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In this study, flexural characteristics of sandwich structures consist of
carbon fiber/epoxy facings hybridized with fine wire mesh sheets and extremely
low-density PVC foam core were investigated. A comprehensive work was
conducted considering the following parameters: core thickness, wire mesh size,
stacking sequences of wire mesh sheets, and support span length in flexural tests.
During the evaluation of bending properties, both analytical and experimental
approaches were utilized. To test the effect of design parameters on experimental
results, two-way ANOVA was also applied. Failure mode analysis was made based
on analytical collapse force mechanisms and primary failure modes were
addressed. Significant improvements in flexural characteristics of sandwich
structures were obtained. Besides improving bending behavior and the increased
load-carrying capacity even at the same deflection values, the sandwiches with
wire mesh sheets also prevented catastrophic sudden failure. The developed
sandwiches can be good candidates in applications where both high stiffness-to-
weight ratio and resistance to sudden failure are desired.
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Bu calismada, ¢ok ince elek tel levhalarla hibritlenen karbon elyaf/epoksi
yiizeyler ve oldukea diisiik yogunluklu PVC kopiik ¢ekirdek malzemelerden olugan
sandvi¢ yapilarin egilme karakteristikleri aragtirilmistir. Cekirdek kalinligi, elek tel
boyutu, elek tellerin laminasyon sirasi, egilme testlerindeki mesnet acikligi gibi
parametrelerin dikkate almmasi ile kapsamli bir ¢aligma yliriitilmiistiir. Egilme
karakteristiklerinin ~ hesaplanmasinda hem analitik hem de deneysel
standartlarindan yararlanilmigtir. Tasarim parametrelerinin deneysel sonuglara
etkisini test etmek igin de iki yonli ANOVA uygulandi. Hasar modu analizi,
analitik ¢okme kuvveti mekanizmalarma dayanarak yapilmis ve baglica hasar
tipleri belirlenmistir. Karbon elyaf/epoksi yiizeylerin elek tel levhalarla
hibritlestirilmesi ile sandvi¢ yapilarin egilme karakteristiklerinde dikkate deger
iyilesmeler elde edilmistir. Elek tel levhali sandvigler ayn1 ¢cokme degerlerinde bile
cok daha fazla egilme kuvveti tagimalarimin yam sira, elek tel igermeyen
sandviclerde hasar aninda katastrofik bir sekilde meydana gelen ani kuvvet
disiisiinii de engellemektedir. Gelistirilen sandvigler diisiikk agirliklarina karsi
icin uygundur.

Anahtar Kelimeler: Sandvi¢ Yapilar, Egilme Rijitligi, Egilme Karakteristikleri,
Cekme Ozellikleri, Hasar Modu, Elek Tel Levhalar,
ANOVA



EXTENDED ABSTRACT

Engineering materials are commonly classified into six main categories.
These are metals, ceramics, glasses, elastomers, polymers, and hybrids. The
hybrids can be composed of the other five material families in various shapes,
dimensions, and amounts. They play an important role to combine the best features
of the constituent materials by eliminating their drawbacks and have a wider range
to obtain desired mechanical properties that cannot be achieved from a single
composite. Sandwich composites, belong to the class of hybrid materials, have
emerged as a structural member for most of the engineering fields such as aviation,
aerospace, automotive, transportation, marine applications, etc. Due to their very
high flexural stiffness to weight ratio, resistance to impact and environmental
conditions, and better insulation to both noise and heat, they are good candidates
for replacing with conventional engineering materials. They have two face sheets
separated by a core and are constructed with a suitable binder. While very thin
metal alloys and fiber-reinforced composites are used as face sheets, relatively
thick and low-density industrial polymer and metal foams, balsa wood,
honeycombs, corrugated, and truss materials are used as core. Thermoset and
thermoplastic resins are available for the construction of sandwiches. Besides
common advantages, multi-functionality can also be achieved by assembling the
best combinations of constituents.

In this study, carbon fiber facings with inner wire mesh sheets were
sandwiched with polyvinylchloride (PVC) foam core by using the epoxy resin
matrix. Carbon fiber fabrics are woven plain, 200 g/m? in areal density. PVC foam
core is linear cross-linked, closed-cell, rigid, and has an extremely low density of
48 kg/m® when compared to the existing literature. Three different core thicknesses
were used as 10 mm, 20 mm, and 30 mm. Carbon/epoxy composite facings were
hybridized with very thin AISI 304 stainless steel wire mesh sheets. Two different

wire mesh sheets having 100-mesh and 200-mesh sizes were used. Wire mesh
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steels, in a porous form, are available from very fine to coarse sizes at various wire
thickness. In the literature, the use of wire mesh sheets has recently been
encountered in civil and mechanical engineering applications, but they were in very
coarse sizes. One of the main intentions of this thesis work is to investigate the
effect of wire mesh sheets on bending characteristics of the carbon fiber sandwich
panels and to develop multi-functional structural members by designing it with
extremely low-density polymer foam core and very fine size wire mesh sheets.
Because the major disadvantage of CFRP facings is their brittleness during failure.
Although CFRP/PVC foam core sandwich panels can carry a larger amount of
bending loads, failure of the structure occurs catastrophically with a sudden drop in
force. The preliminary conducted experiments indicated that sudden drops can be
prevented with the hybridization of CFRP and wire mesh sheets. The second main
purpose of the study is to produce lightweight, stiff, and strong sandwich
composite panels that will fill the holes in the material universe. Therefore, the
results obtained from the sandwich panels developed in this work are going to
contribute to both the literature and the material universe.

The sandwich panels were fabricated with a vacuum bagging method. The
process is more suitable for small batch production such as research applications
made in a laboratory, due to its simplicity and cost-effectiveness, but the quality of
the output depends upon the labor skill. The manufacturing is performed on an
open mold. Before starting the production, the weight ratios of the constituents
were determined carefully to provide sufficient impregnation of the matrix to each
layer. The amount of matrix was sufficiently prepared considering the total weight
of fabrics, wire mesh sheets, and foam core materials. And the weight ratio of the
epoxy resin to its hardener was set to 100:25. During fabrication, all layers
including fiber fabrics, core material, and wire mesh sheets sequentially stacked by
hand lay-up resin impregnation. After stacking all the layers, a perforated release
film was placed over the sandwich. It excludes air bubbles from the product, allows

to release the excessive resin throughout the perforations, and to ease of handling
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after curing. Over the perforated release film, a breather cloth was placed to
transmit gases, and collect the excessive resin properly. Lastly, the sandwich panel
was enclosed by a sealed tape and kept inside a vacuum bag. The sandwich curing
process was carried out under a 0,01 mbar vacuum atmosphere at room
temperature for 24 hours. The sandwich layers were co-cured instead of separate
bonding of face sheets to core.

Stacking sequences, wire mesh size, and its locations for laminating the
sandwich facings, core thickness, and support span length determined the
configurations of sandwich panels. The fiber facings of the sandwich composites
are stacked as symmetrical to the neutral axis of the sandwich, but wire mesh
sheets were placed either under the first fiber fabric of top facing denoted as M1 or
at top facing-core interface denoted as M2 or combination of both of two cases
denoted as M3. As mentioned before three different core thicknesses were used,
and the tests were carried out under two different support span lengths (150 mm
and 200 mm). For this reason, a systematic production process was specified and a
sandwich code system was identified for each sample. The code of
“XXXMP.TC.SL” identifies the sandwich panel. The first term, three digits (XXX)
defines mesh size and the following letters (M) and (P) represent its location, the
second term specifies core thickness and the last one specifies span length. For
instance, a sandwich panel coded as 100M2.T20.515 has a 20 mm thick (T) core,
includes 100-mesh (M) size wire sheet at the top facing-core interface and the
specimens are going to be subjected to flexural tests under 150 mm span (S) length.
To find out the effect of wire mesh sheets, the reference panels were also produced
and called WM.T20.S15 which means ““without wire mesh (WM)*’, has 20 mm core
thickness and subjected to flexural tests under 150 mm span length.

The sandwich specimens were subjected to three-point bending tests with a
crosshead speed of 2 mm/min according to ASTM C393, D7249 standards. The
flexural characteristics were evaluated in terms of load-carrying capacity,

maximum bending moment, flexural stiffness, core shear stress, facing stress,
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transverse shear rigidity, and core shear modulus. These are obtained by
calculations according to the equations presented by both classical sandwich beam
theory and ASTM D7250 standards. In addition, tensile tests of the specimens were
performed based on ASTM D3039 Standard for facing materials to obtain tensile
strength and modulus data which are required for the evaluation of flexural
characteristics.

The existence of wire mesh sheets in facings allowed carrying more tensile
load (N). Especially, 100M1 configuration improved the tensile load capacity (N)
by 10,76% and yielded higher tensile modulus than others. 200M1 and 200M2
gave similar modulus results to WM one whereas 100M2, 100M3, and 200M3
exhibited lower modulus data.

According to the load-deflection curves of the sandwich panels, the
existence of wire mesh sheets provided to carry a larger amount of bending loads
(N) compared to WM ones. Moreover, WM specimens were failed suddenly after
the maximum force was reached due to brittleness of CFRP facings. However,
sandwiches with hybrid facings carried bending loads with a larger plateau for 10
mm thick core specimens and failed with a decreasing slope after the point of
maximum force is reached. A similar failure behavior was also observed for both
20 mm and 30 mm thick foam core sandwich panels. Therefore, when WM
sandwiches were failed suddenly the hybrid facings sandwiches continued to carry
a larger amount of bending loads. For instance, when the sudden drop was seen for
WM sandwiches at a certain deflection, 200M1.T10.S15 sandwich panel carried
85,75% higher bending load than WM.T10.515 at the same deflection value. In
another example, when the WM.T30.515 sandwich lost 25,37% of the load
capacity during a sudden failure, 100M1.T30.S15 lost only 4,28%. On the other
hand, long-span beam sandwiches carried lower bending loads than that of short-
span specimens as expected. But, wire mesh sheets in long-span sandwich panels
were not as effective as the short-span sandwiches particularly during the failure.
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Core shear and facing stress (MPa) values were calculated and the results
showed that they are decreasing with the increase of core thickness. However,
testing under long-span, the facing stress of the sandwich panels increases whereas
core shear stress reduces. Wire mesh sheets also favorably affected the results.

Flexural stiffness (N.m?) of the structures was evaluated based on both
analytical classical sandwich beam theory and experimental ASTM approach. Two
times increase of the core thickness improved flexural stiffness 3,88 times (3,64 for
ASTM approach) whereas three times increase of core thickness yielded 8,78 times
(8,63 for ASTM approach) higher results. 100M1 sandwich configuration, which
was the most efficient one among all configurations, improved the flexural stiffness
of the structures by 14,24%, 13,32%, and 13,00% for 10 mm, 20 mm and 30 mm
thick core sandwiches respectively when compared to WM sandwich panels based
on the analytical approach. According to the experimental results, 100M1
sandwiches increased the results by 13,37% for 10 mm, 16,60% for 20 mm, and
13,37% for 30 mm, respectively.

Transverse shear rigidity force (N) increases almost linearly with core
thickness whereas core shear modulus (MPa) decreases nonlinearly. But the wire
mesh sheets did not contribute to the transverse shear rigidity and the core shear
modulus as much as the flexural stiffness. Small improvements were obtained.

Failure behavior of the sandwich panels was examined and primary failure
modes were addressed as core shear and indentation. While 10 mm (both short and
long span) and long-span 20 mm thick core sandwiches were failed due to core
shear, 30 mm thick core sandwiches (both short and long span) were failed due to
indentation. The failure of short-span 20 mm thick core sandwiches was observed
at a boundary of core shear and indentation according to analytical collapse
mechanisms. Because of the indentation failure mode, the flexural characteristics
were nonlinearly improved with core thicknesses. For instance, 20 mm thick core
WM sandwiches have a 60,55% higher bending load capacity than that of 10 mm

whereas 30 mm thick core WM sandwiches have 4,04% higher bending load
VIl



capacity than that of 20 mm. However, the latter value was increased to 7,61%
with the aid of 100M1 configuration. Wire mesh sheets also improved the failure
behavior of the sandwich structures by preventing the catastrophic sudden drop of
the bending force.

Sandwich design parameters considered in this work were examined via
two-way ANOVA using Response Surface Methodology (RSM). Based on the
constructed models and individual effects of the parameters, the results are
statistically significant in the 95% confidence interval. In addition, according to
high values of correlation coefficients (R?), the results of ANOVA and regression
analysis confirmed that the constructed models strongly explain the significant
changes of flexural characteristics based on the design parameters, and the flexural

characteristics can be predicted with minimum error.
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GENISLETILMIS OZET

Mduhendislik malzemeleri genel olarak alti ana kategoriye ayrilmaktadir.
Bunlar, metaller, seramikler, camlar, elastomerler, polimerler ve hibritlerdir.
Hibritler gesitli sekil, boyut ve miktar bakimindan diger bes malzeme ailesinin
birlesiminden olusabilmektedir. Bilesen malzemelerin olumsuz yanlarini elimine
ederek en iyi Ozelliklerini bir araya getirir ve tek bir kompozit malzemeden elde
edilmesi mimkin olmayan istenilen mekanik 6zelliklerin elde edilmesinde énemli
bir rol oynamaktadir. Hibrit malzeme sinifina dahil olan sandvi¢ kompozitler,
havacilik, uzay, otomotiv, tasimacilik, gemi insast gibi birgok miihendislik
karsin hafifligi, ani ve darbe yiiklerine karsi direnci, ¢evresel faktorlere karsi
direnci, 1s1 ve giiriiltiiye karsi izolasyon saglamasi gibi Ozellikleri sayesinde
konvansiyonel muhendislik malzemelerinin yerine gecmeye aday malzemelerdir.
Sandvigler, iki ylizey tabakanin bir ¢ekirdek malzeme ile ayrilip onlarin uygun bir
baglayict matrisle yapisal malzeme haline getirilmesi ile iretilir. Olduk¢a ince
metal alasimlar ve elyaf takviyeli kompozitler yiizey tabaka olarak kullanilirken,
yiizeye gore oldukca kalin ve diisiik yogunluga sahip endiistriyel polimer ve metal
kopiikler, balsa agaci, bal petegi, oluklu ve kafesli yapiya sahip malzemeler de
¢ekirdek (core) olarak kullanilmaktadir. Sandviglerin olusturulmasinda termoset ve
termoplastik recineler bulunmaktadir. Bilinen avantajlarinin yanmi sira, en iyi
ozelliklere sahip bilesen malzemelerin bir araya getirilmesi ile ¢ok fonksiyonlu
sandvigler de elde etmek mimkindur.

Bu galigmada, epoxy matrix kullanilarak karbon elyaf ve dokunmus elek
teller igeren yiizey tabakalar ve polyvinylchloride (PVC) kopiik ile sandvi¢ yapi
olusturulmustur.  Karbon elyaf kumaslar diiz dokuma ve 200 g/m® alansal
yogunluktadir. PVC kopiik ise lineer ¢apraz bagli, kapali hiicre, rijit ve literatiirle
kiyaslandiginda 48 kg/m® gibi oldukca diisiik yogunluga sahiptir. 10 mm, 20 mm

and 30 mm olmak iizere ti¢ farkli ¢ekirdek kalinligi kullanilmistir. Karbon/epoksi
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kompozit yiizeyler, ¢cok ince AISI 304 paslanmaz celik dokuma elek teller ile
hibritlenmistir.100-mesh (154 mikron, tel kalinligi 0,1 mm) ve 200-mesh (77
mikron, tel kalinlig1 0,05 mm) o6l¢iilii iki farkli elek tel (levhalar) kullanilmistir.
Celik elek teller, delikli yapida olup ¢ok inceden olduk¢a kaba boyutlara kadar
farkli tel ¢aplarinda bulunmaktadir. Yakin zamanda literatiirde, kalin gelik elek
tellerin ~ kullanimina insaat ve makine mihendisligi uygulamalarinda
rastlanilmaktadir. Bu tez ¢alismasinin baslica amaglarindan biri ¢elik elek tellerin
karbon elyaf sandvi¢ panellerin egilme karakteristikleri {izerine etkisini arastirmak
ve olduk¢a diisiik yogunluga sahip kopiik ¢ekirdekler ve ¢ok ince boyutlardaki
celik elek teller ile cok fonksiyonlu yapisal elemanlar gelistirmektir. Ciinkii karbon
elyaf takviyeli polimer (CFRP) yiizey tabakalarin en biiyiik dezavantaji gevrek ve
heterojen bir yapida olmasidir. CFRP/PVC kopiik gekirdekli sandvigler yiiksek
egilme yiiklerini tagiyabilmelerine ragmen, yapinin hasara ugramasi kuvvetteki ani
disiis ile birlikte beklenmedik bir sekilde ani (katastrofik) olarak meydana
gelmektedir. Yapilan oOncii deneyler ve elde edilen sonuclar, CFRP yiizey
tabakalarinin ¢elik elek teller ile hibritlendiginde ani kuvvet diisiislerini
engelleyebilecegini gostermistir. Calismanin ikinci ana amaci, hafif, rijit ve giiclii
sandvi¢ kompozitler Ureterek malzeme evreninde yer almayan fakat gereksinim
duyulan yeni hibrit malzemeler ile malzeme evrenindeki bosluklarin
doldurulmasina katkida bulunmaktir. Boylece, bu calismada gelistirilen sandvig
panellerden elde edilen sonuglar hem literatiire hem de malzeme evrenine katki
saglayacaktir.

