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Vibrations play a crucial role in the design of helicopter structures and are in many cases the cause
for structural changes in the late development phase. Often, dynamic interactions and excitations
can only be determined in flight tests while structural dynamic simulations can only make inaccurate
predictions. This is even more true for unconventional designs such as eVTOLS, for which practical
experience is limited. One possible solution to minimize risks in the design is to increase the global
damping in the helicopter structure, for which natural fibers offer a promising approach. This paper
lays the groundwork for further investigations using flax fibers in hybridization with carbon fibers for
selective damping enhancement of helicopter structures. For this purpose, the damping of flax, carbon
and flax/carbon hybrid laminates is investigated at laminate level. High-performing flax and carbon
prepregs were used to manufacture test specimen in a vacuum/autoclave process. Experimental modal
analyses, using a contactless measurement method and impulse technique, were performed on hybrid
and non-hybrid laminate test specimen with different stacking sequences and flax contents to determine
their dynamic behavior. The damping is calculated using the Half-Power Bandwidth Method and set
in relation to their mechanical properties, quantifying the damping potential for different load cases.
The superior damping potential of flax was confirmed, especially in fiber direction. The distance to the
neutral axis was shown to be the main influence between the oppositely behaving stiffness and damping
in the laminates. However, the use of flax fibers in the hybrid laminates made it possible to achieve an
advantageous ratio in favor of the damping. Flax fiber orientation in the direction of loading (UDO) is

particularly suitable for this purpose.

NOMENCLATURE
E Young’s modulus
E',E"  Primary & secondary bilinear Young’s modulus
H Hybridisation based on flax fiber content
f Frequency
fa Eigenfrequency
/ Coupon free beam length
t Beam thickness in vibration direction
il Loss factor
p Density
UD Unidirectional fabric
FRF Frequency Response Function

Half-Power Bandwidth Method
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1. INTRODUCTION

Vibrations are a constant challenge in helicopter develop-
ment and a frequent cause of delays in development time
[2]. According to Datta [2]], numerous components of the
helicopter are involved in vibration generation and propa-
gation. With the main rotor as the primary source, other
sources can also be found in the helicopter system dynam-
ics which include the tail rotor, engines, and the gear box.
Apart from mechanical sources, there are further aerody-
namic causes, particularly the rotor and cell wake inter-
actions with the tail boom or empennage. Aerodynamic
interference by the rotor and fuselage wake and the tail
boom and empennage causes vibrations, especially at low
speeds and fast forward flight [2]. The components men-
tioned above influence each other and are strongly coupled.
For example, main rotor vibrations are mechanically trans-
mitted to the airframe, and airframe vibrations, in turn,
excite the rotor dynamics [2]. The so-called tail-shake”
phenomenon or “Flutter” are some of the possible conse-
quences [3,{4]. This high level of vibrations often requires
additional vibration reduction measures in the form of iso-
lation systems [5]] and vibration absorbers [6]]. Interactions
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Fig. 1: Accelerations over time (left) and damping ratio over frequency (right) compared for a carbon and a

flax-carbon hybrid helicopter tail plane [1]

of the blade tip vortices and the rotor wake can lead to vi-
brations of the tail units [7,/8]], which have to be reduced by
unique tuning or dynamic isolation of the fuselage struc-
ture and the tail [8]]. Often, a re-design is necessary during
the flight test phase, resulting in high costs and delays in
development times [9}/10]. In order to control these vibra-
tion mechanisms, the structure must be damped as much
as possible to keep load amplitudes and the general vibra-
tion level of the cabin low. Possible solutions are using
elastomer layer damper concepts comparable to the rotor
blade damping [11]. Other approaches in composite de-
sign discuss adding visco-elastic materials into the lami-
nate [[12]. A further alternative proposed in this work is to
increase the damping of the fiber composite structure of the
tailplane/tail boom by using natural fibers. These exhibit
high inherent damping and can thus contribute to the damp-
ing of the overall component using a hybrid flax-/carbon
design [13]]. This results in the advantage that no non-load
bearing mass is added and the damping can be increased
not only locally for single mode shapes but integrated into
the whole structure. Thus, this variant offers a unique po-
tential for future helicopter and aeronautical structures.

