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Abstract

Impact Behavior oHybrid Thermoplastic Composite Laminates and Sandwich Panels
Sepanta MandegarigRhD.
Concordia University, 2025.

This thesis explores the development, optimization, and impact behavior of hybrid
thermoplastic composite laminates and sandwich panels, focusing on environmentally sustainable
materials and advanced reinforcement techniqu®sublebelt and compression molding
lamination methodw/ere optimizedo fabricate full thermoplastimompositesandwich panelaith
100% recycled PET foam coresnalyzing thefabrication parameten d f i nagskintp-r oduct
core adhesion revealed the critical role of PET foam teasd lamination approach in achieving
properbonding.Even though panels made witbnapression moldingutperformedinder flexural
loads the continuous nature of the doublelt method offersa reliable and costeffective
alternativeproduction approach

In the current study, a twstep compression molding method was used to impregnate the
metallic mesh layers with PP resin and form a proper connection between the composite layers.
Furthermorethe effect of hybridizationusing stainlesssteel mesh layer® reinforcecomposite
laminates and sandwich panelsasinvestigatedVariationsof meshwire size, orientation, and
stacking sequence were analyzedevaluate the reergy absorption and damage propagation
mechanisnof hybrid laminatesinder different rages of impact energiesVhile composite plates
show improved performance when the reinforcing metallic laxgpositioned at the midplane,
it is preferred to reinforce the collisidacing side of sandwich panels for enhancedpact
resistance. This strategic placement of the hybrid layer effectively indrélaseperforation
threshold undek.ow-Velocity Impact (LVI) loading conditions.

In addition,Shape Memory Alloy (SMA) wirewere introduceas reinforcng agentf the
thermoplastic composite laminatest only toimprovethe impact performancgebut also to take
advantage of thespecific healingoroperties taecoverthe postimpact deformationsRepeated
LVI tests demonstrated th#te SMA-assistecheatingrecovery processan restor@ver 50% of
the afterimpact deformations, further enhancing the durability and resilience of the composite
materials.
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Introduction and Motivatios



1. Introduction and Motivations

1.1 Introduction

Compared to metals, composite materials offer high strength/stiffness to weight ratio, which
is substantial for lightweigHbad-bearing structures imdustries such aserospace, automotive,
and windpowerturbines Nevertheless, composstareinherentlysusceptible to impacdamages
caused by hard projectiles such as drop of a tool during maintenance, runaway debris, bird strike
or hail. Even impacts that leave barely visible indecdés cause internal damagédse matrix
cracking, delamination, and fib@ull-out which drastically degrade the overall performance of
composite panelsio address this issueymerous research was performed revolving around the
topic of lowvelocity impact(LVI) behavior of conposite materials. It is revealed that modifying
the fiber or resin system, fiber architectutaminate thickness, and stacking sequeoar

substantially influence impact performance under comparable conditidsis

Composite sandwich panels, often used in these industries because sebiic flexural
load-bearing response, thermal and acoustic insulating navere &avorite topic for scholars to
investigatgd7]. Thesepanels show a relatively different responsk\d tests, due to their stepwise
failure mechanism,which include localized core crushing, debondjnfiber breakageand
perforationgovernedby thes t r i ekexgy skid andcore propertie§d]. These properties make
sandwich panels structurally efficient for impact absorption, yet they remain vulnerable to

progressive damage mechanisms that require reinforcement strategies.

Because otheelasteplasticbehaviorof metals theyare capable of absorbing higher impact
energies; therefordybridizing composite materials with metallic reinforcements has proven to be
a valuable approach to improving impact resistaimoeorporating metalliaeinforcementshas
beenshown to increase energy absorption, delay perforation, and enhance overall LVI performance
[91 11]. Moreover strengthening the composite structures WlihpeMemoryAlloys (SMA)wires
presents a novel method to further enleanact resistance and afienpact damage recovery.
SMA-reinforcadl composite laminates exhibd the capability to healspecific cracks and
delaminatiorduring the heatreatmeniproceduresactivating their recoverigehavior{12i 18].



Despite the promising mechanical improvemestpected fromhybrid composites, the
influence of parameters such as mesh size, wire orientation, stacking sequence, and bonding
behavior with thermoplastic resin has not been thoroughly examined. The effectiveness of
hybridization on energy absorptioandimpact damage propagatioespecially in thermoplastic
composites, remag@d unknown This gap is evident in sandwich panels, where optimizing the
placement of metal mesh within the structure could enhancemibect resistance and overall

performance of the material.

Thus, this research focuses on addresgiryiously mentionedjaps by evaluating the
applicability and strengthening potential of thermoplalstised composites hybridized with
stainlesssteel mesh. The automated fabrication methods and LVI behavior of both composite
laminates and sandwich panels are summarized,asigug the role of hybridization in improving
impact response. Additionally, the potential of SMA reinforced composites to recover from impact

damage and enhance energy absorption is discussed
1.2 Composite plates and sandwich panéamination

Various manufacturing technologies are availablenf@nufacturingthermoplastiebased
composite laminates and composite sandwich panels, including vacuum molding, compression
molding, doublebelt laminating, automated fiber placement, and in situ foariimg.doublebelt
laminating process offers the primary advantage of continuous production, making it a cost
effective solution for producing laregezale composite structuregarticularly sandwich panels
Figurel.1 presents a schematic illustration oisthutomated rolforming laminationprocesg7].

Critical parameters across all these methods include heating temperature, cooling rate,
manufacturing time, and pressure. Studies have shown that high molding pressure, low melt
viscosity, and preheating the foam core significantly enhance the bondingebethe facesheet
and the corenaterials[19,20] The composite skisurface qualityandits mechanical properties

areanother key consideration in the manufacturing of thermoplastic sandwich j2dii!3].
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Due torising environmental concerns, recyclability becapopular with scholars shifting
their attention toward developing efriendly materials and processes. This trendatssgained
momentumin composite manufacturingndustries where sustainable alternatives are actively
beingused[24i 29]; therefore the present study utiliel00% recycled closecell polyethylene
terephthalateRET) foam, sourced from posbnsumer plastievaterbottles, as the core material
for full-thermopastic sandwich panelsChallenges associated with the high viscosity of
polypropylene resin, particularly in achieving effective skin impregnation and interfacial adhesion,
were addressed by optimizing key lamination parameters in the doeilbland compression
molding processe Furthermore the panels' performance undexural loads was thoroughly

assessed, highlighting their potential nagtical structural applications.
1.3 Low-velocity impact test

As mentioned earlier, evaluating the LVI response of composite materials is sincal
related damagesan significantly compromise structural integrity. Understanding the behavior of
composites the penetration threshold, and subsequent damagesnportant for reatworld
applications where impact resistance is a key performance factor. Cor@@entéa for Composites
(CONCOM) has access to an Instron 9340 dvagight tower, which enables preciassessment
of various impact scenarios and gathering essential Aatanpact testingnachine, like the one
used in this study, primarilgpneasursforce and time data during LVI tests, which is sufficient to
extract complementary information. Using the recorded data, key parameters such as the velocity
of the impactor, sample deflection, and energy absorption can be cal¢nl&igaations 11, 1.2

and 13, respectively6].
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where, V(t), Vi, g, m, F(t), a(t), and E(t) a

gravitational acceleration, mass of the striker, force, deflection and energy at the time, respectively.
Assessing each variable provideacialinsights intodifferenta s pect s of t he compo:
to impact, such as damage initiation, peak force, contact duration, energy absorptgenerad

impact responseFigure 1.2 depictsthe possibleforce-deflection scenariosof LVI testing In

rebound scenarios, partial deflection recovery occurs, which is indicated liiyuthee backf the

impactot while during the perforation all the impact eneigpabsorbed6].
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In addition to the forcelisplacementliagram energy response of every impéest requires
careful evaluationEach diagram holds specific information about the behavior of the sample
absorbing orestoringspecific portions othe appliedenergy withintheimpact loading. Thus, in
this investigation, ot only the energy absorption of hybrid plates and pamelecompared tthe
nonhybrid counterparts, but special attentishould bealso given to analyzing damage
mechanisms at various impact energy levels. Furthermore, the viability and eréerrof
thermoplastic compos#eeinforced with stainlessteel meskayerswere evaluated to assess their

perforation thresholdnprovemenunderimpactloadingconditions



1.4 ResearchMotivations

Hybridization using metallic layers has demonstrated its effectiveness in enhancing the
energy absorption threshold of composite materials uimdeact loading. However, there are
certain researcfaps in the literature regarding the reinforcement potential of stastlsismesh
in improving impact energy absorption andnechanical performance, particularlyfor
thermoplasticdbased compositesFurthermore full-thermoplastic composites made from
polypropylene resimpresentspecific challenges in lamination processes. These challenges were
introduced by the industrial parthennbvative Composite Products Irseekinga viable method
to enhance the performance of sandwich panels. Addressing these issued riequnes
investigation to optimize reinforcement techniques and overcome the obstacles associated with the

fabrication of highperformance composite structures.
1.5 Research Objective

Firstly, this study aims to investigate and optimize available fabrication methods for fully
thermoplasticomposite plates arghndwichpanelswith fully recycled PET foam cord his will
involve adetailedanalysis of compression molding using a hot press and an automatediagtible
lamination procesdgiguring out the propelamination paramete@nd evaluatinghe performance

of thefinal products

Secondly due to manufacturing challenges, thermoplastic composite laminates hybridized
with stainlesssteel mesh layers have not been thoroughly investigAtedultistage approach
using a hot press machine, incorporating theimgegnation of stainlessteel mesh layers was
used to fabricate theomposite plate and sandwich pan&ls better understand the LVI reinforced
of panels reinforced with metal mesh layemy kactors such as mesh wire size, opening area,
mesh architecture, and stacking segeeaquire further assessment$ie primary objective is to
determine how hybridization influences energy absorptevaluate thempact behavia and
include response characteristics and damagéent of the reinforcedcomposite laminates
Furthermore, this research intends to investigate the LVI response of PET foam core sandwich
panels strengthened with metallic mesh lay&hus, a comprehensive series of LVI tests were
conducted to evaluate the effects of reinforcing layers stacking sequence. In addition to the

perforationthreshold,visual evaluations of the sectioned views of the panels, accompanied by



microscopic assessments of metal wire fracture and measurements of permanent dents were done,

which serve as indicators of damage and plastic deformation.

Finally, the use of hybridization to improve LVI energy absorptionelmbeddingshape
memory alloy (SMA) wires in composite structules been examinet@ihe potential for recovery
under repeated LVI loading at lower impact energies, as well as the effectiveness of heat treatment
procedures in promoting material recovery or healing afteacthas been evaluate@his dual
approach of reinforcement and recovery was expected to contribute to the development of more

resilient, sekhealing composite matersal
1.6 Thesis Layout

The presentthesis followed the Concordia manuscitiaised thesis guidelinestructuring

the details othis studyinto eight chapters as follows:

Chapter 2: Backgroundand a comprehensive review of previous researchamufacturinglow-
velocity impact behavior of composite structur@sdreinforcingtechniques focomposite plates
and panels.

