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ABSTRACT

The growing demand for lightweight solutions in every field of engineering is driving the industry
to seek new technological solutions to exploit the full potential of different materials. The
combination of dissimilar materials with distinct property msgembodies a transparent
allocation of component functions while allowing an optimal mix of their characteristics. From
both technological and design perspectives, the interaction between dissimilar materials can lead
to severe defects that compromise altirmaterial hybrid component's performance atsd
structural integrity. This thesis aims to develop methodologies for desigmamyifacturing,and
monitoringof hybrid metalcompositgoints and hybrid composite components. In Chapter 1, a
methodologyfor designing and manufacturing hybrid aluminum/compositeured tubes is
assessed. In Chapter 2, a fiidld methodology for fiber misalignment detection and stiffness
prediction for hybrid, long fiber reinforced composite systems is shown and deatedst
Chapter 3 reports the development of a novel technology for joining short fiber systems and
metak in a onestep cecuring process using lattice structures. Chapter 4 is dedicated to a novel

analytical framework for the design optimization of twitit@ architectures.

La crescente domanda di soluzialieggeritein ogni campo dell'ingegnetiata spingendo
l'industria a cercare nuove soluzioni tecnologiche per sfruttare il pieno potenziale dei diversi
materiali. La combinazione di materigiversicon gamme di proprieta specifiche racchiude in

sé una trasparente ripartizione delle funzioni fra componenti, consentendo al contempo un
connubio ottimale delle loro caratteristiche. Sia dal punto di detia progettazionehe del
processol'interazione tra materiatiifferenti pud portare a gravi difetti che compromettono le
prestazioni di un componente a n c integrita strutfurdle. Questa tesi mira a sviluppare
metodologie per la produzione, la progettaziodelecontrollo di componentibridi metallo
composito e composiitdridi. Nel Capitolo 1, vienesposta una metodologar la progettazione

e la produzione di tubi ibridi in alluminio/composito-corati. Nel Capitolo 2, viene mostrata e

dimostrata una metodologfall-field per il rnlevamento del disallineamento delle fibre e la



previsione dellaigidezzaper sistemfibrorinforzati afibralunga. Il capitolo 3 riporta lo sviluppo
di una nuova tecnologia per lI'uniooempositia fibra corta e metallo in processo di ewring
utilizzando lattice structures Il capitolo 4 & dedicato a un nuovo quadro analitico per

I'ottimizzazione del design di ddipologie di lattice structure
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NTRODUCTION

The growing demand for lightweight solutions in every field of engineering is driving the industry
to seek new technological solutions to exploit the full potential of different matddiallymer

matrix composites (FRPs) aveidely appreciated for their high specific strength and young
modulus valuesDue to their inherent orthotropic behavior, these materials allow for design
scaling at the material level. Conversely, although their specific silmsirbing capacity is
generdy high, they tend to fail in fragile ways with little or no advance warn@ansidering the
polymeric nature of the matrix, they are also challenging to use in operating environments where
high temperatures are expected. Metals are still being appkdiat their high resistance
properties, even in extreme working environments. Thanks to the yielding phenomenon, they are

generally able to store a considerable amount of plastic energy before their ultimate failure.

The combination of dissimilar matelsawith distinct property ranges embodies a clear allocation

of component functions while allowing an optimal blend of their characteriStese are two

well established overarching techniques for joining metal and composite structures: (i) adhesive
bording and (ii) mechanical fastening. Several authors already reviewed researches that have been
carried out on these two topics over the last 3 decg@id®)]. As a rule of thumb, adhesive
bonding offers the most lightweight potential. However, they are often relegated to secondary

structures due to their tendency to fail with scarce or no advice.

A distinction is made between traditional adhesive bonding of cured components and the bonding
of cured components with wet laminates ¢hmnding" or "cecuring ") [11]. Mechanical
fastening is commonplace but requires the composite part to be machined, oftely causin
delamination. Complex stress distribution around the hole is generated in the compgsitelpart
any attempt to mitigate failure deals in the oversizing of the part [1IfA promising solution

is to hybridizethe technologies above to form a hybrid bogeiastening joint. A hybrid bondirg
fastening joint can be obtained employing bglt8], rivets [13i 15], or pins. Although the

interlocking mechanism appears to be similar, hybrid joint obtained using bolts and rivets differs



from hybrid joint obtained using pins for size and arrangement of the thtbaghickness
reinforcing element. Contrary to hybrid bolted joiiitsvhich generdly use only 13 rows of
bolts/rivetsT hybrid pinned joints use a substantial number of sdialheter pins. Several
technologies were developed over the last decade to manufacture such protrusion over a metallic

adherend.

Electron beam[16], a technology developed since 2004 by The Welding Institute (TWI), has
been successfully employed toguoe thes@ a |l | e d Co @ 19 iEpoited irFigure

0.1

BT TR ALY

Figure 0.1: Comeld Joint

According to Wang and othef20], several protrusion geometries can be produced by tuning
process parameters. The technology is relatively fast (it takaadiO [s] to form a protrusion

with a height of 1.5 mm) and quite versatile (protrusion size ranges frem ®20 mm). Studies
performed to assess an optimal protrusion geometry showed that the angle and height of

protrusions are the main parametdrsfae ct i ng t he static pXHed or mance

The areweldingprocess, "colanetal transfer'[23,24] was used to produce pins having a
diameter of 0.8 [mm] and a ight of 3 [mm] by Ucsnik and othe{25] (seeFigure0.2). Only

two pin geometries were feasible and the grow rate was limited.



Figure 0.2: Pins produced by cold metal trandi2s]. a) cylindrical pins b) balhead pins

Capacitor Discharge Stud Welding was used to manufacture pins by Gizélaas visible in
Figure0.3. Pin dimensions and feasible geometries were comparable to the ones produced through

cold-metal transfer.

Figure 0.3: Pins obtained using Capacitor Discharge Stud Wel@6h

Sheet ks are pins that are produced by stamping a specific pattern on a metal sheet and then
rotating the reinforcing elements perpendicular to the substrate, up anf¥whhe geometry

of the sheet pins is limited to addmensional complexity and the maximum number of pins is
also limited per unit area by the thickness of the adherdaterding to Heimb$28], sheet Pins

are much more flexible, cheap, and simple in handling than other 3D reinforcement pins.



Figure 0.4: Sheet pin$27]

Additive Manufacturiig (AM) in the form of laser metal deposition was employed by Parkes
[29,30] Pins produced by AM are called "HYPER" (HYbrid PEnetrative Reinforcement)
according to a 2008 Airbus patdBt]. A representation of an array of HYPER pins is reported

in Figure 0.5. The mainadvantage of HYPER technology is that few limits exist in the pin's
design, and the intrinsic morphology of the surface obtained by AM seems to promote adhesion
at multiple scalef32]. Typical pin size are: diameter of 1 [mm] and a height of 4 [f@&33]

with the impressive growth of AM technologies in recent years, even smaller diameters can be

succesfully manufactured.

Figure 0.5: Macro images of the AM built hyper pif29]



Despite the low TRL level of HYPER joint, investigations to date have shown impressive results
over unpinned counterparts and other technold8#®85]. Investigations also showed feasibility
for implementing the conventional ultrasonic NDT method for damage insp¢80¢6] and

damage evolution prediction by finite element mode]88y37]

In most of the studies presentadove the metal alloy used in the experimental tests was a
titaniumalloy. Titanium alloys exhibit a coefficient of thermal expansion (CTE) that is nearly 3
times less than the CTE of an aluminum alloy and about 2 times less concerning the CTE of a
stainless steel alloy. Carbon fibepoxy composites have an anisotropicEChat depends on

their stacking sequence: carbon fibers have low negative CTE in the axial direction and large
positive CTE in the radial direction. Significant fabricational thermal residual stresses may thus
be generated during the-care joining proces due to the difference of CTE between metallic
and composite adherends (3B]. It can be argued that these considerations apply mainly to the
bonding surface by virtue of its relatively large spatial extent, and to a secondary extent to the
protrusionsby virtue of their small size. A technique for reducing defects ioured aluminum

carbon fiber axisymmetrical joints is illustrated @hapter 1 In that case, penetrative
reinforcements could not be added due to the inability to access the tube's inner part to grow the
protrusions. This highlights a limitation in available hybrid joining technologies when dealing

with curved/complex shaped parts.

An inherted limitation observed in all technologies mentioned above is that, to the
penetration of the pins into theet prepreg, an intense fiber wavinésinduced in the composite
part As visible inFigure0.6 a, obtained by stitching nearly 200 single micrographs together, fiber
waviness appears at multiple lengths witegiodic distributions. The region surrounding the pin

(FigureO6b) i 4 i kevye as[33l.eported in



(a) (b)

Figure 0.6: Defects on the composite side in a typical HYPER joint with 0.5 [mm] cylindrical
pins.(a) overview on a 3x4 array of pins (b) typical defects surrounding a single pin

Adverse effects of fiber misalignment in composites have been widely sti8e€89] and
homogenization techniques were propo$#@]. For instance, it was demonstrated that both
decrease imodulus and compressive strémgf a laminate can be correlatedth the laminate
waviness. It can be argued that an optimal design for a penetrative reinforcement should also
account for this kind of defect and their spatial extenslanthe cited literature, optical
microscopy was used 1§%9,33], but no indications were found on the m@@ng procedure used

in that works. InChapter 2a novelnondestructivefull field analysis methodology is proposed.

The procedure was developed for compressioldimg but no limits exist to apply it to detect

this kind of defect in hybrid pinned joints.

Penetrative reinforcements are designed to join-fdoey composites systesnin conventional
autoclave techniques. After extensive research, no study was found in the literature about joining
metal and short fiber architectunesingpenetrative reinforcements. It is worth mtiening that,
differently from what happens with endiefiber systems, the final properties of short fibers
compositebeneficiallydependent on the material's flow behavior during compression molding.
Uncured short fiber prepreg appears as a randomly oriented conglomerate of unidirectional

strands, with inhmogeneous void due to microstructure heterogeneity. Hence the need to develop

6



a new technique of reinforcement that Kould be
can be argued thling and thin pins are prone to buckling with relatively $fioates; moreover,

their poor bending resistance makes this kind of structure totally inadequate to withstand the high

load that occurs during a compression molding operation. A novel kind of infiltrative joining

technology was developed and illustratec€Chapter 3

Experimental investigations suggested the n&edmprovethe design of metamatersato
withstand at processingdding conditionsFor thispurpose, alesign framework fooptimizing
geometric parameters of infiltrative reinforcemewotsvithstand processing loads was developed

andillustrated inChapter 4and vaildated hroughextensivdinite element analysis.



