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Abstract

Abstract -The interest of aerospace, automotive and, nadalinies in exploring lightweight
alternatives to metals is deepening. In fact, ioben¢ years, the research on composite

materials has grown quickly in view of weight retion.

In the present thesis, three test cases conceocomgposite materials components are taken
into consideration. Composite materials with polyimenatrix and long-fibers have been
investigated. In fact, this class of non traditioaad innovative materials allows a good

performance in terms of weight, stiffness and gjtenof the final component.

The first test case considered, shows the anapai®rmed to demonstrate the structural
feasibility of a double-effect actuator cylindeb&uin composite material. Metal is commonly
used for the present component. Its replacemert @otmposite materials has implied the
setup and the design of the material itself in seahmatrix-fibers selection, but also in terms

of the cylinder tube manufacturing process. Bugkkmalysis, modal behavior of the cylinder
and the deformation of its elastomeric seals arestigated by FEA. Finally, a new design of
the joints between the composite cylinder and tbel fieads has been proposed and assessed.
The composite material properties and the cylindestotypes are tested, therefore a
validation of the numerical analysis has been done.

In the second test case, a racing rowing boatvissilgated and its finite element model has
been developed in order to correlate the numesicalilations with the retrieved experimental
data. Carbon fibre composites, Kevlar and, honeycane applied and stacked on the boats.
At the light of the boat reference model resultspptimization of the boat stacking sequence
was numerically performed in order to identify neypes of composite materials and their
positioning on the structure. The goal of the opmation is to maximize the bending and
torque stiffness of the reference boat, while mining its structural weight. The predictive
capability of the new optimized boat model has bgahdated versus the experimental

results.

The scope of the third application is to define &mdlevelop a preliminary setup for a new
manufacturing technique for composite material congmts. This technique allows

components having both flat geometries, and hojpowfiles with complex cross-sections to
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Abstract

be manufactured. At this moment, this processllsusider development. The technology aim
is to assure reduced curing time per componentgaod structural properties, thus allowing

high-volume production, and granting good repeéitglaf the process.

The fourth and last section involves the investayabf the energy absorption capability of
composites hollow profiles in order to simulate thygamic behavior of the crash absorbers.
Optimization algorithms and finite element modets/é been applied considering different
types of reinforcement and various cross-sectiafilps. The numerical results have been
compared and correlated to the experimental results

In conclusion, the red thread of the present wdldwa us to deal with both the intrinsic
complexity and the versatility of this class of erals: starting from the material selection
and characterization, going through the FE simoetiand composite optimization, ending
up to the manufacturing and technological issues.




Chapter 1

Chapter 1. double acting composite tube cylinder fo

fluid power applications: a design procedure

A preliminary study on a double acting hydraulidimger is described. This research explores
the design method to replace the steel cylindee twith carbon composite materials. The
composite cylinder must satisfy the same steehdgli performance like maximum operating
pressure, buckling load, modal behaviour and sdafsrmation. MilleChili Lab and RI-BA
Composites Srl are exploring lightweight options dteel. Composite materials are an
alternative for structural applications in termssaiving weight policy. Composite lay-up
design and product geometry take account of cortgasianufacturing process for a
relatively high volume production. The present pagescribes the guidelines for designing
non conventional hydraulic cylinder using finiteemlent method, Lame solution and

composite theory.

Hydraulic cylinders used in the mechanical andl @wgineering fields are usually made of
traditional metals. High Strength Steel (HSS) isnmally used for the rod and the cylinder
tube whereas the pistons are normally made of almi In mobile application such as
naval, railway and aerospace, weight is crucial iargltherefore a major design criteria. The
use of novel composite materials therefore offeralaable alternative.

The main aspects of the hydraulic cylinder desigre described in several manuals and
books, i.e. Hunet al.[1] and Speiclet al.[2], which provide guidelines for successful desig
of such components. These manuals provide a compsele scenario of problems and

targets that must be considered during the design.

In the last few years, buckling analysis and tiiggi problems between ring seal piston and
cylinder were investigated extensively. Baragettial. [3] presented numerical models to
analyse the buckling behaviour of a double actiyignder. His analytical and experimental
model studied friction and imperfections betweestgn and rod-cylinder connections. In a
subsequent work, Gamez-Montegb al. [4] evaluated the buckling instability considering
initial misalignment as an imperfection in the rodinder tube intersection. Their research
defined the influence of the misalignment anglebarckling load by both numerical and

experimental approaches.
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Several other works [5—-6] consider stroke and @rshg devices to reduce the piston-rod
kinetic energy during motion. They also formed ahmanatical model of hydraulic circuits
to study the supply pressure influence, and tiveyuated alternative solutions. Thin-walled
composite cylinders are studied for mechanical iagipbns such as pressure vessels [7—10]
and car crash energy absorbers [11]. In the laatsyeomposite materials have been applied
in pressure vessels applications as chemicalsgad@é-9]. The coupling of an inner liner
with composite laminates is designed to contain gader high pressure, to avoid the
composite material corrosion and occasionally, daoycpart of the load. In [11], buckling
behaviour of cylinder composite material was depetb by numerical and experimental
correlation using Finite Element Method (FEM). @uiation techniques have been applied
to cylinder composite stacking sequence and shapeder to increase the critical buckling
load and to dissipate the major amount of energytd dynamic stresses. Unfortunately, the
possibility of using composite materials has notrbstudied for applications in hydraulic
cylinders as many authors did not take into comatttn their advantages.

The aim of this work is to evaluate a weight e#idi alternative design of an hydraulic tube
cylinder in a double acting actuator using carbomgosites. This work is comprised of five
steps. In the first step, the reference steel tmtis analysed. In the second step, the a Lamé
solution [12] has been obtained for orthotropic enats, and formulas developed for
composite thick-walled cylinder stresses and s$taim the third and forth step, the thickness
of composite cylinder tube is calculated by evahgathe required circumferential and axial
load bearing requirements. In the last step adwhriopics like buckling and dynamic
behaviour are discussed comparing the originaltismluand the composite replacement.
According to manufacturing process for a relativéiigh volume, the optimal material
stacking sequence is evaluated. Therefore, an ambad carbon fabric is tuned up to
optimize the cylinder properties. The present pagpescribes the steps for designing a
composite cylinder tube and its joints. Furthermdine present procedure has been validated
by preliminary experimental tests on two scalednci@r prototypes one in filament winding

and the second one in prepreg wrapping manufagtpriocess.
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1. The methodology

1.0. Reference case analysis

The reference hydraulic cylinder tube was 300 mrhare diameter, 23 mm in thickness and
2250 mm in length. The nominal operating pressusie 86 MPa. As in Table |, the cylinder
tube represents the 51% of the overall hydrauligaor weight in the reference configuration.
The internal yield pressure;f the steel cylinder tube has been calculatétiguhie Lamé
solution for thick-walled vessels; the circumferahstress @ql=i) and the radial displacement
(ul=r) at the inner cylinder radius were accordinglyleated. Results are shown in Table II.
The first - yield condition represents a soft feelumode that precedes the catastrophic failure

of the component, which is associated to the figdlded state at burst pressure.

TABLE |. WEIGHT OF THE REFERENCE HYDRAULIC CYLINDER PARTS

Component Material Weight [kg] % Weight
Piston Aluminum 24 3%
Rod Steel 320 40%
Joint Aluminum 55 7%
Cylinder Tube Steel 410 51%
Total Weight 809 kg
TABLE II. REFERENCE CYLINDER TUBE STRESS AT FIRSYIELD

Reference cylinder tube

pi 67 MPa
0-elr:ri 483 MPa
U= 0,359 mm

The former limit state rather than the latter hasrbchosen for the following comparative

safety analyses since the structural steel yielgingse has only a weak counterpart in FRP
7




Chapter 1

materials. Besides that, limiting the analyses welthe first-yield threshold allows
considerations based on linearity.

1.1. Lamé solution for orthotropic materials
Material composite stiffness properties dependghenreinforcement orientation and on
reinforcement volume fraction. For a unidirectiooamposite ply, a scale factvibetween the

Young's modulus in the principal reinforcement dii@n E, and the transversal one &an be

defined as

22=_L (1)

Solving equilibrium and compliance equations urttier plane stress hypothesis, the radial
displacement u(r) of thick-walled composite vesasla function of radial position (r):

1 1
u(r)=Cyr * +Cyr* 2

The constants £and G can be calculated by considering the cylinderalasliress ;)

respectively at the inner cylinder radiu$ &and at the outer radiug)(r

©)

(4)

where thev;, is the Poisson's ratio of the composite ply. Tineumferential stress (5) and

the radial displacement at the inner cylinder di@mg5) can be expressed as:
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2 11y 1
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Finally, the outer radius can be calculated asnation of the radial displacement at inner

u

(6)

radius and of the inner radius itself as follows:

u |-
ﬁﬂ[ﬂil*‘pi [(U-_Vlz Dv)
_ fi
re - u | ~ mi (7)
%D"EEl"'pi [ﬂ_l_vlz [l)

_ Tensile modulus| Tensile strength Density
Matrix 3
[MPa] [MPa] [g/cm’]
Epoxy Matrix (EM) 3800 / 1.22
TABLE Ill.  MATRIX PROPERTIES
Tensile Tensile _
. Density
Carbon fiber type modulus strength
[MPa] [MPa] [g/cm?]
Intermediate Modulus (IM) 300000 5500 1.80
High Modulus (HM) 440000 4200 1.85
Ultra High Modulus (UHM) 620000 3500 2.10

TABLE IV. REINFORCEMENT PROPERTIES
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1.2. Design for pressurized fluid radial retention

Both the circumferential and the axial stressesydimder tube must taken into consideration
while defining composite materials stacking segeentn the present work, three
unidirectional continuous reinforcements and anxgpuoatrix have been considered; elastic

and strength properties for selected materialslaogn in Table 11l and IV.

The cylinder composite lay-up includes both plie9@ — normal to cylinder axis — to hold
the circumferential stresses, and 0° plies to beamaxial stress. In the current paragraph the
circumferentially oriented portion of the laminaack are considered, whereas the axially
oriented portion is covered in the following onéeTmain design constraint for 90° plies total
thickness is the circumferential stress value aeiirtube radius. Since the tensile allowed
stress to stiffness ratio is higher in CFRP thacanstruction steels, designing the cylinder
tube on the limit of its mechanical resistance $esubstantially higher radial deformation
under load. Unlike in similar applications like pseire vessels and gas bottles, an increased
radial expansion in hydraulic cylinders can causth Iseal leakage and piston misalignment
due to gap at bearing bands. Limiting the radiapldicement at the tube inner radius to an
admissible value becomes a second design constfaiatinner surface of the composite tube
— although laid in direct contact with the molds-tribologically unsuitable to pair seals and
bearing bands in sliding contact. The insertioradhin steel liner was therefore considered
for such purposes. Whereas neglected in calcultasna reinforcing element, the bonded
liner imposes a third design constraint in termadrhissible circumferential and axial strains
at the tube inner surface. Being the liner a naaldbearing element which relies on the outer
composite layers for support, its yielding can tlerated as long as strain induced fractures
do not appear. Such condition evidently imposestti@equivalent strain remains below the
material elongation at break, however a usualligtstr constraint can be found in avoiding
cyclical hysteretic plastic loops and consequent-dgcle fatigue fractures. Being the steel
layer supposed infinitesimally thin, it inherits tircumferential and axial strain values from
the composite layer it is bound to. As pointed iouthe elastic-perfectly plastic stress strain
curve in Fig. 1, a limit peak strain value;{) exists such that, besides a first-cycle yielding,

following loading and unloading cycles do not cafisther plastic deformations.
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Fig. 1.1: deformation cycle for linerecemposite assemb

Such strain value is associated to the limit camdibf a nul-area hysteretic loop, ai

can be evaluated as

(o)
Ejim = 2 [—IEV (8)

A comparison between the different composite malterior the radial displacement at
inner cylinder tube is presented in Fig. 2. Only BHM fiber reach the radistiffness of the
reference steel cylinder tube, with the feasibldl \thicknesses of 13 mm. The conditi
which bounds the minimal thickness of the compogitee (at the point marked with a 4
cross) is the allowed liner circumferential straivhereas the thickness of the steel tub
limited by its yielding (Iy). Considering the actual example, in the case of Uliidr the
minimum 90° plies thickness required for bearing thner pressure is 5.3 mm, whereas
original steel wall thickness was 23 mm. The staahtfacturing process we considet
allows the produion of steel liner of 2 mm as minimum thicknesisTbecome the forth

design constraint afomposit cylinder design, which impactsrectly on its weigt

11
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Fig. 1.2: radial displacement at inner radius vs. wall thickness at first-yield pressure.