Chapter 3: Theautomated doublbelt laminationtechnique was initiallassessednd optimized
for its capability to laminateomposite sandwich pamselThese panels were manufactured vath
Glass/PP composite skin, and fully recycled PET foamaoedargescale and their performance
wastested undeB-point bending. Te results fotthis chaptehavebeen published ia special

edition ofthe Journal of Manufacturing Letters.

Chapter 4: The details of two distinct lamination techniques, dodidgdk and compression
moldinghave been presented and compared to fabricategfiglity composite laminates and PET
foam core sandwich panel&. comprehensive evaluatiasf both methods, qualitative study of
skin-to-core bonding and flexural performancesofth panel were examined in this chapiés

work has been published in the Journal of Thermopl&siiapositeMaterials.

Chapter 5: In this chaptertheinfluence of hybridization, usingtainlesssteel metal mesh layers
to reinforce composite platesdtzeen studied undésw-velocity impactioading conditionsThe
LVI perforation threshold of hybrid and ndnybrid glass/PP compositesscarefully determined,



with a detailed investigation of the reinforcing metal mesh wire size, orientatiostacidng
sequenceThe achievements of this part of our stuugve been published in the Journal of

CompositeMaterials

Chapter 6: In this chapter,n addition totaking advantage of etal mesh to reinforcthe PET
foam core composite sandwich panetspectivedamagesindervariousimpactenegieswere
investigatedThe reinbrcement stainlessteel mesh layer positianith respecto the impactor has

been examinetbr panels with two different core thicknesses.

Chapter 7: Shapememory alloywires were used to enhance the enewysorbingcapacity of
composite plates amqtesent the opportunity to heal the damages under repeated ifijpastsin
this section, thecapability of SMA Nitinol wires to recover the aftempact deformation of
composite laminates has been assebsedxamining theplates subjected to repeated impacts

followed by thermal healing cycles

Chapter 8: Finally, the conclusions of this research, along with a discussion of potential future
work havebeen presented



Chapter 2:

Literature Review



2. Literature Review

2.1 Fabrication of composite structures

There is a growing demand noeke structure from recycled or recyclable materials, driven
by increasing environmental concerige recyclability of PET makes it a material of significant
interest within the academic and industrial communitiescent studies on cores made from
recycled bottlecapsand ecefriendly PET foam sandwich panels further underscore this industry
shift[241 29]. Glass fiber composite panels with PET foam cores are being widely used in different
fields, including wind turbine structures and prefabricated insulated building comp{2¥%66]
In this context, Kang et al. conducted an extensive investigation into the complete lamination cycle
and recycling processes of PET core composite sandwich pahkls

Numerousstudies have been conducted on various fabrication methods aimed at establishing
a robust bond between the core and composite face$fedibe fusion bonding method, usied
fabrication approaches like doukdelt or compression moldindpas proven to be particularly
effective in achieving satisfactory adhesion between the layers in thermoplastic sandwich panels
[1,16 18]. Akermo and Astrom carried out a detailed analysis of the critical fagtbish directly
affect the interfacial contadgh all-thermoplastic sandwich panels, a compression molding
procesg32,33]

As mentioned in the previous chapter, the uninterrupted featdaubfebeltmanufacturing
methodpresents aosteffective continuous operation technique capable of {acgéelamination
of composite plates or panelss shown inFigure 1.1, this automated fabrication method could
potentially include several heating, cooling or laminating sequences which require a
comprehensivevaluation Alongside these manufacturing variable parameters, production speed
significantly influences the adequate impregnation of thermoplastic lamifg®% 37]. An
investigation orncarbon fiber phenylene sulfide compositeade with this automateapproach
demonstradthat the production rate significantiffects themicrostructural characteristics of the
laminateq38]. Therefore, the current study necessitates a systematiandarror approach to
optimize both the available douHbelt and compression molding manufacturing methods prior to

1C



initiating the primary research focused onhe composi te pl ate¥l and
performance and the enhancement of hybridization techniques.

2.2 Low-velocity impact behavior of composite

Several attempts have reveatedt the LVI behavior of composite structureslé&pendent
on their fabrication, material systems, geometry, impactor parameters and environmental
conditons | n addi ti on t oconiptessionsafter impaet testisg, QT scpB0Xn S €,
rays, and microscopic imaging of the impacted samples have been emidayeidrmine the
extent of damag¢gb]. Previous research hawownthat the penetration energy and indentation
depth are primarily controlled by laminate thickness, fiber volume fraction, and impactor tup
diameter, while resin type, stacking sequence, and fiber architecture play a relatively minor role
[17 4].

Robinson and Daviedepictedthat the magnitude ofmpact energy governs thevl test
behavior,while the striked mass and velocity effects are negligif88]. Similarly, Artero et al.
confirmed that peak force, maximum displacement, and damage patterns are independent of
impactor mas$40]. Nonethelessat low energy levels, impactor velocity affethe extent of
delamination and residual displacemptit,42] Besides studies on fiber architectures, including
unidirectional, multidirectional, woven, and 3D woven, revealed that 3D woven composites
outperformthe other architecturesnder impact loading43i 45]. Despite significant research
efforts to evaluate and improve the LVI performance of composite materials, certain gaps remain
in understanding the effects of hybridization with metallic reinforcements, which will be addressed

in the following sections.
2.2.1 LVIresponse of composi@minates

Even barely visible damages occurring untd® loading can severelycompromise the
integrity of composite materials. Richardson and Wishestdgorized the damage progression in
fiber-reinforced plastics subjected to impact loading into four std@gdnitially, matrix cracking
occursparallel to fibersat the edge of the impaebnedue to high shear and bending stress
presented irFigure 2.1. Following that, delamination and fiber breakage odmrause othe

bending stiffness mismatch, tensile bending stress and compression buckling of fibers,
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respectively. Finally, penetration is considee=dthe catastrophimacroscopic failure ofthese
laminates. Furthermore, since penetrating the laminate requires higher @anpagesthe after
impact damageare relativelylocalized compared to the nqenetrated cas¢43,46] Bibo and
Hogg revealed that the matrix and shear craaltsenceload drop or compressiafter impact

strength are negligible compared to delamination omgyunder LVI loading44,47].
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I n addi ti on absorptioncdpaxityslaiminaenaechitgcture, stacking sequence,
and matrix properties playnamportantrole in the impact behavior of compositBiatably, die to
their superior fracture toughness, fiber composites reinforced with thermoplasteesatimore
resistant to impact damage in contrast to thermoses|[5,6,46,48,49] GhsemiNejhad and
ParviziMajidi conducteda comprehensive study of woven carbon fiber reinforced PEEK
(Polyether Ether KetongPPS (Polyphenylene Sulfideand Epoxyacross a range ofmpact
energieg50]. Following a similapatternin damage sequenalermoset composite samples reach
thedefinedbarely visible impact damage limitatiearlier than the thermoplastic ones. Therefore,
as expected, themaximum loadhreshold of Carbon/Epoxy laminatessalmost 20% less than
either Carbon/PPS or Carbon/PEEH]. Figure2.2 representgreviously describedariations in

postimpact indentatiof composite samples with thermoplastic and thermoset resin systems.
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Shah et al. performeah extensivetudyon LVI response aflass fiber composite with Elium

and Epoxymatrices[52].

Confir ming fintirgs, they observedshat theriaplasticd

samples withstand higher impaebergies beforeompletepenetration occursAs Figure 2.3

shows, their observations confirmed th#termosetcompositesprimarily fail through matrix

cracking, straining of the fibers, and yarn/matrix debonding, wdiethe consequence of matrix

brittleness. In contrast to that, thermoplastic composites are more prone to matrix plasticization

and whole yarn straining as the primary enesggorbing phenomendgs2].
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2.2.2 LVIresponse of composite sandwich panels

S mS

There are specific differences between the LVI response of sandwich panels and composite

plates that require careful attentidMines et al.conducteda detailedcomparison of the Quasi

static and LVI perforation responsempositesandwich panelsvith different corematerials

Figure2.4.(a) represergd sequence aflamageprogressionunder static loading in the honeycomb

core (Arolam core) sandwich panels with woven glass/Vinyl Esteposite skis, whichchanges

if replaced with an alternativeore structure.For honeycomb core sandwich panels, damage

initiates in the upper skin and proceeds with tearing of the lower skin, while in Coremat sandwich

panels, the failure order is completely reversédike composite laminates, whi@xhibita single

loading peakthe LVIforce-displacement diagrams of sandwich pafedsuretwo separate peak

as depicted irFigure 2.4. (a) The scheme of the damage sequence, anBdiredisplacement

diagram of honeycomb core pasehder LVIloading[8].[8].
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Analogous tocomposite platesthe behavior of compositsandwich panelsinder LVI

loading is stronglydependenobn the boundary conditiof63]. A common boundary condition for

LVI testing of sandwich panels involves clamping the panels using rigid circular ring fifgdies
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56]. It was revealed that the perforatiothreshold of sandwich panels directly enhances
proportionallywith foam core density. Furthermore, investigasiamfoam core sandwich panels

with rigid-backedsupport showed that wst of thedamage®ccuron the topskin and corewith

the core properties playing a critical role in determining the impact resporiseDogan and
Arikan performed an assessment of LVI response of PVC foam core sandwich panels with four
different permutations offglass thermoplastic (PP) and thermoset (Epoxy) composite facesheets
[56]. It was noted that RPasedcompositeplatesdisplayed asuperior energy absorptidrehavior

under LVI loading.Moreover, sndwich panels witlat leastone thermoplasticomposite skin

outperfornedthose with entirely thermoset counterparts
2.3 Hybridization effect on LVI behavior of composites

Investigations revealed that reinforcing composite laminates with metal sheets infqmibves
fatigueresistancand impact damage tolerarf&8i 62]. Metal meshes are increasingly being used
not only as reinforiag agentsput also as heating elements@sistance welding of thermoplastic
composite panels, offeringnalternative to traditional mechanical joif&3,64] Although steel
fiber composites are heavier than carbon or glass fiber, they pesgestortoughness and
strainto-failure capacityof up to four times greateBecause otfhat these novel laminates are
expected to behave more efficiently unthepact loadind65,66] LVI behavior of stainlessteel
fiber/PP compositeBas shown thatgardless ofiber architecturethesecompositeutperform

conventional glaser carbon fiber laminate$&7].

Woven +45° glass/Epoxy composites hybridized with cpigssteel fiber layershowed
superior epergy dissipatiorcompared to the nehybrid oneqd68,69]. Besidesthe introduction of
stainlesssteel layers altered the tensile failure mode from a sudden, catastrophic failure to a more
localized form, maintaining theostfailurep | a t e s §[70]. LVk egagninatidangevealed metal
fiber wire diameter directly affestthe perforation energy threshold of composite laminates
Moreover, itwas depicted thapositioningthe reinforcingstainlesssteel fiber layerst the rear

side considerably enhanced the energy absorption of hybrid composite[fpa#Es 72]

Determiningfactors influencing the mechanical performance of hybrid composites include
mesh wire size, opening area, architecture, and stacking seqé8hcéarious techniques, such

as sandblasting and chemical treatments, have been employed to enhance the bond between the
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metallic mesh and resify1,74] Aggressive surface treatment has been proven to benefit the
adhesion between the metal wire mesh surface and thermop&stend PP$olymer resis.
Hasselbruch et afound that hybrid laminates with 45° carbon fibers and 0° metal mesh exhibit
superior stiffness, strength, and elongation to failure compared thytoid 45° laminateq75].
Microscopic assessmentshowed that lowering the pressure during the fabrication process
positively affects the connection between resin and metal mesh, ititchess cavity formation.
Furthermore, hybrid composites demonstrated a more ductile failure mode, contrasting with the
brittle fracture manner of carbon fiber laminaf@s]. Recent research on hybrid carbon fiber
compositesshowed thasamples strengthened witlvarsemetal wires offer higher peak loads,
increased residual strength, and enhanced strain cafshaidy.