Chapter 1. DESIGN AND MANUFACTURE OF HYBRID
ALUMINUM /COMPOSITE CO-CURED TUBES WITH
VISCOELASTIC INTERFACE LAYER

Marco Povol&*, Luca Raimondie®, Tommaso Maria BrugpAngelo Pagafj Dario Comang)

Luca Pirazzirfi Andrea Zucchelii®

®DIN T Universita di Bologna, Viale Risorgimento 2, 40136 Bologna, Italia
®CIRI-MAM i Universita di Bologna, Viale Risorgimento 2, 40136 Bologna, Italia

‘REGLASS SRLVia Caduti di Cefalonia, 4, 40061 Minerbio BO, Il

The candidate is one of the investigators of this study. He contributes to the conception and
design of the study, data acquisition and analysis, manuscript drafting, revision and approval.

The work has been published on Procedia Structutabrity.

1.1 INTRODUCTION
The increased performances of hybrid pipes and tubular section geometries are desirable in

several industry for their higher natural frequencies and bearing stress capability with respect to
their metal counterpart. In some industtapplications, the possibility to have a metal coating on
the external part of the pipe is desirable for their antistatic properties, improved corrosion
resistance and improved tribological properties. Moreover, metal coatings offer the possibility to

perform thermal spray treatments for a functionalization of the surface.

Hybrid tubular components has been successfully manufactured in several ways, each one with
their specific limitation. Adhesive bonding is commonplace but is applicable only for small
components and requires a tstep manufacturing proce$4l,42) Interference coupling is
usually obtained by heating or cooling the metal part, but the process tendiim gow in

production and requires again two steps cycles.

Co-curing is a novel promising technology that enables the production of a hybrid tube in one

step manufacturing process, able to provide cost and time savings. However, despite their



attractiveadvantages, the manufacturing tasks associated with hybrid metal/compasitec¢o
tubes are still a challenge in their design process and few and recent studies has been published

on the topic.

The manufacturing process of-cared, hybrid, aluminurgore shaft, was studied by CHé3]

and others. Their investigation showed that the quality of the component is strictly connected with
the axial residual thermal stresses due to the large difference of coeficibatmal expansion

(CTE) of the two materials. To reduce the residual thermal stresses, the use of a compressive

preload by the employment of a steel jig was suggested.

A similar solution for the design and manufacturing of eceeed hybrid aluminum dre shaft

was suggested by Lee and otf¥4$ The effects of thermal stresses were again reduced by
inducing a compressive preload on metal tube and the stacking sequence was selected by
minimizing the failure index according to Tsai Wu criterion. An interface made of glass fiber
epoxy composite was introduced to reduce galvanic corrosion between the aluminum and the

carbon fiber composite, but authors found a higher failure index.

Han and otherpl5] found a solution for design and manufacturing of a conicaluced hybrid
pantograph upper arm using a frictional layer to avoid the excessive stress and possible failur

the bonding layers between the composite laminate and aluminum tube. The hybrid structure was
designed to reduce the mass and to enhance the structural stiffness. At least, they design a metal
composite hybrid metal arm that exhibit a much higher meichl performance than a
conventional steel arm avoiding material failug®. far, from the state of the art analysis, it is

clear that a key aspect in design and manufacturing of hybrid tubes is the reduction of the residual
stress peak to avoid prematuailure of the component; the adopted strategies to reach this task
are based on the variation of the stacking sequence and by changing the materials at the interface

between metal and composite.



NOMENCLATURE

Deere [mm]
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a [1°C]
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TS  [MPa]
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St rupture [MP2]
? it rupture [MP2]

internal dimeter of CFRP tube
external diameter of CFRP tube
internal diameter of aluminum tube
external diameter of aluminum tube
length of tube

CFRP thickness

aluminum thickness

interface layer thickness

elastic modulus
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To the best author's knowledge, this is the first study on hybraie metal composite tube

that employs a viscoelastic interface layer and an optimization of the stacking sequence based on
numeric algorithm to minimize the possibility of prematuréufal and maximize the flexural
stiffness. Additionally, an experimental procedure for validating FEA result is proposed.
Moreover, due to the viscoelastic properties of the interface, jig is no longer required and tubes

can be made in orgtep manufacturgpcycle.
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1.2 MATERIALS AND METHODS
The procedure adopted in the present work combines numerical analysis and experimental tests

in order to setip the design procedure of a hybrid tube with a low impact of residual stresses and
minimum deflection under coresit bending moment. This loading condition and the-aefined

geometry are specific for the field of application of industrial printing machines.

1.2.1 Design and materials

AL DeAL
F D,AL
D, cere CFRP

Figure 1.1: Geometric Scheme

The total length of the test tube was 900 mm and the external diameter of the metal tube was 75
mm. The design thickness of the composites 2.2 mm as a compromise with stiffness and
functional requiremeniThe design thickness tiie extruded aluminum tube, made in 6082

alloy, was 2.5 mmMechanical properties of UD, Aluminum alloy and elastomeric layer are
provided in table 2, 3 and 4 respectivéliiie stacking sequence initially consisted of 6 layers of
unidirectional (UD) CFR prepreg in the axial direction, which is fundamental for guaranteeing
performance and for validating the FEA results. The prepreg named M23350R was supplied by
Reglass Srl, Minerbio (BO) Iltaly. This material is manufactured using Toray T300 and
impregna¢d with a 55% in volume (Vf) of custom epoxy resin EP200, supplied by Reglass Srl.

The prepreg was laminated in a clean room at 24 °C and the curing temperature was 110° C.
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Tablel.1 Geometrigoroperties of the tube

Properties D,

D

eCFR}

DIAL DeAL l S’JFRF

(mm)  (mm)  (mm) (mm) (mm) (mm)

(mm)  (mm)

Value 64.6 69.0 70.0 75.0 900 2.2 2.5 0.5
Tablel.2 Prepreg properties, M23350R (Reglass Srl)
Properti EL ET C:"LT nLT r aL aT sL,rupture ST,rupture [LT,rupture
es (MPa) (MPa (MPa ( @rc @rc (MPa) (MPa)  (MPa)
+ £
) ) Ty o)
)
Value 11510 7700 4400 0.3 163 -2.7 4.1 2200 30 60
0 3 0 PN (O]
Tablel.3 Interface viscoelastic layer (Reglass)
Properties E* G* r TS Eso
(MPa) (MPa) (+d ) (MPa) (MPa)
Value 275 92 1250 15.0 12.5
*according to DIN 53504 calculated data (at 1% elongation).
Tablel.4 Aluminum tube (60821'6) properties
Properties E r a
(MPa) (+ ) (1/°C)
Value 70000 2700 2.4p 1
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1.2.2 Manufacturing process
An innovative process has been implemented to produce hybrid tubes according to the process

depicted inFigurel1.2.

1) First, a cylindrical mandrel with silicon body was prepared and cleaned with
methylethylketone.

2) Prepreg layers were stacked with a suitable overlap on the surface.

3) A mandrel was inserted into the external metal tube and metal bushings were inserted to
maintain the axial symmetry of the component.

4) Pressure of 3 bar was then given to expand the silicon surface of the mandrel and the
prepreg and viscoelastic layer were forced to adhere to the inner area of the metal
cylinder. In this condition the curing ahe of the entire component was able to take place.

5) Once the curing cycle is over, the pressure was raised, and the mold was extracted

6) The component was machined finished.

This manufacturing process uses the low elastic modulus of the interface legemtensate the
deformations due to the different CTE during the cooling phase. This allow to avoid the usage of

a jig as suggested by dWé] and Ledg47].

T
| = 4 - - - - — - — — -1 _4 4 Bt - - - - === 43
|
> = +----——— - L I3 5
= = | _
3 4 - - - -] L= 6 -]
e e (===

Figure 1.2: Production process
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The proposed manufacturing process was successfully used to prepare a first batch of -hybrid co
cured tube with the geometrical properties depictéhinie1.1 and with a stacking sequence of
[0°]s along the axial direction. IRigure1.3 a microgrgh of the so manufactured tube is shown

and no delamination phenomena were detected.

Metal Viscoelastic Composite
external layer layer internal layer

Figure 1.3: Production process scheme

1.3 FINITE ELEMENT MODEL AND EXPERIMENTAL VALIDATION

1.3.1 FEM model and stressanalysis
In order to better understand the distribution of the residual stresses at the free edges, finite

element analysis (FEA) has been performed. The symmetry of both geometry and loads allowed
to study a quarter of cylinder in order to reduce comjmutaime. The FEA model was thermally
loaded and the cooling phase was simulated adopting an implicit solver. The tube was modeled
in Ansys using SOLID186 elements. SOLID186 is a higher ord228-node solid element that

exhibits quadratic displacemeng¢hmavior. Reduced integration was used to minimize locking
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phenomena without using the layered option. The composite was therefore modeled using a layer

by layer configuration in order to better describe the shear phenomena. The viscoelastic layer was
modekd selecting a bilinear material behavior (Yo
Tangent Modulus 10 MPa). A mesh convergence test was conducted to minimize the stress error

and to respect the zero stress conditions at the free edges. The mesfinedst free edge and

it was found that the maximum element size to correctly represent the stress distributions is 0.01

mm in axial direction.

Figure 1.4: Meshed tube and constraints

Contact elements were not introduced to reduce the computational time without reducing
precision. The model so build and constrained is representédure 1.4. Face marked with
letter A was constrained in axial (z) direction and both faces B and C were constrained in

circumferential direction (y).
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-10 ——_zr viscoelastic layer

15 ——_zr epoxy layer

Stress (MPa)
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-35
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Figure 1.5: FEM Shear stresses comparison inittterface layer at the end node of the tube

Thanks to the model it was possible to investigate the stress and strain distribution along the axial
direction. It was found that the most stress
aluminum and theamposite. A comparison of the shear stress distribution at the centerline of the

adhesive interlayer is representedFigure 1.5, for both epoxy (blue curve) and viscoelastic

interlayer (red curve). For the case of the epoxy interlayer, material stress concentration occurs at

0.7 mm c.a from the free edge, with a maximabsolute value of 30 MPa. This value is above

the critical shear strength of commonly used epoxy adhesives and therefore makes this solution

not doabl e. On the contrary, for the viscoel ast

the free edgeone, due to the elastoplastic behavior of the material.

