13Build39) analyza umoziujici ovéteni
findlntho mnoZstvi zastoupeni anorganickych castic ve zvladknénych nanovladknech
S vzestupem teploty az na 650°C pii navazkach vzorkt 10 mg.

VYSLEDKY

Zvlaknovani ve vSech zminénych ptipadech probihalo pomoci bezjehlového
elektrostatického zvlaknovani bez problémi. Prvotni kontrola vzorku probéhla vzdy pod
rastrovacim elektronovym mikroskopem a ptiklady SEM snimkut je mozné vidét na obr.1a 2.
Jelikoz jsou vldkna svymi priméry nad hrani¢ni hodnotou vinové délky viditelného svétla, je
mozZné pozorovat zmény barvy vlakennych vrstev obsahujicich jednotlivé anorganické ¢éstice
¢i jejich smési v riznych hmotnostnich pomérech (viz. obr.2). SEM snimky dale prokazuji
rovnomérné rozlozeni ¢astic v jednotlivych vldknech. Analyza vzorki pod SEM-EDS
analyzou prokazala rovnomérné rozlozeni ¢astic ve vzorcich ve vétSich plochach ve vSech
zvlaknovanych ptipadech, jak je ziejmé z obr.3.

Termogravimetricka analyza pak prokazala skute¢ny pomér Céstic, kterd obsahovala
zvlaknénd submikronovad polymerni kompozitni vldkna. Zde je nutné zdlraznit, Ze doSlo
k minimalnimu poklesu téchto hodnot oproti navazovanym pomérim do zvlaknovaného
roztoku, coZ je povazovano za velky Gispéch. Castice nebyly v procesu nikde zachycovany ani
se nikde neusazovaly a piechazeli bez zpisobovani vétSich problémt do vldken. Z TGA
analyzy vzorkd PVB, PVB+MgO, PVB+Fe,;03; a PVB+ Bi,O3 vyplynuly nasledujici vysledky
vykazované v hmotnostnich zlstatcich po analyze jako residue: PVB(slepy vzorek) 2,3%;
PVB+MgO (1:1) 44,3+4,2%, PVB+Fe,05 (1:1) 50,7+2,0%, PVB+ Bi,O3 (1:1) 47,1+£3,4% a
PVB+ Bi,03; (1:3) 76,5£1,9%. Je zifejmé, Ze hustota Castic nema vyrazny vliv na proces
elektrostatického zvldknovani.
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Obr. 1 SEM zobrazeni nanocastic Bi,O3 v jemnych polymernich submikronovych
vlaknech (vlevo elektronovy kontrast zvyraziujici tézké castice, vpravo stejné misto
morfologicky kontrast). Hmotnostni pomér susina polymeru ku ¢asticim 1:1. Dale jsou
uvedeny snimky samotnych Castic oxidu bismutitého, vlaken PVB bez piidavku oxidu,
vlaken s ptfidavkem oxidu v hmotnostnim poméru suSina polymeru ku ¢asticim oxidu 1:1 a
1:5.

Obr. 2 Kombinace anorganickych ¢astic ve vzorcich vytvafenych pro zachyt RTG zafeni
(Bi203, PbWOy, Bil3) v hmotnostnich pomérech uvedenych u jednotlivych SEM snimka.
Meéfitko je u vSech vzorki 10 mikrometri. Na malych snimcich jsou fotografie jednotlivych
vzorkl o velikosti 10x10 cm pro dokresleni barevnosti téchto findlnich vlakennych materiala
S integrovanymi anorganickymi ¢asticemi. Hmotnostni pomér susiny polymeru ku ¢asticim
byl u vSech vzorkda 1:3.
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Obr.3 SEM-EDS analyza se zdznamem ,,mapover* prokazujici rovnomérné rozlozeni
vybranych prvki, které jsou obsazeny v do vlaken integrovanych anorganickych casticich.
Vlevo nahote PVB+ Bi,O3; vpravo nahoie PVB + Bi,03; POWOy; Bils in ratio 10:5:1 v
celkovém poméru; vlevo dole PVB+Fe,;03; vpravo dole PVB+MgO vse v hmotnostnim
poméru suSiny polymeru ku ¢ésticim 1:3.

Kompozitni nanovldkenné utvary s inkorporovanymi magnetickymi nanocasticemi FezO4
podporuji biotechnologické procesy, kdy zelezo ve dvou oxida¢nich stavech muze pozitivné
ovlivilovat metabolické pochody bakterii, které se uUcastni CiSt€ni odpadnich vod. Byly
uspesné odzkouseny nanovldkenné systémy pro rist nitrifika¢nich bakterii Nitrosomononas,
Nitrobakter a Nitrospira. Jednd se o bakterie oxidujici amonné a dusitanové ionty. Bylo
zjisténo, ze bakterie 1épe ,,rostou a pracuji“ pii vyssim obsahu ¢astic Fe3O4 a vétsSim povrchu a
porovitosti nanovlakenného nosice.

ZAVER

Predstavované experimenty prokazuji moznost vkladani anorganickych ¢astic v mikro a nano
rozmérech az do hmotnostniho poméru susiny polymeru ku ¢asticim 1:5 v zvldknovaném
roztoku. I pfes tato vysokd hmotnostni zastoupeni c¢astic nedoslo ke zhorSeni procesu
elektrostatického zvlakiovani. Priméry vlaken se prokazatelné po vkladani ¢astic lisi. Zalezi
nejen na velikosti piivodnich ¢astic, ale 1 jejich ochoté vytvafet v roztocich sluky. TGA

analyzy pak prokazaly, ze vSechny vzorky obsahuji 1 ve vyslednych vldknech téméf totozny
hmotnostni pomér mezi suSinou vlaken a anorganickymi c¢asticemi. SEM-EDS analyzy
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prokazuji u vSech vzorkii rovnomérné rozlozeni Castic v ploSe studovanych vzorki, coz je
velmi podstatné pfi jejich findlnich aplikacich.
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drivers as well as unmet needs from fabricators and end-users. Ashland owns the very well-known
brand DERAKANE™ Epoxy Vinyl Ester Resin, mainly used for the fabrication of corrosion
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brings new features to the resin, the low styrene emission and improved shop efficiency, as
described below but also to maintains the properties of the parent resin. The DERAKANE™
SIGNIA™ 4] 1] is the first resin that have been launched with the new properties and retaining the
properties of the 55 years old DERAKANE™ 4] ] type based on their similar polymer backbones.
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derakane"signiaresins
low styrene emission

introduction

Introduced in 1965 to combat
corrosion in hot, wet chlorine
environments, Derakane™ epoxy
vinyl ester resins have become the
industry standard for corrosion-
resistant fiber reinforced polymer
(FRP) equipment. High performing
derivatives have been infroduced
over the years to allow vinyl ester
solutions for expanded chemical
environments, high temperature
performance and areas requiring
improved toughness. With the
introduction of Derakane™
Signia™, Ashland has leveraged
new production capabilities to
modernize resin features including
enhanced environmental
performance, better workability,
improved workplace conditions
and worker satisfaction.

features

Derakane™ Signia™ resins provide
significant advantages for
fabricators, designing engineers
and owner/end users of corrosion-
resistant FRP equipment.

in the shop

o low styrene emission

o improved shop efficiency

o longer shelf life

in the field

o unchanged polymer backbone
o identifiable resin system

In this paper we will review Derakane™ Signia™ resin low styrene
emission technology. Derakane™ Signia™ 411 bisphenol-A epoxy viny! /
ester resin was evaluated in both laboratory studies and shop trials to

demonstrate how this valuable new technology provides a cleaner,

more efficient shop environment, while simultaneously meeting

regional styrene emission requirements.

Today many fabricators are challenged with finding and retaining
qualified, experienced operators to meet current demands.
Anticipating these needs, Derakane™ Signia™ resins were designed

to deliver improved processing characteristics driving faster laminate
consolidation, lower foaming, and greatly reduced sanding for
application of secondary laminations. These benefits, combined with
reduced styrene emissions and less odor in finished parts, lead to
greatly improved shop efficiency and cleanliness, ultimately resulting
in a more desirable workplace.

vapor suppression effectiveness

Reduction of styrene emission has gained importance to the
composites industry over the past several years with the introduction
of MACT and many regulations around the globe regarding human
exposure to styrene. Derakane™ Signia™ resins contain a unique vapor
suppression technology that greatly reduces styrene emissions upon
curing. Because the suppression technology requires air to pass over
the laminate surface in order to promote formation of the vapor
suppressant film, the FRP fabrication method used governs its efficacy.
Once formed, this film creates a barrier to block the evaporation of
volatile compounds like styrene. For laminate production by hand
layup the suppression film begins to form once consolidation and
rollout has stopped. In non-atomized spray-up applications, the
suppression film forms once resin spray-up stops. Styrene emission
occurs when the resin surface is disturbed for processing, but the
suppression film quickly re-forms. In flament winding the rotating
mandrel provides good air flow at the laminate surface and promotes
rapid formation of the vapor suppression film.
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Figure 1: Derakane™ Signia™ 411 vapor
supression effectiveness test specimen

sealed headspace
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o representation of
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°
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.. cured neat resin

Figure 2: Sealed headspace gas chromatography
vial with cured resin casting.
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All vapor suppression testing was performed and results calculated
according fo rules promulgated by U.S. EPA regulations establishing the
RPC MACT (Subpart WWWW), Test methods used are defined on page
46, Appendix A to Subpart WWWW - Test Methods Vapor Suppressant
Effectiveness Test Protocol'. A Signia™ 411 test specimen is pictured

in Figure 1.

The calculated Vapor Suppression Effectiveness (VSE) factor for Derakane™
Signia™ 411 and Equivalent Non-Vapor Suppressed (also known as non-

LSE) Styrene Content are reported in Table 1. The actual styrene content in
Derakane™ Signia™ 411 is 44%, but its vapor suppression technology allows

it to perform the same as resins with far less styrene content. This is seen

in the second row of Table 1 - the percent of styrene shown here is what

a typical resin would contain to achieve the same emissions as the EPA
calculates for manual layup, non-atomized spray-up or by filament winding.
Reinforcement content also affects the rate of styrene emission.

non-atomized filament
resin application method mechanical ‘winding

derakane™ signia™ 411 resin emissions 104 78 18
(Ibs/ton)
equivalent non-vapor suppressed 37 35.7 32.4

styrene content (%)

40 C.F.R. Part 63 Subpart WWWW Emission Calculation Factor (VSE Factor): 0.55"

Table 1: Derakane™ Signia™ 411 Resin Emissions Calculations.

lower styrene odor

In tricls at various fabrication shops, workers noted far less styrene odor
during fabrication. Finished, cured laminates also had considerably less
styrene odor as compared to non-Signia™ resins. When samples were
fransported in closed containers, a lack of styrene odor was noted

upon opening as compared to fraditional epoxy vinyl ester (EVER) and
unsaturated polyester (UPR] resins based composites. At the Ashland
Corrosion Science Center the amount of styrene emitted by neat castings
of cured resin was measured using headspace gas chromatography
(HSGC)? with a mass spectrum detector (MSD). A typical sample within

a 25 mL headspace vial is represented in Figure 2. Resin samples were
tested 2 and 24 hours after cure. This interval was chosen since this time is
representative of how long a fabricator would be working on an FRP part in
a typical shop. Test samples were prepared by adding a drop of promoted
and initiated resin with a 15 minute cure to a 25 mL headspace vial. The vial
then was sealed and measured at 25 °C (75 °F) by headspace GC using a
fused silica HP-624 capillary column attached to a MSD operating in single
ion mode (m/z 57 and 91).
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Looking at Figure 3, we see the amount of styrene emitted by Derakane™
Momenturn™ 411-350 is dramatically higher than that of Derakane™ Signia™
411.In fact, the Momentum™ resin casting overloaded the detector when
measured 2 hours after cure. If the defector had been able to measure
the amount of styrene emitted from the Momentum™ casting 2 hours after
cure, it would have been several orders of magnitude higher than what is
seen for the Signia™ sample, Figure 3, top graph. This dramatic difference
in measured styrene emission after cure demaonstrates why customers
experienced substantially reduced styrene odorin finished laminates for
Signia™ 411 compared to other epoxy vinyl ester resins during shop trials.

less material loss

As Derakane™ Signia™ 411 cures, its low styrene emission technology
significantly reduces the loss of styrene compared to non-LSE resin systems.
This means that more of the styrene present in Signia™ resin is converted to
cured laminate. Derakane™ Momentum™ 411-350 and Derakane™ Signia™
411 serve nicely o demoenstrate this effect by comparing the amount

of weight lost after cure for both resins. Data presented in Figure 4 was
collected using the same test apparatus (Figure 1) and method employed

to derive the VSE values described earlier in this paper. Looking at Figure 4,

Derakane™ Signia™ 411 retains 3% more weight than Momentum™ 411-350.
For a cured laminate this means 3% less liquid Signia™ 411 resin is needed
to obtain the same resin to reinforcement ratio as Momentum™ 411-350. It's
important fo note the savings is specific to the laminate construction used
to establish the VSE factor. A different laminate construction might lead

to a different styrene loss fraction. We also compared the performance of
Derakane™ Signia™ 411 to other commercially available LSE technologies
and found its performance to be comparable or slightly better, Figure 4.

summary

The chemistry of epoxy vinyl ester resins makes them highly reactive.
When first invented they were unstable and difficult to use. Introduction of
better production capabilities improved their stability and allowed them
to become a material of choice for corrosion applications where alloys
cannot perform. In Derakane™ Signia™ resins, Ashland has combined

the best technological features of the Derakane™ and Hetron™ lineage
with additional new learnings to infroduce a leap forward in stability and
usability compared to previous generations of epoxy vinyl ester resins.

For shop owners, styrene emission is an important consideration for
environmental permitting requirements as well as for the quality of the
working environment for their employees. This paper demonstrates how
the low styrene emission technology built info Derakane™ Signia™ resins
addresses these needs by reducing styrene emissions during fabrication
of FRP equipment. In Signia™ resin trials shop workers routinely commented
and acknowledged lower styrene odor in their work area. This, combined
with Derakane™ Signia™ 411's improved processing characteristics, lead
fabricators to prefer working with Derakane™ Signia™ resins.
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Figure 4: Percent weight loss after cure of low
styrene emission and non-low styrene emission
test specimens.

' 40 C.F.R, Part 63, Subpart WWWW, Table 1
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derakane"signiaresins
improved shop efficiency

introduction

Introduced in 1965 to combat
corrosion in hot, wet chlorine
environments, Derakane™ epoxy
vinyl ester resins have become the
industry standard for corrosion-
resistant fiber reinforced polymer
(FRP) equipment. High performing
derivatives have been infroduced
over the years to allow vinyl ester
solutions for expanded chemical
environments, high temperature
performance and areas requiring
improved toughness. With the
introduction of Derakane™
Signia™, Ashland has leveraged
new production capabilities

to modernize resin features
including improved environmental
performance, better workability,
increased workplace conditions
and worker satisfaction.

features

Derakane™ Signia™ resins provide
significant advantages for
fabricators, designing engineers
and owner / end users of
corrosion-resistant FRP equipment.

in the shop

o low styrene emission

o improved shop efficiency
o longer shelf life

in the field
o unchanged polymer backbone
o identifiable resin system
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In this paper we will expand on how Signia™ resins improve shop efficiency.
Derakane™ Signia™ 411 bisphenol-A epoxy vinyl ester resin is used in key
examples from shop trials to demonstrate how Signia™ technology provides
a cleaner, more efficient shop environment.

Today many fabricators are challenged with finding qualified and
experienced operators to meet current order demands. Anticipating
these needs, Signia™ resins were designed to deliver improved processing
characteristics to drive faster laminate consolidation, lower foaming, and
greatly reduced sanding for application of secondary laminations. These
features, combined with reduced styrene emissions, reduced odor from
finished parts, and cure packages that can eliminate production steps
when making thick parts lead to greatly improved shop efficiency and
cleanliness resulting in a much more desirable workplace.

improved laminating

reduced foaming

Reduced foaming in Signia™ resins leads to less entrapped gas bubbles
and faster consolidation of reinforcement layers. In Figure 1 the foaming
of Derakane™ Signia™ 411 (left) is compared to Derakane™ Momentum
411-350 (right) 1 minute 30 seconds after adding Norox®' 925H MEKP. Much
less foaming is seen in the Signia™ resin. This feature leads to laminates with
fewer voids. In this study Derakane™ Signia™ 411 was promoted with 0.2 parts
per hundred (pph) Cobalt Naphthenate 6% and 0.05 pph Dimethylaniline
(DMA) and Derakane™ Momentum 411-350 was promoted with 0.2 pph
Cobalt Naphthenate 6%. Both were initiated with 1 phr of high dimer
Norox® 925H MEKP for a 15 minute gel time.

,.“? § ——— ~r-l|:r 'g-.- — -w — 3
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Figure 1: Comparison of foaming in promoted and initiated Derakane™ Signia™ 411 (left) and
Derakane™ Momentum 411 (right) resin 1 minute and 30 seconds after initiation.
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g g k) oD | fewer enfrapped voids
o o ' In shop trials with Derakane™ Signia™ 411, operators consistently noted that
SR RN 5, k : wet-out and air release is significantly improved compared fo Derakane™
b Fah ; Momentum 411-350 and Hetron™ 922. To demonstrate this improvement,
Tt o e M experiments were conducted where 2 plies of 450 g/m? (1.5 oz/ft?) chopped
3 Y o strand glass mat were made where only 10 passes of a serrated roller was
d allowed to consolidate the plies and eliminate bubbles. The resin to glass
content for these experiments was controlled at 65% resin to 35% glass.
Figure 2 shows typical images of laminates from this experiment. Note the
appearance of fewer voids in the Signia™ resin laminate (top) compared to
the Momentum laminate (bottom). Cured laminate images were analyzed
using an in-house image analysis tool to quantify the number of voids in
each picture. Signia™ laminates were shown to have only 0.008 to 0.01
percent voids compared to 0.04 to 0.06 percent entrapped voids in the
Momentum laminates.

Figure 2: Backlit images of Derakane”™ Signia™ easy surface preparation

411 ftop) and Derakane™ Momentum 411 . A . . . R
(Bottom) laminates used in image analysis Reduction of steps in fabrication is one of the shortest paths to improving
for void content analysis. shop efficiency. Reducing the amount of preparation needed to apply

secondary layups of FRP is a key benefit of Signia™ resins. We used two
rmethods to confirm good secondary bonding for Signia™ 411 - qualitative
analysis through fiber tear evaluation and quantitative shear strengths
values through ASME RTP-1-2017 Appendix M5 bonding test standard?.

secondary bonding test laminate preparation - fiber tear evaluation
Fiberglass-reinforced laminates were prepared for fiber tear evaluation
using standard hand lay-up preparation methods. The laminates were
prepared in the Ashland Corrosion Science Center (Dublin, Ohio) and at
various customer locations. Several resin cure schedules based on MEKP,
Cobalt Naphthenate, and Dimethylaniline were used. To understand the
effect of reactive mass on cure and secondary bonding fiber tear, thick
and thin laminates were prepared. Primary laminates were fabricated as
a representative FRP substrate, aged, subjected to surface preparation by
sanding/grinding or no preparation performed, and finally a secondary
lamination was applied to the primary laminate. The final laminate

Figure 3. Picture of a completed secondary
bonding test laminate with border tape constructions were split at the interface between the primary and

separating the edge of the first and

sccondary layers. secondary layers using a wedge. The degree of fiber tear due to the failure

of the secondary bond was evaluated according to an established scale.

thick laminate preparation

Primary substrate laminates were constructed using 7 plies of 450 g/m?

(1.5 oz/ft?) chopped strand mat and promoted and initiated epoxy vinyl
ester resin. The primary laminates were cured at ambient conditions for

24 hours. In some cases, primary laminates were post-cured for 4 hours at
82 °C (180 °F) to simulate extended aging. A secondary layup of 7 plies

of 450 g/m® (1.5 oz/ft?) chopped strand mat and promoted and initiated
epoxy vinyl ester resin was applied on top of the primary laminate. For ease
of driving the wedge between the primary and secondary layers, a cne-
inch border of tape was applied to the primary laminate before application
of the secondary layer [see Figure 3). The laminates were cured at ambient
conditions, 17 °C to 26 °C (63 °F to 79 °F), for a minimum of 72 hours, followed
by separation of the primary and secondary layers to evaluate bond peel
resistance and fiber tear. A completed secondary bonding laminate is
shown in Figure 3.

cshlund\.ngm / 2
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thin laminate preparation

Thin laminates were prepared as described above in the Thick Laminate
Preparation section, but 3 plies of 450 g/m? (1.5 oz/ft?) chopped strand
mat were used in place of 7 plies.

secondary bonding fiber tear o
Secondary bonding by wedge or peel test is difficult to evaluate as it is R ath v o

AN ¢
largely based on subjective observations of the observer/operator. A : :
wedge test standard was developed by Ashland Technical Service for IR &, s
previous secondary bonding studies. Figure 4 shows the relative level of % N ¥ Eﬂ

fiber tear at 20, 60 and 100%.

The top picture in Figure 5 shows the general setup of the test apparatus,
with the wedge placed into the taped split initiation area of the upper
laminate. In Figure 5 at the bottom are pictured examples of tested
specimens. The tested specimens shown in Figure 5 gave excellent fioer
tear and are representative of the typical fiber tear witnessed from
specimens made in Signia™ trial fabrication shops and in Ashland labs.

In Figure 5 the bottom fiber tear specimen was post cured for 4 hours at
82 °C (180 °F) before application of the second layer where the fiber tear
specimen above had no post-cure applied.

Figure 4. Secondary Bonding Wedge Test
example scale.

S

N ek o
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i
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first layer post-cure second layer post-cure

Figure 5. Secondary bonding wedge test setup (top) and tested secondary bonding laminates with no surface preparation by sanding of the primary layer (bottom).
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In tests conducted on laminates where the corrosion barrier was the
interface with the secondary layer we typically found poor secondary
bonding. Upon evaluation it was found that dis-bonding occurred due

to alack of reinforcement at the interface. Because the corrosion barrier
is resin-rich, the bond is only as strong as the resin. When trying to bond
against the surfaces that had cured against the mold, we found residual
mold release also caused clean dis-bonding with no fiber tear. Another
impediment we found to secondary bonding was with filament wound
laminates where there was no chopped strand glass or intimate contact
of glass between the primary and secondary layers. Based on these
observations, in cases where there is a continuous resin rich layer some type
of surface prep or application of chopped strand glass should be applied
to prevent dis-bonding.

When constructing equipment to a manufacturing standard such as

RTP-1 or an end user specific specification where sanding is mandated
between secondary overlays, these protocols should be followed and
surface preparation should be performed as directed by the standard

or specification. In these cases, it was observed by fabricators that the
Derakane™ Signia™ resin did not gum up sanding disks the same way as
current resins. This performance was attributed to the improved surface
cure driven by the kinetics of the Signia™ cure and presence of the styrene
suppression film preventing air inhibition of cure at the resin surface. In

Figure 6. Preparation of M5 test specimens in a 5 $ i K g > 5
customer’s shop (top) and precut and machined secondary bonding studies and in full scale equipment fabrication trials,

M5 test specimens (bottom). it was found that Signia™ resins typically developed a higher Barcol in
a shorter period of time - typically, greater than 30in 1.5 hours. Further
studies on this capability are being conducted and will be presented in
the near future.

ASME RTP-1-2017 appendix M5 secondary bond test specimen
construction and testing

The ability fo quantify secondary bonding in a way that is meaningful to
fabricators was identified in the ASME RTP-1-2017 Appendix M5 Secondary
Bonding test standard. Following the procedures defined in Appendix M5,
a FRP pipe section was produced using Derakane™ Signia™ 411. A 15 minute
promotion and initiation schedule was used for pipe and secondary layup
of the M5 test specimens. The pipe was allowed to cure for a minimum

of 72 hours between 21 °C (70 °F) and 27 °C (80 °F) before the secondary
lamination was applied. The application of the secondary layup can be
observed on prefabricated pipe in the top picture of Figure 6. Note the
pipe is pigmented blue so the pipe laminate can be distinguished from the
secondary laminate for test specimen machining. Machined specimens
can be seen in the bottom picture of Figure 6. ASME RTP-1-2017 Section
4-320 and Appendix M5 specify that the pipe surface should be prepared
by sanding before application of the secondary bonded laminate. The
goal of the testing described here is to evaluate the ability of Derakane™
Signia™ 411 to bond to prepared and unprepared surfaces; therefore, in
some cases during these tests there was no preparation of the pipe surface
by sanding.

cshlund.:\:tn / 4
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Machining and testing of specimens was conducted by Fiberglass
Engineering Mechanics (FEMech) Testing Lab, in Harrison, AR, as well as the
Ashland Physical Testing Lab (APTL) in Dublin, OH. The top picture in Figure 7
shows a close-up view of the M5 test specimen after machining. The picture
on the bottom in Figure 7 shows a closeup view of the M5 test specimen in
the Instron™ compression fixture.

Using the ASME RTP-1-2017 Appendix M5 test standard a shear strength
value can be calculated to evaluate how well a secondary bond is made
by a fabricator. To pass, the specimen must reach a minimum shear
strength value of 13.79 MPa (2000 psi). Test samples were prepared in fwo
RTP-1 cerfified shops by Appendix M5 cerfified fabricators. Samples made
with sanded and un-sanded pipe were sent fo Ashland's Physical Testing
Lab (an ISO?001 independently cerfified lab) and to Fiberglass Mechanics.

Figure 8 presents data for RTP-1 Appendix M5 test specimens for sanded
and un-sanded pipe. This data clearly shows that shear values for sanded
(Prep) and non-sanded (No-Prep) pipe are similar, and in all cases bonding
exceeded the minimum M5 shear strength requirement of 13.79 MPa.

40
35 —
o 30
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£ %
Z
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£
©»
g 15
= ‘ Figure 7. Machined M5 test specimen after
10 machining (top) and M5 test specimen mounted
in the Instron compression fixture (bottom).
° ‘
0
APTL No-Prep APTL Prep FEMech No-Prep FEMech Prep

Figure 8. ASME RTP-1 Appendix M5 secondary bonding shear strength values for sanded (Prep) and
un-sanded (No-Prep) test specimens.
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Figure 9: Measurement of thick filament wound
tank section made in a single continuous step
with Derakane™ Signia™ 411 resin.

cshlond:a?rn / L]

faster fabrication

The cure and processing characteristics of Derakane™ Signia™ 411 resin
makes it possible to reduce the number of steps required to make thick

part such as a hand laid-up flange or filament wound vessel. Signia™ is not
sensitive to air inhibition which leads to excellent Barcol development and
surface cure allowing fabricators to begin secondary layups sconer than
with previous resin systems used. This is useful in lange attachment layups
and application of repad for construction of headers, columns and tanks.
Signia™ resin technology has been shown to make thick parts without
warping and scorching related to heat development. In several customer
trials very thick parts were made without issue related to heat development,

filament winding of thick tank sections

The vessel wall pictured in Figure 9 was produced in one continuous winding
process using a common MEKP / Cobalt Naphthenate cure to a thickness
of 27 mm (2 in) with a high glass content (~65%). When building vessels by
filament winding the fabricator can build the corrosion barrier by hand
layup and chopper gun and then take advantage of Signia™ 411's excellent
secondary bonding by not having to sand the surface before starting the
winding process. It's important to note that the best practice is fo apply a
layer of resin and chopped strand for a bedding layer between the cured
corrosion barrier and the layers of glass filament roving. This practice is
commeon when laying up on a sanded surface.

hand lay-up of thick laminates

When building large manway flanges it commonly takes a fabricator

three to four steps to lay up the complete sequence corrosion barrier and
structural layer reinforcements. It is common for there fo be 26 to 36 layers
of alternating 450 g/m? (1.5 oz/f1?) chopped strand mat and 680 g (24 oz)
woven roving. Typically, MEKP/CHP initiator blends are required to achieve
long gel times to provide the desired working time and minimize high heat
build-up upon cure. With Signia™ 411, Copper Naphthenate (CuNap) has
been successfully used fo reduce the peak exotherm and extend the gel-
to-peak exotherm with minimal effect on gel time. This gives fabricators the
fime needed to lay up the full reinforcement sequence for the flange, while
preventing high heat development that can scorch the upper layers of resin
and reinforcement. In Table 1 the effect of Copper Naphthenate can be
seen in standard 100 gram cup gel time studies. It can be seenin this data
that high hydrogen peroxide (H,0,) containing MEKP initiators like Luperox®
DDM-9 have a larger reduction of peak exotherm when using Copper
Naphthenate, The effect is not as large for high dimer MEKP initiators

like Norox® 925H.

resin temperature, °F 75 75 75 75

derakane”™ signia™ 411 resin, pph 100 100 100 100
6% coball, pph 0.15 0.15 0.15 0.15
10% cunap 8%, pph Q 0.25 0 0.25

high dimer MEKP, pph 1 1 - —
high H,0, MEKP, pph - - 1 1

GT, min 28 28 27 33
G-PE. min 20 41 23 54
PE°F 325 275 310 10

Table I: Effect of Copper Naphthenate in parts per hundred (pph) on and MEKP choice on gel time (GT),
gel-to-peak exotherm (G-PE) and peak exotherm (PE) in 100 gram T-Cam cup gels.
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In arecent trial a fabricator was able to make 36" ID manway with a % inch
(20 mm) thick flange in one layup, significantly reducing the amount

of needed to make this part. In addition to producing a good quality
laminate in the flange and next of the manway the amount of drawback
of the is critical to if the part is acceptable or not. In Figure 10 it can be
seen the drawback on the flange is minimal and consistent with existing
flanges made by a multi-step process. Using Derakane™ Signia™ 411 with
CuNap allowed the customer to reduce fabrication fime from a multi-step
production process that took 2-3 days fo complete from start to demolding
to a 6 hour process from start to demolding.

summary

The chemistry of epoxy vinyl ester resins makes them highly reactive and
when first invented they were unstable and difficult to use because of this.
Introduction of better production capabilities improved their stability and
allowed them to become a material of choice for corrosion applications
where alloy cannot perform. In Derakane™ Signia™ resins Ashland has
combined the best technological features of the Derakane™ and Hetron™
lineage with additional new learnings to infroduce a leap forward in
stability and usability compared to previous generations of epoxy vinyl ester
resins.