2.4 Shape Memory Alloyreinforced composites undetimpact loading

Nowadays, in addition to singkdrike LVI tests,studies have increasingly focused on the
response of composite laminates to repeated LVI tes#aglogous to singd-strike LVI,
thermoplastic materialbave demonstrated superior performanceer recurring LVI strikes
[52,77,78] Underrepeated impacts, thermoplastic composites exhibit a more global deformation
throughout the entire structure, unlike the localized damage seen in thermoset cofi8)shes
energy levels lower than the perforation limitere is a tendency to take advantage oftsedfling
approaches to recover and heal some of the damages occurring during their selvigegie
The combination of superigmpact tolerance in hybrid composites, the specific energy absorption
properties of SMA metals, and their recovery capabilities represents a promising synergy in

advanced composite design.

Significant advancements have been made in improving the impact resilience of hybrid
composites by incorporating SMA wiréSMA wires have been extensively researched for their
ability to enhance the energy absorption capabilities of composites, while also providing self
healing propertiel88i 91]. SMA-assisted hedteatment is recognized as an extrinsic method that
effectively restoes specific damages in polymeased composite€-scan imaging of SMA
reinforced composites has demonstrated the ability of these metallic wires to facilitate crack closure
and healing afteimpact damag¢92]. Moreover,Konlan et al[18] examined the potential af
pinning technique using Flexinol SMA wires to reinforce glass composite laminates, which

considerablyenhanced impact resistan¢aurtherassessmenevealed this technigisscapability
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to facilitate delamination closure during thermal healing cycles, thereby improving the overall
performance of the composite2i 18]. However, this area of research is still emerging, with gaps
remaining in understanding the full extent of healing, the optimal percentage of reinforcement

under LVI loading, and the degree of afteipact deformation recovery.
2.5 Concluding Remarks

In this chapterin addition to the manufacturing strategiesiployedfor thermoplastic
composite plates and sandwich panelsirttpact behavior of such structurgasbriefly reviewed.
The expected resporsef compositelaminates and progressiorof damagemechanismaunder
LVI loading were studied It was shown that, despit¢he research progress introducing
hybridization as a viable method émhancethe impactresistanceof compositesthere is still
research gaps to be filled, particulaflyther assessments on reinforcitigermoplastiebased

composites reinforcedith stainlesssteel mesh layers.

Moreover,the integration of SMA reinforcements a ki ng advantage of
recovery capabilities, remains in the early stages of reséduorle in-depth studies were needed
to assess their full potential; therefore, a key research gap addressed in this investigation is the
extent of deformation recovery achievable through repeated thermal healing cycles following
multiple low-energy impactsparticularly in cases where the impact does not result in complete
perforation of the composite structure.
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Chapter 3

Manufacturing and Performance ®&ndwichCompositePanels with

Recycled PET Foam Core Made by Continuous Roll Forming

This work has been published in:

Mandegarian S, Hojjati MiiManufacturing and performance of sandwich composite panels with
recycled PET foam core made by continuous roll forminganufacturingLetters 2024; 21: 89
92.

https://doi.org/10.1016/].mfglet.2024.03.019
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3. Manufacturing and Performance of Sandwich Composite Panels with

Recycled PET Foam Core Made by Continuous Roll Forming

3.1 Abstract

A parametrical study has been conducted for dehblelaminating method to optimize the
manufacturing process of composite sandwich panels. Examinations have been done to assess the
adhesion bonding characteristimtweerthe skin and core. The outcomes of peféland flatwise
tests revealed that an adequate connection was formed between the composite facesheets and PET
core. Finally, the performance of panels was evaluated underpibirgebending conditions. In
this test series, while the sandwichrpg@ | s & mai n fail ure mechanism i s
of the proper adhesion formed between the foam core and facesheet were detected within the
damaged surfaces.

3.2 Introduction

Thermoplasticbased composite materials are gaining high attention due to their high
toughness anéconomicalproduction specifics. Sandwich panels made of thermoplaated
materials not only improve the flexural properties, but also are advantageous in terms of thermal
or acoustic isolation. Fabrication of thermoplastic sandwich panels introduces spetldicgesa
to the problem, particularly the imperative requirement for achieving adequate adhesion between
the facesheet and core material; therefeegeral researchers investigated diverse manufacturing
approaches for thermoplastic composite sandwich péfiels

Continuousroll forming, commonly referred as doukbelt laminating method, employs a
fusion bonding technique to produce composite sandwich panels. The capacity of uninterrupted
operation along the production line makes this process financially viable. Reswenh#ating
and cooling temperatures, and applied roller pressure on the panels are the key variables which
should be carefully determined in this technifitie Hence, the doublkelt lamination parameters
have been assessed to accomplish a proper impregnation of composit3gicades38] It was
depicted that the fabrication rate plays a significant role in the microstructural characteristics of the

composite laminates. Furthermore, comparable tensile and shear properties were achieved when
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restricting the lamination speed. Ishida et al. examined the influence of roller modules on the
production of carbon fiber polyamide composite laminates, analyzing the two different types of
doublebelt presseq37]. It was proven that, circular modules maintain constant pressure

throughout the fabrication process, improving the lamimapeegnation.

In conjunction with theirecyclability, flexural properties of composite sandwich panels with
PET core material have been previously stuf8d¢d3] Because of their relatively high viscosity,
impregnation of thermoplastitased composite laminates and proper bonding of facesheet to core
is challenging. Due to the escalating environmental concerns, fully recycled PETFadtidedm
is selected ashe core material in the current research. Thigpteraims to identify the optimal
continuous roll forming lamination process parameters, manufacturing PET foam core composite
sandwich panels. Finally, beyond the evaluation of the adhesion between éaeesheore, their

flexural behavior is examined under thygant bending conditions.
3.3 Material and manufacturing process

Thermoplasticsandwich composite panels used in this study were mad®mingled
glass/Polypropylene (PP) facesheets bonded to the Polyethylene Terephthalate (PET) foam core.
Two different thicknesses of 10, and 50 mm environmentally friendly 100 % recycled-ckdsed
PET foam with respect i v3dAmiaBETSiructiGR8), GRI00)8&e and
used. A single layer of 2/2 twill weave glass/PP with a nominal thickness of 1 mm and fiber weight
fraction of 60 pecent was chosen as facesheEigure 3.1 provides comprehensive details about
the sequential steps within the manufacturing process, presenting both real and schematic
depictions. Because of the relatively higher viscosity of thermoplaated resins, specific
attention is required during thealrication process. Consequently, a sequence of iterative
experimentation and collaborative efforts were undertaken in partnership with Innovative
Composite Product (ICP) Inc. to achieve the optimal production parameters. The glass/PP input
sheets experiee a temperature of around 1665° C passing through the primary heating
chambers followed by a set of rollers forming the facesheet laminates. Then, the facesheet plates
are subjected to the temperature of -166° C, while the core is exposed to the Iseater
temperature of 20Q05° C. Finally, facesheets are pressed on the PET core under the secondary
set of rollers. The production speed of 0.64 m/min is considered to accomplish the best product

quality, keeping the manufacturing rate economicallyciefiit.
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3.4 Sandwich panel assessment test procedures
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A seamlessonnectiorwithout detectable gaps between the facesheet and PET foam core is

achieved by the current douHdtelt procedure, as depictedrigure 3.2. Flatwise tests were done

at displacement rate of 0.5 mm/min for the sandwich panels in accordance with the ASTM C297

[94] standard. Sandwich panels with 10, and 50 mm core thickness were cut in cubic specimens

with dimensions of 25.4 mm x 25.4 mm, and 50.8 mm x 50.8 mm, respectively. The surfaces of

the specimens were sanded and glued to the metallic fixture blocks withPthE6@ epoxy

adhesive. Roller drum peeff fixture was also employed following the ASTM D31§95]
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guidelines at the head displacement rate of 25.4 mm/min. Panels were cut into the dimensions of
260 mm x 25.4 mm x 10 mm, while facesheet is attached to one side of the trimmed samples with
a preexisting crack of 35 mm. The peel strength is determineddognalizing the data to the

specimen width.

Trapped air
Glass/PP Facesheet
PET foam corc

Facesheet PET Core

L e

ol

Microscopic examination of the Surface appearance Surface appearance after the flatwise
PET core sandwich panels after peel-off test tensile test

Fiug3&® Mi croscopbtf phatt wi se peslt surface appe

sandwich panels with (a) 10 mm, and (b)

To assess the bending properties with the fgragthsof 508 mm and 254 mm, 50 mm thick
panels were cut into dimensions of 533.4 mm x 76.2 mm, and 279.4 mm x 76.2 mm, respectively.
Moreover, 10 mm thick panels were prepared for tpaat flexural tests with span lengths of 254
mm and 127 mm. Thus, specingemith the measurements of 300 mm x 30 mm, and 150 mm x 30
mm were cut out of them. According to the ASTM C936], flexural experiments were done at
the head displacement rate of 2 mm/min. All the tests were conducted using the universal test

machine with the maximum load cell capacities of 5, or 100 kN.
3.5 Results and discussion

The peel and flatwise tetsults show appropriate adhesion between the skin and PET core
materials. Due to its lower density, the 10 mm PET foam core offers a reduced connecting surface
area for the melted skin PP resin to adhere which results in relatively decreased bonding properties.
Figure 3.2 illustrates the surface appearance of the separated skin and PET core. The occurrence
of adhesive and substrate failures in both tests indicates the robust bonding that has been
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established between the facesheet and the PET core. Such a dual failure mode emphasizes the
effectiveness and integrity of the bonding achieved through the employed lamination process.

Table 3.1. Peeloff and flatwise tensile strength of glass/PP compa

PET foam core sandwich panels.