Sandvi¢ paneller vakum torbalama yontemi ile {retilmistir. Bu yontem,
kolay ve maliyet etkin olmasi bakimindan laboratuvar arastirmalar1 gibi az pargali
uretimlerde daha uygundur. Ancak driin kalitesi operatoriin uygulama becerisine
baghdir. Uretim, alt tarafi cam yiizey ve {ist tarafi acik bir sekilde gerceklestirilir.
Uretime baglamadan once her bir katmana yeterli matrisin saglanabilmesi igin
bilesen malzemelerin agirlikca oranlar1 belirlenmelidir. Matris miktari, elyaf

kumaslarin, elek tellerin ve cekirdek malzemelerin agirliklar1 dikkate alinarak
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hesaplanmistir. Epoksi regine ve uygun sertlestiricisinin agirlik¢a oram 100:25’tir.
Uretim esnasinda tiim katmanlar elle regine emdirilmesi yoluyla belirli siralamada
iist liste istiflenmistir. Tiim katmanlarin istiflenmesinden sonra sandvig iizerinden
hava kabarciklarinin ¢ikabilmesi, fazla recinenin disar1 atilabilmesi ve
kiirlenmeden sonra kolayca liriiniin ¢ikarilabilmesi igin sandvig {izerine delikli bir
ayirict film serilmistir. Onun tizerine ise {iriin ilizerinden gazlarin gegisi ve fazla
recinenin toplanmasi igin vakum battaniyesi serilmistir. Son olarak, sandvi¢ panel
bir vakum torbasi i¢inde sizdirmaz bant ile ¢evrelenmistir. Kiirlenme islemi oda
sicakliginda 0,01 mbar vakum atmosferi altinda 24 saat bekletilerek
gergeklestirilmistir. Sandvi¢ katmanlari, ylizey tabakalarin g¢ekirdek malzemeye
ayrica yapistirilmasi yerine es zamanli kiirlenmistir.

Sandvi¢ katmanlarin dizimlimleri, elek tellerin boyutu ve katmanlar
arasindaki yeri, ¢ekirdek kalinligi ve mesnet agikligi gibi parametreler sandvig
panel konfigiirasyonlarin1 belirlemistir. Elyaf yiizeyler sandvi¢ kompozitin notr
eksenine gore simetrik olarak dizilmistir ancak ¢elik elek levhalar (M) ya iist ylizey
tabakanin ilk karbon elyaf katmaninin altina gelecek sekilde (M1) ya iist ylizey
tabaka ile c¢ekirdek ara yliziine gelecek sekilde (M2) ya da her iki durumun
uygulandig1 sekilde (M3) yerlestirilmistir. 1, 2 ve 3 kodlar1 metal levhanin sandvig
yapt igerisindeki pozisyonunu veya konumunu tanimlamaktadir. Daha Once
bahsedildigi gibi ti¢ farkli ¢ekirdek kalinhigi kullanilmistir ve testler iki farkl
mesnet acikliginda (150 mm ve 200 mm) yapilmistir. Bu sebeple, bir sistematik
liretim prosesi belirlenmis ve her bir drneklem sandvi¢ panel bir kod sistemi ile
tanimlannugstir. “XXXMP.TC.SL” kodu sandvi¢i tanimlamaktadir. Ug¢ haneli ilk
terim (XXX) elek teli mesh 6l¢iistinii devamindaki (M) ve P ise metal teli ve telin
katmanlar arasindaki pozisyonunu (M2 gibi), ikinci terim (TC) ¢ekirdek kalinligim
ve son terim (SL) ise mesnetler arasi agikligi tanimlamaktadir. Ornegin,
100M2.T20.S15 olarak kodlanmis bir sandvi¢ panel, 20 mm c¢ekirdek kalinligina
(T20) sahip olup 100-mesh boyutunda elek tel levhayi iist yiizey tabaka ile

cekirdek ara yiiziinde (M2) barindirmaktadir ve sandvi¢ numuneler 150 mm mesnet
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acikliginda (S15) egilme testlerine tabi tutulacaktir. Elek tellerin etkisini ortaya
cikarabilmek igin elek tel levha barindirmayan (without Mesh-WM) referans
paneller de iiretilmistir ve kod sistemindeki ilk terim WM olarak tanimlanmaktadir.
WM.T20.S15 gibi.

Sandvi¢ numuneler, ASTM C393, D7249 standartlarina gore, 2 mm/dk

hizla ii¢ nokta egilme testlerine tabi tutulmuslardir. Egilme karakteristik 6zellikleri;

¢ekirdek kayma modiilii degerleri hesaplanmistir. Bunlar, hem klasik sandvig kirig
teoremine gore hem de ASTM D7250 standardina gére hesaplanmistir. Ayrica,
yilizey tabaka malzemeleri ASTM D3039 standardina gore ¢ekme testlerine tabi
tutulmustur ve ¢ekme dayanimi Ozellikleri elde edilmistir. Bu veriler sandvic
yapilarin egilme karakteristik 6zelliklerinin hesaplanmasinda kullanilmustir.

Yiizey tabakalarda elek tel levhalarin varligi numunelerin daha fazla cekme
yiikii tagimasim saglamuistir. Ozellikle, 100M1 konfigiirasyonu ¢ekme yiikii
kapasitesini %10,76 oraninda iyilestirmis ve diger konfigiirasyonlara gore ¢ekme
yikii altinda daha ylksek elastisite (Young) modiilii saglamistir. 200M1 ve
200M2 numuneler WM konfigiirasyonuna gore benzer elastisite modiil degerlerini
verirken, 100M2, 100M3 ve 200M3 numuneler daha diisik modiil degerleri
vermistir.

Sandvig¢ panellerin yik-¢cokme egrilerine bakildiginda elek tel levhalara
sahip sandviglerin daha fazla egilme yiki tasidigi goriilmistir,. WM
konfigilirasyonlu sandvigler maksimum kuvvet tagima noktasina ulastiktan sonra
CFRP yiizeyler nedeniyle ani gevrek kirilma sekliyle hasara ugramistir. Ancak
hibrit ylizeyli sandviglerin hasara ugramasi, yapinin maksimum yiike ulastiktan
sonra kuvvette ani diisiis yerine yavaslayarak gerceklesmistir. Ozellikle 10 mm
cekirdek malzemeye sahip sandviglerde, yapt maksimum yiike ulastiktan sonra
uzun bir diizliikk boyunca egilme kuvvetinin taginmasi saglanmigtir. Béylece, WM

sandvigler ani bir sekilde kirilirken hibrit yilizeyli sandvigler ¢ok daha fazla egilme
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kuvvetini tasiyabilmektedir. Ornegin, WM sandviglerin ani kirilarak hasara
ugradigr ¢okme degerlerinde 200M1.T10.S15 sandvi¢ yapit WM numuneden
%85,75 daha fazla yiik tasimaktadir. Farkli bir 6rnekte ise, WM.T30.S15 sandvig
yap1 hasara ugradiginda maksimum egilme kuvvetinin %25,37’sini kaybederken
100M1.T30.S15 sandvi¢ yap1 sadece % 4,28’ini kaybetmistir. Beklendigi iizere
uzun mesnet agikligina sahip numuneler kisa mesnetli numunelere gore daha az
yiik tasimustir. Ancak elek tel levhalar, uzun mesnetli sandviglerde kisa mesnetli
numunelerin hasar davraniginda etkili oldugu kadar etkili olamamustir.

Cekirdek kayma ve yiizey gerilme degerleri hesaplanmis ve sonuglarin
¢ekirdek kalmligr ile ters orantili olarak degistigi goriilmiistiir. Ayrica, mesnet
uzunlugu ile sandvigin yiizey gerilmeleri artarken, ¢ekirdek kayma gerilmeleri
azalmistir. Elek tel levhalar sonuclara olumlu etki yapmistir.
teoremine gore hem de deneysel olarak ASTM yaklasimlarina gore hesaplanmustir.
Cekirdek kalmhigmmin iki kat artmasi egilme rijitligini 3,88 kat (ASTM
yaklasiminda 3,64) iyilestirirken li¢ kat kalinlik artis1 egilme rijitligini 8,78 kat
(ASTM yaklasiminda 8,63) iyilestirmistir. 100M1 sandvi¢ konfigiirasyonu tiim
konfiglrasyonlar iginde en etkili olup egilme rijitligini 10 mm, 20 mm ve 30 mm
cekirdek kalmhigindaki sandvigler icin analitik yaklagima gore sirasiyla %14,24,
%13,32 ve %13 oraninda iyilestirmistir. Deneysel yaklasima gore ise artis 10 mm

i¢in %13,37, 20 mm igin %16,60 ve 30 mm igin %13,37 olarak elde edilmistir.

anlaml1 bir katki saglamamistir, sadece kiiciik iyilesmeler mevcuttur.

Sandvi¢ yapilarin hasar davranislart incelendiginde baglica hasar
modlarinin ¢ekirdek kaymasi ve batma seklinde oldugu goriilmiistiir. 10 mm
kalinligindaki ¢ekirdekli sandvig yap1 ¢ekirdek kaymasina gore hasara ugrarken 30

mm ¢ekirdekli sandviglerde batma goriilmiistiir. 20 mm sandvigler ise ¢okme
X1l



prensiplerine gore her iki davranigin sinir bolgelerinde bulunmaktadir. Batmadan
dolay1 egilme karakteristikleri ¢ekirdek kalinligr ile dogrusal olmayan bir sekilde
iyilesme gostermistir. Ornegin, 20 mm ¢ekirdek kalinligina sahip WM sandvigler
10 mm ¢ekirdek kalinligina sahip sandviglere gore %60,55 daha fazla egilme yiikii
tasirken 30 mm ¢ekirdek kalinligina sahip WM sandvigler 20 mm ¢ekirdek
kalinliktaki sandviglere gore %4,04 daha fazla egilme yiikii tasimaktadir. Ancak
100M1 konfigiirasyonu bu degeri %7,61°¢ c¢ikarabilmistir. Elek tel levhalar
katastrofik ani kirilmalar1 engelleyerek sandvi¢ yapilarin hasar davramiglarini da
iyilestirmistir.

Bu ¢aligmada g6z oOniinde bulundurulan sandvi¢ tasarim parametreleri
ANOVA ile Response Surface Metodu ile incelenmistir. Olusturulan modellere ve
parametrelerin - bagimsiz  etkilerine dayanarak, %95 giiven araliginda,
parametrelerin sonuglar {lizerindeki etkisi istatistiksel olarak anlamli bulunmustur.
ilaveten, regresyon analizlerine ve elde edilen yiiksek korelasyon katsayilarina (R?)
gore olusturulan modeller, tasarim parametreleri ile egilme karakteristiklerinin
anlamlt degisimlerini giliglii bir sekilde acgiklamaktadir ve ayrica egilme

karakteristikleri minimum hata ile tahmin edilebilmektedir.
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1. INTRODUCTION

Materials are the basic part of all-natural and man-made structures. In
general, new materials are developed due to the necessity to enhance the structural
efficiency and their performance beyond the available ones. In addition, new
materials in turn certainly provide new opportunities to improve state-of-the-art
structures and technology used in new developments. But these require additional
efforts and bring many problems based on materials science. Fortunately, using
composites is almost the best way to develop new materials, structures, and
technology as well (Vasiliev and Morozov, 2007). The engineering materials are
classified into six main categories. These are metals, glasses, ceramics, polymers,
elastomers, and hybrids. Each category contains material families. As shown in
Figure 1.1, it is possible to create hybrid materials by combining the other five
material families in various shapes and dimensions. For instance, metals and
ceramics have high durability and moduli whereas polymers are weaker. Therefore,
hybrids play an important role to obtain multi-functionality and have a wider range
to obtain desired properties that cannot be achieved from a single type of
composite (Uzay et al., 2019).

Hybrid materials family includes fiber-reinforced composites, sandwich
structures, foams, laminates, cables, lattice structures. In addition to these, natural
materials such as wood, leaf, skin, and bone are the members of the hybrid family.
Figure 1.2 shows the structural engineering hybrid materials as examples (Ashby,
2011).

In the scope of this thesis work, the composites, sandwiches, and cellular
structures are going to be discussed in detail. But segmented structures are going to
be mentioned briefly since it is irrelevant to the study. The segmented structures
provide damage-tolerant by subdividing the materials into segments like a puzzle.

Therefore, any crack or damage in one segment cannot spread to its neighbors and
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remains locally (Ashby, 2011). Cellular structures are foams and lattices. Foams
include a gap in a solid body and are defined by Ashby (2011) as bending
dominated structures. The gaps may also be filled with structural additives to
improve structural efficiency. On the other hand, Ashby (2011) defined the lattice
structures as stretch dominated structures. Their structural efficiency is higher
when compared to unmodified foams. Hinged frames, truss forms, or any different

shapes for obtaining higher stiffness can be given as examples for lattice structures.

Steels

Cast irons
Al-alloys
Metals
Cu-alloys
B Zn-alloys J—
Ti-alloys i
- PE, PP, PET, ™\
Aluminas \ / PC, PS, PEEK
Silicon carbides o= ~ PA (nylons)
Ceramics Composites [ Polymers
Silicon nitrides Sandwiches \—\ Polyesters
Zirconias 7 | Hybrids - Phenolics
\ Segmented structures ENES
lattices )
foams
“  Isoprene
Soda glass Neoprene
Borosilicate glass Butyl rubber
Glasses f Elastomers
Silica glass / \ Natural rubber
Glass-ceramics Silicones

EVA

Figure 1.1. Material families |n éngineering (Ashbyi 27011)

(a) (b) (c) (d)
Figure 1.2. Hybrid materials; a) composites, b) sandwiches, c) segmented
structures, d) cellular structures (Ashby, 2011)

Composite materials are included as one of the classes of hybrid material

family. They usually include at least two constituent materials to form a structural

member and a large number of combinations can be obtained to develop composite
2
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materials. Composites are used due to the attractive features that cannot be
obtained with single constituent within them. The most well-known example to this
is the fiber-reinforced composites immersed in a matrix material as a binder
(Gibson, 2012). The mechanical loads are mainly carried by fibers, whereas the
surrounding matrix firstly conserves the fibers in the desired orientation, then
behaves as load transferring medium between fiber elements. In addition, the
matrix prevents the fibers from the hazardous environment such as elevated
temperatures and humidity. The strength and modulus values of most of the fiber-
reinforced polymers (FRPs) are either better or more competitive than many
conventionally used materials. They distinctively show superior properties over
current metallic materials due to their low density, higher strength, and modulus to
weight ratio, excellent fatigue damage tolerance. Therefore, FRPCs appear with a
crucial role among the structural materials and they are currently used or
considered to substitute with many conventional metals in most weight critical
applications existed in sporting goods, automotive, marine, infrastructure,
aerospace, etc. FRP composites have also usage area in electronics such as printed
circuit boards, in power field such as transformer housing; biomedical applications
such as bone plates for fracture fixation, prosthesis parts, implants; building
construction such as wall and floors; furnishing such as chair springs, and in many
industrial goods. As it is seen, FRPCs have many potential usage fields in the
engineering industry. In order to reveal the composite materials into actual
engineering use, a careful selection of individual materials, design considerations,
and proper development of process techniques based on the realizing of their
typical characteristics including physical, mechanical, and thermal is needed
(Mallick, 2007).