The experiments described in this paper demonstrate Derakane™ Signia™
resin technology is capable of improving shop efficiency through less
surface preparation, faster Barcol development, less waiting time between
the application of additional laminates, and the ability to make thicker Figure 10: Derakane™ Signia™ 411 with CuNap
parts. This results in improved labor efficiency through a reduction or i A ::';er‘:f;:'e’ : Z:i';;:f:"'f)"f fiange
removal of entire fabrication steps, improved shop cleanliness and overall

faster processing of high quality FRP parts. Since Ashland's infroduction of

Derakane™ Signia™ resin technology it has been widely embraced by shop

fabricators and owners for the landmark improvements and value it brings.

o </
&\ L

! Norox® is a regi: i i k of United Initic
*ASME Standard RTP-1-2017, Appendix M5,
Qualif ion of Lami; and lary Bonders,

The American Society of Mechanical Engineers, Two
Park Avenue, New York, NY 10016-5990, 2017.

? Luperox® is a registered trademark of Arkema Inc.
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derakane~signia“resins
unchanged polymer backbone

intfroduction

Introduced in 1965 to combat
corrosion in hot, wet chlorine
environments, Derakane™ epoxy
vinyl ester resins have become the
indusiry standard for corrosion-
resistant fiber reinforced polymer
(FRP) equipment. High performing
derivatives have been introduced
over the years to allow vinyl ester
solutions for expanded chemical
environments, high temperature
performance and areas requiring
improved toughness. With the
infroduction of Derakane™ Signia™,
Ashland has leveraged new
production capabilities to modernize
resin features including improved
environmental performance, better
workability and increased worker
satisfaction.

features

Derakane™ Signia™ resins provide
significant advantages for
fabricators, design engineers and
asset owners/end users of corrosion-
resistant FRP equipment.

In the shop

o low styrene emission

o improved shop efficiency
o longer shelf life

In the field

o unchanged polymer backbone

In this paper we will expand on the unchanged polymer backbone of
Derakane™ Signia™ resins. Derakane™ Signia™ 411 bisphenol-A epoxy vinyl /
ester resin is used in key examples to demonstrate the polymer backbone

is unchanged compared to previous generations of Derakane™. It provides

resistance to a wide range of acids, alkalis, bleaches, and organic compounds

used in chemical processing industry applications.

Assurance of corrosion performance is critical fo users and specifiers of FRP
equipment. Since the Derakane™ Signia™ polymer backbone is the same
compared fo previous Derakane™ products, asset owners and engineers can
be assured that all previous Derakane™ corrosion studies, historical data and
field case histories remain relevant to demonsirate performance for their design
requirements. This combined with improvements for the fabricator leads to

the availability of better, more efficiently produced and more environmentally
friendly FRP equipment.

unchanged polymer backbone

Ashland knows through direct chemical structure evaluation the Derakane™
Signia™ polymer backbone is unchanged compared to previous versions

of Derakane™. The challenge is to demonstrate this to the industry without
revealing proprietary information. The first step towards this is comparing
thermal and mechanical properties and validating they are the same for
Derakane™, Derakane™ Momentum™, and Derakane™ Signia™ bisphenol-A
epoxy vinyl ester resins. Properties such as tensile and flexural strength.
modulus and heat distortion temperature measure directly the characteristic
of the cured polymer matrix crosslinking.

Table 1 presents thermal and mechanical properties for cured clear castings
of Derakane™ Signia™ 411, Derakane™ 411-350, and Derakane™ Momentum™
411-350. Taking standard deviation into account for each of the test methods,
it can be seen the thermal and mechanical properties for the three resins are
the same'?,

derakane™ | derakane™ | derakane™
property of casting | signia™ 411 | 411-350 momentum 411-350 | unit (SI) | method

it - tensile strength 85.6 813 836 MPa ASTM D638
o identifiable resin system |

tensile modulus 31 30 30 GPa ASTM D638

tensile elongation 5.1 51 52 % ASTM D638

flexural sirength 147.9 138.6 144.8 MPa ASTM D790

"\ flexural modulus 33 32 33 GPa ASTM D790

heatdisiorion 105 105 105 Jel ASTM D648

temperature

-

\ Table 1. Typical mechanical properties of Derakane™ Signia™ 411, Derakane™ 411, and Derakane™
/ Momentum™ 411 clear castings. All properties were calculated on a clear casting that was cured for 24

b hours at ambient conditions then post-cured.
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Resin viscosity and density are largely governed by polymer chain length

and the percent of monomer (styrene) present. In Table 2 the viscosity of
Derakane™ Signia™, Derakane™ Momentum™, and Derakane™ 411 family resins
are presented. The data shows the percent of styrene and the viscosity are

the same for each of the resins. If there was a difference in polymer chain
construction for these resins, more styrene would be needed for longer average
chain lengths, or less styrene for shorter average chain lengths fo achieve

the same viscosity. Variations in polymer chain construction would create
differences in mechanical properties — which is not seen in Table 1 data.

property ot 25°C | derakane=! | derakane -m
(77°F) signia=411 | 411-350" | momentum=411-350 | unit (S1)

Brookfield viscosity = 350 | 350 | 350 | cps | ASTMD2196
styrene content 44 44 44 % ASTM D638
density 1.046 | 1.046 | 1.046 | g/ml | ASTM D1475 .

Table 2. Typical liquid properties of Derakane™ Signia™ 411, Derakane™ 411, and Derakane™
Momentum 411 resins.

To confirm corrosion performance is unchanged, two relatively aggressive
chemical environments were chosen for evaluation of Derakane™ Signia™ resin
versus the corrosion resistance of the classic Derakane™ 411 type bisphenol-A
epoxy vinyl ester resin backbone. Hydrochloric acid and sodium hydroxide are
bookends of conditions found in many industrial applications such as chemical
process and mineral processing — consistent performance in these environments
is critical and are key indicators of an unchanged backbone

mSignic  BNen-Signia BSignic  BNon-Signia

100 100
c 90 | M < 90| W
2 80 = 80
£ 70 27
£ 40 & 40
2 50 _:—:33 50
§40 g 40
2 30 x 30
2 20 = 20
8 10 810
0 — 0
1 3 6 12 1 3 6 12

Months Exposed to 32% HCI af 66°C Months Exposed to 10% NaOH ot 93°C

Figure 1. ASTM C-581 corresion study data for 32% hydrochloric acid at 66°C (left) and 10% sodium
hydroxide at 93°C (right).

The graphs of C581 corrosion data in Figure 1 show the percent retention of C581
coupon modulus after exposure to 32% hydrochloric acid at 66°C [150°F) (Figure
1, left) and after exposure to 10% sodium hydroxide at $3°C (200°F) (Figure 1, right).
Laminate medulus is mainly determined by the reinforcement, not the resin. The
retention of modulus relates directly to degradation of glass reinforcement and
the ability for the resin to protect the glass from the chemical environment?. The
data demonstrates that the perfoermance between Derakane™ Signia™ and the
classic Derakane™ bisphenol-A epoxy vinyl ester polymer backbone is similar -
faking variations inherent to C581 testing info account.

regional centers Middle East, Africa

It should be noted 10% sodium
hydroxide at $3°C (200°F) is relatively
aggressive and the coupon
construction chosen is not what
would be recommended for this
service in a real-world application.
This construction was chosen to
better evaluate how each resin
protects glass reinforcement from
chemical attack?.

summary

The chemistry of epoxy vinyl ester

resins makes them highly reactive

and when first invented they were
unstable and difficult to use because
of this. Infroduction of better
production capabilities improved
their stability and allowed them to
become a material of choice for
corrosion applications where alloys
cannot perform. In Derakane™

Signia™ resins, Ashland has

combined the best technological

features of the Derakane™ and

Hetron™ lineage with additional

new learnings fo infroduce a leap

forward in stability and usability

compared fo previous generations
of epoxy vinyl ester resins. Liquid,
thermo-mechanical, and corrosion
performance data presented in

this paper supports that Signia™

resins have an unchanged polymer

backbone - assuring customers the
vast library of Derakane™ corrosion
and case history data collected
over the past 50 plus years applies to

Signic™ resins.

! Clear castings of 3.2 mm (1/8%) thickness were
prepared between glass plates using standard
preparation methods. The castings were cured at room
temperature for 24 hours then post-cured. Thermal and

mechanical properties were determined using ASTM
methods and Instron mechanical testing equipment.

* Properties are typical values, based on material tested
in our laboratories, Results may vary from semple to
sample. Typical values should not be construed as a
guaranteed analysis of any specifie lot oras
specification items.

T Derakane™ epoxy vinyl ester resins chemical
resistance guide, pp. 8, 65, Spring 2017, Ashland LLC.,
Dublin, Ohio, 43017
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SIMULATION OF MODERN MATERIALS IN ALTAIR HYPERWORKS

SIMULACE MODERNICH MATERIALU V ALTAIR HYPERWORKS

MARTIN KUKLIK!, VoITEcH RULC?, HYNEK PURS®

Simulation testing of modern materials in Altair HyperWorks tools and their use for designing
new quality products is presented in this paper on two examples. First example application is
comparison of two computational tools and their simulation results in task of breaking flanges
made of typical semi-crystalline polymer and the correlation of these results with the real test.
Another example is a dynamic analysis — run over of the electric car charging connector.

Simulace testovani modernich materialu v nastrojich Altair HyperWorks a jejich vyuziti pro
navrh novych kvalitnich produktii je v tomto prispévku predstaveno na dvou prikladech. Jednim z
prikladi pouziti je porovnani dvou vypocetnich ndstrojii, jejich vysledkii simulace prerazeni
priruby vyrobené z typického semi-krystalického polymeru a korelace téchto vysledkit s redlnym
testem. Dalsim prikladem je ukdazka 7veSeni dynamické ulohy — prejeti nabijeciho konektoru
elektromobilu.

KEYWORDS

Simulation, analyses, CAE, modern materials, HyperWorks
UVOD

Rychlost vyvoje produktii se neustale zvySuje, a to i pfesto, ze stale roste i slozitost
jejich vyvoje. Aby bylo mozné drzet pii vyvoji krok s konkurenci, nebo byt idedlné o krok
napted, je potieba pifijmout skute¢nost, ze Vv mnoha primyslovych oborech se bez virtualniho
oveéfovani formou simulaci a analyz jiz neobejdeme. Ty mohou uSetfit nejenom spoustu
finan¢nich prostiedkt, které jsou Casto vynaklddany na neperspektivni sméry vyvoje, jejichz
neperspektivnost se zjisti az ve stadiu fyzického testovani, ale mohou stejnym zpiisobem
uSetfit i cenny cas.

! Ing. Martin Kuklik, Advanced Engineering s.r. 0. Na Ostrohu 16, Praha 6, Czech Republic. Tel
+420 281 097 525. Email: mkuklik@advanced-eng.cz

2 Ing. Vojtéch Rulc, Advanced Engineering s.r.o. Na Ostrohu 16, Praha 6, Czech Republic.
+420 281 097 525. Email: vrulc@advanced-eng.cz

3 Ing. Hynek Purs, Ph.D., Advanced Engineering s. r. 0. Na Ostrohu 16, Praha 6, Czech Repubilic.
Tel +420 281 097 212. Email: hpurs@advanced-eng.cz
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Aby ovsem virtualni testovani mélo smysl a jeho pfinosy byly skute¢né takové, jaké se
predpokladaji, musi pochopitelné jeho vysledky odpovidat skute¢nosti. Ne vzdy se toto vSak
dafi. Uskalimi jsou nejéastéji bud” $patné popsané materialové vlastnosti, které mohou mit na
stran¢ dodavatele pfi¢inu v nedostate¢né opakovatelné a presné vyrobé materialu, nebo na
strané vyrobce vypocetniho softwaru v nedostatecné piesném vypoctu nebo materialovém
modelu.

Pochopitelné neni mozné Zadnym softwarem simulovat chovéni celého svéta, bohuzel
ani vSechny vlastnosti materialt. Jednak neni mozné je detailné vSechny popsat, a jednak i
kdyby to mozné bylo, vypocet by trval nemyslitelné dlouhou dobu. Z toho divodu je v oblasti
pocitacovych analyz ptistupovano ke vSem materialim jako z ¢asti idealnim — vzdy v tom
sméru, ktery povazujeme za dominantni. Pokud lze chovani materidlu povazovat dominantné
jako elasticko-plasticky, je v simulaci pocitan jako idealné elasticko-plasticky. Pokud je
povazovan za prevdzn€ hyperelasticky, je s nim pii vypoctech naklddano jako s ideéalné
hyperelastickym apod. Pak ovSem zalezi na tom, jestli vztahy, které pro popis chovani
zidealizovaného materidlu vyrobce vypocetnich nastrojii pouziva, jsou dostatecné presné. To
Ize z pozice zédkaznika ovlivnit ov§em pouze spravnym vybérem vypocetnich nastroju.

PRERAZENI PRIRUBY
Tato simula¢ni uloha vychazi z problému, se kterym se na nas obratil zakaznik. Redlné
ovetovaci zkouSky pevnosti pfiruby vychéazely s naprosto rozdilnym vysledkem, nez byl

predpoklad zalozeny na simulaci stejného testu pomoci nejmenovaného explicitniho feSice
dynamickych uloh.

Ptiruba byla vyrobena z typického semi-krystalického polymeru a test spoc¢ival v narazu
kovového impaktoru do horni ¢asti piiruby (viz Fig. 1).

Zatimco ptivodni simulace pfedpokladala pterazeni ptiruby ve dvou mistech: v napojeni
vodici trubice na ptirubu a dalsi pfimo na vodici trubici v oblasti narazu impaktoru (viz Fig. 2
vlevo), realné testy ukazaly pterazeni pouze v jednom misté, a t0 v misté napojeni vodici
trubice na ptirubu. V misté narazu impaktoru se zadné vyrazné poskozeni neobjevilo.

Fig. 1 Realna ovétovaci zkouska

Po ptfevedeni modelu z formatu ptivodniho fesice do formatu pro Radioss [1] pfi
zachovani identické vypocetni sité 1 stejnych typt elementi sit¢ (TETRA 10), byla stejna
uloha simulovana znovu. Vysledky v Radiossu pak odpovidaly pfesné prubéhu redlného testu,
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a tedy plnily Gcel virtudlni simulace. Tohoto vysledku bylo dosazeno pouze pouzitim jiné¢ho
fesice. Sit’ nebylo tieba nijak upravovat nebo model validovat.

Rozhodujicim faktorem pro tuspéch této simulace byl ptesnéjsi vypocet a piesnéjsi popis
materialového modelu. Konkrétn¢ byl pouzit materidlovy model /MAT/SAMP (LAW 76) a
failure criterie model /FAIL/JJOHNSON

Additional
cracks

Fig. 2 Porovnani vysledkt simulace v nejmenovaném fesici (vlevo) a fesi¢i Altair Radioss
(vpravo)

PREJETI NABIJECIHO KONEKTORU ELEKTROMOBILU

Druhym ptikladem pouziti feSice Radioss je tUloha piejeti nabijeciho konektoru
elektromobilu. I tato uloha vychazi praxe a ma simulovat situaci, kde se nabijeci konektor
elektromobilu dostane nedopatfenim pod kola automobilu. Odpovida tedy dilezité zkousce
dle normy STN EN 62196-1. Pokud by konektor nebyl dostateéné pevny, aby odolal tize
automobilu, nebylo by nejvétsi neptijemnosti samotné jeho poSkozeni, ale hlavné nebezpeci
zkratu uvnitt konektoru a ptipadného vzniku pozaru.

Fig. 3 Pfejeti nabijeciho konektoru elektromobilu
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Simulace s pouzitim materidlového modelu Johnson-Cook (vyuzivajici matematicky
vztah (1)) prokazala, ze konstrukce napajeciho konektoru vyrobena z polyamidu PAG6 je
dimenzovana dostatecné. Nicméné bylo rozhodnuto, ze pro dalsi vyvoj by bylo vhodné
konektor odlehcit, ale zachovat ptitom jeho tuhost. Z toho divodu se pfistoupilo k tomu,
nahradit pavodni PA6 jeho kompozitni variantou PA6 GF30, ktera z 30 % obsahuje
zpevnujicich skelna vlakna [2].
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Analyzy a optimalizace konstrukci z kompozitnich materiali mohou byt v mnoha
vypoctarskych néstrojich velkou vyzvou. Sada nastrojii Altair HyperWorks, jehoz soucasti je i
Radioss, vSak obsahuje Altair Multiscale Designer, ktery praci s kompozity vyrazné usnadni.
Jednd se o nastroj pro vyvoj a simulaci materidlovych modeli kompoziti tvofenych
spojitymi, tkanymi nebo sekanymi vldkny, vostinovych jader, Zelezobetonu, zeminy, kostni
tkan¢ a dalsich heterogennich materiala [3].

Fig. 4 Schopnosti nastroje Altair Multiscale Designer

Diky Altair Multiscale designer je mozné vytvofit parametricky mikro-model
materidlu (detailni model tvaru vldken, jejich uspotfadani apod.) a automaticky ho Skalovat na

wewe

Prace na optimalizaci hmotnosti a tuhosti konektoru nejsou jest€¢ u konce, ale
dosavadni vysledky se zdaji byt velmi slibné.

ZAVER

Pouziti nekvalitnich vypocetnich nastroji a nevhodny popis pokroc¢ilych materialti miize
velmi negativné ovlivnit vysledky simulaci, a tim i celého vyvoje. Naopak piesna simulace
mize vyvoj inovativnich produktl zrychlit a zaroven zlevnit. Na pfedchozich dvou piikladech
bylo pravé takové pouziti vhodného a presného fesice, materidlového modelu a podplrnych
nastroji dokladovano.
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INDENTATION FRACTURE MECHANICS OF POLYMERS AND POLYMER
COMPOSITES

RALF LACH!, WOLFGANG GRELLMANN?

The indentation fracture mechanics based on advanced methods such as the approach of
Laugier and a newly developed energy-determined approach is found to be very reasonable to
assess the fracture toughness of brittle polymers and polymer composites adequately. Compared
to other experimental procedures of linear-elastic fracture mechanics there is only a need of small
amount of material or small samples, respectively, without any specimen notching before testing.

KEYWORDS

Indentation fracture mechanics, Laugier approach, energy-determined approach, R-
curve effect, neat polymers, hybrid organic-inorganic materials, nanocomposites

INTRODUCTION AND BACKROUND

The application of increasingly thin layers, miniaturisation and nanostructuring using
polymers and polymer composites as well as the necessity to analyse small sample quantities
are not adequately reflected in the advancement of new testing procedures to evaluate the
fracture safety and the lifetime of polymer materials, structures and components. One way to
overcome many resultant problems can be the implementation of indentation or scratch
fracture mechanics approaches.

The analysis of cracks formed close to hardness impressions is a part of the current
trend which deals with the development of simplified approaches for determination of fracture
mechanics parameters of brittle polymer materials. However, up to now only very limited
experimental knowledge exists of how to calculate the fracture toughness of these materials
based on indentation fracture mechanics (see [1-5] and references therein). Within the scope
of this work, fracture toughness values for polymethyl methacrylate (PMMA) and polystyrene
(PS) determined on the basis of a method proposed by Laugier [6] have been found to be in
good agreement with conventionally determined values (Fig. 1) [3]. The Laugier approach is
also valid for Palmqvist cracks formed under sharp indenters as found to be typically for
polymers [3-5]. For Vickers indenter four individual cracks starting to grow from the corners
of the impression diagonals are separated by the plastic zone beneath the hardness impression.

' Dr. Ralf Lach, Polymer Service GmbH Merseburg, Eberhard-Leibnitz-Strale 2, 06217 Merseburg,
Germany. Tel +49 3461 46 2780. Email: ralf.lach@psm-merseburg.de

% Prof. Dr. Wolfgang Grellmann, Polymer Service GmbH Merseburg, Eberhard-Leibnitz-Stralle 2,
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Fig. 1 Comparison of the fracture toughness K¢ determined using the indentation fracture
mechanics approach by Laugier (Kicpiry) and the conventional bending tests [3, 6]

PMMA/SILICA NANOCOMPOSITES

The fracture toughness K,c of a number of other materials than PMMA and PS such as
PMMA/silica(SiO,) nanocomposites [4], syndiotactic PS [4], PS nanocomposites [5],
polylactide(PLA)/apatite and glass ionomers has been determined using the Laugier approach.
Based on the results from agglomerate-free transparent PMMA nanocomposites with
maximum 20 wt.-% spherical SiO, nanoparticles (mean diameter: 26 nm), it has been shown
that indentation fracture mechanics is a straightforward, powerful, cost-effective and time-
effective tool for analyzing the fracture resistance of novel polymer materials, such as brittle
nanostructured polymer composites [4]. In contrast to pure PMMA, the R-curve effect, i.e.,
the enhancement in crack resistance as a function of crack size, was not observed for the
nanocomposites investigated. Fracture toughness was found to depend on the SiO,
nanoparticle content, and the maximum value was observed at 10 wt.-% (Fig. 2). A significant
reduction in fracture toughness occurred at 20 wt.-% SiO, nanoparticles, which is associated
with a percolation of the bound layers (interfacial layers) around the SiO, particles. From
DSC data, the thickness of the interfacial polymer layer was estimated to be about 9 nm.
Interestingly, both the indentation modulus Er as well the hardness values (Martens hardness
HM and Vickers hardness HV) increase linearly with the SiO, fraction (Fig. 2).
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Fig. 2 Indentation modulus E,r, hardness values (HM and HV) and fracture toughness K¢ as a
function of the SiO, fraction for PMMA/SIO, nanocomposites [4]
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HYBRID ORGANIC-INORGANIC COMPOSITES

For medical applications developing of advanced hybrid organic—inorganic composites
such as glass ionomers to be used as dental restoration materials is in progress. Four different
glass ionomers (material 1-4) combining the properties of ceramics and polymers were
investigated using the Laugier approach of indentation fracture mechanics. Cement powder in
form of micro-sized modified glass was mixed with polyaryl acid and cured up to half of a
year inside artificial saliva at 37 °C. Three different processes of curing are found in literature
depending on the curing time [7]: (1) ion transfer between the polyacryl acid and the glass, (2)
polymersation of the polyacryl acid and (3) formation of hydrogen bond between the polymer
and the glass particles as well as the polymer chains (crosslinking). For short curing times (up
to 24 h) the processes (1) and (2) are the most important ones whereas process (3) is
dominating at large curing times. For all glass ionomers investigated the transition in the
curing behaviour is clearly reflected in the fracture toughness Kic: Kic decreases first and
increases after 24 h again converging to a constant level (state of equilibrium) (Fig. 3).
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Fig. 3 Fracture toughness Kc of a glass ionomer (material 1) as a function of the curing time
inside artificial saliva at 37 °C
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Fig. 4 Fracture toughness K,c of PS and hybrid organic—inorganic PS nanocomposites (PS1 —
neat PS, PS2-PS4 — PS with 0.5, 1 and 2 wt.-% y-Al,O3 nanorods, PS5 — PS with 1 wt.-% v-
AIOOH nanorods) determined using different methods [5]

Furthermore, on example of PS and hybrid organic—inorganic PS nanocomposites where
the polymeric matrix is formed by in-situ polymerisation with well-dispersed ceramic
nanoparticles inside (y-Al,O; or y-AIOOH nanorods), the fracture toughness of these
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nanocomposites has been additionally determined based on an energy-determined indentation
fracture mechanics approach by using recorded load—indentation depth diagrams [5]. The
dissipated work obtained from these diagrams can be split in a portion to be related to plastic
deformation and a smaller one to be causative for crack propagation. Fig. 4 indicates that the
energy method gives reasonable results compared to the method of Laugier.

CONCLUSION

Advanced methods (Laugier and energy method) of the indentation fracture mechanics
were successfully applied on PMMA/silica nanocomposites and hybrid organic—inorganic
composites such as glass ionomers and PS nanocomposites. For the PMMA/silica
nanocomposites the drop of fracture toughness at a given amount of nanoparticles is
associated with a percolation of the bound layers (interfacial layers) around the particles. The
fracture toughness of glass ionomers was investigated as a function of the curing time, where
the transition in the curing behaviour is clearly reflected in the fracture toughness. On
example of the PS nanocomposites it was found that both the energy method and the method
of Laugier give reasonable results.
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FAST CURE EPOXY PREPREG SYSTEMS AND PRESS MOLDING PROCESSING AS
ANSWER TO GROWING DEMANDS FOR SPEED AND AUTOMATIZATION BASED
ON ExXAMPLES FROM AUTOMOTIVE APPLICATION

VLADIMIR LEwWANDOWSKI

INTRODUCTION

In 2018, Carbon Fiber Reinforced Plastics (CFRP) was named as an end use product of
approximately 80% of overall carbon fiber global production. This gives us approximately
128 KT and roughly 70% of the total turnover for all world carbon fiber manufacturers.
Within CFRP segment, thermoset matrix systems covered major share of this turnover —
approximately 70%.

The biggest consumers of the CFRP remain aerospace, defence and automotive sectors.
High safety requirements and demanding certification process brings aerospace to be the
biggest in terms of turnover. Requirements towards performance lead to use of composites as
material of choice. The same applies for the defence sector.

The automotive sector is the second largest consumer of CFRP both in volume (37 KT)
and turnover 4,17 mld. USD). The benefits of the lightweight design bring less added value as
in aerospace industry, but its importance grows with every year. To meet higher and higher
requirements coming from CO2 regulations without drastically changing the cars design
composites are considered as second to best solution. All the major OEMs are focusing more
and more on developing new programs for replacement and substitution of their standard
materials with composites lightweight design. The industry itself continue to grow with the
2% annual rate. These two among many other factors bring the positive environment for
further investment of the automotive industry into composites and lightweight design.

The sport and leisure applications are second area where drive towards innovation can
benefit from composites. This industry tendency is to always look for a way to improve their
products performance. Additionally, process of introduction of novelty materials and remains
quite easy in comparison to other markets using composites.

Both markets are going to drive demand towards CFRP in the coming years and
forecasted to experience growth in composite applications. In both industries mass
production, short cycles and consistent quality is a must.