1.3. Design for axial load retention
In the considered assembly, axial loa) is due to pressure acting on the head w

pulling, or on the pushing piston when retainedufitstroke in absence of position limitit

valves. Such loads can be respectivivaluated as
Pa=h [(riz - rrz)D: 9)
or as
P, =p O & (10)

where ris the rod radius. The 0° axially oriented pliesoamt is defined by the minimu
cross section areapAneeded to not exceed material longitudinal terstilength ;). Unlike
the circumferential case, the steel liner couldismated from the composite tube a
deformation through an a-friction coating; such solution is however impraatj anc
composite cylinder tube axial strain has to betohias well in orcr to preserve the inni
bonded steel liner. Hence the required amount iaflgoriented UD plies can be calculatec
follows:

AOD = ma{&;i)
o1 &jm [Ey (11)

12
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Since circumferential retaining plies become lefiscave if stacked upon a growir
thickness of material, it appeeadvisable to add the axial plies on outer layergodunately,
due to manufacturing and technological constragitsumferential and axial UD plies has
be alternated, or an unbalanced fabric has to bd. uEhe required axial ply thickness v
evaluated in 2 mm using the UHM fiber. The compositermér tube is therefore composec
2 mm of steel liner and 7.3 mm UHM UD plies in liei 23 mm of steel shell as in t

reference assembly.

1.4. Advanced considerations, buckling and dynamic moddargets

As discussed above, the composite cylinder tube albgeeater radial expansion than
steel counterpart, especially when wall thickneskeipt minimal and UHM fiber is not use
such compliance reduces the effectiveness of #terpbearing bands aisealing. However,
the pressure asymmetry has to be taken into accgsinoé only one chamber a time
pressurized. Such condition was analyzed with sfregl Finite Element analyses whi
shown an S$haped wall deformation centred at the sealingtpwith small overshoots due
the plate bending stiffness. As in Fig. 3, in whibk pressurize chamber appears on the |
radial deformation decreases asymptotically upetim aznoving within the unloaded portio
and increases up to the value returby the Lamé solution moving within the loaded pmrt
It clearly appears that the sealing acts on a dglirsection at which radial deformation is |

the asymptotic value

3
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Fig. 1.4: buckling FE model.

TABLE V. TEST CASES STUDIED BR COMPOSITE CYLINDIR TUBE
Amount of plies of a given kind introduced in the
stacking sequence [mm]
Case 0° 90° 45°/-45° gel linet
A 2 5.3 / /
B 2 5.3 / 2
C 2 5.3 2 2
D 2 5.3 4 2

Moreover, radial inflation decreases more rapidlyhie composite test case; the piston be:
band on the unloaded side pairs an almost undetboylender section. Axially oriented U
plies also contribute in defining the buckling respe of the acttor. Historically, analytica
and experimental investigations were developedudysthe critical buckling load of hydraul
cylinders. In the present paper, the hydraulicnddr was modelled in analogy with 1
approach proposed in ISO Standards [Ind based on Hoblit's method [13]. Howeve
Finite Element analysis was used in place of thalyéinal formula in order to take int
account the virtually relevant shear deflectiontlod composite tube. Moreover, the nc
assumes that the axial loal transmitted through the tube during the pushingagctvhilst in
normal operation such load is supported by thetcaned fluid, and the composite barre
relieved from compressive load, retarding bucklingipience. Comparative analyses w
howeve conducted following the norm approach, which banpragmatically described a:
seized piston condition. The mounting case methas pir-mounted hydraulic cylinder, ar
the relative boundary conditions are schematize®ig 1.4. It worth to be noted that tl
actuator rod is laterally supported by the cylinahecorrespondence of the head cap bes
and at piston midpoint; axial load is transmitteoni the rod end to the cylinder end.

cylinder tube was modelled by bilirr, fournode shell elements whilst beam elements \

14
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used for the piston rod. Both shell and beam elésnfemmulation included transverse shear
effects.

PERTEY:
........ Ef ]

............... (o la=a=-,.|;u

EoGRAnE

ot Fr
e Tt e

Fig. 1.5: FE model for buckling critical load, case

Fig. 1.6: local buckling deformation of the compgesiylinder tube for the different test cases.

TABLE VI. BUCKLING LOAD RESULTS

Thickness | Weight Critical
Pressure
Case [mm] [kg] [MPa]
A 7.3 30 18.4
B 9.3 64 43.8
C 11.3 77 48.9
D 13.3 81 51.1
Reference  23.0 410 60.3

15



Chapter 1

The commercial finite element package MSC Marc 26&6 been employed in this study.
Stacking sequence has been defined by homogenespmistading along the thickness the
calculated ply amount for each fiber orientationira3able V. The steel layer is inserted at
inner radius, and was removed in test case A forpawison. It appears evident from Fig. 1.6
that in the case of the bare 0°/90° laminationpall and critical shear deformation occurs
between the two rod support points, significanthwéring the buckling critical load respect to

the reference steel assembly.

This local deformation might has been controlled aaduced by introducing plies with
+45° orientation angle and by reinstating the steelr as shown in Fig. 1.5. A local outer
reinforcement can be introduced as well. Even ife@ and £45° plies were required in order
to reach the reference cylinder performance, thestiold between the operating pressure and
the buckling condition has been evaluated as aatmfy. In order to further analyze the
influence of axial load in misaligned conditionsnan linear analysis was performed which
simulates the actuator loaded by its own weigha ipin mounted horizontal configuration,
while pushing. Fluid weight was considered as widle bending streg&rys ) and axial stress
(on) value of the rob were calculated by respectivietyliending moment and the axial force
on steel rod (Table VII). The assembly with the posite cylinder presents a lower bending
stress value, showing that the decrease in bersdifigess — raised by the buckling analysis
above — is compensated by the reduced weight.sSimesease due to misaligned axial load

appear relatively small as well.

Fig. 1.7: deformed configuration of the cylindebé, while pushing under it his own weight.
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TABLE VII. STRESS VALUES ON THE ROD

Owmf ON

[MPa] | [MPa]
CaseD | 8.5 | -261.3
Reference| £12.8 | -261.3

TABLE VIIl. MODAL ANALYSIS RESULTS

_ . 1% bending mode
Thickness| Weight
frequency
[mm] [ka] [Hz]
Case D 13.3 81 18.14
Reference| 23.0 410 17.28

Finally, a dynamic modal analysis of the hydraujtinder was performed to comparatively
evaluate the lateral modal response of the strectline best stacking composite sequence
calculated for the buckling critical situation isaguated for the modal analysis and it is
illustrated in Table VIII.

The FE simulation shows that the composite haglehifrequency than the steel cylinder

one, since the reduced inertia effect compensagelos$s in stiffness.

1.5. Final considerations about the first cylinder type

This paper explains a method suitable for desigmiogble-acting hydraulic cylinders with
cylinder barrel made of carbon-fiber composite sThaterial allows significant weight saving.
Weight indeed is a key feature in various strudtapplications. Reference properties has been
calculated using the Lamé solution for thick-walessels. The equivalent composite cylinder
tube and its optimized stacking sequence was dealugonsidering separately each
component of the stress tensor the cylinder isestdjl to. The hoop stress depends only on the

internal pressure, and so does the number anch#sslof the circumferential plies.

A comparison between different carbon fiber shoted the UHM fiber are the most suitable

for this specific application. While resistance ntpidepends on the carbon reinforcement,

17
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strain are reduce by a proper sizing of the stael.I The smallest feasible thickness for the
liner is 2 mm due to technological and manufactytimitation.

Axial stress are caused by the internal pressulebanding effects. While the total thickness
depends on the total amount of axial stress, ttiprnaxal arrangement between the plies at 0°
and 90° is due to technological constrains. Withpeet to the buckling behavior, four
composite stacking sequence have been comparedetoeference making finite element
simulations. The results of Case D, that featurso ad5°/-45° plies to confine local

deformation, are comparable with the reference.

Finally it was assessed the equivalence of the ositgcylinder with the reference for the
modal analysis. The weight saving for the cylindesembly using composite material instead
of steel is above 330 kg, ensuring the same snalcherformances. Further improvements
should deal with the piston-rod which affect ab40% of the overall weight of the cylinder

assembly.

2. The second test case: a smaller cylinder
A smaller hydraulic cylinder has considered and precedure shown in the previous

paragraph has been verified. This second hydraylioder tube is in steel, it was 130 mm in
bore diameter, 10 mm in thickness and 1250 mmrigtte and it represents above the 41% of
the overall double acting hydraulic cylinder wei@htble IX). Its nominal working pressure
of this component is 35 MPa. The Lamé solutiontliick-vessel has been applied to calculate
the internal yield pressure; f the steel cylinder tube, the circumferentia¢ss ¢ | = ) and
finally, the radial displacement () at the inner cylinder radius. The results arenshn
Table X.

Components Material Weight [kg]
Piston Aluminum 2,4
Rod Steel 46,8
Head Joints Steel 10,8
Cylinder Tube Steel 41,6
Total Weight 101,6

TABLE IX. WEIGHT OF CYLINDER REFERENCE PARTS

18
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pi: 67,20 MPa
Ol =ri: 472,80 MPa
Ui : 0,153 mm

TABLE X. REFERENCE CYLINDER TUBE STRESS AT FIRSYIELD.

2.0Cylinder design to bear the radial and axial strain

The scenario of fibers has been widen, in facarban fibers are taken into consideration to

defining the cylinder stacking sequence.

The cylinder composite stacking sequence includds plies at 90° — normal to cylinder axis

— to hold the circumferential stresses, and 0%plebear the axial stress, they are calculated

according procedure shown on the previous paragraphe hoop and the axial plies are

calculated according to the previous approach,Tatde XI summarizes the results.

' Tensile Stiffness Circumfgrential Plies
UD ply, Carbon fiber type (MPa] Thickness
(90 degr.)[mm]

PAN Standard modulus (SM) 130000 7,65
PAN Intermediate modulus (IM) 147000 6,63
PAN High modulus (HM) 235000 3,93
Ultra high modulus (UHM1) 380000 2,35
Ultra high modulus (UHM2) 370000 3,17

TABLE XI. AMOUNT OF CIRCUMFERENTIAL PLIES FOR THE SECOND TEST CASE
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—— Reference Steel

——sMud

\ \\ —Mud
HM ud [
——UHMud (1)
UHM ud (2)

/

Circumferential Thickness [mm]

Fig. 1.8: Radial displacement at inner radius vs. wall thickness at first-yield pressure.

A comparison between the different composite malterior the radial displacement at the
inner cylinder tube is presented in Fig. 1.8. Cihly UHM (1) and UHM (2) fibers reach the
radial stiffness of the reference steel cylindebbeturespectively with the feasible wall
thicknesses of 5,9 and 6,5 mm. Otherwise the HMrfiequested to the hoop stress is 11,5

mm, this fiber exceed the steel cylinder of 1,5 mm.

