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THE STRAIN RATE SENSITIVITY OF POLYLACTIC ACID (CR-PLA) POLYMER:
AN EXPERIMENTAL INVESTIGATION

SILAS GEBREHIWOT!, HARRI ANUKKA?, LEONARDO ESPINOSA-LEAL?

The strain rate dependent plasticity of additive-manufactured wood-based Polylactic acid (CR-
Wood) polymer is studied experimentally. The yield, and plastic deformation are studied for a range
of strain rate that varies from 0.0091/s up to 3.63/s. The experimental investigation reveals how the
material’s elastic modulus, yield strength and strain at fracture are influenced by the rate of
deformation.

KEYWORDS
Strain rate, yield, strain rate sensitivity, wood-based PLA
INTRODUCTION

The mechanical properties of materials are influenced by testing conditions such as
temperature and strain rate [1], or manufacturing methods and parameters [2, 3]. The influence
of strain rate on the tensile properties of material is studied via quasi-static tensile tests made
under a wide range of test speeds. During quasi-static tests, the yield and post yield plasticity
(flow stress) of materials are highly affected by the rate of deformation. At lower strain rate,
the yield and flow stress of materials are lower. However, increase in strain rate increases the
yield and post-yield plasticity increase. The phenomena are associated with the testing
conditions being isothermal at low strain rate, and adiabatic at higher strain rate. The increase
in the yield and post-yield plasticity due to the increase strain rate indicates the strain rate
sensitivity of the material.

METHOD

The experimental method is based on the low (quasi-static) and intermediate strain rate
tensile testing of the biodegradable PLA (CR-PLA) under a wide range of strain rates. For the
experiments, tensile specimens were design according to the ISO 527-2, and 3D printed using
Ender Pro 3 printer. The specimens were 3D printed using a line infill pattern at 90° orientation,
90% infill density, 0.2 mm layer height, 240°C nozzle temperature, 70°C print bed temperature,
and 50 mm/s infill speed parameters. The X350-20 materials testing machine from Testometric.
The specimens were tested at the low strain rate range of 0.0091/s to 0.91/s in the quasi-static

! Silas Z. Gebrehiwot, Department of Mechanical Engineering, Aalto University, Espoo, Finland.

2 Harri Anukka, School of Engineering Culture and Wellbeing, Arcada University of Applied Sciences, Helsinki,
Finland.

3 Leonardo Espinosa-Leal, Graduate School and Research, Arcada University of Applied Sciences.
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regime, and 1.36/s to 3.63/s in the intermediate strain rate range. The experimental setup is

Strain rate-dependent tests

Low regime

0.0091/s — 0.91/s

Intermediate regime

1.36/s — 3.36/s

Fig. 1 Sample design, manufacturing and strain rate-dependent tensile testing.

RESULTS

The experimental results indicate that the material’s stress-strain behaviour is influenced
by the strain rate at the low and intermediate ranges, however differently. Figs.2 (a-b) shows
the stress-strain relationship of the material at the two strain rate regimes.
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Fig. 2 Engineering stress-strain behaviour of CR-PLA at a) the low, and b) intermediate strain
rate ranges.



The key mechanical properties of the material including the tensile modulus, the yield
and fracture strain behave differently. At the lower strain rates, the material exhibits slight
increments in tensile modulus, and a notable improvement in the yield strength with increments
in the strain rate. Within the intermediate strain rate range, the modulus and yield strength
initially declined, then exhibited slight improvements. The material showed a maximum
modulus E = 2.45 GPa at € = 0.68 / s, and a maximum yield o, = 47.77 MPa at € = 1.36/s.
On the other hand, the fracture strain did not show a clear trend with the strain rate. Initially,
the fracture strain decreased with strain rate until € = 0.23 /s, then, locally peaked at
€ = 0.45/s, and decreased until € = 0.91 / s. The material showed a global peak of fracture
€ = 0.445 at £ = 1.36 / s, which was followed by decrements at increased strain rates. Factors
related to the 3D printing parameters are suspected to the contribute to the material’s fracture

behaviour. Figs. 3 (a-c) present the influence of strain rate on the mechanical properties
discussed.
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Fig. 3 Experimental results of strain rate-dependant a) Young’s modulus, b) yield strength,
and c¢) strain at fracture of CR-PLA.



CONCLUSION

The influence of strain rate on the tensile properties of 3D printed CR-PLA is
experimentally studied. The results indicate that the Young’s modulus, the yield stress, and
fracture strain are influenced by the strain rate differently at the low and intermediate strain rate
ranges. At the low strain rate range, the Young’s modulus and yield strength of the material
improved with strain rate, however both properties generally declined within the intermediate
strain rate range. On the other hand, the fracture strain did not show a clear trend at both strain
rate ranges. Microstructural phenomena such as, adiabatic heating, micro-necking, cold
drawing concepts are associated with the rate-dependant elastic-plastic deformation. However,
the manufacturing method (3D printing) also contributes due the layer-by-layer deposition that
affects the mesostructural aspects including the inter and intra-layer adhesions.

LITERATURE

1. Joakim J., Frode G., Odd S. H., Arild H. C. Influence of strain rate and temperature on
the mechanical behaviour of rubber-modified polypropylene and cross-linked
polyethylene, Mechanics of Materials, https://doi.org/10.1016/j.mechmat.2017.07.003.

2. Gebrehiwot, Silas Z., et al. "On the short-term creep and recovery behaviors of injection
molded and additive-manufactured tough polylactic acid polymer." Journal of Materials
Engineering and Performance 32.22 (2023): 10412-10430.

3. Gebrehiwot, S.Z., Espinosa-Leal, L., Linderbédck, P. et al. Optimising the mechanical
properties of additive-manufactured recycled polylactic acid (rPLA) using single and
multi-response analyses methods. Int J Adv Manuf  Technol.
https://doi.org/10.1007/s00170-023-12623-3.
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FAILURE ANALYSIS OF COMPOSITE BICYCLE SADDLE RAILS USING
NUMERICAL SIMULATIONS

ANALYZA PORUSENI KOMPOZITNICH LIZIN CYKLISTICKEHO SEDLA POMOCI
NUMERICKYCH SIMULACI

JAN HIMMEL', VACLAV VOMACKO**

This work focuses on analyzing the load-bearing capacity of composite saddle rails in relation
to the applied torque. The analysis is performed using numerical simulations with progressive
failure modeling. The simulations show a decrease in the maximum reaction force at higher torque
levels, while the experiments do not confirm this trend. The study compares numerical and
experimental results and discusses possible reasons for the discrepancies.

Prace se zabyva analyzou unosnosti kompozitnich lizin v zavislosti na hodnoté utahovaciho
momentu. Analyza je provedena pomoci numerickych simulaci s aplikaci progresivniho porusent.
Simulace ukazuji pokles maximalni reakcni sily pri vyssich utahovacich momentech, zatimco
experiment tento trend nepotvrzuje. Prdce porovnavd numerické a experimentdlni vysledky
a diskutuje mozné priciny rozdili.

KEYWORDS
Composite, saddle rails, simulation, failure, torque, load-bearing capacity.
UVOD

Pro zlepSeni mechanickych vlastnosti a sniZeni hmotnosti se stale vice pouZivaji vlaknové
kompozitni materidly. Vyjimkou nejsou ani cyklistické sedla, kde nejvice naméhanou souc¢ésti
jsou liziny, u kterych nejcastéji dochazi k prvnimu poSkozeni. Jednim z hlavnich mechanismi
poruseni lizin je tlakové poruSeni vlaken, ke kterému dochazi v oblasti blizko zdmku sedlovky.
Lze tedy ptedpokladat, Ze inosnost lizin mize byt ovlivnéna mirou sevieni zdmku sedlovky.

Toto chovéni je analyzovano pomoci numerickych simulaci, v nichz je pevnost lizin
hodnocena v zavislosti na momentu utaZzeni Sroubu zamku sedlovky. Numericky ziskané
vysledky jsou experimentalné validovany pomoci statické zkousky. Je provedeno méteni
zatizeni, kde je vyhodnocena reakéni sila do selhdni lizin. Tyto testy umoziiuji ur€it realné meze
unosnosti a porovnani s vysledky simulaci. Na zdklad¢ zjisténych vysledkli jsou navrzena

! Bc. Jan Himmel, Faculty of Mechatronics, Informatics and Interdisciplinary Studies, Technical University of
Liberec, Studentska 1402/2, 46117, Liberec, Czech Republic. Email: jan.himmel@tul.cz.

2 Department of Virtual and Applied Mechanics, VUTS, a.s., Svarovska 619, 46001, Liberec, Czech Republic.

3 Ing. Vaclav Vomaéko, Faculty of Mechatronics, Informatics and Interdisciplinary Studies, Technical University
of Liberec, Studentska 1402/2, 46117, Liberec, Czech Republic. Email: vaclav.vomacko@tul.cz.

4 Department of Virtual and Applied Mechanics, VUTS, a.s., Svarovska 619, 46001, Liberec, Czech Republic.
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doporuceni pro optimdlni utahovaci moment, ktery zajisti maximdalni Zivotnost lizin.
Analyzovana geometrie sedla je znazornéna na obrazku 1.

Obr. 1 Geometrie cyklistického sedla

NUMERICKY MODEL

Numericky model se sklada z ocelového zamku se Sroubem M6 a liZzin z jednosmérnych
uhlikovych vldken a epoxidové pryskyfice. Model byl vytvofen v softwaru ANSYS
s nastavenim kompozitnich vrstev a vlastnosti v modulu ACP. Kazda vrstva vldken je v modelu
reprezentovana samostatnou vrstvou elementd vypocetni sité. Sit’ je vytvofena metodou “solid
mapped model”.

Pro vypocet byl pouzit linearni ortotropni materidlovy model s aplikaci progresivniho
poskozeni, které bylo iniciovano podle Puckova kritéria. Parametry poSkozeni byly nastaveny
nasledovné: poskozeni vldkna v tahu i tlaku = 0,99, poskozeni matrice v tahu = 0,85 a v tlaku
=0,5. Hodnota 0 znaci, Ze nedochézi k poklesu tuhosti, zatimco hodnota 1 predstavuje tiplnou
ztratu tuhosti v poSkozeném elementu. Model pouziva kvadratické kone¢né prvky.

Numericka simulace byla rozdélena do dvou zatéZovacich krokii. V prvnim kroku byl na
Sroub zdmku aplikovan utahovaci moment (viz obr. 2). Byly simulovany 4 hodnoty utahovaciho
momentu: 5,4; 9,7; 13,0 a 16,2 Nm. VSechny utahovaci momenty jsou vztazeny ke Sroubu M6.
Ve druhém kroku bylo provedeno zatizeni posuvem ze vzdaleného bodu o 10 mm. Mezi
svorkami zamku a lizinami byla definovana tfeci kontaktni vazba s koeficientem tfeni f = 0,2.
Na spodni ¢ast zdmku byla aplikovana pevna podpora.

D: Static Structural- solid zamek
Stat

L] v
000 50,00 100,00 )
[ B "

25,00 75,00

Obr. 2 Okrajové podminky simulace
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VYSLEDKY SIMULACI

Bylo analyzovano tlakové porusSeni matrice zpisobené utahovaci silou. Zkoumén byl
rozsah upinacich momentt od 5,4 Nm do 16,2 Nm. K prvnimu poruSeni matrice dochazi kolem
hodnoty utahovaciho momentu 9,4 Nm.

Vysledky numerickych simulaci i experimentt byly vyhodnoceny na zéklad¢ reakéndi sily,
pficemz jeji maximalni hodnota odpovida unosnosti pied Uplnym poruSenim. V simulaci
dochdzi k ultimatnimu poskozeni lizin v disledku tlakového poruSeni vlaken.

Obrazek 3 graficky zobrazuje zavislost reakéni sily na deformaci pii zvolenych
utahovacich momentech. Unosnost lizin klesa s rostoucim piedpétim. Mezi hodnoty

5,4 — 13 Nm nedochazi k vyraznému snizeni maximalni reak¢ni sily (pokles tinosnosti pouze
0 8 %), zatimco pfi momentu 16,2 Nm je na obrazku 3 pozorovan vyraznéjsi pokles (25 %).

Reakénf sila lizin

1000 4 —®— 5.4 Nm
—e— 9.7 Nm
—8— 13Nm

—&— 16,2 Nm

800

600

Sila [N]

400

200 A

T T T T T
0 2 4 6 8 10
Deformace [mm]

Obr. 3 Reakeéni sila lizin v zavislosti na deformaci

Tab. 1 Tabulka vysledki reakéni sily a jeji procentualni rozdil v zavislosti na
momentu utazeni

Utah. moment [Nm] Reakéni sila [N] [%o]
5.4 1000,3 100,0

9,7 979,1 97,9

13 918,6 91,8

16,2 741,6 74,1

EXPERIMENTALNI OVERENI

Pro ovéfeni numerického modelu bylo provedeno experimentalni méfeni. Testovaci sada
je slozena celkem z 12 zkuSebnich téles rozdélenych do 4 skupin podle hodnoty utahovaciho
momentu. Hodnoty utahovacich momentt byly voleny iterativné na zaklad¢ prubézné analyzy
vysledkii. Uvodni momenty o hodnotéch 9,7 Nm a 16,2 Nm byly zvoleny pro uéely porovnani
s numerickymi simulacemi. S ohledem na jejich minimalni vliv na inosnost lizin byly nasledn¢

13



aplikovany vys$i momenty (22,7 Nm a 29,2 Nm), s cilem identifikovat pfipadné zmény
v mechanickém chovani soustavy.

Obr. 3 Staticky test lizin

K méfeni byl pouzit zkusebni stroj Instron 3366. Test byl fizen posuvem piicniku
s konstantni rychlosti 5 mm/min. ZatiZeni bylo aplikovano vzdy na stejné misto na pfedni ¢ast
lizin pro zajisténi podobného pribéhu jako pfi simulacich. Charakteristické ,,schody* v priibéhu
reakéni sily odpovidaji postupnému porusovani vldken nebo jejich delaminaci. Vyrazny pokles
za maximalni hodnotou znaci ultimatni poruseni lizin.

Reakcni sila lizin (Méfeni 1-3)

1.0 4+ — Méfeni 1 lax: (16.17, 1.00)
—— Méfeni 2
—— Mefeni 3 . ax: (1478, 0.87

- (13.89, 0.81)
0.8 4

0.6

Pomér reakéni sily [N]

0.2 4

0.0 4

] 2 4 6 8 10 12 14 16
Deformace [mm]

Obr. 4 Méteni 1-3 pro utahovaci moment 9,7 Nm, reak¢ni sila v zavislosti na deformaci

VYSLEDKY EXPERIMENTU

U zkuSebnich téles lizin bylo rozpoznano selhani z diivodu vice zplisobii mechanismu
poruseni. Nejcastéji dochazelo k poruseni vlivem delaminace a tlakového poruseni (sledovano
v simulacich).

Z namé&fenych dat byla pro kazdou skupinu se stejnym utahovacim momentem urcéena
primérna hodnota maximalni reak¢éni sily a deformace — viz. Tabulka 2. Priimérné hodnoty
maximalni sily, se mezi jednotlivymi skupinami li§i pouze nepatrné. Tyto rozdily jsou mensi
nez rozptyl hodnot uvnitt jednotlivych skupin. Pro statistické vyhodnoceni maximalnich hodnot
sily byl pouzit test ANOVA. F-statistika = 0,213; P-value = 0,885. Mezi jednotlivymi
skupinami nelze statisticky prokédzat Zadny vyznamny rozdil.
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Tab. 2 Vliv utahovaciho momentu na relativni imosnost a deformaci lizin

Normalizovana sila
Utah. moment [Nm] Fi/Fmax [N/N] Deformace [mm]
9,7 0,974 + 0,085 15,3
16,2 0,952 £0,076 17,5
22,7 1 £0,057 154
29,2 0,993 + 0,038 15,7
DISKUZE A ZAVER

Tato prace se zabyvala vlivem utahovaciho momentu na tnosnost kompozitnich lizin
cyklistického sedla. Numerické simulace ukazaly, Ze mezni unosnost lizin neni vyznamné¢
ovlivnéna do hodnot predpéti odpovidajicich momentu 13 Nm. Pfi vyssSich hodnotach dochazi
k poklesu maximalni reakéni sily, kterou jsou liziny schopny pienést, aZ o 25% oproti momentu
5,4 Nm. Pocatek poruseni matrice, ktery neni z hlediska unosnosti fatalni, nastavad kolem
momentu 9,4 Nm.

Pro ovéfeni téchto vysledki bylo provedeno 12 experimentadlnich méfeni se Ctyfmi
hodnotami utahovaciho momentu. Vysledky nezaznamenaly statisticky vyznamny rozdil
v reakéni sile, a experiment tak pokles inosnosti nepotvrdil.

U kompozitnich lizin dochazi typicky ke dvéma mechanismiim poruSeni podle toho,
jakym zpiisobem jsou vyrobeny. Prvnim z nich je tlakové poruSeni vldken na hrané¢ zamku
sedlovky a druhym delaminace vrstev na dé¢lici roviné formy. Testovaci sada lizin byla
vyrobena z pouze jednosmérnych vldken pod uhlem 0 (vlakna kopirujici obvod lizin), coZ vedlo
k vyrazn€jSimu vlivu delaminace. Tento mechanismus vSak neni zahrnut v aktualnim
numerickém modelu, coz mize ptispivat k pozorovanym odchylkdm mezi experimentalné
naméfenou a simulovanou inosnosti.

Dals$i moznou pfticinou téchto rozdild je pouziti odhadovanych hodnot mechanickych
vlastnosti laminatu. Pokud by skute¢na pevnost v tlaku — jak ve sméru vlaken, tak v pfi¢ném
sméru — byla vyrazné€ vyssi, simula¢ni model by s nejvétsi pravdépodobnosti predikoval nizsi
rozdily v tinosnosti liZin pfi riznych hodnotach utahovaciho momentu.

Z experimentalnich vysledkti vyplyva, ze utahovaci moment nemé pii statickém
zatézovani vyrazny vliv na Gnosnost testovanych kompozitovych lizin. Doporuc¢enim je tedy
pouzivat utahovaci moment 10 Nm (1 Sroub M6), ktery by mél zajistit dostatecné sevieni
eliminujici nechtény pohyb sedla. Je tfeba dodat, Ze ptedloZena analyza se zam¢tuje vyhradné
na statické chovani a nezohledniuje vliv inavy materialu, kterd mize byt v redlném provozu
vyznamnym faktorem ovliviiujicim dlouhodobou spolehlivost spoje liziny - zamek sedlovky.
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FATIGUE LIFE OF ADDITIVELY MANUFACTURED POLYMER COMPOSITES
UNAVOVA ZIVOTNOST ADITIVNE VYRABENYCH POLYMERNICH MATERIALU

PAVEL HUTAR'!, PETRA HELESICOVA?, JAN PODUSKA® A LUKAS TRAVNICEK*

This paper investigates the fatigue life of metamaterials with tunable stiffness, integrating
experimental characterization and numerical modeling. Key material parameters, including those
governing fatigue behavior, were determined through systematic testing and served as input for
simulation efforts. The influence of the printing strategy on all evaluated parameters was
quantitatively assessed. Based on these findings, the fatigue life of the metamaterial was estimated
computationally and subsequently validated through fatigue testing of the complete structure.