Composites are classified according to reinforcement geometry or type of
matrix material. While the geometry of reinforcement can be in the form of
discontinuous or continuous fibers, flake, and particulate, but the matrix can be

ceramic, polymer, and metal, etc. But particle and flake are not as effective as
3
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fibers. In addition to these, structural composites are also available in the material
universe called as hybrid and multilayered composites. One of the structural
composites is sandwich materials. It is a special form of the laminated composites
and typically consists of two very thin, stiff and strong face sheets such as
lightweight metal alloys or FRP composites adhered to relatively lightweight and
thicker material called as core such as corrugated panels, honeycomb, balsa wood,
aluminum and/or polymer foams. In the near future, the sandwich structure is going
to play a crucial role due to its lightweight and extremely high flexural stiffness
and allows optimization for weight critical parts such as in marine, aviation, and
automotive applications, satellites, turbine blades for wind power and sporting
goods (Gibson, 2012; Carlsson and Kardomateas, 2011; Vinson, 1999).
Multilayered composite laminates and sandwich beam structures are commonly
available in many engineering practices. Composite laminates increase structural
rigidity and strength with weight reduction over conventional metal alloys whereas
sandwiches can contribute the mechanical performance of the structures beyond the
composite laminates do without sacrificing rigidity and strength (Sayyad and
Ghugal, 2017). Among these features other than lightweight and flexural rigidity,
they provide heat and acoustic insulation, resistance to impact loading, improved
fatigue life, resistance to corrosion and moisture, invisibility to radar waves, stable
at very high speeds, getting aerodynamic surfaces. Due to the favorable features,
most of the conventional metallic materials used in automotive, marine, aerospace,
aviation, defense, energy, and civil industries with the growing technology will
have replaced or augmented with the sandwich structures (Gibson, 2000; Bastiirk
and Tanoglu, 2011; Liu et al., 2014; Tortog, 2009; Peters, 1998; Kazak et al.,
2016). The sandwich construction is the most attractive way for reducing the
structural weight of a beam (or a panel). And it also allows improving its bending
stiffness (Mallick, 2007).
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1.1. Importance of Using Composite Materials

The need for lightweight structures significantly increases in many
engineering industries. Because the decrease of oil reserves throughout the world
and high demand for fossil fuels for energy leads to a higher price. Especially, it is
known that the cost of transportation, carriage, and shipping fields mostly depends
on fuel consumption. Consequently, the studies about the lightening of the
structural body members are being developed rapidly. Producing the machines and
their components from lightweight materials can help to improve load-carrying
capacity with the same operational cost or in other words, it means the reduction of
cost due to reduced fuel consumption or at the same payload, the transportation
distance will be longer with less fuel consumption (Mileiko, 1997). At this point,
sandwich composites will respond to the needs of industrial fields. For example, a
polymer foam core sandwich structure provides 90% weight gain compared to the
steel plate at the same deformation level. (Diab Group, 2012). Today, automotive
manufacturers are in keen competition to reduce the emission rates in order to
come across the requirements of EU legislation for newly manufactured vehicles.
Therefore, the use of sandwich panels in the body of the vehicles does not only
reduce the weight but also provides eco-friendly vehicles with reduced fuel
consumption and CO, emissions (Elmarakbi, 2013).

In the early stages of composite structures, they were used in limited areas
as secondary parts such as lightly loaded small parts. However, the recent
applications show that the usage of composites is growing in primarily heavy
loaded large structures such as fuselage and wings. For example, the Boeing 787 is
the first commercial airliner uses composite fuselage and wings. Using of the
composites on the primary body parts of the 787 is approximately 50% and based
on carbon FRP. A similar development can be seen in Airbus A350 XWB. On the
other hand, in the automotive industry, there has been an increasing interest to
reduce structural weight of vehicles, and the use of composite parts is continuously

growing. Glass FRP composites are highly available and dominate the automotive
5
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market, but the interest to advanced high strength CFRP composites is increasing
as the carbon fiber prices reduce. Weight gain on particular parts such as composite
leaf spring can exceed 70% with higher fatigue resistance when compared to
conventionally used steel springs. Chopped glass FRP composites have a wider
application area and have commonly been used in body components since the
appearance and structural rigidity are the basic design considerations. While the
composites used in vehicles have mainly been applied to secondary structural
members and appearance parts, the potential usage of composite materials on
primary parts has been investigated. With the growing attention in electric vehicles,
there is a strong need for composite usage to reduce the structural weight of
vehicles to compensate for the heavily loaded batteries required for making more
distances. Using composite materials in the body in white (BIW) parts provides a
significant weight reduction. Because it was reported that approximately 90% of
the energy consumption of urban concept automobiles is based on vehicle weight.
When the components are made from carbon fibers, vehicles generally become
60% lighter than steel ones. Therefore, it can be possible to obtain longer distances
with the same battery packages or to use fewer battery packages for the same
distance. Moreover, providing electrical and thermal insulation, and resistance to
corrosion are the additional benefits of composites over metallic alloys in that kind
of operation. Wind turbines providing alternative energy sources are getting
environmentally more attractive. Their blades are usually made from sandwich
structures due to high strength and stiffness to weight ratio, excellent damping to
noise and vibration, and resistance to cyclic loadings. On the other hand, the
application of composites also shows a fast-growing in civil infrastructure with
prefabricated bridge decks. FRP composite bridge decks which can also be made
from sandwich panels exhibit many advantages when compared to conventionally
used concrete and steel decks such as lightweight, easy and quick installation,
resistance to environmental conditions such as corrosion and freeze (Gibson, 2012;
Elmarakbi, 2013).
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1.2. Manufacturing of Composite Materials

Several methods are available to manufacture FRPCs, such as hand lay-up,
vacuum bag, resin transfer molding (RTM), autoclave, resin infusion, pultrusion,
filament winding, matching die set compression molding, etc. (Kar, 2017). But,
mostly, hand lay-up, vacuum bagging, RTM, vacuum-assisted resin infusion
methods are currently used methods for the fabrication of composite materials.

The hand lay-up method, the oldest process, is used for the composite
manufacturing carried out on an open mold. This process is simple, but a labor-
intensive process, and suitable for low-volume production. For instance, in marine
applications, large components like boat hulls can be fabricated with this method.
Reinforcing materials such as chopped strand mats or fiber fabrics are placed
manually on to the open mold, and resin is sprayed or poured over the
reinforcement materials and the impregnation of them is provided manually. The
required curing time is 24-48 hours at room temperature. A catalyst and
accelerator that are called as hardener are mixed to the resin in a proper fraction in
order to satisfy curing. The mixture is carefully stirred to prevent void formations
and to obtain homogeneous matrix material. Figure 1.3 shows the schematic view

of the hand lay-up process (Kar, 2017).

Dry Reinforcement
Fabric

Consolidation

Roller
\ Resin \
% r~
1

Mold Too!

Figure 1.3. Schematic of hand lay-up method (Kar, 2017)

In the vacuum bagging method, the entrapped air during lay-up and
excessive resin is removed with a vacuum. After stacking, a peel ply or perforated
7
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release film is laid onto the composite laminate. A breather cloth is placed onto the
peel ply, in order to absorb excess resin from the laminate. Lastly, the entire system
is enclosed with a vacuum bag and the mold surrounding is covered with sealant
tape as presented in Figure 1.4. Then vacuum is applied to composite material
under the bag. This process provides a high reinforcement with increased fiber
volume fraction and improves adhesion bond strength between the composite
layers compared to the hand lay-up process. When compared to the hand lay-up,
the method has important advantages such as higher fiber content, better fiber wet
out, lower void formation, and decreased volatile emissions. For instance, racing
car parts and large cruising boats can be fabricated by using a vacuum bagging
method. However, the process has some drawbacks such as labor-intensive, a

requirement of better labor skills, loss of seal, process cost (Kar, 2017).

To vacuum To vacuum
pump gauge -
Breather fabric
Vacuum bagging

film | ‘ | Peel ply/Release

film

Sealant
tape

Bleader fabric \ Laminate

Release coated mold
Figure 1.4. Schematic view of the vacuum bag method (Kar, 2017)

Resin transfer molding (RTM) is carried out in a closed mold, and suitable
for moderate and high-volume productions. The process mainly contains stacking
of the dry reinforcement materials in the base part of the mold, and the other half of
the mold is placed over the bottom mold and clamped. The schematic view of the
process is presented in Figure 1.5. After closing the molds, a resin including its

hardener is injected. High-quality part requirements such as vehicle body parts,

8
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containers, bathtubs, etc. can be achieved by this method. RTM method can be
modified with a vacuum assistant for effective resin transfer and impregnation of
fiber elements (Kar, 2017).

In vacuum-assisted RTM (VARTM), the manufacturing is carried out on a
single mold in which the composite laminates stacked on it. Similar to the vacuum
bagging method, peel ply and/or perforated release film is placed over the
lamination, and the system covered with a vacuum bag by using sealant tape. The
resin impregnation of the dry composite layers is performed with the aid of vacuum
supply as seen in Figure 1.6. The vacuum process provides the resin movement.
The entrapped air is also removed. The vacuum application increases the fiber
concentration and improves adhesion bonding between the composite plies.
VARTM technique provides several advantages when compared to the RTM
method with lower tooling cost, shorter duration of mold filling by resin. The
process efficiency and quality of the final product depend upon sufficient wet-out
of the fibers which can be done successfully with a proper resin movement (Kar,
2017).

Press or clamps to hold
halves of tool together
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Mold Tool

—
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Vacuum
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ot A e

Mold Tool

AN
“— Dry Reinforcement
Preform

Figure 1.5. Schematic view of RTM process (Kar, 2017)
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An autoclave manufacturing method can be applied where excellent quality
is needed such as in aerospace industries. Because in this method, an increased
fiber volume ratio is obtained with minimum void content in the matrix. The curing
is carried out under pressure and in a heat-generated autoclave as seen in Figure
1.7. The process parameters of the computer-controlled method depend on the resin
system used for lamination. The preparation of the composite materials is similar to
the vacuum bagging method. After the composite is ready for curing within the
enclosed heat-resisted vacuum bag, the product is placed inside an autoclave. The
external sources of vacuum, pressure, and heat provide to densify and consolidate
each lamina to form better lamination by removing air and volatiles with the aid of
vacuum. In order to prevent any internal fire, nitrogen, or carbon dioxide is used.
The process is costly and requires labor-intensive production (Baker et al., 2004;
Mallick, 2007; Carlsson and Kardomateas, 2011).

10
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Figure 1.7. Representation of autoclave process (Web page, 2013)

In order to produce cylindrical parts such as pipes and tubes, Filament
Winding is used effectively. The process includes wrapped bands of continuous
fibers over a mandrel as seen in Figure 1.8. After winding, the curing is performed
at an increased temperature of a mandrel. The resin impregnation can be made
before, during, or after winding operation. The strength and the stiffness of the
finished product depend on the compaction of fiber layers. The major factors have
been specified as helix angle, winding tension, conditions of strand bandwidth,

resin content, and its distribution and curing cycle (A. Mcllhagger et al., 2015).

Angle of fibre warp controlled by ratio
of carriage speed to rotation speed
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Figure 1.8. Filament winding method (A. Mcllhagger et al., 2015)
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1.3. Design of Sandwich Structures

The sandwich structures that are one of the hybrid family classes are
specially designed for weight critical applications due to their very high bending
stiffness among the other laminated composites and conventional engineering
materials. As shown in Equation (1.1), the bending rigidity (EI) of a sandwich
panel can be increased significantly by using high modulus face sheets (E¢) and/or
a thicker core. Separation of the face sheets with thickness t, by an increased core
thickness (c), yields higher moment of inertia thus the structure can resist higher
bending and buckling loads. Since the density of the core material is relatively low,

the increase of its thickness does not add much weight to the whole structure.

bc3
€12

(ED)y = Ef %= + 2bEst (%t)z +E (L.1)

The bending and in-plane loads can almost be carried by the face sheets
(also referred to as facings and/or skins) whereas the core stabilizes the face sheets
and determines the bending rigidity, compressive and out-of-plane shear behavior
(Daniel et al., 2002). Therefore, the face sheets must be stiff and strong against
both tensile and compressive loads to resist the bending forces and wrinkling
whereas the core materials need to be stiff and strong in thickness direction under
the shear forces to resist failures such as wrinkling and indentation (Mallick, 2007).

As shown in Figure 1.9, sandwiches functionally seem like I-beam profiles
mostly available in the metal industry. The flanges of I-beam carry the tensile and
compressive loads whereas the face sheets similarly perform this function.
Likewise, the web between the flanges of I-beam resists to shear forces whereas in
sandwich constructions the core material is effective against out-of-plane shear by

keeping the top and bottom face sheets together (Diab Group, 2012).

12
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Figure 1.9. The similarity between I-beam and sandwich composite (Diab Group,
2012)

Designing of a sandwich panel depends upon several factors. These are
type, density, and thickness of both face sheet and core materials, type of binder,
manufacturing, and both curing and post-curing processes and sizes of the
sandwich. Therefore, the decision-making process of designing sandwich structures
becomes more complex than other types of materials such as laminated FRP
composites (SAE International, 2013). From a large number of design parameters,
sandwich panels are also designed against the failure types. Face yield and/or face
compressive failure, core shear, core crushing, indentation, and de-bonding of the
facing and the core are the most common failure modes. For instance, if the face
sheets are not thick enough and the core material has relatively high density and
thickness, the structure fails due to indentation. Ashby (2011) provides sandwich
design principles considering the dominant failure mode. Figure 1.10 shows the
failure modes of sandwich panels that are subjected to three-point central bending

loading.

13
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Figure 1.10. Sandwich panel failure modes under bending loading (Ashby, 2011)

In the case of face buckling, the upper facing of the sandwich panel is
failed due to compression. It commonly becomes the main failure mode while
constructing the sandwich panel with thinner face sheets and low shear strength of
core material. Core shear may be prevalent if the face sheets are strong, and the
support span length is relatively short. In this case, the transverse shear forces
cannot be transferred between the facings. Indentation failure mode must be

avoided by determining the minimum sufficient face sheet thickness.

1.4. The constituent of Sandwich Structures
Sandwich structures typically consist of thin and stiff face sheets that are

bonded to a lightweight and thicker core by a proper binder called the matrix. Face
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sheets can be preferred from thin and strong metallic alloys, fiber-reinforced
composites, or fiber metal laminates (FMLs).

The core materials in sandwich structures mainly provide to separate,
stabilize, and support the face sheets in order to obtain desired bending rigidity.
These carry out of plane loads or transverse shear loads (SAE International, 2013).
Core materials are classified into two general categories as cellular and structural.
Cellular refers that the material includes open space cells enclosed by walls
repetitively to provide space-filling. Cellular foams like metal or polymer foams,
honeycomb, and balsa wood have widespread application fields. Web core and/or
truss are also structural cores, separate facings, that consist of a continuous web
produced with solid material, and due to its various formation types transferring of
shear forces becomes more effective. Polymer foams and/or balsa wood provide
the same shear properties in two directions, but the web, truss cores, and
honeycomb cannot achieve the same or similar properties. The most common
polymer foams wused for structural sandwiches are polyurethane (PU),
polyvinylchloride (PVC), and polymethacrylimide (PMI). These foams are in
closed cell form, which makes the structure isotropic and provides better resistance
to water penetration (Mallick, 2007).

Matrix material consists of resin and its suitable hardener primarily
provides to work of both face sheets and core material together by applying
chemical bonding and helps to transfer shear stress between them. For fiber-
reinforced composites, the thermoset polymer type matrix materials, i.e. polyester,

vinyl ester, and epoxy resin provide better mechanical properties.
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2. PREVIOUS STUDIES

The advantages of sandwich structures over the conventional laminated
fiber-reinforced composites have attracted the most researchers, and many studies
regarding different types of sandwiches are being available in the literature.
Because it can be possible to obtain several physical and mechanical features by
altering the type, density, thickness of both core and face sheets materials,
respectively. For instance, aluminum foam sandwich structures provide good heat
and acoustic insulation, and it also has better energy absorption capacity under
impact loading (Gibson, 2000; Bastiirk and Tanoglu, 2011; Liu et al., 2014; Xu,
2018). In addition to very thin aluminum (Al) sheets (Harte et al., 2000; Jiang et
al., 2015), fiber-reinforced laminated composites can also be used for facings
(Styles et al., 2006).