Flax fibers have long since gained a foothold as struc-
tural materials in other industries, such as the automotive
industry, e.g., in complex and high-quality door structures
in the mid-range and luxury classes [14]]. Nevertheless,
they are still at the research stage in aerospace applica-
tions. In the area of stiffness and failure criteria of flax
materials, significant progress has been made recently, as
it has been shown that competitive helicopter components
like tail units can be designed [1}|13]. However, the pre-
diction and optimization of the damping properties, espe-
cially when integrated in Carbon Fiber Reinforced Plas-
tics (CFRP), is still largely unresolved. For example, Hen-
schel [[1]] was able to determine higher damping during the
production of a flax-carbon hybrid tailplane compared to a
reference carbon tailplane. As shown in Fig[l|significantly
faster decay of the accelerations and higher damping ra-

tios were observed for the hybrid tailplane investigated at
the Technical University of Munich. The damping ratio
was more then three times higher. However, her design
and investigations did not have damping as an optimization
goal, but rather structural stiffness and a high organic con-
tent. The influence of flax hybrid design specifically on the
damping behavior was not yet part of the study. By investi-
gating the influencing factors in the design, it is possible
that the damping can be even further improved. There-
fore, for a target-oriented use of flax fibers in aerospace
structures specifically for damping enhancement, it is nec-
essary to gather further knowledge and predictive capabili-
ties about the damping properties of flax-carbon hybrids.

While there have been previous studies about damping
properties of flax and flax-carbon hybrid composites like in
Ameur [[15]], Duc [16]], Fairlie [17]] or Assarer [[18},19], this
study focuses not only on the investigation of unidirectional
fiber composites but also on the promising combination of
different fiber orientations in the hybridization. Further-
more, using a high-performing prepreg system improved
the mechanical properties and fiber volume fraction of the
flax laminate significantly when compared to vacuum in-
fusion or hand-laminating processes, limiting the transfer-
ability of the results. Therefore, this paper presents new
experimental data about the damping properties of flax and
flax-carbon hybrid composite laminates over a wide range
of fiber orientations, stacking sequences, and their relations
regarding the mechanical properties. This provides the ba-
sis for developing a detailed material model for damping
simulation and understanding the application in more com-
plex aerospace structures such as spars and wing profiles
up to complete tail structures.

2. MATERIAL AND PRODUCTION

For the proposed investigation, various flax materials from
different manufacturers on the market were considered.
As shown in another study of this institute by Gaugel-



hofer [20]], the offered flax products differ strongly in their
mechanical properties. This applies not only to the dif-
ferent fibers but also to the resins and the manufacturing
process used. Prepreg systems perform particularly well
and can score with higher fiber volume contents and there-
fore better mechanical properties. In addition, they are
easier to manufacture and more convenient to lay. Due to
the good mechanical properties [20]], the existence of twill
and unidirectional (UD) material, and the availability of a
carbon prepreg with the same resin system, the manufac-
turer FIBERPREG was chosen for the present investiga-
tions. The BCOMP flax fibers used in this prepreg exhib-
ited above-average damping values compared to others in
the damping investigations of Duc [21]], who used a dif-
ferent manufacturing process (vacuum infusion) and resin.
The materials used and their Tensile moduli are listed in
Table[T] Due to the bilinear behavior of flax, the table lists
two values for the Tensile Moduli (E! and E'T). The values
for carbon are taken from FIBERPREG’s datasheets, while
the flax laminates were determined experimentally.

FIBERPREG PrePreg ET ET

(in GPA) (in GPA)
Carbon C150 UD EP4.5 33 135% -
Carbon C200 Twill 3K EP4.2  71%
Flax NAT-150 UD EP1.5 25,08
Flax NAT-200 Twill EP1.5 12.27%%

17.61%*
08.84%*

* from datasheet ** from tensile test

Table 1: Material designations and the associated Ten-
sile modulus E1 and E2 for bilinear material behavior

The laminate test coupons were manufactured using a
prepreg autoclave process. The patches were manually
layed on a steel plate in 30cm x 30cm dimensions and
packed in vacuum bags with -0.9 bar. The curing cycle
was set according to manufacturer specifications 120°C for
90 min at 5 bar. The heating rate was set to 2 min/°C.
This achieved fiber volume contents of over 50% in the flax
plies, setting the study apart from previous damping stud-
ies. For example, Ameur [15]] only achieved a flax content
of 32%, using a hand laminating process. Since resins have
a great influence on the viscous damping, it can be assumed
that the damping properties change quantitatively.