KEYWORDS
Metamaterials, fatigue lifetime prediction, additively manufactured polymers.
INTRODUCTION

The rapid advancement of additive manufacturing enables the fabrication of complex
structures across multiple length scales. In contrast to traditional methods such as casting or
molding, additive manufacturing facilitates the production of complex geometries, enabling the
design of materials whose properties arise primarily from their spatial architecture rather than
their intrinsic composition [1,2]. Such architected materials, known as metamaterials, have
garnered substantial research interest over the past two decades owing to their extraordinary
properties, many of which are absent in naturally occurring materials [2]. Metamaterials are
commonly classified according to their functional domains, including acoustic,
electromagnetic, thermal, and mechanical categories [3]. Within this classification, mechanical
metamaterials stand out due to their remarkable and unconventional mechanical characteristics,
such as ultralightweight architectures, zero or negative Poisson’s ratio, negative
compressibility, and tunable stiffness. In particular, mechanical metamaterials with variable
stiffness have attracted considerable attention for their potential use in structural applications
requiring vibration isolation and energy absorption [4,5]. These materials are typically
composed of periodically arranged unit cells formed by interconnected struts and nodes,
producing highly configurable mechanical behavior [6]. However, in real-world applications,
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these structures are often subjected to cyclic loading conditions, rendering them vulnerable to
fatigue-induced failure. This critical aspect has been insufficiently addressed in many prior
studies. A comprehensive understanding of the fatigue behavior and load-bearing capacity
under repeated loading is essential to ensure structural reliability and longevity in demanding
applications. Consequently, evaluating the fatigue resistance and expected service life of such
metamaterials remains a topic of considerable importance [7].

EXPERIMENTAL PROPERTIES

This study proposes a methodology for estimating the fatigue life of a metamaterial
structure through combined numerical simulations and experimental validation, applied to the
design presented in [8]. Accurate numerical modeling requires prior experimental
characterization of the material properties.

i = ey ) ey
flat flat flat flat upright upright
90°/90° 0°/0° 0°/90° 45°/135° 0°/90° 45°/135°

Fig. 1 Groups of dogbone specimens based on printing orientation.

Material characterization specimens and metamaterial structures were fabricated using
fused filament fabrication (FFF) with polyamide 12 (PA12) on a Qidi X-Max printer. Due to
the anisotropic nature of FFF, specimens were produced in two build orientations (flat and
upright) with various infill patterns: flat 90°/90°, 0°/0°, 0°/90°, 45°/135°, and upright 0°/90°,
45°/135° (see Fig. 1). Emphasis was placed on the flat 0°/0° orientation, as it corresponds to
the critical struts in the metamaterial design.
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35¢ 1 1200 ; T I
30y 1 1000 I
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K ——engineering g 800 I
% 20y | Z 00 I
57 1 400
101 1 =200
5 L
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el Specimen type

(a) (b)

Fig. 2 (a) Average engineering and true tensile stress-strain curve for flat 0°/0° specimens,
(b) Tensile elastic modulus values for individual printing orientation groups.

Tensile tests were conducted on dog-bone specimens with various build orientations and
infill directions: flat 90°/90°, 0°/0°, 0°/90°, 45°/135°, and upright 0°/90°, 45°/135° (Fig. 2b).
Tests were performed at a constant displacement rate of 5 mm/min, with three repetitions per
configuration at room temperature. Testing was terminated when the extensometer strain
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reached 20%. Mean stress-strain responses and elastic moduli are presented in Fig. 2a and 2b,
respectively.

Flat-printed specimens demonstrated superior performance, exhibiting nearly double the
elastic modulus and triple the maximum stress compared to upright specimens. This disparity
is attributed to weak interlayer adhesion in upright prints, where layers are loaded
perpendicularly to the build direction, leading to brittle failure. Similar trends were observed in
fatigue tests, justifying the exclusion of upright orientations in load-bearing regions of the
metamaterial design.

METAMATERIAL STRUCTURE

The mechanical metamaterial comprises a periodic array of cubes connected by
alternatingly oriented struts (Fig. 3). Under compressive loading, deformation is concentrated
in the struts due to combined bending and compression.

82.0
25.0
15.0
4.1
-6.4
-17.0
-27.0
-38.0
-48.0

Fig. 3 First principal stress distribution within the metamaterial structure with a detailed view
of the middle strut with two highlighted critical locations. The model was compressed by
1 mm displacement, which resulted in 0.034 nominal deformation.

To estimate fatigue life, critical stress regions must be identified. A 3x3 cube model was
developed in ANSYS to analyze stress distribution. Results (Fig. 3) show the highest stress
occurs on the sloped strut faces (location 1), primarily due to bending. A secondary peak, 27%
lower, appears on vertical faces, driven by compressive loading. Fatigue life is assessed at both
locations.

CONCLUSION

The stress and strain distributions obtained from numerical simulations were used to
predict the fatigue life of the metamaterial structure based on several fatigue criteria. These
predictions were then compared to results from experimental fatigue tests, with failure of the
structure illustrated in Fig. 4. At the first critical location (location 1), where the struts are
subjected to biaxial stress combined with hydrostatic tension, the application of a complex
multiaxial fatigue criterion yielded the most accurate lifetime estimates, outperforming simpler
approaches such as the first principal stress criterion.
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Fig. 4 Front view of the structure’s failed struts with cracks initiating at both the first and

second critical locations.

However, at the second critical location (location 2), characterized by biaxial stress with

hydrostatic compression, the complex criteria failed to provide reliable predictions. This was
primarily due to the large range of principal stresses, which impaired the predictive capability
of these models. In contrast, the first principal stress criterion, despite its simplicity and limited
input requirements, produced fatigue life predictions that aligned reasonably well with
experimental observations at both critical locations. Its robustness and ease of application make
it a practical choice for fatigue assessment in such structures, especially when detailed
multiaxial data is difficult to obtain.
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Fibre composite products and components find a wide range of applications across a variety of
industries, from highly stressed structural components in aerospace to sports equipment. To achieve
the desired final shape, these materials are often subjected to various chip machining methods. Due
to the inhomogeneous structure of composites and the different physical-mechanical properties of
the matrix and reinforcement during machining, specific problems such as delamination, intense
tool wear, increased temperature in the cutting area or poor surface formation occur.

Vyrobky a soucasti z vlaknovych kompozitnich materialii nachazeji sSiroke uplatnéni napric
riiznymi odvétvimi, od vysoce zatezovanych konstrukcnich prvkit v leteckém primyslu az po
sportovni vybaveni. Pro dosazeni pozZadovaného findlniho tvaru jsou tyto materialy casto
podrobovany riznym metodam triskového obrabéni. Vzhledem k nehomogenni strukture kompozitii
a rozdilnym fyzikalné-mechanickym vlastnostem matrice a vyztuze pri obrabeni dochazi ke vzniku
specifickych problémii, jako je delaminace, intenzivni opotrebeni ndstroji, zvysend teplota v oblasti
rezu Ci tvorba nekvalitniho povrchu.

KLiCOVA SLOVA

CFRP, delamination, tool wear, tool geometry
UVOD

Uhlikové vldknové kompozity (CFRP — Carbon Fiber Reinforced Polymers) predstavuji
skupinu vysoce vykonnych materidlli, které nachazeji Siroké uplatnéni zejména v leteckém,
automobilovém a sportovnim primyslu diky své vyjime¢né kombinaci nizké hmotnosti
a vysoké pevnosti [1]. Piestoze jsou Casto formovany do pozadovanych tvarii uz pii vyrobe,
nékteré konecné operace, jako je vrtani a frézovani, jsou nevyhnutelné pro zajisténi montaze
nebo osazeni spojovacich prvkii. Tyto procesy vSak predstavuji technologickou vyzvu, nebot
CFRP materidly vykazuji specifické chovani pfi obrdbéni, které je odlisSné od tradi¢nich
kovovych materiald.

Hlavnimi problémy spojenymi s mechanickym obrabénim CFRP jsou delaminace, tvorba
otfepli, rozvrstveni matrice a intenzivni opotiebeni nastrojti [2—4]. Delaminace, k niz dochézi
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zejména na vystupni stran¢ vrtaného otvoru, zasadné¢ snizuje mechanické vlastnosti dilu a jeho
strukturalni integritu. Studie ukazuji, Zze vyssi posuv a rychlost vrtani vedou ke zvySeni miry
poskozeni, pfi¢emz orientace vrstev lamindtu mize mit na vysledek zasadni vliv [5].

Zasadnim faktorem, ktery ovliviiuje kvalitu vrtani, je opotiebeni nastroje, jez ma vliv
nejen na presnost a tvar otvoru, ale i na vznik sekundarnich defekti. Opotiebeni je akcelerovano
abrazivnim ucinkem uhlikovych vldken a heterogenni strukturou materidlu, ktera zptsobuje
nestabilitu fezného procesu [6]. Bylo prokézano, ze nasazenim vhodné geometrie vrtakl (napf.
brad-point nebo step-vrtakil) a uzitim diamantovych povlakl lze miru poskozeni vyrazné
omezit [7, 8].

Zvysena pozornost je také vénovana monitorovani a fizeni procesu vrtani, kde moderni
pfistupy zahrnuji méteni feznych sil a momentu pro detekci zacinajici delaminace ¢i opotiebeni
nastroje v redlném case [9]. Tyto strategie umoziuji adaptivni fizeni procesu a ptispivaji ke
zvySeni opakovatelnosti a kvality vyroby.

V neposledni fad¢ je zkoumdan i vliv strukturdlni variability materialu, naptiklad
u hybridnich kompoziti CFRP/GFRP, které vykazuji jiné typy poskozeni a vyzaduji
specifickou optimalizaci parametra vrtani [7]. Tyto poznatky jsou kli€¢ové pro navrh efektivnich
a bezdefektnich obrabécich strategii, které zajistuji dlouhou zivotnost komponent a vysokou
provozni spolehlivost.

Z téchto diivodi ziistava vyzkum zaméteny na optimalizaci frézovani a vrtani uhlikovych
vlaknovych kompoziti aktudlni a vysoce relevantni, a to zejména s ohledem na jejich rostouci
vyuziti v konstrukéné exponovanych aplikacich.

METODIKA MEREN{

Pro ucely experimentalniho méfeni byl zvolen jednotny obrdbény materidl — uhlikovy
vlaknovy kompozit ve form¢ desky, jehoz matrici tvofila dvousloZzkova epoxidova pryskyfice.
Zékladni vlastnosti materialu jsou uvedeny v tab. 1.

Tab. 1 Vlastnosti obrabéného materialu

Parametr Hodnota

Typ vyztuze Uhlikova tkanina 24K
Plosn4 hmotnost vyztuZe 600 g/m>

Vazba Kepr 2x2

Typ matrice Epoxidova pryskytice LG120
Tuzidlo HG 356

Vyrobni metoda Vakuova infuze

Rozméry vzorki 250 x 600 x 4 mm

Vzorek byl upnut do specidlniho upinaciho ptipravku, jehoz soucasti byla i hubice
pfipojena k odsédvacimu zafizeni, které¢ odsavalo vznikly prach z obrabéni viz. obr. 1.
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Obr. 1 Obrobek v upinacim ptipravku

V ramci experimentu byly zvoleny néstroje uréené pro vrtani kompozitnich materialti na
bazi uhlikovych vldken (CFRP). Klicovym sledovanym faktorem byla zména uhlu ¢ela vrtaciho
nastroje a jeji vliv na doprovodné jevy pii vrtacim procesu, jako je vznik opotiebeni, velikost
feznych sil a mira delaminace. Pro realizaci experimentu byly pouzity nastroje typu Trikomp
V6020 od spolecnosti Unicut, jejichz specifikace jsou uvedeny v tab. 2.

Tab. 2 Zvolené vrtaci nastroje

Vrtak Trikomp V6020

Pocet bfitt 3
Material SK GU92
Primér néstroje D1=D2 6 mm

Povrchova uprava -

Uhly ¢ela 10°, 20°, 30°
Délka nastroje L1 57 mm
Délka tezné Casti L2 12 mm

Yo : le— 12 jT

Obr. 2 Vrték Trikomp V6020

Pouzité tezné podminky byly zvoleny dle doporuceni vyrobce. Hodnoty feznych
podminek pro frézovani a vrtani jsou uvedeny v tab. 3.
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Tab. 3 Rezné podminky

Rezna rychlost v. 180, 220 m/min
Posuv na zub f, 0,05 mm
Procesni kapalina bez PK

EXPERIMENT

Vyzkum byl zaméfen na opotiebeni nastroje, velikost delaminace vrchnich vrstev
materidlu a velikost feznych sil. Tyto parametry dostate¢né vypovidaji o vhodnosti pouziti
daného néstroje pro obrabéni CFRP materiald. Jednotlivd méfeni byla ukoncena, kdyz
opotfebeni jednotlivych nastroji dosahlo kritické hodnoty opotfebeni na hibetu (VB), ktera
byla stanovena na 150 pm.

Vysledky opotiebeni jsou shrnuty v grafu (obr. 4 a obr. 5). Opotfebeni bylo méteno na
vSech nastrojich pfi dvou zvolenych feznych rychlostech. Na obr. 4 jsou zobrazeny prubehy
opotiebeni v zdvislosti na Case pii vrtani. Velikost opotiebeni je zdvisld na velikosti fezné
rychlosti ale 1 zména thlu hibetu ovliviiuje velikost opotiebeni.
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Obr. 4 Graf opotiebeni pfi vrtani

U vrtani byla vyhodnocena pouze sila pisobici v ose vrtani (Fz). Vysledné hodnoty jsou
zobrazeny v obr. 5. Rezn4 sila méla tendenci riistu s poétem vyvrtanych otvori. Rezna rychlost
1 thel ¢ela ma vliv na velikost feznych sil.
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Obr. 5 Graf fezné sily Fz

Hodnoty delaminace jsou zobrazeny na obr. 6. Delaminace byla vyhodnocena v zavislosti
na opotiebeni biitu fezného nastroje. Byla vyhodnocena delaminace na vystupni hrané vrtaného
materialu.
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Obr. 6 Delaminace vystupni hrany obrobku.
ZAVER

Vysledky experimentalniho méfeni jednoznaéné wukazuji, Ze hlavnimi faktory
ovlivityjicimi kvalitu vrtani CFRP materiald jsou fezna rychlost a geometrie nastroje, konkrétné
zkoumany uhel ¢ela. Bylo potvrzeno, ze opotiebeni néstroje (VB) roste s po¢tem vyvrtanych
otvorli u obou sledovanych feznych rychlosti, pficemz pfi rychlosti 180 m/min dochazi ke
sniZovani opotiebeni s rostoucim thlem cela, zatimco pii vyssi rychlosti 220 m/min je trend
opacny — vyssi thly ¢ela vedou k intenzivnéjSimu opotiebeni.

Pfi menSich uhlech cela byly zaznamenany niZ§i fezné sily, coz muze pfispét ke
stabilnéjsimu feznému procesu a niz§imu mechanickému zatiZzeni nastroje. Naopak pti vysSich
feznych rychlostech dochédzelo ke zvySeni téchto sil, coz miize urychlovat opotiebeni
a zhorSovat kvalitu obrébéni.

Velikost delaminace na vystupni hran¢ vrtané¢ho otvoru rovnéz koreluje s volbou feznych
podminek. Nizs8i rychlost vrtani a mensi thel ¢ela vedly k mensi mife delaminace, coz pfispiva
k vyssi integrit¢ vysledného dilu a minimalizaci sekundarniho poskozeni materiélu.
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Na zédklad¢ ziskanych dat lze za optimalni podminky pro vrtini uhlikovych
kompozitnich materiali povaZovat kombinaci nizsi Fezné rychlosti (180 m/min) a mensiho
minimalnim feznym silam a nejnizs$i urovni delaminace, coz potvrzuje jeji vhodnost pro
dosazeni vysoké kvality vrtanych otvori a efektivni vyuziti nastroje.
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RADOM WITH THERMOPLASTIC MATRIX OF PMMA
RADOM S TERMOPLASTOVOU MATRICIi Z PMMA
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The aim of this project was to use a thermoplastic matrix of the PMMA type in the infusion
process, which gives a chance for future recycling. For the chosen type of radome, the loading and
boundary conditions are defined, which are used for dimensioning. Two design concepts were
designed and analyzed. A jig was manufactured and a full-size prototype was built on it. The
structural quality of the prototype confirmed the feasibility of manufacturing a shaped part of the
sandwich concept by the infusion process with a thermoplastic binder.

Cilem tohoto projektu bylo pouZit termoplastovou matrici typu PMMA v procesu infiize, kterd
dava Sanci na budouci recyklaci. Pro zvoleny typ radomu je definovino zatizeni a okrajové
podminky, které jsou pouzity pro dimenzovani. Byly navrzeny a analyzovdany dvé konstrukcni
koncepce. Vyroben byl pripravek a na ném prototyp ve skutecné velikosti. Strukturni kvalita
prototypu potvrdila proveditelnost vyroby tvarového dilu sendvicové koncepce infuznim procesem
s termoplastovym pojivem.

KEYWORDS
Radom, thermoplastic matrix, polymethyl methacrylate.
UVOD

Radom je kryt antény, ktery ji ma chranit pted vlivy okoli a pfitom musi minimalné
ovlivitovat kvalitu vysilaného a pfijimaného signdlu. Radom mize byt staciondrni nebo
letadlovy. Protoze anténa je vétSinou oto¢nd, tak struktura radomu musi byt ve vSech smérech
sledovani homogenni. Utlum a zkresleni prochazejiciho elektromagnetického zafeni musi byt
minimalni. K jeho hodnoceni se pouzivaji dva zékladni parametry, kterymi jsou relativni

! Ing. Josef Kiena, Department of Material and Technology, VZLU Aerospace, Beranovych 130, Prague,
Tel.: +420 225 115 516. Email: krena@vzlu.cz.

2 Ing. Michal Kral, Ph.D. Department of Material and Technology, VZLU Aerospace, Beranovych 130, Prague,
Tel.: +420 225 115 516. Email: kral@vzlu.cz.

3 Ing. Jana Zemanova, Department of Material and Technology, VZLU Aerospace, Beranovych 130, Prague,
Tel.: +420 225 115 516. Email: zemanova@vzlu.cz.

4 Ing. Karolina Zoulova, Department of Material and Technology, VZLU Aerospace, Beranovych 130, Prague,
Tel.: +420 225 115 516. Email: zoulova@vzlu.cz.

5 Ing. Marek Jurina, Department of Material and Technology, VZLU Aecrospace, Beranovych 130, Prague,
Tel.: +420 225 115 516. Email: jurina@vzlu.cz.

¢ Ing. Josef Kruml, Department of Material and Technology, VZLU Aerospace, Beranovych 130, Prague,

g g

Tel.: +420 225 115 516. Email: kruml@vzlu.cz.