Considering the actual example, in the cases of UdiMand UHM (2) fiber the minimum
90° plies thickness required to bearing the inn@sgure is respectively 2.4 and 3.2 mm,
whereas the original steel wall thickness was 1. The steel manufacturing process we
considered allows the production of steel line2df mm as minimum thickness. The radial
displacement at the inner radius - when the cylineweks at yield pressure - was validated by
FEA and the results obtained from the FEA are indgagreement with the analytical solution
(Table XlI). The discrepancy between the two methogies depends on the capability of the
3D-FEA to model the problem.

The cylinder model consists on 3D elements (HEXABhich it is applied the orthotropic
material card. The Poisson coefficients are catedlay Lempriere approach [15].
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It is noted that the radial displacement at theeinsurface vary markedly, a sensitivity
analysis performed on that three parameters shioowvg,for small variation on the Poisson

coefficients, the inner radial displacement of mglér varies substantially.

Case Urr=ri Analytical Solution | uy= FEM Difference [%4]
[mm] [mm]
UHM (1) 0.177 0.204 4.0
UHM (2) 0.264 0.276 -4.3

TABLE Xll. COMPARISON OF THE INNER RADIAL DISPLACEMENT EVALUATED WITH THE
ANALYTICAL SOLUTION OR FEA.

In the case of unidirectional common prepreg, thal @ontribution is shown in Table XIII.

UD ply, Carbon fiber type TensE:\jPS;]rength Axial Plies Thickness [mm]
PAN Standard modulus (SM) 2000 0.65
PAN Intermediate modulus (IM 1500 0.85
PAN High modulus (HM) 1700 0.80
Ultra high modulus (UHM 1) 2000 0.70
Ultra high modulus (UHM 2) 1500 0.90

TABLE XIlII. AMOUNT OF AXIAL PLIES.
In conclusion, the composite cylinder made of UHM (plies, is composed of 2.0 mm
of steel inner liner, 2.4 mm on the UHM circumferahplies and finally, 0.7 mm thickness in

the axial direction.

The thinnest multi material actuator is about 5@ thick, instead of 10.0 mm of steel shell

as in the reference case.

Unfortunately, due to manufacturing and technolalgaonstraints, circumferential and axial
UD plies has to be alternated, moreover the appiicaf ultra - stiff carbon fibers could be
difficult on the cylinder manufacturing process.eTtarbon fiber wrapping on the steel liner
could be damaged during the manufacturing procéssrefore for this reason and
experimental campaign and scaled prototype in Uliidr§ type 2 has been tested. The strain

on the composite cylinder has been collected withirsgages. Two further options of the
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UHM fibers application have been considered. Fastunbalanced carbon fabric was tuned
up and taken into consideration and investigatedpisd, the filament winding technique with
UHM fibers as an alternative of prepreg hand lagnd wrapping. Those ideas are purchased

further in the next sections.
2.1.The unbalanced composite fabric

At the light of the previous considerations, an alahced carbon composite textile is
investigated in this study. This carbon fabricdrte optimize the material for our load case
application. The weave architecture of the wovenita is reinforced with standard modulus
PAN fibers and ultra high modulus carbon fiber tpembedded in epoxy matrix, in the warp

and fill yarn directions, respectively.

Exp Referential Fiber Movable Head| Stiffness Strength
" ' Test Standard Direction | Displacement | Modulus IMPa]
Tested [mm/min] [MPa]
Ultra high
. ASTM Modulus
1 Tensile D3039 Fiber (0 2.0 220000 600
degr.)
Standard
. ASTM Modulus
2 Tensile D3039 Fiber (90 2.0 41000 430
degr.)
Ultra high
. ASTM Modulus
3 | Compressive D3410 Fiber (0 1.5 50000 180
degr.)
Standard
. ASTM Modulus
4 | Compressive D3410 Fiber (90 15 10500 105
degr.)
Ultra high
Three Point| ASTM Modulus
S Bending D790 Fiber (0 20 105000 390
degr.)
Standard
Three Point| ASTM Modulus
6 Bending D790 Fiber (90 2.0 35000 260
degr.)
In-Plane ASTM
7 Shear D3518 45 degr. 2.0 3600 35

TABLE XIV: SUMMARY OF THE EXPERIMENTAL TESTS PERFORMED
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As a consequence, an accurate characterizatidre ahaterial properties is needed to the high
variability of such properties that can be found domposite materials. The tests list

performed and the results of tests are summarizéadlble XIV.

——Reference Steel

5M ud
M ud

0,30 \ \\ HM ud _—
——UHMud (1)
UHM ud (2)
0,25 \ \\ —— Unbalanced Fabric
0,20 \
0,15

D —

Uy =i [mm]

0,10

0,00

a 5 10 15 20 25 30 35

Circumferential Thickness [mm]

Fig. 1.9: radial displacement at inner radius \all thickness at first-yield pressure - Unbalanfadatic.

Considering the unbalanced fabric, the minimum @I&¢s thickness required for bearing the
inner pressure is 9,0 mm, that it is also suffitiem retain the axial load. The radial
displacement at the inner radius was also invastigand validated by FEA (Table XII). The

inner pressure of the composite cylinder moddiésyield pressure (pi).

Urlr:ri Ana|ytIC3.| ) . 0
Case Solution [mm] Urjr=ri FEM [mm] Difference [%]
Unbalanced 0.177 0.204 132
Fabric

TABLE XV. COMPARISON OF THE RADIAL DISPLACEMENT BETWEEN THEORY ANB-EA

ADVANCED CONSIDERATIONS BUCKLING AND DYNAMIC MODAL TARGETS
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As discussed above, the composite cylinder tulmwvalla greater radial expansion than its
steel counterpart, especially when wall thicknasept minimal and UHM fiber is not used,

such compliance reduces the effectiveness of gterpbearing bands and sealing. The Finite
Element analyses which shown that the UHM (1) dreunbalanced fabric have a similar

behavior as shown in Fig. 1.10.

Reference Steel vs CFRP

(2]
i

1
£y

£

"
&

Reference steel

=]
m
D

—— UHM (1)

D
&

Unbalanced Fabric

el

U r|r=ri [mm]

-100 -80 -60 -40 -20 L 20 40 60 80 100

Distance [mm]
Fig. 1.10: relative radial strain versus distamoenfthe sealing point.

The buckling analysis have been performed on tfereece case. The steel cylinder tube
achieves the instability at 48.24 MPa. The tes¢ &sand F are thicker than the steel reference
cylinder, this condition has been considered asisginte for the overall cylinder size against

the relevant reduction of weight.

Amount of plies of a given kind introduced in the
stacking sequence [mm]
. o o | 45°/- | steel Overall
Case | Material 0 90 45° liner | Thickness

A (UHM1) | 0.7 | 2.4 / / 3,1

B (UHM 1) | 0.7 2.4 / 2 5.1

C (UHM 1) | 0.7 2.4 2 2 7.1
Unbalance

D d Eabric / 9.0 / / 9.0
Unbalance

E d Eabric / 9.0 / 2 11.0
Unbalance

F d Eabric / 9.0 1.0 2 12.0

TESTXVI. TEST CASES STUDIED FOR COMPOSITE CYLINDER TUBE
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Stacking sequence has been defined by homogeneously spreading along the thickness the calculated

ply amount for each fiber orientation as shown in Table X. The steel layer is inserted at inner radius,

and was removed in test case A for comparison.

¥

L.

Fig. 1.11: deformation of test case A FE modelcfitical buckling load.

It appears evident from Fig. 1.11 that in the case of the bare 0°/90° lamination, a local and critical

shear deformation occurs between the two rod support points, significantly lowering the buckling

critical load respect to the reference steel assembly.

Overall Cylinder Critical
Case Thickness Weight Buckling
[mm] [kg] Pressure [MPa]
Reference 10.0 41.6 48.24
A 3.1 2.8 15.77
B 5.1 10.9 40.43
C 7.1 12.6 42.07
D 9.0 7.8 25.64
E 11.0 16.0 42.03
F 12.0 16.9 42.72
TABLE XVII. SECOND TEST CASECRITICAL BUCKLING LOAD RESULTS
Test Case
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Fig. 1.12: Local buckling deformation for the éifént stacking sequence and type of reinforcement

In Fig. 1.12, the cylinder instability has been #éifirggd 2000 times. The local deformation
might has been controlled and reduced by introdupires with £45° orientation angle and
by reinstating the steel liner as shown in Fig21.The +45° plies are unidirectional plies
made by intermediate modulus carbon fiber. Theegfarlocal outer reinforcement can be
introduced as well. Even if more 0° and + 45° phesre required in order to reach the

reference cylinder performance, the threshold betwéhe operating pressure and the
buckling condition has been evaluated as satisfiacto
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Overall Thickness
Case [mm] o ws [MPa] On [MPa]
Reference 10.0 +75 +258.1
C 7.1 £5.3 £258.1
F 12.0 5.7 1+ 258.1
TABLE XVIIlI: BENDING AND AXIAL STRESS ON THE ROD

Non linear analysis was performed to evaluate tiflrence of axial load in misaligned
conditions. Therefore the bending stresslf() and axial stresso{N ) value of the rob were

calculated by respectively the bending moment hedakial force on steel rod (Table XIX).

Overall . st :
Case Thickness C)_/Ilnder 1> bending mode
[mm] Weight [kg] frequency [HZz]
C 11.0 12.6 28.80
F 12.0 16.9 28.42
Reference 10.0 41.6 27.77

TABLE XIX: MODAL ANALYSIS RESULTS.

Stress increase due to misaligned axial load appé&ively small as well. In Fig. 1.12,

the cylinder instability has been amplified 500d8n

Test Case

Reference

Fig. 1.13: deformed configuration of the cylindeb¢ for the different test case, while pushing witdeown weight.

Finally, a dynamic modal analysis of the hydraajtinder was performed to comparatively

evaluate the lateral modal response of the strectline best stacking composite sequence
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calculated for the buckling critical situation isatuated for the modal analysis and it is
illustrated in Table XIX. The FE simulation showst the composite has a higher frequency
than the steel cylinder one, since the reducedi@neffect compensates the loss in stiffness,

as shown for the first test case.

3. Bonded joints
The metal substitution with the CFRP of the cylindgbe has also requested the design

review of the actuator heads. The reference headseasteel and they represent almost the
11% of the overall assembly weight for the secoylohder case. Therefore, this paper section
describes the design procedure and FEA for det@mmistresses and deformations in
structural joints for the present composite actuadm analysis of different type of bonded

joints is taken into consideration. In Fig. 1.14swammary of the bonded joints applied for

structural applications is shown.

A ' |
SINGLE LAP JOINT

B |
DOUBLE LAP JOINT |

C I
SCARF JOIN'

D

BEVEL JOINT

E !

STEP JOINT

Fig. 1.14: Bonded joints
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On the present thesis, the connection betweenytireer and the edge heads is not a pure

bonded joints. The edge head of the referencand®i is shown in Fig. 1.15.

camicia
nadrevite

testata

vite

Ny

T e -

Fig. 1.15: Reference case edge head connection

In the reference case, the steel cylinder tubethacedge head are connected directly by a

thread. The screw insists on the edge head arttirsed on the cylinder tube.

The FE loadcase considers at first the tightenfrtpe connection, then three complete cycles

of pressurization and depressurization of the dgirchamber at the testing pressure.

DressSurlzzazlone

Vi

Fig. 1.16: The FE load case

The distribution of the plastic strain is shownFig. 1.17. The area that achieve the yield

stress of the material are localized in smalloegit the cylinder component.
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Fig. 1.17: The distribution of the stresses atcirenection.

[ —

Fig. 1.18: The distribution of von Mises stresaethe connection.

The distribution of the stress during the pressuion of the cylinder shows high level

of stress at the steel cylinder.