3. METHODOLOGY

3.1 Laminates

Both non-hybrid and hybrid flax, carbon and flax/carbon
composites were fabricated to determine their damping
properties. A total of 24 different layups, 7 pure flax, 7 pure
carbon and 10 hybrid laminates with different degrees of
hybridization were examined. First, the fiber orientations
as well as the sequence of the plies were investigated. The
detailed ply design is summarized in Tbl[2] For a generic
determination, different ply orientations and combinations

were produced. In addition to the load cases 0°, 90° and
45°-135°, the influence of the distance of the edge lay-
ers to the neutral axis was also investigated by exchanging
the fiber orientation inside and outside. For hybrids, only
application-related load cases were investigated. For ex-
ample, 90° carbon layers were not used, since they are not
expected to make a significant contribution to either stiff-
ness or damping. Attention was always paid to a symmet-
rical layup (as far as possible) in order to prevent bending-
torsion coupling in the test. Two identical specimens were
cut from each laminate in the form of bending bars with
length 250 mm and width 25 mm. The thickness results
from the number of plies and hybridization. Through the
dimensions and weight of the manufactured coupon sam-
ples, the density was determined. Both the thickness ¢ and
the density p are listed in the Table[2]

3.2 Experimental Setup

A flexural vibration test was performed to determine the
damping behavior of the laminate structures. The coupon
specimens were tested in a free-clamped boundary config-
uration following ASTM E 756-98 [22,23] . The test setup
is shown in Fig[2] The pulse was excited with an automatic
pulse hammer to generate the most reproducible results.
The velocities of the free end of the beam were measured
with a laser vibrometer. Signal analysis and processing was
performed with Simcenter Testlab.

Frequency Response Function
A

Simcenter Testlab Impact Testing

t f

Laser Vibrometer

Impact Hammer

Fig. 2: Experimental setup of the Experimental Modal
Analysis to determine the Frequency Response Func-
tions

The exact dimensions of the experimental setup are
shown in Fig[3] All specimens were measured in different
lengths of the free end (I =200, 190, 170, 150 and 130mm).



Laminates Layup Hybridisation (H) Thicknesst Density p
F = Flax UD, C = Carbon UD, (based on fiber [mm] [g/cm?]
FT = Flax Twill, CT = Carbon Twill weight flax)
Flax (Non Hybrid)

[FY], FO/FO/F0/F0/F0/FO 100% 1.25 1.16

[F§0]x F20 /F%0 /90 / 90 / 90 / 90 100% 1.25 1.16

[F45], F4 / F135 / p45 / F135 ) P45 I35 100% 1.25 1.16

[FglFO/F%]S FO/FO/F0/F0/F0 /F0 100% 1.20 1.16

[FP0/FP0/F%), P20 /F%0 /RO /RO / F%0 / F%0 100% 1.25 1.16

[FT9 ], FT%/FT0 / FTO / FTO / FT? / FTY 100% 1.65 1.16

[FT$ ], FT*5 / FI% / FT% / FT% / FT% / FT® 100% 1.65 1.16

Carbon (Non Hybrid)

€Y, c0/cO/cO/co/cO/ O 0% 0.87 1.33

[C§°]S /¢ /¢ 0% 0.87 1.33

[C31s ch B e et v et 0% 0.87 1.33

[cOcoc), 07O/ cO/ O 0% 0.87 1.33

[C20/C/c0y), 20/ /07000 0% 0.87 1.33

[cTy, CT/CT?/CT?/CT? / CTO/ CTO 0% 1.35 1.33

[CTP]s CT# /CT¥ /CT* /CT¥ /CT¥ / CT® 0% 1.35 1.33

Hybrid

[CO/FO/CO, CO/FO/CO/CcO/FO/CO 33% 1.01 1.25

[FO/CO/FO FO/CO/FO /RO /O /RO 66% 1.13 1.20

[FO/C0/COy FO/c0/c0/c0/cO/FO 33% 1.01 1.26

[CO/cO/FO, cO/cO/FO/EO /OO 33% 1.01 1.23

[FPO/F%0/c0), PO /F%0 /Y /0 /0 /F0 66% 1.13 1.19

[C2O/F%0/F90) 0/ F%0/ F90 1 F90 / 90/ 0 66% 1.13 1.19

[CO/F0/c0), O /P /0O /FO /O 33% 1.01 1.24

[F33/CO/FW),  F¥ /F135/CO/F135 /p5 /O /F1% /FH 75% 1.55 1.23

[COFP, CO/FH JFI135 /F135 /4 JF135 /R4 / 0 75% 1.55 1.21

[F3>/C91, F4 /F135/¢c0/c0/cO/CO/F13 JF¥ 50% 1.43 1.26

Table 2: Investigated Laminate Combinations and their degree of hybridization
Coupon 1 Coupon 2 3.3 Measurement Evaluation
Length (1) m my m my