' Vladimir Lewandowski, C-M-P GmbH, Industrieparkstrale 15, Heinsberg, Germany. Tel +49 151
652 531 22. Email: v.lewandowski@c-m-p-gmbh.de
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One of the answers for these industries demands are resins with short cure cycles and
prepreg materials in press moulding processing. The further analysis is going to be supported
with example of c-m-p GmbH snap cure resin system CP012 and its applications.

FAST CURE RESIN SYSTEMS IN THE MASS PRODUCTION

The first advanced composites to enter the automotive market were conventional
thermoset resins connected with carbon fiber textiles. Racing industry and high-end cars
benefited from autoclave processed epoxy prepregs which provided with outstanding
performance and weight savings. Unfortunately for composites, standard processing methods
and applications which growth from aerospace industry are not compatible with automotive
philosophy. Therefore, the composite industry had to reinvent their approach towards
materials processing. Hence fast cure systems were developed.

Although short processing times could be achieved with both thermoplastic and
thermoset composites, currently thermoset matrixes are considered more versatile. Current
constrains of thermoplastic matrixes are coming from limited dimensional stability and low
heat distortion. This makes thermoplastics less suitable for existing production processes in
comparison to thermosets (as an example - automotive electro-coating which require higher
TG).

Snap cure thermoset resin systems for automotive applications are mainly epoxy. The
main drive towards epoxy is coming from its superior adhesive strength and modulus, high
toughness, good fatigue performance and lower creep behaviour. Standard epoxy resins
coming from aerospace industry require temperature ramps, slow temperature increase and
dwelling points (to reduce resin viscosity and provide enough time for full wet-out and proper
voids removal). The fast cure resin had to provide the same end results with faster cure time.
The main challenge for the new resin formulations was to achieve such resin composition
which could maintain very low viscosity for enough time to allow easy flow of the resin to
wet out the fibers of the reinforcement after which fast cure reaction could take place. This led
to development of the new resin type, with good thermolatency and delayed onset reaction.
These characteristics are essential for the proper impregnation in high temperatures and short
time cycles accompanied with the fast cure after resin trigged when specific temperature is
reached.

FAST CURE RESIN IN RTM AND PCM

The fast cure technology is a part of out of autoclave processing methods. This novelty
resin is the most efficient in mass scale production in advanced RTM and Prepreg
Compression Moulding.

In the Press Compression Moulding process custom made prepregs are cut and stack up
into desired pattern. This “prepreg stack” is then moved into preform tool where some heating
is applied in order to get desired shape of the preform. Next, the preform is transferred to the
mould where it undergoes the fast cure processing. After the cure, the mould is open and
finished component is available. The aim of the process is to be maintain the cycle as short as
possible without compromising the end part desired characteristics.

CF UD-Prepreg »Wet“ preform Component

_1

Resin

Fig. 1 Prepreg-based (compression) moulding (PCM)
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In the RTM process dry textile is stack up (and sometimes binder stabilised). The “dry
textile stack™ is then moved into preform tool where heating and additional pressure are
applied to get desired shape of the preform. Afterwards, the preform is transferred to the
mould where it undergoes the fast cure processing. The time of the cure depends on the part
dimensions and equipment capabilities. After the cure, the mould is open and made
component is available. The key factor is to be able to control the cure process properly.
Complex shaped parts could be achieved.

Woven or non- »Rry* textile

22 crimped fabric preform

Component

Resin

Fig. 2 The Resin-Transfer-Moulding Process (RTM)

Both processing methods have their advantages and disadvantages. RTM allows to have
very good finishing surface of the composite material with relatively short cure cycles.
However composite part manufacturer must consider that the costs of RTM tools are quite
high. Another limitation is related to the part design — production of bigger dimension parts
could be quite problematic (costs of equipment, limitations of the RTM processing
technology). The process itself is highly customised but because of that also complex and
difficult to control, especially in short cycles. Lastly, the part manufacturer has an additional
production variable, since he must source separately for the resins and technical textiles in
order to secure components for a composite part.

The Press Compression Moulding allows for shorter cure cycles as RTM. The costs of
the tools are in comparison cheaper. The composite part manufacturer receives the carbon and
the resin aligned in the form of prepreg. Parameters of the prepreg could meet tight demands
and remain constant and repeatable in quality. One of the limitation of PCM against RTM are
dimension of the parts. PCM allows to produce bigger parts as with RTM, however the part
itself must be simpler shaped.

The most outstanding feature of the PCM against RTM seems to be commercial one (as
the combination of previously mentioned characteristics). Easier production scalability and
growth to large series production coming from shorter cycles and low tool costs gives a great
competitive advantage from commercial perspective for all composite manufacturers who
want to become OEM partners.

CASE STUDY - FAST CURE THERMOSET RESIN SYSTEM IN PCM BASED ON
EXAMPLE OF CP012 RESIN SYSTEM IN CAR SUSPENSION DRIVE SYSTEM
(JEC ASIA AWARD 2018)

The CP012 is an epoxy modified epoxy resin system with the cure temperature range
between 120°C and 180°C and cure time between 15 and 3 minutes. The resin allows versatile
textiles to be used in form of prepregs. The working pressure vary between 2-6 Bar. TG reach
up to 135°C which meets most of automotive standards for further joined processing on the
later stages of the car production. The higher viscosity of the resin is needed to prevent
flushing the resin out of the mould during the high pressure and temperature rise in the rapid
cure cycle.

52



Additional important feature of this specific resin system is the “hot in/hot out” feature
along with the prepreg low tack. “Hot in/hot out” means simply that demoulding becomes
easier. This is crucial for keeping up with the short time processing standard in the automotive
industry. Low tack of the prepreg allows easier and faster stack up of the prepreg plies and
opens the opportunity for the process automatization already on the early stage of the
production cycle.

NAME CP0O12
CURE TEMPERATURE 120-180°C
CURE TIME 15—-3 MIN
PRESSURE 2—6BAR
VISCOSITY HIGH
TG 135°C
SHELF LIFE 3 WEEKS @RT
TEXTILE UD/FABRIC/MX/SCRIM

Fig. 3 CP012 Resin characteristics
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Fig. 4 CP012 Resin cure curve

c-m-p GmbH along with its partner Donguan Action Composites developed and brought
to commercial use carbon fiber reinforced composite stabilizers for the front and the rear
axles of racing car series.

The key benefit of the composite replacement in this specific element of the car was
55% of the weight saving. c-m-p GmbH was able to prove to the OEM that CFRP part is
suitable for use as a semi-structural part for car suspension system. Most importantly, this
project confirmed that composite part manufacturing could be executed according to the
automotive standards and their philosophy of the production. The part shown on the pictures
below could be manufactured in very short cycle (less than 6 min), offering the opportunity to
produce 220 parts per day which gives approximately 70.000 parts annually.
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Fig. 5 The composite stabilizers on the front and rear axles

CONCLUSIONS

Compression Press Moulding system and fast cure prepregs prove that composites could
be aligned with the automotive industry philosophy of production. To further develop
numbers and increase the amount of the composite elements in the cars design, the
automotive industry itself along with the composite part makers must invest in further
processing technics development, new car design and materials testing.

The fast cure system itself is not free from limitations and remains under pressure of
further development. As for today, the parts thicker than 3 mm proved to be challenging for
the PCM process. These limitations come directly from the resin design (the speed of the cure
reaction and the exotherm limit snap cure resin use for thicker parts). Additionally, more
complex shapes require different approach towards CFRP pre-products processing.

One of the current trends is to push the resin and prepreg manufacturers towards
development of PCM prepregs for aesthetic composite parts. c-m-p GmbH is ready to help its
partners to develop custom solutions for such applications and support composite parts
makers in promotion of new composite elements into the OEM s car design.
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NEW STRUCTURAL MMA ADHESIVES AS FULL TECHNICAL AND ECONOMIC
REPLACEMENT FOR ALL STRUCTURAL AND SEMI - STRUCTURAL BONDING
OPERATIONS

CHRISTHOF MAYER?

In the last century beside the classic joining methods of same, similar and different materials
as mechanical fasteners (like rivets, bolts and screws), fusion methods (welding, soldering, etc.)
and others (like wet tabbing for FRP’s), pure bonding operation became more and more important
for state of the art industrial manufacturing.

KEYWORDS
Structural bonding
ABSTRACT

In the last century beside the classic joining methods of same, similar and different
materials as mechanical fasteners (like rivets, bolts and screws), fusion methods (welding,
soldering, etc.) and others (like wet tabbing for FRP"s), pure bonding operation became more
and more important for state of the art industrial manufacturing. In general we have to set
apart the classic sealing operations which are mainly used in combination with the classic
joining methods from the real structural bonding operations which have to be separated into
the 3 big groups connected to the final field of application.

+ « High Performance Structural Bonding,
* » Structural Bonding
« « Elastic/Semi - Structural Bonding

Classic room temperature cure adhesives based on pure MMA technology are already
on the market since more than 50 years. Due to their basic product properties and technical
advantages compared to others, these MMA adhesives fixed partly their position in the
structural bonding field where room temperature curing systems were applicable but they
were never able to establish themselves in the other 2 areas of applications which are
historically covered by Polyurethane, MS, Silicones, Epoxy and Hybrid adhesive types.

! Ing. Christof Mayer, Mayer & Mayer HandelsGmbH, Markt Allhau, Austria, www.bondingexperts.at.
Email: office@bondingexperts.at
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The main topics and basic requirements to be fulfilled to cover all 3 areas are
summarized as follows:

Elastic / Semi — Structural Bonding:
Mechanical properties: Tensile strength: Low, around 4 — 6 MPa
Elongation: High, up to 400 %
Peel: Medium to high
Creep: Very Low, <10 %
Fatique: Medium
Gapfill: Medium to high
Classic adhesive types: 2 K, low strength Polyurethanes
2 K Silicones, 2 K MS Polymers, Hybrids
1 K Adhesive Sealant systems

Climate resistance: Limitations at low and high temperatures
(mostly -20°C to + 90 °C) and humidity
Handling: Surface Abrasion, Activators and Primers required

Long Curing times
Strong limitations on bondable substrates

Structural Bonding:

Mechanical properties: Tensile strength: Medium, around 10 — 20 MPa
Elongation: Medium, 100 - 250 %
Peel: Medium to high
Creep: Medium, up to 45 %
Fatique: High
Gapfill: Low to high

Classic adhesive types: 2 K, medium and high strength Polyurethanes
2 K MMA’s, Epoxy Hybrids, Classic Epoxies

Climate resistance: Very good over a wide range of temperatures depending on
adhesive type up to -55°C to +120°C for some classic MMAs

Handling: Surface Abrasion, Activators and Primers partly required
Classic MMA's NO/Little preparation
Medium to short curing times
Partly strong and little limitations on bondable substrates

High Performance Structural Bonding:
Mechanical properties: Tensile strength: High, around 20 — 35 MPa
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Classic adhesive types:

Climate resistance:

Handling:

Elongation: Medium, 10 - 80 %

Peel: Low to Medium

Creep: Medium, up to 60 %

Fatique: Low to Medium

Gapfill: Very Low to high gap fill applications

2 K, very low Elongation MMAs on lower strength side
2 K, high strength Epoxies

Depending on adhesive type high temperature resistant but low
on humidity/heat cycles

Surface Abrasion, Activators and Primers partly required
Partly very long curing times
Strong limitations on bondable substrates
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ATMOSPHERIC PRESSURE PLASMA OPTIMIZES ADHESION PROCESSES ON
PLASTIC SURFACES IN THE AUTOMOTIVE INDUSTRY

ATMOSFERICKA PLASMA OPTIMALIZUJE PROCESY LEPENI NA POVRCHU
PLASTU V AUTOMOBILOVEM PRUMYSLU

INES A. MELAMIES!, JOACHIM SCHUSSLER?, PETR TICHY?

For non-polar plastics, surface activation is essential to ensure the reliable, long-time stable
adhesion of adhesive bonds and coatings. The reason why an adhesive or paint does not readily
adhere to clean plastic surfaces is generally because the surface energy is too low. Plasma can
quickly remedy this problem. The automotive industry is using Openair-Plasma® jet technology as
an environmentally friendly and particularly cost-effective means of satisfying the industry’s strict
technical and quality requirements.

Pro zajisteni dlouhodobe spolehlivé adheze lepidel a poviakii na nepolarnich plastech je
nezbytna aktivace povrchu. Diivodem, proc¢ lepidlo nebo lak neprilne na cisty povrch plastu je
obecné velmi nizkd povrchova energie. Plasma miiZe tento problém rychle napravit.
V automobilovém primyslu je vyuzivana technologie Openair-Plasmové trysky jako ekologicky
a zejména usporny zpusob, jak splnit prisné technické a kvalitativni pozadavky tohoto odvétvi.

KEYWORDS

Atmospheric pressure plasma, surface pre-treatment, surface cleaning, surface
activation, adhesion, surface energy

INTRODUCTION

The most likely cause for the inability of clean and additive-free plastics to be bonded
or painted effectively is their low polarity and resultant low surface energy. This is the most
important measure for determining the probable adhesion of an adhesive layer or paint. For
non-polar plastics, surface activation is essential to ensure the reliable, long-term stable
adhesion of adhesive bonds and coatings. When a plastic’s surface energy is too low,
atmospheric pressure plasma can remedy this problem within seconds. The automotive

" Inés A. Melamies, International Press Consultant, Postfach 1624, 53583 Bad Honnef, Germany,
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industry is using Openair-Plasma® jet technology as an

environmentally safe and particularly

cost-effective means of satisfying the industry’s strict technical and quality requirements.

A QUESTION OF SURFACE ENERGY

With the development of its atmospheric plasma jet inline technology over twenty years
ago, the German systems engineer Plasmatreat created a solution which the industry had long

been seeking: an alternative to wet-chemical
pretreatment processes for material surfaces. Growing
demands in the nineties for environmentally friendly,
safe processes called for new methods which did not
require wet chemicals and were at the same time cost-
effective and process-reliable. Now used throughout
the world, Openair-Plasma® technology offered a
highly effective pretreatment process based on jet
technology that enables the area-selective, thus partial
pretreatment of mass-produced components in a fully
automated and continuous production process.

Non-polar  plastics require an essential
pretreatment before downstream processes such as
bonding, painting, printing or foaming. This is because
their lack of polarity causes them to have low surface
energy. Reliable adhesion is conditional on the surface
energy (mJ/m?) of the solid material being higher than
the surface tension (mN/m) of the liquid coating
applied, such as adhesive, paint or ink. Plasma treatment
even allows substrates previously regarded as
incompatible to be bonded to one another without using
primers, whereby water-based and often even UV

Fig.1 (Photo: Plasmatreat
GmbH)

Triple effect: Openair-Plasma®
rotating nozzle for microfine
cleaning, electrostatic
discharging and simultaneous
activation of a plastic surface

adhesives provide long-time stable adhesion once the surfaces have been activated.

TRIPPLE EFFECT

Openair-Plasma® (Fig.1)
performs three operations in a single
step lasting only a matter of seconds:
The plasma emitted from the nozzle

PP optimally
plasma-treated

Surface energy of polypropylene
after Openair-Plasma® treatment

at extremely high speed
simultaneously brings about the
microfine  cleaning, electrostatic
discharging and activation of the
plastic surface — a reactive change at
molecular level.  Activation is
achieved through the chemical and

ace energy [m)/m?]

urf

4 6 8 10

Speed
[m/min]

12 14 16 18 20 22 24 ~ PP atinitial conditic
Distance [mm] © Plasmatn

physical interaction of the plasma
with the substrate. When the plasma
hits a plastic surface, groups
containing oxygen and nitrogen are
incorporated into the mainly non-
polar polymer matrix. Functional
groups are created at the surface
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Fig.2 (Image: Plasmatreat GmbH)
The figure shows a non -polar plastic surface that
was pretreated as a function of distance and speed
with plasma. Treatment renders the surface polar
and the surface energy rises to >72 mJ/m? (72
dyne) with a large process window.



which form a permanent bond with the reactive components of the adhesive. The process
makes the previously non-polar substrate polar and significantly increases its surface energy
(Fig.2). The result is homogeneous wettability of the substrate and a long-time stable
adhesion of the adhesive or coating even under challenging load conditions. The rise in
temperature of plastic surfaces during this type of plasma treatment is typically AT< 30°C.

APPLICATION IN THE AUTOMOTIVE INDUSTRY
STRUCTURAL BONDING

Nowadays the superstructures of modern commercial vehicle are mostly fully bonded. Among
other things, this increases their inherent strength and payload as well as reducing their
weight. The requirements for structural bonding are high and can only be achieved with a
reliable pretreatment process.

Europe's leading trailer manufacturer Schmitz
Cargobull gave up using organic solvents for
pretreating the composite sandwich panels of
large refrigerated superstructures (Fig. 3) many
years ago. The refrigerated semitrailers are
self-supporting systems, the entire modular
structure is assembled without bolts and rivets.
By bonding the large-format panels in
aluminum profile rails, the system becomes

self-supporting. The areas of the panel surface Fig.3 (Photo: Schmitz Cargobull AG)
to which the adhesive is applied are pretreated Structural bonding: Europe’s leading
with environmentally friendly atmospheric semitrailer manufacturer gave up using
pressure plasma to enhance the durability and organic solvents for pretreating composite
tightness of the adhesive bond. Four Openair- panels prior to bonding several years ago

Plasma® treatment stations with 32 plasma  sing atmospheric pressure plasma instead.
nozzles, some rotating and some static, have

successfully replaced conventional pretreatments such as mechanical keying or activation
with environmentally harmful solvents in this production.

MASK-FREE PRETREATMENT OF INSTRUMENT PANELS

Pretreatments using flame technology require
labor-intensive masking of instrument panels
before they can be filled with foam. The use of
Openair-Plasma® technology by automotive
component supplier SMP Deutschland for the
cockpit of the Audi Q5 showed that it could be
done without masking. This instrument panel is
composed of three layers of material: a long-glass-
fiber-reinforced plastic substrate, a PUR foam layer
and a molded PVC skin, known as a ‘slush skin’.

: SR
Fig.4 (Photo: Plasmatreat GmbH)
The robot-controlled plasma rotary nozzles carry out an area-selective treatment of the
instrument panel. By scanning the geometry of the instrument panel true-to-contour, they
eliminate the need for masking before foaming.
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The structural parts are made from injection-molded polypropylene (PP). Pretreatment
is essential with this type of non-polar plastic to facilitate subsequent adhesion processes.

The Plasmatreat system equipped with three robot-controlled patented rotating nozzles
operates at a flow rate of approximately 250 m/s. As a result, even complex geometries such
as tiny recesses and undercuts can be effectively activated. A particular benefit is the true-to-
contour scanning of the plastic surface. For the manufacturer, the advantages of the plasma
process were clear: The area-selective application was a key deciding factor; pinpoint
precision meant that masking was no longer required (Fig.4). The fact that the “cold plasma”
does not damage the long-glass-fiber-reinforced polypropylene surface, the system is highly
process-reliable and reproducible and the technology as a whole significantly reduces
operating costs were further plus points.

PRETREATMENT OF PLASTCI BODY ASSEMBLIES

In order to save weight in vehicle
body construction, individual assemblies
are now made from high-performance
plastics which are glued together. The
plasma treatment not only replaces
conventional methods of pretreating the
SMC (Sheet Molding Compound) — such
as sanding or cleaning with acetone — it
also produces superior bonding results.
After assembly, the plasma-treated high-
performance thermoplastic and thermoset
components meet all the requirements in
terms of lightweight construction, passive

safety, mechanical properties and a . . . .
y prop Openair-Plasma® cleaning eliminates in

Class A” finish. seconds any release agents remaining on the
The plasma process is also particularly surface after demolding a CFRP component.
effective on fiber composite materials
such as carbon fiber-reinforced plastic (CFRP) or glass fiber-reinforced plastic (GFRP).
Nowadays automotive parts such as vehicle roofs, trunk lids or hoods are molded from CFRP.
Release agents are required to remove the complex individual parts safely from the molds
after production. After demolding, components from these release agents remaining on the
surface must be laboriously removed. With atmospheric pressure plasma cleaning, on the
other hand, any residual release agents are completely broken down and eliminated in seconds
before bonding (Fig.5).

Fig 5 (Photo: Plasmatreat GmbH)

SEALING VEHICLE HEAD LAMPS

Hella, a leading automotive component supplier for lighting technology and electronic
products, decided back in 1995, i.e. the year the technology was first placed on the market, to
purchase a plasma jet system for pretreating their vehicle headlamps. With these components,
the adhesive bond between the polycarbonate lenses and their polypropylene housings must
satisfy extremely strict sealing requirements.

Even the slightest leak would result in moisture penetration leading to impairment of the lens,
which in turn would adversely affect the beam angle of the light. Hella Australia uses the
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plasma to clean the grooves in the polypropylene (PP)
housing before applying a 2-component silicone adhesive
and to activate the non-polar material at precisely defined
locations (Fig. 6). As a result, the surface energy of the
PP increases from 35 mJ/m? to over 72 mJ/m?. This has
the effect of improving the adhesive characteristics of the
subsequent bond to ensure seal tightness.

Fig. 6 (Photo: Plasmatreat GmbH)

Vehicle headlamps must satisfy extremely strict sealing
requirements. To prevent moisture penetrating the
housing, the PP plastic grooves are cleaned and activated
with atmospheric pressure plasma prior to bonding.

DISPENSING WITH PRIMERS BEFORE PAINTING

TRW Automotive Electronics & Components pretreats millions of switches for car interiors a
year with the atmospheric pressure plasma jet technology prior to painting. A high degree of
process reliability is top priority and this is
achieved through the computer-controlled and
screen-monitored system provided by Plasmatreat.
Throughput has tripled since the company started
using a new water-based painting line with
integrated plasma system and stopped using primers
completely (Fig.7). Furthermore, not only has a
complete run incorporating six operations been
dropped, according to TRW, they have also been
able to save a great deal of time and 90% of the
energy costs compared with the previous cleaning
systems, drying process and primer activation.

Fig. 7 (Photo: Plasmatreat GmbH)
BUBBLE-FREE TOUCHSCREEN BONDING At TRW Automotive, Germany,
throughput has tripled since the
company started using a water-
based painting line with integrated
plasma system and stopped using
wet chemical primers completely.

Touchscreens provide the driver with information
about the vehicle, navigation system, GSM data and
much more besides. The potting between the glass
cover and the TFT screen must be completely
bubble-free and have good adhesive characteristics.
This calls for a very clean surface with extremely high surface energy. Bavarian automotive
component supplier Preh found that patented plasma rotary nozzles satisfied these
requirements in the production of their central console control systems. A laminator is used to
bond the PET touch foil complete with adhesive backing to the back of the injection-molded
polycarbonate panel of the center stack. The foil is supplied with multiple layers of screen-
printed electronic circuitry. Bubbles forming between the foil and the carrier during the
climatic test were successfully removed by pretreating the PC panel with Openair-Plasma®

(Fig. 8).
CONCLUSION

Scarcely any bounds are set to the versatility of application of the eco-friendly technology
described here. Conventional pretreatment methods such as cleaning and activating using wet

62



chemicals are completely displaced by the high quality plasma
process and some working steps are rendered unnecessary.
Apart from its effectiveness, the atmospheric plasma jet
technology includes high process speed, high process
reliability, one hundred percent robot compatibility and
accurate process reproducibility. The computer monitored
inline technology offers easy integration into process
operations and signal chaining to higher and lower-ranking
control units, as well as cost-efficiency and satisfying
requirements for total environmental compatibility.

Fig. 8 (Photo: Preh GmbH)
The polycarbonate panel on the car’s center stack is

pretreated with atmospheric pressure plasma to obtain
a bubble-free touch foil bond.
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FRACTURE MECHANICS AS A PRACTICAL TooL To ESTIMATE THE
TOUGHNESS OF FIBER—POLYMER COMPOSITES

EVA NEZBEDOVA ! RALF LACH ?, WOLFGANG GRELLMANN ®

Fracture mechanics concepts are more and more used also for fiber-reinforced polymer
composites. However the application of the crack resistance concept to this type of polymer
materials at impact loading conditions is still limited due to experimental reasons such as how to
identify stable crack growth on the fracture surfaces. The present contribution gives some insight
into expressiveness of crack resistance curves of glass fiber-reinforced polypropylene.

KEYWORDS

Short-glass fiber-reinforced polypropylene, fracture mechanics, instrumented Charpy
impact test, crack resistance curve, stable crack initiation, energy dissipation

INTRODUCTION

The application of reinforcements generally causes local tension and deformation
elevation near the inserted component. Micromechanical interactions form cavities. These
cavities can develop into cracks and cause the fracture of composites. The method of
experimental fracture mechanics and micromechanics are widely used and enable to obtain a
homogeneous and quantitative description of fracture phenomena [1]. One of the methods to
characterize toughness behavior under dynamic loading is the instrumented Charpy impact
test [2, 7]. On the basis of this fracture mechanic test method, critical values can be defined in
combination with corresponding evaluation methods. These values enable extensive
toughness characterization.

The determination of fracture mechanic values as resistance against stable crack growth
for fiber reinforced polymers [4-6] has opened new ways for optimizing the properties of
composites, because the energy dissipative processes occurring during stable crack growth
can be quantified.

' PD Dr. Eva Nezbedova, Unipetrol RPA, s.r.o. — Polymer Institute Brno, odstépny zavod, Tkalcovska
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EXPERIMENTAL

Polypropylene/short-glass fiber (PP/GF) composites were chosen for this study. The
fiber volume fraction was mostly 0.13, but also other volume fractions (= 0.03...0.19) were
taken into account. A special coupling agent was used (see Table 1). The specimens were
produced by injection molding. The dimensions (length x width W x thickness B) of the
single-edge notched three-point bending (SENB) specimens were 80 x 10 x 4 mm?®. The notch
depth was a =2 mm, i.e. a/W = 0.2. The test speed was fixed to be 1 m/s.

Tab. 1 PP/GF composites used

composite | fiber volume | coupling agent content
fraction (relative values)
PP1 0.13 0
PP2 0.13 0.2
PP3 0.13 0.5
PP4 0.13 optimal

In principle there are a couple of fundamental methods for determining dynamic crack
resistance curves [7]. An improved test procedure of the stop-block technique was used [2, 3].

Based on energy-determined crack resistance curves (J-Aa curves with J — J-value and
Aa — stable crack growth, for more information see [3]) the following fracture values were
estimated: (i) critical initiation value J; and (ii) tearing modulus T;. The tearing modulus is
basically the slope of J-Aa curves. Figure 1a shows the J-Aa curves determined for PP/GF
composites.

The crack initiation values are determined from the point of intersection of J-axis and
R-curve. The J; values obtained increase with increasing couple agent contents. The highest
values are achieved for the optimized product PP4 (Figure 1b). Another quantity for
evaluating J-Aa curves is the tearing modulus, which decreases with increasing coupling
agent content, with the exception of PP4.
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Fig. 1 J-Aa curves of the materials specified in Table 1 (a), resistance against stable crack
initiation J; and energy dissipation JT; (b)
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It was shown [7] that independently of the specific behavior of J and T; only the product
J-T; quantified the energy dissipative processes occurring during the fracture process and
controlled stable crack growth (Figure 1b).

A sensitive indicator to describe the brittleness of reinforcement is the critical crack-tip
opening displacement (CTOD). For this reason the investigation of deformation-determined
crack resistance curves (CTOD-Aa curves, for more information see [3]) is especially
attractive. The crack initiation value &; as well as tearing modulus Ts can be estimated from
the CTOD-Aa curves [7].

Fig. 2 Stretch zone height (SZH) of PP (a) and PP/GF with different fiber volume fraction:
0.03 (b) and 0.13 (c)

Fig. 3 Stretch zone width (SZW) of PP (a) and PP4 (b)
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Fig. 4 Critical crack-tip opening displacement (CTOD) as a function of the fiber volume
fraction, the solid line represents CTOD =2 x SZW (SZW - stretch zone width)
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The real physical crack initiation starts, if the crack-tip blunting, i.e. formation of the
stretch zone, is finished. For estimation the physical crack initiation scanning electron
microscopy (SEM) was used. Figure 2 and 3 shows the dependence of stretch zone height
(SZH) and stretch zone width (SZW) expressed by crack-tip opening displacement on fiber
volume fraction. The formation of a compact stretch zone of matrix is increasingly hampered
if the fiber volume increases. This fiber-induced constraint in plastic deformation bevor crack
initiation is clearly correlated with decreasing CTOD values from the fracture mechanics
analysis (Figure 4).