26


mailto:krena@vzlu.cz
mailto:kral@vzlu.cz
mailto:zemanova@vzlu.cz
mailto:zoulova@vzlu.cz
mailto:jurina@vzlu.cz
mailto:kruml@vzlu.cz

permitivita a ztratovy thel daného materidlu. Konstrukce radomu musi spliiovat také
mechanické pozadavky. Témi jsou hlavné pevnost a tuhost pii zatiZeni, které je prevazné
aerodynamické u letadlovych nebo vétrové u stacionarnich radomd. K tomu se muze pridat
také zatiZzeni od sn€hu nebo krup a potom také dlouhodobé vlivy okolniho prostiedi. VSechny
zminéné pozadavky vedou nejéastéji k pouziti kompozitu s elektricky nevodivou vyztuzi
a vhodnym typem polymerniho pojiva. Pro splnéni pevnosti a tuhosti je vyhodou sendvi¢ova
koncepce.

POPIS ZADANI

V ramci vyvojového projektu VZLU bylo novosti pouZit termoplastové pojivo na rozdil
od obvyklého termosetického. Pro demonstraci proveditelnosti byl zvolen typ radomu pro
bezpilotni letoun (UAV), ktery mé v piedni ¢asti trupu ulozeny radar. To vede k neobvyklému
tvaru, ktery se vyskytuje naptiklad na General Atomics MQ-9 Reaper zndm¢jSim pod ndzvem
Predator B, coz je jeho starsi verze.

Obr. 1 General Atomics MQ-9 Reaper Obr. 2 Odkryty radom na MQ-9

ZATIZENI A OSTATNI POZADAVKY
Pfi navrhu radomu je tieba vzit v tivahu nésledujici parametry.

Geometrie — je dana rozsahem pohybu a velikosti antény, kterou radom zakryva
a aerodynamickymi poZadavky.

Struktura — struktura je dana jednak pevnostnimi pozadavky na radom ale také
materidlovymi a technologickymi moznostmi.

Mechanické zatizeni — zatizeni je dano predevSim obtékanim pii letu ale 1 vibracemi,
tlakovym rdzem, ndrazem kroupy, vlastni tihou, a to i véetné piipadii v rlznych stavech
V postupu montaze.

Elektrické vlastnosti — podstatny pozadavek je dobra radioprizracnost a dobry svod
elektrického naboje.

Teplotni zatizeni — vliv extrémnich teplot a jejich stfidani.

Odolnost proti vliviim prostfedi — vliv vody a piisobeni UV.
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NAVRH KONSTRUKCE
Na zéklad¢ podkladi z odborné literatury a vlastnich zkuSenosti byl vytvoren CAD model

vngjsiho tvaru radomu, zobrazeny na obrazku 3.
J\

Obr. 3 Geometrie demonstratoru radomu

Na plose radomu je funk¢éni oblast, kterd musi splnit pozadavky radiopriizra¢nosti
a potom zbyvajici ¢ast, kterd mize byt navrZzena pouze z hlediska pevnosti a ptipojeni k draku
letounu.

oblast integrélnich

vyztuh
oY
T l .

fadiopriizracna
oblast

Obr. 4 Oblasti radomu

Radom ve funkéni oblasti byl navrzen jako monoliticky kompozit a pro zvySeni ohybové
tuhosti obvodu dilu byl okraj vyztuZen pfidanim dalSich vrstev vyztuze (KV1) nebo sendvi¢em
(KV2).

VYBER MATERIALU

Jak jiz bylo zminéno, pro danou aplikaci je z4dsadni minimalni relativni permitivita
a ztratovy uhel, aby sledované a vyzatfované elektrické pole bylo minimalné zkreslené. Obé
veliiny jsou bezrozmérné a popisuji vliv redlného materidlu na ovlivnéni elektrické indukce
elektrickym polem. Jina interpretace relativni permitivity je ovlivnéni napéti na kondenzatoru
redlnym dielektrikem v porovnani s dielektrikem z vakua. Cilem je dosahnout hodnoty relativni
permitivity co nejblizsi k jedné a u ztratového uhlu co nejblize k nule.

Tab. 1 Elektrické vlastnosti pouzitych materiall

Pojivo Relativni permitivita Ztratovy uhel
Polyester 2,95 0,007

Epoxid 3,6 0,04
Polyimid 3,1 0,0055
PMMA 2,76 n/a
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Vyztuz Relativni permitivita Ztratovy uhel
E-sklo 6,06 0,004

S-sklo 5,2 0,007

D-sklo 4,0 0,0005
Pénové jadro Relativni permitivita Ztratovy uhel
PMI (Rohacell 71 HF) 1,106 0,0016

Cilem projektu bylo pouzit pojivo PMMA s obchodnim ndzvem ELIUM®188 XO. Pro
vyztuz jsme zvolili klasickou tkaninu US Style 7781, Interglas 92626 s plosnou hmotnosti 296
g/m2, ktera obsahuje vlakna E-skla. V oblasti vyztuzeni okraji byla pouzita siln€;jsi tkanina se

sklenénymi vlakny Industryglass RT s plosnou hmotnosti 350 g/m2.

Do oblasti sendvice bylo zvoleno pénové jadro typu Rohacell 71 HF. Jedna se
o polymetakrylimidovou pénu s objemovou hmotnosti 71 kg/m3 s velmi jemnou porositou.
Typ HF je urcen prave pro aplikace, kde je vyzadovana radioprizracnost.

Pro porovnani byly navrzeny a vyrobeny dvé verze radomu stejného vnéjsiho tvaru lisici
se pouze strukturou.

Verze KV1 méla monolitni strukturu s okraji zesilenymi silnéj$i sklenénou tkaninou.

Ve funk¢ni oblasti byla skladba popsana v tabulce 2 a v zesileni v tabulce 3.

Tab. 2 Skladba funk¢ni oblasti pro KV1

Vrstva Typ tkaniny Tloustka (mm) Orientace
1 US Style 7781, Interglas 92626 0,26 45°
2 US Style 7781, Interglas 92626 0,26 0°
3 US Style 7781, Interglas 92626 0,26 45°
4 US Style 7781, Interglas 92626 0,26 0°
5 US Style 7781, Interglas 92626 0,26 0°
6 US Style 7781, Interglas 92626 0,26 45°
7 US Style 7781, Interglas 92626 0,26 0°
8 US Style 7781, Interglas 92626 0,26 45°
Tab. 3 Skladba zesilené okrajové oblasti pro KV1
Vrstva Typ tkaniny Tloustka (mm) Orientace
1 US Style 7781, Interglas 92626 0,26 45°
2 US Style 7781, Interglas 92626 0,26 0°
3 US Style 7781, Interglas 92626 0,26 45°
4 US Style 7781, Interglas 92626 0,26 0°
5 Industryglass RT 0,35 0°
6 Industryglass RT 0,35 0°
7 Industryglass RT 0,35 0°
8 Industryglass RT 0,35 0°
9 US Style 7781, Interglas 92626 0,26 0°
10 US Style 7781, Interglas 92626 0,26 45°
11 US Style 7781, Interglas 92626 0,26 0°
12 US Style 7781, Interglas 92626 0,26 45°

Verze KV2 méla monolitni strukturu ve funkcni oblasti a okraje byly lokalné zesilené
vloZenim pé€nového jadra.
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Tab. 4 Skladba funk¢ni oblasti pro KV2

Vrstva | Typ tkaniny Tloustka (mm) Orientace
1 US Style 7781, Interglas 92626 0,26 45°
2 US Style 7781, Interglas 92626 0,26 0°
3 US Style 7781, Interglas 92626 0,26 45°
4 US Style 7781, Interglas 92626 0,26 45°
5 US Style 7781, Interglas 92626 0,26 0°
6 US Style 7781, Interglas 92626 0,26 45°

Tab. 5 Skladba zesilené okrajové oblasti pro KV2

Vrstva | Typ tkaniny Tloustka (mm) Orientace
1 US Style 7781, Interglas 92626 0,26 45°
2 US Style 7781, Interglas 92626 0,26 0°
3 US Style 7781, Interglas 92626 0,26 45°
4 Rohacell 71 HF 4,0 n/a
5 US Style 7781, Interglas 92626 0,26 45°
6 US Style 7781, Interglas 92626 0,26 0°
7 US Style 7781, Interglas 92626 0,26 45°

MATERIALOVE VLASTNOSTI

Experimentalné byly naméteny pro pouzité materialy vlastnosti uvedené v tabulce 6 a 7.

Tab. 6 Materialové vlastnosti vrstev

Materidlova vlastnost US Style 7781, Interglas 92626 Industryglass RT
Modul pruznosti v tahu (GPa) 23,26 21,67
Pevnost v tahu (MPa) 338 407,2
Poissonovo Cislo 0,116 0,122
Smykovy modul (GPa) 2,82 3,04
Pevnost ve smyku (MPa) 29,2 4281

Tab. 7 Materialové vlastnosti sendvicového jadra

Materialova vlastnost Rohacell 71 HF
Modul pruznosti v tahu (MPa) 92
Pevnost v tahu (MPa) 2,8
Pevnost v tlaku (MPa) 1,5
Smykovy modul (MPa) 29
Pevnost ve smyku (MPa) 1,3

OKRAJOVE PODMINKY A ZATIiZENI

Zatizeni bylo aplikovéano jako tlak po celém povrchu radomu. Tlak byl rozdélen na tfi
zatézné oblasti, pficemz na Cele radomu pusobi pietlak a na bocich a na vrchu radomu dvé
podtlakové oblasti. Toto zatiZzeni bylo stanoveno podle dostupnych podkladi odpovidajici
pifimému letu letounu rychlosti 300 km/h.

Ulozeni radomu bylo po celém obvodu realizovano Sroubovymi spoji v definovanych
mistech.
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VYSLEDKY

Metodou koneénych elementd Nastran byly vypocteny posuvy a napéti linearni statickou
analyzou. Vysledky jsou ziejmé na obrazcich 5 a 6.

ors<

1
1
£

z

X q
004
Output Skt Linear_static 002
Deformed(0,2884): TOTAL TRANSLATION
Nodal Contour: TOTAL TRANSLATION 0,00

Obr. 5 Zobrazeni posuvt verze KV 1 vyvolané aerodynamickym zatizenim

or<

z
x \' 0,08
p 0,05
Output Skt Linear_static 0,03
Deformed(0,4375): TOTAL TRANSLATION
Nodal Contour: TOTAL TRANSLATION 0,00

Obr. 6 Zobrazeni posuvl verze KV 2 vyvolané aerodynamickym zatiZenim

Pro posouzeni pevnosti bylo zvoleno kritérium maximalniho napéti. Failure index (FI)
pro KV 1 vysel 0,041 a failure index (FI) pro KV 2 vySel 0,053. Modalni analyzou byly
vypocteny hodnoty a tvary vlastnich frekvenci. Vysledky jsou zfejmé na obrazcich 7 a 8. Prvni
vlastni frekvence je pro typ KV1 256 Hz a pro typ KV2 270 Hz.

1
1
1

or<

z
1327
*wf
= 884
Oulpung/! MODE 1, FREQ=256.2995 442
Deformed(70,756): TOTAL TRANSLATION
Nodal Contour: TOTAL TRANSLATION 0,00

Obr. 7 Zobrazeni prvniho vlastniho tvaru kmitani verze KV 1
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Output Set: MODE 1, FREQ=270.75961 584
Deformed(93,371): TOTAL TRANSLATION
Nodal Contour: TOTAL TRANSLATION 0,00

Obr. 8 Zobrazeni prvniho vlastniho tvaru kmitani verze KV 2

VYROBA PROTOTYPU

Z materidlu MDF byla vyrobena negativni forma vnéj$iho povrchu radomu. V ni byly
vyrobeny prototypy metodou vakuové infuze (VIP). Do formy byly nejdiive ulozeny vrstva
suché vyztuze podle tabulky 3 respektive 4, a potom byly napustény pojivem ELIUM®188 XO.
Po jeho vytvrzeni pfi normalné teploté byly prototypy dotvrzené pii teplot¢ 80°C podobu
3 hodin. Povrchova tUprava zvnéj$i strany byla provedena plnicem a nasledné vrchni
akrylatovou barvou.

Obr. 9 Demonstrator radomu s povrchovou tpravou

ZAVER

Vysledky projektu potvrdily proveditelnost vyroby typického radomu pro lehké 1étajici
bezpilotni prosttedky z nového typu materidlu sloZzen¢ho ze sklenéné vyztuze a PMMA pojiva.
Cilem nebylo nadimenzovat optimalni konstrukci z mechanického hlediska, v tom maji obé
stavajici verze jesté rezervy. Ovétila se predevsim vhodnost procesu VIP a zvolenych materiala
pro typicky radom, ktery obsahuje i sendvicové oblasti. Nové pouzité termoplastové pojivo
PMMA otvira nové moznosti spojovani a tvarovani a také je vhodné&jsi pro néslednou recyklaci.
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IMPROVED TENSILE AND MICROINDENTATION PROPERTIES OF FULLY
BIOBASED SHORT-FIBRE REINFORCED COMPOSITES BASED ON
POLYBUTYLENE SUCCINATE AND DIFFERENT NATURAL FIBRES
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The study explores processing, morphology and mechanical behaviour of fully biodegradable
biocomposites based on polybutylene succinate (PBS) and different natural short fibres. A strong
influence of processing temperature on PBS morphology giving rise to spherulites of various sizes
and textures was observed. The addition of well-dispersed short fibres effectively nucleated the PBS
matrix crystals. As a result excellent reinforcement was found especially if using argeli fibres.

KEYWORDS

Biocomposites, polybutylene succinate, natural fibres, nucleation, morphology,
mechanical performance.

INTRODUCTION

Biopolymers are a diverse class of polymers that are either made from renewable raw
materials are biobased or biodegradable — or both. In contrast to conventional polymers based
on fossil resources, biopolymers offer ecological advantages, such as lower greenhouse gas
emissions and the possibility of composting. Examples of biopolymers include polylactic acid
(PLA), polyhydroxyalkanoates (PHA), starch derivatives and cellulose. They are used in
avariety of areas, including packaging, agriculture, medicine, textiles and, increasingly,
technical components. Their properties can be modified by copolymerisation, blending or
reinforcement with natural fibres [1-5]. One of the widely used biodegradable polymers during
the last decade is the polybutylene adipate-co-terephthalate (PBAT) which however being of
petroleum based origin not completely sustainable. In this regard, on the other hand, the
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polybutylene succinate (PBS) is an aliphatic polyester characterised by its thermoplastic
processability, biodegradability (exhibiting a higher biodegradability compared to PLA, even
in fresh and seawater) and good mechanical performance. It is produced by polycondensation
of succinic acid and 1,4-butanediol, whereby both monomers are now available from biobased
sources, i.e. PBS can be produced completely biobased [3,5]. The combination of a high strain
break (up to 230 %), a comparatively low stiftness (modulus of elasticity: about 500-600 MPa)
and a tensile strength of around 30 to 40 MPa makes PBS flexible, but less rigid than other
engineering plastics.

One key advantage of PBS over PBAT is its superior stiffness, heat resistance, and tensile
strength, making PBS more suitable for structural applications and load-bearing components.
While PBAT is known for its excellent flexibility and biodegradability, PBS offers better
crystallinity and dimensional stability, especially in applications requiring thermal endurance
and rigidity. PBS also has a higher melting point and improved resistance to hydrolysis,
extending its service life under varying environmental conditions [3,5].

By adding biobased short fibres such as flax or hemp, the modulus of elasticity can be
significantly increased, in some cases to values above 2 GPa. The tensile strength can also be
increased, while the strain at break typically decreases. However, the specific mechanical
properties depend heavily on the type of fibre and its quality, the fibre content, and the
distribution and orientation of the fibres [3—7]. Despite the usual challenges of the natural fibres
composites, of moisture absorption, and poor interfacial bonding, the natural fibres composites
of the PBS present a promising and sustainable alternative for a wide range of eco-friendly
material applications. However, only a few fibre types were tested to be useful for reinforcing
PBS. Therefore, the aim of the investigations was the manufacturing and characterisation of
fully biobased polymer composites (by variation both the natural-fibre type and the fibre
amount) with good mechanical performance and advantageous morphology—property
relationships.

EXPERIMENTAL PART
Preparation of the fibres

The lignocellulosic fibres of different types prepared from bamboo (Bambusa nutans
sps.), argeli (Edgeworthia gardneri, locally used for making Nepali paper), rice husk and sisal
were used. The short fibres were prepared by mechanical crushing of the washed and dried raw
fibres to particles of diameter less than 250 um followed by treatment with dilute caustic soda
solution at the Tribhuvan University in Kathmandu (Nepal). The general methods of fibres
processing can be found in our previous work [8,9].

Preparation of the composites

Biobased semi-crystalline polymer, the polybutylene succinate (PBS), was used as matrix
material. Furthermore, a blend composed of 50 % PBS and 50 % polylactic acid (PLA)
(designated as PBS/PLA) was used for comparison. The samples were prepared by micro-
compounding the mixtures using a MiniLab II of HAAKE (Thermo Fisher company) followed
by injection moulding to 75 mm long dog bone-shaped specimens using a small injection
moulding machine (MiniJet Il of HAAKE ThermoFisher company). The composites contained
5, 10, and 20 wt.-% of the filler in the polymer matrix. It was observed that all the fibres were
easily processable (up to 25 wt.-%) to the polymer matrix except the sisal which could only be
added about 5 wt.-%. The processing temperature was 190 °C while the mould was maintained
at a temperature of 32 °C
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Chacterisation methods

For morphological analysis of the materials investigated transmission-light microscopy
(DM 2300 M form Leica company) of thin sections is used with polarised light. The about
30 um tick sections as cut applying a microtome (HM 360 from Microm company) equipped
with a metal knife were fixed on glass plates and imbedded in cyanoacrylate glue.

To analyse the mechanical performance both instrumented microindentation test and the
uniaxial tensile test were applied. The load—indentation diagrams recorded by an instrumented
microindentation tester (Fischerscope H100C from Helmut Fischer company) were used to
estimate the Martens hardness, the indentation modulus, the elastic/plastic work of deformation,
and the indentation creep according to ISO 15577. Furthermore, the stress—stain diagrams
(uniaxial tensile test) applying a universal testing machine (Zwicki Z2.5 from Zwick/Roell
company) were used to estimate the elastic modulus under tension, the tensile strength and the
strain at break according to ISO 527.

RESULTS AND DICUSSION

With methods to characterize the morphology of isothermally crystallized PBS it has been
shown that the spherulitic morphology of PBS highly varies from rather fine-spherulitic to
highly coarse-spherulitic within a relatively small temperature range. For examples, isothermal
crystallization of PBS at 90 °C results in spherulites having a size of several hundred
micrometers. The grain boundaries forming in the case of a coarse-spherulitic morphology are
structural flaws, which negatively affect the properties. That is that pronounced influence of the
processing conditions on morphology and properties of PBS requires control of the
crystallization process. Applying fast quenching from melt the size of the spherulites is reduced
to about 10 um. It has to be highlighted that PBS (similarly to PP) can be nucleated (for instance
by cellulose (nano)fibres), which is a basic requirement to adjust the semi-crystalline
morphology. Therefore, the impact of natural short-fibres on the crystallization behaviour and
the mechanical performance was analysed.