inmm  235mm 140 mm 235mm 140 mm The frequency response functions (FRF) were determined
200 X X _ _ from the measured velocity and force signals from the
190 X X X X impact sensor using the SimLab software via the Fourier
170 X X X X transformation. Fig[] shows two examples of FRFs, one
150 X X X X for a flax [F‘;5 ]s and a carbon [Cgts ]s specimen from the
130 X - X - measurements up to 3000 Hz. The FRF can be used to de-

Table 3: Measurement configurations for each layup

The distance of the excitation point d from the clamping
was constant at 12.5mm. The velocities were measured
with the laser vibrometer at two different distances m; =
23.5mm and mj = 140mm.

With a free beam length of 1=130mm, measurements
were only taken at measuring point m1. For the second
coupon per laminate, the length 1=200mm was omitted.
The different measurement variations are summarized in
Table[3] This results in 16 different measurement configu-
rations per ply structure and a total of 384 measurements.
Due to the different measurement configurations, signifi-
cantly more natural frequencies could be determined for
one layup.

termine the natural frequencies and thus the loss factor 1);
through the Half-Power Bandwidth Method (HPB), where
Jn 1s the natural frequency and f; and f> are determined as
shown in Fig[3][22].

= Afn _ f2_fl
YR
Fig[]shows that the natural frequencies from carbon to flax
are clearly more acute.

Furthermore, using ASTM E756 [22], the Young’s
moduli of the uniform beam specimens are determined
with,

(D

(12p1*f7)
E=-—7"—">"~ 2
where p is the density of the beam, [/ the free beam
length, ¢ the thickness of the beam in vibration direction.
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Fig. 3: Dimensions of the experimental setup
C, is a mode n dependent coefficient for a clamped-free
0.7 (uniform) beam. It is given in [22] as:
— [FP)
0.6 — [C¥ls C1=0.55959,
= 05 C>=3.5069,
= C3=9.8194,
§ 0.4 C4=19.2422
© Cs=31.809,
203 Cy= (m/2)(n—0.5)?, forn >3
EL 0.2
g ' For each measurement, the natural frequencies and as-
0.1 sociated damping coefficients 1; and Young‘s modulus E;
were determined up to 3000 Hz. Due to the different
0-00 500 1000 1500 2000 2500 3000 clamping lengths, values could be determined over a wide
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set of frequencies. Nevertheless, because of the very light
beams, it was not always possible to get enough energy into
the system for each layup and measurement configuration
to determine clearly defined natural frequencies over 1000
Hz. For this reason, the density of the determined natural
frequencies decreases for higher frequencies.

3.4 Damping and Stiffness Analysis

For each layup, the modal loss factor and Yong’s modu-
lus show significant scatter for the investigated frequency
range. Figlf] shows all modal loss factor scatter points for
an exemplary layup ([F‘Q‘S/Cg]s). The different measure-
ment setups are represented by colors and markers. Each
measured sample length is assigned its own color. In ad-
dition, a distinction by size is made between the two mea-
surement points m; and my. Coupon 1 and Coupon 2 are
each assigned a different symbol. A quasi-linear behav-
ior over the frequency of the scatter could be determined
for all layups and for both, damping and stiffness . Nev-
ertheless, there was scatter and outliers, which increased
with higher frequencies. Also, the first mode often demon-
strated significantly higher loss factors. This effect was to
be expected and is related to the fixed restraint. Due to fric-
tion in the restraint, the first eigenmodes are damped more
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Fig. 6: Analysis of the scatter of modal damping values for the laminate [F3>/C)],
intensively and thus cannot be assigned to material damp- E(f)=Aef+Cg “)

ing [15,[22]]. For the creation of the damping models, the
first modes were usually omitted in case a strong super el-
evation occurred as it can be seen in Fig[7] Looking at the
measurements of the different coupons in Figlfl it can be
seen that, with a few exceptions, the damping values of one
length are very close to each other. This is especially true
for the range up to 1400 Hz. Here, the individual modes
of the different lengths can be easily recognized as clus-
ters of markers of the same color. This indicates a good
reproducibility of the measurements in this range.