As the sandwich structures can be constructed with various constituent
materials (Uzay et al., 2019), the classification of the previous researches can be
made from different perspectives considering the type of facings, core material,
and/or matrix. On the other hand, as the sandwiches serve different purposes, it
may also be classified considering both types of loading such as bending,
compressive, impact and etc., and failure modes such as fiber cracks, core shear
failure, and matrix failure. In this chapter, the previous researches are going to be
summarized based on the type of core material. And failure modes are also going

to be summarized briefly.

2.1. Utilization of Aluminum (Al) Foam Core for Sandwich Structures

Metallic foams combine the properties which make them attractive for
lightweight sandwich panels compared to solid structures. Besides lightweight, it
also provides heat and acoustic insulation, and good energy absorption capability,

especially for impact loadings. Therefore, metal foams can not only act as a
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structural member but also used where the multi-functionality is important (Harte
et al., 2000; Bastiirk and Tanoglu, 2011; Liu et al., 2014).

Although aluminum (Al) foams are the most commonly used as core
material, zinc, copper, nickel, and steel foams are also available. Their behaviors to
creep, multiaxial, and fatigue loadings have been investigated by Gibson (2000)
firstly. Aluminum (Al) foam is a cellular solid aluminum structure that includes
large volumes of gas-filled pores.

Harte et al. (2000) described the sandwich panel theory by using simple
analytical models and carried out experimental tests with sandwich panels having
Al skins and Al foam cores. Failure modes were determined as core shearing, face
sheet yield, and indentation under static loading conditions. Additionally,
theoretical failure maps were presented for both static and fatigue failure

conditions as seen in Figure 2.1.

)

| INDENTATION

d/e *

o' R

FACE YIELD CORE SHEAR
10" 10 t/1 107
. ) (b .
Figure 2.1. Theoretical failure mode map under a) Static loading, b) Fatigue
(d and t are foam and face sheet thickness, respectively, | is the
distance from loading to support) (Harte et al., 2000)

Styles et al. (2007) investigated the deformation mechanism of Al foam
core (230 kg/m®) thermoplastic composite facing sandwich structures according to
different core thickness values under four-point bending. As it is seen in Figure 2.2,
all sandwiches showed an initial linear elastic behavior, then it reached the
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maximum load value with a decreasing slope. As the core thickness and the
bending rigidity increased, the initial slope of the curve increased. Similarly, the
amount of the maximum load increased as the thickness of the core increased. The
maximum load of 20 mm thick core specimen was significantly greater than the

others.

gz [ . —— 5mm core, 1plyskin | ]

sosp / - — 10mm core, 1 ply skin | —

§ N 20mm care, 1 ply skin | ]
'

06 [ ! .

Displacement (mm)
Figure 2.2. Typical load-displacement curve plot for each core thickness (Styles

etal., 2007)

It was found out that the thinner specimens failed based on facing wrinkling, face
fracture, and core crushing, and some core cracking was seen in thinner foam cores
while the thicker specimens failed because of indentation in core. But it was
concluded that the incidence of indentation was eliminated by increasing the face
sheet thickness.

Jiang et al. (2015) established an analytical approach to predict the failure
modes in terms of face sheet yield, core shearing, and indentation. To verify the
approach, they used Al foam core and Al face sheets and subjected the sandwich
structures to the three-point bending tests as presented in Figure 2.3. The proposed

failure prediction models were in good agreement with the experimentally obtained
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results. However, for the sandwich structures having thick face sheets, the
determination of the load-carrying capacity and the analysis of the indentation

failure mode required further improvements.

face yield

Figure 2.3. Failure modes in quasi-static three-point bending (Jiang et al., 2015)

Kabir et al. (2014) investigated the effect of three-point bending behavior
of very thin (0,32 mm) Al face sheets that were constructed with 6 mm and 12 mm
Al foam cores, respectively. The sandwich panels having 150 mm x 35 mm size
were produced based on different face sheets (low strength and high strength), core
materials, and span length (50 mm and 100 mm), respectively. Very thin face
sheets primarily yielded by indentation failure mode. In the case of using low
strength facings, face yielding also occurred whereas high strength facings caused
to core yielding. Table 2.1 gives the results based on high and low strength facings,
span length, and core thickness values. The maximum stress in both the face sheets
and the core of the sandwich panel and the flexural rigidity were determined for
linear elastic behavior based on the elastic beam theory as given in Equations (2.1),
(2.2), and (2.3).
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Table 2.1. Three-point bending results of Al skin Al foam core sandwiches

Oy (MPa) ¢ (mm) L (mm) Pmax (N) Mmax (Nm) (El)eq (Nmz)
6 50 367,3+34,2 4,610,4 16,11
40 100 254,5+37 6,3+0,9
12 50 504,5+38,1 6,3+0,4 64,12
100 362,6+29,4 9,1+0,7
6 50 413+22,5 5,2+0,3 16,13
236 100 393+62 9,8+1,5
12 50 634,4+37,4 7,2+1,3 64,2
100 549,9+57,9 13,7+1,4
Equivalent flexural rigidity;

El _F bt3 E bt(c+t)? E bc3 21
( )eq_fT-}_f 2 +CE ()
The maximum stress in the sandwich core;

MinaxC
(Gc)max = L¢ 2(ED) (2-2)
The maximum stress in the sandwich face sheets;
_ Mmax(c+2t)
(O-f)max - Ef 2(ED) (2-3)

Besides bending properties of Al foam core sandwich structures, the

effectiveness of Al foam core on the impact related loadings is also very

satisfactory. And it is known that bird strike to an aircraft causes significant

hazards such as aircraft structural damage and fatal accidents for human (Allan,

2000). At this point, Al foam core sandwich composites may become a solution to

a body structure of an aircraft. To investigate the dynamic behavior of Al foam

core sandwiches, researchers developed numerical and experimental studies. Liu et

al. (2014) performed a numerical study by simulating bird strike and subjected the

modeled bird strike to Al face sheets, and Al foam core sandwich panels. The

21



2. PREVIOUS STUDIES Cagri UZAY

numerical bird strike simulation also verified the experimental results. The
simulation of a bird strike to any kind of body structure including an aircraft saves
many millions of dollars per year and prevents delays considering real damages
(Allan, 2000).

Hedayati and Sadighi (2016) numerically simulated a bird strike and made
impact loadings to the Al skins (0,8 mm), and to an Al foam core sandwich
structure having inner Al plate (0,8 mm) between the face sheets in order to
investigate the optimum position of the plate by trying six different cases as seen in
Figure 2.4. The inner plate was closer to the top face sheet in the first two cases (a
and b), and it was closer to the lower face sheet in the cases of d and e. The
optimum configuration was obtained where the plate was inserted in the middle
(Figure 2.4(c)). In addition to this, it was suggested that using the high-density
foam on the bottom and low-density foam on the top surface provides less
deformation for the back face since the middle plate spread the bird strike energy to

the high-density foam core.

(b)

Figure 2.4. Configurations based on inner plate location: a) Case 1, b) Case 2, c)
Case 3, d) Case 4, e) Case 5, f) Case 6 (Hedayati and Sadighi, 2016)

Structural performance such as impact response of Al facings and Al foam
core sandwich panels depends upon the bonding capability which is affected by the
adhesion surfaces, adhesives, and curing process conditions. Epoxy has often been
used as adhesive for the manufacturing of aluminum foam core sandwich panels
with metallic facings because of its availability and good bonding ability (Liu et
al., 2014).
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On the other hand, an advanced hybrid material system, which is called as
Fiber Metal Laminate (FML), has mainly been used in aerospace applications due
to their relatively lightweight, better impact and damage tolerant characteristics
over both laminated fiber-reinforced polymer matrix composites and aluminum
alloys (Sinmazcelik et al., 2011; Sadighi et al., 2012; Chai and Manikandan, 2014;
Vogelesang and Vlot, 2000; Wu and Yang, 2005; Fontens et al., 2014; Hinz et al.,
2009). Liu et al. (2014) designed and manufactured sandwich panels with
aluminum foam core and FML face sheets (Al 5005 alloy/E-glass fiber fabrics) to
obtain enhanced resistance to impact, and they investigated the bonding capability
and impact resistance between both Al sheet-Al foam and E-glass fiber—Al foam,
respectively. The configurations were shown in Figure 2.5. Both Al face sheets and
Al foam core materials were firstly cleaned with acetone and then subjected to
surface treatment by using 15% nitric acid to remove the oxides from the surface
and lastly, to remove residual acid on the surface, the materials were subjected to

distilled water.

Sheet —  Srsciiiindsss

E-glass/Epoxy

(a) (b)
Figure 2.5. Stacking sequence of the panels a) Group 1, b) Group 2 (Liu et al.,
2014)

A low-velocity impact test was conducted with drop weight impactor, and
according to the deformation on the specimens, energy absorption, bonding
capability, and impact resistance were determined. The Group 2 panels absorbed
more energy, showed better resistance to impact and good bonding capability.
Bastiirk and Tanoglu (2011) manufactured FML/AI foam (395 kg/m®, 409
kg/m®, 456 kg/m®) sandwich panels (Figure 2.6) by using surface treatment

methods (Figure 2.7), silane (ST), chemical treatment and combination of ST with
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the addition of polypropylene (PP) based film (PP-g-MA: maleic anhydride-
modified polypropylene layer). The manufacturing of the sandwiches was carried
out with hot-pressing under 1,5 MPa, at 200°C. They concluded that the modified
panels with silane coupling agents and also PP-g-MA-based film layer yielded the
best structural performance than epoxy adhesive and glass fiber reinforced
polypropylene. The predominant failure modes were found as core shear, face

sheet bending, and debonding under the flatwise compression tests.

Al foam|
—

Al sheet

€) ()
Figure 2.6. (a) Schematic representation and (b) Al sheet/GFPP/AI foam

sandwich (Bastiirk and Tanoglu, 2011)

(@) )
Figure 2.7. 20 wt % PP-g-MA/80 wt % PP blends (a) as fine granules (b) as
adhesive film after hot pressing (Bastiirk and Tanoglu, 2011)

2.2. Utilization of Polymer Foam Core for Sandwich Structures

Instead of using metal foams, polymer foam core materials serve the best
candidate whenever designing the weight critical components in many industrial
applications. The most commonly available polymers are polyurethane (PU),
polyvinylchloride (PVC), and polymethacrylimide (PMI). Such foams are closed-

cell structures, which makes them isotropic and provides resistance to water
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penetration. Wang et al. (2015) also stated that sandwich panels with closed-cell
foam cores are getting prevalent in recent years.

Lim et al. (2004) investigated the static and impact failure modes in the
foam core sandwiches. As seen in Figure 2.8, the tests were carried out according
to different core densities and facing thicknesses. The effects of the parameters
were revealed. The specimens were produced from woven plain glass fiber/epoxy
prepreg as the face sheet and Divinycell HT grade PVC foam core having the same
thickness of 10 mm. The load carrying capabilities were investigated by using
three-point bending tests under different span lengths as 100 mm, 150 mm, 200
mm, 250 mm. While the density of the core and/or facing thickness were increased,
load capacities of the sandwich panels increased as expected. However, the
increase in the thickness of the face sheets caused a change in failure mode.
Thinner facings tended to fail by face fracture, but as the thickness increased, it
tended to core compression or shear yielding. On the other hand, an obvious
change in failure modes was not observed due to the change in core density. It was
also found that failure modes under impact loads were obtained as face fracture and
core shear. In addition, the panel with thin facings and high-density core lead to the

facing compressive fracture because of the high facing stresses.

Face thickness Core density

102 mm "1 Coreshear 54 kg/m? Goreshioar

o7 kg/m? (R

=T Face failure 7 o ms Face failure

(b

Figure 2.8. Transverse impact results based on; a) face thickness with fixed core
density (97 kg/m3), b) core density with fixed thickness (1,02 mm)
(width of the bending specimens were 20 mm) (Lim et al., 2004)
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Steeves and Fleck (2004) provided analytical expressions to predict the
failure modes and to construct the composite sandwich with minimum weight
design. The total deflection (&) of a sandwich beam at the mid-point (Equation 2.4)
was specified as the sum of the deflections due to the bending of the facings and

the core shear according to three-point bending loading (P).

PL3 PL

= 48(ED)eq + 4(AG)eq (24)
Where (AG).q is the equivalent shear rigidity as follow;
bd?G,
(AG)eq = (2.5)

The authors represented the four main failure modes for a simply supported
sandwich beam under static three-point bending loadings such as micro buckling,
wrinkling of the compressive facing, core shearing, and indentation under the

loading roller. Each failure mode was described by analytical models and was

. .
/ NN
? Core shear ? ’ Microbuckling ?
P nop/ )

Y Y S
? Indentation ? ’ Face wrinkling ’

given in Figure 2.9.

P2 P2 P2 P2
Figure 2.9. Failure modes of sandwiches under three-point bending (Steeves and
Fleck, 2004)
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Face micro buckling occurs when the axial stress of the facing exposing to
compression reaches the face sheet micro buckling strength, or. By neglecting the

effect of the core to overall bending strength, the collapse force, P is given as;

_ 4-bdtf0'f
L

p (2.6)

Face wrinkling was defined as a local elastic instability of the facings involving
short-wavelength elastic buckling of the top facing, resisted by the underlying

elastic core. A conservative estimate for the facing wrinkling load P was given in

Equation 2.7.

2bdtro
P =—1L3[EE.G, (2.7)

The factor, 2, in Equation (2.7) was assumed to compensate for the geometrical
imperfections of the facings (Allen, 1969).

Daniel et al. (2002) made an investigation about failure modes and their
reasons in sandwich structures under three-point, four-point bending, and in-end
loading conditions. Possible failure modes were stated as the tensile or compressive
failure of the facings, wrinkling of the compressive facing, global buckling,
debonding at the facing/core interface, core failure, and indentation under the

concentrated loads, see Table 2.2.
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Table 2.2. Failure modes in sandwich beams (Daniel et al., 2002)

Mode Criterion
Face sheet compressive Composite failure criterion (e.g., max. stress, Tsai-
failure Wu)
Max. shear stress of adhesive, or interfacial fracture

Face sheet debonding toughness

Core state of stress reaches failure condition; critical
Indentation failure compressive stress in face sheet under combined
local and global bending

State of stress in foam reaches failure condition

Core failure (e.g., Tsai-Wu)
Face sheet wrinkling ;arlggssheet stress equals critical local buckling

The initiation and growth of the various failure modes in sandwich
structures depend upon the material properties of its constituent (face sheets, core,
adhesive bonding), geometry, size, and type of loading. Due to the nonlinear and
inelastic behavior of the constituents and the complex interactions of failure modes,
the stress analysis and determination of proper failure criteria in critical regions
become difficult. The fatigue life of a structural member is adversely affected by
the damage. The magnitude of the reduction in fatigue life is often difficult to
establish. For these reasons, many studies that were made under the static, impact,
and dynamic loading conditions also proposed numerical and analytical models to
save time and sources instead of performing repetitive experiments. These models
showed that the results often matched well with experimental studies particularly in
the linear-elastic range of the foam-cored sandwich panels (Daniel et al., 2002;
Steeves and Fleck, 2004; Lim et al., 2004; Kulkarni et al., 2004; Burman and
Zenkert, 1997; Chemami et al., 2011). The failure mechanisms such as face/core
debonding can simply be demonstrated in Figure 2.10 (Carlsson and Kardomateas,
2011). However, except for the dynamic loadings such as impact, the debonding is
not a matter if there were no fabrication defects (Daniel et al., 2002).
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FACE/CORE DEBOND

L = |

Face Delamination Core Failure Face/Core
Interface Failure
Figure 2.10. Crack growth scenarios in foam core sandwiches (Carlsson and
Kardomateas, 2011)

Many researchers have been concentrated on both evaluating the
flexural/bending strength, compressive strength, face/core interface shear strength,
and investigating the impact behavior especially under the low-velocity impact,
and examining the failure mechanisms under the static and fatigue loadings. Yin et
al. (2015) used the co-injection RTM process to validate its advantage over a multi-
step process and as stated, it provided excellent interface properties which was
more feasible and efficient and provided to manufacture the multifunctional
sandwich panels in terms of load-bearing, heat insulation, and thermal barrier. To
achieve multi-functionality, the sandwich panels were made with plain carbon fiber
fabric, 10 mm thick polymethacrylimide (PMI) foam core (110 kg/m®) and epoxy
and phenolic resins, and subjected to in-plane compression test (Table 2.3), three-
point bending test (Table 2.4), interface shear test (Table 2.5) with different
combinations. The load-displacement curves of the specimens under three-point
bending loading were also presented comparatively in Figure 2.11. The average ply

number in face sheets was 12.