Sandwich panel PET  Peel strength Flatwise tensile
core thickness [mm] [N/m] strength [MPa]
10 2958.56 0.70
50 3364.60 1.08

Samples with a 10 mm PET core thickness showed two distinct failure modes during a three
point bendingestconducted over a 127 mm span length. Given the relatively small span length,
one of the samples experienced a shear failure within the core material. When the core of the
sandwich panel undergoes failure as a consequence of shear loading, there iptaedltion
in the applied load. This phenomenon signifies the structural response, reflecting the importance
of the core mechanical properties in bearing and distributing the applied shear stresses. However,
buckling occurredon the compression side dfet sandwich panel. As depictedRigure 3.3, the
buckled facesheet gradually extends, causing compression of the foam core. Under the larger span
length, a combination of facesheet compression failure and buckling is initiated, followed by
compression of the core material. This complex failure modeurs due to the inherited
mechanical behavior of sandwich structures, where the skin composite components primarily
withstand the applied stress. Generally, the load drop caused by composite facesheet damages can

be attributed to structural instabilitgading to a rapid loss of loazhrrying capacity.
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Damage initiation is primarily localized at the compression side of sandwich panels with a
50 mm core thickness under thyge@int bending conditions. Undéhne shorter span length, the
sandwich panels experience compression damage of the skin and PET core material at the loading
point. This damage mode is followed by the skin delamination angurecause of the buckling,
which results in a sudden load drop. Nevertheless, the extent of damage is higher for the 508 mm
span tests, where the cracks are forimethe compression failure of the upper skin. After damage
i nitiation, the composite sandwich panel ds t o]
skin and core material. Even though the skin of the 50 mm thick panels showed debonding after
the compression damage initiation, parts of the PET foam material were still connected to the
delaminated facesheet. Therefore, the specific failure patterns exhibited under the flexural tests
show adequate adhesion between the skin and core in the sandwath manufactured by the
optimized doubléelt method.

3.6 Conclusion

An extensive evaluation dhe doublebelt laminationmethodwas conducted to achieve
reliable production parameters for manufacturing thermopldsiged sandwich panels. Fully

recycled PET foam material with different thicknesses and densities were examined as the
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sandwich core component. The selected process parameters for sandwich panel production
demonstrated its ability to yield higjuality panels characterized by proper bonding between the
skin and the core. The combination of adhesive and PET core subaiiaie dbserved during

these tests confirmed the formation of a robust bonding through the lamination process.

In conclusion, the optimization efforts applied to the doddak lamination procedure have
demonstrated their effectiveness in the production of-gigility sandwich panels. Adequate
bonding was accomplished between the thermoplhased glass/PP cowgite facesheet and
PET foam core material employing the presented technique. Finally, the flexural performance of
the manufactured sandwich panels revealed the viability and effectiveness of the employed

continuous roll forming procedure.
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4. Manufacturing Process Assessment and Comparative Study of Full

Thermoplastic Composite Plates and PET Foam Sandwich Panels

This chapter delvesedper into two main processeshich were specifically used to
fabrication composite panetgquired for this studyFurthermore empirical evaluations of the
manufactured samples were performed to define the effectivity of each approach, while their
bending behavior have been carefully examinHtese pars have been published entitled as
AThermoplastic Composite Sandwich Panels with Recycled PET Foam Core: A Manufacturing

Process Assessment
4.1 Abstract

This study attempts to modify two distinct lamination processes of dbefileand
compression molding to produce environmentally sustainable full thermoplastic sandwich panels.
A precise assessment of fabrication parameters was conducted to ensurditthefcgandwich
panels made of glass/Polypropylene composite skin and 100 percent recycled PET foam core
sourced from consumer waste bottles. Evaluations of theskiore adhesion properties revealed
that the PET foam density in conjunction with therfeation approach can affect the layers'
bonding. The formation of satisfactory interlayer connection under controlled process parameters
was confirmed by Ped@lff and flatwise tensile test results. Moreover, complementary-troieg
bending analyses Hijghted deviations in panel performance. Panels manufactured by the
compression molding method exhibited superior {badring capacity compared to those made
via a doublebelt machine. These observations are attributed to the inherent nature of tlag¢ideamin
procedures, taking single or multiple thermal treatment phases to fabricate the sandwich panels.
Finally, the findings suggest that despite potential quality degradation, the production continuity
capability of the doubldelt method makes it a viabption for meeting industry requirements.

4.2 Introduction

Sandwich panels have been devel opeeéaingo add
lightweight structures capable of maintaining proper thermal and acoustic insulation properties.

Thermoplastiedbased composites are particularly noted for their superemhanical properties,
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manufacturing requirements, and environmental sustainaf@y99]. Numerous research has

been performed to assess the performance of sandwich panels incorporating various combinations
of skin and core materiald0Gi 102]. Besides, alterations to the composite facesheets, core
configuration, or adhesive layer reinforcements can significantly impact the sandwich panels' load
bearing capacity and failure mechanisfh83i 107]. Improving the bond between the layers is
crucial for an even distribution of load transfer to the composite $kirs, several investigations

have been conducted focusing on improving the-Bkitore adhesion in thermoplastic composite
sandwich panelgl08i 110].

Glass fiber composite panels with Polyethylene Terephthalate (PET) foam cores are being
widely used in different domains, including wind turbine structures and prefabricated insulated
building componentR4,30] Certain evaluations are required to simulate the behavior of PET core
composite sandwich panels under different loading conditions, particularly fatigue or flexural ones
[1117113] A thorough examination performed by Xie et al. explored the effect of glass fiber
composite facesheet and PET core thickness on failure mechanisms and sequence in sandwich
panelq93].

Nowadays, there is a discernible shift towards the utilization of panels made of either
recycled or recyclable thermoplastic materials, driven by significant environmental concerns. The
potential for reuse makes PET material very appealing to scholaentRe@aminations on cores
made of recycled bottle caps or ddendly PET foam sandwich panels are clear indications of the
emerging industry trend around this toffdi 29]. Following this purpose, Kang et al. performed
a comprehensive study on a complete lamination cycle and recycling of the glass fiber PET core
composite sandwich pan@i].

In addition to the composite facesheet and core material response, the performance of the
sandwich panels can be significantly governed by the quality of theteskire bonding.
Consequently, several investigations have been performed on differenatiabrimethods to
establish a robust bonding between the core and composite facesheets. The fusion bonding method
has demonstrated a notable ability to achieve satisfactory adhesion between the layers in
thermoplastic sandwich pane|g,114i 116]. Fabrication techniques such as the dotlele
lamination method and compression molding capitalize on fusion bonding to process thermoplastic

composite panels. Akermo and Astrom performed a comprehensive investigation on the critical
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fabrication key factors of the compression molding process that affect the interfacial contact in all
thermoplastic sandwich pané¢&2,33]

The unique characteristic of uninterrupted manufacturing presents the-teltbieethod as
a financially practical continuous operation technique, which is capable of laminating
thermoplastidbased composites on large scales. In addition to the ovenrtorpeand applied
roller pressure, production speed plays an important role in the adequate impregnation of
thermoplastic laminates since it directly affects the residence time and coolinfy,Glie
36,117,118]Liu et al. studied the impact of production rate on the mechanical properties of carbon
fiber phenylene sulfide, revealing its substantial influence on the microstructural characteristics of
composite laminatg88]. Furthermore, it was proven by Ishida et al. that maintaining a consistent

pressure level during fabrication enhances the laminate impregti@n

In the current study, aiming to enhance environmental sustainability, 100 percent recycled
closedcell PET foam material, made of pastnsumer plastic water bottles, was considered as the
core. Unlike traditional methods, no adhesive layer was applieegbptthe composite facesheets
and the core, offering a simpler, more sustainable fabrication process. Furthermore, because of the
relatively high viscosity of Polypropylene thermoplastic resin in the composite facesheets, specific
challenges such as prosiin impregnation and interfacial adhesion should be resolved during the
fabrication process; therefore, precise assessments were performed to optimize the lamination
parameters involved in both the doublelt and compression molding techniques. By elating
any additional adherent layers, a comparative analysis was performed to determine the effects of
the modified manufacturing process on sandwich panel properties. Moreover, a comprehensive
empirical evaluation, including microscopic evaluations, itensand compression tests for
composite plates, as well as peéfl and flatwise tests for sandwich panels, were carried out to
val i dat e t kplane mechanicaleptomedias and mterfacial bonding characteristics of the
recycled PET foam core pals. Finally, since any qualitative properties variation related to the
manufacturing process i s refl ectpodtbandingtesise pan
were conducted, which provides critical information on the sandwich panelsusifuxghavior.
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4.3 Material and manufacturing process

Environmentallyfriendly 100% recycled closeckll Polyethylene Terephthalate (PET) foam
panels have been used as the core material. Three different core thicknesses of 10, and 20 mm with
respective densities of 80 kginand 50 mm thick PET core with the corresponding density of 100
kg/m® (ArmaPET Struct GR80, GR100) were selected for the current research. The PET foam
material used in this study is entirely made from fpostsumer recycled plastic bottles by a
patented procedure. This innovative process uses a foaming agent to contefbottiess into
granules that are subsequently extruded into continuous foam boards, subsequently cut and welded
into the required dimensiorf27,120] The facesheet composite laminates consist of one layer of
2/2 twill weave EGlass/Polypropylene (Glass/PP), with commingled yarn and a nominal thickness
of 1. mm. In this study, G represents the Glass/PP layer with the fiber weight fraction of 60 percent.
Moreover, for the PET foam core material, the upg@e number shows the nominal core
thickness in millimetergfor instance, PE® represerg PET foam core with thickness of 50 mm)

In the present research, in addition to the [G/PET/G] sandwich p&glcdmposite laminates
were produced to ensure the facesheets quality and performance. Further information on the

mechanical properties of the raw materialalso presented ifhable4.1.

Table 4.1.
Mechanical properties and dimensional characteristics of the raw materials.

Material Type Nf)mlnal Fiber weight Tensile compressionf oo i melting
thickness i strength strength
fraction [%0] temperature [°C]
[mm] [MPa] [MPa]
EGlasspp 2/ Wil weave 1.00 60 203.8 60.2 160-165
commingled cloth
Nominal Densit Tensile Compression| Shear Melting
thickness K /mS]y strength strength strength | temperature
[mm] g [MPa] [MPa] [MPa] ]
ArmaPET struc 10
100% GR80 80 2.0 1.0 0.6
recycled 2 20 240250
PET foam
GR100[120] 50 100 2.5 15 0.75

In order to fabricate the composite sandwich panels, two different techniques of compression

molding and doubkbelt lamination were used. Since the cur@rdpteris an attempt to evaluate

the influence of modifications made on these two fabrication methods, the manufacturing
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parameters require precise verification. Both methods involve subjecting stacked layers of dry
weave glass/PP and PET foam core to the elevated temperature and pressure, effectively bonding
them together using the fusion bonding approach. Because noadditiihesive layer is used, the
manufacturing process of these thermoplastic composite sandwich panels entails a thorough
assessment of the temperature, pressure, and processing time as these parameters significantly
impact the appearance and integrityttee# final products. A comprehensive parametric study was
crucial to ensure the optimal quality, proper adhesion of the layers and absenptaatifiber
waviness. Therefore, a sequence of iterative experiments was conducted for each manufacturing

methal to determine the optimal set of input parameters.
4.3.1 Doublebelt lamination process

The automated reflorming procedure is designed to produce large panels with a maximum
width of 1.5 meters. The glass/PP rolled cloths and solid PET core panels were continuously fed
into the machine. Rotation of the first forming roller set provideddree to automatically pull
raw material into the machine. The production rate is regulated by adjusting the resistance force
via the set screws located at the bearing supports of the input material rollers. Fiber alignment was
maintained by the combinedtans of the gripping force from the raw material rollers and the
traction force applied by forming rollers. This configuration creates a tension force on the raw cloth
which helps the fiber strgitened before entering the primary ovens. Moreover, it will prevent the

formation of defects such as wrinkles or overlaps in the facesheet composit¢lager1]

Given the higher viscosity of thermoplastic PP resin, careful attention was devoted to the
assigned temperature and pressure to achieve effective wetting and minimize void content.
Collaborative efforts with Innovative Composite Product (ICP) Inc. wererngken to execute
optimal production parametef422]. Passing through the primary ovens, the glass/PP sheets
experienced a temperature range of-168°C. Subsequently, the first set of rollers applied
pressure to form the facesheet composite laminates, being cooled in situ by the ambient airflow.
Therefore by placing two layers of raw cloth on top of each other, fabrication gfd@nposite

laminates could be finished in a single step.