Strong outliers can occur for various reasons. In higher
frequency ranges, the excitation of the mode certainly plays
a role. Especially with very light composite samples and
decreasing stiffness, it is difficult to excite the higher modes
sufficiently. Furthermore, it cannot be excluded that tor-
sional modes are also excited by asymmetries in the speci-
men or imperfect impacts. This can lead to superpositions
with some bending modes and exaggerate the damping at
certain points.

Overall, the results show a higher scatter with flax. This
was also to be expected with flax as a natural material, since
it has no continuous fibers and the fibers have a higher vari-
ation of material properties due to being natural. Accord-
ingly, this is also to be expected for the damping properties
and the stiffness. However, fluctuations in the measure-
ment of the stiffness are significantly lower than for the
damping.

The modal values obtained by the procedure described
above can now be used to describe frequency-dependent
damping and stiffness models. A first order least-square
curve fitting approach allows the frequency-dependent
damping model of each ply structure to be estimated as a
linear as seen in Fig for the Laminates [Fg]s and [Cg]s.
The loss factor 1(f) and Young’s modulus E(f) is thus
mapped with a linear model in the form:

N(f) =Anf+Cy 3)

In order to keep the influence of outliers low, all points
deviating more than 50% from the average value of all mea-
surements were not taken into account for the use of the
least-square method. In Fig[7]these points are marked with
ared cross. Furthermore, in order to avoid that ranges with
a particularly large number of measured points are evalu-
ated disproportionately, clusters were combined in 30 Hz
steps and a median was formed from this. These medians,
shown as black dots, were then used to determine the lin-
ear models. The identical method was used for the Young’s
moduli. An evaluation of the individual laminates is pre-
sented in the following chapter.
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Fig. 7: Modal loss factor over frequency for two differ-
ent layups [FJ], and [CY],



4. RESULTS AND DISCUSSION

4.1 Damping Evaluation

The results of the damping models for all laminates are
shown in Table[d] In addition to the two constants describ-
ing the linear, a reference damping value at 50 Hz is given,
as well as the hybridization (H). Looking at the slope of
the models, almost all of the linears have a slightly positive
gradient. This behavior is already known from other stud-
ies [21]] and can be attributed, among other things, to the
viscous behavior of the resin. As an exception, the lami-
nates dominated with UD90 ([F3°], , [C*°/C*°/CO];, [C3°],)
show, similar to the flax twill +45° ([FT‘315 ]5) and the uni-
directional carbon in fiber direction [Cg]s, a negative slope
Aq. The latter two, however, have minimal gradient and are
quasi constant. For the three UD90 dominated laminates
with negative slope of the damping over the frequency, a
slight bending of the beam vertical to the fiber direction
was always detected with out load. This may have led to
additional effects especially at higher eigenmodes. In ad-
dition, these structures were difficult to excite up to high
frequencies due to their low stiffness. These two effects
can accordingly lead to a falsification of the results.

Loss Factor N = Anx f+Cy @ f =50 Hz = N5

Laminates Ay x 1077 Cy Nso H
Flax (Non Hybrid)
(] 2285 0818 0.819 100%
[F30]; -65.754 2458 2426 100%
[F3°1; 144 1290 1291 100%
[FY/FO/F90] 2917 0.841 0,842 100%
[FO/F%0/F0), 20912 1.693 1.682 100%
[FT0—905], 6.250 0.850 0.854 100%
[FT2; 0453 1.062  1.062  100%
Carbon (Non Hybrid)
[CO5], 0.048 0.115 0.115 0%
(€%, -5.567 0576 0.573 0%
[C#57, 2358 0348 0.349 0%
[cg/co/c%]s 20.145 0.132  0.142 0%
[C20/C90/C0, 2.898 0309 0310 0%
[cTy, 2321 0.180 0.181 0%
[CTP]s 2.527 0443 0444 0%
Hybrid
[CO/F0/CO], 1.535 0213 0214 33%
[FO/CO/FO], 4094 0423 0425  66%
[F9/CO/cOy, 1.881 0429 0430 33%
[CO/CO/E0, 2.136  0.167 0.168  33%
[F2O/F%0/C0, 14314 0912 0919  66%
[CO/F0/F90), 2287 0221 0222  66%
[CO/F%0/C0 2023 0.183 0.184 33%
[F33/CO/F*; 5949 0522 0525  75%
[COUFP, 2049 0272 0273 75%
[F3°/CY1, 3925 0484 0486  50%