29



2. PREVIOUS STUDIES Cagri UZAY

4 1:Foree imposed on carbon/phenolic layer, CIRTM
2:Foree imposed on carbon/epoxy layer, CIRTM
204 3:Force on carbonvphenolic layver, multi-step process
4 4:Force on carbonfepoxy layer, multi-step process
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Figure 2.11. Comparative representation of the load-displacement curves (Yin et
al., 2015)

Table 2.3.  Compression strength and modulus results of the sandwiches based
on two different processes (Yin et al., 2015)

. Compressive Coefficient Compressive Coefficient
Manufacturing

strength of variance modulus, 10°  of variance
process
(MPa) (%) (MPa) (%)
Multi-step 73,4 157 7,68 12,4
process
CIRTM process 86,7 8,1 7,85 9,2
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Table 2.4.  The flexural strength and modulus results of the sandwiches based on
two different processes (Yin et al., 2015)

Manufactu Force on carbon/phenolic layer Force on carbon/epoxy layer

ring

process
Flexural Coeff Flexural Coef Flexural Coef Flexural Coef
strength of var. modulu f of strengt f of modulu f of
(MPa) (%) s (GPa) var. h (MPa) var. s (GPa) var.

(%) (%) (%)

Multi-step  105,3 15,7 15,75 12,2 98,8 11,7 14,06 12,8
process

CIRTM 114,2 8,2 16,53 8,7 102,1 6,8 1498 7,6
process

Table 2.5. Interface shear test results of the sandwich panels based on the
processes (Yin et al., 2015)

Manufacturing Interface Interface shear Coefficient of
process strength (MPa)  variance (%)
_ Carbon/epoxy layer/foam 3,29 20,97

Multi-step core
process Carbon/phenolic 3,22 22,08

layer/foam core
Carbon/epoxy layer/foam
core
Carbon/phenolic
layer/foam core

3,82 7,07
CIRTM process
3,38 9,52

Atas and Sevim (2010) investigated the impact and damage behaviors of
sandwich composites by using E glass fiber face sheets having 780 g/m’ areal
density and two different cores, 11,5 mm thick balsa wood (157 kg/m®) and 10,3
mm thick PVC foam (62 kg/m®). The primary damage modes were determined as
fiber ruptures at top and bottom face sheets, face/core delamination, delamination
of adjacent glass fiber/epoxy layers, and core shearing. The debonding was the
main damage mode for balsa wood core sandwich since the bonding at balsa and
face sheet interface was poor compared to the PVVC foam core.

Zhou et al. (2012) used nine polymer foams (PET, PVC) having different
densities from 60 kg/m® to 200 kg/m? at the same thickness of 20 mm with 0,25

mm thick glass fiber facings, and subjected the sandwiches to the low-velocity
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impact test. Their objective was to show that perforation resistance was dependent
on the foam core properties. The experimental studies were also verified with finite
element analysis.

Chemami et al. (2011) manufactured the sandwich panels by using glass
fiber/epoxy and 8 mm thick PVC foam (200 kg/m®) with a vacuum bagging
method, and the specimens were subjected to three-point bending test. Figures 2.12
and 2.13 show the static (Figure 2.14) and fatigue (Figure 2.15) failure modes. The
tensile stress or compressive in the face sheet, the maximum plane stress in the

core, and the shear stress were calculated by the following Equations (2.8 to 2.10).

Foam core :
It | E. G, v, o,
Figure 2.12. Sandwich beam loading in three-point bending test (Chemami et al.,
2011)
PL
O'f = m (28)
PL E.
O, = ﬁE—f (29)
P
=5 (Ertd) (2.10)
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Figure 2.13. Experimental set up (ZWICK Z250/SN5A machine) (Chemami et al.,
2011)
Two different facing configurations were fabricated as [0/90,/0] and [0,] (2 layers
of 90° plies between 1 layer of 0° and 4 layers of 0° glass fibers, respectively). It
was found out that three main stages are available in the bending test: linear
increase of force with displacement, followed by a nonlinear behavior up to the
maximum load. Lastly, there was a sudden drop in the load. The sandwiches with
skin cross-laminated [0/90,/0] were found more rigid. The sandwich configuration
of [0/90,/0] was recommended to use due to its high stiffness and resistance to
fatigue compared to [04]. The unidirectional skin, [0,], showed delamination
between core and top facing then fracture of the core due to shear which also
caused a loss of bonding strength between lower facing and core. But the facing
with [0/90,/0] fiber orientation, the top facing undergone to the fracture due to

compressive failure.
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Figure 2.14. Macroscopic and microscopic images of fractured
SMS [04] sandwich (Chemami et al., 2011)

Fatigue failure modes were found as core shear and similar for both configurations

as it is seen in Figure 2.15. Figure 2.16 shows the crack propagations step by step

that started by lower facing delamination and followed by core shearing through

the core thickness and ended by upper facing delamination.

i

a0

Cracking of the

Tod .. .\(_upper skin
; '{“‘; i
. ? 40__}9:1
Figure 2.15. Macroscopic and microscopic images of fractured surfaces of the
SMS [0/902/0] Sandwich (Chemami et al., 2011)
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Upper skin

Upper interface delamination

. . e g 5
Trower interface delamination

-

30 pm SEg " g na0n

Lowerskin

- *-;--' i : l' » ‘.,'
Figure 2.16. Macroscopic and microscopic images of the crack growing during the
fatigue test of the sandwich SMS [0/902/0] (Chemami et al., 2011)

Bezazi et al. (2007) manufactured glass fiber (300 g/m?) sandwich panels
with PVC foam core materials having two different density (60 kg/m* and 80
kg/m?) and two different thicknesses (15 mm and 25 mm) values, respectively. The
sandwiches were subjected to quasi-static three-point bending tests. The stiffest
results were found with a higher density foam core. In addition, the specimens
having 15 mm and 25 mm thick cores, respectively, with 80 kg/m® density showed
the same stiffness up to a certain mid-point deflection as presented in Figure 2.17a.
And the effect of the core density was presented in Figure 2.17b. According to the
examination of sandwiches after tests, it was observed that high-density foam core
sandwich structure primarily showed shear failure whereas low-density foam core

sandwich specimens failed due to wrinkling of the upper face sheet.

2000 1500
/f-\ 2
1600 1200 + J -‘jl
4
/,_,—‘_.______% ;; /~—'—‘—-—ﬁr_q_.‘____1_‘_‘___‘_‘__-
g 1200 / i g 90 f/ | —
O 4 ' b= /, ]
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Figure 2.17. Effect of; a) core thickness at density of 80 kg/m3(1: 25 mm, 2: 15
mm), b) core density (1: 60 kg/m3, 2: 80 kg/m3) (Bezazi et al., 2007)
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The effectiveness of sandwich structures strongly depends on the bonding
capability of the face/core interface. Inadequate bonding and/or lack of bonding
surfaces adversely affect shear stress transfer between the face sheets throughout
the core. It is important to provide sufficient adhesion of the facings to the core
particularly in large panel applications. Because if the debonding of the layers
occurs, it tends to grow over a large area. Therefore, inadequate wet out the layers
must be prevented since it results in poor facing to core bonding. For this reason,
various studies were carried out to increase the adhesion behavior of the interface
such as reducing the viscosity of the resin by increasing the process temperature.
But in this case, the polymerization with the aid of a particular hardener can start
very early before the impregnation of all stacking surface layers completed.
Therefore, more attention is required while increasing the resin temperature. Truxel
et al. (2006) examined the face/core interface bonding by using different resin
infusion techniques (Figures 2.18 and 2.19). The manufacturing of the sandwich
panels was carried out with glass fiber vinyl ester resin and different core materials,
PVC (200 kg/m®) and Balsa wood (155 kg/m®) having the same thickness of 25,4

mm.
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Figure 2.18. Sandwich panels configurations; a) 2 x 4 mm grooves, spaced 40 mm
(2 x 4(40)); b) 2 x 2 mm grooves, spaced 20 mm (2 x 2(20)); c) resin
distribution medium; d) continuous filament mat; and e) no infusion
aid but excess 2,4-P inhibitor (2,4-P) (Truxel et
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Figure 2.19. Preparation of the facing/core interface using different methods on
the top surface of the foam (before infusion) (Truxel et al., 2006)

The face/core interface adhesion capability was tested by a debond fracture
testing method using a tilted sandwich debond (TSD) specimen as seen in Figure
2.20.
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Figure 2.20. a) Geometry and loading of the TSD specimen, b) Sketch of the TSD
test setup (Truxel et al., 2006)
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It was concluded that specimens with grooved cores, especially with 4 mm
deep grooves showed high fracture resistance to crack propagation compared to
non-grooved regions which caused low interface toughness. The specimens with
continuous filament mat between the facings and the core yielded the highest
fracture toughness. The addition of continuous fiber mat (CFM) and/or chopped
strand mat (CSM) may improve the toughness of the sandwich’s facing/core
interface. With the aid of such a mat, a transition region can be provided between
the high modulus facings and the low modulus core. Thus, the adhesion of facings
to the core may be improved. It is very important to prepare the bonding surfaces
of the core for the mechanical behavior of the structure under both static and
dynamic loadings.

Imielinska et al. (2007) investigated the effect of bonding type of E-glass
fiber/polyester facings PVC foam core (20 mm thick, 80 kg/m®) sandwich
structures based on low-velocity impact behavior. In addition to matrix resin, two
different adhesives were used for facings/core bonding. It was observed that
facing/core bonding via matrix was a better way than that of using an adhesive due
to less frequent transverse core fracture. On the other hand, bonding with adhesives
showed less extensive delamination area in the top facing compared to resin-

bonded sandwich specimens as presented in Figure 2.21. Because the growth of
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crack can be prevented at the filler particles due to impact energy absorption

capacity of adhesives.
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Figure 2.21. Visual inspection and C-scan results of impact damage area based on
impact energy values of three types of sandwiches (Imielinska et al.,
2007)

Although sandwich structures have very high bending stiffness,
lightweight, resistance to heat and acoustic, and simple reparation comparing to
conventional laminated FRP composites, they are not good at against to impact
loads and can be exposed to various impacts such as bird strikes, hail storms, tool
drops, and runway debris during the operation. These sudden loads cause a
decrease in the structural strength. Ozdemir et al. (2015) investigated the core
thickness effect (5, 10, and 15 mm) under low-velocity impact tests by using
sandwich structures with glass fiber face sheets and two different cores, PET (60
kg/m® and PVC (65 kg/m®) foam. Deformations types were also compared to the
laminated composites without core material visually. It was concluded that the
effect of relatively thin cores on contact force and rigidity of specimen was not
significant, because core thickness of 5 mm showed almost the same impact
properties with conventional laminated composites due to less contact time to

deform the core. The specimens having a thicker core absorbed more energy. PVC
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foam core specimens showed higher bending stiffness than PET foam core
specimens did.

Fatigue failure modes usually show similarity to that of occurred in static
and impact loading. Several failure modes are available in sandwich beams under
both static and impact loads, and these are dependent on the material properties and
loading types. However, under the cyclic fatigue loading, the core shear failure is
the most encountered failure mode of the foam core sandwiches. Because the
residual shear strength of the core decreases due to cyclic loading (Sharma et al.,
2006). Therefore, bending fatigue failure of the sandwich composites can be
controlled by the failure of core material as also stated by Kulkarni et al. (2004).
They investigated fatigue failure behavior in sandwich specimens which were
made of glass fiber/epoxy, and 12,7 mm thick PVC foam (75 kg/m®) manufactured
by using the co-injection RTM process which provides simultaneous resin infusion
to both top and bottom facings. Fatigue tests were performed using three-point
bending tests. Failure mode was found as a core shear. Three distinct damage
events that were core—facing debond, core shear, bottom facing-core debond were
observed until the specimen failed. Initiation of the crack and its propagation just
below the top facing/core interface on the compression side of the composite was
carried out in damage event (1) and it occupied about 85% of the fatigue life.
Damage event (2) was the core shear, which occurred rapidly, and only about 7-
8% of the fatigue life was occupied. Damage event (3) consisted of delamination at
the bottom facing/core interface and the separation of the core material from the
facings occurred. As the propagation of core shear was at a faster rate, the
remaining 7-8% of the fatigue life was occupied. The tension side of the
facing/core interface was obviously debonded from each other, causing fast crack
propagation in the last stage of the failure. It was also concluded that the dispersion
in fatigue was significantly smaller in foam core sandwiches when compared to

other composite materials.
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Atas and Potoglu (2016) investigated the face sheet thickness effect on the
impact resistance of the glass/epoxy/foam core sandwich structures. PVC (60
kg/m®) and PET (105 kg/m®) polymer foam core with 10 mm thickness and +45°
glass fiber facings having 780 g/m? areal density for each sample and one-two-
three-four plies were used, respectively. According to the drop weight tests, the
PVC and PET core sandwich structures did not show a distinct difference on the
damaged surface. Perforation energy of the sandwiches was increased linearly with
increasing of the facing thickness irrespective of the core type.

Al-Shamary et al. (2016) used E-glass fiber fabrics (300 gr/m?) as face
sheets and five mm thick PVC foam core (60 kg/m®) to manufacture the sandwich
composites. The sandwich structures were manufactured with single-core, two
core-one inner face sheet, and three core-two inner face sheets, respectively as seen
in Figure 2.22. According to the low-velocity impact tests, the resistance to impact
load and the energy absorption capacity were found as improved for the

sandwiches having inner facing and inner core.

Figure 2.22. One-core, two-core, and three-core sandwich structures (Al-Shamary
etal., 2016)

Garay et al. (2016) investigated the effect of both core type (PVC and PET;
having the same thickness and density of 12 mm and 80 kg/m?, respectively) and

different face sheets (glass fiber fabrics or mats) on mechanical properties of the

41



2. PREVIOUS STUDIES Cagri UZAY

sandwich structures by subjecting the specimens to flexural, compression (flatwise
and edgewise), and Shore-D hardness tests. The glass fiber mat and 0/90
bidirectional plain fabric forms were 300 g/m?and 300 g/m? respectively. Flatwise
compressive, flatwise tensile, and shear strength properties were obtained higher
for PVC foam core sandwiches and, in addition to this, the fabric forms of glass
fiber face sheet sandwich structures provided slightly better overall results than that

of mat facings. The results were given comparatively in Table 2.7-2.8.

2.3. Utilization of Other Core Materials for Sandwich Structures

Besides aluminum and polymer foam cores, there are a few further core
materials are available such as corrugated structure, balsa wood, truss type core,
and honeycomb. Yan et al. (2014) fabricated sandwich panels by using aluminum
foam-filled corrugated core material and subjected them to quasi-static three-point
bending tests to examine the bending behavior of aluminum foam-filled corrugated
core by comparing with the non-filled corrugated core as illustrated in Figure 2.23.
Both the facings and core web materials were stainless steel and the density of

aluminum foam was 540 kg/m?®.