Light-microscopic investigations (Fig. 1) of thin slides showed that argeli (Fig 1b) and
bamboo fibres (Fig. 1c) are well dispersed within the matrix at an amount of 20 % (this is also
true up to 22-25 %) without formation of any agglomerates. In the case of the PBS/bamboo
composite some wood particles (not shown in the case of PBS/argeli composite) are also visible
besides the short fibres which are causing reduced reinforcement effectiveness of bamboo. PBS
shows partly rather big spherulites (up to about 50 um in size) and a broad distribution of the
size of the spherulites (see Fig. 1a), whereas the cellulose fibres effect distinct nucleation inside
the matrix (see Fig. 1b and 1c) due to formation of hydrogen bonds between the matrix and the
fibres, and epitaxial growth of the spherulites on the fibres’ surface. Therefore, for the
composites only tiny spherulites several micrometers in size are found hardly to see in Fig. 1b
and lc.

500 pm

Fig. 1 Transmission-light micrographs of thin sections using polarised light: (a) neat PBS,
(b) PBS/argeli composite with 20 % fibres and (c) PBS/bamboo composite with 20 % fibres
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Furthermore, the results of the mechanical investigations (recording microindentation test
and uniaxial tensile test) showed that both the modulus of elasticity (Fig. 2a and 2e) and Martens
hardness (Fig. 2b) of the PBS-based composites are highly increased, particularly for the argeli-
fibre composites. The same was found for the indentation modulus (Fig. 2d) and Martens
hardness (Fig. 2¢) of the PBS/PLA-based composites. The creep behaviour is generally less
affected (not shown here). The tensile strength of the PBS-based composites, however, is little
decreased (see Fig. 2f) propably caused by the drop in ductilily (not shown), but is still in the
range found in the literature for neat PBS (30—40 MPa) [6,7]. Interestingly, the yield stress is
not affected by the fibre volume fraction and is found to be about 36.6 MPa for the PBS
materials and about 46.5 MPa for the PBS/PLA materials. Results of composites containing
sisal fibres are not shown here because the fibres were only very inadequately processable. As
shown in Table 1, the application of argeli fibres proved to be especially advantageous,
followed by bamboo fibres. Fibres made from rice husks showed less reinforcing effects.
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Fig. 2 (a,c) Martens hardness HM and (b,d) indentation modulus Eir as well as (e) tensile
modulus E; and (f) tensile strength om of (a,b,e,f) PBS-based and (c,d) PBS/PLA-based
materials as a function of the fibre content

CONCLUSION

The present study attempts to explore processing, morphology and mechanical behaviour
of polybutylene succinate (PBS) and its composites reinforced with short natural fibres derived
from argeli, bamboo, rice husk and sisal, aiming to develop sustainable, biobased, and fully
biodegradable materials. The composites were fabricated through melt mixing in
a microcompounder followed by mini-injection moulding. The main findings can be concluded
as follows:

(1) Isothermal crystallization revealed a strong influence of processing temperature on
PBS morphology giving rise to spherulites of various sizes and textures. Coarse spherulites
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formed at 90 °C introduced grain boundaries that diminished mechanical performance, whereas
rapid melt quenching produced finer spherulites.

(i) The addition of the bamboo- and argeli-short fibres effectively nucleated the PBS
matrix crystals, promoting the formation of small, uniform spherulites, presumably through
hydrogen bonding and epitaxial growth. As shown, incorporation of such short-cellulose fibres
results in a pronounced refinement of the spherulitic morphology from rather big spherulites up
to about 50 pum in size (neat injection-moulded PBS) to tiny spherulites only several
micrometers in size (injection-moulded PBS composites). Microscopic analysis confirmed
good fibre dispersion without agglomeration, particularly for argeli.

(i11)) Due to the fibre-induced nucleation, the high aspect ratio of the fibres to be also
well dispersed within the matrix, the elastic modulus (measured using the instrumented
microindentation test and the uniaxial tensile test) of the composites based on PBS and
PBS/PLA blend is highly affected. The same was found for the hardness. The application of
argeli fibres proved to be especially advantageous, followed by bamboo fibres and fibres made
from rice husks.

Tab. 1 Relative mechanical properties of the related composites with 20 % fibres based on
neat PBS and PBS/PLA blend (neat PBS and unreinforced PBS/PLA = 100 each)

Matrix PBS PBS/PLA
Fibre type
Rice husks | Bamboo Argeli Bamboo Argeli
Properties
HM 96 120 134 136 143
Exr 117 135 151 146 150
E: 151 188 247 173 169
Om 78 81 87 41 38

The approach presented here enables the production of mechanically efficient, fully
biobased and biodegradable injection-moulded composites. They therefore make an important
contribution to replacing petroleum-based plastics and expand the potential of sustainable
material alternatives.
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THE EFFECT OF PRESTRESSING ON MECHANICAL PROPERTIES OF
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Abstract: The prestressing of fibre-reinforced composite is a promising technique for improving
its mechanical performance. This can be achieved by introducing a controlled tensile force to the
fibre prior to curing in a polymer matrix. This study develops an elastically prestressed polymer
matrix composite by applying a prestressing level of up to 25 MPa to unidirectional carbon epoxy
laminates. The influence of fibre prestressing on the mechanical properties of the laminates is
observed by performing flexural and tensile tests. The result shows a successful approach toward
producing elastically prestressed carbon fibre-reinforced epoxy composite with high mechanical
properties compared to the non-prestressed counterpart. Also, increasing the prestressing level
increased the strength and elastic modulus of the composite.

KEYWORDS
Fibre prestressing; unidirectional cfrp composite; flexural test; tensile test
INTRODUCTION

Over the years, there has been constant growth in the demand for lightweight, high-
performance composite materials, especially in the engineering sectors such as automotive,
aerospace, building and civil engineering (Hassan & Saeed, 2024). Among these materials,
carbon fibre-reinforced polymers (CFRPs) are greatly sourced due to their mechanical
properties, which include a high strength-to-weight ratio, superior stiffness and fatigue
resistance, corrosion and chemical resistance (Zhang et al., 2023). Specifically, unidirectional
CFRP laminates are fabricated with the fibres aligned in one direction (mostly 0° orientation)
to achieve maximum strength and stiffness along the primary loading direction. Thus, these
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laminates can be utilised in the fabrication of aerospace and aircraft components (fuselage
frame, wing spars and empennage); automotive and motorsports parts (drive shafts, suspension
arms, electronic vehicle battery enclosure); armour plating, drone and unmanned aerial vehicle
frames where directional load-bearing capacity is vital (Kakati & Chakraborty, 2023).

Despite its benefits, unidirectional CFRP laminates are not without drawbacks. One
pertinent example is their weak out-of-plane properties, which makes them vulnerable to shear
failure under certain loading conditions(Ogunleye et al., 2024). Another crucial challenge is the
development of a high concentration of process-induced tensile residual stresses in the material.
Generally, large stress concentrations can cause dimensional instability, fibre buckling,
microcracking and delamination of the composite laminate, thus reducing its mechanical
performance. To address these challenges, a considerable body of research has explored
different approaches to mitigate the effect of the manufacturing process on the mechanical
performance of composite laminates by minimising residual stress concentration via
optimisation of curing parameters (Shah et al., 2018), embedding shape memory alloy
(Katsiropoulos et al., 2020), electronic beam curing (Zhang et al., 2020) and incorporation of
nano-additives (Islam et al., 2023). However, research on improving mechanical properties of
composite structure by mechanically prestressing the fibre embedded in the polymer matrix
remains limited. In addition, fibre prestressing has the potential to influence the microstructural
arrangement and stress distribution, thereby enhancing the material's mechanical performance.

Hence, this study evaluates the effect of elastically prestressed fibre on the flexural and
tensile properties of unidirectional carbon fibre laminates. Likewise, by applying varying
prestressing levels of up to 25 MPa to CFRP plies before and during the curing process, this
work seeks to identify how prestressing influences the composite laminates' stiffness, strength,
and overall failure behaviour.

EXPERIMENTAL
Material

A UD carbon prepreg supplied by UNICARBON® Co., Lithuania, was utilised in this
study. The fibre reinforcement is carbon, while the resin system is epoxy, with 38% resin
content, an area density of 300 g/m? (UNIPREG® 300) and a lamina thickness of 0.3mm.

CFRP Laminate fabrication and fibre prestressing

A unidirectional CFRP laminate (320 mm X 170 mm) with a total thickness of 2.4 mm
was fabricated by stacking eight UD carbon prepreg plies together along zero-degree fibre
orientation, the primary axis. The maximum prestressing level chosen for the study (25 MPa)
remains below the tensile strength of carbon fibres (4100 MPa) to avoid possible early fracture
or plastic deformation before curing the laminate. Furthermore, the tensile prestressing force
(in Newton) applied to the fibre was derived from the relationship between the prestressing
level (in megapascal), fibre volume fraction, and the laminate's cross-sectional area according
to Equation (1-3)

Prestress level is defined as:

p__F

Where:

a]f = target fibre prestressing level, MPa, F = applied force, kN; Ay = effective fibre cross-
sectional area, mm?
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The effective fibre cross-sectional area was obtained using the total laminate area and
fibre volume fraction.

Where:

V¢ = fibre volume fraction, A; = w X t, is the total cross-sectional area of the laminate, mm?
w = laminate width, mm, t = laminate thickness (number of layers X ply thickness), mm
The required applied force is then:
F=0af xV; x4 (3)

Table 1 shows six categories of Unidirectional CFRP laminates with different
prestressing levels were fabricated. LM-X is the non-prestressed sample (control).

Table 1 Unidirectional CFRP Laminates with required prestressing level

Prestressing Level (MPa) Required Pre-load (kN) Sample Coding

_ — LM-X
5 1.3 LM-5
10 26 LM-10
15 4.0 LM-15
20 51 LM-20
25 6.4 LM-25

After stacking the UD CFRP plies according to unidirectional configuration, the two ends
of the laminate were pre-cured with a hot press to prevent distortion and uneven tensioning of
the fibre. Then the laminate was laid up on a bespoke uniaxial prestressing rig, and the pre-
cured ends were fastened with the aid of a clamping plate and M10 screws. Subsequently, the
assembly was transferred to the universal tensile machine (Fig. 1), and the required pre-load,
as shown in Table 1, was applied to the laminate along the primary axis. The applied tensile
force was sustained by locking the movable and fixed portion of the prestressing jig with a bolt.
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Fig. 1 UD carbon prepreg layup and tensile prestressing of the laminate

Vacuum-assisted oven curing

The CFRP laminates were cured in a temperature chamber (Zwick/Roell, W91255)
operating at a temperature range between -80 °C and 250 °C. After preparing the sample for
vacuum bagging, the assembly was degassed for 30 minutes by activating the vacuum pump (-
0.9 bar) to remove trapped air, volatiles and residual air pockets that can increase the void
fraction of the final cured laminate. Then, the degassed assembly was cured in an oven at 140
°C for 90 minutes. The vacuum pressure was kept steady at -0.9 bar for the first 45 min of
heating before being gradually released. After curing, the laminate was allowed to cool down
for 24 hours. Then, the prestressing jig was disassembled to remove the sample.

Mechanical testing

The flexural and tensile properties of all the prestressed and control samples were
determined by conducting tensile and flexural tests according to ISO-527-5 and ISO 14125,
respectively. The sample dimension for the flexural test is 125 mm X 12 mm X 2.5+0.1 mm.
The testing was executed at a crosshead speed of 2 mm/min, with a support span of 80 mm.
Similarly, the tensile test sample dimension is 200 mm X 12 mm X 2.5+0.1 mm, and the test
was conducted on a universal testing machine (Zwick/Roell, Vibrophore 100) at a 1 mm/min
loading rate. In order to prevent any premature failure at the grip zone, the two sides of the
sample were supported with end tabs according to the standard.
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RESULTS AND DISCUSSION

When subjected to bending loads, the flexural properties provide practical behaviour for
prestressed and non-prestressed unidirectional CFRP laminates. Figure 2(a) shows the stress-
strain curve of the prestressed and control sample. As can be seen, all the samples exhibit an
initial elastic response and a non-linear deformation behaviour that leads to failure.
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Fig. 2 Flexural characteristics of prestressed unidirectional CFRP laminates (a) stress-strain
curve (b) effect of prestressing level on flexural strength (c) effect of flexural modulus on

prestressing level

However, the linear portion slope increases with an increase in fibre prestressing levels,
which shows an improvement in flexural stiffness. The controlled non-prestressed sample (LM-
X) failed at approximately 1010 MPa and 1.15% strain, indicating characteristics of brittle
behaviour due to a sharp post-peak stress.

On the other hand, prestressed samples exhibit higher peak stresses (especially LM-15,
LM-20, and LM-25) and more gradual post-peak drops, indicating improved damage tolerance
and energy absorption before failure. LM-20 exhibited the highest peak stress (1373 MPa),
while LM-25 peak stress (1358 MPa) was slightly lesser. Therefore, fibre prestressing plays
a significant role in improving the strength and ductility of the laminate.

Furthermore, the effects of prestressing on flexural strength and modulus are shown in
Figure 2(a) and (b). As can be seen, the flexural strength increased from 1010.5 MPa for the
non-prestressed LM-X (0 MPa) to a maximum of 1373.2 MPa at 20 MPa prestressing level
(LM-20). However, a slightly lower strength of 1358.3 MPa was observed at 25 MPa
prestressing level (LM-25), which suggests an optimal prestressing level for maximising
flexural strength. Similarly, there is a consistent increase in flexural modulus from 103 GPa for
LM-X to 136.8 GPa for the LM-25. The continuous improvement in flexural modulus up to
25 MPa and flexural strength up to 20 MPa of the laminate can be described by enhanced fibre
alignment and packing, reduced fibre waviness, reduction in void fraction and better stress
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transfer. However, the observed strength reduction when prestressed above 20 MPa may be
attributable to fibre overstressing, especially during the curing process, which leads to micro-
damage.
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Fig. 3 Tensile properties of prestressed unidirectional CFRP laminates (a) stress-strain curve
(b) effect of prestressing level on flexural strength (c) effect of flexural modulus on
prestressing level

The tensile stress-strain curves for the prestressed (LM-5 to LM-25) and controlled
samples (LM-X) and the influence of different prestressing levels on the mechanical behaviour
of the composite samples are presented in Figure 3. Generally, all the samples show a non-
linear behaviour followed by a brittle fracture, which is common for fibre-reinforced composite.

However, the testing protocol might have influenced the slight deviation from the
linearity observed at the initial loading stage, per the ISO 14125 requirement. The extensometer
was removed at a particular strain threshold before proceeding with the remainder of the tensile
measurement. Hence, removing the extensometer might have introduced a slight discontinuity
or noise in strain measurements. The non-prestressed LM-X sample has the lowest tensile
strength of 942.3 MPa and a tensile modulus of 100.6 GPa. Increasing the prestressing level
improved the tensile strength and modulus. In particular, the tensile strength reached
a maximum value of 1576.9 MPa at 25 MPa prestressing level (LM-25), representing an
improvement of approximately 67% compared to the control sample (LM-X). Also, the tensile
modulus increased with prestressing from 100.6 GPa for LM-X to 133.6 GPa for LM-25. These
modulus increases show that the prestressing enhances fibre alignment and minimises defect
propagation under load. Thus, these findings strengthen the earlier flexural property results,
demonstrating that prestressing improves the mechanical performance of the fibre-reinforced
composite.
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CONCLUSION

The study investigates the effects of fibre prestressing and prestressing levels of flexural
and tensile properties of Unidirectional CFRP laminates. The result demonstrated that fibre
prestressing notably improved both flexural and tensile properties. Notably, the flexural
strength and modulus enhanced considerably with increasing prestressing levels. Also, the
tensile strength and modulus increase steadily with the highest observable prestressing level of
25 MPa. These enhancements are attributed to improved fibre alignment, enhanced load transfer
efficiency, and reduced defect propagation under mechanical loading. However, it should be
noted that this study focused solely on mechanical performance under static loading conditions.
The potential effect of fibre prestressing on long-term stability, fatigue and environmental aging
has not been explored and remains an area for further research. Overall, this work underlines
the significant potential of controlled prestressing as a straightforward yet highly efficient
method for reinforcing composite materials. Further exploration and optimisation of
prestressing approaches could extensively widen the application horizons of high-performance
composites in structural engineering and advanced manufacturing industries.
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Composite sandwich panels for high ballistic resistance made of ultrahigh performance
reinforced concrete (UHPFRC), polymeric composite material and elastomer. The synergy between
UHPRFC and the added polymeric layers bonded with a high duty epoxy adhesive, gives the
concrete a higher ballistic resistance and potentially a higher resistance against blast. Indeed
scabbing is observed when a too low thickness of UHPFRC is used for ballistic protection.
Upgrading UHPRFC to a sandwich material with the help of a finite element model led to high
ballistic resistance e.g. Level FB7 from CSN 1522/23 with a low UHPRFC thickness. This latter
result has been certified by the Military Technical Institute.

KEYWORDS
Sandwich, Elastomer, composite, Ultra-high performance concrete, Ballistic resistance, model.
INTRODUCTION

The present composite sandwich panels are high-performance structures providing
different levels of ballistic protection into practice in order to increase the resistance of existing
critical infrastructure (CI) and ensure the protection of life and health of people moving around
it. An important part of the solution, in addition to achieving ballistic resistance with a lower
core thickness (concrete), is also to suppress scabbing (1),(2). The path to solving the project is
the development and optimization of a layered panel based on an ultrahigh performance
reinforced concrete (UHPFRC) core, an epoxy composite panels, and an elastomer top layer
protecting against the effects of gunfire and blast (3). This manuscript focuses on intermediate
to high ballistic protection i.e. classes FBS to FB7 according to CSN 1522/23 and STANAG
2280 level A4. Materials characteristics are described, as well as the finite element model used
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to predict the ballistic behavior (for FB5-FB7) and finally the results of ballistic tests are
presented.