Unlike composite laminates, manufacturing sandwich panels require additional steps, that

demand meticulous attention to the process details to ensure adequate bonding between facesheet
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and PET core. Following the consolidation of the composite facings in the initial step, facesheets
are subjected to a second heating phase with a base temperature rangecd C6Meanwhile,

the PET foam core, overlaid with a 0.065 mm thick PP film exgmsed to the oven temperature

range of 20R05°C. It is worth noting that the PET core material did not reach its melting point
passing through the secondary oven. Nevertheless, it is necessary to heat the PET core to mitigate
any temperature loss befgoeogressing to the next phase. Complementary evaluation of the PET
foam core dimensional variations revealed that the thickness remained within a negligible variation
range at the elevated temperatubee to its insulating nature, the expansion of the foam core is
known to be inherently small, especially at such a limited processing span and localized surface
heating condition.

Preheating the core surfaces is essential for improving adhesion, particularly because of the
abrupt cooling of melted thermoplastic PP resin touching the PET foam. The facesheets were
pressed onto the PET core at the secondary set of rollers, with cacefitbring of roller gaps to
prevent an unexpected core crush. Thedebbéel t | ami nati on met hodds c
to cool the panels at room temperature conditions. Finally, an automatic circular saw was employed

to trim and section the sandshi panels to the specified dimensions.

Figure 4.1 and Figure 4.2 provide detailed insights into the sequential steps of the
manufacturing process, presenting pictures of the machine and schematic representations of the
modified doublebelt method.
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The optimization of the production process requires precise calibration of temperature and
pressure to determine reasonably good product quality and economically efficient manufacturing

rates.The pressure required to fabricate sandwich panels must be precisely controlled. Excessive
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pressure can damage the core material, while insufficient pressure fails to provide adequate contact
force required for the glass/PP skin to adhere to the core. This critical balance is essential, as it
directly affects the feeding rate adjustments durprgduction. Furthermore, lowering the
production speed could cause a portion of melted PP resins to stick to the oven guiding rollers,
negatively i mpacting panelsd quality and pro
production speed could congmnise the impregnation of composite laminate skins or their
adhesion to the PET foam. After running a series of trials and errors by ICP Inc, a production speed
of 0.61m/min was deemed suitable for glass/PP composite PET core sandwich panels with final
thicknesses of 11.41 + 0.04 mm, 20.46 + 0.11 mm and 52.35 £ 0.12 mm. Finally, if the customer
requests, a polyester veil cover layer is placed on the exterior surface aaintiposite sandwich

panels to provide coverage. This ultimate visual aesthetics anhofor marketing purposes, but

also improves the performance of the panels in humid environments.
4.3.2 Compression Molding

To laminate the composite PET foam core sandwich panels, layers of comingled raw glass/PP
cloth and core were stacked in their order. Employing the hot press machine, the stacked layers and
PET core were heated at a rate of 12°C/min reaching a contrigebtature range of 16®65°C
when exposed to the pressure of 0.5 MPa. The consolidation period lasted for 1 minute, after which
the hot press initiated a cooling cycle using water flow to gradually return to ambient temperature
at the cooling rate of 157@in. However, for composite laminate production, 3 minutes of hold
time under pressure of 1.5 MPa is requirE2B,124] It is noteworthy that, contingent on the PET
core thickness, a steel mold, closely matching the expected final sandwich panel thickness was
used. The mold helps to control the resin flow, while maintaining the PET foam core configuration
from being crused under the compression loading of the hot press. Pressure and temperature
should be kept at the specified rartgeprevent any fiber waviness induced by the flow of the
melted PP resin during the manufacturing process. To facilitate-atic&rinterfacebetween the
glass/PP composite facesheet and the heating elements, 0.08 mm thick Teflon sheets were
employed.Figure 4.3 provides the schematic view of the hot press machine depicting more
inclusive detail of the composite sandwich parebrication procedure. Employing the
compression molding lamination process, a series dbd3Bd PET core sandwich panels with
thicknesses of 12.30 £ 0.07 mm, 21.14 + 0.06 mm and 52.36 + 0.08 mm were fabricated.
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machine.

4.3.3 Empirical optimization procedure

Differential Scanning Calorimetry (DSC) tests were initially performed on the raw glass/PP
cloth and the recycled PET foam core materials to precisely determine both thermoplastic PP and
PET materials' behavior, particularly their exact melting temperqii2®]. The programmed
heating ramp of 10° C/min and Aluminium hermetic sample pans were used to run the tests in a
TA Instrument Q200 DSC machine coupled with a Refrigerated Cooling System (RCS 90). Two
repetitive heating and cooling cycles with the temperatamge of50° C to 250° C aneb0° C to
300° C were considered for the glass/PP cloth and recycled PET foam, respectively. Finally, as
recommended in DSC examinations, to ensure the reliability of the results, the initial heating and
cooling cycle was exaded from the final data presentedrigure4.4.
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TheseDSC test data were used to determine the manufacturing temperature range. Several
empirical trials and errors were conducted to optimize each manufacturing procedure separately.
Based on the nature of the lamination techniques, certain parameters wéredréq be
investigated; therefore, for each method, specific set values were selected, and a combination of
these manufacturing parameters was evaludigole 4.2 presents the fabrication parameters and
minimum number of manufacturing interactions performed in the current study to experimentally
optimize the lamination processes. With respect to these influencing factors, a minimum number

of tests were required tetermine the optimized manufacturing parameters.
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Table 4.2.

Manufacturing parameters and assessed range of each factor used to optimize the compression nuwdirlg ¢

belt method.
Compression molding method Double-belt lamination technique
) Evaluated range o] Minimum ) Evaluated range off  Minimum
Manufacturing o Manufacturing o
each fabrication number of each fabrication number of
parameters ) . parameters ) .
factor interactions factor interactions
) 2.46 mm .
Mold thickness Ranging between
2.53 mm 1strollers
) 2.3 mmto
o 160-165° C distance
£ Temperature 25mm
% 165170° C
= g 1 min 24 1stoven 2
o = . , 160-165° C
S Process time 2 min temperature
g 3 min _
© b 1 MPa Feed rate 0.55m/min
ressure i
1.5 MPa 0.61m/min
] 53.39 mm g .
Mold thickness 2" rollers Ranging between
53.96 mm .
T distance 53.0 mm to
c
o 8 Temperature 160-165° C 54.0 mm
N 5 . 8 2" gven 1
& s _ 1 min 160-165° C
= 3 Process time ) temperature
O, = 2 min
@ 0.5 MPa _
Pressure Feed rate 0.61m/min
1 MPa

The optimization process was initially focused on the parameters that governed the
fabrication of composite facesheet laminates, with overlapping parameters subsequently being set
for the
and feed rate in the doubtee | t

panel sdé | amination step. Certduren par a

met hod were set for sandwich
assessments done on laminates production. In addition to tHESB8@ temperature range, 165
170° C was examined during which the resin flow could not ek eontrolled, leading to the

elimination of further iterations at this specific setting.

Since the recycled PET foam core materials were subjected to compression during the
lamination process, it was essential to consider their compression strength prior to fabrication trials.
Compression strengths of 1.0 MPa and 1.5 MPa were expected froBRtl8) and GR 100
recycled PET foam cores, respectivgiy?20]. To verify these data, compression tests were
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conducted in accordance with ASTM C 365/C 36RK6], the results for which were consistent

with the catalog datarigure 4.5 presented the compression test results performed at the head
displacement rate of 2 mm/min using an MTS universal test machine equipped with a 25 kN load
cell. It is known that elevated temperatures during the manufacturing stages can reduce the
compressn strength of these thermoplastic PET foam materials. Thus, in the current study, the

lamination pressure was adjusted to remain within the safe range.
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To adjust the spacing between the rollers during the lamination process, a gear and power
screw system was employed. This setup allows precise contthe rollers’ distance, ensuring
an accurate adjustment for different panel configurations. During the initial manufacturing phase,
the machine was used to run a test production during which the optimal rollers' distance regarding
the core thickness wastdemined to ensure the desired sandwich panels' quality and consistency.
These trial and error iteiahs were initially conducted for the recycled PET foam core thickness
of 50 mm. Thus, except for mold thickness and second roller modifications, which were tuned by
a couple of new attempts, other parameters were maintained constant for thinner saza@sch p
This consistent approach helped ensure the reliability of both lamination processes, for which the

final optimal manufacturing characteristics were presented in previous sections.
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4.4 Experimental procedure
4.4.1 Laminate tensile test requirements

Underseveral oadi ng conditions, such as tensile
is known to serve as the loaéaringelement. The performance of sandwich panels can be
significantly altered by their facesheet mechanical properties. Hence, the propertieg of [G
composite laminates fabricated with both methods require specific evaluation, while distinguishing
their behavior under either tensile or compression loading. Using a diamond saw machine,
specimens with dimensions of 110 mm x 25 mm wetelong the fiber directions. Lastly, quasi
static tensile tests were conducted at a rate of 2 mm/min in accordance with the ASTM D3039
standard127].

4.4.2 Laminate compression test

As Figure 4.6. (a) representsthe upper skin of a sandwich panel experiences -ptaire
compression load during a bending test. Thus, in accordance with ASTM DR2B]Gan anti
buckling fixture was employed to measure the compression strength of the composite laminates
that serve as the sandwich panels faceshegtcf@posite laminateseretrimmed into 120 mm
x 25 mm dimensions and examined at a displacement control compression loading with a head

speed of 1.5 mm/min.
4.4.3 Flatwise tensile test

Flatwise tensile tests were performedettsurethe adhesion quality between the glass/PP
composite skin and PET foam core material. These examinations were done on sandwich panels
following the ASTM C297 guidelinf94] at the standard displacement rate of 0.5 mm/Pamels
with the nominal core thickness of 10 mm and 20 mm were precisely cut into the dimensions of 1

inch x 1 inch, while the 50 mm thick PET core sandwich panels were cut into 2 inches x 2 inches.

To guarantee t he adh e siktwestea hlocks,moarsessandipglprecess s k i

isdone as partoftteur f acesd preparati on. DP 460 epoxy
between the blocks shown kigure4.6. (d).
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4.4.4 Peeloff test procedure

Theadhesiorformed between the composite facesheet and PET foam core can be evaluated
by an alternative test method known as fméel In this paper, the roller drum peeff fixture
depicted inFigure 4.6. (c), was employed to evaluate the starcore material has been assessed.