Table 2.6. Barcol hardness and flatwise compressive test results (M:mat;
C:Cloth) (Garay et al., 2016)

Samples

Test PET-2M PET-3M PET-4M PET-2C PET-3C PET-4C
E:{gﬁ'ess 48 (+3) 53 (¢5) 54 (5) 40 (x4) 57 (+3) 55 (5)
Flatwise
compressive 1,50 1,62 1,67 1,17 1,52 1,74
strength (+0,31)  (¥0,40)  (¥0,20)  (+0,36) (+0,18)  (+0,20)
(MPa)
Test Samples

PET-2M PET-3M PET-4M PET-2C PET-3C PET-4C
ﬁ:{gr‘]"ess 47 (+6) 50 (+4) 51 (+4) 41 (x4) 44 (x3) 47 (x3)
Flatwise
compressive 1,50 1,62 1,67 1,17 1,52 1,74
strength (x0,31) (x0,40) (x0,20) (x0,36) (0,18) (%0,20)
(MPa)
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Figure 2.23. Sandwich panels with; a) non-filled corrugated core, b) aluminum
foam-filled corrugated foam (Yan et al., 2014)

Table 2.7. Core shear ultimate and facing stresses (Garay et al., 2016)

Test Samples

PET-2M PET-3M PET-4M PET-2C__ PET-3C__ PET-4C
Slct)ir:]astrt]ae:trress 0,78 0,83 0,83 0,80 0,74 0,75
(MPa) (x0,03)  (x0,01) (£0,02) (+0,08) (+0,02)  (x0,03)
Facing stress 39,05 41,88 45,71 39,61 40,11 46,18
(MPa) (+0,15)  (#0,07) (¢0,20) (0,18) (+0,21)  (x0,11)
Test Samples

PET-2M PET-3M PET-4M PET-2C_ PET-3C__ PET-4C
Slct’irni:tze:trress 1,05 1,17 1,18 1,15 1,11 1,18
(MPa) (+0,01)  (¢0,06) (+0,04) (+0,07) (+0,04)  (x0,01)

Facing stress 39,82 44,24 45,98 43,12 46,91 48,00
(MPa) (x0,10) (x0,14) (x0,18) (x0,24) (x0,23) (x0,21)

The load-displacement curves of two different sandwiches were compared
in Figure 2.24. and it was concluded that higher bending load carrying capacity and
superior stiffness of the structure were obtained.
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Figure 2.24. Comparison of both aluminum foam-filled and empty corrugated core
sandwich panels (Yan et al., 2014)

Li and Wang (2017) manufactured 3D printed core material in the form of
truss, conventional honeycomb, and re-entrant honeycomb as presented in Figure
2.25. They constructed the sandwich panels with different facings such as woven
and unidirectional carbon fiber and different core materials, respectively. The
conducted three-point bending results showed that truss and conventional
honeycomb core sandwiches failed due to localized stress concentration while re-
entrant honeycomb yielded homogeneous stress distribution. However, the flexural
strength of the truss core sandwich panel was found higher compared to others and

the sandwich having re-entrant honeycomb core was the least.
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Conventional Re-entrant
Honeycomb Honeycomb

Figure 2.25. The shape of truss, conventional and re-entrant honeycombs (Li and
Wang, 2017)

Sandwich structures made from honeycomb core serve extremely high
performance to weight ratio in terms of compressive behavior. Although
honeycomb core sandwiches have excellent structural performance potential, due
to high maintenance costs, there is an increasing demand by airlines to find out
alternatives. The high maintenance cost is mostly associated with the possibility of
water filling up to honeycomb cores from the porous surfaces under certain
situations. The water in honeycomb cells may freeze and expand at low operating
temperatures and then it can damage the adjacent honeycomb cells (Herbeck et al.,
2002). A study mentioned by Vinson (2001) which was made by Bitzer in 1992
stated that 8% of the wetted surface of Boeing 707 is sandwich while 46% of the
wetted surface of Boeing 757/767 is honeycomb core sandwich panel (Vinson,
2001). In comparison with other core materials, the treatments of honeycomb edges
are difficult since the material cannot be formed as easily as foam or balsa wood.
Therefore, some particular treatments are required for fasteners, as honeycomb has
negligible screw retention. Moreover, although honeycomb core has a higher
strength to weight ratio, balsa wood and/or solid foam cores are in full contact with
face sheets and fortunately, the impact loads spread over a larger area than

honeycomb (Black, 2013). Consequently, foam cores can be better alternatives for
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sandwich structures and they can be used for both as a cost reduction in production

and structural applications instead of honeycombs.

2.4. Numerical Analysis for Sandwich Structures

Numerical analysis carried by finite element methods is commonly used in
industrial fields of automotive, aviation, defense, energy, etc. Computer-aided
design (CAD) tools provide three-dimensional (3D) modeling of the structural
member for the finite element analysis (FEA). The results obtained by FEA reduce
cost, save time and resources caused by experimental studies and suggest optimal
material selection, geometry, ply number, and layer thicknesses of the structure. In
the development of the composite materials such as sandwich structures,
determining the suitable configurations for a particular usage area requires complex
manufacturing processes and high cost. Therefore, using numerical methods for
that kind of production is inevitable. According to the analysis results, optimal
sandwich panels such as having maximum strength with minimum weight
configuration can be determined and then manufactured instead of manufacturing
all configuration types with trial and error.

As the sandwich structures are hybrid composites, their mechanical
properties cannot be shown uniform in different section geometries. Borsellino et
al. (2004) stated that modeling of the sandwiches was difficult since they could not
provide isotropic property. Moreover, it was also manifested that modeling and
FEA of the sandwich structures could not satisfy reliable and/or correct results due
to limited features of the mechanical properties which were required for design
description. However, although there was an inconsistency between experimental
and numerical results at the plastic deformation region (Figure 2.26), FEA became

useful with a good estimation of geometry, ply number, and stacking sequence.
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Figure 2.26. Comparison of load-displacement curves obtained by both

experimentally and numerically (Borsellino et al. 2004)

Turgut (2007) manufactured a sandwich aircraft wing and subjected to
FEA by using MSC Patran 2006 and MD Nastran 2006 software. He recommended
that the modeling of the structure should be made on a large scale defining the
mechanical properties in detail and creating a more complex shape for the
geometry.

Herranen et al. (2012) used different types of core materials, PET, PMI,
HDPE, with three different thickness values (15-18-20 mm) and fabricated
sandwich panels with glass fiber face sheets. Then the sandwiches were subjected
to FEA using ANSYS APDL software in order to determine the optimum core
material under four-point bending loading. While PET and PMI foam core
sandwiches yielded similar results to experimentally obtained results, the HDPE
core sandwich gave quite different values.

Venugopal et al. (2013) modeled a honeycomb core sandwich structure
with carbon fiber facings and analyzed under static four-point bending loading by
using ANSY'S software. When the FEA and experimental results were compared,
there was an 11.27% error between them.

Mostafa et al. (2014) made experimental, theoretical, and numerical

investigations of flexural behavior of sandwich panels having glass fiber composite
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face sheets and 30 mm thick PVC foam core (100 kg/m®) material under four-point
bending loading. The simulation of numerical finite element analysis was
performed with the ABAQUS FE program. They considered the construction of the
sandwich panel as cohesive contact. Tsai-Wu failure criteria was considered for the
nonlinear behavior region of the sandwich structure. The load-displacement curves
obtained by experimentally, theoretically, and numerically was shown
comparatively in Figure 2.27. Although the theoretical solution was partially
agreed with the experimental results in the linear elastic region, the numerical

solution fitted well to the experimental load-displacement curve.
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Figure 2.27. Comparison of the load-displacement curves obtained from
experiments, theoretical and numerical solutions (Mostafa et al.,

2014)

2.5. Current Developments for Sandwich Core Materials

The further developments to reduce the weight of the sandwich structures
without sacrificing their effectiveness in flexure can be possible by making
modifications and/or considerations in designing the core materials. For instance,
carbon fiber lattice core material showed superior mechanical properties compared
to metallic ones (Fan et al., 2010). The manufacturing process and the sandwich

products were presented in Figure 2.28 and 2.29, respectively.
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Figure 2.28. Manufacturing process of carbon fiber lattice core sandwich panel
(Yanetal., 2010)

Figure 2.29. Carbon fiber lattice core sandwich products; a) panel, b) shell, c)
cylinder, d) double-layer panel (Yan et al., 2010)

Arbaoni et al. (2015) indicated that they developed a new core material
called YmaCell. It was reported as original cellular composite material consists of
polypropylene cells coated by epoxy resin. The core materials developed for the
sandwich panels were compared with Airex thermoplastic foam and polypropylene
honeycomb sandwiches constructed with a different type of glass/epoxy and

carbon/epoxy face sheets. Figure 2.30 presents the core materials.
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Figure 2.30. Core materials; a) YmacCell, b) polypropylene hoeycomb, c) Airex
foam (Arbaoni et al., 2015)

Four-point bending results showed that the sandwich panels with the
developed new core material exhibited the highest bending rigidity. But when the
density and shear properties were investigated, the density of the developed core
material was higher than the others. As it is well-known, the increase in density
yields better shear properties for the foam core materials and thus yields to obtain
better stiffness as well.

Yalkin et al. (2015) used PVC foam core (60 kg/m®) and unidirectional
glass fiber fabrics (300 g/m?) to fabricate sandwich panels. They investigated the
effects of both perforation and stitching on the mechanical properties. Stitching
was carried out by glass fiber tows in a specified order as seen in Figure 2.31.
Three-point bending results of the stitched foam core sandwiches were presented
compared to both plain foam core and perforated foam core sandwiched in Figure
2.32.

glass-epoxy face-sheet
PVC foam [+45/-45/(0/90)2]

¢ | ¢ @lassfibers

PVC core

glass-epoxy face-sheet
c=10 mm - [(90/0)2/-45/+45] column
d=3.5 mm

(a) (b)
Figure 2.31. a) Stitching of the perforated core, b) developed sandwich panel
(YYalkin et al., 2015)
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Figure 2.32. Load-displacement curves of the sandwiches (Yalkin et al., 2015) (R:
plain foam core, P: perforated, S1: 600-tex stitched, S2: 1200 tex
stitched, S3: 1800 tex stitched, S4: 2400 tex stitched)

Yalkin et al. (2017) made some maodifications to the PVC foam core (60

kg/m® and the whole sandwich structure as well. For this purpose, single-core
perforated, divided core perforated, single-core stitched, and divided core-stitched
sandwiches were manufactured as presented in Table 2.9 and the configurations
were subjected to tensile and compression tests, respectively. The single-core was
20 mm thick, while each divided core was 10 mm thick.
Tensile and compression tests were made to each configuration. And they
concluded that stitched core provided the highest compressive strength and better
tensile strength over the other configurations. In addition, dividing the core did not
show a substantial effect on the failure modes of the sandwich structures.

Santhanakrishnan et al. (2018) produced different pile-oriented stitched
foam core and investigated the shear strength of the woven glass fiber facings
sandwiches having unstitched and stitched foam core materials. The used core
material was 10 mm thick PVC foam having a density of 80 kg/m°. The stitching of
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the foam core was made by glass fiber yarns according to different pile orientations
of 90°, 45° 90%45°, and 90°/45°/90°, respectively. The load-displacement curves

obtained from the shear test were presented in Figure 2.33 and the results were

given in Table 7.

Table 2.8.  Specifications of the sandwich composite specimens (Yalkin et al.,

2017)
Image Face sheet Column Image Face Column
(Single Core) Material  (Divided Core) sheet Material
Glass AR Glass
Jepoxy None Jepoxy None
Perforated core Perforated core
Glass Epox Glass Eno
lepoxy poxy lepoxy poxy
Stitched core
Glass Glass Glass Glass
lepoxy lepoxy lepoxy lepoxy
Stitched core Stitched core
and face sheet and face sheet
Glass Glass Glass Glass
lepoxy lepoxy lepoxy lepoxy
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Figure 2.33. Load-displacement curves of stitched and unstitched and foam core
sandwiches (Santhanakrishnan et al., 2018)

Table 2.9.  Shear properties of stitched and unstitched foam core sandwiches
(Santhanakrishnan et al., 2018)

SandwichPanel Ult. Shear Strength (kPa) Shear Modulus (MPa)
Unstitched 420 1,75
Stitched- 45° 1686 11,24
Stitched- 90° 963 8,78
Stitched- 90°/45° 2443 13,75
Stitched- 90°/45°/90° 2844 16,32

Taghizadeh et al. (2019) studied the effect of different corrugated core
shapes with filled PVC foam (80 kg/m®) material on sandwich panels. As seen in
Figure 2.34, rectangular, triangular, and trapezoidal corrugated cores are used. The
core shapes were manufactured by woven glass/epoxy similar to face sheets.
Especially rectangular and trapezoidal corrugated and PVVC foam-filled sandwiches
showed superior structural efficiency compared to non-corrugated, plain foam core
sandwich panel.
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Figure 2.34. Sandwich panels with; a) no-corrugated, plain foam core, b)
triangular corrugated core, c) rectangular corrugated core, d)
trapezoidal corrugated core (Taghizadeh et al. 2019)

2.6. Advanced Technologies for Composite Manufacturing

As stated by Fan et al., (2010), the further developments for improving the
effectiveness of the sandwich structures strongly depend on the manufacturing
methods based on cost-effective, automated with mechanization and controlling the

imperfections.

2.6.1. Advances in Lay-up Processes

The hand lay-up process has been automated by using a chopper gun and a
spray. As seen in Figure 2.35, a machine tool that can be used by hand-held or a
robot arm. The process can accelerate the manufacturing time with the low-cost
operation and reduce the manual work and labor cost. It is possible to mix the resin
and its hardener in a reservoir and allow it to distribute chopped fibers and matrix
material simultaneously directly onto the mold surface. Although continuous fiber
is feeding to chopper guns, the fibers are sprayed as chopped glass fiber which is
the main drawback and cannot provide homogeneous mechanical properties for the
finished product.
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Figure 2.35. Hand lay-up vs. spray-up manufacturing methods (Swift and Booker,
2013)

Using prepregs is also a better alternative to wet lay-up processes for
advanced structures such as sandwich panels for obtaining well-impregnated resin,
and increased mechanical properties for the final product. Low void contents are
obtained in face sheets laminated by prepregs (Karlsson and TomasAstrom, 1997).
For aircraft structures such as wing skins and fuselages, the production and
mechanical properties must be excellent. Therefore, prepreg materials with
autoclave curing are the best process combination for that kind of application
fields. In order to increase production rates, improve shape tolerances, and
dimensional accuracy, automated processes have been developed such as
automated fiber placement (AFP) and automated tape layup (ATL). AFP process
was developed to overcome the drawbacks of ATL (Crosky et al., 2015) that lays
up the prepregs either onto a flat or a cylindrical mandrel by using multi-head robot
machinery (A. Mcllhagger et al., 2015) as represented in Figure 2.36. It was
reported that the significant gain for the cost-effectiveness of AFP is low material
scrap rate besides reduced labor cost (Crosky et al., 2015).
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Figure 2.36. a) AFP process (A. Mcllhagger et al., 2015), b) Image of the AFP
(Crosky et al., 2015)

2.6.2. Advances in Pultrusion Method

Pultrusion is a cost-effectively used and automated manufacturing process
for continuous and constant cross-sectional composite profiles. As presented from
Figure 2.37, continuous fibers are drawn through a resin tank and moved to a
heated die having a final shape of the product. As the resin-impregnated fibers pass
through the die, the composite material is assumed to form to final shape and
cured. After curing and leaving the die, the product is cut properly.

Roving
mat
surface
veil

Hot steel dies

Cutoff saw
Forming
( [ block

Pull rolls Resin tank —/

Figure 2.37. Pultrusion method (A. Mcllhagger et al., 2015)

2.6.3. Advances in Stitching Machines
Santhanakrishnan et al., (2018) designed a stitching machine for the

sandwich core materials as shown in Figure 2.38. The machine also provided to
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make different pile orientation in the stitching process, which allow to find out
optimal mechanical properties.

Figure 2.38. Image of Stitching machine (Santhanakrishnan et al., 2018)

2.6.4. Advances in Hot Press Molding Method
Mei et al. (2017) developed a novel manufacturing method by hot press
molding for fabricating carbon fiber reinforced tetrahedral truss core sandwich

panels. The process is illustrated in Figure 2.39.
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Figure 2.39. Manufacturing process with developed hot press molding; a) placing
the prepared composite strut into corresponding position, b) lay-up of
five layers of carbon/epoxy prepregs on the mold, ¢) dispersing end
of the struts by penetrating them into prepreg

2.6.5. Same Qualified Resin Transfer Molding (SQRTM)

SQRTM is a newly developed composite manufacturing method consists
of the prepreg lay-up and liquid resin transfer molding. The method was first
developed and commercialized by Radius Engineering in order to provide net
shape composite products. Figure 2.40 presents the difference between traditional

and net shape productions.