1.3.2 Experimental validation
Test tubes was manufactured with all 6 layers at 0° in the axial direction to validate the stress

analysis calculated using FEM.
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Figure 1.6: Experimental setip

Subsequently, 2 setemperatureeompensated strain gauges were applied at the center of tube to
monitor axial and hoop strain evolution during the whole curing cycle. It was found that the after
curing axial and hoop strain differs from the numerical model of less than 7% and 4%,

respectively. This small error ensures a good accuracy in the optimization procedure.

1.4 OPTIMIZATION AND RESULTS
In common practice, the optimization process of a composite wteuist dominated by one or

more objective functions, design variables and constrfd8is In the presat work, a failure

index of 0.7 according to Hashin 3D criteria as been assumed as a constrain. Hashin 3D is an
interactive failure criteria that enables to detect fiber or matrix failure and is able to describe as

well the interlaminar onf9]. The minimization of the deflection under pure bending load has

been set as objective function. The stacking sequence angles of the 6 layers that composes the

|l aminate were set as a continuous variable. The
model 06 proposed in the Design Of Experiment (DO
influence of the variables on the responses and reducing the global computational time. After the

DOE was performed, the tube has been optimized by a-Kbjectie Genetic Algorithm
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(MOGA). The best solution obtained with MOGA foresees a predominance of layers at almost
zero degrees, with the exception of the first two in contact with the viscoelasticTapér1.5).

This solution provided a failure index of 0.68, but manufacturability limits imposes to use discrete
angles for the prepreg wrapping sequence. For this reason, a new simulation with manufacturable
layers anglesliablel.5) was carried out and the result were compared. An acceptable 3% increase

of the deflection was obtained with a failure indeX &3

Tablel.5 Stacking sequence comparison

Layer number Optimization angle value (°) Equivalent manufacturing

angle value (°)

1 -19.8 -30
2 +42.6 +30
3 5.4 0
4 -0.9 0
5 -3.7 0
6 -9.2 0

1.5 CONCLUSION
In this study a manufacturing process, an experimental validation and an optimization of the

stacking sequence for hybrid -cared aluminum/composite tube with interface layer under
constant bending moment is proposéal particular, for the fist time a onestep, cost effective,

manufacturing process of an hybrid metampaosite tube is proposed.

The process was successfully implemented and used to realize a first batch ofrgthtid
composite tubes. Micrograph analysis reveal no defectercéimposite and perfect bonding
between the viscoelastic layer and both metal and composites layers, thus demonstrating the
effectiveness of the new process. Moreover the results of the experimental analysis together with

the numerical simulations of thglirid tubes, gave the conclusion that:
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A the numerical model well represented the real behavior of the hybrid tube;

A the viscoelastic interface layer between aluminum and CFRP tube, compared to the
configuration with an epoxy interface layer, is effectweeduce thermal residual stress peaks

thus providing a suitable failure index for the entire part.

Thanks to the preliminary setup of the numerical model it was possible to establish a robust
procedure for the optimization of the composite stackingesemps Manufacturability was

ensured by perform a further simulation with discrete ply angles close to the optimal solution.

In this work, only laminate with a constant thickness and composite tube with defined number
of layers and defined geometry was gaatl. In the future, different type of stacking sequence

and geometry constraints will also be investigated.
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2.1 INTRODUCTION
Recent advances in polymers and novelaftautoclave techniques have enabled composite

materials to be at the forefront of lightweight technologies in the autoeatig transportation
industries[50]. Long fiber carbon prepregs have been traditionally formulated for autoclave
processing, but continuous improvement in -faging resins has recently extended their
processability to compssion molding, enabling this technology suitable for high volume part
production[51]. Despite its attractive benefits, prepreg compression molding (PCM) can produce
more significant fiber misaligment to the autoclave process, especially when continuous fibers

are cemolded with discontinuous fiberfs2,53]

It is worth mentioning that prepreg is subjected to an intense flow during PCM processing favored
by the system's high heat efficiency, the limited heat capacity of small thickness prepreg charge,
and the tools' high compressing speed. Rheological studies in long discontinuous fibers
compositeg54i 56] have demonstrated that th&ective viscosity tensor is highly anisotropic

with maximum elongational viscosity in the fiber direction. Somnter] reports that
compression molding with long fiber composites is aptly described by a plug flow with highly

anisotropic irplane behavior. According to the cited literature, it can be argued that fiber
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waviness in a PCM process is caused byrfimsport and interaction phenomena correlated to

the flow characteristics in the mold.

The negative effect of fiber misalignment on composites under compressive loading has been
widely studied[38,39] and homogenization techniques have been propgd€ddThe issues
related to the previously cited literature highlight the need to identify practical tools that have to
qguantify fiber misalignment in composite materials as a result of the process to phedict

mechanical properties of the components.

Several techniques have been developed to measure and detect fiber distortion, mostly based on
2D micrography. Yurgartis[58] proposed a method based on the measurement of the fibers'
ellipticity in a crosssection @ the component. By measuring the major and minor axes of the
ellipsoids and knowing the fiber diameter, the 3D spatial orientation of the fibers can be estimated.
This method, however, is destructive and it is not able to identify the sign (positivgativag

of the deviation of the fibers and is more limited by the fact that the-sexsi®n of the fibers is

not always perfectly circular.

Kratmann and othef§9] and, more recently, Wilhelmsson and A6p] settled methodologies
in which surfaces parallel to fiber direction were sand gridded and evaluated by image algorithm
on a 2D micrograph. Thaethods have been proven to be robust and economical, however require

sample preparation that irreversibly damages the surface of the composite.

Recently, some Nodestructive testing (NDT) methodologies were proposed to detect fiber
misalignment using Miro Computed Tomography (micfT) [61] or eddy current62].
However, these techniqueseachallenging to be implemented in a mass production line to

perform a reatime quality inspection.

From the state of the art analysis, it is clear that most current methods for determining the fiber
orientations in a composite part require expensivapetgnt, are difficult to perform on full

sized parts, or result in the part being destroyed.
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This work aims to settle a fast and ceffective methodology for estimating-piane fiber
misalignment in molded compaosite components by analyzing the dispatéeld that occurs

on a discrete number of points on the surface of the part during the manufacturing process.

The precision of the proposed method, namely Full Field Nodal Method (FFNM), is successfully
benchmarked with one of the most recent metlogies available in the state of the art, and
potential advantages of implementation in FEA analysis for stiffness prediction is demonstrated.
The proposed NDT, being a fast, full field optical technique, can be easily implemented in real
time process moturing either for stiffness and strength prediction of UD PCM components,

either for assessing process parameters to reduce fiber misalignment defects.

2.2 MATERIALS AND METHODS
Materials and plate manufacturing are described in Se2tibfy the stegby-step description of

the FFNM procedure is explained in Secti@2.2 and experimental validation methods are

illustrated in Sectio2.2.6

2.2.1 Materials and plates manufacturing

Prepreg used in the study was a UD P 384 _S supplied by Torayca, Tokyo, Japan. This material is
manufactured with T700S high strength carbon fibers and impregnated with 4p%2800

resin, both manufactured by Toray Industries. Tgnspreg's initial misalignment angle was
measured to be 0.88°, as reported in Supplementary Data, S6t@nA total of 3 plates (1 for

optical microscopy analysis and 2 for both mechanical testing and optical microscopy analysis)
were manufactured by stacking 3 plies of UD P 384_S4 in the ¢offiguration. The pre
assembled plies were grided according to the procedure described in next section 2.2 and
compressiormolded. To ensure demoldability, the release agent employed was a Chemlease®

PMR EZ supplied by Chefirend L.P. Howell, Michigan UnitkStates.

2.2.2 Stephby-step description of the proposed methodology

23



The proposed method can be described in 3 main steps: preparation of the surface and subsequent
compression molding (sectioh2.3, digitalization, image processing and corners detection

(section 2.2.4), deformation analysis and fiber misalignment detection (se@iarp.

2.2.3 Step 1: Surface sampling points preparation and compression molding

In the present work, sampling points were generated as corners of a uniform, equally spaced, 35
mm grid. In particular, the grid has been drawn in two perpendicular directions directly on the
wet prepreg by using a 3 mm wide Berner paint marker, with a siaglaroach to the one
described in [3]. Before the curing phase, samples were scanned into a Kyocera TASKalfa 3501i
Multifunction Laser Printer with a resolution of 600x600 dpi. After that, the 3 gridded prepreg
plates were compression molded into a 320x32n tool designed to produce arbitrary thickness
plates and installed in a downstroke AEM3 press. The temperature of the tool was set at 140 °C
and monitored by 2 thermocouples. The tool was spoayed with the release agent, the charge
was 98% tool ceerage, and plates were manufactured using a 15 minutes cycle at 56.4 bar
pressure. After curing, samples were extracted, cooled in free air up to room temperature, and

scanned with the previously mentioned equipment at the same resolution of 600x600 dpi.

2.2.4 Step 2: Image processing and corners location detection

Scanned images were processed using custom software written in Matlab R2019a. The script
performs a series of image manipulation and cleaning techniques to remove the noise and detect
each corner'saordinate location. The stdyy-step procedure is reported in Supplementary Data,

Section2.5.1

2.2.5 Step 3: Deformation analysis& Fiber Misalignment detection

The displacement of sample points of the grid, identified as the diffepeoicéheir position prior
and after compression molding by the procedure described in s2@idn were considered as
nodal displacements of a set of 4 nodes interconnectgdirsmetric elements. For each element,

according to the formulation described®3,64], both components of the displacement field and
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position were approximated using interpolating "shape” functionsothatt B 0 6 ,0

B OGuvande B Ow,« B 0 w,beingd andb the displacement component in x
and y directions of element nodese, ande, « respectively, the components of the displacement
field == and the components of the position veekan the image reference system for each
element of the grid as shown KFigure 2.1 a andFigure 2.1 b. This approachi65] allows
calculating the irmplane components of the element deformation by its graglienas a function

of nodal displacemerit and shape functions by the relationship
3 LB ¢ & — Q)
where Lis the identity matrixBoth deformation and rigid body rotation are combined in the

operator mentioned above: separation of the two has been conducted by considering the

transformation
3 - 3 3 -3 3 £ = O ain which £ accounts to purdeformation

ando _ @ccounts to the rigid body rotation, according to the classical theory of elasticity results.
Since the mathematical formulation of the element is based oontinuity shape functions,

nodal components of a common nod&connecting two or more elements may differ: nodal
averaging of deformations by direct averaging their values at nodes has been introduced as an
approximation. Calculation of approximate-plane deformation inside each element was
therefore performed by interpolating the averaged nodal values using the shape fina®ons
shown inFigure 2.1 c, Figure 2.1 d, andFigure 2.1 e. The fin&loop in the FFNM method
computes the approximate fiber deviation angle as the arctangent of the averaged "shear" strain

as shown irFigure2.1 f: d = ArcTan(20}).