On the new design, in contrary, the connection betwthe components is quite

complex. The components are connected as summadnreted:

- liner — composite cylinder tube glued joint
- upper adherend - cylinder tube glued joint
- upper adherend — edge headillet

The screw is part of the edge head, otherwisehtead is part of the upper adherend.

The adherent, the liner and the edge head areeh she cylinder tube is in composite.
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aderende
camicia
:| liner
nadrevit
testata

vite

¥

L

Fig. 1.19: a) the thread connection, b) a zoonmefdonnection profile.

In fact, the bonded joints works in parallel wittetthread connection. The thread has a
triangular profile and its size has been definezbeding the UNI 4536 standard.

The edge heads must guarantee the pressurizatitie aissembly by tightening with the
cylinder pipe without oil leakage and also the mtignt of the piston-rod inside the cylinder
tube itself. The length of thread engagement ofrélierence steel head with the cylinder has

been reduced for the new bevel joint design.
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L.

Fig. 1.20: the plastic strain distribution at thesad connection.

k4

L.

Fig. 1.21: the von Mises stress distribution atttiread connection.

The von Mises distribution is critical at the thdeconnection, a wider area achieves the yield
stress, therefore the number of fillets is incrdase order to avoid undesired plastic

deformation and high level of stress at the fllet

The analysis of the contact status and the digtabwf the contact normal force at the thread
has been investigated. The bevel joint is ablectuexe high joint efficiency by reducing
effects of both shear and peel stress concentsatbrihe ends of the joint, as much load
capacity as is required in any situation withouermstressing the bond layer. However, a
restricted tolerance on the bond thickness hastmaintained to ensure that the joint can
provide uniform load transfer over its entire ldngTherefore, good accuracy has been
requested during the joint manufacturing process preparation. Moreover, large joint
overlap length becomes mandatory for high jointloapacity.
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The FE model shows that in contrast to the claktieary, the distribution of contact normal
forces is almost evenly distributed on all theetdl. This result is may be rationalized by the

radial deformation of the cylinder tube.

Fig. 1.22: a) contact normal stress at the conmech) the von Mises stress at pressurization farced

reference components state.

On the assumption that the cylinder tube is defixed rigid and a no-deformable body, then
the distribution of the contact forces on the tesdtthe thread is the same that it is well known
in the literature [18 -20]. On the other side, tr@in of plasticity and therefore, the steel
yield stress are monitored on the simulation. kct,fas on the actual cylinder, the material

elastic limit did not have been over-crossed oricyoodel at the test pressure.

-

aaaaaaaa
a) e e
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[

b) B
Fig. 1.23: a) contact normal stress at the conmechi) the von Mises stress at pressurization farched

components state on the assumption of rigid cytitulee.

The stress and strain distribution on the assemtbtiie test pressure have been evaluated by
FEA for cyclic pressurization and de-pressurizatdrthe cylinder chamber. The flux of the

forces on the system and the occurring local mlastain at the head thread are monitored.

Bevel bonding joint has been considered as a gobadien for the CFRP cylinder — steel

head coupling on the lightweight point of view.

At the light of the previous results, preliminarfe Rnalysis on three overlap lengths are
carried on. The adhesive was a structural highhgthetwo-component epoxy with good
elevated temperature resistance. The adhesivews&0.2 mm thick and it was modeled by
guadratic elements. The adhesive properties ewaudlty single lap specimens, are
summarized in Table XX. The temperature of oil dgrthe actuator exercise is round about
70°C, therefore for this reason, the adhesive ptegseand the peak of stresses on the scarf

joints are limited by the adhesive properties &30

Adhesive properties at
80°C
Shear stress 25 MPa
Peel Stress 40 N/cm

TABLE XX ADHESIVE PROPERTIES

Furthermore the overall stroke of the rod is mangd fixed besides the thread length of
engagement. On this type of joint, the adhesiverlayust carry both peel and shear stresses.
On the present cylinder, the steel head and thelanbed CFRP fabric have a comparable

hoop stiffness, for this reason the distribution sbfesses on the bonded joint is nearly
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uniform. The stress distribution is picked on th&lme of the adhesive layer at each

pressurization and depressurization.

5
|

Q —

-5 5 ““‘
-10 Pis,

-15

20 Peel Stress

-25

-30

ArcLength [mm]

Fig. 1.24: stress distribution at midline of glienf

The FEA shown that the lower overlap length is abléear and to support the load on the

actuator operating cycle.

4. Numerical and experimental results

A check of the validity of the present analytic eggeh to design this actuator has been
performed against experimental results. Theretwe,composite cylinder prototypes in ultra
high modulus carbon fiber type 2 has been manufadtaccording to Test Case B stacking
sequence, therefore only 0 and 90 degrees pliebdes considered. The first cylinder has
been made by prepreg material with the unbalanabdcf and the second one by filament
winding of the UHM fiber for the hoop plies and IliNder for the axial one.

The effect of the misalignment of fiber due to tpadcess has been considered and balanced
by a reduced amount of plies on both the oriematid’he fibers, used to bear the inner
cylinder pressure are oriented at 88 degr. insté®® degr., otherwise the axial contribution
is oriented at 10 degr. instead of O degr. takind alegr. reference orientation the cylinder
axis.

Nevertheless, the overall thickness of the carbdimaer has been increased by a reduced
safety factor in order to minimize the effect oé thrapping manufacturing process or further

unexpected issues.
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Both the hoop, and the axial strain with respetfiveand 4 strain gages at the outer radius of
the cylinder, and finally the pressure inside thmamber have been collected. The first
cylinder made by the wrapping of the unbalancedidaghows the limits of the wrapping
manufacturing process for thicker components. kt, fthe crack of the cylinder starts in
correspondence of the overlapping zone of the gli¢s[16]. A small fold occurs at the
cylinder tube in a localized region, during its gmeation. The critical pressure at which the
cylinder broken down, during the test is signifitatower than the pressure calculated by the
FE analysis.

On the other hand the cylinder made by filamentdivig process, is able to bear more than
60 MPa. The filament winding allows us to limit tefect of the plies discontinuity. For this
reason, the first series of that cylinder tube idimade by filament winding.

New edge heads have been designed and checked,jtet® have been considered and

preliminary FE analysis are employed.
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Chapter 2: double scull

The Olympic Games represent major internationaftsgpevent and one of the more relevant
opportunity for an athlete. The athletes, comiragfrmore than 200 countries, train for this
event in the best way. They try to find with thieainers the optimal physical - psychological

conditions but also the best equipment setup ierdachieve the best result.

In 2006, the Italian National Olympic Committee (8K} that it is responsible for the
development and management of sports activityaly,land the Ferrari S. p. A. have decided
to cooperate. The Ferrari know-how and manufacguprocess are made available to the
Italian teams and to made/manufactured specialpetgnts according their indications and
needs. In this cooperation, the Millechili Lab athe Filippi Boats s. r. |. are involved to
design and to develop a new rowing boat concepthiersummer Olympic Games 2012 in

London.

At first, a numerical model of double scull rowibgat is made, this model represents the
boat reference case. The experimental evaluatiots dending and torsional stiffness of the
watercraft has been done. Therefore, the predicagability of the numerical models was
validated against the experimental results. Fuirftidte Element Analysis (FEA) are made to
evaluate the modal response of the structure aadathlete rowing load-case during the
racing.

At the latter stage, a new hull chassis designragogsed. The optimization approach is
applied to the hull structure. The objective of thgimization is the minimization of the
overall mass of the structure boat, but increagsglobal bending and torsional stiffness. A
new experimental campaign on the optimized hull dase and the correlation with the FE
model and the collected data was made once again.

1. The numerical model setup
The actual boat is 9.4 m long, 33 cm width andnigsght is almost 27.5 kg. The range of

rower weight is 57 — 75 kg. The boat lay-up incki@evarious type of materials such as
metals, plastics and also composites and honeycdiméxefore, on the boat a reference
coordinate system was defined to setup the congpsitorientations. At first, the Origin (O)

is chosen on the boat stern, secondly the X-axasigeed to the axis from stern to bow boat,
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and finally, the XY plain is chosen parallel to theat seats. Starting from that global

coordinate system the stacking sequence of thevematuned up.

Two commercial FE programs have been employed @ gresent study: Altair
Hypermeshvll as pre-processor and Nastran as s@lermodel consists of bar and shell
elements.

The bar elements are applied to model the seasslithe oarlocks and finally, the wooden

beams fixed to the hull.

The shell elements are used for the further compsn&hese elements are mixed triangular
and quadrilateral elements and average size of 0 M 3000-elements discretization was
employed. A component was defined as an iso-lamimatomains from the geometry. The
assembly model consists of 70 components at whelptoperties are tuned as shown in Fig.
2.1:

1. Number of ply

2. Material identification (MID)
3. Ply thickness (T)
4. Ply orientation related to the X —axis (THETA)
5. Ply offset related to Z- axis (Z0)
6. Non structural mass value (NSM).
‘ [Z0] [MNSM] [SB] [FT] [TREF] [GE] [LAM]
alpPcomp 15[ 0 000 [ 1 2e-10
:’J Moy T(1) THETA(T) S0UT) MR | T(2) THETA(2) S0UTR)
2[ 0 040 [ 0 000 NO 3[ 0. 210[ 46 000 MO
MDE | T(3) THETA(3) S0UT(3) MDE | T(4) THETA(4) SOUT()
40 350 [ 0 000 NO 6 3. 000] ©0.000 MO
MDE) | T(5) THETA(S) SOUT(E) MiDE) | T(6) THETA(R) SOUT(E)
hd 10 0.250 [ ©0.000 NO 23 0.290] 0.000 MO
User Comments reject
- | Hidle In Menu/Export | delfault
Mumber_of_Flies = | [ 7
__gbort_
[ retum |

Fig. 2.1: shell properties.

1.0. Card Materials

The scenario of materials is complex. Isotropicenals as metals and polymers are included
in the boat, but also composite materials are ptasainly on the hull.
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Fig. 2.2: the complex panorama of materials.

Wil

As shown in Fig. 2.1, the composites include caylaoamidic and glass reinforcement fibers,

but also fabric and unidirectional plies.

Therefore, the isotropic card such as metal ansdtiplare modeled as MAT1. This card is
defined by Young's modulus (E), Poisson’s ratio {Nshear modulus (G) and, finally the
material density (RHO). On the other hand, the acosiips and the honeycomb are defined as
2D orthotropic material (MAT8) in which 6 elastiorstants are requested as shown in Fig.
2.3 below.

E1 = NUT2 [G12] [G17] [G27] [RHO]

MAT 8 3 5 1e+04] 5§ 1e+04] 0. 060 | 3042 0C 2151 .0( 21561 .0( 1 4=-0¢
[A1] [A2] [TREF] [%] [Xc] ['t] [ve] [S]
[GE] [F12] [STRN]

User Comments

b | Hide In Menu/Export
[~ MATTS

[~ MATE

[T MATS

Fig. 2.3: orthotropic material card
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The composite materials stiffness properties asueted from the suppliers datasheets and
the analytic micromechanics approach. In 2011 ileeasd shear tests on some laminates are
done, a comparison with the micromechanics appraadhithe experimental results are made.

The orthotropic material card has been setup asiegd below.

The ply fiber content (¥ is calculated from the fabric weight {mthe average ply thickness
(T) and, the fiber densityy).
m

VACRLL
f -I-pf (1)

The simplification of neglecting the void fractieohtent of the material and the fiber

misalignment as a first approximation are justified

The longitudinal stiffness (E1) and the major Paisgatio (NU12) are calculated by the rule
of mixture proposed by the micromechanics approatchthe case of E1 and NU12 are

evaluated considering the equal strain both omtagix and on the fiber.

The transverse stiffness (E2) and the in-plane rshezdulus (G12) of the material are

calculated both with the inverse role of mixturedalp and the Halpin —Tsai equations.