MATERIAL CHARACTERISTICS

The sandwich model structure is described in Fig. 1, specific designs for each ballistic

resistance class are detailed in Tab. 1, materials structure and properties are presented in Tab. 2,
Tab. 3, Tab. 4.

l .................................................................... |<\ E laS tomer

‘;

Fibre reinforced composite

Structural adhesive

Fig. 1 Profile of the sandwich material model (4)

Tab. 1 Sandwich designs according to ballistic resistance levels

Ballistic STANAG
resistance levels FBS FB6 FB7 2280 A4
5 mm Epoxy 5 mm Epoxy 5 mm Epoxy 5 mm Epoxy
glass glass aramide aramide
FVC () 44% FVC 42% FVC 42% FVC 42%
Composite Composite Composite Composite
matrix matrix matrix matrix
CHS Epoxy CHS Epoxy CHS Epoxy CHS Epoxy
582 + Telalit 582 + Telalit 582 + Telalit 582 + Telalit
Fibre reinforced 0542 0542 0542 0542
Composite
Fiber Fiber Fiber Fiber
Glass - Glass - Aramide Aramide
InterGlass, InterGlass, twill “282” twill “282 2/2,
twill 2/2, twill 2/2, 2/2, 173 g/m?,
280 g/m?, 280 g/m?, 173 g/m?, 12 layers
13 layers 13 layers 12 layers
Elastomer 5 mm elastomer 9s-PU-30
Adhesive Veropal FH (structural epoxy adhesive)

(1) Fiber volume content

Tab. 2 Structural adhesive properties
DMA, T, [°C] 56
Shear strength (CSN EN 1465) 20,2 + 1,7 MPa

Tensile strength (ASTM 1708) 39,1 MPa
Strain at break (ASTM 1708) 1,5%
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Tab. 3 Composite panel properties

Analysis Standard | Epoxy-aramide 3 mm Epoxy-glass 3 mm
AITM
(1) o
DMA"Y, T, [°C] 1-0003 70 71
FVC measured. [%] EN 2564 442 +23 42,7+1,3

break [%]

Porosity [%] EN 2564 84+04 1,2+0,6
Microscopy - — F
Thickness 3,39+ 0,06 346+ 0,11
[mm]
CPT® [mm] 0,282 + 0,005 0,266 + 0,007
0°E
Tensile modulus 28,22 +£3,14 20,7 £0,6
. [GPa] ISO 527-4
properties 0° Strength
[MPal] 546 + 8 472 £ 26,8
0° Strain at
break [%] 2,40 £0,21 2,8+0,2
Failure type LAT/LGM® LAT/LGM
Thickness 3,28 + 0,05 3,33+0,12
[mm]
+ +
LSS ClI’I:FS[;nor)n] 1SO 14130 0,273 + 0,004 0,256 + 0,008
[MPal] 32,8+0,5 39,1+1,5
Failure type Plastic shear (not valid) Multiple shear
Thickness 3,35+ 0,03 3,36+ 0,13
[mm]
CPT [mm)] 0,279 + 0,003 0,258 + 0,008
modulus
Flexurgl [GPal 1SO 14125 21,8+ 1,2 22,7+1,0
properties Flexural
[MPal] 354 +7 531+ 34
Strain at 53408 2.740.1

(1) Dynamic mechanical analysis; (2) Cured ply thickness; (3) Interlaminar shear strength;

(4) Smooth failure between the middle of the gage and the upper grip

Tab. 4 Elastomer properties

Tensile properties (ASTM 1708) Strength [MPa] 3,16+0,17
100 mm/min; 23 °C Strain at break [%] 124 £5
) Strength A [kN/m] 2,0+0,1
Tear resistance (ISO 34-1) :
Median peak [N] 5,09 + 0,64
Flame resistance (UL 94) Classification (Horizontal) HB
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NUMERICAL MODEL
Modeling

A special 3D geometry and finite element mesh were created for each projectile. At the
same time, material models were defined for individual layers of the sandwich
composite, including a high-quality fiber-reinforced composite, elastomer, epoxy composite
with aramid and epoxy composite with glass fabric. The constructed numerical models were
used to validate the measured data, the design of individual layers of the sandwich composite
and the entire stack. Numerical models of the .357 Magnum, .44 Remington Magnum, 5.56x45
and 7.62x51 projectiles were created in order to simulate the test conditions for ballistic
resistance classes FB5, FB6 and FB7 according to CSN EN 1522. To validate the numerical
model, a model of the 7.62x39 projectile was also created, which appears in the Czech standard
CSN 39 5360. The latter standard is a Czech adaptation of the EN 1522 standard, which also
takes into account the calibers used in the Czech Republic and other countries, and which were
in the armament of the Warsaw Pact. For the 7.62x39 projectile, the standard specifies an
impact velocity of 710+£10 m/s. A modified version of the Johnson-Cook constitutive relation
was used to describe the behavior of the materials from which the projectiles are made. The
parameters defined by the research team Bervik et al. were used in the simulations (5).

Resistance level FB5

According to CSN EN 1522, the initial velocity of the 5.56x45 projectile was set to
950 m/s. Fig. 2 shows the numerical model at 0,2 ms after the projectile impact. The result
shows that the projectile perforates the front additional layers and perforates the concrete core
with an increased thickness of 40 mm approximately halfway. However, the detachment of
concrete fragments from the back side of the core is unlikely, since no damage to the back
additional layers is observed and their detachment from the back side of the concrete core is
minimal and practically negligible.

Fig. 2 Graphical representation of damage generated in the composite sandwich composite
after impact with a 5.56x45 (FBS) projectile

Resistance level FB6

To be classified in FB6 resistance class, the structure must withstand the impact of both
5.56x45 projectile (already simulated in the FBS part) and a 7.62x51 projectile with a soft lead
core. According to CSN EN 1522, the initial velocity of the 7.62x51 projectile with a soft lead
core was set to 830 m/s. Fig. 3 shows the numerical model at a time of 0,3 ms after the impact
of the projectile. Since the design of the sandwich structure with a 40 mm concrete core was
found to be extremely limiting, the response of the sandwich structure with a 50 mm concrete
core was also simulated. The projectile perforated the front additional layers and penetrated
approximately half of the concrete core. The projectile was not completely destroyed during
penetration and part of it remained embedded in the concrete core. Material damage is observed
on the back of the concrete core, which could result in the formation of a back crater and the
generation of secondary fragments in the absence of the back additional layers.

However, the back additional layers of elastomer and epoxy composite do not show any
damage and their detachment from the concrete core is minimal.
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Fig. 3 Graphical representation of damage generated in the composite sandwich composite
after impact with a 7.62x51 soft-core projectile (FB6)

Resistance level FB7

According to CSN EN 1522, the initial velocity of the 7.62x51 projectile with a hard steel
core was set at 820 m/s. Fig. 4 shows the numerical model at 0,2 ms after the projectile impact.
The projectile remained embedded in the 50 mm concrete core after perforation of the front
additional layers. The rear additional layers remained undamaged. According to the model,
there was only minimal separation of the glass-epoxy composite layer from the concrete core.
The concrete core was destroyed throughout its thickness. However, the rear additional layers
should hold the resulting concrete fragments together and prevent the formation of rear
secondary fragments.

Fig. 4 Graphical representation of damage generated in the composite sandwich composite
after impact with a 7.62x51 hard core projectile (FB7)

BALLISTIC VALIDATION TESTS

Verification testing to determine the final composition of the sandwich for final
certification to higher standard categories has been performed at the Military Technical Institute
(VTUVM). The final composition of the sandwich panels for certification tests was determined.

* EN 1522 FBS5 (NS): PURS-EG3-HPC4 structure (40 mm concrete, covered on both
sides with 3 mm epoxy glass composite and 5 mm elastomer facing layers)

* EN 1522 FB6 (NS): PURS-EGS5-HPC6 structure (60 mm concrete, covered on both
sides with 5 mm epoxy glass composite and 5 mm elastomer facing layers)

* EN 1522 FB7 (NS): PURS-EAS5-HPC?7 structure (70 mm concrete, covered on both
sides with 5 mm epoxy aramid composite and 5 mm elastomer facing layers)

Fig. 5 Rear side of panels after tests

*STANAG 2280 Level A4: PURS5-EAS5-HPC17 structure (170 mm concrete, covered on
both sides with epoxy aramid composite and 5 mm elastomer facing layers) composite 5 mm
and elastomer 5 mm). This results has not been modelized.
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For all FBX samples, the model overestimate the panels ballistic resistance of panels. In
addition To reach the level FB-7 aramide composite panels had to be used. These discrepancies
could be induces by several factors: UHPRFC homogeneity and quality, adhesion layer quality
and model accuracy (material characterization).

CONCLUSION

Successful certification tests were conducted at the VTUVM for resistance classes FB5—
FB7 (NS) according to the CSN EN 1522/1523 standards and STANAG 2280 level A4.
According to the results, a structure based on a high-strength concrete core (UHPFRC) with
a thickness of 47 cm reinforced with epoxy-aramid cladding with a thickness of min. 5 mm is
considered satisfactory. For resistance levels FBS or FB6, respectively, assemblies reinforced
with glass-epoxy cladding of the same thickness also met the requirements. The function of
splinter capture is clearly performed by the elastomer layers. Results of ballistic certification
showed discrepancies compared to the model, a summary of results is presented below:

Ballistic resistance level FBS FB6 FB7
Model | Test Model | Test Model | Test
Elastomer front layer 5 mm 5 mm 5 mm 5 mm 5 mm 5 mm
Epoxy composite front layer | 3 mm S mm 3 mm S mm 3 mm S mm
Concrete core 40mm |[40mm |[S50mm |50mm |50mm |70 mm
Epoxy composite back layer | 3 mm 5 mm 3 mm 5 mm 3 mm 5 mm
Elastomer back layer 5 mm 5 mm 5 mm 5 mm S mm 5 mm
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CREATION AND VERIFICATION OF MATERIAL MODELS OF COMPOSITE PLATES
AND THEIR USE IN THE CAFICO PROJECT

TVORBA A VERIFIKACE MATERIALOVYCH MODELU KOMPOZITNICH DESEK
A JEJICH VYUZITI V PROJEKTU CAFICO

ANTONIN POTESIL!, JOSEF VECERNIK 2, PETR HORNIK 3, LADISLAV SEVCIK*

Abstract: The creation and verification of material models of composite structures are
a prerequisite for the successful development and subsequent production of products in any
industry. Current developments, including innovations, cannot do without the deployment of CAE
simulation methods and technologies. However, their use is based on the knowledge and experience
of the research team, including respect for the results of physical experiments, without which correct
product development cannot be achieved. This paper presents the collaboration of the members of
the research team involved in the TACR project TM03000010 (acronym CAFICO).

Abstract: Tvorba a verifikace materidlovych modelii kompozitnich struktur jsou predpokladem
pro uspésny vyvoj a posléze i vyrobu produktii v jakémkoliv odvetvi priomyslu. Soucasny vyvoj véetné
inovaci se neobejde bez nasazeni CAE simulacnich metod a technologii. Jejich vyuzivani vsak
vychazi ze znalosti a zkuSenosti reSitelského tymu, vcetné respektovani vysledkii fyzikdlnich
experimentii, bez kterych se korektni vyvoj produktit neobejde. Predkladany prispévek prezentuje
spoluprdci élenii tymu Fesitelii zapojenych do projektu TACR TM03000010 (akronym CAFICO).

KEY WORDS
Polymer composite structures, material models, CAE numerical simulations.
INTRODUCTION

One of the objectives of the CAFICO project was to develop a composite material
primarily intended as a partial alternative structural material for the production of a lightweight
multifunctional electric battery box, e.g. also for electric vehicles. The proposed composite
structure consists of a modified epoxy matrix and reinforced carbon multifilaments with
a suitably activated surface filled with conductive graphene-based carbon particles and
expanded graphite of optimized size and concentration. The paper presents experimental testing
of the new composite material in the form of plates and the development of a material model
for CAE simulations and analysis of the lightweight electric battery shell.

' doc. Ing. Antonin Pot&il, CSc., LENAM, sr.o. Husova 825/40, Liberec 1, Czech Republic.
Tel: +420602174470. Email: a.potesil@lenam.cz.
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1. Preparation and characterisation of multifunctional layered composite materials

Based on the implementation of extensive experiments in the production and testing of
an optimized new composite material intended primarily as a structural material for the creation
of a lightweight multifunctional shell, the CAFICO project has found an efficient way of
laboratory preparation of sandwich composites using a special epoxy resin precursor and an
optimized curing catalyst. The simplicity and speed of sandwich formation, together with the
material and instrumentation friendliness, guarantee the cost-effectiveness of the process. The
resulting product is chemically resistant to common organic solvents and inorganic bases and
acids. The catalytic homo-polymerization of the epoxy in the presence of KSCN is sufficient
over a wide temperature range. The resulting layered composite material has extremely high
electromagnetic shielding [1], [2], [3], [4].
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Fig. 1 Demonstrations of the development of multifunctional layered composite
materials:EMI shielding measurements of sandwich structures: (a) CFRC (b) CFRC/Cu
(c) CFRC/Me (d) CFRC/Cu/Me (e) CFRC+Gr (f) CFRC+GR/Cu (g) CFRC+ Gr/Me
(h) CFRC+Gr/Cu/Me
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2. Visualization and evaluation of fibrous composite structures with carbon
reinforcements and matrix filled with carbon-based conductive particles

Within the wide range of experimental activities carried out during the CAFICO project,
the evaluation of continuously laboratory manufactured composite structures was carried out in
terms of the creation of micro mechanical material models specifically designed for the needs
of CAE numerical simulations with FEM tools such as ANSYS, ABAQUS, MSC.sw,
PAMCRASH, DIGIMAT, etc. The experimental work was focused on the identification of the
thermal properties of the developed composite structures as well as on the identification of their
mechanical properties, in terms of their response to static and dynamic loads in the temperature
range of 23 to 120°C. For this purpose, the Dynamic Mechanical Analyzer "DMA Q800" (TA
Instruments) was used. Electron (TESCAN VEGA 3) and tomographic (Skyscan 1272) image
analysis methods were used for dimensional identification of the composite structures.

EFYR
VEGA3 TESCAN

SEM HV: 10.0 kV WD: éS.DD mm
SEM MAG: 25 x Det: SE
Date(m/dly): 11/25/24 TUL Liberec

| SEMHV:10.0KV | WD:2047 VEGA3 TESCAN SEM HV: 10.0 KV VEGA3 TESCAN SEMHV: 100KV | WD: 2003 mm

SEM MAG: 250 x SEM MAG: 1.00 kx SEM MAG: 1.00 kx Det: SE
TUL Liberec Date(m/dly): 11125124 TUL Liberec Date(midly): 11725124

Fig. 2 Monitoring and visualization of electron and tomographic sections on samples of
composite plate structures received from foreign project partner Zhejiang NMG Composites
Co., Ltd.

The obtained results of the dimensional analyses were used in the development of
a material model of the composite structure consisting of an epoxy matrix and carbon
multifilaments in the context of experimental tests and numerical FEM analyses, which were
focused on the qualified estimation of the bending stiffness and strength of the composite
structure.

55



3. Bending tests of composite material structures

Bending tests of the specimens according to ASTM D 2344 were used to test the stiffness
and strength properties of the fabricated composite plates. The specimens were taken in 0°,
45°N, 45°P, 90° orientations. The flexural moduli and strengths were evaluated and statistically

processed.

E [MPa] 0° 45°P | 45°N 90° oyax [MPa] | 0° 45°P | 45°N 90°
AVG 27 026 9990 10014 | 24 748 AVG 188 120 122 210
STD 1759 1087 1065 2227 STD 7.9 11.6 7.3 21.7

Mmimum 24 851 9147 8794 | 22861 Minimum 179 109 114 188

Maximum 28 886 | 11842 11069 | 28 158 Maximum 199 139 128 244

Flexural Modulus Strenght
30000 250
25000
200
20000
— w150
g (=
= 15000 =3
o z
& 100
10000
5000 50
0 0
o 45°p 45°N 90 45°p 45°N 90°
Orientation [°] Orientation [°]

Fig. 3 Demonstration of the implementation and processing of bending tests according to
ASTM D 2344
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4. Creation of material models of composite plate structures for FEM simulations and
their verification

The general basis for the creation of material models of composite structures for the
assumed CAE simulations is the knowledge of their topological structure, physical properties
of individual material components including the response of the composite structure to load
excitations, or to the assumed or estimated operating conditions of the final product containing
the composite structure.

An integral part of the creation of material models of composite structures, in this case
especially for mechanical loading, is a wider awareness of methods of homogenization of
composite structures that use the so-called RVE methodology, i.e. determination of the
parameters of the Representative Volume Element in the form of engineering constants or
stiffness matrices. These methods are available for use in finite element method sw tools.

Verification of material models of composite structures was carried out during the project
using FEM models of bending tests presented in Chapter 3, in which homogenization RVE
algorithms were used.

EX EY EZ GXY GYZ GXZ PoisonXY| PoisonYZ|PoisonXZ
MPa MPa MPa MPa MPa MPa 1 1 1
27 000 26999 4 568 1997 1217 1217 0,09 0,39 0,39

Fig. 4 Example values of engineering constants used in FEM analyses
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Fig. 5 Comparison of measured beam deflections "Experiement vs. FEM analysis"

The above comparison shows that the material models of composite plate structures
determined by these procedures are useful for predictive CAE simulations and calculations of
proposed structures in which polymer composite plates are applied.
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5. Multifunctional lightweight battery box - product of the CAFICO project

In the last year of the project (2024), the development of a multifunctional lightweight

box for electric batteries was completed. The result is the design of a unique new cooling and
heating system using multifunctional layered composite material structures that have significant
electromagnetic shielding. A functional sample of the box is protected by a utility model [5].
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Fig. 6 Construction diagram of a lightweight box for electric batteries

CONCLUSION

The methodological procedures used allowed to verify the correctness of the

determination of material parameters of composite plates used in CAE/FEM thermal-structural
simulations of the battery box structural assembly.

With the support of CAE modelling and FE simulations of physical experiments, realistic

behaviour of polymer composite materials in their response modes to service loads can be
competently estimated.

A partial selection of the above-mentioned project activities was implemented within the

TACR project TM03000010 in the period 2022-2024.

LITE
1.
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Hu S;Wang D; Vecernik J; Kifemendkova D; Militky J: Electromagnetic Interference
(EMI) Shielding and Thermal Management of Sandwich-Structured Carbon Fiber-
Reinforced Composite (CFRC) for Electric Vehicle Battery Casings. Polymers 2024, 16,
2291. https://doi.org/10.3390/polym16162291.

. Hu S;Wang D; Vecernik J; Kfemenakova D; Militky J., Novotna J.: Impact of different
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Utility model number 38059 CZ: A composite material for resistance heating and a
system for resistance heating with at least one heating element based on the composite
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. Utility model number 38072 CZ: A battery, especially a battery for an electric vehicle.
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SAERTEX CONTRIBUTION FOR THE SUSTAINABILITY OF THE COMPOSITE
INDUSTRY

MAREK SCERBA!

Saertex develop in the recent time following products, that are improving the impact of the
production of composite parts on the nature environment, human health, working environment and
parallelly can improve productivity and different production parameters.

KEY WORDS
Composites, flax, sustainability, non-crimp fabrics, resin flow.
INTRODUCTION

We at SAERTEX are one of the world’s leading manufacturers of textile reinforcements
made of carbon, glass, aramid and natural fibers for lightweight construction. Our Non-Crimp
fabrics (NCF) are used in the production of structural components such as rotor blades for wind
turbines, aircraft wings, boat hulls or load-bearing components in buses, trains, automobiles
and more.

SAERTEX specialists work hand-in-hand with the customers to ensure they get the
advanced material that precisely matches their ideas. No matter if they want to drive the energy
transitition, scale-up e-mobility, or boost the weight-performance ratio of their composite
components. And this directly on site at 14 locations on 5 continents.

Beside the standard product range (glass- and carbon non-crimp /multiaxial/ fabrics),
Saertex is developing also reinfocements and other fabrics for different processes for composite
production, that are additionally helping to improve the working environment and also
contribute to the sustainability of the composite parts produced from our materials.

There are 3 articles fulfilling this criteria:
SAERFIX
— sustainable for the environment and your team
— no environmental pollution, no aerosols, no strong odor, no solvent

— the new SAER{ix is classified as not hazardous to water.