25



15

-0.5
m (d)

~

N

Yy % H

o

N
v

i
-

Figure 2.1: Typical UD PCM plate analyzed with FFNM method utilizing 4 node element formulation. Blue
Makers: corner location before compression molding. Red Markers: corner location after compression molding.
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2.2.6  Numerical and experimental methods for validation

The methodology was validated by micrograph analysis (se2tibid and mechanical testing
(section2.2.8 techniquesand a FEM model was built to exploit the potential of stiffness

prediction (sectioR.2.9

2.2.7 Optical Microscopy 2.3.1

The investigation of the method's capability and accuracy to detect local fiber orientation was
done by extracting several CFRP specimens from each of the 3 manufactured plates, to allow
capturing micrographs in at least 9 node locations on each plaite @rldast 36 locations within

each analyzed grid element.

Wet ground with 400, 800, and 2500 grit SiC paper along fiber direction, as suggefiéil by

was used to condition the specimens initially. Final polishing steps were performed using water
based alumina suspensions with progressively decreasing particle size. Biadicdnges were

3+1 pm in the first step, 0.5+0.3 um in the further one. A-teapped silk polishing pad was used

for the alumina 3+1 um, while highapped silk polishing for alumina 0.5+0.3 um. Samples were
cleaned using an ultrasonic water bath aftehgaolishing step and thus checked on an optical
microscope to eliminate scratches induced by the previous step.

Trials with dummy samples were conducted to optimize force, the platen's speed, and time to
avoid fiber pullout and artifacts. Samples weredsd using a Zeiss Axio Observer 3 at a
magnification of 50x and acquired by an Infinity Lite B camera with a resolution of 1.5 megapixel,
which results in a resolution of 2.5 em/pixel
Micrographs were analyzed by thiggh-resolution misalignment anaiggHMRA) method[60]

for its ability to be relatively insensitive to micrographic surface quality, by selecting a cell size

of 80 em for retrieving a stable standard devi a
0.45.

Other useful parameters were: fiber diametert@@nm (as measured on prepreg), minimum

fiber diameter set to i 8m, and minimum aspect ratio set to 6. The HMRA method measures fiber
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misalignment angles using a direct Matlab procedure, in which individual betsaced one at

a time and measureah andividual micrographs.

Typical results for the adopted procedure are showgire2.2, in which very few cells exhibit

an overestimation of fiberediation, as highlighted ifigure2.2 c. In these regions, individual
fiber directions are not appropriately distinguished by the algorithm, contributing to an overall
increase of the standard deviation.

The spurious abnormous measurements, always located at the normal distribution tails, we
mitigated by using the percentile filtering technigque suggested by Wilheln@8prDetailed
inspection on acquired micrographs suggested adopting 95:th percentilergs@gize between
filtering of high spurious angles induced by the HMRA method and low filtering of real fiber

waviness for the composite system studied herein.

X (a) (b)

Figure 2.2: Micrograph of a PCM UBample prepared with the suggested procedure extracted
from the top. a) original micrograph at 5x magn
processed micrograph by HMRA method with red circles highlighting cells with high deviation

(spurious rests)
2.2.8 Mechanical testing 2.3.2

Three tensile specimens were cut from each plate using @pégt rotating diamond saw tool
and checked for imperfections. Justification for the reduced number of ply was the maximization

of the specimen's frontal area (25m 320 mm) while maintaining ultimate tensile force within
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compatible values for tabs and fixtures. A stochastic speckle pattern was applied on the front face
using watetbased paint: care was taken in optimizing the size and distribution of the pattern t
ensure images were able to collect the wider possible region of each sample for the entire duration

of the test.

Tensile tests were carried out under displaceroentrolled conditions at a constant croesad

rate of 2.5 mm/min into a senlyydraulicINSTRON 8033 universal testing machine equipped
with a 25 kN load cell. Specimens were monitored during tests at the frequency of 1 Hz by the
two cameras of a 3D DIC system-@Q0, Dantec Dynamics, Skovlunde, Denmark), equipped

with 17-mm lenses (XenoplaischneideiKreuznach, Bad Kreuznach, Germany).

Istra4D software (Dantec Dynamics) was employed to elaborate images and calculate
displacements and strain distributions. Facet size and facet overlap were set to 25 pixels and 9
pixels, respectively, and lacal regression displacement smoothing filter of 25 x 25 facets,
available within Dantec software, was applied as a compromise between accuracy and spatial

resolution according t7]. Results were stored and exported to Matlab for further processing.

2.2.9 FEA Model 2.3.3

An additional analysis of the FFNM capability in predicting mechanical properties due to fiber
misalignment was performed by modeling tensile specimens in Ansys APDL using solid elements

(SOLID186).

Element size was set to 0.8 mm as showFignire2.3-a, fiber misalignment angle was mapped
and applied elementwise by rotating element coordinates systems as suggested by Wilhelmsson

and other$68] and stown inFigure2.3 c.
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() (b) (©)

Figure 2.3: FEA Model. a) mesh b) boundary conditions and forcesajdinate element

system

Boundary forces and prescribed displacements were applied as nodal components on the
corresponding surface of the mesh: bottom boundary was fixed in all degrees of freedom, the top
boundary was fixed in the horizontal X directimiithe model as shown Figure2.3 b, and forces

were introduced by dividing their values by node. Material data werenggléured according to

applicable ASTM standards from autoclave processed plates and repdraddie®. 1.

Table2.1 Prepreg properties, P 384 S

Properties E: (GPa) E; (GPa) G112 (GPa) 312

Value 1151 8.6+£0.46 4.4+0.28 0.27+0.016
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2.3 RESULTS AND DISCUSSION

The misalignment angle measured over the 3 plates by the FFNM method is repbitpadan
2.1. Regions from which tensile specimen were extracted is marked in black dashed line in both

Figure2.4 a andFigure2.4 c.

1]

Fiber Misalignment [°]
Fiber Misalignment

(a)
Figure 2.4: Fiber misalignment detected on the 3 sample platé$-biM method. Tensile

specimen locations on molded plaques evidenced in black dashed line on a) and c)

The accuracy of the method is experimentally benchmarked with the HMRA method and
discussed in section 3.1. Comparison of mechanical tests and FE& wrsupresented and

discussed itsection 3.2.
2.3.1 Optical Microscopy

The global accuracy of the FFNiMethod in detecting fiber misalignment is strictly related to its
ability to correctly identify fiber misalignment at nodes, where the error on the dis@atéeld

is expected to approach a minimum.

All plates inFigure2.4 show comparable misalignment angles in the raffe 4°], with a sign

that dends on the preferred direction of deformation of the grid. Plaques in Figure Figaned

2.4 ¢ show a moderate variation of misalignment between neighboring nodes for most of their
extension whilst the plate &igure2.4 b shows a more randoegid misalignment in both nodes

and elements.
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This peculiarity led to the decision to use the plaqud-ighire 2.4 b for a more extensive
comparison witlthe HMRA method and to perform random checks on the nodes of the remaining

slabs once the tensile specimens had been extracted.

28 29

20 21

I L
-4 -3 -2 -1 o 1 2
Fiber Misalignment [*]

Figure 2.5: Misalignment angle by the FFNM method and result inrépeesentative inner

region of the plate

To validate the approximations, discussed in se@i@i/ of strain averaging at nodes and
interpolating aeraged nodal values through polynomial shape functions, the investigation on the

plague ofFigure2.4 b was performed within the representative inngia® shown irFigure2.5.

Figure2.6 compares the results of both FFNM and HMRA methods. The average difference of
the mean angle detected by the two methods was as small as 0.175°. Comparable results were
obtained for samples aatcted by the plates &figure2.4 a andrigure2.4 c. The HMRA method

results reveal high standard deviation values, with a maximum value of 1.28°.

The primary justification for these results can be related to the combination of (i) the contribution
of the initial waviness of the prepreg, (ii) spugomeasurements provided by the HMRA
algorithm while processing micrographs with a high content of fibers, and (iii) additional
misalignment caused by the friction between prepreg and the halves of the mold during

processing.
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It is worth mentioning that #h overall fiber deviation field reported #higure 2.1 f is not
symmetric about the vertical axis of symmetry due to the high percentage of charge adopted in
this study. Indeed, by analyzing the displacement fiElgufe 2.1 a, Figure 2.1 b), the flow

appears to be highly anisotropic with a limited extension along the direction of the fibers.

N D
e

Node 21 Node 22 Node 23 Node 24 Node 30 Node 31 Node 32

EHMRA

[ .
T . T . B Proposed method

Mean Deviation [°]

Figure 2.6: Mean fiber orientation at different nodes evaluated by HMRA and present method

using bilinear element formulation

This evidence highlight some potential limitation for the proposed methodology. Being the FFNM
a surface technique, its precision in addressing fiber misalignment in internal plies is dependent
on both flow characteristics through the thickness of thenariduring processing and its

stacking sequence.

It can be argued that for laminates in which all plies are stacked with the same orientation and
whenever the flow profile is constant through the thickness, measures of misalignment on external
plies shold be representative of the misalignment of the whole laminate. For stacking sequences
having different orientations, measures from FFNM are strictly valid only on the surface of the

component.

This could be particularly useful for assessing flexural @nigs of PCM parts, where UD
reinforcements are used in external plies to maximize bending stiffness and s{6&jgth

Interpolated results of comparing both FFNM and HMRA methods in a region about element 28
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of Figure 2.5 are presented ifigure 2.7 to test the ability of shape function to represent the

misalignment angle variation over an area correctly.
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Figure 2.7: Interpolated results of mean misalignment angle evaluated over a region. a)mean
misalignment by HMRA method b) HMRA standard deviation ¢) misalignment angle by FFNM
d) absolute difference between HMRA and FFNM.e) relatifferénce between HMRA and

FFENM

Experimental measures of the mean misaligned angle over 36 sample micrographs, detected by

the HMRA method and shown iRigure2.7 a, exhibit a nodinear angle variation distribution,
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characterized as a random succession of local peaks and valleys. HMRA Standard deviation,
depicted irFigure2.7 b, exhibits high values again compared to the mean misalignment measured
angle. Interpolated results at sample points for the FFNM method are presdfitptté@2.7 ¢

in which angle variation appears to be bilinear as a consequence of the shape function formulation.

Figure2.7 d shows the difference measured angle by the two methods, where the highest
values were is approached at one border. In this region, the lines of the grid drawn on the plate
tend to become more curved, and linear interpolation can no longer adequately describe the

displacemetfield of the plate's surface.