Table 4: Frequency-dependent damping models for in-
vestigated laminates

The loss factor at 50 Hz (M50) was chosen for comparing

the different laminates with each other. Fig[8]compares all
loss factors of the different ply structures of pure flax and
pure carbon side by side. The clearly stronger damping
behavior of flax compared to carbon is evident, with pure
UDO plies exhibiting the most substantial difference. Here,
the dampening capacity of flax is seven times higher than
carbon. The highest damping values for both materials oc-
cur at UD90, where flax still outperforms carbon by about
a factor of four. In relation, carbon performs better here,
since the viscous damping of the resin system dominates in
UDO0 plies and the fiber plays a smaller role.

I Flax

2.458

Loss Factor 7 [—]
>

o
W

e
=

(03]
[903]5
[0/0/90]
[90/90/0]4
[452]3
[70/905],
[T45,]3

Fig. 8: Damping (loss factor) of flax vs. carbon with the
same ply structure for f =50 Hz

With results at the specimens with multiaxial UD
([0/0/90]5 and [90/90/0];), an effect already known from
the literature is confirmed [[15}/17]]. Decisive for the damp-
ing values are the outer layers of the laminate, which are
farthest away from the neutral axis. Central layers usually
contribute only in small parts to the damping. Thus, despite
the two UD90 plies in the interior, the laminate [0/0/90]
provides only marginally better damping than a pure UDO
specimen. Conversely, [90/90/0]; demonstrates a stronger
damping potential which is closer to a pure UD90 speci-
men. However, the difference is greater here.

The damping of [45;]3 specimens is also increased
compared to UDO. For carbon, it even exceeds the damp-
ing of [90/90/0];. For flax, [45,]3 also performs well and is
1.6 times higher than UDQ.

The twill samples show another difference between car-
bon and flax. While the twill fabrics for carbon are sig-
nificantly better damped than the comparable UD samples,
especially at [T45,]3, this trend is not observed for flax.
Thus, the damping in flax for woven fabrics [T45,]3 sam-
ples is even lower than for the comparable UD.

The loss factors 1nsg of the hybrid laminates are shown
in Fig[] The laminates are grouped according to their de-
gree of hybridization and thus their flax content. The shad-
ing shows the dominant flax fiber orientation in the hybrid.



Again, it can be seen that the outer fibers dominate the
damping behavior. Comparing, for example, [C*/C°/F'];,
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Fig. 9: Comparison of the damping values (loss factor)
of hybrid laminates listed by degree of hybridization H
(flax content in %) at f =50 Hz

[CO/FO/CO,, and [FO/CO/CP],, it can be deduced that the
further the flax fiber is placed to the outside, the more the
damping increases. Thus, even the two flax layers inside
the laminate contribute to a doubling of the damping com-
pared to pure carbon. If the flax layer is directly under the
top layer, the damping increases by 60%. If the flax layer is
the outer layer, the damping increases by 340% with a flax
fiber content of 33%.

The laminate [F%/F%°/C%], has the highest damping
among the hybrids with 0.919. However, compared to the
pure flax laminate with the same ply orientation (N5 =
1.82 [F9/F%/FY],), the damping is significantly lower.

In general, the increase in damping due to UD90 in the
hybrid is significantly less effective than with 100% flax
content. Thus, despite the high flax and UD90 content,
the [C/F%°/F*°], laminate has only slightly higher damp-
ing than the [C%/F%/C°], laminate.

The influence of 45° plies is also significantly lower in
the hybridization than in pure flat specimens. Nevertheless,
the laminates with a 45/135° ply result in a significant in-
crease in damping. A [45;]3 center ply contributes the least
to the damping.