! Ing. Marek séerba, SAERTEX GmbH & Co. KG, Brochterbecker Damm 52, 48369 Saerbeck, Germany.
Tel.: +420 724 341 585. Email: m.scerba@saertex.com.

59



mailto:m.scerba@saertex.com

NEW SAERCORE

100 % recycled core material
potentialy recyclable
the next step towards a sustainable product range through

resource-savings

FLAX MULTIAXIALS

increasing pressure from governements such as EU with ambitious plan for CO2
neutrality in 2050

end consumer pressure for products (e.g., marine, ski,transportation) with lower CO2
impact

flax has a lower CO2 impact for cultivation and production than glass

the larger benefit occurs when considering the end life of composite part (complete life
cycle assemement LCA)

recyclable in commination with bio-degradable resins

Other benefits and features
SAERFIX

— 50% time-savings in comparison to spray

Self-adhesive NCFs! Get started right away with reinforcing materials equipped with
SAERfix as there is no time wasted spraying adhesives.

10x longer hold, 2-times longer resistance to osmosis

New adhesive formula for easier draping and up to 10-times longer hold. 2-times longer
resistance to 0Smosis.

Reproducible quality

Uniformly applied adhesive quantities and no influence on the mechanic properties of
the laminate. The fabric is repositionable.

Compatible with all common resin systems

The new SAERfix works with Polyester, Vinylester and Epoxy resins. No double
storage and no risk of confusion.

SAERCORE RC
— IMPROVED EFFICIENCY

e 15 to 50 % faster resin flow and accept filled resinsi

e it provides an optimized resin flow zone, allowing the resin to cross few
meters in a couple of minutes

e ideal when resin injection has to be done particularly quickly!
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— INCREASED PRODUCTIVITY

e casier drapability and lower friction while closing molds

e rapid wet-out and homogeneous impregnation in RTM and RTM Light
processes

e casy to work with and higher operator comfort

— Achieving all these improvements at no additional cost

FLAX MULTIAXIAL FABRICS

Density low 1.5 g/cm? compared to glass 2.54 g/cm?
No sizing on flax roving = compatible with PES, VE and EP

Secured sourcing and supply — cooperation with biggest Flax supplier Terre de
Lin securs volume for STX applications // Constant roving quality // local sourcing //
no water addition for cultivation

Unique SAERTEX solution — good product drapability perfect handling behavior in
complex shapes // No twist roving or perfect impregnation // Standard range of flax NCF
and availability of combination with glass or carbon // Competitive solution

Part finish — natural looking of finished part // Easy resin impregnation without porosity
// Reduced print-through against Glass fabrics

Mechanical properties — multicompatible with standard resins, recyclable epoxy,
acrylique and thermoplastic // Good and reproducible mechanical properties // damping
properties provide more comfort in boats, transport vehicles and ski
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INITIAL RESEARCH ON THE MACHINABILITY OF BIOCOMPOSITE MATERIALS
PRODUCED BY THE SMC METHOD

PRUVODNI VYZKUM OBROBITELNOSTI BIOKOMPOZITNICH MATERIALY
VYROBENYCH METODOU SMC

MARTIN VANA!

Biocomposite products have been increasingly used in a wide range of industries in recent years.
Biocomposite materials, for example with flax or hemp fibers, are characterized by their ability to
dampen sound. This makes them an excellent material for use in interior panels of vehicles. The
SMC method allows for larger quantities of production at reduced costs, which opens the way for
biocomposite materials to be used in, for example, cars or rail vehicles.

Biokompozitni vyrobky v poslednich letech zacinaji byt vice vyuzivané v celé Skale odvetvi
prumyslu. Biokompozitni materialy napriklad s Inenymi nebo konopnymi vidkny se vyznacuji
schopnosti tlumit zvuk. To z nich déla skvely material pro vyuziti na vnitini panely dopravnich
prostiedkii. Metoda SMC umoziiuje vyrobu ve veétsim mnozstvi pri sniZeni ndkladi, to
biokompozitnim materidlim otevird cestu k pouziti napriklad v automobilech nebo kolejovych
vozidlech.

KLICOVA SLOVA
Composites, hemp, milling, tool wear, delamination.

UvVoD

vvvvv

znamg¢jS$im uhlikovym kompozitim. [1] Tyto materialy jsou v posledni dobég Castéji vyuZzivané
v Siroké Skale aplikaci. Jejich pfednosti jsou schopnost tlumit zvuk, a predev§im ekologicky
puvod vldkenného plniva. [2]

Mezi hlavni problémy obrabéni biokompozitnich materidli je vznik delaminace
a opotiebeni néstroju. [3] Obrabéni biokompozitl vyrabénych metodou SMC ma své specifika.
Mezi né patii riznorodost vyztuze zpusobené jeho bio plivodem a dalsi specifikum je
nehomogenni rozprostieni vyztuze a s tim je spojend fluktuace mechanickych vlastnosti napfic
jednim dilem. [4][5]

V ramci vyzkumu byla provedena zakladni reSerSe v oblasti feznych geometrii a jejich
vlivlli na opotiebeni nastroje, delaminaci vrstev kompozitu a drsnosti obrobené plochy. Tyto
poznatky pomohly k pochopeni problematiky frézovani biokomoziti vyrabénych metodou

! Ing. Martin Vaifia, Department of Machining, Assembly and Engineering Metrology, Faculty of Mechanical
Engineering, Technical University of Liberec. Studentska 1402/2, 461 17 Liberec 1, Czech Republic.
Tel.: +420 48535 3393. Email: martin.vana@tul.cz.
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SMC a urcit smér dal§iho vyvoje v oblasti fezné geometrie vhodné pro skupinu zkoumanych
nastroju.
METODIKA MEREN{

Obrabénym materidlem byl biokompozitni material s konopnymi vldkny a matrici ze
smési nenasycené polyesterové pryskyftice a metylmetakrylatové pryskytice. Polotovar mél tvar
desek. Vlastnosti materidlu jsou uvedeny v tab. 1.

Tab. 1 Vlastnosti biokompozitniho materidlu

Metoda vyroby SMC (Sheet Molding Compoud)

75 % mineralni plniva (ATH (Aluminum Trihydrate),
Aluminium Hydroxid)

Matrice 21 % pryskyftice (nenasycena polyesterova pryskyfice a
metylmetakrylatova pryskyfice v utajeném poméru)

4 % aditiva (separator, katalyzator, retardér polymerace a dalsi)

Vyztuz 15 % podil (objemovy) konopnych vlaken
Ohybovy modul 9,50 GPa
Ohybova pevnost 61 MPa

Obrabény material byl upnut ve specidlnim ptipravku uzpilisobenym pro obrabéni
kompozitnich desek. Soucasti ptipravku je 1 hubice pfipojenda k odsdvacimu zafizeni.
Viz Obr.1. To zajiStuje bezpecné odsavani prachu vzniklého pii procesu frézovani.

2

Obr. 1 Upinaci pripravek s odsavanim

Pro ucely experimentu byly pouzity nastroje, jenz pokryvajici SirSi spektrum typa
geometrii 1 povlak tak aby bylo mozné sledovat a vyhodnotit chovani rliznorodych geometrii
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v fezu a posoudit jejich vhodnost pro dalsi vyvoj v oblasti obrabéni sledovaného materialu.

Nastroje jsou popsany v tab. 2.

Tab. 2 Frézovaci nastroje

Oz’nace.m Vyrobce Popis Primér Poce;t P()’wchova Specifikace
nastroje zubu uprava
. Lesténé Vysoce .ostré
Z1 UniCut | F6140.6.V6.81.16.Z1 6 1 9 geometrie bez
celo .
rektifikace
Standartni
Z2 JJ Tools | 2DEM-060-180-S06 6 2 DLC geometrie
s povlakem
Specializovana
geometrie se
74 UniCut F6120.6.V6.57.16 6 4 Ne sttidavou
Sroubovici
biitu

Rezné podminky byly zvoleny dle doporudeni vyrobce a technologickych moznosti
vyzkumného zdzemi. Rezné podminky jsou uvedeny v tab. 3.

Tab. 3 Rezné podminky

Parametr Jednotka Hodnota
Radidlni hloubka fezu mm 1
Posuv mm/ot 0,05
Rezna rychlost m/min 225
EXPERIMENT

Cilem vyzkumu bylo sledovani vlivu rGznych typli geometrie na proces obrabéni
a integritu materidlu. Za ucelem tohoto vyhodnoceni byly sledovany parametry opotiebeni,
drsnosti obrobené plochy a delaminace horni a spodni hrany. Zvolené parametry odpovidaji
pozadavkim primyslu a maji vypovidajici hodnotu pro hodnoceni vhodnosti fezné geometrie.

Hodnoty naméfeného opotiebeni jsou zaneseny v grafu viz. Obr. 2. Opotiebeni bylo
meéfeno na hibetu néstroje, experiment byl vzdy ukoncen po 25 minutach v fezu. Opotiebeni se
projevilo az po 3 minutach v fezu a nasledné nartstalo téméf linearné.
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Obr. 2 Graf opotiebeni v zavislosti na Case

Zaznamenana byla 1 drsnost obrobené plochy. Jeji zavislost na opotiebeni nastroje je
zanesena v grafu viz obr. 3. Z grafu je ziejmé ze opotfebeni ma vliv na drsnost, jejiz hodnota
roste s rostoucim opotiebenim.

26

VB [um]

[y

0,4 0,5 0,6 0,7 0,8 0,9 1 11 1,2 13

Drsnost Ra [um]

Obr. 3 Graf drsnosti v zavislosti na opotfebeni

Velikosti sledované delaminace jak na horni, tak 1 na spodni stran€ jsou zobrazeny
v grafech viz obr. 4 resp. Obr.5. Delaminace jsou zaznamenany v zavislosti na ¢ase v fezu.
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Obr. 5 Graf delaminace spodni hrany
ZAVER

Z vysledki experimentu je ziejmé Ze geometrie fezného nastroje a ptipadné povrchové
upravy maji zéasadni vliv na qroven integrity obrabéného povrchu zkoumaného
biokompozitnich materidlu. Pfedpoklad Ze s rostouci dobou v fezu roste i opotiebeni fezného
btitu bylo potvrzeno. Ze ziskanych dat se da usoudit, Ze pouziti povlaku nema zésadni piinos
na kvalitu integrity plochy. Zatimco typ geometrie ma velmi zésadni vliv na obrobitelnost
materidlu. Z vyslednych grafti je ziejmé Ze pokrocilé a komplexni geometrie jsou vhodné;si
I pfesto ze jejich vyrobni naklady jsou vyssi. Ptikladem je ndstroj ,,Z4“ ktery disponuje
geometrii se stifidavym smyslem Sroubovice na jednotlivych zubech, tento néstroj vykazoval
mensi hodnoty delaminace jak spodni, tak 1 horni hrany oproti ostatnim zkoumanym nastrojim.
Opotiebeni v ptipadé nastroje ,,Z4* také dosahovalo nejnizsich hodnot.
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Ziskané poznatky v oblasti obrobitelnosti biokompozitnich materidli vyrabénych
metodou SMC ukazuji vhodny smér vyvoje v oblasti optimalizace feznych geometrii.
Komplexnéj$i geometrie, které¢ se zdaji byt nejvhodnéj$i volbou jsou sice ekonomicky
trvanlivosti néstroju.
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COMPOSITE BLADE FOR HIGH-FREQUENCY FLUTTER MEASUREMENTS

VACLAV VOMACKO'2, PETR SIDLOF?, MAREK SULC?*, JAN KOLAR®

This work presents the manufacturing and experimental validation of a carbon fiber-reinforced
composite blade for high-frequency flutter testing. The prototype was produced using a multi-step
lamination process and tested under forced oscillations up to 400 Hz with a 0.5 deg rotational
amplitude. Displacement measurements showed good agreement with quasistatic simulations up to
160 Hz. The blade completed testing without any signs of damage, demonstrating its mechanical
robustness for future flutter experiments.

KEYWORDS
Composite, Blade, Flutter, Measurement
INTRODUCTION

In controlled flutter experiments, such as those described in [1], model blades are
subjected to high-frequency oscillations that produce considerable inertial forces alongside
aerodynamic loading from the airflow. The existing test blades (see Fig. 1) are constructed from
steel, which-owing to its high density and corresponding inertia-limits the achievable
oscillation frequencies. This constraint reduces the ability to accurately simulate
turbomachinery operating conditions. The aim of the present study is to replace the steel blades
in the flutter test rig with carbon fiber-reinforced epoxy composite blades that offer lower
specific weight along with high stiffness and strength.

Blade loading was assessed in earlier work [2, 3]. An approach combining experimental
and computational modal analysis, transient structural modeling, and CFD simulations was
employed to characterize the loads. These analyses demonstrated that, at an oscillation
frequency of 200 Hz and an amplitude of 1 degree, inertial moments reached values around
113 Nm - substantially exceeding aerodynamic moments, which were approximately 10 times
lower.
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Fig. 1 Forced flutter test rig and geometry of a blade.

These findings were subsequently applied during the design phase of composite blade
prototype [4, 5]. The resulting composite blade was designed using topology optimization and
assessed through modal and quasistatic simulations, including failure prediction based on the
Puck failure criterion. Compared to the original steel blade, the first torsional eigenfrequency
increased from fi¢steel = 357 Hz to fit,com= 569 Hz, marking a 60 % improvement. Under design
conditions (amplitude 3 deg and frequency 200 Hz), the maximum displacement was reduced
from usgeet = 1.41 mm ucom = 0.47 mm, a reduction of nearly 70 %.

A key advantage of the optimized composite blade lies in the substantial reduction of its
mass moment of inertia, from 630 600 g-mm? for the steel blade to 93 700 g-mm? for composite
one (85 % decrease). This reduction exceeds the 80 % drop in material density (from 7800
kg/m? to 1500 kg/m?). The additional reduction in inertia, beyond what is attributable to density
alone, highlights the impact of mass redistribution in the composite design, which effectively
shifts mass closer to the blade’s axis of rotation. These results confirm the feasibility and
effectiveness of the composite blade concept (Fig. 2) and indicate its potential to expand the

applicable frequency range for flutter testing.
Vs

steel contact sleeve

R
clamping ring

=

/

Fig. 2 Optimized structure of composite blade and its bearing assembly.
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MANUFACTURING COMPOSITE BLADE

The manufacturing process begins with the preparation of a master model made from
epoxy tooling board, which is CNC-machined to match the blade geometry. A mold is then
laminated over this master using XT135 tooling prepreg. The mold includes side walls for
increased stiffness and alignment pins to ensure precise assembly of both halves. The process
is illustrated in Figure 3.

The composite blade is fabricated using a carbon/epoxy prepreg system composed of
ultra-high modulus M40J fibers and BT080 resin, supplied by Deltapreg. The core is Toray
ES72A-2 syntactic foam.

The blade is produced in two sequential lamination steps. First, the outer skins are laid up
using a layup of [-45/45/-45/ 45]s, and cured in the mold. Once cured, the skins are demolded
and trimmed to remove any excess material.

In the second step, local reinforcements with the same layup [-45/45/-45/ 45]; are applied
to both mold halves and the remaining volume is filled with syntactic core. The mold halves
are then aligned, closed, clamped, vacuum bagged, and subjected to the final curing process of
120 °C for 110 minutes. After curing, the blade is removed from the mold and trimmed to its
final shape.

In the final step, the machined steel contact sleeves are bonded to the composite using
epoxy, with the alignment rig ensuring accurate positioning during the process.

Fig. 3 Prototype of a composite blade.
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EXPERIMENTAL TESTING OF COMPOSITE BLADE

The ability of the composite blade to withstand high-frequency oscillations was evaluated
through experimental testing. The blade was mounted in the flutter test rig, as shown in Fig. 4,
and supported by two sliding bearings. Its hexagonal root section was clamped to a connecting
rod and crankshaft assembly using an eccentric mechanism, which was driven by an electric
motor. The blade was subjected to forced oscillations, starting at 20 Hz and increasing in 20 Hz

increments up to 400 Hz. The rotational amplitude was set to the maximum available value of
0.5 degrees.

;’ 7T\ Fa A%

e ——

Fig. 4 Blade mounted in testing rig and test rig drive mechanism.

The blade displacements were measured at two points on the leading edge: using an ILD
sensor positioned at the center of the aerodynamic section of the blade, and a vibrometer located
at the left side of the blade. This figure 5 shows the comparison between simulated and
experimental deformation responses across a frequency range of 0—400 Hz, using these two
measurement techniques. In both cases, simulation results align closely with experimental data
at lower frequencies, while deviations appear at higher frequencies-particularly beyond 160 Hz-
where experimental measurements show sharper increases, likely due to resonant behavior not
captured by the quasistatic simulation model. Interestingly, the displacements obtained from
both simulation and experiment match closely at 340 Hz, suggesting a temporary suppression
of the resonance phenomenon.. The near-identical deformation trends recorded by both sensors
indicate that the elastic deformation of the aerodynamic section of the blade is relatively minor,
and that the major contribution to overall displacement originates from the driving shaft.
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Fig. 5 Comparison of simulated and experimental displacements using ILD and vibrometer
Sensors.
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CONCLUSION

A composite blade for flutter testing was designed and numerically analysed as
a substitute for existing steel blades, with the goal of extending the usable frequency range for
oscillation measurements. The simulations indicated promising performance, supporting the
feasibility of the composite blade concept. Based on these findings, a prototype was
manufactured and experimentally tested.

The blade was mounted in the experimental setup and subjected to forced oscillations,
with maximal available rotational amplitude of 0.5 degree and frequency incrementally
increased in 20 Hz steps up to 400 Hz.

Comparison between quasistatic simulation and experimental displacement data showed
good agreement up to approximately 160 Hz. At higher frequencies, noticeable deviations were
observed, likely due to dynamic effects not captured by the quasistatic simulation model.
Importantly, the blade withstood the entire test range without any signs of damage or failure,
demonstrating its mechanical robustness for future high-frequency flutter testing.
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MODAL ANALYSIS OF FUNCTIONALLY ORIENTED FABRIC LAMINATE WITH
10 MM WIDE CARBON STRIPS AND A 30 MM CIRCULAR NOTCH

RADEK ZBONCAK!

Functionally oriented fabric (FOF) is a technical woven textile featuring irregularly but not
randomly integrated functional material strips in both warp and weft directions, designed to locally
improve the mechanical properties of laminates. Low-cost material such as glass fiber is combined
with high mechanical properties material such as carbon fiber. This work analyses the effect of FOF
laminate layup on natural frequencies of the laminate with a notch using finite element method and
experimental evaluation. The layups of analyzed laminate panels are [0/45]s and [0/30/60]s. The
width of the strips is 10 mm, the span of the strips is 30 mm and there is a 30 mm circular notch in
the center of the panel right among the strips. The FEA is focused on a comparison of pure glass
laminate and FOF laminate with the same plies’ orientation. The results show approximately 20%
increase of FOF laminate natural frequencies for [0/45]s layup and about 6 % increase in twisting
modes and 13 % increase of natural frequencies in bending modes for [0/30/60]s layup. The
experiments focus on verifying the actual values of frequencies and subsequent comparison with
numerical values determined by simulation. Experimental results show 3-6 % deviation for [0/45]s
layup and 10-16 % deviation for [0/30/60]s layup. These enhancements help to prevent resonance
in standard operating frequencies of mechanisms and machines, thus extending their operational
lifespan. Additionally, the strategic placement of functional material strips around structural
openings provides increased stiffness without the need for extra layers, effectively reducing the
laminate's overall mass. This study highlights the potential of FOF to improve the dynamic
performance and lifespan of laminated composite structures used in various engineering
applications.