CONCLUSION

The value of elastic—plastic fracture mechanics can be recommended to the user or
developer of materials as suitable values for characterizing the deformation behavior of
composite and especially the brittleness, which often increases with the fiber volume fraction.
However, these values have different expressiveness because of their mode of determination.
The critical values of the J-integral are determined by energy but the critical crack-tip opening
displacement (CTOD) is determined by deformation. Hence the J-integral and CTOD can
show a different behavior in dependence on material parameters such as fiber volume
fraction, fraction of coupling agent and other values.
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INFLUENCE OF CARBON FILLERS' PLASMA TREATMENT ON MECHANICAL
PROPERTIES OF EPOXY RESIN COMPOSITES

VLIV PLAZMATICKYCH UPRAV UHLIKOVYCH PLNIV NA MECHANICKE
VLASTNOSTI EPOXIDOVYCH KOMPOZITU

NovOTNA JANAL, Koc¢iB JANY, SOURKOVA HANAZ?, GREGR JAN®, PECHOCIAKOVA
MIROSLAVA®, TOMKOVA BLANKA®

This work is focused on mechanical properties of epoxy composites filled with short carbon
fibers. Recycled chopped carbon fibers were used both without, and with plasma treatment. The
aim is to compare the impact strength of these composites and evaluate the usability of plasma
treatment in improvement of these composites properties.

Tato prace je zamérena na problematiku mechanickych vlastnosti epoxidovych kompozitii
plnénych kratkymi uhlikovymi vidkny. Recyklovana sekand uhlikova viana byla pouzita bez,
respektive s plazmatickou upravou. Cilem je porovndni razové houzevnatosti kompozitii plnénych
recyklovanymi viakny s plazmatickou upravou a bez této uprav a posoudit vyuzitelnost takové
upravy pro zlepSeni vlastnosti tohoto typu kompozitii.

KLICOVA SLOVA

Recyklovana uhlikova vlakna, plazmaticka uprava, epoxidové kompozity, razova
houZevnatost.

UVOD

Kompozity plnéné uhlikovymi vlakny se stavaji stale vice soucasti naSeho bé&Zného
Zivota, jsou dnes vyuzivany nejen v leteckém, ale i v celé fadé dalSich odvétvi. Jejich
produkce roste, a pokud jiz doslouzi svému piivodnimu ucelu, vyplati se, vzhledem k vysoké
cené uhlikové vyztuze, tyto kompozity recyklovat. Takto vznikla vldkna jsou po odstranéni

sizingu mleta ¢i sekdna a nasledn¢ dale pfidavana do novych kompoziti. Tato studie se
zabyva mechanickymi vlastnostmi takto vyrobenych kompozitd.
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Po pridani uhlikového plniva ve form¢ vlaken miizeme dosahnout zmény vyslednych
mechanickych vlastnosti kompoziti [1]. Vyvijené zatizeni na kompozitni material plsobi
nejdiive na matrici a v ni je pfenasena sila na vldkna. Tato sila pak plisobi na véalcovy povrch
vlakna, ale i na jeho konce. Pokud je povrch vldken modifikovan plazmou, dojde ke zlepSeni
adheze mezi matrici a plnivem, ¢imz by mélo dojit ke zlepSeni mechanickych vlastnosti
vysledného kompozitu [2]. V této studii chceme zjistit, zda ma G¢inek plazmy na plnivo vliv
na razovou houzevnatost epoxidovych kompozit plnénych t€émito materialy.

EXPERIMENT — PRIPRAVA VZORKU

Byly ptipraveny vzorky vyrobené z epoxidové pryskytice LR 285 s nizkou viskozitou
na bazi Bisfenolu A a cyklosolventniho polyaminového tvrdidla H 508 [3]. Hmotnostni
pomér téchto slozek byl 100:40. Pied smisenim téchto slozek bylo do tuzidla pfidano plnivo
z recyklovanych uhlikovych vldken Carbiso za nepfetrzit¢tho michdni. Smisend latka byla
odlita do pfipravku, kde doSlo k vytvrzeni pii pokojové teploté po 24 hodin a nésledovalo
dodate¢né vytvrzeni pii 60 °C po dobu 15 hodin. Byly vytvofeny vzorky od 1 hm% do 5
hm%. Schéma piipravy vzorku je zndzornéno na obr. 1.

L. II.

PFiprava materidlu Analyza SEM
Plazmovani "

I1I.

Vyroba kompozitu
‘ % 1. Plnivo

V.

Dodate¢né vytvrzovani

VL e e IV.
]

Tvrdidlo

Finalni vzorek Tvrzeni materidlu

pFi pokojové teploté
po 24. hodin

Obr. 1 Schéma ptipravy vzorkl

Vychozi surovinou byla sekana uhlikova vldkna na bazi PAN Carbiso Mil. [4]. Vlakna
maji dobrou dispergovatelnost a jsou kompatibilni s matrici z vétSiny termosetti. Vlakna jsou
dlouh4 100 um s primérem 7 pm.

V experimentu byly srovnavany nasledujici vzorky: epoxidova pryskyftice bez piimési
uhlikovych vlaken; 1-5 hm.% s piimési uhlikovych vlaken; 1-5 hm.% s pfimési uhlikovych
vlaken s plazmaticky upravenym povrchem. SEM snimky vldken jsou na obr.2 a 3.
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Plazmatickad tprava byla provedena patentovanym plazmovym mikrovinovym
generatorem. Pro zpracovani uhlikového plniva o vysokém specifickém povrchu bylo pouzito
specialni fluidizaéni zafizeni uzptsobené pro velmi lehké sypké materialy. Ucelem
plazmovani bylo rozruseni povrchu uhlikovych vlaken. Na nasledujicich snimcich je kK vidéni
porovnani plniva Carbiso a plniva po ptisobeni procesu plazmovani

(@) (b)

Obr. 2 Vliv plazmatické Gipravy na zménu povrchu a prufezu vlaken; SEM snimky vlaken —
(@) uhlikové vlakno, (b) uhlikové vlakno po plazmatické tipravé

Plazmové upravené plnivo dodala firma SurfaceTreat (LA 400). Tato Gprava probéhla
za ucelem specifické funkcionalizace, k cemuz byla pouzita specidln¢ pfipravend smes
kysliku a vodiku.[5]

EXPERIMENT — RAZOVA HOUZEVNATOST

Na mechanické testovani byla vyuzita zkouSka razové houzevnatosti Charpyho metodou
CSN EN ISO 179-1. Vystupni a porovnavanou hodnotou byla rdzova houzevnatost A [J/m?]
vynalozena pii mechanickém poruseni testovaného vzorku [6]. Naméfené hodnoty viz Tab.1.

Ty¢ razového kyvadla

Ostfi razového kyvadla

Rézové kyvadio

Zkusebni téleso

Obr. 3 Schéma Charpyho razové zkousky podle CSN EN ISO 179-1 [7]
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Zkouska razové houzevnatosti spociva v mechanickém namahani télesa silou,
vyvinutou po velmi kratkou dobu. Souvisi s deformacnimi vlastnostmi testovaného télesa,
schopnosti rychlé absorpce energie, tedy deformovat se urcitou rychlosti. S navySujici se
rychlosti razového kyvadla, a tedy i s navySujicim se naméhanim, se testované materialy
stavaji kieh¢imi. Testované téleso je pak pferazeno snaze nez pii nizsich rychlostech razového
kyvadla. O velikosti energie spotfebované na pterazeni télesa vypovida i rozdil vysky kladiva
pted zacatkem zkousky a po zkousce [7].

Tab. 1 Namétené hodnoty celkové razové houzevnatosti

Tvo vzorku Celkova razova Variacni 95 % interval
yp houZevnatost A [kJ/m?] koeficient [%] spolehlivosti
Epoxid 37,4 11,7 <32,0—-42,8>
1hm.% 44,9 38,4 <23,5-66,3>
2hm.% 40,2 25,7 <27,4-53,0>
3hm.% 55,0 31,2 <33,7-76,3>

4 hm.% 57,0 28,5 <36,8-77,2>
5hm.% 49,0 9,9 <42,9-55,1>
Plazma 1 hm.% 39,9 17,1 <29,0-50,9>
Plazma 2 hm.% 30,4 26,3 <17,6 —43,3>
Plazma 3 hm.% 25,0 39,4 <9,2 -40,8>
Plazma 4 hm.% 24,7 20,5 <16,6 —32,9>
Plazma 5 hm.% 14,5 32,5 <7,0-22,1>

Detailni vyobrazeni lomovych ploch testovanych kompoziti zobrazuje obr. 4. U ¢isté
pryskyfice miizeme ve sméru ptisobeni sily pozorovat malé trhliny ve vzorku (a). Tento druh
mechanického poskozeni byl zpiisoben narazem kyvadla do vzorku. Doslo tak k poruSeni
celistvosti struktury a k nevratné deformaci vzorku. Na obr. 4(b) Ize vidét trhliny orientované
vSemi sméry. Trhliny vytvareji jakési ostrovy, coz je zptisobeno vyztuzi z uhlikovych vlaken.
Pfi narazu kladiva na vzorek doslo k tvorbé trhliny, ta se vlivem ptsobeni sily $itila dal od
mista ndrazu kladiva. Takto rozrustajici se trhlina nardzela na mista s uhlikovymi vlakny, o
ktera se vétvila a doslo tak k vytvotfeni ostrovl s vlakny obklopenymi trhlinami.

Obr. 4 SEM — lomy kompozitu: (a) ¢isté pryskyfice, (b) kompozit s 3% vlakny a (c)
kompozit plnény 3% plazmaticky upravenymi vlakny
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VYHODNOCENI MECHANICKEHO TESTOVANI

Naobr. 6. a 7. mizeme pozorovat celkovy pichled naméfenych hodnot razové
houzevnatosti U vSech porovnavanych vzorkit. Nejvys$si hodnoty razové houzevnatosti
dosahly vzorky s nemletymi uhlikovymi vlakny o koncentracich 4 hm% a 3 hm%. Vzorky
s plazmovanym uhlikovym plnivem dosahovaly pifevazné nizSich hodnot razové
houzevnatosti. Z grafu 2. vyplyva, Ze se zvétsujici se koncentraci plazmovaného uhlikového
plniva klesaji hodnoty rdzové houZevnatosti.
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Obr. 6 Razova houzevnatost — kompozit plnény uhlikovymi vlidkny
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Obr. 7 Razova houzevnatost — kompozit plnény plazmaticky upravenymi vlakny
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ZAVER

Byl vyroben novy kompozit, kde dvourozmérna uhlikova vlakna fungovala jako
mustky, které spolu s epoxidovou matrici vytvofily tfi dimenziondlni strukturni sit.
Predpokladem aplikace plazmové Upravy bylo zlepSeni adheze mezi matrici, tedy epoxidovou
pryskyfici a povrchem vyztuze ve formé recyklovanych uhlikovych vlaken [8]. Diky této
zvySené adhezi se predpokladalo, ze dojde k lepSimu provazani a téz k lepsimu rozkladu sil
mezi jednotlivymi slozkami pfi mechanickém namahani [2].

Plazmatickou upravou doslo k naruseni povrchu uhlikovych vlaken. K ocekavanému
zlepseni mechanickych vlastnosti vSak nedoSlo. Povrch uhlikovych vlaken byl ziejmé
plazmou naruSen natolik, Ze vyztuz ztratila svou pfedchozi pevnost a stala se kiehkou.
Nedoslo tak k plynulému pfechodu sil mezi matrici a vyztuzi pii mechanickém namahani.
Zatézujici sila pusobici na vzorek byla rozlozena v matrici, ale nebyla rovnomérné rozloZena
na povrchu vléken, jelikoz ve vlaknech vznikly trhliny po ptisobeni plazmy. Zatézujici sila tak
pronikla hloubéji do vldkna naruSenou strukturou a vlakenna vyztuz nedokézala rozlozit
takové mnozstvi energie, jako dokdzaly vzorky s neoplazmovanymi vldkny. Otdzkou také
zustdva vhodna volba pouzité epoxidové pryskyfice, nebot’ tato pryskyfice evidentné
nepronikla po celém upraveném povrchu vldkna. Plazmaticka Gprava tedy nema vyrazny vliv
na zlepSeni mechanickych vlastnosti epoxidovych kompozith s recyklovanymi uhlikovymi
vlakny v porovnani s kompozity plnénymi vldkny, na kterych nebyl aplikovan proces
plazmovani.
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APPLICATION OF NUMERICAL AND EXPERIMENTAL MODAL ANALYSES
IN THE DEVELOPMENT OF COMPONENTS FROM COMPOSITE MATERIALS

VYUZITI NUMERICKE A EXPERIMENTALNI MODALNI ANALYZY
VE VYVOJI KOMPONENT Z KOMPOZITNICH MATERIALU
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The paper deals with the determination of modal parameters, i.e., modal frequencies, modal
damping and mode shapes, of selected samples of composite reinforcement frame by means of
numerical and experimental modal analysis. The measured modal parameters are compared with
the reference modal data predicted by the finite element method. For comparison, the B&K
Connect Correlation Analysis module is used.

Prispévek se zabyva stanovenim modalnich parametru, tj. viastnich frekvenci, modalniho
tlumeni a vlastnich tvaru kmitii, vybranych vzorkii kompozitového vyztuzného ramu pomoci
numerické a experimentalni modalni analyzy. Nameérené modalni parametry jsou porovndny s
referencnimi modalnimi daty predikovanymi pomoci metody konecnych prvkii. K porovmnani je
pouzit vypocetni modul B&K Connect Correlation Analysis.

KEYWORDS
Modal analysis, composite reinforcements.

UVoD

Motivace prezentovat tuto metodiku vychazi z potieby uspésné predikce modalnich
vlastnosti konstrukei v jejich jednotlivych fazich vyvoje, které jsou zakladem pro identifikaci
dynamické odezvy konstrukce. Tento postup se nabizi jako vhodny k verifikaci, ptipadné ke
kalibraci a zpiesnéni materialovych modeld soustav tvofenych ze slozenych materialii, napf.
kompozitnich struktur na bazi polymerni matrice — nekone¢né vlakno. Pokud je dosaZen
uspokojivy soulad mezi virtudlnim modelem soustavy a realitou v pfislusné fazi vyvoje
konstrukce, pak nasledné realizované numerické predikce odezvy soustavy na deterministické
nebo statistické dynamické zatizeni jak v Casové, tak ve frekvencni doméné maji vyssi
vypovidajici hodnotu.
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Pii vyhodnoceni vypoctenych a naméfenych modalnich modeld je zakladni ulohou
porovnat vlastni frekvence a tvary kmitu zvoleného poctu nejnizs§ich moda konstrukce pii
definovanych okrajovych podminkéch. Na rozdil od vlastnich frekvenci je srovnani tvari
kmitu obtizné, vizualni porovnani deformaci je nepiesné a zdanlivé shodné tvary mohou mit
ve skutenosti vyznamnou odchylku. ReSenim je porovnani modalnich vychylek
V odpovidajicich si bodech obou modeli a stanoveni jejich korela¢niho koeficientu.
Vzhledem k velkému datovému objemu FEM modeltu je nutné tento postup automatizovat
pomoci vypocetniho algoritmu.

1. PREDIKCE MODALNICH VLASTNOSTI PRODUKTU PROSTREDNICTVIM
CAE SIMULACI

Modalni analyza je zakladni informaci pro posouzeni dynamické odezvy potencialniho
produktu zhotoveného z poddajného materialu, tedy i z kompozitni struktury, v daném
ptipadé typu CFRP, kterou lze povazovat za linearn€ elastickou. V soucasné dob¢ je béznou
soucasti vyvoje produkti z kompozitnich materialovych struktur vyuziti CAE simulaci. Bézné
sw produkty metody konecnych prvkii maji mozZnosti modelovat kompozitni struktury
Vv riznych urovnich homogenizace, napt. skladby UD vrstev (lamin) s riznou orientaci vlaken
Vv piislu§né matrici, jako ortotropni material, nebo obecné jako anizotropni materialovy model.

Pokud jsou korektné urCeny elastické konstanty daného materidlového modelu
kompozitniho elementu, je znamé nebo predpoklddand topologie kompozitni skladby
vysledného produktu (vyrobku) a jsou definovany potifebné okrajové podminky a zatézovaci
spektra, 1ze predikovat odezvu vyrobku na provozni zatizeni a soucasné optimalizovat danou
konstrukci s ohledem na zékaznicka kritéria a pozadavky. Takovy je ve struénosti obecny
virtualni a soucasné fyzikaln€ experimentalni postup.

Obsahem této casti piispévku je ukazka predikce modalnich vlastnosti uzavieného
kompozitniho CFRP rdmu jako vyztuzného prvku napt. do prostorovych konstrukci, dveinich
nebo okennich otvora apod., viz obr. 1.

Obr. 1

Materialové modely kompozitni skladby ramu vychazely z udaji uvedenych v tab. 1 a 2.

Tabulka 1
biiEaevs E-long | E-trans | G-long | G-trans | p-long | p-trans | density
komponenty
Jednotky MPa | MPa | MPa | MPa 1 1 ke/m’
Polymerni matrice | 2 400 2400 857 857 0,40 0,40 1100
Uhlikové vlakno |230000| 19400 | 15000 7 000 0,19 0,45 1 600
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Tabulka 2

Elastické konstanty laminy Ell E22 pnl2 G12 G23 | GI3 | Hustota

Jednotky MPa | MPa 1 MPa | MPa | MPa | kg/m’
Mikromechanicka teorie
(Halpin — Tsai)

86612 | 6426 [0,322| 1701 | 2237 |1701| 1285

Kompozitnich skladeb (laminatli) zuvedené laminy bylo V pribéhu feSeni
(optimalizace) testovano vice a jsou spolu s vysledky modalnich analyz patrné z grafu na obr.
2. Je vhodné poznamenat, ze prvni modalni tvary jsou shodné pro vSechny testované
kompozitni skladby, ale vlastni frekvence se 1isi.

O [+45,0,-45,+45,0,-45] O [+33,+1,-4,-29,+2,+4] O[+4,+2,-29,-4,+1,+33]
H
[Hz] X [-48,-10,-28,+56,+22,+19] X [+19,+22,+56,-28,-10,-48] A E=43GPa
800
A\
700 } > <
600 as ® it

500

400

o
950
*O

1 2 3 4 Mode 5 6 7 8

Obr. 2

2. METODA EXPERIMENTALNI MODALNI ANALYZY

Experimentalni modalni analyza [1] byla provedena na télese voln¢ zavéSeném na
pruznych elementech (obr. 3). Soustava byla nahrazena méficim modelem s 12 méficimi
misty (obr. 4), vytvoreném decimaci FEM modelu. Referencni snimac¢ zrychleni byl upevnén
voskem v misté odpovidajicim uzlu ¢. 144349,

Vlastni kmitani bylo vyvolano pomoci razového kladivka. V kazdém misté bylo
provedeno opakované pét uderti (méteni), ze kterych byla vypocétena primérnd prenosova
funkce. Regresnim vypoctem byly stanoveny modalni parametry soustavy (vlastni frekvence,
modalni tlumeni a vlastni tvary kmitu) ve frekvencni oblasti do 800 Hz. Experimentalné
stanovené modalni tlumeni ,,6* odpovida modelu viskdzniho tlumeni a jeho hodnota je pouze
orientacni.

Naméfené a vypoctené tvary kmitu byly porovnany pomoci sw modulu BK Connect
Correlation Analysis [2]. Po prostorovém sjednoceni vypocetniho a méticiho geometrického
modelu byla posouzena mira shody mezi obéma tvary kmitu ve 12 odpovidajicich uzlech.
Pouzito bylo kritérium modalni vérnosti (Modal Assurance Criterion) [3]:

YARIAA,

MAC = e Rv.)
VaTVa VeTVe

kde V, a Ve jsou matice vypoctenych a naméfenych tvart kmitu. Prvky matice MAC uvedené
v tabulce 4 vyjadiuji miru shody mezi dvéma dil¢imi médy a maji mezni hodnoty
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MAC = 1 — dokonala shoda vlastnich tvarg,
MAC = 0 — vlastni tvary nemaji zddnou souvislost.

Prakticky se hodnoty MAC nad 0,9 povazuji za vyhovujici, hodnoty niz§i nez 0,1 ukazuji
na zcela neshodné vlastni tvary.

168264
160996 -
155508

130825

132934

146265

140803
144349

Obr. 3 Obr. 4

3. POROVNANI VYSLEDKU PREDIKOVANYCH A NAMERENYCH

Priklad porovnani vlastnich frekvenci je uveden v tabulkach 3 a v grafu na obr. 5. Ve
stanoveném rozsahu byl naméfen stejny pocet modi kmitu a shoda vlastnich frekvenci je
velmi dobra. Dulezitou informaci pro matematické modelovani jsou hodnoty modalniho
tlumeni o [4], které 1ze obvykle ziskat pouze méfenim.

Tabulka 3 — Porovnani vlastnich frekvenci

Frame No. 4 Experimental modal analysis FEM
Modal shape f [Hz] Modal damping ¢ [%] f [Hz]
1 210,0 0,5 216,1
2 223,5 0,5 226,6
3 268,4 0,5 279,6
4 279,3 0,4 283,6
5 598,3 0,6 597,0
6 605,8 0,7 615,1
7 673,2 0,5 697,5
8 690,1 0,8 7117
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Frame No. 4
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Obr. 5 Grafické porovnani vlastnich frekvenci

Na obr. 6 je zndzornéno grafické porovnani vlastnich tvari kmitu pro 1. méd. I pii
sledovani animovanych priibéhii téchto kmiti je posouzeni jejich shody obtizné. Spolehlivejsi
informaci tak podéava kritérium modalni vérnosti MAC uvedené v tab. 4. Mens$i miry shody je

dosazeno u 5. a 6. modu, kde jsou jiz vypoctené a namétené tvary kmitu velmi odlisné.

4 4

A Ay

Obr. 6 Porovnani vlastnich tvart kmitu 1. modu
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Tabulka 4 — Porovnani naméfenych a vypodétenych tvar kmit pomoci kritéria modalni vérnosti

Frame No. 4 FEM

f [Hz] 216,1 226,6 2796 | 2836 | 597,0 | 6151 | 6975 | 711,7
" 210,0 0,981 0,014 0,001 | 0,002 | 0,001 | 0,000 | 0,001 | 0,000
%‘ 223,5 0,003 0,979 0,001 | 0,001 | 0,000 | 0,004 | 0,001 | 0,009
c_% 268,4 0,001 0,009 0,948 | 0,042 | 0,000 | 0,000 | 0,000 | 0,000
-é 279,3 0,000 0,000 0,003 | 0,994 | 0,000 | 0,001 | 0,000 | 0,001
C_‘EU 598,3 0,002 0,000 0,003 | 0,003 0,599 | 0,001 | 0,028
§ 605,8 0,000 0,002 0,000 0,001 | 0,650 0,000 0,017
I%' 673,2 0,000 0,000 0,000 0,001 | 0,002 | 0,010 0,908 0,081

690,1 0,001 0,000 0,000 | 0,001 | 0,002 | 0,025 | 0,053 | 0,920

ZAVER

Experimentalni modalni analyzou byly stanoveny modalni parametry tii vzorka
kompozitovych raml ve frekvenéni oblasti do 800 Hz. Naméfené tvary a tvary vypoctené
metodou kone¢nych prvkl byly porovnany pomoci kritéria modalni vérnosti MAC.

U vétSiny vlastnich tvard je shoda mezi vypoctem a méfenim velmi dobra. Mensi shody
je zpravidla dosahovano pro nejvyssi vypoctové mody. Moznymi pii¢inami neshody jsou
nehomogenita méfenych vzorka s odchylkami od vypocetniho modelu nebo nekorektné
zvolena metodika méfent.

Prezentovany postup je s vyhodou vyuzivan ve vyvojovych a konstrukénich projektech.
Je vhodny k monitoringu dynamickych vlastnosti dilti a jejich soustav, k verifikaci, ke
kalibraci a zpfesnéni materidlovych modelll soustav tvofenych ze sloZenych material{i, napf.
kompozitnich struktur na bazi polymernich matric s vlakennymi plnivy (sklo, uhlik, jiné).

Pokud je dosaZen uspokojivy soulad mezi virtudlnim modelem soustavy a realitou
v piislusné fazi vyvoje konstrukce, pak nasledné realizované numerické predikce odezvy
soustavy na deterministické nebo statistické dynamické zatiZeni maji vys$i vypovidajici
hodnotu.

V Casové doméné se jednd o bezpecnostni simulace (safety analyzy, napt. ochrana
posadky a chodci, crash analyzy). Ve frekvenéni doméné pak 0 NVH analyzy (modalni
a harmonicka analyza) se zaméfenim na hluk a vibrace, pfipadné spektralni a PSD analyzy
zaméfené na unavu a Zivotnost.
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The design and manufacture of lightweight, rigid and strength-compliant structures from
composite structures are still of interest in all industries. The paper presents the research and
development activities of the team of investigators realized by the authors. The procedures
described have been applied to the design of closed-frame reinforcing frames used in automotive
and aviation structures and to the prototype production of sheet of small wind turbines.

Navrhovani a vyroba odlehcenych, tuhostné a pevnostné vyhovujicich konstrukci z
kompozitnich struktur jsou stdale predmétem zdajmu Ve vsech priumyslovych odvetvich. Prispévek
predstavuje vyzkumné a vyvojové aktivity tymu resitelii realizovanych na pracovistich autoril.
Uvadené postupy byly aplikovany pri konstrukénim vyvoji uzavienych vyztuznych rami
pouzivanych v automobilovych a leteckych konstrukcich a na prototypovou vyrobu listit malé
vetrné elektrarny.

KEYWORDS
Precise winding technology, robotization, nanomaterials, composite reinforcements.

UVOD

Spoleénym zékladem vyzkumnych a vyvojovych aktivit tymu autorG jsou vyrobni
postupy zalozené na technologii piesného robotizovaného vinuti pramencii nebo
prepregovych hybridnich pasek na jadra z lehkého pénového materidlu. Hybridni pasky
tvofené zejména sklenénymi vlakny v matrici vhodného slozeni obsahujici specialni ¢asticova
plniva, jsou vyrabény na ptivodni lince sestavené ve spolupraci firmy Vecernik a TUL.
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Kompozitni struktury byly nejdiive navrZzeny a optimalizovany prostfednictvim CAE
simulaci a po té zhotoveny a podrobeny fyzikdlnim testiim. Zvlastni pozornost byla pfi
vyvojovych pracich vénovana sledovani chemicko-mechanickych vlastnosti matric z nékolika
hledisek (vybéru plniva s nanocésticemi a jeho koncentrace v systému matrice, dale pak
mechanickych, klimatickych, ekologickych aj. kritérii).

Motivaci k vyzkumnym a vyvojovym aktivitdm byla realizovana podpora inovativniho
technologického vyvoje v automobilovém pramyslu, kterd inspirovala feSitele k dal$im
projektovym aktivitdm, ke kterym byli pozvani zahrani¢ni partneti ze statu Izrael a z Cinské
provincie Zhejiang.

Uvedené postupy byly aplikovany pfi konstrukénim vyvoji a ve vyrobnich procesech
vyztuznych konstrukénich prvki pouzivanych v dale uvedenych pramyslovych aplikacich.

1. TECHNOLOGIE PRESNEHO VINUTI

Pro kladeni smérové orientovanych vrstev sklenénych vldken s impregnovanymi
hybridnimi nanoc¢asticemi na povrch jadra pfislusné geometrie bylo pouzito vyvijené
prototypové polo-provozni zafizeni, které umoziiuje automatické ovijeni pramencl vlédken
nebo predem piipravenych hybridnich prepregovych pasek. Toto zafizeni bylo vyvinuto
v laboratofi Ustavu pro nanomaterialy, pokroéilé technologie a inovace na TU v Liberci.