From a detailed analysis Bfgure2.7 d, in addition to the mentioned approximation error, the
presence of random rea@ contained in a few tenths of a degree is observable. It can be argued
that this effect may be caused partially by the local initial waviness of the prepreg which cannot
be accounted for by the proposed methdibse scope is the evaluation of misaligmincaused

by processing

For these reasons, a higher mean average difference of 0.5° was observed within the element,
with a maximum of 1.1° in one micrograph over the bottom border of element 28. The relative

difference between the two methods, calculated by the foim@ja

YQd& HOQNVQIBRE @ R h_ (2)

¢
=y

is shown inFigure 2.7 e. Note that the highest relative difference values were obtained for
extremely small angtemeasured by HMRASgure2.7 a). This trend in relative difference could

be partially explained by the limitations of interpolating by bilinear shapetibns used in the
proposed method, partially by the dependence of extracted fiber angle and pixel resolution by
HRMA for very small misalignment angle [14], and partially on how the relative difference is

calculated.
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2.3.2 Mechanical test and FEAresults
Comparison of tensile tests and FEA result of 3 representative samples are skh@munei.8,
in which displacement was measured by the DIGesysts the relative displacement of two gauge

points positioned at the extrema of each sample.

Experimental curves show several drops due to cracking of the laminate: progressive damage of
each sample due to fiber misalignment was demonstrated by stageneaof forcedisplacement

curves after each cracking.

It is worth mentioning that depending on the position where specimens were cut from each plate,
the tensile tests revealed different stiffness values. In particular, a maximum stiffness reduction
of 4% concerning an aligned UD sample's stiffness was observed. Stiffness's values resulting from
FEA, which included fiber orientation derived from the FFNM method, and calculated as the ratio
"Obetween applied loads and displacements at boundary nodles ofodel, revealed a 1 %

average mismatch to the experimental result.
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Figure 2.8: Comparison of load versus displacement curves of the 3 different samples

These considerations support the FFRMthod's effectiveness when used in combination with
FEA to predict small local stiffness variations in the case of PCM composite components with

misaligned long fibers.

Comparison between FEA strain results and DIC results are presehigdre?.9. Results were
evaluated at different applied loads and at the DIC system's latest steps within the linear region

of each sample.
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Figure 2.9: Comparison between FEA analysis and DIC results on a typical sample. a)
measured strain distribution by DIC system b) computed strain distribution by FE model c)

contour p d) Difference between measusad computed strains

First macroscopic failure on specimens occurred in those locations where the maximum absolute
value of fiber deviation was detected. Indeed, these regions acted as a triggering point for through

thickness cracks that happened in the#fresin interface and the resin.

As shown inFigure2.9-a, DIC results exhibit a nemniform strain distribution on the surface, as
a superimposition of local cracking of the laminate surface or éijeand effects due to

misaligned fibers.

Interestingly, strain distribution tends to become more uniform in the centerlinespigtienen.

A possible explanation is that due toplane bending introduced by fiber waviness, more
considerable variations were mostly concentrated at borders, where duathiixated phenomena
are more marked due to abrupt cut of fibers on edges. Taiopienon is partially confirmed by
the FFNM method's measurement and showtigare2.9 ¢: maximum values of strain measured

by DIC were mainly locatedhiregions where maximum misalignment was measured.

Results from FEA, depicted Figure2.9 b, predicted a more uniform strain distribution over the
sampe's surface. However, the difference between DIC and FEA results, shown in Figure 8 d and
evaluated as [(DIC straifi) (FEM strain)]/(DIC strain)x100, approaches a maximum mismatch

value of about 15%. Maximum absolute difference was mainly located &dges of each
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specimen, meaning that the linear FEM analysis was able to describe only an averaged

representation of fiber misalignment induced effects.

2.4 CONCLUSIONS
A new, costeffective and reliable methodology for fiber misalignment detection on PCM

composites is presented in this work. A filtering algorithm has been developed to remove-process
induced noise on images, thus extending the method's range of application. The approximate
displacement field which occurred during compression molding was esdlbgtinterpolating

the displacement of a set of sample points through polynomial interpolating functions. The fiber
misalignment angle was successfully retrieved and benchmarked with one of the most recent and
reliable methodologies available in the stdte. Comparable results with even reduced standard
deviation were obtained, proving the precision of the present method in measuring averaged fiber
deviation in thin structures. The mechanical test has been performed on PCM samples, and for
each samplea FE model was developed by rotating elemental coordinate system according to
fiber orientation estimated utilizing the new method. The experimental results showed that
samples' stiffness could be predicted with great accuracy by the improved FE miael. St
distribution on the tensile samples' surface, captured immediately before their first macroscopic
failure, was found to be highly inhomogeneous at borders due to +datriiated nonlinearities.

In these regions, a maximum 15% strain error of the drgat FEA model was detected. The
technique will be used in the future using Wigible ink to minimize the visual impact on
manufactured parts and a general 3D formulation is under development for the analysis of in

plane fiber misalignment in curved conmgmts with complex shapes.
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2.5 SUPPLEMENTARY DATA ON FIBER MISALIGNMENT ANALYSIS IN
PCM-UD COMPOSITE MATERIALS BY FuLL FIELD NODAL METHOD

2.5.1 Algorithm for corner's detection

In a first step, each of the 3 channels of the original RGB infégarg2.10 a) was equalized,
and a median filter was applied to mitigate the noise. Images showed several drops resp
agglomeration of release agent residig: their high repeatability in color allowed to

implement of a custom RGB filter to remove them; results are shofigune2.10b.
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Figure 2.10: Stepby-step image processing on a portion of the plate. a) original image b) image
after RGB filtering c) image after binarization d) average filtered BW imag#lajated branch

point of the BW image f) original image with corners detected by the algorithm.

Images were binarizedrigure2.10 c) and eroded employing the "thinning" technique to detect

the centerline of the grid: an average filter of 50 pixels was applied on the binary Figwge (
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2.10 d) and the 'thin' option of "bwmorph" (an inbuilt Matlab function) [2] was automatically
repeated until onpixel width skeleton was obtaine8pur branches and single unconnected
pixels were removednd branch points of the skeleton were detected by using the 'brenchpoint’
option of bwmorph. The grid's corners were finally detected by the coordinates of the centers of

mass, shown ifigure2.10 f, of the dilatated branchpoint imagéiqure2.10 e).

2.5.2 Prepregcharacterization

To account for the initial misalignment, a prepreg characterization was conducted with a similar
procedure to the one describedii8]. Six singleply samples were extracted at different locations
from the same roll of prepreg used in section 2.2.1 of the present work.

The dimension of the samples was about 100 mm in-theetttion and 30 mm in thedrection.

The mid wide of the samples was coincident with the mid wide of the roll and with two lines,
located 30 mm far from the edges.

To minimize fiber distortions, samples were cured using the vacuum bagging technique in an
oven at a temperature of @4 for 3 hours over a flat aluminum tool with a PTFE layer at the
interface. A vacuum of about 101kPa was applied and maintained during the whole curing cycle.
After curing, each sample was cut at about 5° in tBeplane and split into 4 wedges as shown

in Figure2.11.

u-1'.
> 2

L

Figure 2.11 Cured specimen sectioned at 5°
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Each wedge was mounted in a cold embedding acrylic resin (Technovit® 4006, Kulzer GmbH,
Wehrheim, Germany). Mounted samples were polished using modified metallographic
techniques and examined using a Zeiss Axio Observer 3 at a magnification of 200x.

Digital micrograph images were stitched together to cover a larger representative area and
analyzed using a custom code written in Matlab R2019a.

The semiautomatic script performs several image modification and ellipse fitting techniques to
calculate and outg statistics on the population of identified fiber footprints. A frequency table
was generated by populating 0.025° wide bins for each analysis.

Due to the high magnification required by the method and the limited depth of field, the focus
was frequentl fine-adjusted. This fact caused faults in automating irsigehing, and analysis

of the specimens' full length was unfeasible. For these reasons, frequency tables on the most
extensive possible stitched images were created, bins summed, and firaldyizexnt using the

total number of measured fibers for each specimen.

Figure 2.12: Image processing analysis for calculation of fiber orientation. a) stitched image

micrograph, b) processed image watlipse fitting algorithm

The output of the ellipse fitting software is showrFigure2.11. Concernindrigure2.11b, the

presence of "tails", i.e. sharp corners in white out of the best fitting ellipse, can be identified.
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However, as demonstrated by Potter anf¥4l, they are documented to overestimate the ellipse's
major diameter, altering the measurement gflane misalignment. For this reason, the code was
studied to omit them in processing and calculations.

Results of prepreg @hnacterization are reported Trable2.2. Populations of the 6 samples were
always consistent independently from the position on the roll, and a saralbstl deviation in

the range 0.820.92° was observed, thus demonstrating the high alignment in direction 1 of the

material used in this study.

Table 2.2: In-plane fiber misalignment standard deviation for the material

Standard deviation of in-plane

ID Axial position Population
misalignments

S1 Left 11287 fibers 0.92°
S2 Center 11094 fibers 0.82°
S3 Right 10974 fibers 0.89°
S4 Left 11107 fibers 0.87°
S5 Center 10473 fibers 0.85°
S6 Right 10893 fibers 0.90°

Indeed, about threquarters of the literature citing Yourgartis has interpreted the standard
deviation as a characteristic angle of the prepreg, sometimes referred to as "initial fiber
misalignment'[75i 77].

According to its definition, the material's initial fiber misalignment angle is representative of
populations of footprints and therefore needs to be treated statistically. The prepreg's overall
standard deviation, calculated as "pooled standard devigfiBh'tf samples SE6, is 0.88° and

used by authors to account for the initial misalignment angle prepreg.
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3.1 INTRODUCTION
The growing request for lightweight applications, especially for structural parts in the

transportation and automotive industry, raises the need to develop innaeativelogical
solutions for multimaterial components, in which different functions are deployed in different
regions by the best material for a specific nE&80]. As an example, metal inserts can be
introduced into a composite part in order to allow subsequent assembly operations. The tailoring
of different materials within the sammemponent is further enhanced as more weight can be saved
by integrating multiple functions in the same component, leading to complex hybrid material

solutions[50,81].

In this context, carbon fiber reinforced plastics (Cl-&f@ mostly used for their extreme stiffness

to weight ratio and for the tailoring of the mechanical proprieties through specific layups, whereas
metals are selected for their toughness, shock absorption ability, ease to be precisely cut and
finished in vew of assembly operations. The matamposite interface has thus from a long time

grown as an important issue for high vahdded componeni82].