KEYWORDS

Functionally oriented fabrics, Composite material, Experimental modal analysis, Natural
frequency, FEA

INTRODUCTION

The term 'hybrid composites' is used to describe composites containing more than one
type of fiber material. A hybrid fabric structure is defined as a fabric containing various types
of fibers in the in-plane and the out-of-plane directions. Hybrid structural fabrics provide a wide
range of materials to select from, as well as improved and tailored properties such as low density
and high mechanical and impact resistance. Hybridization offers a great chance for the
development of cost-effective materials by replacing the expensive with less expensive ones.
[1,2]

! Ing. Radek Zbon&ak, Department of Virtual and Applied Mechanics, VUTS, a. s., Svarovska 619, 460 01
Liberec, Czech Republic. Tel.: +420 485 302 226. Email: radek.zboncak@vuts.cz.
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Regular alternation of materials in the hybrid fabric leads to homogenization of the
properties of the laminate layer. In contrast, the functionally oriented fabric structure (FOFS)
has irregularly distributed fibers of functional material in the warp and weft (Fig. 1). The base
material (BM) predominates in the fabric. Such material is usually cheaper and has worse
mechanical properties than the functional one. Functional material (FM) has a minority in the
fabric and has better mechanical properties and therefore it is in principle more expensive than
the base material. The advantage of functionally oriented fabric (FOF) is the efficient use of
expensive material with high mechanical performance quality.

Fig. 1 Functionally oriented fabric.

The manufacturing process used for FOF production is weaving. Weaving setting is
shown in Fig. 2. Weaving machine on the left and array with bobbins on the right. Fabrics have
various handling and mechanical characteristics such as openness, drape, and strength. These
characteristics are not just dependent on the fiber’s properties but on the way in which the fibers
are formed into the cloth.

Fig. 2 Weaving process setting.

The production of a functionally oriented structure (FOS) allows lamination without
cutting the continuous fibers in the layer and so having better mechanical properties at the same
time. FOF is intended for use in the layup to locally improve mechanical properties to increase
strength or stiffness in required area. The suitable applications are laminates with holes for
fasteners, or with openings such as windows or mounting openings providing access to machine
parts under the laminate part. Another application is a large format laminate in which the strip
of functional material weaved in the fabric acts like a ‘shell rib’. Generally, the use of FOF with
a specific pattern is suitable for large scale production.

SUBJECT AND METHODS

Vibration performance is enhanced by stiffness properties, which is a product of the fiber
and ply orientation. The good damping characteristics are attributed to the polymeric matrix.
Frequency response in case of rectangular plate, where thickness is much smaller than in-plane
dimensions, is an out-of-plane behavior dependent on three factors: plate aspect ratio, density
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given by fiber volume ratio and plate flexural stiffness given by fiber orientation. [3] Key
factors are flexural rigidity and position of the contributing plies.

The damping of composite structures is more complex in analysis but is fundamentally
a function of the matrix (resin), fiber-volume ratio, and ply orientation. The damping
characteristic of materials is typically given as a loss factor, which is a function of the applied
frequency. The loss factor is a ratio of the loss modulus to the storage modulus, both functions
of frequency. The storage and loss moduli are derived from the relationship between the
individual fiber and resin moduli, and the fiber-volume ratio.

The loss factor of a unidirectional ply is typically dominated by the stiff fiber, but for
matrix-dominated directions (45-90°) the loss factor increases significantly and is dominated
by the viscoelastic matrix material. Therefore, when attempting to design a highly damped
structure, a good proportion of +45° plies is important. [3]

The first method used to analyze dynamic properties of FOS is a finite element method
(FEM or FEA). Using ply-based modeling, 3D mesh for every layer is extruded from 2D mesh
(CQUAD4 elements). The woven fabric lamina is defined by software as three layers of
unidirectional fibers (UD). Two outer layers of UD (warp) and one intermediate layer of UD
rotated by 90° (weft). Solution type SOL 103 and Lanczos method is used in structural analysis
in SW Siemens NX. RoM model is used for predicting laminate material data. [4] The
dimensions of the laminate are 200x100 mm and the thickness is given by the layup.

N
LN

Fig. 3 CAD and FE models.

Experimental modal analysis was performed on plates freely suspended on an elastic
suspension. The system was replaced by a measurement model with 25 measurement points.
The reference acceleration sensor was fixed with wax. Natural oscillations were induced using
an impact hammer in the direction normal to the plate surface. Five impacts (measurements)
were performed repeatedly at each location, from which the average transfer function was
calculated. The modal parameters of the system were determined by regression calculation.

Fig. 4 Experiment setting.
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RESULTS

There are two sets of results — numerical and experimental. The numerical ones include
glass only laminates and FOF laminates, both with [0/45]s and [0/30/60]s layup and with notch
in the center of the plate. Experimental results are for both layups of FOF laminates with central
notch. Mode shapes of FOF laminate panels are graphically shown in Fig. 5. Experimentally
determined shapes correspond to numerical ones. The first and third modes show twisting.
Second and fourth (not in the figure) modes show bending.

000 000
] (o]

Fig. 5 Shapes of first three modes by numerical model (left — [0/45]s and middle — [0/30/60]s)
and by experiment (right).

Tab. 1 Natural frequencies for [0/45]s layup.

Method Numerical Experimental
Material Glass FOF A1 FOF A2
Modes [Hz] [Hz] [%] [Hz] [%]
1st 62.0 78.5 21 76.4 -3
2nd 74.3 95.9 23 99.7 4
3rd 152.1 194.6 22 189.7 -3
4th 214.4 261.9 18 273.6 4
5th 290.0 334.4 13 3243 -3
6th 301.9 358.7 16 380.9 6

Absolute values of natural frequencies are summarized in two tables Table 1 and Table 2.
Al is the deviation of natural frequencies for glass only and FOF laminates. A2 is the deviation
of numerical and experimental values of natural frequencies for FOF laminates. Table 1
contains [0/45]s layup results and Table 2 contains [0/30/60]s layup results.
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Tab. 2 Natural frequencies for [0/30/60]s layup.

Method Numerical Experimental
Material Glass FOF Al FOF A2
Modes [Hz] [Hz] [70] [Hz] [70]
Ist 100.7 106.8 6 125.3 15
2nd 108.5 128.4 15 142.8 10
3rd 241.1 255.6 6 299.3 15
4th 312.9 354.5 12 395.1 10
5th 442.9 472.5 6 - -
6th 4447 483.4 8 - -

DISCUSSION

Lamination with FOF reduces the number of layers which leads to mass reduction.
Laminate made of FOF can be symmetrical, has uniform thickness and can be made in a closed
mold to get A-surface on both sides of the part.

The shapes of first and third mode show twisting. Second and fourth mode show bending
deformation. The shapes of modes for glass only laminates and for FOF laminates have the
same character. The values of natural frequencies are summarized in Table 1. Natural
frequencies of the first four modes of [0/45]s layup increase about 18-23 % against glass only
laminate values. In case of [0/30/60]s layup FOF, the more significant increase about 12-15 %
is noted for bending modes, while the increase about 6 % is noted for twisting modes. When
comparing numerical and experimental results, better match of results from -3 % to 4 % is
shown by [0/45]s layup while higher deviation from 10 % to 15 % is in case of [0/30/60]s layup.

The spotted difference is in non-symmetrical deformation of [0/30/60]s layup even
though the layup is symmetrical and balanced. The cause is angled ply position within the
laminate panel. The shapes determined numerically and experimentally perform in the same
way, however corners of rectangular plate has different displacement. That must be taken into
account during the laminate design. Mode shapes would be regular with the non-symetrical
[0/30/-30/30/-30/0] layup.

CONCLUSIONS

The benefit of FOF is effectively distributed material properties in the specific areas
where the best material performance is needed. FOF allows to reduce the number of layers in
layup as there is no need to puzzle cuts of different materials. That can help to reduce waste in
mass production.

The carbon fiber placement in warp and weft direction, strip width and span of strips can
be modified during weaving process of FOF according to the application requirements. FOF
structure helps to increase natural frequency of laminate, which prevents standard operating
frequency mechanisms and machines to reach the resonance.

The functional material strips within the structure and especially around a structural
opening (hole or notch) helps to stiffen the laminate and the opening edge respectively.
Speaking about resonance and stiffening the opening edge, the FOF has potential to prevent the
resonance of mechanical joints, which can extend the joints’ lifespan.
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After weaving functionally oriented fabrics, laminating of test panels with selected layups
and after theoretical and experimental determination of their basic dynamic properties, which
has shown the FOF potential benefits, the next step is detailed focus on the stress distribution
in notch area and joint’s performance. Both theoretically (numerically) and practically
(experimentally) on selected applications will be solved.
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Prispevek se zabyva vyvojem vakuové infuzni technologie pro termoplastové kompozity
s polymetylmetakrylatovou (PMMA) matrici a kontinualni vyztuzi, optimalizaci vyrobniho procesu
a hodnocenim materidalovych viastnosti. V ramci experimentu byly zkouSeny riizné povrchové uipravy
forem, modifikovany technologicke parametry infuze a analyzovan vliv vybéru testovanych oblasti
kompozitu na vysledky zkousek. Byly stanoveny odchylky v méreni tloustky, teploty skelného
prechodu a smykoveé pevnosti mezi dvéema polovinami kompozitnich panelii. Podarilo se dosdahnout
kvalitni impregnace sklenéné tkaniny a ovérit proveditelnost vyroby tvarové slozitych funkcnich
demonstratorii. Vysledky potvrzuji potencial PMMA kompozitit pro aplikace v leteckém priimyslu.

KLiCOVA SLOVA
Termoplastové kompozity, kontinualni vldkna, polymetylmetakrylat, vakuova infuze.
UvoD

Kompozity s kontinudlni vyztuzi a termoplastickou matrici jsou stale Cast&ji pfedmétem
vyzkumu diky svému vynikajicimu poméru pevnosti a hmotnosti ve srovnani s kovovymi
slitinami, stejné jako snadnéjSimu skladovani, nizsi zdravotni zavadnosti, schopnosti svafovani
arecyklace oproti tradi€né pouZivanymi termosetovymi kompozity. Hlavnim cilem souc¢asného
vyzkumu je vyuziti vyhod mechanickych vlastnosti a ekologickych aspektli pro
velkorozmérové struktury pii zachovani nizkych vyrobnich nékladi. Proces vakuové infuze
umoziuje ndkladové efektivni vyrobu velkych a geometricky slozitych komponent, a tedy
spliuje vSechny pozadavky. [1]
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Vakuova infuze pryskyfice pod flexibilni membranou (VARI — Vacuum-Assisted Resin
Infusion) je metoda, kterd se pouziva jak pro malé, tak i velké slozit¢ struktury. Vhodny
monomer smichany s inicidtorem je pfevadén pomoci vakua skrze rovinu do vyztuze uzaviené
mezi spodni formou a horni pruznou f6lii, tzv. plachetkou. Jelikoz tedy neni potieba horni
formy, pouze technologickych vrstev, pfi¢emz je mozné pracovat pti pokojové teploté, je tato
vyrobni technologie méné¢ nakladnd nez jiné. Po dokonceni infuze pryskyfice je kompozit
vytvrzen pii pokojové nebo zvysené teploté v zavislosti na pouzité polymerni matrici.
Na zaklad¢ vybranych klicovych materidlovych parametri, jako je viskozita, absorpce vlhkosti,
procesni teplota, pracovni okno, provozni teplota, mechanické vlastnosti, dostupnost a cena,
se pro tuto studii zvolily akrylatové polymery. Tyto polymery obsahujici akrylovou kyselinu
jsou amorfni linedrni termoplasty, které 1ze zpracovavat radikalni polymeraci jiz pti pokojové
teploté s viskozitou od 0,1 Pa-s. [2]

Tento ¢lanek se zaméfuje na vyvoj vakuové infuzni technologie pro termoplastové
kompozity se sklenénou tkaninou a PMMA matrici. Cilem studie je optimalizace vyrobniho
procesu, hodnoceni materidlovych vlastnosti a analyza vlivu technologickych parametrii
na vyslednou kvalitu kompozitu. Diraz je kladen na dosazeni dobré impregnace vyztuze
a ovéteni moznosti vyroby slozitych tvarovych struktur pro pokrocilé aplikace v letectvi.

OPTIMALIZACE TECHNOLOGIE VYROBY

Pro zajisténi opakovatelnosti vysledkli zkousek je nezbytnd optimalizace vyrobniho
procesu, coz vyzaduje vyrobu vétSsiho poctu kompozitnich vzorkl. Vyrobilo se celkem 11 ks
kompozitnich desek, pticemz kazda byla slozen z 8 vrstev sklenéné tkaniny (US Style 7781,
Interglas 92626, 296 g/m?2, atlas) orientované 0/90. Impregnace byla provedena u vSech
kompozitl pii pokojové teploté. Podminky vytvrzovani sestavaly ze dvou kroki, prvni pii
pokojové teploté po dobu 24 hodin, druhy pifi 80 °C po dobu 2 hodin, aby se zajistily
deklarované vlastnosti pouzit¢ PMMA matrice s komerénim nazvem ELIUM®188 XO ziskané
od spolecnosti Arkema.

Viskozita pryskyfice je jednim z kliCovych faktor pii vyrobé kompozitii, protoze jeji
hodnota ovliviluje proces polymerace a ndslednou impregnaci vyztuZze. Pro méteni viskozity
metylmetakrylatové pryskytice byl pouzit rotacni viskozimetr HAAKE Viscotester 7R plus.
Experiment ukazal, ze pocatecni hodnota viskozity pryskyfice je cca 150 mPa-s a za¢ne nartstat
pfiblizn€¢ po 60 minutach od smichani pryskyfice s inicidtorem, coz je doprovazeno
1 zvySovanim teploty. Po 2 hodinach dosahuje teplota 100 °C a je nutna zvysSena kontrola pro
prevenci exotermickych reakci. Kromé toho bylo zji§téno, ze je Zddouci nechat pryskyfici odstat
pfiblizné 25 minut pied samotnou infuzi pro zajiSténi pozadované homogenity pryskyfice
a soucasn¢ dostatecné Sirokého procesniho okna pro impregnaci vyztuze vétSich rozméra.

Pti vyrobé prvnich kust byly souc¢asné odzkouseny rtizné upravy povrchu forem, které
by mohly byt vhodné pro budouci pouziti. Kompozity laminované na Sedy akrylatovy plnic¢
mély problém s vyjmutim z formy, zatimco vzorky laminované na jiné povrchy, jako polyester,
polyuretan, dural nebo lepici paska na epoxidovém povrchu, se vyjimaly bez problémi.
U kompozitu laminovaného na akrylatovém povrchu se pryskyfice ptilepila k formé&, prestoze
se forma pied laminaci standardné separovala vhodnym piipravkem. Jeho vyjmuti bylo pak
mozné pouze strzenim i1 s akrylatovym povrchem formy. Tento problém vznikl v dasledku
reakce mezi akrylatovymi funkénimi skupinami plnice a pryskyftice stejného zakladu, coz vedlo
k vytvoteni pevného spoje.

V ramci optimalizace vyrobni technologie byla provedena uprava vakua s cilem
minimalizovat vyskyt suchych mist ve vyztuzi. Standardni nastaveni -0,9 bar je vyhovujici pro
pryskyftice s vyssi viskozitou, jako jsou naptiklad epoxidy, kde silnéj$i vakuum pomaha Iépe
vytlacit vzduchové bubliny a zajistit rovnomérnou impregnaci. U pryskyfic s niz$i viskozitou,
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jako je metylmetakrylat, vSak tento tlak vedl naopak k nedostate¢né impregnaci tkaniny
a vzniku suchych mist. Proto byl tlak zvySen na -0,6 bar, ¢imz se impregnace zefektivnila.

Béhem vyroby nékterych kompozitnich desek pryskytice nedotekla do celé délky textilni
vyztuze. Tento problém si vyzadal upravy v technologické skladbé, konkrétné zménu délky
rozvadéci tkaniny a Gpravu délky tzv. brzdy u vystupu pryskyftice. Provedené zkraceni brzdy
a prodlouzeni rozvadéci tkaniny piispélo k rovnomérnéjSimu rozdéleni pryskyfice a lepsi
impregnaci celé délky sklenéné tkaniny. Na obrazku 1 je vidét technologicka skladba i vysledny
kompozitni laminat.

Obr. 1 Optimalizovana technologick4 skladba a vysledny kompozit.

VYSLEDKY ZKOUSEK A JEJICH ANALYZA
Teplota skelného prechodu

Pomoci ptistroje DMA Q800 od vyrobce TA Instruments byla stanovena teplota skelného
ptechodu T, tj. prechodova teplota, pii které¢ amorfni kopolymer PMMA piechézi ze sklovitého
do kauc€ukovitého stavu. T se zjistuje za dynamickych podminek z amplitud a fazového posunu
oscilujiciho napéti a deformace pomoci tftibodového ohybu na pfistroji. Pro vyhodnoceni byl
pouzit elasticky modul pruznosti E’, jehoz vysledna hodnota je teplota, pti které material za¢ina
ztracet svoji pevnost a neni schopen odolat zatizeni, aniz by se neprojevila jeho deformace.

Z prvni 1 druhé poloviny kompozitniho laminatu byly vyfiznuty tii vzorky pro méteni,
celkem tedy Sest vzorktll na jednu kompozitni desku. Priimér téchto Sesti namétenych hodnot je
zanesen do sloupcového grafu na obrazku 2A), aby se porovnaly hodnoty 7, jednotlivych
vzorkd. Pomoci tohoto grafu lze vycist, ze se hodnoty 7T, ziskané pomoci DMA pohybovaly
v rozmezi od 93,77 °C do 96,79 °C a ze primérnd naméiena hodnota Ty je 95,5 °C. Kompozitni
vzorky byly vytvrzované za stejnych podminek, tj. 24 hodin pfi pokojové teploté a nasledné
2 hodiny pfti 80 °C. Je tedy vhodné s rozpétim 3,02 °C pocitat a nefixovat se pii stanoveni Ty
vyrabéného kompozitu na nejvyssi moznou hodnotu.
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Na grafickém znazornéni 2B) rozdilu hodnot 7 ziskanych z prvni a druhé poloviny
kompozitni desky je vidét, ze rozdil byl maximaln¢ 2,10 °C. Tuto hodnotu lze brat jako
odchylku méfeni DMA, protoze ptrechodova teplota by méla byt u vzorku jednotna,
tzn. polymerace a vytvrzeni probihd totozné po celé plose kompozitu. Rozdily hodnot jsou
zanedbatelné¢ v pfipadé vSech analyzovanych vzorkii a je tedy nepodstatné, zjaké casti
kompozitni desky se vzorky pro DMA méfeni odeberou.