A series of peedbff tests were conducted following the ASTM D318tndardoutline [95].

Because of the constraints of the drum dkfixture, where the rollers’ maximum distance gap
reaches 10 mm, samples with core thicknesses of 20 mm and 50 mm are required to be cut on one
side to be compatible with the fixture limitations. Finally #ET foam core sandwich panels were
cutinto 260 mm x 25.4 mm. A 35 mm long fmesting crack was introduced to designate the non
adhered portion, effectively providing sufficient grip on the flexible skin during the testofPeel

tests were operated athead displacement rate of 25.4 mm/min. The peel strength determination
involved normalizing the data to the specimen width, while recording measurements beyond the
initial 25 mm of peel lengthAs the ASTM D3167 suggested, the average peel strength should be
calculated by equatiof.1, and reportedsaa final determining factor for comparison studgs.

Eq.4.1. 3 -

where Sis the average ped@ff strength, F and w represent the measured peel force and width of

thesample, respectively.
4.4.5 Threepoint bending

Flexural tests were performed on the sandwich panels to assess their performance under
threepoint bending conditions. PET foam core sandwich panels with lengths of 220 mm and
120mm were subjected to bending with support span lengths of 200 mm and 100 mmyedgpecti
In accordance with the ASTM C3996] standard, flexural experiments were done at a loading

nose displacement rate of 2 mm/min.

All the tests were conducted using an MTS universal testing machine equipped with a
maximum load cell capacity of either 5 kN or 100 kN depending on the expected load and fixture
installation guides, distinctively depictedfigure4.6. To ensure the accuracy of the results, each
test was meticulously repeated several times at a data sampling frequency of 2000 Hz.
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4.5 Results and discussion

Examinationsvereperformed to evaluate the quality and performance of the thermoplastic
sandwich paneldn both methods, the temperature was insufficient to melt the PET foam. Hence,
the bonding mechanism between thelf2Bed composite facesheet and recycled PET foam core is
primarily mechanical rather than molecular. For a proper molecular bonding to ébrreen the
two thermoplastics, both materials must first be melted, which was not the case in these processes.
Thus, further investigation can potentially be done teasure and improve the level of
entanglement between these materials. By optimizing the fabrication input parameters, both
lamination techniques were capable of manufacturingp@¥®d composite sandwich panels with
proper surface appearance and gkhgore bonding.Figure 4.7 depicts the microscopic view of
the [&] composite laminate and adhesion formed between the glass/PP facesheet and PET foam

core.
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bonding of panels with PET foam thicknesses

The quality of the fabricated glass/PP composite laminate itself, which constitutes the skin
of sandwich panels, was satisfactory for both fabrication methods. Even though voids can be
depicted in the samples fabricated with either of the two approabbgsan develop more easily
during the doubkbelt process. This increased incidence of voids can be attributed to the nature of
the doublebelt technique, where the laminate experiences a sudden release of pressure as it passes
through the rollers. In carast, the compression molding lamination method maintains a constant
pressure at a controlled cooling rate, which helps in preventing the formation of unexpected voids

within the composite laminates and sandwich panel facesheets during the cooling phase.
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As presented ifable4.3, the tensile and compression strength of g@mposite laminates
made with both methods were proximately matched. Nevertheless, applying tension force on the
raw woven cloth during the feeding stage reduces the chance of fiber waviness which results in a
mar gi nal i mpr ov e me n hicalpropertids ®r congasiteplatés enade witmthe h a
doublebelt procedure.

The precision in manufacturing parameters is critical since a minor deviation from the
optimized settings can drastically reduce the quality of the final product. Using the-elible
process to laminate the sandwich panels doubles down the effect ofakiaples such as
temperature, pressure, and production speed. For instance, an increased feeding rate results in an
improper impregnation of the composite facesheet or adhering surface. Consequently, reducing the
gap between rollers causes undesirablenpaent deformation or crushing of the PET core. A
slight modification in temperature not only can drastically affect the québlityalso has a major
influence on the continuity of the production. To elaborate further on this point, it has been
observed that increasing the temperature of the secondary oven will cause considerably large
macroscopic voids. Furthermore, melted Pihred! stick to the guiding rollers of the doubleelt
machine which leads to accidental fire and a full oppression halt. Heéheeoptimized
manufacturingparameters were selected after several trial sevigducted by ICP Inc. to fabricate
glass/pp composite laminate and PET foam core sandwich panels.

A parametrical study was precisely performed for the compression molding procedure to
optimize the temperature, heating idle time and applied pressure, effectively eliminating potential
defects. During the fabrication process, common imperfections sucbsis washout, fiber
waviness and permanent core deformation were anticipated. These issues were prevented by
employing a precise mold, controlling temperature, pressure and idle time. Continuous and
effective bonding between the composite skin and PETfeeas established using both

manufacturing techniques.

The use of closedell PET foam as the sandwich structure core material can result in the
entrapment of air bubbles within the adhering surface. Additionally, defects commonly associated
with the manufacturing process, such as facesheet voids and foamatefa, were observed. As
discussed earlier, maintaining constant pressure through the rollers during the cooling stage is

challenging, which leads to higher void formation in the composite facesheets of panels made with
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the doublebelt process. Reheating the consolidated composite facesheets during the bonding phase
causes the trapped air in composite to expand which forms multiple voids within the structure.
Furthermore, regional permanent deformation was depicted wwaled where high roller pressure

was applied over a limited surface area. Nevertheless, during the compression molding process,
pressure was distributed over a relatively larger area, and the final thickness of thevaaraso
restricted by the moltblerances. These adjustments in the production states resulted in moderately
reduced void content in the composite facesheets and the elimination of permanent foam core

deformations.

The magnified regions adjacent to the PET foam surface show a satisfactory adhesion of the
glass/PP composite skin to the core. Yet, complementary examinations are necessary to assess the
robustness of this connection. It is wietlown that proper bondinigetween the layers is crucial
for effective load transfer, whereas inadequate bonding causes premature damage or delamination
[110]. Hence, peebff and flatwise tensile tests were conducted in the current study to assess the
integrity of these bonds, for which the measured strengths are preseftalas.3. A slight
improvement is achieved by manufacturing the samples with the hot press machine. The reason for
that lies in the ability to sustain the production parameters that favorably influence the adhesion of
the PPbased facesheet to PET foam. As a caaipae baseline, the bonding betwewro layers
of glass/PP composite laminates made by the deéagdtemethod was assessed, for which the
average peel strength of 3423.9 N/m was measured. Furthermore, the tensile strength of each PET
foam core, presented rable4.1, is the maximum expected value that happens in a flatwise test

if the connection is good enough leading to full core failure at the midsection.

Moreover, compared to the [G/PENG] sandwich panel, thinner panels offer a reduced
available bonding surface. This reduction in the available bonding interface consequently leads to
diminished adhesion properties between the PET core and facesheet in samples with lower core
density. Thisphenomenon is attributed to the inherently limited contact points and interactions
between the core and the melted adhered facesheet resin, which results in a noticeable decline in
bonding strength.
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Table 4.3.
Tensile, compression, peeff, and flatwise tensile strength Glass/PP composite laminates and composite PET foam cc
sandwich panels.

Fabrication Stacking Sandwich panel PET  Tensile strength Compression Peel strength  Flatwise tensile
technique sequence | core thickness [mm] [MPa] strength [MPa] [N/m] strength [MPa]
[G2] - 231.9 61.6 3423.9 -
Doublebelt 10 - - 2810.6 0.76
lamination | [G/PET/G] 20 - - 2869.9 0.81
50 - - 3364.6 1.08[118]
[G2] - 203.8[123] 60.2 - -
Hot press 10 - - 2975.5 0.85
lamination | [G/PET/G] 20 - - 3021.4 0.88
50 - - 3368.4 1.05

In addition to the ultimate bonding strength, the failure modes andalse appearance
of the facing and core surfaces need thorough assessifignte 4.8 depicts the surface of the
detached composite skin from the PET foam core after theoffdebkts. The presence of clustered
greenish PET foam material adhered to the peeled composite skin indicates a substrate failure.
Although the whitecolored glass/P facesheet suggests an adhesion failure, numerous core cells
remain linked to the skin demonstrate a mixed failure mode. Sandwich panels made with both
lamination methods exhibited a combination of the discussed failure modes. Nevertheless, an
analysis ofthe peel surface from panels manufactured by the hot press machine revealed a
predominantly substrate failure over a larger area. This transition in failure mode accounts for the

variations in measured peel strength between samples produced usingl#minhaton methods.
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As mentioned, variations of the PET foam material density can affect the establishment of
adhesion between the composite skin and core. A higher foam density provides relatively more
accessible bonding points, thereby enhancing adhesion strength. The $ailfare patterns of
samples after running flatwise tests, presentddgare 4.9, depict a combination of adhesion and
substrate failure. The appearance of such a failure mode proves the robustness of the bond
established between the skin and PET foam. Evaluations revealed that by employing either of the
two manufacturing techniquean effectively integrated attachment was developed between the
layers. Higher foam densities offer a more exposed surface, which facilitates the bonding of the PP
resin. This is evidenced by the increased flatwise tensile strength in [S/8FJandwich panels
with 100 kg/n? PET foam density compared to those with 80 Kgimam density. Finally, since
results of both peedff and flatwise tensile tests for samples made by either technique were closely
aligned, both were considered capable of fabricatinf fe&Bm core composite panels with proper

quality.
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One of the primary motivations for introducing sandwich panels to the industry is to improve
the bending performance of structures by distancing thedeadng composite laminates from
the neutral axis; therefore, alongside the d&ioore bonding, thenechanical properties of the
laminated composite facesheets require specific examinations. Former analyses were conducted on
several governing properties that can significantly affect the overall performance of sandwich

panels. To examine them, the mantdaed recycled PET foam core composite sandwich panels

were subjectedtothrggeoi nt bending conditions. While the
behavior has been studied under bending conditjd®8,107,113] this research mainly
i nvestigates the manufacturing methodds influ

The flexural response of [G/PEIIG] sandwich panels revealed a substantial difference
between the samples made with each apprdéaghbre 4.10 presents a thorough inspection of the
force-displacement behavior of [G/PEAIG] sandwich panels and their failure modes under the

200 mm span length. A distinguished difference in maximum-lesding capacity level was
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observed, consequently leading to different failure modes. The panels made with thebdtiuble
method experienced facesheet buckling failure, respective to which the skin separates from the
PET core. Nevertheless, the samples manufactured with the f®tprdd withstand 76.7% higher

loads, experiencing either compression failure of the top facesheet or core shear failure.
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The noticeable variation in flexural response can be attributed to the impacts of the
production procedure on the quality of the sandwich panels. Because of the superiority of the
compression molding technique in forging a relatively superior connectimedre the PET foam
core and PPased composite, these samples are expected to resist skin delamination. In samples
made with this approach, the skin remained adhered to the PET foam even after the facesheet
compression failure, signifying robust adhesietween the composite skin to the core. However,
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the panels manufactured by the dodiddt method exhibited different behavior; the top facesheet
buckled under the compression load, which caused a consecutive separation of the composite

facesheet from the PET foam core.