The most widely used technique for joining such an interface is the adoption of the adhessive |
The effects of adopting different material combinations over the strength of the joint have been
recently studied both numerically and experimentally, and an extensive literature exists on the

topic [83i90]. To obtain a strong and durable joint, a surface treatment of the adherends is
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required to remove contaminants like lubricadisst, loose corrosion layers, mievoganisms
from the surfacef91i 94] and different physical and chemical surface treatment are available.
However, at the industrial scale, they candiféicult to be implemented or will increase the

overall production cost for material and time losses.

In order to enhance overall resistance of the bond toughness, in particular, in aerospace
applications, the direct insertion of metal protrusions iho dcomposite fabric has been used;
protrusions are obtained at high cost by machining directly bulk metal[pa}tsr shaped onto

the metallic adherend by Electron Beam Melting or Laser Beam Wel@8Bi@®7]. Likewise, the
penetrative reinforcing technique was used to link different fiber textiles by dsidie!@in insert

extracted from a metal sheet by laser cutfiz@y98]

More recently, the fast technological evolution in manufacturing has led, in the field of
composites, to composite materials for high production rates, such as Advanced Sheet Molding
Compound (ASMC) with short to mediufiber length; these materials can be compression
molded into any kind of shape by warm tooling in a short production[80je The availability

of ASMCs with good mechanical properties, either with thermoset or thermoplastic matrices

[99,100] makes their adoption a viable solution for stiffness driven structural applications.

At the same time, in the field of metals, the additive manufacturing technique of selective laser
melting (SLM) has led to the production of full density components in which very complex
freeform shapes can be obtained at a relatively low manufacturing cost if compared to machining
from the bulk. The continuous decrease of costs and the recent developmesitgfrrprocess

guality assurance methoftE01i 103] make SLM a suitable process for the manufacturing of

metal inserts for hybrid material components.

In fact, by using SLM, the metal insert can be structured with an inner bulk core and an outer high
complex surface where several ASMC tows can peretcatealize a high strength and high
toughness permanent bofid4]. This joining by infiltration can be performed by locating SLM

inserts directly in the shape mold where the ASMC material is processed.
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The infiltration process will be dependent on several key factors, related to both the ASMC
material and the 3DP structure. Due to the engineered properties of the material on the SMC side,
the overall fiber orientatiof105], the strand lengtf®9], the fiber/matrix volume ratifl00,106]

the matrix viscosity as a function of pressure, temperature and1@vi€109], should have an

impact to the lattice infiltration. On the 3DP structure side, the geometry of the stijidiOfe

the dimension of the cells, their distribution, the void to volume ratio (the defidity112] will

also have a potential influence on the infiltration.

In this paper, the possibility to infiltrate a 3DP pyramidal cellular structure by SMC sheets in a
onestep molding operation is experimentally evaluated, in order to understand the effect of some
geometric and processing parameters. Several hybrid -nwtadosite joints with a complex
interface were produced, in which both the effect of fiber orientatiothenckll dimension were
considered as representative of the main processing issues. The different configuration of two
process parameters was then used for two distinct experiments: the first aimed at evaluating the

infiltration process, the second foropiucing samples for mechanical characterization.

3.2 MATERIALS AND M ETHODS

3.2.1 Metal side

The SLM process was used to directly build the metallic adherend from AISI 316L onto the
cylindrical platform of the machine (SISMA MYSINT100) with 99 mm in diameter. The
chamber was preliminarily filled with argon to avoid oxidation of the component during the
manufacturing process, with a residual oxygen content below 0.2%. An LPW 316 powder was
used for manufacturing (LPW Technology Ltd, Runcorn, UK). Printing parameéges 150W

|l aser power, 50em spot di amet/[glB]fo2hyrenderisiy.y er t hi c
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Figure 3.1: Two types of pyramids: a) big; b) small

The lattice structure which was chosen, among the available in literature, was the pyramidal one.
The pyramidal structures was chosen because of its intrinsic high compressive stiffness thanks
to stretch dominant behavifit12,114] due to its high efficiency in heatnhsfef{115i 117]and,
last but not least, due to the expected effect promoting the SMC charge flow during the moulding
process. For the purpose of this study, two dimensions of shaaeel pyramids were printed: a
big one with 8.16 mm side and 10 mmighd and a small one with a 4.08 mm side and 5 mm
height. For both, rod diameter was 0.80 mm Fgare3.1. Dimensions of pyramids and of rods,
were chosen as a compromise between density of the structures, the accuracy obtainable with the
3D printing machine used in this workhe two types of pyramids were printed onto three
different types of platform:
- Plaform A, with a grid of 86 adjacent elements with 8.16 mm base Bigare3.2. a)
- Platform B, with a grid of 368 adjacent elements with 4.08 mm basdRglire3.2.b)
- Platform C, with a mix of separate elements for samples extra&liguré3.2.c)
0 4 elements with one big pyramid each (Bfjure3.2 d)
0 4 elements with 4 small pyramids each (Bi§ure3.2 d)

0 4 elements with flat surfader simple adhesion reference samples H&ure3.2 d)
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After printing, all the grids were visually checked for imperfections. Care was takmtifying

an appropriate positioning of each grid over the platforms, either to reduce edge effects during
infiltration and to cover the largest possible area. In Platform C the supporting elements of the
pyramids were covered with a release film (PTFE)rder to ease samples extraction after the

molding procedure.

(c) (d)

Figure 3.2: 3D printed grids on platform a) Platform A with a grid of big pyramids b) Platform
B with a grid of small pyramids; cPlatform C for extraction of samples for material

characterization d) metal adherends for mechanical characterization.

3.2.2 Composite side
To produce the composite adherend, an HexMC®/C/2000/M77 ASMC supplied by Hexcel,
Duxford (UK) was used. Such a material is a carbon fiber prepreg (57% fibre volume fraction,

Vf), formed by randomly distributed 50 mm long 8 mm wide chips, with an areatyleh2000
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g/n? (approximate, as supplied) impregnated with M77 epoxy resin. M77 is a fast curing epoxy

(3 min at 140 °C) specifically developed for compression molding.

To investigate the effect of prepreg orientation over processability, two pliegadioa within

the charge were adopted: (a) parallel to the grid interface and (b) orthogonal to the grid interface.

ASMC roll was extracted from cold storage 4 hours before cutting and put in a white chamber.
To obtain the charge for condition (a), 1Qcalar layers of ASMC of 95 mm diameter were cut

out and carefully stacked on top of each other to form a charge of 35 mm in height, as shown in
Figure3.3a; to obtain the charge for the condition (b), 35 mm width stripes of ASMC were cut
using a sharp knife, then wound to form rolls with an average diameter of 95 mm, as shown in

Figure3.3b.

(a) (b)

Figure 3.3: a) ASMC stacked with fiber orientation parallel to the platform interface; b) ASMC

stacked with fiber orientation orthogonal to the platfantarface.

3.2.3 Compression Molding

Eight different hybrid joints, four for infiltration evaluation and four for mechanical properties
evaluation, were manufactured by-@aring the two ASMC stacks towards the three platforms in
a custom AISI 316L mold, as shavin Figure3.4 a-c and installed into an upstroke laboratory

press. The whole experimental plan is depicteGainle 3. 1.
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Figure 3.4: a) Platform placed at the bottom of the mold b) pressing section

To ensure a uniform temperature distribution, both mold and 3D printed samples were uniformly
preheated in an oven at a temperature of 150 °C and monitoretypg thermocouples with a
tolerance of £2 °CCare was taken in optimizing the compression inglforce in order to avoid

the possibility of pyramids collapsing. For this purpose, a compression test was performed on
both platforms A and B, as reported in secBoh1of supplementary information. As a result of

this test, a maximum force of 24 kN was assumed for processing.

The temperature of the plates was set to 150 °C. Metal samples were assembled into the mold,

prepreg was charged, and compressimided, as shown iRigure3.4 ¢ for 4 minutes.
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Table3.1: Experimental Plan

Number of
Type of Platform  ASMC
molds Samples Produced
Experiment Type Orientation
produced
1 n.1 platform for visual
A S}
inspection
1 n.1 platform for visual
B S}
inspection
Infiltration
1 n.1 platform for visual
A Q
inspection
1 n.1 platform for visual
B Q
inspection
n.8 samples BS (Big)
Mechanical 2 C S] n.8 samples S&mall)
properties/evaluatiot
n.8 samples FS (Flat)
of samples
_ n.8 samples BS (Big)
deformation after
. 2 C Q n.8 samples SS (Smal
curing
n.8 samples FS (Flat)
3.2.4 Infiltration evaluation

After curing, the type A and B hybrid joints aimed at infiltration evaluation were progressively
milled orthogonally to the interface and visually checked, to put in evidence the presence of

unfilled volumes and tow orientation.

50



3.2.5 Mechanical testing and déa analysis methodology

After curing, the type C hybrid joint was cut into 24 square samples of 13 mm side, using a high
speed rotating diamond tool. Two types of samples were obtained, one with a single embedded
pyramid with 8 mm side, the other with foadjacent embedded pyramids with 4mm side each;
one more type of flat sample was produced as a reference for the conventiomahggoining
technique The number of samples produced is reportedable 3.1. Hybrid samples were

monotonically loaded at a rate of 0.5 mm/min into an INSTRON 8033 universal testing machine

equipped with a 2 kN and a 25 kN load cell, using the custom sekiguw€3.5.

Z//é ot tost

NN

1

Figure 3.5: scheme of the testing fixture for pullout test and sample assembly

For each sample, compaosite adherends were linked to the hydraulic cylinder through a custom
fixture with a 9 mm square hole on the top and aligned to the testing machine axis. The base of
the metal adherend was connected to the load cell through a spt@mivection using a threaded

and a cylindrical joining, to prevent misalignment between the sample axis and the testing
machine axis under loading. Load and displacement were recorded along the whole pullout test

to evaluate load bearing capacity andahsorbed energy of each sample configuration.
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In order to concentrate the analysis exclusively on the epdastic behavior of the samples, thus
excluding the elastic response of the testing equipment, corrected pullout displacermsnt

obtained by:

i = (1)

wherei is the measured displacement of the cylinflés the opening traction load, akd is

the stiffness of the load train, which was estimated by a tensile test on a dummy AISI 316L
specimen tested with the same equipment.