The prediction of the transverse stiffness of a posite from the elastic properties of
the constituents is far more difficult than theadxralue. A lower bound on the stiffness is
obtained from the Reuss assumption. The matrixtldibers have equal stress. The value is
an underestimate, since in practice there are patte matrix effectively in parallel with the
fibers rather than in series as is assumed. Therieal Halpin-Tsai approach allows us to
give much better approximations for those matepiperties. A good correlation with
experimental test is obtain, as detailed on liteeaf2]. For purposes of comparison, a graph
is plotted of inverse of rule of mixture and HaklJisai predictions. Therefore, the boat model

is designed considering the Halpin-Tsai approach.

The further shear modulus G1z and G2Z are dominayetthe shear property of matrix, and
therefore the inverse of the role of mixture hagrbapplied for each orthotropic card

material.
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1.1 The iso — laminated areas

Wide plies of honeycomb, aramidic, glass and cafladmic are laid on the boat and on the covers
moulds. Otherwise many local reinforcement pat@reslaminated on the hull and on the other boat

components.
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Fig. 2.4: Iso-laminated patches.

The patches are applied on components with changfirayirvature such as the covers, the
gunwale, and along the starboard hull. Further iegipbn is shown on the hull near to
gunwale. In that area, the forces from the arms pashe hull, the patches increase the hull
local stiffness and its strength and guarantee “thex” of the forces. At the hull in
correspondence of the bulkheads CF transvers@issttie used. The zone of intersection
between the bulkheads and the hull represent a abrstress concentration for the force

coming from the boat seats.

Fig. 2.4 shows, local CF pultruded inserts (greye)aare used as stiffening elements. In fact,
these inserts are used in correspondence of tles il the oarlock supports mounting. The

flange drilling represents a stress concentratiea.a

1.2 The oarlock areas
Fig. 2.5 shows the oarlock zone that is dividedthiree principal components. The first
component in red, is the oarlock, the second onédlet is the outrigger and the third in

yellow arms the V beam.
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(b) (©]

Fig. 2.5: a) the oarlock area, b) the loop, c)dira welding.

They are modeled with shell elements. Further aoress are present in that area such as thin
steel plates are bounded to the scull to presdsedf iduring the oarlock mounting, the
aluminum loop at the end of the arm. The loop medelith 3D elements, are used to set the
length of the V beam that differs from one athteta other.

The connection between these components are madiekmynd RBE2 such as the welding
between the loop and the arm by links Fig. 2.5.

1.3 FE assumptions and geometry reduction

A simplification of some components geometry haenbeonsidered. The simplified
components do not influence the boat stiffnessthay only increase the weight of the
structure. Therefore, that components has been weindut their weight have been

considered by using concentrated masses.

The foot stretcher FE model has been simplifiedisafrom the CAD shown in Fig.
2.6 below. The platform has been modeled with 2BlIstlements, the seat rails and the
yellow support beam are modeled with bar eleméitis.components are link by RBE2. The
rowing shoes are included on the overall weighhefboat, in order to simplify the model the
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shoes are removed. They are simulated by RBE3aaoconcentrated mass - equal to the
rowing weight - is applied on the RBE3 retainedenod
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Fig. 2.6: a) bird’s eyes view and b) lower viewtloé foot stretcher geometry, c) FE simplificatiafishe top, and d) of the
bottom.

A other geometry simplification has been appliedtiee seats, Therefore, the seat geometry
has been removed but their weight have been caesidey concentrated masses applied
along the rails.

i

@ (b)

Fig. 2.7: a) seat geometry, b) FE seat model.
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1.4 The unidirectional structural wooden beams
Also natural materials are used in the manufacguboat process such as wood, it is a
naturally occurring composite material comprisingliidose fibers in a lignin and

hemicellulose matrix. Transverse and longitudinabden beams are present on the hull.

The transverse beams must satisfied different iomet At first, they are used as
support elements, secondly, they avoid the collagsthe boat on Y-direction due to the
hydrostatic water pressure, finally, they must beath the weight of the components that
they support, and the weight of the rowing athletdéwrefore, these components must satisfy
structural functions in spite of their reduced ergsction, only 2 cfa Three examples of
their functions are respectively: first, the tram®e beams localized under the rear and front
zone of the boat, the second and the third examugehe transverse beams present on the
centre of the boat, they must bear the seat platesse beams in addition with the bulkhead

cross-sections and the keelson must bear the gaatitletes weight and rowing loads.

4
5
&

7

Vo
ol

PRGN
AR
AN
S

i (b)

Fig. 2.8: the wooden beams a) in central areaehtlil under the seat, b) the rear zone of theunder the cover.

The longitudinal wooden beams are leaned on bathtmeycomb and the foams of the hull.
They go/run along the hull side in corresponderfdb® seats. The longitudinal beams must
bear the rowing weight and the seat component weighike manner/likewise to the
transverse beams.

The hull stacking sequence includes also foamsffareht density and with various type of
cells. The foams are used to separate the pligadoantee a good response of the boat at
bending load, but also to incorporate the CF pdécuat the flange. The foams are also
applied to facilitate the connection and the triamsifrom areas at different thickness. In the
upper part of the boat has present a honeycomh f@nker than in its lower region. The
transition has been cover with triangular crosgieedeam in foam. In Fig. 2.9, the iso-

laminated zone with the foam is shown in white.

46



Chapter 2

The skeg attached to the rear bottom of the keiplshie stability of the boat during the
rowing and it consists of two components: the finraluminum, and the joint to the hull in
thermoplastic polymer.

The fin has been modeled with shell elements, atiserthe joint with bar elements with C

cross-section. The connection between the two coems is defined by links.

—

Fig. 2.10: the skeg and the joint to the hull.

1.5 The no structural mass

The weight of actual and the FE components has tempared. Some weight descrepancies

are highlighted, those differences are due to tredHay up process and,due to the presence
of fillers or glue used during the boat producteng. a mixture of particles and plaster cast is

used to fill the ends of the boats, in order tbtfiat tight zone and to increase the boat local

stiffness.

The lost masses are balanced with two differengpififoaches:

no structural masses uniform distributed on thet.bdhese masses want to balance the
painting film, the excess of matrix that the horamb “absorb” inside the cells by capillarity
during the curing process;

concentrated masses on some components or oniseeis of the boat that are not model
because they do not increase the stiffeness ddttheture but they only influence the global
boat weight, e.g. the presence of the rudder anahétal wires along the flange or the rowing

shoes. The rowing shoes case was explained bdfseet#on

1.6 Experimental test on the reference boat

An experimental campaign has been done in ordecottect the bending, the torsional
stiffness of the boat. These structural indecesessmt the reference targets for the correlation
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with the actual boat and also for the later optations. The methodology of testing is

focused to evaluate the boat stiffness, minimizirgcontribution of the arms.

1.6.1 Bending stiffness of the rowing boat: the experimenal methodology
The boat is sustained with four rigid supports dhcee dial test indicators have been

positioned at the flanges.

Fig. 2.11: the boundary conditions.

Concentrated weights from 5 to 25 kg are appligti@imidline of the boat in correspondence

to the aluminum rear arm.

The boat displacements have been collected atahgd when it was loaded but also when it
was unloaded in order to reset the test and to khewbehavior of the hull for cyclic loads.
The boat is assumed as a beam, the deflectiored fosition has been calculated from the

linear interpolation of the dial indicators A and C

A B c
DA ¢\: b’ AC
4
Vv
Fig. 2.12: the linear approximation.
ACla AAlb
b'= + (2)
atb a+b
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Finally, the difference from the calculated b’-valand the displacement collected during the
test by the B dial indicator represents the indéxhe boat bending stiffness. The same

procedure has been implemented on both the bceg:sight and left.

1.6.2. Torsional stiffness of the rowing boat: the experirantal methodology

In the present test, the boat is turned up sidendamd the hull is sustained with three rigid

supports and four dial test indicators have beesitipoed at the flanges (a, b, c, d). The
displacements collected by the dial indicatorsvalies to calculate the torsion angle between
the ‘AB’ and ‘CD’ sections. structure. The testipgpcedure considers two series of loads (2,
5 and 7 kg) applied to the diagonals “AD” and “BC".

Fig. 2.13: the supports tuned up for the torsicest.
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Fig. 2.14: the dial indicator positioning (a,b,cai)d the weight point of application (A, B, C, D).

1.7 Numerical - Experimental results and conclusions
The experimental procedures are applied to the Feimof the reference rowing boat,
afterwards the predictive capability of the numarienodels was validated against the
experimental results.

The experimental results collected for the twoitgsprocedure are well repeatable, in
fact in the bending results collected from the testhe right boat side and the left boat side
are reasonable similar. The average values evdldiaim the two tests represent the control

parameters with the FE results.
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Fig. 2.15: experimental data for the loaded andaohd boat loadcase.
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Fig. 2.16: extrapolation of the average valuestfue loaded and unloaded boat.

A good correlation with the analytical and the expental test has been achieved, and the
curves have been shown in Fig. 2.15. Vertical doeos represent bounds from the numerical
and the experimental approach, the maximum pergengaror is on the 20 kg weight is
within 5%. The test

The FE model evidences that boat is stiffer thatabtual boat, the discrepancy between the

FE model and the experimental results was smallSaper cent.
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Fig. 2.17: experimental and numerical results camapa for bending stiffness.
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On the other hand, the torsional stiffness has bakulated as:

__ Ligth/2iw .
' Aa-Ab-(Ac-Ad) (3)

Where ‘L’ is applied load, ‘w’ is the average widththe hull and, ‘h’ is the distance between
the loops at the point of weights application.

Larger fluctuation of the percentage error for thesional than the bending stiffness is
calculated. In fact, the maximum percentage eretwben the FE model and the tested

referenced boat is about the 25 per cent for B&d applied along the diagonal “AD”.

45
40 + Line load: AD test
35 . —#—lineload: BC test
----m--- Line load: AD FEM
£ 30 7 ... Lineload: BCFEM //E
£ 25 .
] !
= 20
2
o 15
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Fig. 2.18 :experimental and numerical results carapa for torsional stiffness.

The FE model and the actual boat differ about 18 gemt. Therefore the results
presented show good agreement, the numerical sefgudtind are able to get with reasonable

errors the structural behavior of the boat.

1.8. The optimization of the hull

The last part of the present work involves therdgéfin of new stacking sequence of the boat

in order to reduce its global weight but with tlaene stiffness of the reference case.

The optimization approach has been developed whd# ¢ommercial software: Altair
Optistruct v.11. The optimization targets are th#ngess evaluated during the experimental
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campaign and the loads that the athletes produdagdthe rowing. The definition of the
rowing loads as the third targets of the optim@atimethodology is described and
summarized in [2-3]. Bettinelli & al. present theperimental results in terms of forces and of
rotation of the oarlock during the rowing cyclic wements. The comparison of the load that a
professional and amateur athletes teams are ahlle te presented. Some index of rowing
performance are shown and defined in these papers.

The minimization of the weight is the goal of thigptimization analysis in order to
redistribute the saved weight with stabilizing maskcalized zones of the boat according to
the athletes advices. One example of the desigmmattion variables is the ply thickness, the

design variables are the bending and the torssiifiiess of the structure.
The optimization methodology could be summarizethiee steps:

1. the FREE SIZE OPTIMIZATION, helps the designer t@leate discrete areas per
components that must be strengthen. The algorithtim@ation assigns to each element of
the mesh a thickness according to the thicknesa tre scenario of ply defined at the FE

model.

9

Fig. 2.19 : free-size optimization.

The main ply orientations are defined as inputaldas of the optimization e.g. 0, 45, -45, 90 degr.
the results of the free size optimization is a s¢&cking sequence made by minor stacking sequence
(sub-laminated). In Fig. 2.19, the new stackingusege consists of four minor stacking sequence

obtained from the main one.