Systém je schopen klast dvé rizné smérové orientované vrstvy soucasné. Naptiklad
vrstvy orientované pod thly +0°,10°,20°,30°,45°,60° atd. pfi jednom pruchodu jadra ovijeci
technologii. V procesu ovinu je vyuzivano tieti generace ovijeci hlavy a dvou robott. Ovijeci
hlava se vyznacuje tim, Ze dokaze ovijet soucasné dvé vrstvy vladken pod riznymi uhly. Hlava
ma dva nezavisle otocné nosné kruhy, které jsou fizené z robota. V kazdé vrstvé mize nanaset
az deset rovingi/vldkené vyztuze. Na kazdém nosném kruhu je mozné osadit az deset
zdrojovych civek. Kazdd civka ma samostatné nastavitelnou brzdu pro nastaveni
pozadovaného napéti vldkna pfi ovijeni. Pracovni hlava je pfipevnéna na jednoho z roboti,
ktery zaroven svym vystupem fidi pohony nosnych kruht (obr. 1).
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2. OPTIMALIZACE VSTUPNICH SLOZEK KOMPOZITU

Optimalizace jednotlivych slozek kompozitnich struktur pro dané ucely je slozita a
pracna de facto nikdy nekoncici zalezitost, kterd vyzaduje znacné Usili a dostatecny Cas na
realizaci téchto praci. Pracovni tymy na svétové uznavanych vyvojovych pracovistich na
takovych tématech pracuji fadu let [1].
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Pro selekci vhodného plniva a jeho koncentrace bylo pouzito mechanickych testi a
dynamické mechanické analyzy. Na zakladé téchto testii bylo jako optimalni s ohledem na
kombinaci zlepSeni mechanickych vlastnosti, snadnosti pfipravy a moznych zdravotnich
aspektll vybrany mleté Castice popilku v koncentracich 5-ti hmotnostnich procent. Tato volba
neni Uplné nejlepsi z hlediska dynamického elastického modulu, ale se zohlednénim dalSich
mechanickych charakteristik, vychazi jako vhodny kompromis.

Samostatnym problémem bylo ovéteni vyhodnosti mleti popilku, kdy dochazi nejen ke
zjemnéni ale zejména poruseni kompaktni povrchové struktury ¢astic. Na obr. 2 je porovnana
struktura nemletych ¢astic popilku (a) a za mokra mletych ¢astic (b).

g L _a L2 K L

SEMMAG: 200k DET: SE Detector Y

HV. 300KV DATE: 0412811 20um Vega @Tescan SSUMAG .00k« DET. S& Detector

VAC: Hivac Device: TS5130 TU Liberec He 00k DATE: 04227/31 u Vega Teecan
VAC: HiVac Device: TS5130 TU Liberec

(a) puvodni popilek (UMFA) (b) popilek po mleti za mokra (MFA)
Obr. 2 [2]

Je patrné poruseni sféricity, zjemnéni a otevieni podpovrchové struktury ¢astic popilku.
Oba typy popilku (ozna€eni nemletého popilku je UMFA a mletého je MFA) byly pouZity
jako plniva pro pfipravu kompozitnich vrstev sloZzenych ze tii vrstev sklenénych tkanin plo§né
hmotnosti 2027 g/m?, tloustky 2.15 a celkové pordzity 66 %. Byla pouzita epoxidové
pryskyfice LH 288 (ER) s tvrdidlem HY 951 obsahujici rizné koncentrace UMFA a MFA.

Na obr. 3 jsou uvedeny vysledky méfeni tahové pevnosti a pocateéniho tahového modulu
téchto kompozit.
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(a) Modul v tahu (b) Pevnost v tahu.
Obr. 3[2]
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Zobr. 3 je patrné, ze pritomnost mletého popilku vyrazné zvySuje piredev§im tuhost
(pocate¢ni modul) a nepfili§ vyrazné pevnost. Pfitomnost mletého popilku ovliviiuje vyrazné
zejména maximum absorbované energie pii razovém namahani a razovou pevnost (obr. 4).
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(a) Maximum absorbované energie (b) Razova pevnost.
Obr. 4 [2]

Z uvedenych vysledkt je patrné, ze nejlepsi vysledky jsou ziskany pro plnivo mlety popilek
v koncentraci 3 %. Detaily o chovani mletého a nemletého popilku jsou uvedeny v praci [2].

V ramci danych projektovych podminek byly prace na shora uvedeném tématu
zaméfeny na vyvoj latentniho epoxidového systému za pouziti epoxidové disperze CHS
Epoxy 200-V-55, ktera se v prub€hu feSeni ukazala jako vyhovujici pro dané pouziti. Jako
nahrada standardniho sklenéného multifilu byla ptipravena hybridni péaska obsahujici
epoxidovou pryskyfici se zvySenou trvanlivosti v podminkach skladovani (obr. 5).

Nezbytnou soucasti aktivit byla realizace poloprovozniho zatizeni (obr. 6) pro ptipravu
hybridni pasky vhodné pro technologii ptesného vinuti.

ety

e
SEM HV: 20.0 kV WD: 39.77 mm VEGA3 TESCAN|

SEM MAG: 500 x Det:SE+BSE  200pm . f
Date(m/dly): 12117117 TUL Liberec e

Obr.5 Obr. 6

3. NAVRHOVANI VYZTUZNYCH KOMPOZITNICH PRVKU KONSTRUKCI

Soudobé inovaéni trendy pii vyvoji novych produktt v pramyslu se zpravidla fidi
jednoduchym schématem:

Virtualni koncept — virtualni prototyp — fyzicky prototyp — sériova vyroba.
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Soucasnym standardem ve vyvojovych procesech je nasazeni a vyuZzivani modernich
prediktivnich metod a metodik a to jak v konstrukci vyrobkd, tak pfi planovani a realizaci
souvisejicich vyrobnich technologii, o kterych se struéné zminuji pfedchozi ¢asti piispévku.

V ramci realizovanych inovacénich projektd feSenych autory ptispévku bylo v prvnich
dvou ¢asti inovaénich procesi vyznamnym zpusobem vyuzito CAE simulaci, realizovanych
ve firmé¢ LENAM, s cilem navrhnout ,,optimalni* skladby kompozitni struktury pro vysledny
produkt, resp. vyrobek. K optimalizaénim procesim ve virtualnich fazich vyvoje se pfistupuje
velice komplexné¢ a detailn€. Hlavnim principem vzdy bylo, je a bude uspokojivé vyhovét
pozadovanym kritériim, napf. na tuhost a pevnost pfi expozici zatézovacimi/provoznimi
spektry a za pritomnosti relevantnich klimatickych podminek, respektovani ekologickych
pozadavku aj. Autofi piispévku tyto metodiky respektovali pii feseni projektu:

a) Predvyvoj a vyvoj hybridnich moduli zadnich dvefi osobnich vozidel s kompozitnimi
polymernimi vyztuhami, viz obr. 7.

b) Vyvoj prototypu uzavieného CFRP ramu pro vyztuzené vyplné otvort, viz obr. 8.

€) Vyvoj a vyroba prototypu GFRP listu malé vétrné elektrarny, viz obr. 9.

Obr. 9

4. TESTOVANI VYROBKU S KOMPOZITNIMI STRUKTURAMI

Nedilnou soucasti procesu vyvoje ve fazi fyzického prototypu, ¢i jiz sériového vyrobku
je realizace ovéfovacich experimentdlnich méfeni a méteni odezvy produktl na ptisluSna
zatizeni statickd 1 dynamickd mnohdy 1 za specifickych podminek okolniho prostiedi, napf.
tzv. klima testy. Po provedeni testt se teprve prokaze, jak do jaké miry byly prediktivni
simulace proveden¢ prostfednictvim CAE simula¢nich metod ve shodé¢ s realitou.

Vzhledem k zahrani¢nimu rozméru feSeného projektu byly k tomu vybrany USA
celosvétove uznavané a vyuzivané normativy ASTM.
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V piehledu se jedna o nasledujici ASTM normy:

ASTM D3039 - Tensile test

ASTM D3410 - Compressive test

ASTM D7078 - Shear test

ASTM D6272 - Bending test

ASTM D2344 - Short beam test

ASTM D2290 - Split disk ring tension test (vhodné modifikované varianty)

ZAVER

Zavérem zbyva se zminit 0 tom, Ze uvedené piipady aktivit v oblasti kompozitnich
struktur byly jak komer¢ni, realizované v kooperaci s vyvojovymi pracovniky firmy Magna
Exteriors (Bohemia) s.r.o., tak ryze projektova fesené v ramci mezinarodnich vyzev MSMT a
TACR v minulych obdobich. Vem spolupracujicim subjektim je timto vyslovovéano
podékovani za uspéSnou a cilenou kooperaci a podporu.

Podékovani: tato prace vznikla s ¢aste¢nou podporou také projektu ,,Modularni platforma pro
autonomni podvozky specializovanych elektrovozidel pro dopravu nékladu a zafizeni®, reg. €.
CZ.02.1.01/0.0/0.0/16_025/0007293, ktery byl finanéné podpofen Ministerstvem Skolstvi,
mladeze a t&lovychovy CR a Evropskou unii (Evropské strukturdlni a investiéni fondy -
Operacni program Vyzkum, vyvoj a vzdélavani).
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STUDY OF BEHAVIOUR FIBER REINFORCED POLYMER BARS EXPOSED TO
ALKALI ENVIRONMENT

STUDIUM CHOVANIi KOMPOZITNICH VYZTUZi V ALKALICKEM PROSTREDI

JAN PROKES', FRANTISEK GIRGLE?, LENKA BODNAROVA®

This paper deals with properties of composites applied as main reinforcement of concrete, as
alternative to steel. The long-term material properties of the concrete reinforcements are
influenced by the temperature, load and the environment. The pH is higher than 12.0 in fresh
concrete and strongly influences the material characteristics of the embedded composites. The aim
of the paper is to describe the long-term behavior of composites and presented test methods and
results.

Prispevek se zabyva viastnostmi kompozitu, aplikovanych jako alternativa k ocelové hlavni
nosné vyztuzi v betonovych prvcich. Dlouhodobé materidlové viastnosti vyztuzi zabudovanych do
betonu jsou ovlivnény teplotou, zatizenim a okolnim prostredim. pH cerstvého betonu je vyssi nez
12,0 a silné oviliviwje materidalové charakteristiky zabudovanych kompozitii. Cilem prispévku je
popsat dlouhodobé chovani kompozitnich vyztuzi a prezentovat metody zkousSeni a jeiich vysledky.

KEYWORDS / KLICOVA SLOVA

GFRP, alkali environment, long term tensile strength, durability, degradation
UVOoD

Polymery vyztuzené vldkny (FRP), které vykazuji zna¢nou odolnost vii¢i agresivnim
prostfedim, jsou velmi zajimavou alternativou k béZznym ocelovym vyztuzim do betonu a
roz$ifuji moznosti pii navrhovani betonovych konstrukci. Vyhodné vlastnosti FRP jsou nyni
dobte znamy. FRP vyztuze jsou odolné proti korozi, jsou velmi lehké, nevodivé a jsou inertni
vaci pusobeni magnetického pole (nestini radiovy signal, neinteraguji s bludnymi proudy,
apod.). Mohou mit (s ohledem na vybrané slozeni) vyrazné vyssi pevnost v tahu nez bézné
ocelové vyztuze (napt. [1]). Kompozitni vyztuze na bazi sklenénych vlaken (vyztuz GFRP) se
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v soucasné dob¢ pouzivaji nejcastéji, a to nejen diky jejich priznivym fyzikélné-mechanickym
a chemickym vlastnostem, ale také jejich dobré dostupnosti a nizs§i pocatecni cené [2].

Z negativ, které¢ snizuji pouziti vyztuze GFRP v reédlnych konstrukcich, je nutné
zahrnout teCeni (creep) a problémy s odolnosti proti vysoké teploté [3], [4]. Omezujicim
faktorem je také skuteCnost, ze vlastnosti kompozitu mohou byt dlouhodobé negativné
ovlivnény alkalickym prostfedim betonu, coz je obzvlasté dilezité pro casto pouZzivana
sklenénd vlakna E a ECR (napf. [5], [8] nebo [1]). Proto musi byt sklenéné vlakna chranéna
dobte zvolenou matrici (vinylester, epoxid). Schopnost polymernich matric chranit vlaknovou
vyztuz proti alkaliim je klicova v ptipadé¢ GFRP vyztuze. Pokud agresivni médium pronika
pfes matrici na vldkna, zpisobuje jejich kiehkost a snizuje pevnost v tahu (napt. [6] a [7]).
Alkalicka latka rozpusténa ve vode vsak také poSkozuje rozhrani mezi vldkny a pryskyfici,
coz vede ke zhorSeni vlastnosti kompozitu v podélném i pticném sméru [8].

Je ziejmé, Ze pro spolehlivou betonovou konstrukei vyztuzenou GFRP vyztuzi je nutné
definovat stupeil degradace v Case.

Existuje nékolik typa zrychlenych zkousek, které mohou byt pouzity pro stanoveni
stupné degradace GFRP vyztuZze alkaliemi. Obecné vyuZivaji princip ponofeni vyztuzi do
alkalickych roztokt pfi jejich vystaveni vyssim teplotam, kde teplota slouzi jako akceleracni
faktor (napt. [9] az [13]). Teoretickym zakladem pro predikci dlouhodobych vlastnosti
zrychlenych testl je Arrheniova rovnice, kterd muze byt pouzita k odvozeni, ze zvySeni
okolni teploty vede ke zvySeni rychlosti degradace [10]. Volba pfili§ vysoké teploty roztoku
vSak muze vést k neredlné degradaci vzorku a tim k vyznamnému podcenéni trvanlivosti
zkouseného vzorku [11]. Proto je vzdy nutné vzit v ivahu omezujici podminky pro zkousené
GFRP vyztuze, tak aby nedoslo pii pouziti vyssi teploty nebo jiného urychlujiciho parfametru
ke zméné mechanismu degradace.

EXPERIMENTALNI PODMINKY

Experimenty byly provadény na GFRP vyztuzich o priméru 10 mm vyrobené ve firmé
PREFA KOMPOZITY, a.s. s dvéma typy vyztuzujicich vlaken:

- ECR sklo (R25H 2400, vyrobce 3B; hmotnostni podil ve vyztuzi 80%), dale
oznacovano jako GFRP-E,

- AR sklo (ArcoteX 2400, vyrobce Saint-Gobain; hmotnostni podil ve vyztuzi 80%),
déle oznac¢ovano jako GFRP-AR.

Jako pojivo byla v obou pfipadech pouzita vinylesterova pryskyfice Derakane 411-45
(vyrobce Ashland). Povrch vyztuzi je z vyroby opatien adhezni vrstvou z vinylesterové
pryskyfice a kiemiditého pisku. Rezné plochy byly opatfeny natérem z vinylesterové
pryskyfice.

Tyto GFRP vyztuze byly ponofeny do alkalického roztoku definovaného normou [12] ve
sloZzeni 118,5 g Ca(OH)2, 0,9 g NaOH a 4,2 g KOH v 1 litru deionizované vody. Doba
ponoieni byl 42 (tj.1000 hodin), 90, 180 a 365 dnti. Teplota roztoki byla udrzovana na 20, 40
a 60°C. Po celou dobu experimentu bylo kontrolovana teplota a sledovano pH, pfi¢emz jeho
hodnoty se pohybovali v rozsahu 12,66 az 12,97.

Vzorky byly po vyjmuti z roztoku ociStény, vysuSeny a opatfeny ocelovymi koncovkami, aby
mohla byt provedena tahova zkouSka. Pro kazdou testovanou variantu (doba pusobeni,
teplota, typ vlaken) bylo pouzito minimalné 6 vzorkd.
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VYSLEDKY EXPERIMENTU

U GFRP vyztuze ponotené 365 dnl v alkalickém roztoku doslo k viditelnému rozruseni
povrchové adhezni vrstvy z kiemicitého pisku. Pfi niZSich teplotach je degradace povrchu
vyrazné niz§i. Ve vSech teplotnich rezimech doslo k vysrazeni vrstvy uhli¢itanu vapenatého
na povrchu vyztuzi. Toto pozorovani (Obrazek 1) bylo potvrzeno 1 mikroskopickymi
analyzami (Obrazek 2)

Obrazek 1: Vzorky vyztuzi GRFP-E po expozici alkalickému roztoku o teploté 20°C (vpravo)
a 60°C (vlevo) po dobu 365 dnii. Vzorky jsou po skonéeni expozice opatfeny koncovkami pro
provedeni tahovych zkousek.

Obrazek 2: Vlevo: referen¢ni vzorek GFRP-E ulozeny v laboratofi bez ptisobeni alkalického
roztoku. Vpravo: GFRP-E vzorek po zkousce pii 40°C po dobu 365 dnt.

Vyhodnocené vysledky pevnosti a modulu pruznosti v tahu jsou shrnuty na obrazcich 3 a 4.
Z grafl je patrné snizeni pevnosti vtahu GFRP vyztuzi sobéma druhy vlaken. Oproti
oc¢ekavani vSak doslo k vyssimu poklesu u vyztuzi GFRP-AR. Napii pii expozici 180 dni pfi
teploté¢ 60°C doslo k redukci pevnosti v tahu u GFRP-AR o cca 33%, kdezto u GFRP-E o
25%. Nicméné je nutné upozornit na vétsi rozptyl naméfenych hodnot pevnosti v tahu u
GFRP-E oproti GFRP-E vyztuzim a zejména i vici referenénim vzorkiim.
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Obrazek 4: Zavislost modulu pruznosti v tahu GFRP vyztuzi na dobé expozice a teploté
alkalického roztoku. Nahote (vyss$i moduly): GFRP-E, Dole (niz$i moduly): GFRP-AR.
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DISKUZE A ZAVER

Vysledky ukazuji vliv dlouhodobého plisobeni alkalického prostiedi na pevnost v tahu
GFRP vyztuze. S rostouci teplotou a dobou expozice se pevnost v tahu snizuje. Toto chovani
se ocekava a je v souladu s vysledky jinych studii (napt. [10], [11]). Proti ocekavani vykazuji
vzorky GFRP-AR vys$s§i procento ztraty pevnosti v tahu béhem referencniho obdobi ve
srovnani se vzorky GFRP-E. RovnéZz dochazi k ristu rozptylu namétenych hodnot. Vyssi
rozptyl ziskanych vysledkli miize mit negativni vliv na konstrukci GFRP vyztuzenych
betonovych prvki a je tieba jej vzit v tivahu.

Studie prokézala, ze k nejvétSimu poklesu pevnosti v tahu u obou materiadli a vSech
teplot dochéazi v pocatecnich fazich pilisobeni alkalického roztoku. VétSina degradacnich
procesi prob¢hla v prvnich 1000 hodinach (42 dnil) pisobeni. Pii urychleni degradace GFRP
vyztuzi vyssi teplotou bylo zjisténo, ze po pocatecni rychlé degradaci uz je dalsi degradace
vyrazn¢ zpomalena pii vSech teplotnich rezimech. Je pravdépodobné, ze pti dlouhodobych
aplikacich nedojde k dalSimu vyraznému snizovani pevnosti GFRP vyztuZze.

Na zéklad¢ ziskanych vysledkt 1ze konstatovat, Ze teplota a alkalita prostfedi vyznamné
neovliviiuje hodnotu modulu pruznosti GFRP vyztuZe obou testovanych typi. Je vSak velmi
dilezitd pozorovana degradace povrchové vrstvy vzorkt, protoze béhem 365 dni dlouhého
ponofeni do roztoku o teploté¢ 60 ° C se ztraci adhezivni vrstva kiemicitého pisku. Zajisténi
dobré vazby takovych degradovanych vzorkl s betonem je tedy velmi problematické, a proto
by mu méla byt vénovana zvySena pozornost.
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MYTHS AND REALITY IN THE PROPERTIES AND APPLICATIONS OF COMPOSITE
MATERIALS IN MECHANICAL ENGINEERING

MYTY A REALITA VE VLASTNOSTECH KOMPOZITNICH MATERIALU VE
STROJIRENSTVIi

MILAN RUZICKA®, ONDRET UHER?

The article comments and analyzes the myths that are sometimes the composite materials
obscured in popular technical literature. It shows that it is not appropriate to apply a composite
design by simply replacing the material and that a number of design, material and technological
aspects have to be considered. Inappropriate choice of fiber and matrix types, improper
combination of fiber layers orientation, improper layer thickness selection, etc., can have
operational problems that cause similar myths.

Clanek komentuje a analyzuje myty, kterymi jsou kompozitni materialy v populdrni technické
literature obcas obestirany. Ukazuje, Ze neni vhodné aplikovat kompozitni Feseni prostou zamenou
materialu a Ze musi byt uvdzena celd rada konstrukcnich, materidlovych a technologickych
hledisek. Nevhodna volba typii vidken a matrice, nevhodna kombinace orientace smeri vildken ve
vrstvdach, nespravnda volba tlousték vrstev apod. miiZe zpiisobovat provozni problémy, které
podobné myty zapricinuji.

KEYWORDS

Composite Materials, Mechanical Properties, Design, Application,
UVOD

Konstruktéti, vypoctafi 1 technologové strojnich zafizeni zodpovédné zvazuji tadu
pozadavkll a uZzivaji fady kritérii pfi navrhovani konkrétnich €asti strojii. Pfi aplikaci
klasickych kovovych materialti je to nejcastéji tivaha nad tim, jaky typ materialu a jeho
teplotni zpracovani a konstrukéni feSeni soucasti budou vhodné z hlediska funkénosti,
pevnosti a zivotnosti, ale 1 vlastni technologie vyroby a v neposledni fad¢ ekonomickeé

efektivity. U nosnych struktur se pozornost zamétfuje zejména na pevnost, dlouhodobou
zivotnost, odolnost rdzovym zatizenim a naraziim, odolnost vibracim (ttlum kmitd) apod. Po

' Prof. Ing. Milan Ruazicka, CSc., Department of Mechanics, Biomechanics and Mechatronics, Faculty
of Mechanical Engineering, Czech Technical University in Prague. Technicka 4, Praha 6, Czech
Republic. Tel +420 224358717. Email: milan.ruzicka@fs.cvut.cz

2 Ing. Ondfej Uher, Ph. D., CompoTech Plus s.r.o., Nova 1, SuSice, Czech Republic. Email:
ondrej@compotech.com.
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staleti se vyvijely teorie a postupy a shromazd’ovaly zkuSenosti s dil¢imi feSenimi. I pfesto se
stale v praxi objevuji nahla selhdni a poruchy, napf. tim, Zze néktery z vlivii provozu, nebo
konstruk¢nich zésad byl podcenén.

Konstruktér z kompozitnich materidld (zde se zamétime na vldknové kompozity
vyuzivané pro nosné konstrukce) ma zdanlivé k dispozici $irSi paletu moznosti. Mize volit
ruzné typy vlaken a matric, a vhodné je kombinovat, ,,optimalizovat* sméry kladeni vlaken,
volit rizné typy vhodnych technologii dle konkrétnich moznosti vyroby i potfebnych
parametrd produktu. Tento velky pocet ,stupnid volnosti“ mize byt ale velmi
kontraproduktivni. Historie, tradice a zkuSenosti se v oblasti aplikace kompozith stale vyviji, i
kdyz jiz nékolik desitek let. Proto i praktické zkuSenosti s dlouhodobym vyvojem
kompozitnich dili ma podstatné mensi okruh konstruktéri a vypocCtait, nez tomu je pro
materidly kovové.

K tomu, aby tradi¢ni konstruktér dostal odvahu aplikovat nové kompozitni materialy,
oprostil se od mysleni ,,v izotropni dimenzi“ a nepodléhal nevysvétlenym mytim, které
kompozitni aplikace mnohdy provazeji, ma poslouzit i tento ¢lanek.

MYTUS 1: KOMPOZITNI KONSTRUKCE NEMOHOU BYT TAK PEVNE A TUHE
JAKO TRADICNI KOVOVE

MYTUS 2: KOMPOZITY JSOU NAKLADNE A JEJICH PRINOS JE
PROBLEMATICKY

Ano, k témto zavéram dospivala v historii vyvoje a pouzivani kompoziti fada firem,
nebot’ prostou zdménou materidlu opravdu nedosdhly pozadovanych ekvivalentd napf.
tuhostnich i pevnostnich vlastnosti. V Tab. 1 je uvedeno porovnani vybranych fyzikalnich a
mechanickych vlastnosti i relativni ceny nejbéznéjSich klasickych materiala a zakladnich typt
vlaken a matrice nejcastéji pouzivanych pro stavbu dlouhovlaknovych kompozitnich struktur.
Je z ni patrny zndmy fakt, Ze napt. sklenéna vldkna maji potencial se v podélnych modulech
pruznosti Ex 1 v pevnosti vyrovnat hlinikovym slitinam; uhlikovéa vldkna dosahuji v téchto
parametrech hodnot i n€kolikrat vyssich, nezZ mé napft. konstrukéni 1 vysokopevnostni ocel. K
tomu pfinds$i kompozity bonus podstatné niz$i mérné hmotnosti oproti koviim. Naopak v
jinych v tabulce uvadénych aspektech, zejména smykové tuhosti (smykového modulu
pruznosti G) nebo taznosti, ale 1 uvadéné jednotkové ceny, kompozitni vldkna zdéanliveé
konkurovat nemohou.

Uzitné vlastnosti 1 cenu kompozitniho dilu vSak ur€uji komplexnéjsi faktory, zejména
jeho konstrukéni feSeni, pouZité polotovary a jejich technologie zpracovani, volba druhi a
orientace sméru vlaken ve struktufe, jejich objemovy podil a mnoho dalSich parametri. To
skyta velkou $kalu moZnosti uplatnéni sofistikovanych postupii, (analytickych i numerickych
metod a optimalizace) jak dospét k ndvrhu riiznych od sebe mnohdy odlisnych feSeni, ktera
mohou plnit s riznou vdhou pozadovana kritéria. Skalu pokryvanych parametri naznauje
napf. Tab. 2., kde jsou uvedeny vlastnosti péti typt laminati sloZzenych z rlznych typh
uhlikovych vldken a orientaci vrstev. Tabulka ukazuje teoreticky ptiklad, jak Ize alternovat
typy vladken a orientaci tak, Ze vysledné moduly (tuhosti) 1ze ladit na ekvivalenci s klasickymi
materidly (i ve smykové oblasti), pfipadné¢ dosahnout 1 parametrii vyrazné¢ vysSich (pfi
aplikaci vlaken UHM). Lze dosdhnout i n€kterych specialnich pozadavkil, napf. na teplotni
stdlost rozméri, nebo eliminaci vlivu teplotniho zdroje, jinak obtizné realizovatelného v
»Kovovém feSeni®, pfipadné zvySeni vlastnich frekvenci, zvySeni utlumu struktury apod.
Takové zvySeni uzitnych hodnot si vSak vyzada obvykle o nemalo vyss§i materidlové naklady.
Potencial nizké hmotnosti findlnich vyrobkil, a tim vyuzZiti dalSich benefitd, napf. vyrazné
vys$§i dynamiky pohybi (manipuldtory aj.), zjednoduseni kompenzace nebo odstranéni
teplotni bariéry (teplotni vlivy), ptipadné zjednoduseni konstrukce (mén¢ loZisek dlouhych
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rotujicich dila) aj., zvySuje produktivitu strojii a naklady se rychle vraceji. Pfednaska ukaze
nékterd navrzena i aplikovana kompozitni feSeni, kterd splnila uvedend ocekéavani.