The failure energyO was calculated as the area under the traction load versus the sample

displacement:

0 _oQi @)

3.2.6 Analysis of the fractured surface and Morphological characterization

After the pullout test, fractured surfaces of the samples were preliminary analyzed using a ZEISS
Stemi 508 Greenough Stereo Microscope equipped with a 5SMP ZEISS AxiocamldO&mera

to investigate for their macroscopic failure behavior. Analysis of morphological fracture modes
was assessed via Scanning Electron Microscopy (SEM, Phenom ProX). When necessary (e.g.
CFRP samples or samples fully covered by resin) analyzéatsarwere gold coated in order to

make them conductive.
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3.3 RESULTS AND DISCUSSION

3.3.1 Infiltration evaluation

In Figure 3.6 andFigure 3.7 the sequence of sections of the hybrid joints in which the prepreg
tows were oriented parallel to the interface is presentdeiglre 3.6, where the grid was made

of big pyramids, the ASMC was not able to reach the base of the adherend other than very near
to the mold wall, generally stopping in the space between adjacent pyramids. Adrskayune

3.6 b andFigure 3.6 ¢, excess of resiwas identified within the grid in the form of large resin
blocks.In Figure 3.7, where the fine grid was used, the resin of the ASMC could somewhere
penetrate the lattice up to its base, especially in proximity to the mold wall, but still with vast

unfilled areas seBigure 3.7 b, Figure 3.7 ¢ andFigure 3.7 d.

\ ST T—
Filled areas

- 5 Filled areas
Resin Bloks §= L4

Figure 3.6: Infiltration results for Platform A (rough grid)ASMC parallel to the interface

Thereason for the easier filling near the mold wall may be related to the more efficient heating
of the SMC material at the direct contact with the heated mold, whereas the material at the center
of the joint could not be perfectly heated by the latticehasontact is limited to the vertices of

the pyramidslt can be argued that the rough grid lattice, with a reduced number of heating
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vertices, was much less effective in prepreg heating than the fine grid lattice, where a far larger
number oteating points was present. Thus, a complete embedding of the lattice structure by the
ASMC material was not successful for both configurations, with the fiber material generally
draping around the vertices of the pyrami@bout the general resistance thfe lattices to
processing flow, no appreciable plastic collapse of the structure was evidenced in both lattice
structures irFigure 3.6 andFigure 3.7. This result shows that for this particular configuration,

the interaction effects over the metal rods of the grid due to the motion of the ASMC during
molding can be neglected. Processing force can be therefore adjusted up to the proportionality
limit of the lattice material in compression to avoid appreciable plastic deformations on the metal

part of the component.

Unfilled areas

Filled areas

Figure 3.7: Infiltration results for Platform B (fine grid)ASMC parallel to the interface

In Figure 3.8 and Figure 3.9, the sequence of sections of the hybrid joints, with prepreg tows
orientedorthogonally to the interface, is presentedr-igure3.8, where the grid was made of big
pyramids, the ASMC was able to reach the base of the guictiste at any point of the interface,

in particular also in the billet center, although some very clear plastic collapses of the pyramids
can be seen at different locations. Such a behavior is related to the infiltration process. In fact
during resin infitration pyramids are compressed at their vertices, and lateral sides are bent since

the ASMC flow is forced to fill their volume.
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On the other hand, no collapse of the small pyramids was fdtigdré¢ 3.9). It can be stated,

then, that complete embedding of pyramidal lattice material was feasible for both configurations
in which the chargeonstituting SMC tows were oriented orthogonally to the interface (thus
aligned with the main molding flow directior)ut only the fine grid structure could properly

withstand the processing load.

Differently from what happened in the parallel configuration experiments, in the bulk of the
ASMC material, diffuse wrinkling in strands is evidenced in all sections of lostligtirations,

as a result of intense fiber displacement and consequent tow buckling. In partidtigure3.8,

where the rough grid lattice is shopitber distribution is highly irregular and both tows swirling,

and wrinkling can be noticed, as a consequence of the higher displacement to be performed during
the molding and, probably, also of the simultaneous buckling of the pyramids. As contrast to t

in Figure3.9, the grid configuration with fine grid structure evidences a less severe and almost

symmetrical wrinkling distribution about the caaltvertical axis.

Tow wrinkling
R i

-

Figure 3.8: Infiltration results for Platform A (rough grid);ASMC orthogonal to the interface
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Figure 3.9: Infiltration results forPlatform B (fine gridy ASMC orthogonal to the interface

3.3.2 Mechanical Tests

Significant differences of mechanical properties were evidenced in the pull out tests depending

on the preferential direction of the chaigmnstituting tows, as evidencedRigure3.10.
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Figure 3.10: Summary of mechanical properties of the hybrid joints in the diffeested

configurations; 10a) Maximum Load; 10b) pullout failure energy

Samples whose pyramids were embedded by a charge with tows parallel to the interface

evidenced much lower strength than those penetrated by tows arranged perpendicularly to the
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interfac, as a consequence of the defects already discusSection3.3.1 Moreover, the large
dispersion of data for the parallel configuration led to a coefficient of variation (CVs) greater than

20% for all samples, further demonstrating the instability of thallphconfiguration.

On the other hand, remarkable results are obtained for the orthogonal configuration, in particular
for the small pyramids one, for which an average maximum load of 3554 N was found in contrast
to the 1334 N of the big pyramid case dhd 374 N of the reference sample. Also, for failure
energy, a mean value of 2584 J for the small pyramid samples greatly exceeded the 895 Joules of

the big pyramid ones and the 32 J of the reference samples.

In Figure 3.11, the full pullout loaedisplacement curves for samples with orthogonal prepreg
configuration are shown, evidencing excellent repeatability across all samples, with CVs values
always lower than 14% in maximum pullout load and energy absorption exceptefdiat

reference for which a CV of 25% was measured.
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Figure 3.11: Loaddisplacement curves for both the orthogonal configurations. 11a) Big

pyramids and reference samples; 11b) small pyramids and refesamples.

Samples with big pyramids showed a variable number of load drops during the test, often followed
by wide Aplateaudo in which opening | oad was
to the progressive fracture of rods of the single emlskghyeamid, provided a considerable

increase in the energy absorbed. The maximum opening traction load was comparable (CV 12%)
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among samples with big pyramids, resulting in a hybrid joint that was 3.6 times stronger to the

flat unstructured solution.

It must be noticed that, during tractioning, samples with big pyramids exhibited an increase in
stiffness of about 1.5% from an average value of opening traction load equal to 640 N up to their
first macroscopic failure. As demonstrated in sec8dhland as reported in secti@¥.2 of
supplementary information, the compression molding process is@upartial buckling of the

big pyramids. During pullout, the deformed pyramid is supposed to interact with the composite
material to recover its original shape partially, thus leading to an incremental stiffening effect on

the specimens.

In samples with small pyramids, a linear behavior between traction load and displacement was
detected up to the 79%0% of the maximum load. Afterward, a marked plastic zone exists, which
noticeably contributes to enhancing the absorbed energy of the fiminthis configuration,
fracture energy was considerably higher than those measured in samples with big pyramids and
in reference samples, respectively. Except for one sample, for which a progression of load drops
is evidenced, few and less marked loaobd were generally encountered for this configuration,

with no change in the slope of the pullout ladisplacement curves.

Fracture analysis revealed that this behavior appeared in those samples in which voids and cavities
were present. Maximum load wa¥ times higher with respect to the big pyramids, and 9.5 times
higher than the one measured on the flat referencau®dédlilure energy for this configuration

was about three times higher than the one measured in samples with big pyramids anchmore tha

80 times higher to the reference samples.

3.3.3 Analysisof the fractured surface and Morphological characterization

In the three types of samples infiltrated in the orthogonal configuration, different failure modes
have been observed, and typical results of the stereomicroscopic analysis are shimurein

3.12.
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Figure 3.12: Fractured surfaces of samples infiltrated by the orthogonal configuration of tows.
a), b) and c) metal side view, d), e) and f) CFRP side view; a) and d) reference (flat) sample; b)

and e) big pyramid sample; ¢) and f) small pyramid sample;

On the metaside of the flat adherenéFigure3.12 a) only traces of resin are present, suggesting
an adhesive failure mode of the samples. On the other hand GiR#eside, no traces of metal

were found, thus confirming the hypothesis of merely adhesive fratigna¢3.12 d).

In the case of samples witlig pyramids Figure3.12b), only small regions with traces of resin

are visible at the metal surface: close to rod ends and along with the edgesfeathe pyramid.

On the CFRP side~{gure3.12 e), the resin is present almost everywhere, except for a limited
number of small voids and cavities, pably due to trapped air or gas formation during
processing. The general scarcity of resin on the metal side, together with tfgllrasrsity of

resin on the opposite side, suggests that an adhesive failure mode occurred at thesimetal
interface. A the same time, a marked plastic deformation of the corners of the pyramid is
observable i.e., where the pyramids failed under the pullout traction load. From these
observations, it can be argued that a large part of the failure energy exploited deiriest fils

due to the progressive yielding of those regions.
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Figure 3.13: Magnification of fractured areas on the metal side for a) big pyramids, with a
magnification of 260x, and b) big pyramids with a magnification of 560x
In the sample with small pyramidBigure3.12 c), the metal adherend appears to be uniformly
covered by layers of resin with varying thickness, suggesting that the mode of fracture was
typically cohesive, thus providing active participation of the interface to the overall joint

resistance.

On the CIRP side Figure3.12f), the adherend shows some voids, probably due to a local lack

of infiltration or trapped aif118] . Similar to what happens with big pynés, also with small

ones, there is evidence of extensive plastic deformation at the pyramids' bases, where the rods are
connected to the bulk metal. It must be noticed, then, that the much larger number of corners in

the small pyramid samples well explaithe much higher maximum load of this configuration.

In samples with the big pyramids, and flat references as well, higher magnification analysis
performed on the metal side of fractured surfacEgufe 3.13) evidenced a mixed
cohesive/adhesive fracture in the rangelB0 t m (Figure 3.13 a). Thanks to the unique
morphology of the surface obtained by SLM process, a relatively high number of partially melted
particles in the range 14bf m were present. The resin was interestirgble to more strongly
adhere, thanks to an interlocking mechanism, as evidenéeglire3.13 b and already reported

by [32] for hybrid joints with titanium alloys.
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Figure 3.14: Fracture mechanisms in the small pyramids samplesael direction changes b)

fiber pullout c)fiber bridging and d) combination of previous mechanisms

In Figure 3.14, the fracture mechanisms present on the metal adherend of the small pyramid
samples are shown. Here, the fully cohesive fracture that occurred during the pullout is evidenced
by a mix of comptx behaviors: the crack direction changes abruptly and frequently over the
sample, as evidenced kigure3.14 a, fiber pullout Figure3.14 b) and fiber bridgingKigure

3.14 c) can be observed in regis close to the connections between the metal base and the rods
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of the pyramids. The phenomena mentioned above generally coexist over the whole area of the
metal adherend surface, as showrrigure 3.14 d. It must be underlined that the presence of
fibers at the fracture surface is a clear sign of successful infiltration of fibers, and not only resin,

into the lattice, even for the small pyramid structure.