2. the SIZE OPTIMIZATION APPLIED TO COMPOSITES, estales a ply thickness uniform

per components. Therefore, some ply thickness baga neglected from the materials scenario.
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l

D

Fig. 2.20 : size optimization.

3. the SHUFFLE OPTIMIZATION, starts from the resultstioe size optimization and it

focus on reorganizing the stacking sequence oplheomponents per components.

9

Fig. 2.21 :shuffle optimization.

This approach is commonly applied in the automotnkesign, on literature recent

contributions for a supercar chassis are propasdd]i— [5], but the structural components
take into consideration are in aluminum.

From the optimization approach some limits havenldeghlighted systematically. The solver

try to remove the foams and the honeycomb andtalq9o substitute the material with lower

stiffness with materials with higher modulus. ThHere, some corrective actions are
implemented: the constancy of foams and honeycomabtlae thickness per components is

defined as a design constraints of the hull opttndn.
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Fig. 2.22 : numerical results for free size optiatian.

Therefore, the materials with stiffer fibers aregleeted from the algorithm during the

optimization loops and a manual interpretationhef tesults has been done. Only localized
patches with high modulus fiber are stacked in brawaas of the hull. Some patches are
applied in correspondence of the hull - oarlockaaand at hull — gunwale region. The design
review and the interpretation of the results hagenbdone considering the manufacturing

process limits and the cost of the raw materials.

The optimized boat is 600 gr. lighter than the nafiee boat but with the same stiffness
reference properties. The new design and the itgpepties have been validated by
experimental tests, then a comparison of the stralcproperties between the FE hull model

and the actual hull has been considered.

1.9Correlation of FE model and the experimental test dr the optimized
hull

The bending and torsional stiffness tests methayolbave been applied on the new
optimized hull. The optimized hull was 13 per cstitfer for the bending loadcase that the
original hull, but it evidence a lower torsionalffsiess. The difference between the reference
and the new boat was -25 per cent. This discrgpaaald be attributed to the new arms

mounted on the boat. Besides the hull optimizatibea arm and oarlock area analysis have
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been performed. The variation of the arm jointsh@® hull influences partially the results of
the test.

The optimized hull has competed at the recent Olgr@ames in London. The Italian team -
Santoni and Battisti — for the senior category gamed the second steps of podium. The
New Zealander team has won the gold metal andeathind steps of the podium has been

gained to the Slovenian rowing team.
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1.11. Glossary
Bow:

the foremost point of the boat

Bulkhead:

The bulkheads are vertical board inside the boatt ithcrease the structural rigidity of the
ship, divide functional areas into rooms and finatireate watertight compartments that can

contain water in the case of a hull breach or oiagk.
Deck:

It represents the horizontal part on the front alsd on the rear zone of the ship. It closes and

protects the hull from water and increases thénsst of the overall structure

Flange:

It is the tight horizontal zone of the hull on whithe oarlock are mounted.

Foot stretcher:

An adjustable board across the boat on which asnwam braces his feet/rowing shoes

Gunwale:
the top of the boat that protects the boat fromithact of waves and avoid the water to

come into the keel.

Hull:

The principal structural member of a ship, runrnemggthwise along the center line from bow

to stern, to which the frames are attached
Kelson:

The kelson lies parallel with its keel but above tlansverse members such as wood beams.
It is fastened to the keel partly to impart additiblongitudinal stiffness to it but principally

to bind the longitudinal members such as the seats.
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Oarlock:
The device, usually a U-shaped metal hoop on agdwivthe gunwale, used to hold an oar in

place and as a fulcrum in rowing.

Outrigger:
The assembly of the metal arms that links the sadpo the oarlock to the boat. They are

commonly assembled on the opposite side of the Huayt are fixed on its.

Rudder:

Device mounted at the stern of the boat for dingcits course. The rudder is linked to the

coxswain seat to define and to correct the boatdon.

Scull:
This term is used to define both a long oar thah@inted at the stern of a boat and moved

left and right to propel the boat forward, and leat it-self with two oars for each athletes.

Seat:

It is the place in which the athlete sits and sidaring the row. This term is also applied to
define the athlete positioning on the boat. Th&t feat is closed to the boat bow. In a double
scull, the athlete placed in the first seat isezhlbowman, otherwise the athlete closed to the

boat stern is called stroke.

Skeg
A thin, usually curved projection attached to tearrbottom of a keel boat to help the stability

of the boat during the rowing

Slide:
Metal beams fixed to the seats on which the athls¢at slide during the row.

Starboard :

This nautical term refers to the right side of tloat looking from bow to stern.

58



Chapter 2

Stern:
The stern is the rear of the boat.

V tube:
It is the compression tube that links the oarloctt the scull.
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Chapter 3: new approach for composites manufacturig

process

1. Introduction

The scope of the present chapter is to define andevelop a preliminary setup for a new
manufacturing technique for composite material congmts. This technique allows
components having both flat geometries, and hojpowfiles with complex cross-sections to
be manufactured. At this moment, this processlisusider development. The technology aim
is to assure reduced curing time per componenigand structural properties, thus allowing

high-volume production, and guaranteeing good riybday of the process.

2. New approach

The composites manufacturing process classificatioght be done in different ways. The
processes are historically classified from theénresd the reinforcement type. On literature
[1-5], many classifications are proposed. The titassification is shown in Fig. 3.1.

RESIN REINFORCEMENT FIBER PROCESS
TYPE PLACEMENT

COMPRESSION MOLDING

THERMOPLASTIC INJECTION MOLDING

3]
»TRANSFER MOLDING

THERMOSTAMPING

Fig. 3.1 : display of composite constituent matsréaamd manufacturing options.

Other classification of thermoset composites mastufang process can be made according to

the continuity or not of the flow process, and adotg to amount of pressure applied during
the process (Table I).
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1) NO - CONTINUOUS PROCESS
a) at air pressure > Hand lay up,
Spray up

b) atlow pressure Vacuum bag molding,

-> Autoclave vacuum bag molding
Resin transfer molding

Liquid resin press molding
Press molding of pre-preg fibers

A\ 4

c) at high pressure >
2) SEMI-CONTINUOUS PROCESS
= Filament wind
=>» Rotational molding
3) CONTINUOUS PROCESS
=> Pultrusion

TABLE | : display of composite constituent matesiahd manufacturing options.

Other classification of composites process candosidered regarding the volume production
capacity: high and low volume systems. High-volupnecesses, such as filament-winding,
pultrusion and resin transfer molding, have anahitigh cost for tooling and installation,
which are compensated by low-intensity of workibgw-volume manufacturing process are
manual and low-pressure such as spray lay-up irclst molds with a high hourly working

cost.

Hand-lamination, filament winding, pultrusion anekin transfer molding are relevance in
production of continuous fiber composites with elgscontrolled properties, being used for

obtained of comparative flat parts.

A potential and high-speed process in fabricatibtules and other cylindrical parts represents
the filament-winding process, in which time thetpdion process is applied for fabrication
of parts with constant cross-sectional shapes, @sth transfer molding shares some
similarities with injection molding.

A finally classification of the composite materiateanufacturing process is summarized in
Table 11, according to the stage of the impregmaif the fiber: in the line process “in situ”,

before the polymerization of the matrix “pre-preg”.
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1) “IN SITU” WET FIBER
IMPREGNATION
= Hand lay up
=» Filament winding
=» Pultrusion
=» Resin transfer molding
= Vacuum bag molding

2) PREPREG IMPREGNATION
= Autoclave vacuum bag molding
= Press molding

TABLE II: classification according to the fiber imggnation process stage.

This work has the goal to presents a new manufagtyprocess that mixes: the flexibility of

the stacking sequence with the low tooling cosfilaynent winding and then, the capacity of
high volume production at high pressure by the graslding of the prepreg obtained by the
previous filament winding. The press molding pracakows us also to manufacture complex
and wide shape in a short time. Filament windingrie of the most common techniques for
the manufacture of pipes and pressure vessels.h&heal winding method allows us to

change easily the ply orientation at the same hdoué the over-positioning of the yarns some
undulation regions and voids occur. Nearly to thoserlap zones, the initiation cracking

often occurs [6]. A preliminary experimental cangmaon flat panels manufactured by this
new manufacturing process is collected. The reggiorents is a intermediate modulus carbon
fiber and the matrix is a thermoset epoxy matrsgdifor high temperature applications. A

flat panel with quasi — isotropic stacking sequemae been manufactured.

3. Material properties: experimental campaign

The investigation of the constituents properties baen defined according to the ASTM
procedure. The fiber content and the density oftla¢gerial have been evaluated by both the
burned off matrix (ASTM 3171) in a muffle furnacé&],[ and by the post-processing of

electron scanning microscopy images.

The differential scanning calorimetry test has bapplied to material samples in order to

evaluate its material glass transition temperaamaits curing state after the press molding.

The structural properties of the material have he@iected by quasi-static test such as tensile
(ASTM 3039)[8] and three points bending test (ASDO0)[9].
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3.0 Volume fraction

An important distinguishing between composites fr@imforced plastics is the fiber to resin
ratio, usually this ratio is greater than 50 pentckber per weight. During the filament
winding the weight of matrix used during the impration of the fiber is collected. A check
of the ply orientation at the first stage of thimgess is guaranteed by the filament winding
mandrel speed and its positioning on the barrehe@®tise, during the press molding and
therefore, during the component polymerizationted press tooling, a part of the matrix
drains out of the mold. The shape and the sizéefiber after the press molding have been
collected by microscopy image of the material. Ftbose microscope images, the number of
plies and the average ply thickness have beenlatdduFig. 3.2).

Fig. 3.2 : Scanning electron microscope imageattmponent thickness.

The stacking sequence of that panel consists @nsgphes, the average ply thickness is round
about 250um and the fiber content is almost 55-60 % (Fig.3.5he average fiber size is 7
um in good agreement with the supplier datasheet.
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Fig. 3.5 : Scanning electron microscope image postessing.
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Fig. 3.3 : Interface between matrix and fiber.

In Fig. 3.3, the interface between the fiber arartiatrix is shown. The failure mechanism of

the material involves cohesive matrix fracture,efevant amount of resin remains on the
fiber. It means that the fiber and matrix have adymterface quality. In 1999, C. Ageorges &

al. [10] presented the effects of a poor interfaeeveen the composite constituents on the
mechanical properties of the material. The fibenteot of our composite material has been

also confirmed by the burning off of matrix at tineffle furnace.

3.1 Differencial Scanning Calorimetry analysis

The glass transition is the reversible transitionamorphous materials - or in amorphous
regions within semicristalline materials - from ardh and relatively brittle state into a molten
or rubber-like state. The glass temperature infteethe range of temperature at which the
component can work, for this reason a differensighnning calorimetry analysis on that

material has been evaluated.
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Fig. 3.4 : heating and cooling cycle for the DSClysia.
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Two heating cycles have been considered:

the first one has been done to investigate themthleproperties (glass transition) of the
material. This cycle allows us to evaluate the degof cure of the materials that it has
received during the press molding cycle. This fireating has the goal of reset the material
thermal history due to the manufacturing process.

the second heating cycle has been performed irr twdevestigate the thermal properties and
to evaluate the intrinsic degree of cure of theénregter the first thermal cycle (heating and
cooling).

Huat Flow (Wig)

£4
ExiUip Temperatune (*C)

Fig. 3.5 : heating cycles at comparison.

The DSC analysis shows that the composite matesislan average glass transition lower in
the first heating cycle than in the second ones Tiieans that the press molding not allow the
complete curing of the material. This considerat®mointed out evaluating the difference

between the glass transition of the two heatingesyand considering the presence of a slight

exothermal residual peak in the first heating cycle

A post curing process might allows to increase ghess temperature of the considered
composite material, as shown in the second heatyote because the material reaches a
complete degree of cure. Therefore, a check ofgthss temperature could be useful in the
case of further manufacturing process in tempegatter the component press molding. This

aspect might be a strong point of that process.
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3.2 Tensile and three-points bending test

Some samples have been cut from a flat panel fareiift orientations in order to evaluate the
guasi-isotropic response of the material. In 19th& National Aeronautics and Space
Administration (NASA) of the United States govermhpresented a technical memorandum
regarding the evaluation of the mechanical properof four quasi-isotropic laminates.