In addition to the discussed relatively inferior cohesion between the layers observed in panels
produced by the doubleelt machine, the sequential stages involved in this process can
significantly affect the quality of PPased composite facesheets. Dgrihe second stage of
production, the already solidified thermopladieesed laminates are reheated to the melting
temperature of PP resin. Passing through the second roller sets, the pressure applied to the panels
is bounded by the recycled PET foam miatelimits, because of which certain defects were
introduced to the composite facesheets. This assertion was also confirmed by the increase in the
number of detected voids formed in the composite facesheet of sandwich panels made with the
doublebelt techiue, also detected in the former microscopic evaluations. These determined
defects can directly deteriorate the mechanical compression properties of the composite laminates

leading to lower loadbearing capacity of the sandwich panels.

To assess the severity of the propertiesd d
compression tests were performed for the single layer of composite glass/PP laminates removed
from the PET core sandwich panels. Before discussing the resufiswdrth noting that the
thickness of the specimen can affect the compression properties following the ASTM D3410
standard requiremen{d28]. Compared to the previously discussed][aminate properties,
conducting compression tests on a single layer of composite facesheet leads tonadred
buckling and compression failure. Hence, these additional tests were primarily done to
comparatively study the impact of sequential manufaogusrocedures on the panels.

Because during the compression molding lamination process, consistent pressure was applied
to the sandwich panel in a single step, fewer defects are expected to form. The measured
compression strength of the composite facesheet made with the compredsimg nechnique
was around 36.0 MPa. Nevertheless, a drastic reduction of compression strength was seen for glass
fiber composite facesheets of the sandwich panels made with the -theitbieethod, almost
reaching 16.02 MPa. This marked decline in compoagsroperties is related to the intensity of
the unexpected defects such as voids being integrated after the second lamination step. Ultimately,

the inferior compression characteristics of the upper composite facesheet, made by thkaiiouble
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method, have led to buckling failure and subsequent separation of skin from the PET core under

the threepoint bending load.

According to ASTM C39396], the facesheet bending stre8sdnd the core shear stregp (

can be calculated with equatiohg and4.3.

Eq.4.2. A —

Eq.4.3. 7z ——

where P is the measured loadtdpresents the span length, b, c, d, and t are the sandwich panel
width, core thickness, panel thickness, and facesheet thickness, respectively.

Calculations have revealed that the average stress of the composite facesheets reached the
maximum of 43.02 MPa for the sandwich panels made by compression molding, and 24.35 MPa
for those made with the doublbelt method. Here, slightly higher stress fessoan be explained
by the additional constraints imposed on the composite skin, restricting it from the side that is
adhered to the PET foam. Furthermore, it was noted that the facesheet failure stress threshold for
the sandwich panels made with the coesgion molding process is almost twice the panels
manufactured with the doubleelt process. The stress analyses, compiled with the compression
test results, verify the degrading impact of the sequential lamination procedure on the mechanical
properties bthe sandwich panels made by the doti#é method. The measured core shear stress
in the sandwich panel that underwent the core shear failure reached 0.42 MPa, edging close to the
0.6 MPa shear strength of the recycled PET foam core (shared data bye/Afd20]). Because
the shear stress of the PET core in samples manufactured with the-bieltilleethod does not
attain the documented shear strength, before experiencing facesheet catastrophic failure, no
evidence of core shear was observed for these samplesndfusion, the assessment findings
strongly emphasize the importance of maintaining precise control over temperature and pressure

during each manufacturing approach.

5C



L}
N Ve .
IR N T A A Core compression
12 - "t::.'ll,‘ RN "f-v'"‘}":,-é""‘l’:{f”‘&ﬁ-,z, P!
'l
g 9 1 -
= Core compression
E —>
B ;
< 6 -
Y
1>
-
o
=
3 -
- --. Samples manufactured
§ with Hot press method
¥
/ —— Samples manufactured
0 7 with Double-belt method
0 1 2 3 4 5

Displacement [mm)]

Fiug4d 1T h r-peceibretn di ng r es pP8G]s e excfy c[| @dPEPTET cor e

sandwich panels under the span | engt

As depicted irFigure4.11, at shorter span lengths, the PET foam core permanently deforms
under the loading nose due to the intensity of verticalobplane compression forc&his
localized deformation leads to a plateau in the force data during thethirédending test. Even
though the samples did not fail catastrophically, the PET foam core and glass fiber composite
facesheet sustained local damages, affecting the operdrmance of sandwich panels. Thus, the
bending tests are terminated along the plateau. More than 30% increase in the maximum plateau
load level was determined for the samples made by the hot press machifé/FBFYG]
sandwich panels fabricated vaampression molding, the maximum calculated compression stress
experienced by the facesheets was determined to be 15.9 MPa, with a corresponding core shear
stress of 0.32 MPa. In contrast, for panels manufactured using the -theitbieethod, these
respetive stress measurements reached 11.6 MPa and 0.23 MPa. This improvement is attributed
to the superior mechanical properties of facesheet and the efficacy -bd-skire adhesiom the

compression molded pangighich benefits the load transfer betwelea kayers.
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The bendingtests were repeated for sandwich panels with 10 mm thick PET core under the span
lengths of 200 mm and 100 mm which are presenté&igure 4.12, andFigure 4.13. Under a threg@oint
loading condition, it is welknown that increased span lengths impose greater stress on the facesheets. The
[G/PETYYG] panels exhibited distinct failure modes attributable to variations in their properties inherited
during the lamination process. As previously discussed, thermogiastit composite skins subjected to
the secondary processing phase, that includedtielgehe already solidified composite facesheet, exhibit
relatively diminished compression properties. [G/PE3] sandwich panels experienced either a skin
compression failure or facesheet-of{plane deformation leading to permanent core compressto.
bearable stress of the composite facesheet reached a maximum of 45.5 MPa, while the PET foam core
experienced 0.45 MPa shear stress. On the other hand, the samples manufactured with the compression
molding technique failed due to the PET core sheefo® these sandwich panels failed at the core shear
stress of 0.54 MPa, the facesheet stress of sandwich panels made with compression molding touched the

maximum of 54.2 MPa.
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The chance of core failures under either shear or compression stress is increased for the
panels under 100 mm span length bending. Compared to the core compression and composite
facesheet failures, the catastrophic breakage of the PET core can be diséiddny its specific
sudden load drop to near zero. Notap3/PET*%G] sandwich panels produced via the hot press
machine failed at a core shear stress of 0.55 MPa under a 100 mm span length bending load.
However, the panels made with the continuous EBbllt process reached a plateau, during which
the PET foam core permanently deformed under the localized compression force at the loading
nose. These samples experienced facesheet stress of 21.7 MPa and core shear stress of 0.43 MPa
at the maximum reacHepoint within the plateau.

The conducted bending tests clearly distinguished the variations in qualitative mechanical
properties introduced from the distinct manufacturing process of tia&del PET core sandwich
panels. In contrast to the doulllelt method, the compression molglitechnique showed its
superiority in the lamination of fully thermoplastic composite PET foam core sandwich panels.
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The improved skirto-core adhesion combined with highesglane compression properties of the
composite facesheet achieved through a sisgp process enhanced the H&dring

performance of such sandwich panels.

In addition to the quality of the final composite sandwich panels, the production time,
expenses and size of the panels must align with the targeted market demands. The continuous
manufacturing nature of the douldelt lamination method makes this apptoaa feasible
production technique for thermoplasbased composite in the industfy,118] Moreover,
because the roller distance can be adjusted during the lamination procedure, this method offers an
advantage in easier optimization. This adaptability helps achieveghagjity products, even in
initial production runs, a feature that enhanche process's practicality. Its flexibility to
incorporate additional layers based on customers' needs, such asepalient skin, mats, or
colorful thermoplastic coverings, all of which can be integrated within the automated production
line. Finally, by using alternative options as core materials, such as the thermoplastic PP
honeycomb cores, there is a potential to heat the core separately, facilitating a molecular bonding

between the molten layers, and further enhancing the structural integrigyfofahproduct.

Taking advantage of this lamination procedure needs a careful evaluation of previously
mentioned manufacturing parameters in each fabrication stage with respect to the properties of the
input resin and core. Yet, one of the downsides of the ddigilenadine used in this research
was theinability to control these manufacturing parameters, often resulting in variability of the
product ds per f or mdeltamachine Taminaion prodess fack® anbirhpertant
challenge which includes the heatinglamwoling rate in the process parametérsese trials have
highlighted the need for more control strategies within the deuddteprocess, underscoring the
importance of continued research in this aFeather investigation is required to closely monitor
and evaluate these influential parameters during the continuous manufacturing of sandwich panels

using the doubkbdelt machine.
4.6 Conclusion

Due to its capacity to maintain continuous hrgke production, while minimizing manual
labor, the doublbelt lamination process was compared to the compression molding technique. In

order to laminate environmentally sustainable thermoplastic sandwielsp&00 percent recycled
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PET foam material made of pestnsumer plastic bottles was examined. The glass/PP composite
facehseet experienced a degradation in properties going through the second lamination stage of the
doublebelt method, mainly due to reheating the solidified cositpsurface. Besides, the increase

of void formation in the composite facesheet and permanent foam cell deformation represents the

probable defects during this sequential fabrication process.

The peeloff and flatwise tensile tests evaluation showed that higher PET foam density
facilitates the adhesion between thelBed composite skin and core, owing to the increased
available surface area. Moreover, it was discovered that thecskore londing can significantly
depend on the employed fabrication method, consequently affecting the load distribution and
bending performance of the sandwich panels. The flexural tests performed on the sandwich panels
confirmed t he devi petfarntance taesedvbytkermartufacturing procedurs. 6
The presence of fewer defects introduced during the lamination phase directly influenced the
flexural behavior of the panels, increasing their {badring capacity and changing their failure
responseThe dominant failure mechanisms under bending load conditions were core shear failure,
compression failure, and buckling of the top facesheet. These catastrophic failures can be governed

by the quality of samples inherited from the production techniques.