3.4 CONCLUSIONS
An innovative technological solutidior the manufacturing of high strength and high toughness

metatcomposite interface is here investigated, in which a 3DP printed cellular structure at the

metal side is infiltrated by ASMC composite. The main findings are the following.

1 The infiltration pocess is successful only when, in the bulk charge, the ASMC tows are
oriented orthogonally to the lattice interface, in order to ease fiber displacement during
the molding. In the orthogonal configuration, both lattices with small and big pyramids
were sgcessfully infiltrated.

1 The lattice with big pyramids undergone some buckling under compression molding,
evidencing a weak structure for the infiltration process; on the other hand, the lattice
with small pyramids perfectly withstood the compression mglthads.

1 When tested to pullout, the fracture always occurs at the lattice base in both lattices.
The finer lattice failed under a load 2.66 times higher than, the rougher one, owing to
the higher metal section provided to the pullout test. Moreovefingrelattice
promotes the resin fracture to occur by cohesive failure instead of adhesive one.

1 As a general remark for the investigated technology, the hybrid samples with finer
lattice could exhibit a pullout opening pressure force of about 3500 N dndtpu
energy of about 2500 J, which weespectively 10 and 80 times higher than the values
obtained on the flat reference. Mechanical properties were found to be always

consistent in this case.
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SUPPLEMENTARY INFORMATION FOR L ATTICE MATERIAL INFILTRATI  ON
FOR HYBRID METAL -COMPOSITE JOINTS : MANUFACTURING AND STATIC
STRENGHT

3.4.1 Compression test of the lattice material

Two compression tests were performed on sacrificial platforms A and B in order to evaluate the
respective buckling modes and maximum sustainable loads. Tests were carried out under
displacement control at a constant rate of 1 mm/min using an Instron 8@88sal testing

machine equipped with a 250 kN load cell. The setup in the testing machine is evidenced in
Figure3.15a . It consi s inshich the topwree isdduktable bynmmeans of screws
to accommodate for small angular misalignment, so to ensure an even distribution of loads

during the test.

Proportionality
limit

Adjustable
Platen

Platform B

Material Platform A

collapse Processing Force

(@) (b)

Figure 3.15 Compression test of pyramidal lattice material. a) Testing equipment. b} Force
Displacement curves

The results for platforms A and B are representdédare3.15b, in which the respective load
displacement curves are shown. Proportionality limits were found to be 24 kN for the platform

A (with big pyramids) and 54 kN for the platform B (with small pyramids). Afterward, the
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lattice structure fails plastically witdn maximum load of 42 kN for platform A and 239 kN for

platform B.

The proportionality limit of 24 kN was then taken as a maximum load for the infiltration
experiments. This load corresponds to a specific pressure of 30 bar on the SMC in the

compression widing process, which is within the pressure interval suggested by the material

producer.

(a) (b)

Figure 3.16:. Platforms A and B with buckled pyramids after compression test. a) Platform A; b)

Platform B

3.4.2 Evaluation of pullout samples deformation

In order to precisely evaluate the effect of the compression molding procedure on the samples
extracted from Platform @vhich could not be tested by the procedure described in section S1),

8 samples, 4 with big pyramids and 4 with small pyramids, having the two prepreg configurations
described inrable3.1, were heated in a crucible at a temperature of 550 °C for 1 hour in order to

obtain the degradation of the resin and extract the metal adherend from the sample.
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Figure 3.17: Pullout samples after thernm@dggradation of the resin. a) Sample B, parallel b)

sample S, parallel ¢) sample B, parallel d) sample S, parallel

Typical geometries are shown fiigure3.17. It can be seen the big pyramids undergone severe
buckling in the parallel configuration of the prepreg and less severe buckling in the orthogonal
configuration; on the other hand, the smallrgmids well withstood in both prepreg

configurations without any damage.

3.4.3 Fracture surface of CFRP adherends of samples with big pyramids

The fracture surface of CFRP adherend of samples with big pyramids were further investigated
at a magnification of 270x to detect the presence of metal at the interface and to quantify the
amount of resin left on it. The analysis revealed that no signifamaount of metal was found on

the CFRP surface despite the presence of some locally unmelted/partially melted particles, as
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shown inFigure 3.18. Typical fractured surface exhibited a layer of resin of about 0.3 mm

thickness [Figure3.18 a andrigure3.18 b) with underlying fibers, as evidencedrigure3.18b.

The footprint of partially melted particles, showrFigure3.18 ¢c was observed.

@) (b) ©

Figure 3.18: Typical fracture surface over CFRP adherends. a) resin with trapped partially
melted metal particles; b) resin with underlying fibers; c) resin and fibers with embedded
particles and voids.
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4.1 INTRODUCTION

Cellular Solids and Structures (CSS) are a class of metamaterial with increasing interest in several
industrial sectors thanks to their unique possibility to extend the constitutive material property
space by a tailored design of their mesostrudtLi®]. Because of their flexibility, engineered

CSS, have recently found increasing applications in transport (e.g., aejd2ad@4], mobility

[125,126] rail [127 129]) as well as in the biomedical secfd80].

At their mesoscale, i.e in a range spanning from 0.1 [mm] to 10 [mm], CSS materials essentially
consist ofan interconnected network of struts or plates that form the edges and faces of the unit
cell [131]; a CSS is, in this context,theoretically infinite periodic cluster of unit cells that are

packed together form the solid metamaterial.

Architected CSS are often referred to as lattice structures (LS), mainly when they comprise
locationspecific struts and nodd432i 134]. Several new classes of LS were developed by
embedding different cell architectures at multiple scales:-ligg#/ultra-stiff [135,136] shape
recovering[137], negative Poisson's rat[@38i 141}, close to infinite bulkto-shear modulus

ratios[142,143] high specific aergy absorptiofil44] or thermal and vibration insulatoi&45].
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Traditional manufacturing methods can be challenging to produce high complexity cell structures

with precise geometrig446i 149].

The extreme development over the last decades in additive manufacturing (AM) has vastly
expanded the design and manufacturing possibility for creating noy&lLDS.34,150154] with

an evefincreasing level of precision.

Many theoretical, numerical, and experimental bodies were dedicated to designing new lattice
arrangements and studying their properties, as documented by several recen{1&Gicl&s].

Ashby, Gibson, Fleck, arldhespand§l12,158 161]are well known for developing closddrm
mathematical formulationto describe the performance of LS in terms of Young modulus,
yielding stress, and critical buckling load using beam and column theory. Their studies analyzed
the unit cell by exploiting symmetry and assuming that the struts wejeipiad. Although they
provide a highly used design framework in selecting unit cell geometric parameters, the accuracy
of the results of these analytical models with experimental and numerical results through the finite
element method (FEA) is mixed in the literatyfé2,163] Hanks et al[163] report that
analytical models tend to overestimate the modulus with respect to FEA and experimental data;
Moreover, yielding stress predicted by analytical models overlap with FEA results if bending in
struts is ngligible; A particularly relevant comment is that the aforementioned analytical models
do not account for the contribution of the node to the unit cell's overall mechanical properties, as

pointed out by Meza and othd$4].

Due to the nature of their mesostructure, elastic buckling and plastic yielding are two of the most
occurring failure mechanisms that affect the compressive strength of LS. Several studies
demonstrate that buckling may occur either at strugl |65 169], at the material level, or4in

betweer[170].

On the other side, from macroscopic strsigain curves, changes in slope due to yielding or
buckling are challenging to distingui$h63]. Considering that the critical buckling lbaf a

slender column scales by two orders of magnitude with its decreasing radius with respect to yield
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stress, significant strength improvements can be achieved by optimizing the buckling resistance.
Researchers have employed different methods to otith unit cell design against critical
buckling loadd . One of the most direct way, as suggested by Deshjab2levas the adoption

of the well known Euler's formula:

R O 1))
TO (1)

Ca

Being@ athe radius and the length of the sti@tjts elastic modulus anda factor depending

on the rotational stiffness of the nod&g1]. Despite its apparent simplicity, a proper selection

of the coefficient for Eq. (1) has repodd to be challanging (s¢&72 175] amongst others).
Moreover the formula doesdn accounstressedstatet h e

of the cell under a given loading condition aragjlects oubf-plane deformations.

Meanwhile, FEA eigenvalue buckling was adopted by several researchers and found to be

consistent with experimental d4iv6i 180].

In the attempt to provide a reliable model for optimizing unit cell design against buckling, an
analytical model was developed and compared to the existing ones available in the lifEnature.
investigation focuses on two cell types in this work, speddlfithe pyramidal and the tetrahedral
(seeFigure4.1), but there are no constraints to extend the methodology to more complex shaped
cells. Effectsof strutlength i ncl i nat i on an Qdver mechani@almppedis r ut

are analized in detail.
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Figure 4.1: The two unit cells analyzed in this study with their characteristic dimensions. a)

regular pyramidal cell. b) regular tetrahedral cell.

The model's accuracy is analyzed using FEA analysis, and the effect of the contobutioles

to mechanical properties is addressed.

4.2 MATERIALS AND METHODS
The section is conceptually splitin two. Sectéoh 1 illustrates an analytical framework to model

stiffness, deflection, and internal reaction forces in a lattice cell. An arsdlgtmdel to account
for the effects of membrane stress on lateral deflection is illustrated in sé@i@nNumerical

validation methods is illustrated in sectir.3

4.2.1 Modeling for pre-stress analysis
In this study, struts are modeled as interconnelsézans with rigid nodes, as shownHigure

4.2. To study the influence of shear and rotational bending effect during deformation of the

structure, a B Timoshenkdoeam modelvas adopted for the analysis.
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Figure 4.2: Beam model of (a) pyramidal and (b) tetrahedral cell with rigid end nodes and built

in constraints

Each node possesses six degreefregfdom i.e. normal displacemerd () two out of axis
mutually orthogonal displacements (andé ), torsion angle- ), and two out of axis mutually

orthogonal angles-¢ and—) (seeFigure4.3).

Figure 4.3: The global § & &) @nd local § ® ¢ ceference system for the 3i2am and local

displacement
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