Tab. 1 Porovnani vybranych fyzikalnich a mechanickych vlastnosti a ceny materiala

Dernsity Longitudinal | Transverse | Shear Uh_';z tseiOSntr(eTr;gth Plastic Thermal Thermal Relative
. Modulus Modulus | Modulus . Elongation | expansion | conductivity | Price
Material Compresion (C)
p Ex Ey Gxy Rm ) o A P
kg.m® GPa GPa MPa % 10°K* | wmtk? | €kg
Steel 7850 210 210 80 500...2000 5...15 12 48 0.5
Aluminum alloys 2690 71 71 27 360...470 6...12 22 205 1.9
Ductile Iron 7100 169 169 66 500...800 3...5 11 55 13
Cray Iron 7100 130 130 51 55 (T) 140 (C) 1 11 68 15
Mineral Casting 2400 40 40 15 12 (T) 120 (C) 0,2 9...20 1.5..2 2.5
Concrete 2300 32 32 15 10 (T) 80 (C) 0 12 2 0.1
Granit 2600 40 40 15 15 (T) 140 (C) 0 4...11 35 35..6
Standard Carbon fibre 1760 230 40 60 3550 15 0.5 7 10
HS Carbonf. 1800 310 15 50 5550 0,8 -0.38 10 40
HM Graphite f. 2120 350 6 10 3800 0,3 -1,38 140 50
UHM graphite f. 2170 780 5 20 4200 0,2 -15 320 60
E-Glass 2580 78 78 30 3450 48 5,44 1.35 2
S-Class 2460 87 87 38 4580 5,7 1.6 1.45 15
Aramide Fiber 1440 110 5 12 3600 2,4 -0.2 10 25
Epoxide matrix 1200 3..45 3..45 1.6 70 (T) 180 (C) 4.5 40...60 0.2 12

Tab. 2 Porovnani vlastnosti a ceny klasickych materiall a typickych uhlikovych laminath

Density Longitudinal | Transverse | Shear | Thermal | Thermal Thermal Thermal Relative
Modulus Modulus | Modulus | expansion | expansion | conductivity [ conductivity | Price
Material
p Ex Ey Gxy Oly Oy Ax Ay P
kg.m® GPa GPa GPa | 10°K* | 10°kK™® | wamltk?® | wm'K?! | €kg
Steel 7850 210 210 80 13 13 50 50 05
Aluminum alloys 2690 71 71 27 22 22 205 205 1.9
Gray-iron 7050 169 169 66 10 10 55 55 1.5
HS C/E: Unidirectional 1550 203 8,2 4.3 0.9 27 5 0.5 20
HS C/E: 0/90 1550 106 106 4.3 3.1 3.1 2.8 2.8 20
UHM C/E: Unidirectional 1750 470 4.8 3 -1.1 27 380 10 60
UHM C/E: 0/90 1750 237 237 3.6 -04 -04 195 195 60
UHM CJ/E: 45/-45 1750 13.8 13.8 118 X X X X 60

MYTUS 3: KOMPOZITY JSOU VHODNE POUZE PRO TENKOSTENNE A LEHKE
KONSTRUKCE, NEHODI SE NA MASIVNI, TUHOSTNI APLIKACE

Tento mytus s béZicim Casem vyvraci sam fakt, ze napft. progresivni vyrobci v segmentu
obrabécich strojii vyvijeji 1 aplikuji nékteré nosné a dal§i funkcni casti svych stroji z
uhlikovych kompoziti. Zatimco ,,tradi¢ni* pozadavek pro tenkosténné konstrukce (vyuzivané
zejména v leteckych a kosmickych technologiich) je nizkd hmotnost a dostatecna pevnost,
nosné dily obrabécich strojii museji byt zejména dostatecné tuhé a museji mit vysoky utlum
nezéddoucich vibraci. Vhodny konstrukéni névrh, technologie vyroby tzv. hybridnich
kompozitnich struktur s vyuzitim kombinaci vysokopevnostnich a vysokomodulovych vlaken,
pfipadné dalSich materialt s vysokym tlumenim, mize takové poZzadavky velmi dobfe splnit,
a to pf1 vysoké uspote hmotnosti. PfednaSka ukéze ptiklady takovych aplikaci.

MYTUS 4: KOMPOZITY JSOU NACHYLNE K IMPAKTNIMU POSKOZENI A
NEJSOU VHODNE NA APLIKACE PRO DYNAMICKA ZATIZENI

KaZzdy majitel drahého bicyklu s kompozitnim ramem se obava impaktniho poskozeni
napf. nadrazem predmétu. SlySitelné ,,praskani® v konstrukci nevésti nic dobrého, i kdyz na
povrchu neni znamky po poskozeni, jak tomu byva u kovii. Vysoké naroky na bezpecnost,
napt. v letecké technice, musi takové incidenty vyloucit, ptipadné prokazat Gnosnost 1 pii
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nepozorovatelném poskozeni (barrelly visible damage). Moderni syst¢tmy SHM je dokazi
monitorovat a v¢as odhalit. Odolnost vuci cyklickym zatiZzenim je u kompozitnich konstrukeci,
obvykle vyrazné vyssi, nezli tomu byva u kovi, kde oblast vysokocyklové inavy materialu
pfedstavuje snizeni amplitud napéti az na jednu tfetinu jejich statické tinosnosti (i nize).
Uhlikova kompozitni struktura mize dlouhodobé& odolavat cyklovéni i na hladiné 60 %
statické pevnosti. Velkou vyhodou kovovych materialii v béZzném stavu zpracovani je jejich
vysokd taznosti a schopnost plastizace, ¢ehoz se s vyhodou vyuziva napi. u prvkl pro
pohlceni energie ndrazu (crashové zony vozidel). Je s podivem, ze i zdanlivé , kvazikiehké™
chovani kompozitu lze vyuzit pro stavbu obdobnych prvka, a to s vyuzitim poSkozovacich
mechanisml vhodné zvolené kompozitni skladby a konstrukce prvku. I takové aplikace budou
v prednasce predstaveny.

MYTUS 5: SPOJE JSOU NEJSLABSIM CLANKEM KOMPOZITNICH
KONSTRUKCI, NEMOHOU KONKUROVAT SROUBOVANI{, SVAROVANI.

U slozitych zatizeni je malo ptipadl, kdy konstrukce mize byt celokompozitova nebo
,jednodilna®“. Obvykle je tieba pocitat se zafazenim tzv. ,;rozhrani kompozit-kov nebo
kompozit-kompozit, neboli ,,pfipojit“ kompozitni dil k ostatnim prvkim. I u klasickych
kovovych konstrukci plati, Ze vétSina typl spoju, at’ sem zahrneme spoje Sroubové, nytoveé,
nalisovana spojeni, nebo svary, tak zptisobuji lokalni koncentrace deformaci a napéti a jsou
potenciondlnimi misty pro vznik Gnavovych trhlin (pfi cyklickém zatéZovani) nebo lokéalné
oslabuji misto i pro staticka zatizeni. I sebeleps$i optimalizace vlastni kompozitni struktury ale
muze byt neuinnd, pokud si konstruktér nezvladne poradit s pfenosem zatizeni pies
spojovaci rozhrani kompozit-kov nebo kompozit-kompozit. S vyvojem riznych typid
vyrobnich technologii se historicky vyvijely i rtizné typy spoji (mechanickych spojovani —
Sroubovani, nytovani, lepeni i kombinace obojiho). Kompozity s termoplastickou matrici lze
spojovat ,,svafovanim®. Jsou vyvijeny i specidlni ,,kompozitova“ feSeni spojovani, napft. tzv.
,»prosivanim* kovovymi jehlickami (multi pin joining) atp. PfednaSka se zmini o vhodnych
feSenich lepenych spojl, kombinovanych lepenych a mechanickych feSenich i integrovanych
spojovacich prvkil v komplexni kompozitni strukture.

MYTY DALSI: TECHNOLOGIE JSOU SLOZITE (AUTOKLAYV), NEHODI SE PRO
SERIOVOU VYROBU

Navrh kompozitni struktury je ur€ité vice spjat s potencionalni technologii vyroby, nez
tomu je u kovovych konstrukci. V podstaté nejrozsitenéjsi technologii vyroby kovovych dilt
je tiiskové obrabéni, coz z pohledu ekonomicnosti neni nic efektivniho, kdyz z bloku
polotovaru se rodi dil, ktery mnohdy zaujima jen desitky procent pivodniho objemu
polotovaru a ostatni hmota se proméni na tfisky. Kompozit se naopak ,,rodi* z polotovart,
lamin, tkanin, svazkl vldken atp. Objem se pfidava, namisto ubira, obrabéni je obvykle jen
finalni Gprava pro rozmérovou piesnost. Zminéné autoklavové technologie jsou vysoce
reprodukéni zpisoby vyroby, které zarucuji vysokou kvalitu (minimélni podil ,,nehomogenit*
v laminatu 1 vysoky podil objemovy podil vlaken (az 70 %) v jednotkovém objemu laminatu.
Pokroky materidlového vyzkumu a technologickych procesit v dne$ni dob¢ umoziuji volit i
takové technologie, které jsou pouzitelné pro opakovanou a hromadnou vyrobu. Hlavnimi
trendy jsou automatizace a zkraceni pribézné doby celého vyrobniho procesu kompozitni
konstrukce. Perspektivnimi sméry dalS§iho vyvoje jsou napt. technologie navijeni, pultruze,
SMC (Sheet Moulding Compound), BMC (Bulk Moulding Compound), automatické kladeci
stroje past a pramenct vldken prosycenych termosetickou nebo termosetickou matrici nebo
pouziti rychlo-reaktivnich termosetickych matric, pfipadné nov€ s vyuzitim 3D tisku
kontinudlnich vldken. PfenaSka se zmini o novych trendech ve vyvoji dili z kompozitnich
termoplastickych materiali vyvijenych v CR.
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EVERYTHING FROM A SINGLE SOURCE: SAERTEX LEO SERIES

SAERTEX — PROTIPOZARNI PRODUKTOVA RADA

MAREK SCERBA®

Different fire protection requirements? One solution: The SAERTEX LEO Series. Optimum fire
protection according to fire protection standards EN 45545, IMO FTP and more. There are three
products in the SAERTEX LEO® Series: The SAERTEX LEO System, SAERTEX LEO COATED
FABRIC and SAERcore LEO.

KEYWORDS
Composite fire protection
LEO SYSTEM
* Structural parts with complex shapes
* For fire protection
* Vacuum infusion and RTM
* System: Gelcoat, Non-crimp fabric evtl. core material and resin
SAERCORE LEO
* Interior, non-structural parts
* For fire protection
* RTM processing
* Use with your own filled resin system
LEO COATER FABRIC
* Structural parts with simple shapes (flat, single-curved)
* For the highest fire protection
* Vacuum Infusion and RTM
* One fabric: NCF with integrated fire protection layer from SAERTEX

! Ing. Marek Scerba, SAERTEX, GmbH., Tel +420 554 61 15 53. Email: m.scerba@saertex.com
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* Your standard resin
LEO SYSTEM

* Strukturalni dily i s velmi slozitymi tvary

* Pro protipozarni ochranu v riznych aplikacich

* Technologie zpracovani: Vakuova infuze a RTM

* Slozeni systému: gelcoat, multiaxialni tkaniny event. sendvi¢ a pryskyfice
SAERCORE LEO

* Interiérové, nestrukturalni dily

* Pro protipoZarni ochranu v riiznych aplikacich

* Technologie zpracovani: RTM

* Aplikace mozna s jakymkoli vasim systémem naplnénych pryskyftic
LEO COATER FABRIC

« Strukturalni dily s jednoduchymi tvary (ploché, jednoduse zakiivené)

* Pro protipozarni ochranu nejvyssiho stupné v riznych aplikacich

* Technologie zpracovani: vakuova infuze a RTM

* Slozeni systému: jediny multiaxal s integrovanou protipozarni vrstvou ze SAERTEXu

* Aplikace mozna s jakymkoli vasim pryskyfi¢nym systémem
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L1QUID COMPOSITE MOLDING — A BROAD RANGE OF PROCESSING
TECHNIQUES BEING VERSATILE AND CHALLENGING

RALF SCHLEDJEWSKIl, PATRICK HERGANZ, EWALD FAUSTER®

Liquid composite molding (LCM) techniques, i.e. infiltration of a dry reinforcing structure, is a
group of processing techniques covering a wide range of components to be manufactured. Simple
set-ups like vacuum infusion or closed mold injection processes are possible. To reach robust,
highly predictable and fully automated processes, a lot of effort is necessary. And still today there
are a lot of challenging topics.

KEYWORDS
Permeability, Sensing, Monitoring, Model based processing
INTRODUCTION

Light weight components offering high performance are more and more often aimed. A
polymeric matrix and a fiber based reinforcing structure do offer such light weight potentials.
A huge variety of several different processing routes exists if a continuous fiber reinforced
polymer composite (FRPC) structure is aimed. Some of them do have much more the
character to result in hand-made components instead of resulting in industrialized processed
components. Others are capable to process components fully automatically with short cycle
times. Liquid composite molding (LCM) techniques, i.e. infusion or injection based
infiltration of a dry reinforcing structure, is a group of processing technigues covering the
whole range. Simple set-ups like vacuum infusion do need as the main investment a vacuum
pump and a geometry defining but not necessarily expansive tool. Small series production of
already heavy duty components, e.g. rotor blades for wind energy facilities, is possible. In
case mass production is aimed, closed mold injection processes, e.g. resin transfer molding, is
the better but also more expensive choice. To reach robust, highly predictable and fully
automated processes, a lot of effort is necessary. And still today there are a lot of challenging
topics.
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PROCESSING OF COMPOSITE MATERIALS

Different to the standard material groups, i.e. polymers, metals, and ceramics, FRPCs
most often are defined regarding their mechanical performance during the final component
shaping processing step. Consolidation quality, fiber content and fiber orientation are the
main important characteristics, the processing step has to ensure to reach the right level of
these properties. Processing of composites is typically done in a process chain containing
several steps like:

- Textile process, to result in a defined reinforcing architecture
- Prepreg process, to reach a well-defined fiber volume content and void-free material

- Shape forming process, to receive the final component geometry and a well-
consolidated component

Liquid composite molding techniques are covering a wide range of processing
techniques for which the several steps along the processing chain are done independently.

At each step a good knowledge about process affecting parameters and how to control
them is necessary. To analyze such parameters, inline sensing techniques is required.

SENSING TECHNIQUES

During processing thermodynamical, electrical, mechanical, optical, and magnetic
effects can be analyzed. Various different types of sensors do allow to detect properties like
flow front development, degree of curing, void content, delaminations, and others®. Sensors
have to be integrated in the material under testing or can be mold mounted and do require
contact to the material under testing. Especially for those being integrated, a further post
manufacturing usage will be an enabler during decision phase whether or not to use a sensing
method! Such post manufacturing usage might be for example the capability for structural
health monitoring. Well selected combination of different sensing techniques will allow a
complete characterization of the material during processing. But also, some testing before
processing will allow to describe the material in a way allowing to use according process
simulation.

PROCESS SIMULATION

Process simulation can be done on different scales. On a micro level, inter tow and intra
tow permeability values can be used to study different effects of the reinforcing structure. On
a macro level e.g. flow front velocity dependent void content development can be analyzed or
mold filling simulations can be used for mold and/or process parameter optimization.
Challenging aspects here are the availability of characterization methods delivering process
relevant input data.

SPECIAL CHARACTERIZATION METHODS

Capillary effects describing the micro level do have only limited validity to be used for
macro level description. Here specially designed dynamic capillary rise experiments represent
an alternative approach to characterize different types of textile structures?.

Filling behavior, i.e. permeability of the textile structure, is typically described
according to Darcy’s law>. Unfortunately, still there is no standard testing procedure available
delivering the one and only valid permeability value. For characterization of the virgin textile
structure various different testing set-ups are available (which are currently compared in
frame of benchmark exercises, e.g. for 2d-permeability measurements®, 1d-testing
configurations®, and studied regarding methods to gain permeability values®). Special
developed test rigs do allow to characterize the filling behavior of direct formed textile
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structures, e.g. tubular braidings’, and also effect of draping, which is a standard manipulation
occurring practically in all cases where components are manufactured, can be studied in
simple configurations®. But already simple manipulations, e.g. inserts or areal combined
different types of reinforcing structures, are not finally describable with standard filling
simulation tools®.

PROCESS MONITORING

Process monitoring can, for example, be used to decide whether a final curing state is
reached®, or to deliver information about decision points in a running process, e.g. whether in
a cascade infusion process a gate has to be opened™. A bit more complex, model based
processing approaches allow to govern the process much more detailed, e.g. by controlling the
filling in a way that minimal void formation is ensured'. In future model based processing
will improve productivity and process quality significantly.
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THE MEASUREMENT OF COMPOSITE COMPOSITION CHARACTERISTICS

MERANIE CHARAKTERISTIK SKLADBY KOMPOZITU
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SMELKO4, DANIELA MARASOVAS,

The article deals with measurement of strength of composite material with different layer
composition. The measurements have been perform on the glass-fiber composite material created
by the 285 type of resin and the textile with the density 220 g/m’. The textile was made for special
purposes and is characteristic by the equal number of fibers in warp and woof. The results of the
measurements are the enter data for the study of embedded contact-less tensile stress sensors.

Clanok pojedndva o merani pevnosti kompozitného materidlu pri réznych skladbdach vrstiev.
Merania boli vykonané na sklo-vidknovom kompozite s pouzitim Zivice typu 285 a tkaniny s
hustotou 220g/m2. Tkanina vytvorena pre Specidlne pouzitie je charakteristickd rovnakym poctom
vidkien v osnove aj itku. Udaje ziskané pomocou experimentu shizia ako podklad pre dalSiu
vyskumnu cinnost' v oblasti zabudovanych bezkontaktnych snimacov mechanického napiitia.
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UvoD

Pri praci s kompozitnymi materidlmi (KM) sa Casto dostdvame do situdcie, kedy
potrebujeme poznat' zakladné pevnostné a tuhostné charakteristiky KM. Néjdené hodnoty
z roznych dostupnych zdrojov nam vel'mi nepomdzu, pretoze jednak st vo velmi velkom
rozsahu hodnét a tieZ méalokedy je uvedeny konkrétny material a podmienky, za ktorych boli
hodnoty ziskané. A tak sme sa rozhodli, Ze si hodnoty zmeriame sami.

Uz niekol’ko rokov pracujeme najcastejsie s jednym typom KM a preto bolo jasné, ze
sa sustredime na ziskanie jeho charakteristik. Pouzivame sklenent tkaninu s ozna¢enim STO
L220 - 1000 mm, ktory vyraba slovensky vyrobca Dipex spol. s r.o. Ide o tkaninu s platnovou
vizbou 220 g/m?, ktora ma v smere osnovy i Gtku 60 vlakien/10 cm, vlakno Tex 190. Ako
pojivovy systém pouzivame epoxidovi zivicu E285 a tuzidlo T286 s hmotnostnym mieSacim
pomerom 100:40.

PRIPRAVA VZORIEK

Kompozitné vzorky st vyhotovené podl'a normy ASTM D3039. Dizka vzoriek je podla
tejto normy 250 mm, Sirka 25 mm a hribka 2 — 3 mm. Z dévodu symetrickej skladby sme
zvolili pocet vrstiev 12 a tak vysla hrubka naSich vzoriek 2,4 mm. Na vzorky su prilepené
epoxidovym lepidlom prilozky z duralového plechu (Obr.1) pre lepSie uchytenie do
pneumatickych cel'usti trhacieho stroja.

2
6,50

25

150 50
250

Obr. 1 Rozmery kompozitnej vzorky podl'a ASTM D3039

Ked'Zze sme chceli zmerat charakteristiky KM v roznych smeroch, zvolili sme
symetrické skladby s uhlami 0=0°, £15°, £30°, £45°, £60°, £75° a 90°. Tkanina na jednotlivé
vzorky bola starostlivo narezana tak, aby same ¢o najpresnejsie dodrzali smer skladby, pricom
smer a=0° bol smer osnovy, smer 0=90° bol smer utku. Na tkanine sme si vyznacili farebnym
pasikom smer osnovy, aby bolo mozné €o najpresnejsie zlozit’ celt skladbu (Obr.2).

Obr. 2 Narezané tkaniny pripravené na vyrobu dosiek

Dosky pre vyrobu vzoriek boli vyrobené ruénym laminovanim na rovnej
drevotrieskovej doske. Doska bola naseparovana troma vrstvami vosku Blue Wax a jednou
vrstvou PVA. Zivica je nanaSana pomocou maliarskych véléekov, pri¢om sme dbali na
dokladné presytenie kazdej jednotlivej vrstvy tkaniny pri ¢o najmenSom mnozstve zivice, aby
sme dosiahli vysoky podiel sklenenych vlakien v doskach. Podarilo sa dosiahnut’ hodnoty
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(65-67) %. Tato hodnota je porovnatel'na s doskami zhotovenymi pomocou vékuovania a tak
sme s ohl'adom na jednoduchost’ vyroby upustili od vékuovania. Celkom sme zhotovili 6
dosiek pre jednotlivé skladby (doska pre skladbu a=0° a 90° bola jedna s dvojnadsobnymi
rozmermi). Zakladny rozmer dosky bol 300x300 mm, aby okraj ¢o najmenej ovplyviioval
kvalitu a rovnomernost samotnych vzorkov. Dosky bolo vytvrdené 24 hodin pri izbovej
teplote a nasledné dotvrdené pomocou infra lamp 6 hodin pri teplote 60°C. Vysledok prace je
na Obr.3.

Obr. 3 Hotové sklolaminatové dosky

Dal§im krokom bolo narezanie dosiek na rozmery vzoriek podla Obr.1. Na rezanie sme
pouzili ruénu vibraénu pilu a kovové prilozky. Vzorky boli nasledne obrisené jemnym
Smirglovym papierom na spravnu Sirku. Na konce vzoriek boli nalepé duralové prilozky
pomocou dvojzlozkového epoxidového lepidla 324 a tuzidla P11.

Ziad I8

Obr. 4 Lepenie priloziek na vyrezanu vzorku

Pre potreby skusky bolo z kazdej skladby zhotovenych 10 vzoriek, pri¢om 5 z nich bolo
pouzitych pre prvé meranie pevnostnych charakteristik, ostatné boli pripravené ako rezerva
a pre dalSie skusky. Jednotlivé vzorky boli oznacené a presne zmerané vzdy v 3 miestach
pracovnej Casti vzoriek. Hodnoty hribok sa pohybovali v rozmedzi (2,32 - 2,48) mm, Sirka
(24,67 — 25,31) mm. Ked’Ze trhaci stroj Zwick Roell Z030 meria deforméciu vzoriek opticky,
bola hladsia strana vzoriek nastriekand tenkou vrstvou bielej farby, na ktora bola vyznacena
zakladiia 50 mm ciernou fixou.

Obr. 5 Vzorky pripravené na meranie
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LABORATORNE MERANIE VLASTNOSTI

Zéakladné mechanické vlastnosti boli merané skuSkou jednoosého tahu pomocou
trhacieho stroja Zwick Roell Z030 s maximalnou silou 30 [kN] na pracovisku FBERG TUKE
v Testovacom a verifikatnom pracovisku gumadrenskych vyrobkov. Do celusti stroja boli
upnuté vzorky a stroj vykonal vlastnu skusku. Pred zacdiatkom skusky boli zadané rozmery
kazdého vzorku. Meracie zariadenie zaznamenalo potrebné data, vysledkom ktorych bol
pracovny diagram vzorku (teda zavislost’ napitia a pomernej deformadcie) a nasledne softvér
vypotital pevnost, predizenie a Youngov modul pruznosti. Vietky data boli ulozené na
pamétové médium pre d’alSiu pracu.

Obr. 6 Trhaci stroj Zwick Roell Z030

Napétie [MPa]
Napatie [MPa]

Deformacia [%]

2 4
Deformacia [%]

Obr. 7 Pracovny diagram vzoriek o = 0° Obr. 8 Pracovny diagram vzoriek o = £15°

Napatie [MPa]

2 4
Deformacia [%]

Obr. 9 Pracovny diagram vzoriek a =+30°
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Napétie [MPa]

Deformécia [%]

Obr. 10 Pracovny diagram vzoriek o = +45°
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Obr. 11 Pracovny diagram vzoriek a = +60°
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Obr. 12 Pracovny diagram vzoriek a = +75°  Obr. 13 Pracovny diagram vzoriek o = 90°

Pracovny diagram pre skladbu a=+45° je uz na prvy pohl'ad zvlastny najmi netypicky
velkou deformaciou. Ako je vidiet' na Obr.14, dochadza pri tejto skladbe s oh'adom na mala
Sirku vzorky (a teda kratkych vlakien) k teCeniu matrice, ¢o zna¢ne skresluje pracovny
diagram a aj z neho vypocitané hodnoty. Ukazuje sa, ze pre takéto skladby je Sirka vzorky
mala. Bolo by pravdepodobne vhodné pouzit’ vzorky o dvojnasobnej Sirke, teda 50 mm, kde
by k takému javu uz nemalo dochadzat’.

Obr. 14 Vzorka +a = 45° pred a po mechanickej skuske tahom

Priemerné hodnoty z 5 vzoriek rovnakej skladby su uvedené v tabulke Tab.1:
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Tab. 1 Namerané hodnoty pre jednotlivé skladby KM

Skladba Napiitie [MPa] Deformacia [%] Youngov modul [MPa]
o=0° 416 1,2 34 666

o==+15° 352 1,2 29333

o =+30° 230 2,2 10 454

o = +45° 104 15 693

o = +60° 238 1,6 12 526

o ==+75° 280 1,1 28 000

o =90° 380 1,2 25333

Hodnoty ziskané meranim su zobrazené aj na Obr.15.

Pevnost vzoriek v tahu [MPa]

0 15 30 45 60 75 90
Uhol skladby tkaniny [°]

Obr. 15 Priebeh maximalneho napitia v tahu v zavislosti od skladby vzorku
ZAVER

Napriek tomu, Ze sme takéto meranie robili prvy krat, da sa povedat’, Ze sa nam vcelku
podarilo. UspeSne sme zvladli vyrobu dosiek isamotnych vzoriek. MenSie problémy
s lepenim duralovych priloziek sa ndm podarilo prekonat’ po odskusani na skuSobnych
vzorkéch.

Vysledky merani nds prijemne prekvapili, pretoze sme na zaciatku neocakavali tak
vysoké hodnoty pevnosti KM so sklenenymi vlaknami. Napriek rovnakému poctu vldkien
v osnove autku sa prejavil smer utku miernym zniZenim pevnosti, ¢o je dané mensim
zvlnenim vlékien v smere osnovy ako dosledok smeru navijania pri vyrobe tkaniny. Velmi
nizke hodnoty pevnosti v tahu vzorieck o = +45° a vysoké hodnoty deformécie sa najviac
prejavia pri vypocte Youngovho modulu pruznosti v tahu.

Predpokladame, ze pre ziskanie presnejSej hodnoty bude potrebné vyrobit’ a zmerat
vzorky so Sirkou 50 mm. Taktiez predpokladame spresnenie priebehu maximalneho napétia
v tahu v zavislosti od skladby vzorku meranim dalSich vzorkov so skladbami a=+7,5°,
+22,5°, £37,5°, £52,5°, £67,5° a +82,5°, priCom vzorky o= £37,5°a +52,5° by boli
zhotovené taktiez so Sirkou 50 mm.

PODAKOVANIE

Prispevok vznikol za podpory projektov KEGA 052TUKE 4/2018, KEGA
058TUKE-4/2018, VEGA 1/0201/16, VEGA 1/0374/17 a APVV-17-0184.

107



POLYMER COMPOSITES
2019

Tabor, May 15™-16 " 2019
CZECH REPUBLIC

EPOXY SYSTEMS FOR ELECTRO APPLICATIONS

EPOXIDOVE SYSTEMY PRO ELEKTRO APLIKACE

FRANTISEK SOCHA!, PAVLA SVIGLEROVA?, MICHAELA ERBENOVA®

Epoxy systems exhibit very good electroinsulating properties. They are used for casting
various electrical components such as transformers, insulators and others. By using a suitable
combination of epoxy resins, hardeners and other components, especially fillers, "composites”
with different mechanical and electrical properties can be prepared. Depending on the size and
properties of the resulting composite, it is necessary to select suitable technological process of
production.

Epoxidové systemy vykazuji velmi dobré elektroisolacni viastnosti. Pouzivaji se pro odlévani
riiznych elektrickych soucasti, jako jsou transformatory, isolatory a dalsi. Vhodnou kombinaci
epoxidovych pryskyric, tvrdidel a dalsich sloZek, predevsim plniv, Ize pripravit “kompozity” s
riznymi mechanickymi a elektrickymi vlastnostmi. Podle velikosti a viastnosti vysledného
kompozitu je nutné spravné zvolit technologicky postup vyroby.