In conclusion the optimization endeavors directed toward the dehbeéle lamination
procedure and compression molding revealed their effectiveness in recycled PET foam core
sandwich panels. Even though the dotlsé lamination technique used in this research present
a continuous automatic production approach, the compression molding process offers considerably
precise control of the lamination temperature and presfeepite slight potential quality
degradation during the doubltelt fabrication procss, its adoption remains viable due to its cost
efficiency and capability to produce largeale panels with satisfactory quality, facilitated by

precise control over manufacturing parameters.
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Chapter 5

Low-Velocity Impact Response of Hybrid Thermoplastic Glass Fiber

Composits Reinforced with StainlesSteel Mesh

This work has been published in:

Mandegarian S., Hojjati MiExperimental Investigation on the Effects of Staini®tsel Mesh
Reinforcing Layers on Lowelocity Impact Response of Hybrifihermoplastic Glass Fiber
Composited. Journal ofCompogte Mateiials, 2024 58(16):18871904.
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5. Low-Velocity Impact Response of Hybrid Thermoplastic Glass Fiber

Composites Reinforced with StainlesSteel Mesh

This section whi c hExperismentalllnvestigapon lont thes Effects ofa s i
StainlessSteel Mesh Reinforcing Layers on Le¥elocity Impact Response of Hybrid
Thermoplastic Glass Fiber Composies i s preci sely done to asses
contributing factors on the LVI behavior of reinforced composite plates. In addition to the
improvements that hybridization could offer to the composite structure, in this chapter more details
about the extend of damages and perforation thresholdstiesde each reinforced laminate were

presented.
5.1 Abstract

This study aims to assess the hybridization effect on the perforation threshold -of Low
Velocity Impact (LVI) in thermoplastic glass composite laminates, incorporating layers of resin
impregnated stainlesseel mesh. Reinforcing methodologies such as digation are recently
being adopted as a practical approach to increasing the eafesgsbing capacity of polymer
composites. Inthis chapter a multistep hot press lamination method has been employed to
fabricate the hybrid composite laminates strenggtkewith stainlessteel mesh layers. Several
stacking sequences, metal mesh wire sizes, orientation and position relative to the impactor have
been examined under various LVI energies. It was revealed that the LVI penetration energy was
increased for théhermoplasticbased composite laminates reinforced with stairdéssl mesh
layers. Furthermore, the LVI penetration energy threshold was significantly influenced by the metal
mesh wire size, orientation and stacking sequence. Finally, the backlightdnocegebility was

assessed to detect the aftapact interlaminar damages.
5.2 Introduction

Despite being used in advanced applications,fib@forced composite materials are prone
to impact damages, stemming from sources such as a hard projectile, runaway debris, hail or drop
of a tool. Even barely visible indentations under specific impaetgees can cause internal
damages, including matrix cracking, delamination and fiber breakage, which drastically degrade
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the performance of composite laminates. It has been revealed that the LVI behavior of composite
structures is dependent on their fabrication, material system, geometry, impactor parameters and
environmental conditionfs,129,130] Furthermore, empirical studies have proven that the tup
configuration, fiber volume fraction and laminate thickness can significantly affect the LVI
perforation energy of composite laminaf2s3]. In the context of LVI loading, the importance of
geometric factors is intensified due to their global targetresgpdibe | n contr ast t o
mass and velocity, which have negligible effects on the penetratieryy the applied energy
magnitude dominantly controls the LVI behavj8®,40] In addition to the ambient temperature,

fiber architecture and resin toughness can determine the outcomes of the LN, 184tk

Woven compositelaminates have higher toughness than the unidirectional ones,
experiencing an unstable crack growth and crack jumps propagation pattern. Befcthese
enhanced toughnedghe presence of woven layers suppressesi¢iemination initiation point,
leading to lower Compression After Impact (CAIl) proper{i4g,132 135]. Fiber composites
reinforced with thermoplastic matrix are resistant to impact damages, in contrast to the thermoset
based laminates which have inferior toughness prop¢stiés,48,50,56] Vieille et al. examined
the influence of resin on the LVI behavior of carbon fiber composite laminates. Due to its specific
energy absorption performance, the glass fiber composite laminates reinforced with the
Polypropylene (PP) resin gained interestaenent researc[iL36i 138]. Boria et al. performed a
thorough empirical investigation of the mechanical properties of-baB&d composite laminate
under repeated LVI scenarids39]. It was concluded that modifying the resin materials can govern
the impact perforation energy, damage propagation, and permanenmatet deformation of
composite plate$51,140] Moreover, inspecting the impacted samples introduces the matrix
plasticization and straining of the whole yarn as the primary eradrggrbing mechanisms within
the thermoplastibased Glass compositfs2]. Hence, not only the woven thermopladiased
composites are the preferred choice withstanding higher impact energies, but also they are more

sustainable due to their economical manufacturing process and recyc|Zhility

Nowadays hybrid metallic composites are increasingly acknowledged, mainly due to their
elasteplastic energyabsorbing characteristic, which improves impact penetration thre&fbld
33. Aluminium layers and core structures used to manufacture hybrid composite laminates and

sandwich panels showed their capability of improving the impact response even agaiapebigh

58



ballistic projectileqd146i 148]. Using thin wire stainlessteel fibers can potentially reinforce the
composite laminates under various loading scenarios. Furthermore, LVI tests revealed that
hybridizing the composite laminate using metal fiber layers with larger wire diameters, éscreas
the impact perforation energ¥1,68,69,73] A few scholars also studied the effect of metal mesh
layers as the strengthening component of hybrid composite plates. The mesh size and stacking
sequence effect of hybrid laminates were examined under tensile loading conditions, which
resultedin increased stiffness and ultimate strain of these samples. Moreover, it was noted that in
addition to the stacking sequence of reinforcing metal mesh layers, fiber direction and fabrication

process pressure can af f ecrormarbe§,10,75,6¥0]ln at es O t e

Wanget al. designed a special clamping fixture to perform LVI on neat stastiesismesh
at various impact conditiorj450,151] To the best of the authorsbo
number of studies on hybridizations using metal mesh as the reinforcing layer. It was depicted that
strengthening the composite laminates with steel mesh enhances the impact perforation energy
threshold. Moreover, it was understood that the position of the mesh layer relative to the indenter
plays a significant role in the damage extent of thermoset composite lamNnk{ER] In a
previous study, the influence of hybridization on thermoplastic samples manufactured by the
doublebelt lamination method has been studi&tl7]. However, due to the fabrication procedure
limitations, composite layers with low fiber content were selected, providing excess thermoplastic

resin to improve the adherence between the composite layers and reinforcing metal mesh.

In the current research, a multistage approach is considered to fabricate the hybrid
thermoplastic laminates using a hot press maclideeause of the relatively higher viscosity of
thermoplastic PP resin, introducing it to this application required specific assessnsrasthe
lamination procedure includes girapregnation of stainlessteel mesh layers, glass composite
layers with 60 % fiber weight fractions were used. Incorporating the impregnated metal mesh layers
with PP resin allows the use of coosite layers with higher fiber contents, while improving the
| ayersd adhesi on. Lastl vy, t he ma-steel mesh cizes | s
stacking sequence, orientation, and layer count on hybrid thermojidaséd composites under
vanous LVI loading energiesThe effect of these factors needed to be determined for the
thermoplastiebased composite laminates; therefore, a wide range of LVI tests were performed to

assess the influence of hybridization on these platexddition to theperforation impact energy
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threshold, laminates were closely examined to assess their LVI responsiepdietrdeformation
and the extent of damage.

5.3 Experimental procedures
5.3.1 Materials and fabrication process

Composite laminates were fabricated using 2/2 twill weav@ldss/Polypropylene (E
Glass/PP) layers with a fiber weight fraction of 60%, which were donated by Innovative Composite
Products (ICP) Inc. The hybrid laminates contain three different 304 stastdel plain weave
meshes with wire diameters of 0.70 mm°(#), 0.35 mm (M-39), and 0.165 mm (9. Specific
details of the mentioned materials used in this sardylistinctly presented iffable5.1. Several
permutations of stacking sequences, witlvithout mesh, were fabricated to evaluate the effects
of metal mesh diameter, layup sequence and orientatioh. [[Gs], [G/M°9G], [G/M®19,
[M°19G,], [GIMO1s, [MO19G]s, [GIMP3G], [GAMP3T, [MO3G,], [GIMOTIYG], [G/MOTY,
[M®79YG;] and [G/M-"%s/G] present the variation of composite layups studied in the current
research. In order to produce the [G/fls</G] hybrid laminates, metal mesh is rotated by 45
degrees relative to the orientation of the woven Glass/PP layers. Lamieatemade using a hot
press technique, during which stacked layers of dry weave Glass/PP-amgagnated stainless
steel mesh were subjected to elevated temperature and pressure, effectively binding them together.
The current methodology considers tladrication of hybrid laminates as a sequential-step

process, wherein the initial step entails the impregnation of metal mesh with PP sheets.

The PP sheets were heated up to-168° C and pressed into the stairdstesel mesh under
pressure of 1.5 MPa. After maintaining the configuration for 3 minutes, the hot press uses water,
gradually reaching the ambient temperature at the cooling rat @f/thin.To achieve the proper
laminate quality, the selected cooling temperature rate was chosen through trial afdffsrent
thicknesses of PP sheets were considered for impregnating the stsieésmiesh while any
excess PP was trimmed pgsocess. On the other hand, to fabricate the composite laminates, the
stacked layers were subjected to a temperature ofL@b® C, under 0.5 MPa pressure for a
duration of 1 minute. It is worth mentioning that in each step, a steel mold closely matching the
expected final laminate thickness has been used to control the resin flow. Due to the dimensional

constraints of the hot press and enhanced control over resin flow, laminates were fabrik2@ed in
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mm x 120 mm square shapdable 5.2 presentsdetailed information about the dimensional

characteristics of the fabricated laminates. It is worth noting that the laminates with different mesh

layup sequences or directions almost have the same dimensions.

Table 5.1.
Mechanical properties of the materials
Material Type Nominal Wire Opening
. diameter | Mesh size size Open ares
thickness [mm]
[mm] [mm]
0.33 0.165 70 x 70 0.20 30%
Metal mesh 304 stainlessteel 0.70 0.35 24 x 24 0.70 44%
1.40 0.70 12 x 12 1.40 44%
Nominal Density Tensile Melting
thickness [mm]| [kg/m® | strength [MPa]| temperature [°C]
0.406
100%
PP sheet 0.508 0.913 27.58 160-165
Polypropylene 1588

The cross section of the fabricated laminates was examined under an optical microscope to
assess the impregnation of layers.FAgure 5.1 presents, the open areas of stainktesl mesh
were adequately filled with PP, which formed a robust interlayer connection, particularly in hybrid

laminate. The magnified regions adjacent to the stauskesd wires depict a satisfactory

impregnation bthe metal mesh with PP resin.
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Table 5.2.
Dimensional characteristics of fabricated laminates.

Laminate stackind Stainlesssteel mesh| Impregnated mesh Laminate Areal density

sequence wire diameter [mm]| layer thickness [mm] thickness [mm] [kg/m?]

[G2] - - 2.18 +0.03 2.95

[G4] - - 3.320.02 4.47

[G/IM°9G] 2.58 £ 0.02 4.04
0.165 0.455+0.01

[G/IM®*9s 3.02 £ 0.01 5.24

[G/IM%3G] 2.66 £ 0.02 4.52
0.35 0.66 = 0.02

[G/IM®%] 3.60 £ 0.03 6.40

[G/IM®7YG] 0.70 1.60 £ 0.01 3.50 £ 0.02 6.29

F iug 5el. Mi crmpisctoprn & -hoyfb rtihde amodn hy br i d2Jcomposi t e
[ GPMG], (CcAGI.G/(MAGI.G/MeTFS [ @T)TY Gand °(AgaG][. G/ M

5.3.2 Tensile properties of laminates

Composite laminates and impregnated stairséssl mesh were individually subjected to
guaststatic tensile tests in accordance with ASTM D3(B%7,152] Specimens were cut along

the fiber directions with dimensions of 110 mm x 25 mm utilizing a diamond saw machine. Tensile

62
















































































































































































































































































































