4.2 Stiffness Evaluation

The results of the stiffness models for all laminates are
shown in Table @ All 0° dominated laminates show a de-
crease in stiffness over frequency, while at 90° and 45° the
stiffness increases. This is also true for all the hybrid lam-
inates. The laminate [C%/C%/C%0], is notable with a very
high decreasing stiffness over frequency. In parallel, the
slope of the damping over the frequency also shows a no-
tably high decrease of stiffness. This is probably due to a
slight delamination in the clamping area caused during cut-
ting, and thus, the results for this layup are not meaningful.

Young’s Modulus £ = A+« f+Cg @ f =50 Hz = M5

Laminates AE X 1074 CE E50 H
Flax (Non Hybrid)
[F1, 2.0 2537 2536 100%
[F30]; 115 303 3.04 100%
[F3°1; 453 588 599 100%
[FO/FO/F%0, 2.1 2177 2176 100%
[C20/C20/C0 127 388  3.88 100%
[FT9 0], 0.18 13.62 1362  100%
[FT3 1, 4.66 644 646 100%
Carbon (Non Hybrid)
[CO5], -11.06 7474 74.69 0%
[C2%1; 2182 616  6.16 0%
[C31s 1482 12.62  12.69 0%
[CY/C0/Co0 -84.07 73.55 73.13 0%
[C20/C0/C0 953 633  6.38 0%
[CTy~), 105 39.19  39.18 0%
[CT$], 1211 1217 1223 0%
Hybrid
[CO/FO/CO, 453 577 57.67 33%
[F9/CO/FO, -0.56 32.80 32.79 66%
[FO/C0/¢Oy, 316 3273 3273 33%
[C0/CO/FO, 2.09 6879 68.78 33%
[F20/F%0/C0 1.82 398  3.99 66%
[CO/F20/F90y -0.15 4635 4634 66%
[CO/F20/C0, -176  48.00 47.99 33%
[F33/CO/FH 374 11.06  11.08 75%
[CUFP, 42 4301  42.99 75%
[F33/CY1, 453 588 590 50%

Table 5: Frequency-dependent Young’s modulus mod-
els for investigated laminates

In Fig[T0| the flax and carbon Young’s moduli Esq for
the different layups are compared. Here, a reversed rela-
tion of the values between damping and stiffness behav-
ior is shown. As expected, carbon shows the significantly
higher stiffness. In the fiber direction (UDO and T0-90),
the carbon laminate used is approximately three times as
stiff as the flax laminate. Against the direction of the fibers
(UD90) and with 45° laminates, the stiffness is still approx-
imately twice as high.

For flax UD and twill, the Young’s modulus known from
the tensile tests [20] is met very accurately, validating the
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Fig. 10: Young’s modulus E of flax vs. carbon with the
same ply structure for f =50 Hz

used method. For UDOQ, the deviation is even less than
2%. However, the carbon stiffnesses from the data sheet
are greatly undercut with a factor of 2.

Again, it shows, like expected for the stiffness that the
outer layers dominate the behavior of the laminate. Thus,
the inner plies have almost no influence on the stiffness as
it can be seen for [0/0/90] and [90/90/0].

The results for the stiffness of the hybrids is shown in
Fig. [TT] Here, the hybrids are again arranged according
to their degree of hybridization from left to right. It can
be seen here too that it is not so much the degree of hy-
bridization that influences the stiffness behavior, but rather
the position of the plies, especially the UDO plies. Com-
paring again [C?/CO/F°],, [CO/FO/CP],, and [FO/CO/CY];, it
is clear that the further the flax fiber is placed to the outside
there is a concurrent reduction in stiffness. Flax layers in
the inner layer results in a small reduction of stiffness of
7%. In the middle layers, E reduces by 30%, and in the
outer layer about 50%.

4.3 Damping Stiffness Relation

For an application-related damping optimized design, the
damping of the structure must always be set in relation to
the stiffness. In aviation, the weight and thus the density
also play a major role. The non-physical factor

7E>k1']

-

&)

was therefore defined in order to relate the damping values
to the stiffness. This is the loss factor 1 times Young’s
modulus E divided by the density p of the laminate. Even
though this value cannot be a direct evaluation for use in
a design because it sets the two material properties one-to-
one, it can still evaluate the different materials in terms of

(o]
(=]