KEYWORDS
Epoxy system, Electro application, Transformer, Insulator
INTRODUCTION

Epoxidové systémy je mozné formulovat a pfipravovat s riznymi vlastnostmi. Nachazi
tak uplatnéni v riiznych primyslovych odvétvich. Velmi zajimavou oblasti je elektro primysl.
Epoxidové systémy zde nasSly mnoho uplatnéni a to jako lepidla, zalévaci hmoty nebo jako
vlastni konstrukéni materialy. Z pohledu konstrukénich materiald, které mizeme jasn€ oznacit
jako kompozity, je vyrabéno velké mnoZstvi zdkladnich vyrobkl riznymi postupy. Od
ru¢nich laminatl, pies specialni desky vyrabéné naptiklad RTM nebo i infuzi, dale navijené
trubky ¢i jiné profily az po pultruzi.

Velmi rozmanitou oblasti jsou zalévaci epoxidové hmoty. Pouzivaji se systémy s velice
nizkou viskozitou pro dokonalé zateCeni az po silné viskozni nebo tixotropni kompozice.
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Velkou vyhodou epoxidovych systémi je vynikajici pfilnavost k riznym substratim. To
umoznuje zalévat rizné materidly a dosahnout tak dokonalé té€snosti. Zalévaci hmoty mizeme
tak rozdélit na systémy zalévaci — kdy forma pro zaliti je uz soucasti kone¢né¢ho vyrobku a na
systémy spise odlévaci, kdy epoxidovy systém tvoii podstatnou ¢ast vyrobku. Prvnim typem
jsou hmoty spiSe houzevnaté a maji vétSinou za cil chranit vnitini elektrické soucasti. Pouziti
je hlavn¢ v elektronice. Druhym typem jsou spiSe hmoty s vynikajicimi mechanickymi
vlastnostmi a podstatna ¢ast je naplnéna riznymi plnivy za ucelem dosazeni vysoké tuhosti,
nehoflavosti a dalSich vlastnosti.

Epoxidové zalévaci systémy se pouzivaji pro rtiznou skalu produkti. Nejvyznamnéjsi
jsou suché transforméatory. Dale jsou to isolatory, rizné pruchodky a dalsi elektrické soucasti.
V takovych produktech se pak nachazi 60-100% epoxidového systému.

Velmi dulezité pro vybér vhodného systému je informace, pro jaké napéti je vysledny
produkt ur¢en. Pro napéti do 1 kV, kdy mluvime o nizkém napé&ti, Se mohou pouzit systémy
vytvrzované jak aminy, tak anhydridy. Do napéti cca 50kV, tak zvané stifedni napéti, se jiz
vybiraji spiSe systémy S tvrdidlem na bazi anhydridu. Pro vysoké a velmi vysoké napéti se
pouzivaji vyhradné systém vytvrzované anhydridem. Duvodem jsou elektrické vlastnosti
vysledné kompozice. Systémy vytvrzované aminy maji niZsi vnitini 1 povrchovy odpor a jsou
tak horSimi isolanty nez systémy vytvrzované anhydridy. Pro vlastni technologii zalévani je to
klicové. Systémy s aminy jsou dvouslozkové s relativné kratkou dobou zpracovatelnosti a
vytvrzovani je mozné provadét i za pokojové teploty. Systémy s anhydridy maji dlouhou dobu
zpracovatelnosti, ale musi se ovSem vytvrzovat za teplot nad 80°C a nutné je i dokonalé
dotvrzeni, které mize byt i pfi teplotach hodné pies 100°C po dobu nékolik hodin.

Vice jak 90% zalévacich epoxidovych hmot je pravé vytvrzovano anhydridy. V takové
epoxidové kompozici je vylou¢eno pouziti nereaktivnich fedidel a také vody. Kompletni
zalévaci systém muZe obsahovat az 6 zékladnich slozek.

Slozka A Epoxidova pryskytice
Slozka B Tvrdidlo — anhydrid
Slozka C Urychlova¢

Slozka D Flexibilizator

Slozka E Plnivo

Slozka F Pigment, pigmentova pasta

Technologie ptipravy takové hmoty musi pocitat s ddvkovanim jednotlivych slozek. Lze
provézt zjednoduseni a to spojenim slozky A a D a také je mozné spojit slozku B a C. Tyto
ob¢ varianty jsou urceny pro vyrobu, kdy zpracovatel davkuje plnivo ptfed zalévanim. U
specidlnich systémt, kde je tfeba michat vice plniv nebo pro malovyroby, je moZzné pouzit
pouze dvouslozkovy systém. V takovém piipadé je pfipravena smés A ze slozky A, D, ¢asti
plniva a pigmentu. Smés B obsahuje slozku B, C a ¢ast plniva.

Kone¢né vyrobky jsou uréeny do 2 prostiedi. V prvni fedé to jsou produkty, které
nejsou vystaveny UV a venkovnimu prostfedi. Jednd se tak o wvnitini aplikace. Nekteré
produkty jsou vystaveny slune¢nimu zafeni a jsou ureny do venkovniho prostiedi — pro
venkovni aplikace. Epoxidové zalévaci hmoty je mozné pfipravovat pro ob¢& varianty
prostiedi.

Vnitini aplikace pokryva ptiblizné¢ 70% produkce a je tvofena pievazné epoxidovou
pryskyfici na bazi aromatu — bisfenolu A a F. Pro venkovni aplikace se pouzivaji
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cykloalifatické epoxidové pryskyfice. Dal§im rozdilem je pouziti typu plniv. Standardné se
pro vnitini aplikace pouzivd mikromlety kiemicity pisek. Pro venkovni aplikaci je nutné
pouzit silanizovany mikromlety kifemicity pisek. Ostatni slozZky mohou byt stejné.

Prvni zalévaci systémy byly na bazi pevnych pryskyfic a anhydridi. Pouzivali se pro
vnitini aplikace. Zakladem byla stfednémolekularni epoxidova pryskyfice a pevny
ftalanhydrid. Tyto slozky se nejdiive natavovaly na 120°C, poté se pridalo plnivo. Takovyto
systém bylo potieba pomérné rychle zpracovat. Tento systém se pouziva vice jak 50 let a jesté
je nékolik vyroben, které takto pracuji. V soucasné dobé se od této technologie ustupuje a
pouzivaji se hlavné kapalné zalévaci systémy. To bylo umoznéno relativné dobrou cenovou
dostupnosti kapalnych anhydridu.

Kompletni technologie se sklada z 3 ¢asti:

e Priprava zalévaci hmoty. — Jednoduché technologie pracuji na prostém smichéani vSech
slozek pti teplotich 40-70°C. Podminkou kvalitni zalévaci hmoty je absolutni
odvzdusnéni. Micha se proto za silného vakua (1-20 bar). Takto pfipravena hmota se
ihned pouZije pro zalévéani. Zivotnost zaleZi na teplotd. (45°C — 8 hodin). Slozitg&jsi
technologie pracuji ve 2 oddélenych vakuovych nadobach, kde v jedné michdme
pryskyfici s &asti plniva a v druhé tvrdidlo s druhou &asti plniva. Zivotnost takto
pfipravenych slozek je nékolik dni. Tyto slozky mohu pak spoleéné kratky cas
promichat v dalsi vakuové nadob¢ nebo za pouziti statického sméSovace ihned pouzit
pro zalévani.

e Vlastni zalévani. - Pro vlastni zalévani je mozné pouzit 4 typy technologii:

o APG proces — zalévani za tlaku. Pouziva se pro sériové vyroby elektrickych
soucasti, jako jsou isolatory, pruchodky a jednodussi transformatory.
Namichana smés systému je vstiikovana pod tlakem 1-6 bar do vyhiaté formy.
Teplota smési je 45-70°C. Teplota formy je od 110°C az po 170°C. Vse zalezi
na slozitosti odlévaného produktu. Cas odformovani se pohybuje od 8 minut u
velmi jednoduchych a malych odlitki po 100 minut u velkych slozitych
produktii.

o Konvenéni vakuové zalévani. Pouziva se hlavné u slozitych velkych odlitkt
transformator nebo jinych elektrickych soucésti nebo u malosériovych
produkti. Vyhodou je levnéjsi forma, ktera muze byt epoxidovd nebo
z raznych kovi. Zalévani probihd ve vakuové komote a zdkladem je nizsi
vakuum nez je u zalévaci hmoty. Davkovani hmoty miiZze byt také pies staticky
sméSovac nebo ze zasobniku kompletné pfedmichané hmoty. Teplota smési je
50-80°C. Teplota forem je obvykle 80-100°C. Po zaliti je vhodné nékolik
minut ponechat formu shmotou ve vakuu, aby doslo k dokonalému
odvzdusnéni. Forma je pak pfemisténa do pece na vytvrzeni. Po vytvrzeni (85-
100°C 1,5-5 hodin) je produkt odformovéan.

o Kombinace APG a vakuového zalévani. Pouziva se u slozitych odlitki, kde
standardni zalévani za tlaku nebo vakua je nedostateCné. Sestava je sloZena
z formy na tlakové zalévani a ta je uloZena ve vakuové komofie. Postup je
prakticky stejny jako u APG procesu.

o Zalévani za atmosférického tlaku. Toto zalévani se pouziva velmi malo a
pouze u jednoduchych odlitkd, kde neni nutna 100% kvalita. Zalévaci systém
je pripravovan standardné pod vakuem s pouzitim nebo bez pouziti statického
sméSovace. Teplota forem a postup je velmi podobny jako u vakuového
zalévani.
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e Dotvrzovani. U vétsSiny odlitkil je po dosazeni gelace provedeno odformovéani a to u
vSech typt zalévani. Pouze u velkych odlitkli jako jsou napiiklad distribucni trafa,
probihd dotvrzovani ve formé. Standardné jsou odlitky po odformovéni zbaveny
pretokti a ostrych hran opracovanim. Je nutné odlitky transportovat po odformovani co
nejrychleji do pece. Takto odformované odlitky se nachazi ve velmi nizké reakcni
konverzi. Casteéné zpolymerovand hmota se nachazi v teplotni oblasti nad Tg —
v kaucukovité oblasti. Jestlize by doSlo k ochlazeni pod Tg, mohlo by dojit az
k popraskani odlitku, protoze hmota nema jesté dostate¢né mechanické vlastnosti.
Dotvrzeni probihéd pfi teplotdch 120 — 140°C po dobu minimaln¢ 10 hodin. Malé
odlitky nebo produkty kde nejsou zadné vnitini ¢asti odlisSného materialu, mohou byt
zelezo, méd’, hlinik nebo dalsi, je nutné ochlazovat pozvoln¢. Je to dano rozdilnou
teplotni roztaznosti oproti epoxidové hmoté. Rezim chladnuti mize trvat az 24 hodin.
Velmi Casto dochazi k prasknuti odlitku po vyndani z pece a je nutné upravit pravé
rezim chladnuti. V sortimentu nékterych dodavateli zalévacich epoxidovych hmot je
mozné nalézt takzvané NPC systémy — bez nutnosti dotvrzeni. To je dano pouzitim
specialni kombinace urychlovact. Systémy pomérné v kratkém case dosahnout vysoké
konverze. Je to mozné pouzit u produktti, kde neni nutné dosdhnout vysokych hodnot
elektrickych vlastnosti.

Technologicky postup zalévani je pomérné slozity a je nutné na kazdou technologii
upravit systém z hlediska zpracovatelskych vlastnosti jako je predevsim viskozita a cas
gelace. Velmi dilezita je spoluprace dodavatele epoxidového systému s vyrobcem
technologie. NejvyznamnéjSimi vyrobci technologii je firma Hubers a Hedrich. Tyto firmy
jsou schopni dodavat technologie ve vSech uvedenych typech zalévani.

Z pohledu dodavatelii epoxidovych systémul je nejvyznamnéjsi firma Huntsman. Na
druhé misto Ize jiz dnes zafadit firmu Spolchemie. Tato firma spole¢né se svoji dcefinou
spole¢nosti SYNPO dodavaji velmi bohaty sortiment zalévacich systémii a dalSich potiebnych
produktl pro vyrobu elektrotechnickych soucastek.

Hlavnim produktem jsou neplnéné epoxidové systémy pod niazvem CHS-EPODUR.
V sortimentu jsou systémy jak pro vnitini, tak venkovni pouZiti v rozsahu Tg od 0°C do
170°C. Jsou dodavany ve 2, 3 nebo 4 slozkovych variantach. Druhou fadou produktl jsou jiz
pfedplnéné dvouslozkové epoxidové systémy pod oznaenim SADURIT, urcenych také pro
vnitini nebo venkovni pouziti s Tg od 0°C do 170°C. V systémech jsou pouzita riizna plniva,
ktera dodavaji systémim naptiklad vysokou odolnost k praskani az do teplot -60°C. Dalsi
typy plniv umoziuji systémim dosahnout velmi vysokou nehoflavost podle UL 94 az VO
nebo 1SO 45545 HL2 a HL3. Dalsimi spise dopliikovymi produkty jsou pigmentové pasty,
které jsou specialné urceny pro elektro vyrobky, pod oznacenim E-pasta a to ve variantach jak
pro vnitini tak venkovni pouziti. V sortimentu se nachazi déale produkty pod oznacenim
Veropal. Jedna se o opravarenské hmoty, které mohou byt dodavany v riznych barevnych
variantach a také lepidla. V posledni dobé byl sortiment doplnén i o separdtory uréené pro
formy na tlakové 1 vakuové zalévani.

Posledni velmi zajimavou novinkou jsou jednoslozkové epoxidové zalévaci systémy.
Jsou piipraveny jiz predplnéné riznymi plnivy, podle pozadovanych vlastnosti. Pouziti je
zatim smérovano pro mensi odlitky postupem APG — za tlaku. Vyraznym piinosem je hlavné
podstatné zjednoduseni technologie ptipravy zalévaci hmoty. Tento systém se rozmicha,
zbavi vzduchu pod vakuem a je mozno zalévat. Zivotnost hmoty do 30°C je minimélné 6
mésict. Podstatné se také prodlouzila zivotnost hmoty pti 60°C. U vice slozkovych systému
je to maximaln€ do 3-4 hodin. U jednoslozkového systému je to 24 hodin i vice. Vytvrzovani



je nutné provadét od teploty 110°C, proto jsou tyto systémy urceny piedevSim pro APG.
Jednoslozkové systémy byly jiz otestovany na nékterych produktech u zakazniki a vysledky
jsou velice dobré. Pripravené systémy maji Tg od 110 do 140°C a jsou smérovany na
isolatory a rizné pruchodky. Dalsi vyvoj je sméfovan k systémlim se zvySenou houzevnatosti
v oblasti Tg 50 -110°C pro tvarové naro¢né produkty.
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ENGINEERING

JAN VORELY, KRESIMIR NINCEVIC?, IOANNIS BOUMAKIS® AND ROMAN WAN-
WENDNER?

It is a very challenging task to predict the time to failure (TTF) of thermoset polymers, used in
structural engineering, under sustained load since different material types are involved, i.e.
concrete, composites, steel, etc. The paper presents a list of available approaches often utilized for
polymers or metals and the possible application to thermoset polymers used in structural
engineering for rehabilitation, bonded anchors, etc.

Stanoveni doby poruchy reaktoplastii pouzivanych ve stavebnictvi je velmi narocné z ditvodu
komplexniho vzdjemného piisobeni riiznych materialii, napri. betonu, kompoziti, oceli. Clanek se
zabyva dostupnymi metodami, casto vyuzivanych pro polymery a kovy, a jejich moznym pouzitim
pro zminéné reaktoplasty.

KEYWORDS
Time to failure, fracture, creep, thermoset polymers, structures
INTRODUCTION

Nowadays there is a wide range of thermoset polymer applications, e.g., bonded anchor
systems which are typically used to connect various structural parts; or a rehabilitation and a
strengthening of structures. The systems usually consist of bonded agent, steel, composite
materials and a base material. The most commonly used materials for the bonding agent are
polymers (more specifically thermoset polymers) or cement based materials in some cases.
The former is studied in this paper.
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In general, the short-term or the long-term behavior, in other words short-term and
sustained-load strength, of these structural elements lies in the forefront of research and also
design interest. Moreover, the sustained-load testing is a time demanding procedure, e.g.,
according to the design codes for bonded anchors, it takes about 1000-2000 hours (i.e., 42-84
days). The ASTM standard for bonded anchors [1] requires a minimum of three confined or
unconfined tests to be conducted per creep test series. Afterwards, a logarithmic trendline of
the displacement versus time is projected out to 600 days using a least square method through
data points. The ACI standard for bonded anchors [2] is using a similar testing procedure as
the ASTM code. The displacement data are then projected using the last 20 days (minimum of
20 data points) from the creep test using the Findley power law.

However, the significant sensitivity of the abovementioned approaches [3] calls for a
significant improvement in the current procedures used to determine the time to failure (TTF)
of various structural elements involving thermoset polymers, e.g., bonded anchors. Therefore,
the approaches often used for the prediction of TTF of polymers are reviewed in this paper.

REVIEW OF TIME-DEPENDENT RUPTURE METHODS FOR POLYMERS

Different approaches for the determination of time to failure can be found in the
literature. They differ in a complexity, number of material parameters (constants) and the
theory used to derive them. Three basic groups will be distinguished in the paper:

e empirical relations,
¢ relations based on the fracture mechanics,
e energy-based relations.

Empirical relations were created to capture the experimental data without any theoretical
background. One of the most often mentioned approaches is the Monkman-Grant relationship
relating the minimum creep rate £€°. and time to failure ty through

min
teh. = C, (1)

min
where p and C are constants. The constant p is usually set equal to one. The modified
Monkman-Grant relation taking into account total failure strain & was proposed by Dobe§
and Milic¢ka [3] and takes the form
trémin/& = C. @)
where ¢ stands for the constant.

Another correlation has been observed to exist for many materials between the applied
stress g, and the Larson—Miller parameter Ay [4]

/1LM =T (K + log tf) ) (3)

where K is a constant and T represents the temperature. Another well-known relation utilizes
the Orr-Sherby-Dorn parameter Aosp Which is correlated with the applied stress

Aosp = Qo/(2.303RT) — logts, 4)

where Q, is the activation energy and R stands for the gas constant. The simple model similar
to the Norton-Bailey law for creep was used at the beginning of studies focused on the failure
time predictions for polymers

tf = AO'C?, (5)

where A and q are material dependent constants.



The relation based on the fracture can be derived from the kinetics of molecular flow
and bond rupture [5]. This approach provides the prediction of failure times, based on the
Eyring’s reaction rate theory, in terms of constant stress level as

tp = to exp[(Qo — 9aV)/KT], (6)

where k is the Boltzmann constant, ¢, represents the material constant and V is a material
parameter characterizing the activation volume. Another fracture based predictions were
presented by Christensen [6,7] who employed a kinetic crack formulation.

Energy-based relations estimate the failure times with respect to the limit of the stored
energy. This concept can be considered an extension of the material strength theory for elastic
materials. There are various criteria following this type of approach, e.g., Reiner-Weissenberg
criterion, maximum work stress criterion, maximum strain criterion, etc.

CONCLUSION

An extensive review of various approaches for the determination of time to failure is
presented in this paper. These approaches vary in both the complexity and theoretical base.
The preliminary results verify the validity of the Monkman-Grant relationship for different
materials and structural elements. Even more, this criterion does not require too much
experimental data to determine unknown material constants. Further studies and validations of
the presented approaches are needed and are currently under investigation.
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Presented article deals with comparison of the influence of ion exchange membranes (IEMs)
composition on their dimensional changes and electrochemical properties. Mainly the influence of
chemical stability of reinforcing fabric was investigated. It was proved that by minimizing the
dimensional changes of IEMs longer stability of area and specific resistance and ion exchange
capacity was obtained.
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Membranové procesy jsou dnes bézné vyuzivany pro Upravu pitné vody ¢1 odpadnich
vod. Stale Ccastéji se uplatiuji jako soucast chemickych vyrob, v potravinafstvi,
automobilovém pramyslu, energetice a dalSich odvétvich. Pokud je hybnou silou
membranového procesu gradient elektrického pole, jsou vyuzivany iontové vyménné
membrany (IM). Tyto membrany jsou téméf vyhradné tvofeny polymernimi materialy [1]. V
pifipadé tzv. heterogennich IM sejednd o polymerni kompozit. Zakladni slozkou
heterogennich IM je pryskyfice nesouci ionizovatelné funkéni skupiny - ionex. Céstice ionexu
jsou dispergovany v termoplastické matrici, diky které mohou byt IM vyrabény vytlaCovanim
jako folie, duta vlakna nebo tubuldrni membrany. Membrany ve formé folii byvaji z diivodu
zlepSeni mechanickych vlastnosti armovany polymerni tkaninou. V pracovnim stavu navic
obsahuji IM desitky hmotnostnich procent vody, ktera umoziuje botnani castic ionexu,
vyplituje pory a dutiny pfitomné ve struktufe a pisobi jako zmék&ovadlo. Dle typu funkénich
skupin ionexu jsou rozliSovany anexové membrany (AM), které propoustéji piednostné
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anionty a zadrzuji kationty a katexové membrany (CM), které propoustéji kationty a brani
prichodu aniontd.

IM je tieba pied pouzitim zbotnat, zpravidla v demineralizované vodé. Nasledné mohou
byt uzity v pfislusné technologii, napt. elektrodialyze, difuzni dialyze nebo kataforéze.
Na zakladé provoznich podminek dané technologie pak dochazi k postupnému vyvoji
vlastnosti IM, které souviseji se zménami mikrostruktury. V nékterych ptipadech je vyrobci
doporucovano IM pred vlastnim provozem aktivovat pomoci expozice v riznych chemickych
¢inidlech. Aktivace IM je pak obvyklym zpisobem piedupravy pied charakterizaci
elektrochemickych vlastnosti. Jejim cilem je zpfistupnéni castic ionexu. V dusledku
objemovych zmén ionexu danych hydratacnimi tlaky a zménou iontové formy dochazi
Kk rozvolnéni matrice a vzniku sit¢ vodivych kanalkt napti¢ IM [2]. K aktivaci IM pied
charakterizaci, ale také k cisténi IM v technologiich (clean in place) se bézné pouzivaji
roztoky kyselin a zasad [3].

V této praci byly membrany opakované vystaveny pusobeni roztokit HCl a NaOH.
Cilem bylo vyhodnoceni t¢inku cyklickych zmén pH na zékladé charakterizace geometrie a
funkénich vlastnosti membran. K charakterizaci byly vybrany tfi typy heterogennich IM;
komeréné dostupné IM(H)-PES-Ralex (MEGA a.s., CR) a dva vyzkumné vzorky s oznatenim
IM-PES a IM-PPS. Tyto membrany obsahovaly stejny typ a hmotnostni procento ionexu, jako
IM(H)-PES-Ralex. Lisily se vSak slozenim termoplastické matrice a armujici tkaniny.
Polyesterova (PES) tkanina je nachylna k degradaci v alkalickém prostiedi, coz ovliviiuje
propagaci degradace takto armovanych IM. Druha tkanina byla tvofena vlakny
z polyfenylensulfidu (PPS), ktery ma ve srovnani s PES vy$§i chemickou odolnost. Obé
tkaniny byly vyrobeny z monofilu o priméru 55 pm a mély shodnou konstrukci dostavy.
Charakterizované IM mély v suchém stavu tloustky v rozmezi 350-450 pm.

EXPERIMENTALNI CAST

Membrany byly botnany pii pokojové teploté 24 h v demineralizované vodé€. Nasledné
z nich byly vyseknuty vzorky o rozmérech 2,5 X 20 cm. Od kazdé IM byly ihned odebrany
vzorky, které nebyly pfed svou charakterizaci vystaveny cyklickym zménam pH. Tyto vzorky
slouzily jako referen¢ni material. Jejich vlastnosti poskytuji informace o vlastnostech IM
bezprostfedné po jejich vyrobé (pfed aktivaci), tj. pouze s nutnou piedupravou vyzadovanou
k analyze elektrochemickych vlastnosti. Zbyvajici vzorky byly vlozeny do PE vzorkovnic
a prelity 500 ml pfislusného roztoku, AM roztokem NaOH (1 mol 1Y), CM roztokem HCI
(Lmol I™). Po jednom dni byly roztoky odstrandny a membrany byly vymyty
demineralizovanou vodou do neutrdlniho pH vyluhu. Nasledné¢ byly AM prelity roztokem
HCIl a CM roztokem NaOH, v roztocich setrvaly den. Poté byly IM opét vymyty
demineralizovanou vodou do neutralniho pH. Timto prob¢hl jeden aktivacni cyklus. Pro AM
predstavuje tento cyklus zménu iontové formy CI —OH —CI, analogicky pro CM jde o
prechod Na'—H'—Na®. Membrany prosly celkem deviti cykly. Po kazdém cyklu byly
charakterizovany rozmérové a hmotnosti zmény na trojici vzorkl a byl odebran jeden vzorek
ke stanoveni iontovyménné kapacity (IEC, mekv gqs *). P0 3., 6. a 9. cyklu byly odebrany
vzorky pro charakterizaci plo§ného (Ra, Q cm?) a specifického (Rs, © cm) odporu.

Rozmérové a hmotnosti zmény (AX, %) byly vypocteny dle rovnice (1):
Ax =100 % (xs - xd)/xd (1)

ve které Xs a Xq predstavuji hodnotu parametru (hmotnost m, délka I, Sifka w, tloustka h)
ve zbotnalém a v suchém stavu. PficemZ rozméry a hmotnost membran v suchém stavu byly
vypocteny na zaklad¢ znalosti botnacich zmén po 24 h v demineralizované vod¢ pokojové
teploty.



Plosny a specificky odpor byly stanoveny po 24 h ekvilibrace membran v roztoku NaCl
(0,5 mol I""). Mgfeni probihalo potenciometrickou kompenzatni metodou pii 25 °C,
konstrukce elektrochemické cely je uvedena v ref. [1]. Plosny a specificky odpor byly
vypocteny dle rovnic (2) a (3):

Rp =S (Uim+sol — Usol)/l 2)
Rs = Rp/h 3

ve kterych je S (cm?) efektivni plocha membrany, Umssor @ Usy (MV) potencial cely
obsahujici elektrolyt a membranu nebo samotny elektrolyt, | (mA) vlozeny stejnosmérny
proud a h (cm) tloustka membrany.

Iontovyménna kapacita byla stanovena titratné dle ref. [1,4] pomoci titroprocesoru
Metrohm 682 (Gemini BV), chyba stanoveni IEC byla nizsi nez 1 %.