Tloust’ka laminatu

Bylo provedeno méfeni tloustky na tiech mistech kazdé z polovin kompozitu o stejném
poctu vrstev sklenéné tkaniny a nésledné posouzeni primérné tloustky jednotlivych laminatt
vzhledem k ostatnim, viz obrazek 2C). Na grafu je vidét, ze rozdil primérné tloustky vzorka
¢. 6a8je 0,32 mm. Jedna se o pomérné velké rozpéti vzhledem k tomu, ze skladba byla totozna.
Ocekavalo se tedy, ze jednotlivé hodnoty se budou pohybovat blizko primémé hodnoty
1,81 mm, a ne takto kolisat. Od vzorku €. 8 bylo jiz odladéné i vakuum na -0,6 bar, avSak
hodnoty tlousték se presto nestabilizovaly. Rovnéz rozdil hodnot mezi vzorky ¢. 10 a 11,
u nichz byl uz proces kompletn¢ optimalizovan, €inil 0,21 mm. Pro nalezeni pficiny takovych
odchylek je nutné i nadale sledovat tuto hodnotu dalSich experimentti a dodrzovat technologické
parametry procesu. Do nalezeni vhodného feSeni je nutné s odchylkou cca 0,21 mm pocitat.

Vyhodnocenim rozdilu hodnot tlousték z prvni a druhé poloviny desky, zobrazeného na
obrazku 2D), lze fict, ze tloustka v prvni polovin¢ kompozitni desky byla vzdy stejnad nebo
vetsi nez v druhé poloviné desky vzdalenéjsi od mista zacatku infuze pryskyftice. Tyto vysledky
naplnily o¢ekavani a od vzorku €. 8, kdy se upravilo vakuum, miizeme pozorovat klesajici trend
soubézné s nastavenim vhodné dlouhé brzdy, rozvadéci tkaniny a doby odstati pryskyfice.
Vzorky €. 10 a 11 uZ vykazuji velmi zanedbatelnou odchylku 0,04 mm.

Smykova pevnost v roviné

Zkouska smykové pevnosti v roviné (IPS — In-Plane Shear) byla provedena dle
ASTM D3518M-18 a pro kazdou polovinu desky byly odzkouSeny tfi vzorky. Tato zkuSebni
metoda uruje smykovou odezvu v roviné u kompozitnich materialit s polymerni matrici
vyztuzenych vldkny s vysokym modulem. K méfeni deformace vzorkl byl pouZit biaxialni
extenzometr Instron 3560-BIA-025M-010-LHT.

V sloupcovém grafu na obrazku 2E) je vidét, ze rozdil nejmensi a nejvetsi namefené
hodnoty smykové pevnosti v roviné (vzorky ¢. 1 a 7) je 7,62 MPa z diivodu nizké pevnosti
vzorku €. 1, kdy jesté nebyla dostatecné optimalizovana infuzni technologie. Ostatni hodnoty
IPS se pohybuji blizko primérné hodnoty 24.79 MPa a rozdily jsou zanedbatelné zejména pfi
porovnani s hodnotou vzorku €. 8, kde dosSlo k upravé vakua. Lze vidét rozdil maximalné
1,62 MPa a narast primérné hodnoty na 25,15 MPa.

Z grafického znazornéni na obrazku 2F) plyne, Ze rozdil mezi hodnotami IPS vzorkl
vyfiznutych z prvni a druhé poloviny desky miize byt az 2,45 MPa, u optimalizovaného procesu
2,08 MPa. Tuto odchylku je vhodné mit na paméti pfi vyhodnocovani vysledkti zkousek IPS.
Lze fict, Ze nezélezi na misté¢ odbéru vzorku z kompozitni desky, nebot’ odchylka se miize
v prvni 1 druhé poloviné desky pohybovat jak v kladném, tak zaporném smeéru.
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Obr. 2 A) Primérné hodnoty 7, prvni a druhé poloviny desky ziskané pomoci DMA;

B) Rozdil mezi T, prvni a druhé poloviny desky ziskané pomoci DMA; C) Primérné hodnoty
tlousték z prvni a druhé poloviny desky; D) Rozdil mezi tloustkami prvni a druhé poloviny
desky; E) Primérné hodnoty IPS prvni a druhé poloviny desky; F) Rozdil mezi hodnotami

IPS prvni a druhé poloviny desky.

VYROBA SEKCE OMEGA PROFILU

V ramci ovétfeni proveditelnosti vyroby slozitéjSich kompozitnich konstrukei byly
vyrobeny dva omega profily o rozmérech ptfiblizné 880%150 mm urcené pro bezpilotni letoun
(UAV — Unmaned Aerial Vehicle). Jeden profil byl vyroben monolitni, druhy s PMI pénovymi
jadry ROHACELL 71 HF 4 mm, pficemZ potahy se skladaly celkem z 8 vrstev sklenéné
tkaniny (US Style 7781, Interglas 92626, 296 g/m2) orientovanych 0/90. Omega dily byly
zabaleny, napustény a vytvrzeny za stejnych podminek jako monolitni a sendvicové panely.
Vysledkem byly funkéni demonstratory s drobnymi vadami, viz obrazek 3.
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Obr. 3 Vyroba monolitniho omega profilu a profilu s PMI pénovymi vlozkami.

ZAVER

Optimalizace infuzni technologie pro kompozitni materidly s PMMA matrici se ukazala
jako zéasadni pro zajisténi opakovatelnosti vysledki zkousSek a kvality findlnich kompozitnich
dild. Dosazené vysledky potvrzuji, Ze klicovymi faktory jsou kontrola viskozity a homogenity
metylmetakrylatové pryskyfice a uprava technologickych parametri, zejména vakua
a technologické skladby. Bylo otestovano nékolik povrchovych uprav forem, pficemz u vétsiny
bylo mozné kompozit po laminaci odd¢lit od formy bez jejiho poskozeni s vyjimkou
akrylatového plnice, ktery zreagoval vlivem pfitomnych akrylatovych funkénich skupin
s matrici stejného zakladu a vytvofil tak pevny spoj mezi povrchem formy a kompozitem.

Pomoci analyzy vysledki zkouSek a méfeni se stanovily odchylky teploty skelného
prechodu, tloustky a smykové pevnosti v roviné mezi jednotlivymi kompozitnimi deskami,
které je vhodné zohlednit i pfi vyhodnocovéani dalSich experimentd. Diky testovani obou
polovin kazdé kompozitni desky zvlast bylo mozné zjistit rozdil mezi materidlovymi
vlastnostmi v zavislosti na poloze méteni. Samotny vybér mista odbéru vzorku z kompozitni
desky vSak nemél na vysledky vliv, protoze odchylky se pohybuji ndhodné v kladném
1 zadporném smeéru, byly tak stanoveny pouze ndhodné odchylky materidlovych vlastnosti.
Vyjimkou je tloustka kompozitu, jejiz jasny sestupny trend se diky optimalizaci procesu
podafilo stabilizovat na zanedbatelnou troveri.

Vysledkem vyroby sekce omega profilu a radomu pro UAV byly funkéni demonstratory
s drobnymi vadami. Je tedy mozné vyrobit itvarové slozité termoplastové kompozitni
konstrukce s PMMA matrici pro aplikace v letectvi.
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Natural fibre composites have gained considerable popularity in the past few years. This rise is
due not only to the drive for sustainable production and the reduction of CO: emissions but also to
their favourable mechanical and environmental properties. In this paper we discuss their potential
applications, the limitations arising from their intrinsic characteristics, and the manufacturing
aspects that differ from those of traditional composites. These aspects include impregnation, curing,
post-processing, environmental response and machinability, all of which determine the final field of
application.

Kompozity z prirodnich vidken si v poslednich letech ziskaly znacnou oblibu. Diivodem je nejen
snaha o udrzitelnou vyrobu, snizovani emisi CO; a dalsich dopadii vyroby, ale také nekteré jejich
viastnosti. V nasledujicim textu se budeme zabyvat jejich moznym vyuzitim v riiznych aplikacich,
omezenimi, kterd vyplyvaji z jejich viastnosti, a dalsimi aspekty vyroby, které se lisi od tradicnich
kompozitii. Mezi né patii proces impregnace, vytvrzovani, nasledné zpracovani, reakce na zivotni
prostiedi a obrobitelnost téchto materiali. Tyto viastnosti urcuji jejich konecné pouziti ve vyrobcich.

KEYWORDS
Composites, Flax, Moisture, Manufacturing
INTRODUCTION

Composite materials are ubiquitous both in nature—wood is a classic lignin—cellulose
biocomposite—and in engineered structures ranging from reinforced concrete to carbon-fibre
aircraft skins. Their market share continues to grow because the architecture of two or more
constituents yields exceptional specific stiffness, strength and tailored multifunctionality. In the
last decade, however, the sustainability imperative has shifted attention from energy-intensive
glass and carbon fibres towards renewable bast fibres such as flax, hemp and kenaf. Legislative
drivers (e.g. the EU Horizon ‘High-performance, circular-by-design, biobased composites’ call)
and corporate net-zero targets have accelerated research investment and early industrial
adoption [1]. Flax (Linum usitatissimum L.) fibres offer one of the highest cellulose contents
among natural fibres, conferring tensile moduli up to 60 GPa at densities of only 1.5 gcm™. In
automotive interior panels this translates into mass reductions of 15-25 % compared with
glass-fibre counterparts while meeting safety specifications [2]. Premium OEMs including
Volvo, Mercedes-Benz and Skoda have already released series components, and motorsport
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regulations now mandate a minimum flax content in bodywork for Formula E and FIA WRC
programmes [3]. From a performance standpoint, state-of-the-art unidirectional flax/epoxy
laminates deliver specific moduli on par with E-glass/epoxy; nanocellulose-modified systems
report further ~20 % gains and improved damage tolerance [4]. Nonetheless, the hydrophilic
nature of flax results in moisture uptake, fibre swelling and interfacial debonding that can
degrade flexural strength by 10-30 % after prolonged hygrothermal ageing [5]. Optimised
surface treatments, sizing agents and hybridisation with basalt or carbon plies are therefore
active research themes [6]. Environmental assessments consistently demonstrate cradle-to-gate
CO: savings of 40-75 % relative to glass-fibre composites; a recent ISO 14044-conformant
LCA quantified a global warming potential of 2.4 kg CO.-eq kg™ for flax/PLA sheet moulding
compound versus 8.9 kg COz-eq kg™ for glass/polypropylene [7]. Moreover, end-of-life
options such as organic recycling (composting, anaerobic digestion) or thermal valorisation
with low ash content enhance circularity compared with incumbent inorganic fibres.

APPLICATIONS -MECHANICAL PROPERTIES

Flax reinforced laminates have progressed from laboratory curiosities to commercialised
solutions wherever a combination of light weighting, vibration damping, low embodied carbon
and warm natural aesthetics is valued. Automotive & Transport, Interiors - Door substrates in
the Volvo EX30 and Mercedes Benz A Class replace E glass/PP with ampliTex® flax/PP skins,
cutting mass by 18 % and CO: by 40 % without tooling changes [5]. Adekomaya reports 20 %
weight saving for sisal/linen door panels while meeting FMVSS side impact criteria [5].
Motorsport - Porsche’s 718 Cayman GT4 Clubsport MR employs flax powerRibs® door shells
and rear wing =10 kg lighter than the original CFRP kit and homologated by the FIA [6], see
fig.1. Formula E technical regulations mandate >10 % natural composite content by 2025 [3].
Mass transit. Natural fibre SMC side panels entered serial production for electric buses in 2024,
leveraging lower crash-debris toxicity. Marine & Sport The 20.7 m Baltic 68 Café Racer
integrates >50 % flax reinforcement in its hull and deck, achieving a 12 % structural mass
saving and measurable noise damping gains [10]. Northern Light Composites’ 35 kg flax
dinghy (EcoOptimist) demonstrates recyclability and youth class durability [11]. In sporting
goods, Bcomp ampliTex® skis, bicycle rims and surfboards deliver 8—15 % lighter structures
and superior vibration control compared with wood or GFRP cores. Buildings & Furniture:
Flax/hemp sandwich skins exhibit acoustic transmission loss improvements of 5—7 dB versus
MDF while providing a bio based aesthetic valued in “New European Bauhaus” pilot facades
Thermal insulation panels incorporating flax shiv achieve A =0.045 Wm™ K™ and an Al fire
rating after phosphate treatment [8].

Experimental data from Zouhar et. all [13] are summarised in Table 1. below.
Unidirectional flax (I F UD) delivers a specific tensile strength of 0.21 MPa kg™ m? comparable
to biaxial glass (0.19 MPa kg m?)—and a flexural modulus of 8.96 GPa. Hybrid C/F twill (I
CF04) attains 34.6 GPa flexural modulus and 464 MPa strength, positioning it for semi
structural body panels. One of the main facts is that even modern fibers and their composites
do not yet achieve the properties of glass materials, and therefore to replace them it is necessary
to change the lay-up of the composite. However, the advantage is the lower density of flax
materials and possible weight savings.
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Fig. 1 Applied flax fibre composite — Porsche

Tab. 1 Table of measured mechanical properties laminate (0/90/£45)s.

Laminate ou [MPa] | E; [GPa] ou,fiex [MPa] | Eb, niex [GPa] | p [g cm™3)
CFRP (Twill) 511 18.2 760 46.1 1.39
CFRP+F (Twill) 368 12.2 464 34.6 1.29
GFRP (Twill) 339 7.8 183 12.3 1.76
FFRP(UD) 259 6.1 258 9.0 1.22
FFRP (Twill) 94 2.9 115 4.6 1.21

MOISTURE SENSITIVITY

Flax fibres are intrinsically hygroscopic because their cellulose microfibrils contain polar
—OH groups and porosity (lumen). Moisture affects composites through plasticisation of the
matrix, fibre swelling and interfacial debonding [13]. Moisture Uptake Kinetics, our ISO 22836
exposure at 70 °C/95 % RH produced D= 1.1 x 107 m? s! for infused flax laminates. At 23 °C,
saturation occurs after ~28 days at 85 % RH, yielding 3—4 % mass gain Immediate Mechanical
Effects, literature consensus places stiffness reductions for UD flax/epoxy between 15 %
(conservative design) and 40 % (worst case) when equilibrated at 85 % RH [15]. Strength is
largely retained and failure strain increases by 20—60 %, enhancing toughness. Our own data
showed a 17 % drop in flexural strength at 95 % RH; prepreg panels limited loss to 7 % due to
lower porosity. Long Term Hygro Fatigue (Moisture Ageing), seasonal cycling between 65—
85 % RH leads to micro cracking and matrix—fibre debond growth. Accelerated ageing studies
(52 cycles at 40-55 °C) project 10-20 % strength degradation over a 10 year European outdoor
service life [13]. Stiffness change is negligible beyond the instantaneous drop.

Mitigation Guidelines (Best Practice). The CELC 2022 guideline recommends [13]:

1. Condition, don’t over-dry fibres (<65 % RH) to limit dimensional swings during
service.

2. Use moisture tolerant epoxies or polyester systems; keep cure temperature below
water boiling point at process pressure.
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3. Apply impermeable top /gel coats to seal machined edges and slow diffusion; design
for 0.75 stiffness factor in outdoor load cases.

4. Hybridisation: place flax in core/neutral axis, carbon or basalt skins outside to shield
moisture.

PROCES/PROCESSING

Epoxy matrices remain the dominant choice for long fibre flax laminates because of their
low processing viscosity, strong interfacial bonding and wide catalogue of curing profiles—
from room temperature hand lay up epoxies to fast cure systems for high pressure RTM (HP
RTM). Recent research and industrial case studies indicate four scalable routes.

Vacuum Infusion (VARTM)

Flax fabrics’ lumens trap air; therefore >2h pre vacuum and high permeability
distribution media are essential. Our infused plates (Vr 28-46 %, porosity 2—7 %), yielding
tensile strengths up to 259 MPa (UD) but suffered a 17 % flexural knock down after moisture
exposure. A 2024 comparative study recorded a similar void sensitivity, finding that each 1 %
porosity lowered ILSS by 3.2 % [3].

Resin Transfer Moulding (RTM & HP RTM)

Conventional RTM operates at 0.5—4 bar; flax preforms tolerate compaction to ~45 %
fibre volume before buckling. High pressure RTM (HP RTM) couples a reactive epoxy
(M<50mPas, t gel <3 min) with 60 bar injection, achieving porosity <0.5 % and 2 min tact
times for automotive skins [12]. Finite volume infiltration models calibrated on flax
permeability grids predict pressure gradients and enable in mould sensors to self correct
injection profiles [1]. A noteworthy 2024 study produced flax reinforced vitrimer epoxies via
standard RTM, obtaining re mendable laminates (healing at 180 °C) with tensile modulus 9 GPa
at V=42 % [12], signalling potential for closed loop repair.

Prepreg & Autoclave / Out of Autoclave (OOA)

Hot melt impregnated flax/epoxy prepregs consolidated at 6 bar (120 °C, 60 min) reached
V1= 50 % and porosity 0.05 %, delivering flexural strength of 760 MPa when hybridised with
carbon skins [13]. Recent OOA epoxy prepregs with latent cures (110 °C, 0.9 bar) report
equivalent consolidation by incorporating micro channels in the release film to vent moisture.

Defect Mitigation & Post Processing

CT data Fig 2. show autoclave panels’ void fraction <0.1 % versus 13 % in a poorly
compacted hybrid infusion. Post cure at Tg+20 °C for 2 h raises crosslink density and lowers
water diffusivity by 18 % relative to room temperature cures.

Overall, epoxy based long fibre flax components can not now be produced with aerospace
grade porosity levels and cycle times suited to automotive throughput—provided moisture
management, flow modelling and compaction pressure are optimised.
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Fig. 2 Specimen hybrid Carbon-Flax a) carbon cut, b) flax cut, ¢) detail of cut.

CONCLUSION

Flax-fibre composites have evolved into technically credible and environmentally
superior alternatives to glass-reinforced plastics for semi-structural components. Hybrid
carbon/flax lay-ups raise ultimate strengths beyond 450 MPa yet retain up to 30 % bio-content,
balancing crash energy absorption with regulatory sustainability targets.

e Industrial readiness. TRL 8-9 is reached for automotive interior panels, motorsport
bodywork and a growing portfolio of marine and sporting goods (Section 2).
Autoclave and HP-RTM routes now achieve aerospace-grade porosity (<0.1 %).

e Mechanical performance. Specific tensile strengths of 0.21 MPa kg™ m? and flexural
moduli of 9 GPa position flax between glass and carbon baselines. Porosity control
is critical: each 1 % void content reduces flexural strength by =3 %.

e Durability. Moisture-equilibrated stiffness reductions are confined to 15-25 % when
best-practice fibre conditioning and edge sealing are applied. Long-term
hygro-fatigue forecasts a manageable 10-209% strength loss over a decade of
European outdoor service.

e Processing. Vacuum infusion remains cost-effective for small series, whereas
prepreg/autoclave and HP-RTM provide superior Vf and cycle times compatible
with high-volume transport production (Section 5). Moisture-tolerant epoxies and
in-mould sensing underpin robust quality control.
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