-
(=)
68.78

57.67

[o)
(=]

wn
(=)
47.99

42.99

Youngs Modulus E [Gpa]
) w I
< < <

11.08

—_
S

ARRRRRRRRRNRRNNIES

33% 50% 66% 75%
S 2o ﬁggﬁ g

(=T = =)
SR T O - = &
TS i SE s 20 %)
RO R O Q S [
SIS g, S8 g
O L0 K = N D O K

Fig. 11: Comparison of the Young’s Modulus of hybrid
laminates listed by degree of hybridization H (flax con-
tent in %) at f =50 f =50

their damping potential for comparison. The factor sets the
different laminates in relation to each other:

Esn 1

F(Evn) = E 2

(6)

In Fig[T2] the factor F is plotted for all carbon and flax
relations. In this case, Esn of the X-axis is E4n; and En
of the Y-axis is Eyn. The direct comparison between car-
bon and flax of the same layup is highlighted with red bor-
ders. It can be seen that flax performs significantly better
for Eyn with all laminates than carbon. Flax UDO performs
particularly well, offering a desirable combination of good
stiffness and damping potential. E;m is 2.8 times better
compared to UDO carbon and better than any other lam-
inate. For the others, the factor between flax and carbon
is approximately two with the exception of [90/90/0]; and
twill [T0-903];. The former has absolutely low values but a
high difference factor between flax and carbon. When laid
in the 0-90 direction as twill, flax performs in the relation
factor En only slightly better than carbon. For carbon, the
twill performs best.

Since the goal of this study is to hybridize carbon with
flax to find a good compromise of damping and stiffness
as a replacement for pure carbon components, the values
1 for the hybrids nominated on En of pure carbon in load
direction (UDO) are particularly interesting. The percent-
age improvement of Es1 by hybridization compared to pure
carbon UDO fibers is therefore shown in FigI3] Hybridiza-
tion with UDO flax fibers proves to be particularly effective.
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Fig. 12: Comparison of the relation factor £,1 between
different flax and carbon fiber orientations.

UD90, on the other hand, is less suitable, especially in hy-
bridization, as it cannot develop the high damping potential
due to the low stiffness. The same applies to 45 degree lay-
ers as an outer layer. Here, the percentage difference to
flax is negative. As an inner layer, however, it could be an
attractive solution.
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Fig. 13: Percentage improvement of E;n due to hy-
bridization in relation to pure carbon UD0 laminate.

5. CONCLUSION

In this study, the damping behavior of flax, carbon and hy-
brid composites was tested and compared to their stiffness.
For this purpose, frequency-dependent damping and stiff-
ness models of the laminates were used with the aid of mea-
surement results from experimental modal analysis. The
damping behavior of flax and carbon could be quantified.

The models can now be used in simulations and transferred
to more complex structures. The damping properties were
set in relation to the stiffness in order to be able to make
an assessment for a potential improvement for application-
related damping-optimized design .

The following conclusions could be drawn from the re-
sults:

1. The damping of the investigated flax fiber is signif-
icantly higher on laminate level than that of carbon
fibers. The difference is particularly high for loads in
the direction of the fibers. For the investigated fiber
systems, flax dampens in UDO up to seven times bet-
ter.

2. The main influence on damping, as well as on stiff-
ness, was shown to be the distance to the neutral axis
of the plies. The dynamic behavior is almost exclu-
sively determined by the outer layers, while the in-
ner layers make almost no damping or stiffness con-
tribution. Damping occurs mainly due to strain in the
fibers.

3. Stiffness and damping were always opposed to each
other. If one increases, the other decreases. By us-
ing flax fibers, however, it has been shown that it is
possible to shift the damping/stiffness ratio in favor of
damping by using the right ply structure.

4. The best results were achieved by hybridization with
flax UDO, where the ratio between stiffness and damp-
ing gain is highest. This is where the damping of the
fiber can have the greatest effect. 45° layers as inner
layers can also be an attractive solution. The use of 90
degree ply flax yielded little benefit.

6. OUTLOOK

The laminates’ damping showed a high dependency on the
layup and the distance to the neutral axis of the flax fibers.
Future investigations should go beyond laminate level and
look at structural level damping. The load-bearing lami-
nate has a significantly higher distance to the neutral axis in
typical aerospace structures like double T-profiles or wing
structures. It is expected that this will minimize the influ-
ence of the order of the plies. It also needs to be clarified
whether other geometric effects are suitable for the targeted
use of flax fibers to increase damping in structures.

In addition, the determined material values are now to
be transferred to a damping model for simulations in order
to be able to make better predictions for helicopter struc-
tures
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