Sullivan [11] proposed seven specimen orientatioh @& quasi-static experimental campaign
for those samples. For the previous reason, ninentations have been taken into

consideration, and finally they are summarizedable 1.

Orientation | Degr.
0

10
22.5
30
45
60
67.5
80
90
TABLE Ill: SPECIMEN ORIENTATIONS

OO (N[OOI WIN|F

The bending stiffness of the material has beenuetadl, in fact the same specimens have
been used also for the tensile properties detetrmomalhe bending test has been set under
the elastic limit, before that a permanent deforomawill occur. The results of the bending

test are shown in Fig. 3.6, in the following pay@aph. Three type of tests per specimen have

been considered:

- The stress-strain curve was collected in the middlithe specimen and also in other
two cross-section lightly slided from the specinmeidline (right and left).
- Three support span have been tested in order tammm the shear effect on the

bending stiffness.

The stiffness values obtained - at different supgpan - are | good agreement, in fact a
remarkable reproducibility of the results it shobk&lnoted.
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Fig. 3.6 : three-point bending results.

From the stress-strain tensile curve, some matergderties have been collected and they are

summarized below:

5.
6.

Tensile Stiffness (B

Tensile Strength at brea&-)

Strain at tensile strength at break{))
Maximum Strengthdmay)

Strain at maximum strengh ¢max)

Catalogue of the failure mode according to the ASDR039.

The comparison between the tensile and the thre Ipending stiffness is shown in Fig. 3.7.

Ey [MPa]

gz

Ex [MPz]

Fig. 3.7 : three-point bending and tensile resafltsomparison.
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The material aims to isotropic stiffness behavamd the stiffness property is remarkably

influenced by the specimen orientation. A decayth& properties occurs in the direction

presented in Figg. 3.6-3.7 such as 0, and 90 d&grctions. The maximum tensile stiffness

value attained by this experimental campaign iselowhan we expected. The results are
probably influenced by the specimens cut, tabangluand the small numbers of specimens at
our disposal.

o [MPa)]

10 20 0 10 [} i 1 80 an 100
Sampls Grlentaticn 1

Fig. 3.8 : ultimate tensile strength.

The ultimate tensile strength has good accuracyrapdatability of the measurements for
most part of the specimens with the same oriemtafidhhe samples with 45 and 90 degr.
orientations differ of round about the 15 % froreithaverage strength value. A wide number

of specimens could be useful to define the strenfjthaterial at those orientations.

A preliminary and therefore a moderate statistycalgnificant results have been obtained
from that experimental campaign. The results pitesetelow, collect both the material
properties and the influence of the process omthierial itself.

4. Hollow profiles: experimental tests
Technological aspects and a preliminary experini@at@paign have been defined in order to

manufacture hollow closed cross-section profilertstg from filament winding prepreg

material.
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A double curvature profile has been chosen, thesediocomplex shape component has been

manufacture. The mold is in aluminum and consista/o parts.

Fig. 3.9 : a) the mold, b)bzoom of the edge head.

Two portable heating system are placed on the topam the bottom of the mold. A non
uniform state of temperature has been unfortunaibtgined and applied at the mold. The
mandrel is in rubber and connected to the pressyseem. On one side of the filament
winding prepreg material a polymeric film is applig order to simplify the component de-
molding after the cure process. The prepreg igdatin the mandrel and a small overlap area
of material occurs at the component. The pressaocethe temperature has been applied
during all the process as equal as possible. Thgpaosite part has been cured for less than 40
minutes. A clearance of 0.2 mm between the twodsalf the mold was maintained, the
matrix in excess leaked out from those gaps. Tmeponent has been de — molded, the final
cooling has been done at room temperature for arfiewtes, and finally, the inner polymeric
film has been kept out form the part. The surfaae been locally finishing with thin sand
paper.

At the inner surface of the profile, as shown ig.FB.10, the initial overlapping is decreased
more than 1/3, and on the middle vessel zone, sanalis of low quality aesthetic surface

occur both at the inner an d the outer skin.
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Fig. 3.10 : the final inner overlap zone.

The aesthetic problems were probably due to the |messure applied during the
manufacturing process and due to the non uniforate sbf temperature at the mold.
Otherwise, the aluminum mold was a prototype amrdatbsthetic surface problems should be
solved using a steel mold and varying the cureecpalrameters. The thickness measured on
the component was almost uniform constant, at thezlapping zone, the pipe thickness is
around twice than in the rest of the part, anegresent a non continuity point of the pipe.
This region should be investigated on order to dwamid to consider undesirable cracks.

5. Conclusions

The present process could be a good opportunityatioufacture composites components for
structural applications, with a wide scenario o&psh — flat panels or hollow profiles — and
with flexibility of the component stacking sequen@mn the other hand, a new experimental
campaign should be done to investigate the compessd the shear properties of that
material according to the international procedyi&s- 13]. In addition, the influence of the
press molding parameters on the material propedrgs an investigation of new type of
mandrels should be done. Nowadays, water solublelrehor smart tooling are available on
market, they are studied to bear the stress cdustte filament winding process.

The first mandrel type are readily soluble in tegtev and easily washed away from the finish
part without damaging the finish composite struetdrhe soluble mandrel per definition can
be used only once, therefore one mandrel one coempon

The second type of mandrels is in memory polymé&rey are modeled and activated by

thermal stress. Once the tool is re-heated abavé&ahsition temperature, it returns to its
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original blank shape for easy tool extraction agdise. One smart mandrels can be used 30 or
40 times, therefore per mandrel 30 or 40 comporemet®btained.
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Chapter 4. lightweight crash energy absorber design

using composite materials

In an ongoing effort to increase the effectiveneissrash energy absorbers, thus improving
the safety performance of cars, the interest iraative industry in exploring lightweight
alternatives to aluminum is deepening. In view efght reduction, the research on composite
materials has grown quickly because of their highreargy absorption-to-weight ratio. In the
present work fiberglass composites with differdraes, types of fiber and stacking sequence
are considered and analyzed by means of experinagntsnumerical simulations. At first,
tension, compression, and shear properties of thterials are evaluated. Their dynamic
properties are also investigated by drop testimgmling to ASTM D7136 standard. At a later
stage, drop-tests are performed on cylindrical aumsiip specimens in order to simulate the
crash absorbers dynamic behavior. Although thendyiical specimens are not adhering to the
standard, the drop tests allow to correlate theeempmntal data with the numerical
simulations. Finally, in the light of the previodgnamic results, the stacking sequence of the
composite crash absorbers is numerically optimlzgdneans of design of experiments and
optimization techniques for different geometridahges. Those considered are simple regular

shapes, namely: circular, hexagonal, and octagonal.

1. Introduction
Over the last twenty years, the weight of carsdwmassiderably grown due to the changing
needs over time [1]. Passenger comfort, safety datals, structural performance

improvements, and the adoption of active and pass#eurity devices are just a few reasons.

However, concerns towards automotive weight redacéire also growing due to the
need of complying with the environmental regulasioBesides, car weight reduction also

allows a better vehicle handling which is an impottfactor for high performance sport cars.

The crash absorber is one of the many componenigshich a careful design approach
can take to a fair saving in terms of structuraight Bumpers and crash absorbers are
required to dissipate the highest amount of enanghe event of crash, thus ensuring the
passengers safety. Matching the safety requirenamshe needs for weight reduction, the

interest in composite materials is straightforwdod their good mechanical properties
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compared to their low specific weight. For thissea composite materials design has driven
the attention of many researchers in the automatidestry, also in view of their application

to crash absorbers.

Unlike conventional isotropic materials, compositaterials properties can vary over a
broad range of values. Factors like the manufagguprocess, the knowledge of the materials,
and their mutual interaction concur in determinihg success of a composite component. As

a conseqguence, an accurate characterization ofidberial properties is also needed.

The improvement of the structural vehicle crashhiaodss by adopting Fiber Reinforced

Polymers (FRP) composite crash absorbers has beestigated in literature and different

types of reinforcements have been addressed. Btanice, Mamalis et al. [2—-3] dealt with

shape optimization of fiberglass composite crasbodiers for automotive applications.

Failure and collapse modes, and the effect ofrsnatie were taken into consideration in the
absorption mechanism. In recent years, Ochelshki.€d] compared the energy absorption
capability of carbon-epoxy and glass-epoxy composituctures by means of numerical
simulations and experiments. The influences ofréieforcement type and of the geometrical
shape were investigated. The predictive capabdftghe numerical models was validated
against the experimental results. The energy abddply the carbon composite structures is
on average 20 % larger compared to the glass cotepmses. The comparison between
aluminum and composites crash absorbers was camely Zarei et al. [5] in 2007. Drop

tests were conducted on specimens having hexagorhlsquared cross-sections. Finite
Elements (FE) analyses were used to reveal dethdsit the crash failure mechanisms that
occurred during the tests. On the basis of the niealeand the experimental results, a multi-
objective optimization was performed to identifyetlgeometry maximizing the energy

absorption while minimizing the structural weigfithe optimum composite absorber found
allowed a 17 % increase in terms of energy absmrgbigether with a 26 % weight reduction
compared to the optimum aluminum crash absorber.dévelopment of new manufacturing
techniques, such as braiding, has led to consilder the influence of the manufacturing

processes over crash absorbers performances. MuGee@l. [6] investigated the damage
propagation and failure morphology occurring in pasite circular and squared tubes. FE
models were also implemented in order to captudepaedict the behaviour of such structural
components. Bisagni et al. [7] studied the energggogotion in carbon composite crash
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absorbers and steering column for Formula One gazamns. A comparison between numerical

and experimental results was also made.

Several researches on composite materials aréaalad in different fields of investigation
such as in aerospace. For instance, [8] and [9]wlitla crash absorbers for aircraft fuselage
structures made of different materials such asaratomposites and Kevlar honeycomb

respectively.

The present work presents a methodology for fileesglcrash absorbers design and
optimization based on FE simulations in which tregemal properties definition is tuned after
a series of experimental tests. Fiberglass is chtmeits good availability on the market, its

price, and manufacturability.
2. Experimental test

A woven glass fabric immersed in a polyurethanerisné taken into consideration in this
study. The material is made of a balanced and synuiay-up with four layers (unless it is
specified differently in the text), obtained thrbug hand-made lay-up process, and weights
374 g/nf. The material density and reinforcement volumetfom are 2.02 g/cfhand 62 per
cent respectively. The density is computed withiagtuding the void volume fraction. The
reinforcement volume fraction is computed from teenforcement weight and the fiber
density, and agrees with the volume fraction exgubcifter a hand lay-up process. An
experimental campaign for assessing the mechapiogkrties of the material was necessary
due to the high variability of such properties tbah be found in composite materials. Tab. 1
summarizes the set of experimental tests perfortiedstandards to which the experiments
comply, and the specimen tested. The layers nuamgkorientation varies from test to test as

required by the standards.

2.0 Tensile, Compressive, and Shear Tests
The results of the tensile, compressive, and stesas are summarized in Table Il. The

longitudinal strain of the specimens was measuriéibwt the use of extensometers by simply
tracking the displacement of the movable head. ustnbe considered that the strain data
collected was influenced by the inertial lag of testing speed, so that the stress-strain curves
are slightly affected by error. This was a necgssade-off choice between accuracy and

simplicity.
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2.1 Drop weight test on plates
A drop test was performed over four fiberglass cositp plate specimens for measuring

the amount of energy dissipated during the impHoe impact energy was set to 15 J in two
tests and to 29 J in the other two. The impact naagpted was weighting 5.73 kg. The
displacement and the velocity of the impact massewecorded at a sampling rate of 819.2
kHz without using a filter dataset. The resultshef drop test are also shown in Table Il. The
glass composite material tested has an excelléotrdation recovery.