VYSLEDKY A DISKUZE

Rozmérové zmény IM souvisejici s botnanim nebo zménou iontové formy jsou zasadné
ovlivilovany pritomnosti armujici tkaniny. Obecné plati, Ze armované heterogenni IM botnaji
pfednostné ve sméru tloustky, zatimco ploSné zmény jsou armovanim minimalizovany.
Na Obr. 1 je znazornén dopad cyklickych zmén pH na délku AM a CM. Je ziejmé, ze CM
odolavaji stfidavému pusobeni roztoki HCl a NaOH vice nez AM. Odolnost CM vuci
zménam pH je dana odliSnym mechanismem ptsobeni roztokti na AM a CM. Jelikoz CM
zadrzuji anionty, nemohou ionty OH™ pronikat do jejich struktury a napadat armujici tkaninu
[2,5]. Roztok NaOH pisobi pievazné na povrch CM, pficemz armujici tkanina je pii laminaci
vtlatovana pod povrch membran. AM anionty propoustéji, ionty OH pusobi degradaci PES
tkaniny zevnitf membrany. Z Obr. 1 je patrné, Ze v piipadé AM-PES dochazi po tretim cyklu
ke skokovému nartstu délky, u AM(H)-PES Ralex roste délka vyznamné zhruba po patém
cyklu zmén pH. Pfi pouziti stejného typu a obsahu ionexu a stejné tkaniny je AM(H)-PES
Ralex za uvedenych podminek zhruba dvakrat odoIngjsi vici nastupu degradace tkaniny nez
AM-PES. Pii pouziti IM v technologickych celcich je vyzadovdna co nejvyssi rozmérova
stabilita. Z tohoto divodu je pro pouziti v alkalickém prostfedi vhodnou alternativou PPS
tkanina. Mezi PES a PPS tkaninou byl pozorovan rozdil jiz po samotném zbotnani membran
(0. cyklus). PPS tkanina umoziovala vyssi narist délky, nicméné pro AM i CM byla Al < 4

%.
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Obr. 1 Zavislost zmény délky AM (vlevo) a CM (vpravo) na poctu aktivacnich cykla
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Zmeény délky a Sitky IM zaviseji na pocCtu osnovnich a tutkovych niti tkaniny i na
zpusobu jejich fixace. PES i PPS tkaniny mé¢ly obdobnou konstrukci dostavy. Rozmérové
zmény ve sméru Sifky proto u vSech studovanych IM odpovidaly trendiim zmén délky, ackoli
byla pozorovana mirna anizotropie. Anizotropie se u tkanin vyskytuje v disledku nestejného
napéti vlaken osnovy a ttku béhem tkani [6]. PPS tkanina umoznovala vyssi narust $itky nez
PES tkanina, pro AM i CM do 9 %.
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Obr. 2 Zavislost zmény tloustky AM (vlevo) a CM (vpravo) na poctu aktiva¢nich cykla

Narust tloustek IM po botnani (0. cyklus) se pohyboval mezi 40-45 % pro AM a 59-68
% pro CM. Z Obr. 2 je na ptikladu AM(H)-PES Ralex a AM-PES patrny vzajemny vztah
rozmé&rovych zmén. Zatimco délka (Obr. 1) a Sitka téchto AM s poctem cyklu rostla, tloustka
klesala. Nejméné ovlivnény zménami pH byly IM-PPS. U CM(H)-PES Ralex a CM-PES
doSlo pii 5. aktivaénim cyklu ke skokovému poklesu zmény tlouStky, kterému vSak
neodpovidaji stabilni Sitka a délka. Nartst tloustky u CM je vyssi nez u AM. Intenzivnim
botnanim v sméru tloustky je matrice CM naméhana vice nez v pfipadé AM. Pii velkém
rozvolnéni matrice dochazi az k vymyvani castic ionexu do okolniho roztoku. NiZ§i obsah
ionexu mohl mit vliv na sniZeni botnavosti IM ve sméru tloustky bez vétsiho vlivu na plosné
rozmeérove zmeény.
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Obr. 3 Zavislost zmény hmotnosti AM (vlevo) a CM (vpravo) na poétu aktiva¢nich cykla
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Zavislost zmény hmotnosti IM na Obr. 3 je zdsadni pro porozuméni vyvoje porozity
vV membranové struktufe v prubehu cyklickych zmén pH. Po zbotnani IM (0. cyklus) dochazi
ke vzniku sité vodivych kanalka, které se s dalSim provozem ¢i expozici membran ve vodném
prostiedi dale vyvijeji. Cim agresivn&j§imu prostiedi jsou IM vystaveny, tim rychleji roste
jejich porozita, dochazi k vymyvani castic ionexu a klesa soudrznost matrice [2]. Porézni
struktura je vypliovana okolnim roztokem a zpravidla je pozorovan nartist hmotnosti IM [7],
jako v ptipadé AM(H)-PES Ralex a AM-PES. U této dvojice membran byl nejvyssi
predpoklad alkalické hydrolyzy PES tkaniny. S postupnou degradaci PES vladken dochézelo
k vypliiovani vzniklého prostoru roztoky HCl a NaOH, respektive demineralizovanou vodou,
proto byl pozorovan nartist Am.
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Obr. 4 Zavislost plosného odporu AM (vlevo) a CM (vpravo) na poétu aktivacnich cykla
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Obr. 5 Zavislost specifického odporu AM (vlevo) a CM (vpravo) na poctu aktivaénich cykla

Odpor membran, at’ jiz ploSny, ¢i specificky, je méfitkem energetické naro¢nosti
transport iontl, respektive zvySovana kapacita technologie nebo snizen ¢as potfebny k Gprave
jedné vsadky. Pred stanovenim odport IM se bézné vyuziva prediprava vzorki v rozsahu 1-2
aktivacnich cykli. Zde byly IM charakterizovany bez této ptredupravy (0. cyklus), aby byl
patrny jeji vyznam pro aktivaci membran. Jak bylo zminéno v uvodu, aktivaci membrany
dochdzi k rozvoji vodivych kandlkd napii¢ IM, ¢imZ klesd odpor vici pfenosu iontl, jak
je patrné z Obr. 4 a Obr. 5. Metoda stanoveni odport je destruktivni, proto bylo kazdé méfeni
realizovano na odlisném vzorku. K poklesu odporu IM nedochazi jen v disledku zpiistupnéni
vys§iho poctu castic ionexu. Vedlej$im efektem nartstu porozity je vznik trhlin a kavit
V matrici, které obecné zvySuji propustnost membrany pro oba typy iontd bez ohledu na
funk¢ni skupiny ionexu. Disledkem je pokles selektivity AM vuéi aniontim a CM vaci
kationtlim.
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Schopnost IM pfendset ionty lze kvantifikovat pomoci iontovyménné kapacity. IEC
byla stanovena po kazdém aktivaénim cyklu. Vysledky je tifeba interpretovat s ohledem
na vyvoj mikrostruktury IM. K hodnoté naméfené IEC prispivaji pouze Castice, ke kterym
muze difundovat roztok, ve kterém je IM exponovana. Pokud je néktera Castice ionexu zcela
enkapsulovand matrici, pak k vysledné hodnot¢ IEC nepfispiva. S probihajici aktivaci
struktury IM dochazi ke zpfistupnéni vyssiho poctu ¢astic ionexu, ¢imz by mélo dochazet k
narastu IEC. Soucasné¢ vSak srostouci porozitou dochazi k vymyvéani jemnéjSich Castic
ionexu a tim k poklesu IEC. Vysledna hodnota IEC pak zohlediiuje vSechny tyto vlivy.
Nalezené hodnoty IEC pro AM i CM byly v pribéhu cyklickych zmén pH velmi stabilni. U
AM byla nejvyssi IEC nalezena pro AM-PPS, u vsech dil¢ich vzorkt odpovidala 1,9 +
0,0 mekv gy *. Hodnoty IEC AM(H)-PES Ralex a AM-PES odpovidaly 1,7 + 0,2 mekv Geus
! Vsechny CM mély IEC v rozmezi 2,3 + 0,2 mekv gsu{l. Hodnota IEC vsech dil¢ich vzorka
CM-PPS odpovidala 2,5 + 0,0 mekv g . Autofi prace [5] hodnotili dlouhodoby vliv NaOH
(5-15% roztok) na heterogenni IM. Ackoli v prubéhu expozice IM nepozorovali zménu IEC,
doslo k poklesu odport. Pfi¢inou byla degradace PES tkaniny a s ni souvisejici rozmérové
zmény IM vedouci k nartstu porozity.

ZAVER

Z dat pro porovnavané IM armované PES a PPS tkaninou vyplyva, ze pouziti chemicky
odolngjsi PPS tkaniny mélo pozitivni vliv na minimalizaci rozmérovych zmén. Cim vice IM
odolavd objemovym zménam souvisejicim s botndnim a zménami iontové formy, tim
pomaleji roste jeji porozita. Je minimalizovano vymyvani ¢astic ionexu a pronikani okolniho
roztoku do rostoucich port a kavit, které vznikaji i pii degradaci PES tkaniny v alkalickém

prostfedi. PPS tkanina méla prokazateln¢ pozitivni vliv na stabilizaci elektrochemickych
vlastnosti IM.
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THIN COMPOSITE MEMBRANES

TENKE KOMPOZITNI MEMBRANY

JAKUB WIENER?

Classic composit structures are developed as a materials wit excellent ratio between weiggt
and mechanical properties. In tghis study is observed possibility of preparation of very thin
nanostructural meterils for construction of membranes with extremly quicly transportion
procesesand hihg selectivity of transport. These structures presented also high lewel barrier
properties. Mambrnes contains fibers are reinforsemen component and polymer matrix with total
areal density below 5 g/m2.

Beézne kompozitni struktury jsou vyvijeny jako materialy s vpbornym pomerem hmotnosti a
mechanickych viastnosti. V této studii je sledovana moznost pripravy velmi tenkych
nanostrukturnich materidlic pro konstrukci membrdany s velmi rychlymi transportnimi déji a
vysokou selektivitou transportu. Tyto struktury vykazuji také velmi dobré bariérové vlastnosti.
Membrany obsahuji vidkennou vyztuz a polymerni matrici pri celkové plosné hmotnosti pod 5
a/m2.

KEYWORDS

membrane, nanofibers, composite
UVOoD

Na odévni textilie jsou Casto kladeny protichidné naroky, jako je extrémni odolnost
proti priniku kapalné vody a vysokd paropropustnost. Tyto naroky jsou Casto tak piisné, Ze
spinit je sbéznymi textiliemi s hydrofobni upravou nebo zatérem je nemozné. V tomto
pfipadé¢ pak zbyva pouze vyuzivat membranovych systémi. V oblasti membranovych
materiali se v poslednich letech projevuje vyrazny vliv legislativnich tlaktit minimalizujicich
pouzivani flourovanych uhlovodikii v primyslovych aplikacich z ekologickych davodu.
Tento tlak na jednu stranu stavi vyrobce textilii do na prvni pohled nefesitelné situace, ale na

druhou stranu je podnétem K hlubsi analyze problému a hledani jinych feseni. V ramci této
studie jsou naznac¢eny mozné trendy vyvoje odévnich membran.

' Prof. Ing. Jakub Wiener, Ph.D., Department of material engineering, Faculty of Textile Engineering,
Technical University of Liberec, Studentska 1402/2, 461 17 Liberec, Czech Republic. Tel +420
485353469. Email: jakub.wiener@tul.cz
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MEMBRANOVE SYSTEMY PRO ODEVNI APLIKACE

Membréana je plosna tenka struktura nebo materidl. Kli¢ova je schopnost membrany
oddé€lovat (zabranuje pruniku alespoil jedné komponenty, kterd se mize vyskytnout v okoli).
Bézna je u membran schopnost transportovat alespon jednu slozku svého okoli. Pokud je tato
propustnost selektivni, pak mluvime o polopropustné membrané. Membrana casto tvoii
rozhrani mezi prostfedimi, kterd navzajem oddéluje. Celkové lze tedy fici, Ze membrana
odd€luje a soucasné spojuje, je tenka a plosna.

Pro transport vody (resp. vodni pary) a soucasn¢ i pro ochranu pied prinikem vody
kapalné jsou v odévnich strukturach pouzivany membrany laminované s béznymi textilnimi
materialy. V odévnich aplikacich je vyuzivano dvou druhti membran: membran hydrofilnich a
membran hydrofobnich. Oby typ membran jsou vyrabény komercné v tloustkach fadu desitek
mikrometri — ¢im ten¢i membrana je, tim vyss$i je gradient vlhkosti a tim je transport vlhkosti
skrz membranu rychlejsi. Limitem jsou mechanické vlastnosti membrany, neumoziujici snizit
dostatecné tloustku membrany.

V pfipadé¢ hydrofobnich membran je transport vodni péry realizovan porozitou
nesmacivé membrany, pfi¢emz rozméry pord jsou ve stovkach nanometrii. Tento pfistup
umoznuje snadny transport ostatnich plynnych hmot a je aktivovan nejen gradientem vlhkosti
vV membrané, ale i proudénim vzduchu skrz membranu. Zasadni nevyhodou hydrofobnich
membran jsou pouzivané polymery na bazi perfloualkantl, coz je z ekologického hlediska vice
nez diskutabilni.

V piipadé hydrofilnich membran je transport vodni pary zajistovan absorpci vody do
hmoty membrany a jeji desorpci z membrany V piipad¢ nizké vlhkosti okolniho vzduchu.
Hydrofobni membrana transportuje vodni paru pouze, pokud je sama dodate¢né navlhla, coz
ale byva v odévnich materialech obvykle splnéno. Viz obr. 1.

Relativni vihkost Relativni vlhkost
vzduchu = 100 % vzduchu =60 %

Hydrofilni membrana

l ll Tok vlhkosti TNS& l l l l Tok vihkosti

Relativni vlhkost vzduchu = 40 %

Obr. 1 Transport vodni pary hydrofilni membranou za riznych podminek

Transport vodni pary je podstatou velkého mnoZstvi metod a norem, jak je naptiklad
CSN EN ISO 11092 (800819). Hlavni rozdily v téchto testaénich metodach jsou v rychlosti
pohybu okolniho vzduchu a vlhkostnim gradientu v membrané pii testu. Rada téchto metod je
vyvijena i na Technické univerzité v Liberci.

EXPERIMENTY

V ramci experimentu jsou pfipravovany kompozitni struktury s matrici ze smési
hydrofilnich polymert a vlakennou vyztuzi v podobé nanovlédken. Konkrétné jsou pouzivana
polyamidova nanovldkna (polyamid 6) v podobé nanovlakenné vrstvy pfipravené
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Vv laboratofich Technické univerzity v Liberci. Pouzita nanovldkna maly pramér cca 150 nm.
Plosna hmotnost vrstvy nanovlakenného prekurzoru je 3,5 g/m2.

Pfipravend membrana je laminovdna vysokoteplotnim postupem na polyamidovou
tkaninu s pfedem nanesenymi fixa¢nimi body.

VYSLEDKY A VYHODNOCENI

Ptipravené hydrofilni membrany jsou velmi tenké — lze dosdhnout tloustky blizké 1
mikrometru, ale pfijatelné aplika¢ni vlastnosti maji membrany o tloust’ce okolo 5 mikrometrd.
Tloustka membrany a jeji aplikovatelnost na textil je patrna z obr. 2, 3 a 4.

SEMHV:20.0kV | WD:1495mm | | VEGA3 TESCAN
SEMMAG: 1.50kx | Det:BSE+SE | 20pm
Date(m/dly): 11/08/18 TUL Liberec

Obr. 2 Ptipravena hydrofilni membrana v kontaktu s polyesterovym vlaknem bézné textilie

SEM HV: 20.0 kV WD: 11.10 mm VEGA3 TESCAN
SEM MAG: 1.50 kx Det: BSE + SE

Date(m/d/y): 11/08/18 TUL Liberec

Obr. 3 Detailni pohled na hydrofilni membranu laminovanou na polyamidovou tkaninu
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SEM HV: 20.0 kV \ WD: 19.92 mm VEGA3 TESCAN
SEM MAG: 100 x ‘ Det: BSE + SE 500 um
Date(m/d/y): 11/07/18 TUL Liberec

Obr. 4 Celkovy pohled na hydrofilni membranu laminovanou na polyamidovou tkaninu

Vlastnosti ziskaného odévniho materidlu (laminat nanovlakenné vrstvy a polyamidové
tkaniny) ma plosnou hmotnost RET 2,5 a relativni paropropustnost: 83%.

ZAVER

Experimentalné byly Vvramci této studie nové vyvinutym postupem piipraveny
kompozitni hydrofilni membrany. Mezi jejich perspektivni vlastnosti patii velmi mala
tloustka a vyborna paropropustnosti. Tyto bariérové membrany jsou potencialn€ vhodné pro

odévni aplikace. Experimentalné byla prokdzdna moznost vyuziti nanovlakenné vyztuze pro
ptipravu velmi tenkych kompozit se zajimavymi transportnimi a bariérovymi vlastnostmi.
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COMPOSITES PROFILES IN AIRCRAFT CONSTRUCTIONS

KOMPOZITNI PROFILY V LETECKE KONSTRUKCI

TEREZA ZAMECNIKOVA®, ZDENEK PADOVEC?, RADEK SEDLACEK®, JOSEF KRENA®

Presented article deals with analysis of two composite constructions used in aircraft
construction. First case is replacement of titanium bracket used for connecting beam to floor
panel and fuselage mantel. Second case is analysis of four Omega shaped profiles for aircraft
door reinforcement.

Prispévek se zabyva analyzou dvou kompozitnich profilii v letecké konstrukci. Prvnim

pripadem je ndhrada titanového profilu spojujiciho Zebro s potahem trupu. Zde byly analyzoviny

dvé komporzitni varianty. Druhym pripadem je analyza ¢tyr riznych profilit Omega slouzicich jako

vyztuz dveri.
KEYWORDS

Composite, Finite Element Method, Aircraft construction
UVoD

V ramci feSeni projektu MPO FV 30033 s firmou Latecoere Czech Republic s.r.o. byly
feSeny dva hlavni kompozitni konstrukéni prvky. Prvni znich byl soucasnd varianta
titanového profilu, ktera prenasi zatizeni z zebra do potahu. Titan je zde pouzit proto, Ze ocel
neni vhodna ke spojovani kompoziti kvili elektrochemické korozi. Titanovy profil musi byt
obroben z bloku, takze zde vznika velké mnozstvi odpadu a cely proces je malo efektivni.

Proto byly navrZzeny dva kompozitni profily rizné geometrie vyrobené metodou
termoformingu z C/PPS (uhlikem vyztuzena polyfenylsulfidova matrice) tkaniny s atlasovou
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vazbou typu 5H. Tyto navrzené profily byly analyzovany pomoci metody konecnych prvka
(MKP), zda pifenesou stejné zatizeni jako pivodni titanova varianta. VSechny typy profili
jsou patrné na Obr. 1.

Obr. 1 T#i variant analyzované konzole — Ti, C/PPS 1 a C/PPS2

Druhym analyzovanym profilem byl vybrany nejvice zatizeny nosnik ze sestavy dveii.
Na tomto nosniku spojeném s ¢asti potahu byla provedena analyza riznych typta
kompozitnich profild (prizmaticky profil omega, prizmaticky profil omega s prickou,
neprizmaticky profil omega a neprizmaticky profil omega s pfickou) vyrobenych stejnou
technologii a ze stejného materialu jako vySe zminéna konzole a vliv jejich geometrie na
celkovy prithyb analyzované sestavy. Analyzované profily jsou patrné na Obr. 2.

-~
B

Obr. 2 Ctyfi varianty analyzovaného omega profilu

ANALYZA KOMPOZITNIiCH PROFILU

Pro analyzu obou piipadl byl vyuzit komeréni MKP program Abaqus. Profily byly
diskretizovany pomoci prvki SC8R (typ continuum shell), které umoziuji vrstveni
kompozitu. Skladba T profild obou variant byla slozena ze tii desek o skladbé
[[(0,90)/(£45)]2]s. Profil je v oblasti dér na pasnici spojena ,tie“ vazbou s poddajnou
(modelovéna pies efektivni mechanické vlastnosti) nebo absolutné tuhou deskou. Ostatni
plochy nosniku, které jsou v kontaktu s deskou jsou svdzany vazbou ,surface to surface
contact®. Dale jsou do stfedli dér v stojin€ umistény referencni body, které jsou pies vazbu
»Kinematic coupling® svazany s plochami otvort. Do téchto referen¢nich boda jsou nasledné
umistény piislusné sily do jednotlivych sméri X, y a z (viz Obr. 3).
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Obr. 3 Realné zatizeni profilu

S piivodni titanovou variantou byly porovnany posuvy do jednotlivych smért, ale
predevsim bylo provedeno vyhodnoceni kompozitnich konzoli dle jednotlivych kritérii
poruseni, které jsou implementovany v Abaqusu (kritérium maximalniho napéti, Tsai — Hill,
Tsai — Wu a Azzi — Tsai — Hill) — vice viz [1]. Srovnani posuvi pro jednotlivé kombinace
typu konzole a pouzité desky je vidét v Tab. 1. Z té je patrné, Ze tuz$i, nez titanova varianta
vychazi C/PPS 2 pro oba typy spojeni s deskou.

Tab. 1 Srovnani velikosti posuvill pro jednotlivé typy konzole a pouZité desky

U_magnitude U_magnitude abs.
poddajna [mm] tuha [mm]
Ti 0,684 0,397
C PPS 1 0,821 0,378
C/PPS 2 0,620 0,174

Dalsim krokem bylo pevnostni srovnani. Na Obr. 4 je ukazan prubéh indexu poruseni
pro kritérium maximalniho napéti na C/PPS 2 spojené s poddajnou deskou. Pokud je index
poruseni < 1 znamena to, ze k poruseni nedoslo, pokud je > 1, k poruseni doslo. V Tab. 2 je
vidét srovnani indexti poruseni pro jednotliva kritéria a jednotlivé typy konzole a pouzité
desky. Z tabulky dale vyplyva, ze nikde v konzoli neni pfekro¢ena hodnota 1, tudiz k poruseni
nedojde a oba typy konzoli mohou pfenést stejné zatizeni, jako konzole titanova.

MSTRS
Envelope (max abs)
(Avg: 75%)

+2.530e-01
+2.319e-01
+2.109e-01
+1.898e-01
- +1,687e-01
+1.476e-01
+1.265e-01
+1.054e-01
+8.435e-02
= +6.326e-02
- +4.218e-02
+2.109e-02
+6.812e-06

0DB: C-PPS_2_layers.odb Abaqus/Standard 6.14-5 Wed Nov

X Step: Step-2
Increment 1: Step Time = 1.000
Z  Priman : MSTR
Defor

jar: not set Deformation Scale Factor: not set

Obr. 4 Index poruseni dle teorie maximalniho napéti pro C/PPS 2 spojené s poddajnou deskou
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Tab.2 Srovnani hodnot maximalniho indexu poruseni pro jednotliva kritéria a kombinace
variant konzole/pouzité desky

MSTRS TSAIH TSAIW AZZIT
C_PPS_1_poddajna 0,325 0,403 0,349 0,334
C/PPS_1_abs_tuha 0,955 0,975 0,953 0,975
C/PPS_2_poddajna 0,253 0,370 0,296 0,223
C/PPS_2_abs_tuha 0,678 0,682 0,675 0,682

Poslednim krokem bylo srovnani z hlediska hmotnosti jednotlivych konzoli. To je
patrné v Tab. 3. Z té je vidét, ze rozdil mezi Ti a C/PPS 2, kde C/PPS je 0 58,8 % leh¢i.

Tab. 3 Srovnani hmotnosti jednotlivych variant

Hmotnost (kg)
Titan 0,308
C/IPPS 1 0,129
C/PPS 2 0,127

ANALYZA KOMPOZITNICH PROFILU TYPU OMEGA

ZjednoduSeny model analyzované sestavy je patrny na Obr. 5. Deska, ke které je profil
svazan je kompozitni (modelovana opét pies efektivni mechanické vlastnosti). Ta
reprezentuje potah dveti letadla a bude zatizena vnitinim pietlakem 0,1826 MPa. K ¢elim
profilu je ptipevnéna zaslepka o stejné tloust’ce a mechanickych vlastnostech jako kompozitni
deska. Pro porovnani pfinost aplikace kompozitu byl analyzovan profil stejné geometrie
vyrobeny z titanu. V realné konstrukci dvefi se profil nachazi mezi dvéma vertikalnimi ramy
dvefi. Profil byl na obou koncich opatfen Cely, kterd uzavirala dutiny na jeho koncich a
simulovala tak jeho pfipojeni k ramim dvefi. Sit' desky a cel profilu byla vytvofena prvky
C3D8R, které¢ byly vrstveny tfi po tloust’ce, aby byl spravné zachycen ohyb, vlastni profil byl
opét sitovan pomoci SC8R. Sit’ Ti nosnikl byla vytvoiena prvky B31.

"3

Obr. 5 Analyzovana sestava s omega profilem

Prvni analyza profil byla provedena s cilem najit maximalni prihyb konstrukce. Ten je
patrny na Obr. 6. V Tab. 5 je potom vidét porovnani jednotlivych hodnot pruhybu, ale i
hmotnosti jednotlivych profil.
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U, Magnitude
+5.003e+00
- +4.586e+00
B +4.169e+00
= +3.752e+00
+3.335e+00
+2.918e+00
— +2.502e+00
+ +2.085e+00
+1.668e+00
= +1.251e400
g +8.338e-01
+4.169e-01
- +0.000e+00
Max: +5.003e+00
Node: MERGED-1.§

Max: +5.003e+000

Obr.6 Prihyb potahu spojeného s neprizmatickym Omega profilem

Tab. 5 Srovnani velikosti posuvt pro jednotlivé typy profilu a pouzité desky

U_magnitude [mm] | Hmotnost (kg)
Omega profil 7,288 1,69
Omega profil s piepazkou 6,734 2,13
Neprizmaticky profil omega 5,100 1,77
Neprizmaticky profil omega s piepazkou 4,996 2,27

Analogicky jako v ptipadé konzole byl analyzovan i index poruseni pro jednotlivé
varianty dle pfislusnych pevnostnich kritérii. To je vidét v Tab. 6.

Tab. 6 Srovnani hodnot maximalni indexu poruseni pro jednotliva kritéria a profily

MSTRS TSAIH TSAIW AZZIT

Omega profil 0,748 0,891 0,7527 0,738
Omega profil 0,752 0,870 0,757 0,737
S prepazkou

Neprizmaticky 1,548 1,691 1,563 1,472
profil omega

Neprizmaticky

profil omega s 1,926 1,999 1,912 1,868

prepazkou

Pro neprizmaticky profil omega a neprizmaticky profil omega s piepazkou vysly
vSechny indexy poruseni >1, coz by tedy znamenalo poruchu. Elementy, kde je index
poruSeni vétsi nebo roven 1, jsou vidét na Obr. 7. Z obrazku vyplyva, Ze oblast, kde je index
poruseni >1 je velmi mald. Jedna se o oblast, kde dochazi ke styku profilu a zaslepky (vazba
tie) s potahem a elementy zde jsou znacné deformované. Ve zbytku profilu je potom index
poruseni <1 a jeho hodnoty se bliZi k prizmatickym variantdm.

130



MSTRS
Envelope (max abs)
(Avg: 75%)
+1,926e+00
+1.849e+00
+1.772e+00
+1.695e+00
+1.617e+00
+1.540e+00
+1.463e+00
+1.386e+00

Elem: MERGED-1,8791
Node: 2452
Ll o |

|
Max: +1,926e+00 ‘E
|

QDB: zakrivena_A_lavers.odb  Abagus/Sta

Obr.7 Detail oblasti s indexem poruseni vét§im nez 1 pro nesymetricky omega profil s
ptepazkou

Mimo tuhostni analyzy, kterd byla provadéna pro zatiZeni tlakem 0,182 MPa, byla
provedena jesté¢ analyza vzhledem k mozné ztraté stability konstrukce. V Abaqusu se ztrata
stability fesi nasledujicim zplisobem. V menu Step je zvolena zaloZzka Linear perturbation a
nasledné mod Buckle. Déle je nutné vybrat pocet vlastnich tvart, které chceme vypocitat (v
nasem piipad¢ nas zajimaji prvni 3) a dale pocet iteraci, které ma software provést, aby bylo
docileno konvergence Vysledkem jsou vlastni ¢isla matice tuhosti a vlastni tvary ztraty
stability konstrukce — vice v [2]. Dale je vyhodné v menu Load zménit zatizeni z 0,182 MPa
na 1 MPa, jelikoZ potom vlastni ¢isla budou odpovidat piimo velikosti kritického tlaku, ktery
je nutny pro ztratu stability. Pokud bychom zatiZeni nenormalizovali, je nutné vlastni ¢islo
vynasobit pravé hodnotou zatizeni, abychom dostali velikost kritického tlaku, ktery je nutny
pro ztratu stability.

V naSem piipadé vychazeji vSechny hodnoty vlastnich ¢isel zaporné. To dle [2]
znamena, Ze konstrukce ztrati stabilitu, pokud bude zatiZeni aplikovdno v opacném sméru.
Takze nase konstrukce by ztratila stabilitu tehdy, byl by namisto vnitiniho pretlaku aplikovan
pretlak vnéjsi. Zavérem tedy je, Ze pro feSené zatizeni (vnitini pfetlak) konstrukce stabilitu
neztrati.

ZAVER

Prezentovand prace ukazuje moznosti pouziti kompozitnich profili vyrobenych

metodou termoformingu v letecké konstrukci a dale jejich modelovani v MKP softwaru

Abaqus. Pro oba analyzované ptipady je provedeno tuhostni, pevnostni a hmotnostni srovnani
mezi sebou a v ptipad¢ profilu i s pivodni kovovou (Ti) variantou.
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