TIxs—

S

(@) (b)
Figure 2.40. a) traditional production of composite parts, b) net shape, single part
composite production (Website, 2019)
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SQRTM is also known as the out-of-autoclave process and it has several
advantages over the autoclave process. With the aid of SQRTM, large and complex
parts can be produced with final shapes with reduced cost. The method differs from
the RTM method with prepreg lay-up and the injected resin to the RTM system is
the same as that existed in prepreg as shown in Figure 2.41. This allows using of
high qualified toughened materials such as tough resins and toughened agents. The
injected resin creates hydrostatic pressure to composite laminate and eliminates the
formation of void contents, which improves both quality of the final product and its
mechanical properties. By the way, control of the composite quality is easier than
the autoclave process due to its complex dependent variables. In addition, the
curing in the SQRTM method is approximately two hours shorter than in autoclave
as the sheen in Figure 2.42. On the other hand, the method has advantages over the
RTM technique. Thickness variations in the final part, dimensional accuracy, and
surface quality are improved with the aid of SQRTM. Therefore, the SQRTM
process has been most suitable and preferable for aerospace industries to produce
structural members. (Website, 2019; Website, 201?)

| Injection resin

-
S [[ivecson System
1 i Degassing ,i‘\

Mouer

Figure 2.41. Schematic presentation of SQRTM process (Gueuning and Mathieu,
2016)
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Figure 2.42. Comparative demonstration of curing cycles both in SQRTM and
autoclave (Website, 2019)

2.7. Significance and Goal of the Study

Sandwich composites have arisen as important structural members due to
their excellent stiffness to weight ratio, better impact resistance, resistance to
environmental conditions, etc. When the literature is scrutinized, most of the
researchers have investigated the behavior and their failure modes of the
sandwiches under static or dynamic loadings. The previous studies generally serve
the results of mechanical tests based on the effect of different constituents and their
different thickness and density, i.e. facing properties, core densities and
thicknesses, and matrix surroundings. However, the researches which makes the
structure more rigid under bending loadings are only limited to usage of commonly
existed materials, and very few researchers have interested in different design
constructions and considerations. In this thesis work, the effect of bending
characteristics of woven plain carbon fiber sandwich structures having extremely
low-density PVC foam core and inner wire mesh stainless steel have been
investigated. In the literature usage of the wire mesh steels having very fine sizes
and extremely low-density foam core such as 48 kg/m® in sandwich panel
applications have not been encountered yet.

Very recently, porous wire mesh steels were used in civil engineering
applications as reinforcement material in sandwich concretes (Joseph et al., 2017;

Matalkah et al., 2017), as a good absorber under the impact (Shao et al., 2018), and
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in mechanical engineering applications in order to improve heat transfer (Kurian et
al., 2016 and 2017). Wire mesh steels, in a porous form, are available from very
fine to coarse sizes at various wire diameters.

Based on the results obtained by Joseph et al. (2017) and Matalkah et al.
(2017), stacking the wire mesh stainless steel in sandwich structures has positively
affected the bending rigidity of the specimens. However, the used wire mesh sizes
were very coarse size. Besides the improvement of bending stiffness, the wire mesh
layers may be considered to increase load-carrying capacity over a larger mid-span
displacement, and also it may be used to eliminate or reduce the indentation failure
of the structure. Since the indentation is a local concentrated load on foam-cored
sandwich panels, it was reported as a serious problem by Daniel et al. (2002).

As it is presented in Figure 2.43, Ashby (2011) introduces an advanced
material selection technique by providing material charts considering the desired
mechanical properties. Figure 2.43 represents Young’s modulus versus the density
chart of all material families. The chart draws particular attention to the large holes.
The direction of material development is also indicated in the chart with an arrow.
One approach to fill these holes is to develop hybrid materials that have the desired
property profile. Therefore, the produced sandwich panels in this thesis work
directly contribute to the material universe. For instance, Finnegan et al. (2007)
contributed by a research study to fill the holes in the material universe by
introducing pyramidal truss core sandwiches for high strength, lightweight
structural design. Therefore, one of the main purposes of the Ph.D. study is to
develop lightweight, stiff, and strong composite sandwich panels and to fill the

holes in the material universe.

The second main intention of the study is to develop multifunctional
sandwich structures by using very fine stainless-steel wire mesh sheets (100 and
200 mesh sizes). Face sheets of the sandwich panels are going to be hybridized
with wire mesh sheets. This hybridization does not only improve bending stiffness

but also controls the failure behavior of the structure by eliminating the sudden
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fracture of carbon fiber face sheets. Therefore, the highly brittle behavior of the
carbon fiber laminates during failure can be compensated by stacking the wire
mesh sheets within the facings. In this respect, the study is going to provide a
novelty for the literature and industrial applications. In addition to this,
hybridization of sandwich facings with very fine wire mesh sheets can also be a
good alternative for Fiber Metal Laminates (FMLs). Because the lap shear strength
between fiber-reinforced composites and metal alloys can be very weak unless
some surface treatment processes are applied to metal surfaces in order to improve
adhesion bonding capability. In the case of using wire mesh sheets, additional
processes such as anodizing, mechanically grinding, acid etching, etc. may not be
required because of the porous form of wire mesh sheets. The previous studies
have also shown that wire mesh layers contributed to the bending rigidity of the
structure in civil engineering applications. Therefore, the effect of wire mesh sheets
in the hybridization of sandwich facings is going to be investigated considering
both bending stiffness and failure behavior of the sandwich panels, it is predicted
that the developed sandwiches can be a suitable candidate for mechanical
engineering fields.
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Figure 2.43. Young modulus vs. density chart of the material families (Ashby,
2011)
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Testing and development of the sandwich panels are going to be carried out

based on the investigation of flexural characteristics. Therefore, other kinds of

testing methods such as low-velocity impact tests are not within the scope of the

work.

Besides the main intentions given above, the study also highlights the

followings:

The use of woven plain carbon fiber fabrics and rigid closed-cell polymer
foam (PVC) as face sheets and core, respectively. Because, that kind of
combination for sandwich applications has become more prevalent and
differed from the most of the existed literature (Wang et al., 2015). The
material combination of polymeric foams and fiber-reinforced composites
finds widespread application in the marine industry such as shipbuilding
and boats (Stevees and Fleck, 2004). It is anticipated that the use of
selected material combinations for face sheets and core is going to provide
certain advantages. The core material has identical shear properties through
the thickness and hence, the shear properties such as core shear modulus,
shear stress, transverse shear rigidity can be evaluated identically between
the face sheets. On the other hand, using woven plain carbon fiber fabrics
in the manufacturing process is going to ease the fabrication of sandwich
panels. In the hand lay-up process, especially the resin impregnation of
unidirectional fibers in different angular orientations becomes very
difficult. Consequently, it adversely affects the structural effectiveness of
the sandwich product.

The density of the core material used throughout the study is 48 kg/m®. Up
to date, in the literature, the lowest density used for the core of sandwich
structures was 54 kg/m®. Gupta et al. (2019) also stated that the most
commonly found PVC foams’ densities in both the literature and
applications are in the range of 60-350 kg/m®. Therefore, the study also
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aims to increase specific bending stiffness (El/p) by lowering the weight of
the structure as much as possible. This will also provide a better E/p ratio.
o Besides the physical and mechanical advantages of the constituents, usage
of the extremely low-density foam core with stiff and strong carbon fiber
face sheets is going to allow to fabricate economically justifiable unique

sandwich panels.

The followings are the considered activities and principal tasks that are

carried out in this thesis work:

v Proper selection of the sandwich constituent materials to fill holes in the
material universe by introducing lightweight, stiff, and strong sandwich
composites.

v' The selection of appropriate wire mesh sizes can improve the bending
behavior of the produced sandwich panels.

v Determination of the manufacturing method that is suitable for sandwich
fabrications especially in laboratory ambient, and setting up the
manufacturing equipment.

v Decision making for lamination of the face sheets considering the stacking
sequence of wire mesh sheets and carbon fiber fabrics. Construction of
experimental design for these purposes.

v Designing the geometry and performing three-point bending tests of the
sandwich panels are going to be carried out based on clearly identified
circumstances, according to ASTM standards. Because, the literature
survey has shown that many of the experimental studies were carried out
with different geometrical dimensions, testing conditions without
indicating any technical standard. The results obtained from that kind of

studies have provided different values from each other and even they
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provide conflicting or inconsistent results. This is also stated by Wang et
al. (2015). Therefore, in this thesis work, the construction and testing of

the sandwich panels are going to be made based on ASTM standards.

The following standards have been met in this work for the tests, manufacturing,

and other related requirements.

v

\

ASTM C393 (“Core Shear Properties of Sandwich Constructions by Beam
Flexure™),

D7249 (“Facing Properties of Sandwich Constructions by Long Beam
Flexure™),

D7250 (“Determining Sandwich Beam Flexural and Shear Stiffness™),
D3039 (“Tensile Properties of Polymer Matrix Composite Materials™).
The bending stiffness of sandwich panels is going to be determined
considering sandwich beam theory as given in Chapter 1 (Equation 1). In
addition to this, ASTM D7250 Standard also provides an analytical
approach to determine bending characteristics of the sandwiches. Up to
date, the usage of the ASTM D7250 Standard approach for evaluating the
bending and/or shear stiffness has been very limited.

Evaluation of the testing results based on both ASTM standards and
classical sandwich beam theory approaches.

Examining bending behavior and failure modes of the sandwich structures.
Investigation of the effects of wire mesh sheets on the developed sandwich
panels.

Examining of statistical significance of the experimental parameters with
their levels and finding out the most effective parameter for experimentally
obtained testing results.

Determining the location of developed sandwich panels in the material

universe considering E/p ratio.
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3. MATERIAL AND METHOD

This study consists of the fabrication of sandwich composites, mechanical
tests in terms of three-point bending, and tensile. This is followed by numerical
analysis for validation of the experimental results, determining the statistical
significance of the test values using design of experiment techniques, and

discovering failure mode analysis after tests.

3.1. Materials Used for the Sandwich Panels

The sandwich composites that were manufactured in this thesis work
consist of woven plain carbon fiber fabrics, stainless steel wire mesh sheets,
closed-cell rigid polyvinylchloride (PVC) foam core, epoxy resin, and its hardener.
In addition, other consumable materials for sandwich manufacturing processes
were procured and used. All of the materials used in this work are provided in the

following sections.

3.1.1. Carbon Fiber Fabrics

Carbon fiber fabrics were used for the lamination of the facings of the
sandwich panels. Woven plain, continuous carbon fiber fabrics, which were
procured from the market (Dost Kimya Inc.) were used in the study. The physical

and mechanical properties of the carbon fiber fabrics are given in Table 3.1.

Table 3.1.  Physical and mechanical properties of woven plain continuous carbon
fiber fabric (TDS, Dost Kimya Inc., 2014)

Physical and Mechanical Property Value

Fabric Description Woven, 3K Plain, Continuous
Areal Weight 200 g/m®
Thickness 0,20 mm

Density 1790 kg/m®

Tensile Strength 3800 MPa

Tensile Modulus 240 GPa

Tensile Strain 1.6 %
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Woven fabrics provide better dimensional stability in both weft and warp
directions (cross-ply with 0° and 90°) compared to unidirectional reinforcements
(Dixit et al., 2014). Therefore, they can provide higher out of plane strength, i.e.
transverse tensile, to the composite structures (Priyanka et al., 2017). The
fabrication time while using woven fabrics is also relatively short due to the
stability of the fibers. Woven fabrics can be classified as plain, satin and twill

weaves as shown in Figure 3.1 (Gay, 2015).

(c)
Figure 3.1. Woven fabrics; a) plain, b) twill, ¢) satin, d) image of plain weave
woven fabric used in this study (Gay, 2015)

3.1.2. Core Material

As the core materials play an important role in sandwich structures under
the static and dynamic loadings, the selection should be made carefully. The core
material of the sandwich panels manufactured in this study was selected as linear
cross-linked, closed-cell, rigid, industrial polyvinylchloride (PVC) foam due to its
high chemical and flammability resistance, and low cost (Al-Shamary et al., 2016).

The closed-cell form makes the structure isotropic and can resist moisture and
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water penetration (Carlsson and Kardomateas, 2011). In addition to these
advantages, Zhou et al. (2012) reported that linear cross-linked PVC foams at low
densities provided higher perforation resistance, and it is important especially for
the sandwiches having thinner face sheets. In recent years, this kind of foam core
material has particularly been used in marine and aerospace applications due to
their benefits mentioned above. And it is also possible to use for the weight critical
fields where structural rigidity is important such as body parts of the vehicles, the
interior body of airplanes, lift machines, sports goods, etc. Table 3.2 gives the
physical and mechanical properties of the foam core used in this thesis work. As
seen in Table 3.2, the density property of the foam is lower than the ones
experienced so far in the sandwich composites given in the literature. It is intended
that the selected low-density foam can provide further opportunities to reduce the
weight of lightweight sandwich panels without sacrificing the mechanical load-
carrying capacities. To investigate this, bending characteristics and failure modes
of the lightweight sandwich panels will be subjected to a systematic testing
program to evaluate the gain obtained for stiffness to weight ratio or specific

stiffness and bending performance.

Table 3.2.  Physical and mechanical properties of PVC foam core material (TDS,

Airex C70)

Physical and Mechanical Properties Value
Description Airex C70.48
Density 48 kg/m®
Thickness 10 mm — 20 mm - 30 mm
Compressive strength 0.60 MPa
Compressive modulus 48 MPa
Tensile strength 0.95 MPa
Tensile modulus 35 MPa
Shear strength 0.55 MPa
Shear modulus 16 MPa
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As it is seen from Table 3.2, foam materials with three different
thicknesses were considered and used in the study to examine the effect of PVC

foam thickness under bending loading as a core material.

3.1.3. Matrix Material

The lamination of face sheets and core material to construct the sandwich
panels was carried out with polymer matrix surrounding. Epoxy resin and its
proper hardener were used to prepare the matrix material. MGS™ L160 epoxy
resin and H160 hardener were procured from the market (Dost Kimya Inc.). This
combination is suitable for the construction or manufacturing of the sandwich
panels where the bending stiffness to weight ratio is important such as boat and
shipbuilding, airplane models, body parts of a vehicle, sports equipment, etc. The
physical and mechanical properties of the epoxy resin and its hardener are given in
Table 3.3. However, the matrix, epoxy, and hardener mixture in a proper weight
ratio, yielded a density of 1,18 kg/m® to 1,20 kg/m® (TDS, Hexion, 2006).

Table 3.3.  Physical and Mechanical Properties of the epoxy resin and its
hardener (TDS, Hexion, 2006)

Physical and Mechanical Properties Epoxy resin Hardener

Density 1.13-1.17 kg/m®  0.96-1.00 kg/m®

Viscosity 700-900mPa.s 10-50mPa.s
The Matrix Properties

Density 1,18-1,20 kg/m®

Flexural strength 110-140MPa

Modulus of elasticity 3.2-3.5GPa

Tensile strength 70-80MPa

Compressive strength 80-100MPa

3.1.4. Stainless Steel Wire Mesh Sheets
AISI 304 Stainless steel wire mesh sheets were also used in the
construction of the developed panels. The intention is to improve both the bending

load-carrying capacities, improved bending behavior during failure, and reduction
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of punctures. Therefore, AISI 304 stainless steel wire mesh sheets were located in
different layer position and layer combinations in the panels to investigate its effect
on both the bending characteristics and the failure behavior of very low-density
PVC foam core carbon fiber sandwich structures. Two different mesh sizes that are
100 mesh (100 openings in one inch) and 200 mesh (200 openings in one inch)
stainless steel sheets were used. The image of the materials was taken with a
macroscopic photograph and stereomicroscope in detail as shown in Figure 3.2.
The chemical composition and mechanical properties of the wire mesh sheets are
given in Table 3.4 and 3.5.
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Figure 3.2. Stainless steel wire mesh; a) 100 mesh, b) 200 mesh

Table 3.4. Chemical composition of wire mesh (CES Selector, 2016)

Material c%  Cr  Fe% MM Nig P% sw O
% %

304 stainless

. 0-0,08 18-20 65,8-74 0-2 8-11 0-0,045 0-0,03 0-1
steel mesh film
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Table 3.5.  Physical and Mechanical Properties of the wire mesh film (CES
Selector, 2016)

Physical and Mechanical AISI 304 stainless
Properties steel wire mesh
Density 7850-8060kg/m”®
Wire thickness (100 mesh) 0,1 mm
Wire thickness (200 mesh) 0,05 mm
Young's modulus 190-203GPa
Yield strength 205-310 MPa
Ultimate Tensile Strength 510-620 MPa
Elongation 45-60 % strain
Compression strength 205-310 MPa
Shear modulus 74-81GPa
Poisson’s ratio 0,265-0,275
Hardness, Vickers (HV) 170-210

3.2. Equipment and Pre-processes for Sandwich Manufacturing

Vacuum bagging has been preferred for the manufacturing method since it
is more suitable for laboratory conditions, provides ease of application, and
requires experience for labor skills. The equipment and preparation of the
composite materials during pre-processing are going to be discussed in the

following sections.