3. Numerical/Experimental Correlation
The data collected during the experimental tests uwsed for the definition of the

material properties in the FE analyses of a drgp dger a fiberglass composite thin-walled
cylinder. Since the experimental data was not cefit to fill the material card in the FE

solver, a sensitivity analysis was performed on thmaining parameters, and the most
significant were tuned iteratively so that the nuoa energy absorption curve was matching

the experimental one closely enough.

3.0 Drop weight test on cylinders
As a consequence, more experimental tests weress@geand were performed on the

composite cylinders summarized in Table lll. Duethe limits of the drop test machine
available, the cylinders testing did not follow atgndard, and a stiff steel plate was needed in
between the cylindrical specimens and the weigtitesthe cylinders diameter was larger than

the drop weight diameter.

The glass reinforcement was rolled up around &ktp@perboard to avoid undesired

deformations in the specimens resin curing andnguftrocess.

TABLE |. SUMMARY OF THE EXPERIMENTAL TESTSPERFORMED

Exp # Test Referential Cross-Section Movable Head
Standard Displacement
Constant .
1 Tensile ASTM D3039 Rectangular 2.0 mm/min
Constant .
2 Compressive ASTM D3410 Rectangular 1.5 mm/min
3 Compressive ASTM D3410 Constant 1.5 mm/min
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Exp # Referential i : Movable Head
Test Standard Cross-Section Displacement
Rectangular
Constant .
ASTM D351 :
4 Shear S 3518 Rectangular 2.0 mm/min
Flat
5 Drop weight ASTM D7136 Rec;t?r;gular N./A.
ate
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TABLE II. MATERIAL CHARACTERIZATION AFTER THEEXPERIMENTS
Tensile Test
Strain Energy

Exp €max

# E Omax Density at Failure

1 | 19.1 GPa 446.6 MPa 0-04 mm/mm 16.4J
Compressive Test
Exp | o Failure Mode

#

o | 212.0+28.8 MPa Crack

3 68.7+ 8.0 MPa Buckling
Shear Test

Strain Energy

Exp ymax

# Gur Tmax Density at Failure

4 | 7.6GPa 142.9 Mpa0-37 mm/mm 53.6 J
Drop Test

Maximum Residual

Exp | Impact | Dissipated

# | Energy Energy | Deflection Deflection

6 2907 J 2574 ] 16.14 mm 8.05 mm (-50.1 ¢

3.1 Numerical model setup
The solver RADIOSS-Block90 was used for the nunaéstmulations of the drop weight

test over the cylinders. The composite material waxleled using shell elements with

elastoplastic orthotropic properties (LAW25). TheaiFWu failure criterion, which allows the

modeling of the material yield and failure phaseas adopted and the artificial hourglass
energy was controlled using either the full intéigira formulation (Q4) or the Quadrilater

Elastoplastic Physical Hourglass control (QEPH)hwive integration points. The interface

between the drop tester, the steel plate, andpbeirmen was modeled as interface of TYPE?.
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This choice allows self-contact and the contact bmth shell sides to be taken into
consideration and prevents the finite elementseteeprate. The friction coefficient was set to
0.2 between the drop weight and the stiff platej 800 0.4 between the stiff plate and the

specimen.
TABLE Ill.  THIN-WALLED CYLINDERS EMPLOYED FOR THENUMERICAL/EXPERIMENTAL
CORRELATION
Exp | Internal | Height | Thickness Stacking Impact
# | Diameter Sequence Energy
6  39.0mm 200mm =1.9mm  [45°-45] 47.3J
7 | 39.0 mm| 34> mm =~1.9mm [45°,—-45% 48.7 J

8 | 390mm 345mMm =26mm  [45°-45°455]  48.6J

9 39.0 mm 345 mm| =2.6 mm [45°,—45°,45¢] 188.5 J

4. Numerical /Experimental Comparison
Fig. 4.1 shows the results of the drop weight expemts and of the corresponding

numerical simulations for the four cases in TabN@merical analyses were performed using
both Q4 and QEPH formulations for hourglass conialy the latter results are shown for
brevity. QEPH gives a better correlation, even ¢iouhe differences between the two

formulations are usually quite small. Experimentaia shows that:

* the energy absorption history is influenced by $pecimen thickness. In fact, as the

thickness is increased the impact energy is digsdp@aore quickly (see specimens #7 and #8),
» after approximately 4 ms the energy has been cdelpldissipated for all the cases,

e the flat parts in the experimental energy absonptiorves are typical responses due to
the generation of the folding deformations,

e theinitial folding is detected close to the topl @f the specimen (see Fig. 4.2).

The numerical simulations are able to detect ctyreadl of the above behaviours but the
influence of the folding deformations over the gyeabsorption history. The numerical model

appears less stiff since the numerical and thergrpatal maximum outer diameter of the
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deformed shapes in Fig.24are 45.28 mm and 44.65 mm respectively, e the undeformed
outer diameter of the models is 42.93 mm. Thistikedly large difference (+36 % on tl
deformation magnitude) is due to the fact thathia humerical model it was not possible
constrain the rotation of the nodes of the specitoprsection because of the shell eleme
formulation in the FE solver. On the other han&, $pecimen length subject to deformat
computed from the top section almost the same among the two cases being 13.7Hrtima

experiment and 13.80 mm in the rerical simulation.
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Fig. 4.1. Numerical/experimental correlation: eryeafsorption histor

Fig. 4.2. Numerical/experimental correlation: defed shapes for specimen

4. Optimization of fiberglass crash energy absorbel
The numerical model, calibrated as described imptiegious paragraphs was finally us

in conjunction with optimization techniques in orde find the optimum stacking sequence
both the cylindrical specimens and three typegadit energy absorbe The objective of the
optimization was the maximization of the energysiiated by the components while

variables were the orientation of their plies. Batting up the process the optimizat
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software modeFRONTIER has been coupled to the s®¥®IOSS-Block90 by means of a

routine written in C++.

4.0 Cylindrical specimens optimization
The specimens which were numerically optimized thee same described in Tab. 3 and

were crashed at different impact speeds: eithefsdom15 m/s (impact energy of 46 J and 648
J respectively). The fibers orientation was allow@dange from 0 deg to 45 deg with steps of
5 deg. The optimization was performed using a Moljective Genetic Algorithm (MOGA)
which was initialized after a Multi-Objective Garnt@éeory (MOGT) algorithm run. Tab. IV
resumes the specimens tested and shows the restdtsns of optimum lay-up and energy
ratio absorbed by each ply. The plies are repat@ding from the inner to the outer one. Tab.
IV shows how the optimum stacking sequence depbaotifson the crash energy level (see #10
and #11), and on the specimen aspect ratio (seea#itil#12). In particular, the fiber
orientation angle is increased in #11 in orderrtiqrt the specimen from buckling.

4.1 Crash energy absorbers optimization
An optimization process was applied to three fitesg crash energy absorbers having

different cross-sections, namely: circular, hexadoand octagonal. For simplicity, only four-
ply composite components were considered. The agtian process applied is somewhat
nontraditional in that it makes no use of optim@atalgorithms in the strict sense of the word,
but is based on the exploration of the design spgcaeans of Design Of Experiments (DOE)
techniques coupled with Response Surface ModeR&M). At first a 600 simulations Sobol’
DOE was performed. DOE data were then interpolatitil a Gaussian RSM, and a 10 levels
Full Factorial (FF) DOE was applied on the resposisdace for locating the peaks in the
design space. Since the ply orientation was alloteedary between 0 deg and 45 deg with
steps of 5 deg, the possible values each ply camasare 10, thus, a 10 levels FF corresponds
to the exploration of the entire design space tjinahe response surface. The virtual peaks in
the response surface were then evaluated by siowled check their consistency, and the

numerical local optimums were found by means odllstar points searches.

The crash absorbers weighted 308 g and were pladsgtween a stationary rigid wall and
rigid body elements transmitting a load of 400 kgoving at an initial speed of
40 m/s. The length of the crash absorbers was 0.&noh the size of the cross-sections was
chosen so that in the three cases the inertia efstttions was the same (diameter of

approximately 80 mm) while their overall thickneass 1.87 mm. Tab. 5 resumes the
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optimum ply lay-up found for the three crash absmsland the energy ratio absorbed per ply
starting from the inner ply. The octagonal geométag shown to be the most performing;
additionally it also causes the deformation to pggie more neatly. Compared to an
aluminum crash absorber having the same shapéb#rglass octagonal crash absorber has a
weight 51 % lower and specific energy absorptideraf0 ms only 4 % lower. The deformed

shapes of the three composite crash absorberb@mm sn Fig. 4.3.

TABLE IV. OPTIMIZED SPECIMENS OPTIMUM LAY -UP, AND ENERGY RATIO ABSORBED PER
PLy. THE INTERNAL DIAMETER 1S 39 MM FOR EVERY SPECIMEN

Ply | Impact = Optimum Stacking Energy Ratio Absorbed per Ply
EXP | Height d
" g # | Spee Sequence 15T nd [ gd [ 4 [ gho [ gh
6.4 | 17.0| 25,5/ 51.1
50.0 °,10°,10°,10° I
10 5 4 | 4mis | [20°10°10%10°T o 0 oy g,
22.7119.4 1.7 56.2
50.0 °,45°,20°,10° I
11 0-C 4 | 15m/s| [15°45°,20°10°] % | % | % | %
25.6| 36.6  11.2 26.7
34.5 °,15°,5°,0° - B
12 3 4 | 15m/s [0°15°5%0°T | o " | o | 0p | o5
12.7| 5.4 | 15.4| 16.4| 26.2| 23.9
34.5 o] o [e] o o o

TABLE V. OPTIMUM CRASH ABSORBERS LAY -UP AND ENERGY RATIO ABSORBED PERPLY

Energy Ratio

Optimum Absorbed Specific
Cross- | Impact | Stacking Energy Eger Absorbed per Ply
Section | Speed | sequence after 10 ms %y T g b

20.55 13.6 | 23.7| 38.6 | 24.0

[45°,20°,5°,15°] | 6321J g % oo o |o%

Circular | 40 m/s

24.97 243 |7.6 | 226|455

[40°,25°,40°,35°] | 7687 J g % % % | %

Hexagonal 40 m/s

26.78 109 27.5|11.8| 49.8

Octagonal| 40 m/s
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Fig. 4.3. Deformed shapes after crash for the dilass composite crash energy absorbers: circudasegection (left),
hexagonal cross-section (centre), and octagonab«egection (right).

5. Conclusions
A fiberglass composite material was characterizadl @ numerical-experimental correlation

for cylindrical specimens was found. The correlatiwwas applied for setting up the material
properties in a numerical model which underwenbptimization process aiming at finding
the optimum lay-up for a four-ply fiberglass comip@sautomotive crash absorber. The
optimum octagonal crash absorber allows specifierggn absorption similar to that of an

equivalent aluminum crash absorber.

A broader approach to optimization could still bene as a future work involving shape

parameters, different ply numbers, and differeit more performing composite materials.
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7. List of Symbols

EL
Gt
8I'T]aX
ymaX
Oc
Omax

Tmax

longitudinal Young modulus
longitudinal transversal shear modulus
normal yielding strain

shear yielding strain

compression ultimate strength

normal yielding stress

shear yielding stress
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“La vita ha quattro Sensi:
Amare, Soffrire, Lottare e Vincere.
Chi ama soffre.
Chi soffre lotta.
Chi lotta vince.
Ama molto, soffri poco.
Lotta tanto, vinci sempre.”

O. Fallaci.
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