3.2.1. Vacuum Pump

According to the preferred manufacturing process, a vacuum pump is used
to obtain the final sandwich product. Curing under a vacuum atmosphere provides
better mechanical properties due to higher fiber to matrix volume fraction. The
sandwich composites fabricated in this thesis work were cured via RC-8D, 50 Hz,
standard vacuum pump, shown in Figure 3.3. The technical specifications are given
in Table 3.6.
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Figure 3.3. The vacuum pump used for the fabrication of the sandwich panels

Table 3.6. Technical specifications of the Vacuum Pump

Specification Corresponding Value
Number of stages 2

Nominal capacity speed 8,5 m’/h

Total final pressure (Abs) 0,01 mbar
Partial final pressure (Abs) 0,005 mbar, (3,7 micron)
Motor power 0,37 kW
Nominal r.p.m 1400 n/min
Noise level 52 dB (A)
Weight 13,2 kg

Oil type SW60

Oil quantity 0,35 dm®

3.2.2. Chemical Treatment Solution

Before stacking the composite layers during fabrication, metal wire mesh

sheets were subjected to chemical treatment. The surface of the AISI 304 stainless

steel wire mesh sheets was chemically treated by using alkaline-based caustic soda,

sodium hydroxide (NaOH). The process is carried out for surface degreasing, and

cleaning as well with the aid of an alcohol bath. The image of caustic soda used in

this study is presented in Figure 3.4.
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Figure 3.4. Caustic soda

3.2.3. Preparation of Composite Materials and Consumables

Preparation of the carbon fiber fabrics and the foam core material were
made according to the design of the sandwich panels considering their geometry
and testing conditions, which are specified in related ASTM standards. On the
other hand, the polymer matrix was prepared based on the weight ratio by using
precision scales.

The consumable materials for the application of vacuum bagging technique
are vacuum bag, perforated release film, breather cloth, spiral hose, vacuum hose,
sealant tape. The vacuum bag must be durable against tearing and environmental
conditions. The perforated release film must not be adhered to the surface of the
sandwich product after curing. Breather cloth is used to collect the excessive resin
within the vacuum bag with the aid of a spiral hose. The sandwich product must be
kept in an enclosed vacuum bag with the aid of sealant tape. Vacuum hose is
employed to provide adequate tightness and to remove entrapped air within the

vacuum bag.

3.3. Fabrication of Sandwich Composites

The sandwich composites were manufactured with hand lay-up followed
by a vacuum bagging method. In this type of manufacturing method, all fiber
fabrics and core material are impregnated by matrix material at each layer. After
the impregnation of sandwich constituents by hand lay-up, it is enclosed by a

74



3. MATERIAL AND METHOD Cagrn UZAY

vacuum bag for the curing process. In addition, a release film and breather cloth
placed on the sandwich are also used inside the bag. The process is more suitable
for small batch production due to its simplicity and cost-effectiveness but the
quality of the product depends upon the labor skill. The manufacturing is carried
out on an open mold as it is recommended by Balasubramanian (2014).

A schematic view of the process is demonstrated in Figure 3.5. The facings
either may be manufactured separately and then they bonded to a core or the
sandwich may be co-cured. In this study, the latter was applied.

Before the start of the production, determination of the weight ratios for
facings, foam core and matrix materials are essential in order to provide sufficient
resin impregnation to each layer. The amount of matrix material was sufficiently
prepared considering the total weight of fabrics and foam core materials. And the
weight ratio of the epoxy resin to its hardener was set to 100:25. The mixture of
epoxy and hardener was carefully stirred by avoiding the formation of air bubbles
to obtain a homogeneous polymer matrix. Then, all the layers including fiber
fabrics, core material, and wire mesh sheets sequentially stacked by hand lay-up
resin impregnation. The fiber facings of the sandwich composites are arranged as
symmetrical and the wire mesh sheets were placed either at the upper facing-core
interface or under the first fiber fabric of the upper facing or combination of both
cases. The lamination of all layers was carried out simultaneously and the process
is co-cured after the manufacturing. During the hand lay-up process, utmost
importance was given to eliminate air bubbles between the composite layers. This
is because the effectiveness of the sandwich structures is directly related to good
chemical bonding of the layers. Insufficient cross-linking and/or lack of bonding
adversely affect the transmission of shear stress between the facings and the core.
After stacking all the layers (complete wet out), a perforated release film, which
excludes air bubbles from the structure during curing, and provides ease of
handling for the sandwich production after curing, was placed over the composite

sandwich. It also allows to drain or release the excessive resin throughout the
75



3. MATERIAL AND METHOD Cagrn UZAY

perforations. Over the perforated release film, a breather cloth was placed to
transmit gases, and collect the excessive resin properly. Finally, the sandwich
structure was enclosed by a sealed tape, and kept inside a vacuum bag as suggested
by Dutton et al. (2004).

Perforated
Fiber Fabrics Re Tse Film Breather Vacuum Bag

PVC Foam
Cora

Vacuum Hose
Release Film

Mould

Figure 3.5. A schematic view of the manufacturing process

The curing process was carried out under a 0,01 mbar vacuum process for
approximately six hours, and then, the pump was turned off when there is no
evidence of resin being bleed from the outlet of the vacuum bag. Then the
manufactured sandwich panels were kept under vacuum atmosphere at room
temperature for 24 hours. Figure 3.6 shows the production steps carried out in this

study.
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Sandwich Panels

Figure 3.6. The production steps of sandwich composite panel

The most important drawback of the vacuum bagging method is the
possibility of excessive resin in the structure, and high void content particularly at
corners (Peters, 1998). Therefore, during hand lay-up, a roll tool was used to
spread resin and minimize the trapped gases between the layers. Extended margins
were also given to the produced sandwich panels to protect the specimens from any
defects as mentioned in Section 3.4.

Based on the manufacturing method, the produced sandwich panels are
demonstrated in Figure 3.7 by a flow chart considering the combinations of the

investigated sandwich structures.
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Figure 3.7. Flowchart of the produced sandwich configurations
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3.4. Determination of Fiber Volume Fraction (V; %)

The mechanical properties such as strength and modulus of fiber-
reinforced polymer composites are mostly affected by the fiber volume fraction
(V5) in the composite structure (Mallick, 2007). Fiber volume fraction strongly
depends upon the type of manufacturing process. The strength properties and the
quality of the product fabricated by conventional methods are obtained as relatively
low when compared to the most developed techniques such as the autoclave curing
method. Poor labor skills may also adversely affect the V¢ during the stacking of
the layers. Although the hand lay-up vacuum bagging method is cost-effective and
more suitable for considerably low volume productions, its fiber Vs is relatively
low (Carlsson and Kardomateas, 2011).

In this study, V¢ of the sandwich panels was determined by using burn off
tests. This test was performed in an industrial muffle furnace by burning the
facings of the sandwich panels. The burn-off test specimens were obtained from
the produced sandwich panels which had been subjected to three-point bending
tests. A sample was taken from a sandwich face sheets, and its weight was
measured firstly. The core material was removed from the surface of the face
sheets. Then the sample was burned in the preheated muffle furnace at a
temperature of 600 °C for 60 minutes as suggested in the literature (McDonough et
al., 2004). After the process was completed, the sample mass was measured again
and the mass of the matrix material was determined experimentally. During the
burn-off, the matrix material disappeared and only the fiber elements remained.
Then the fiber Ve can be calculated from the Equation (15). In this equation; pp,
and ps are the density of matrix and fiber materials, respectively; ms and m,, are
mass of the fiber and matrix materials, respectively. However, Equation (3.1) is
modified for the sandwiches having hybrid facing such as consisting of wire mesh
sheets. For this reason, the wire mesh sheet is considered as a reinforcement

material, and its volume fraction can be determined by using Equation (16). In this
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case, the effect of wire mesh sheets can be added and hence the results become

more accurate.

mf/pf
Vr = i 3.1)
om T or

3.5. Design of Experiments

In this thesis work, the effects of different parameters on bending
characteristics of sandwich structures have been investigated. In order to arrange a
large number of tests, and to perform the tests systematically, the design of the
experiments tool was applied using software called Design of Expert. In addition,
the examinations of the test results were also carried out with the suggested method
of design of experiments by constructing suitable models. In this study, the factors

and their levels were determined and given in Table 3.7.

Table 3.7. The parameters and their levels considered in this study

Parameters Levels

I Il 11
Core thickness 10 mm 20 mm 30 mm
Wire mesh sizes 0 (without wire 100-mesh 200-mesh

mesh)
Stacking sequence at core-upper Under 1% ply of both of level |
of wire mesh sheets facing interface upper facing and Il
Span length 150 mm 200 mm
(Short beam) (Long beam)
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In order to analyze the effects of these parameters given in Table 3.7,
statistical variance analysis (two-way ANOVA) with the central composite design
of experiments was carried out by using Response Surface Methodology (RSM).
The individual effects and interactions of independent variable parameters
considered during manufacturing were investigated for all the bending

characteristics.

3.5.1. Core Thickness
The core thickness effect on flexural characteristics was investigated
considering three thickness values, which are 10 mm, 20 mm, and 30 mm as shown

in Figure 3.9.

(b) ©

Figure 3.8. Core material thickness; a) 10 mm, b) 20 mm, c) 30 mm

3.5.2. Wire Mesh Size

In order to investigate the effect of wire mesh sheets on bending
characteristics of the sandwich composites, two different wire mesh sizes that are
100 mesh and 200 mesh were used as seen in Figure 3.2. The thickness of these
wire mesh sheets has already been given in Section 3.1.4.

3.5.3. Stacking Sequence of Wire Mesh Sheets

In sandwich construction, the effect of layer position of stainless-steel wire
mesh sheets to the bending characteristics are going to be investigated considering
the following configurations (Figure 3.10) for three different core thicknesses in

this work.
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%% 7%

Figure 3.9. Layer position of stainless steel wire mesh sheets; a) without wire
mesh, b) 200 mesh at interface, ¢) 200 mesh under 1st ply, d)
combination of b and c, e) 100 mesh under 1st ply, f) 100 mesh at
interface, g) combination of e and f

3.5.4. Span Length

The bending characteristics of a sandwich structure are directly affected by
the geometry. And, one of the geometrical parameters is the length of span in three-
point bending testing between the supports. In this study, the tests were carried out
based on two different span length values that are 150 mm for short length and 200
mm for the long length. The short length (200 mm) and the long length beam (250
mm) sandwich panels were fabricated in order to examine the differentiation in
failure modes (see Figure 3.11). In addition to this, ASTM D7250 Standard
provides an analytical approach that allows determining the flexural stiffness,
transverse shear rigidity, and core shear modulus irrespective of facing modulus

data in the case of testing sandwich panels in two different (150 and 200 mm) span
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lengths. However, the productions were performed progressively. The shorts beam
sandwich panels were fabricated firstly for all configurations. Then the fabrications
of the long beams were carried out only for the selected configurations. The
decisions of the selected configurations were made based on the three-point
bending results of the short beam sandwich panels. After investigating the bending
behavior of short beam sandwiches, the effective configurations were determined
considering the core thickness, stacking sequence of wire mesh sheets, and mesh
size.

In this thesis work, the approach provided by ASTM is going to be used
and the results are going to be compared with the results obtained by the classical
sandwich theory. The schematic views of the sandwich panels are given in Figure

3.11.

P
P

| si2 Si2 |

"4 o 4 l Py

Span (S) = 150 mm ?A Span (S) = 200 mm |

Length = 250 mm ‘

Length =200 mm

Figu‘re 3.10. Schematic views baséd on span length, a) 150 mm, b) 200 mm

3.6. Preparation of Test Specimens

Two different mechanical tests were carried out in this thesis work. These
are tensile and three-point bending tests. Tensile tests were done to obtain the face
sheet properties in terms of tensile stress, tensile strain, and modulus. This is
because, in sandwich beam theory, the determination of flexural stiffness of a
sandwich panel depends upon the modulus of facing material.

Tensile tests were carried out based on ASTM D3039 Standard whereas
three-point bending tests were performed based on ASTM C393, ASTM D7249,
and ASTM D7250 standards. The geometries of the specimens have been specified

in the corresponding standards. According to the dimensions of the specimens, the
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overall composite panel sizes were determined for the production. In Figure 3.12,
produced overall composite panel sizes for tensile tests were schematically

represented including the specimen dimensions (15x250).

125
15 3 10
|
A ol S
ST 1//2|/3|la|l5]||6]||7
N N

Figure 3.11. Schematic representation of tensile test specimen and composite
lamination dimensions

As it is seen from Figure 3.12, the overall composite panel lamination sizes
of the productions are 125 mm x 270 mm and the obtained test specimens are 15
mm in width and 250 mm in length according to ASTM D3039 Standard. ASTM
standards recommend using at least five specimens to obtain accurate results.
Therefore, the seven specimens per each configuration were tested to verify the
consistency of test results.

In order to perform the tests accurately, the specimens were tabbed. The
tab elements were manufactured from glass/epoxy polymer composites by using an
open mold vacuum bagging method. The tabs are used to avoid unexpected failures
during tests and they provide better clamping at the fixture of the tensile test
machine. The tabs are 56 mm in length as specified in the ASTM standard. They
were adhered to the specimens by using an epoxy-based adhesive called Araldite
(TDS, Araldite 2015). Figure 3.13 shows the schematic view of the tensile test
specimen, the tab formation, and the photo of the produced test specimen.
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/"

NTab elements
/

@ () (©)
Figure 3.12. a) schematic view of the tensile test specimen (untabbed), b) the tab
formation, ¢) produced test specimen

For three-point bending tests, the sandwich specimens with short and long
beams were obtained from the panels having a size of 220 mm x 282 mm and 270
mm X 282 mm, respectively as presented in Figure 3.14. The short beam
sandwiches (200 mm length) which have 150 mm span length according to ASTM
C393 Standard were obtained from the smaller width panel whereas long beam
sandwiches (250 mm length) having 200 mm span length obtained from the larger
width panel according to ASTM D7249 Standard. As it is seen from the figure, five

specimens were tested for each sandwich configurations.

50 3 10| 50 n. 3 ;LOi
- H E{[ = j EE

geg || 1] 2| 3| 4|5 RIg [| *) 2| 83| 4| °®
(a) (b)

Figure 3.13. Schematic representation of sandwich specimens and their panel
dimensions, a) short beam, b) long beam
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The sandwich panels produced in this thesis work were defined by the
codes considering the experimental parameters. The samples’ code of the sandwich
panels was presented in Figure 3.15.

For example, the coding of WM.T10.515 represents sandwich specimens
without wire mesh (WM), having 10 mm core thickness (T) and subjected to three-
point bending tests at a span (S) length of 150 mm respectively. The method for
coding used in this work is provided in Figure 3.15. A sandwich coded by
100M1.720.S15 includes 100 mesh stainless steel sheet exists under the 1% ply of
upper facing, has 20 mm thick foam core and is subjected to bending test at a span
length of 150 mm. In another example, 200M3.T30.S20 means the sandwich
panels having 200 mesh sheets included both at the core-upper facing interface and
under the first ply of upper facing, 30 mm thick core, and its span length is 200 mm
during tests (see Figure 3.15).

3.7. Tensile Tests

Tensile tests are required to determine the mechanical properties of the
facing materials in terms of tensile strength and modulus, which are necessary to
calculate the bending characteristic of the sandwich structures.

Tensile tests were performed according to ASTM D3039 Standard by using
100 kN Instron 8801 universal testing machine at a speed of 2 mm/min. During the
tests, a dial gauge indicator was attached to the testing machine (Figure 3.16) to
obtain a reference surface. This technique was used to determine the tensile strain

of the specimens.
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¥ Dial gauge indicator

Figure 3.14. Attaching the dial gauge indicator to the tensile testing machine for
measuring of strain during the tensile loading

| Srefers span length

| — — L=15if S=150 mm
| 20 if S=200 mm
I

T: thickness
L ————C=10, 20, 30 for the
relevant core thickness

XXX:wire mesh size
M means mesh
XXX=100 for 100 mesh ~
size
200 for 200 mesh size

4
|
I
|
|

P:wire mesh sheet position
P 1: Under 1st ply of top

2: @ core-top skin
(b)

Figure 3.15 a) Sandwich panel schematic representation, b) Samples’ code system
(Note: sandwiches which do not include any wire mesh sheets are
named as “WM.TC.SL")
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3.8. Three-point Bending Tests

Three-point bending tests were carried out based on ASTM C393, ASTM
D7249, and ASTM D7250 standards in order to obtain bending characteristics
depending upon the load-carrying capacity of the sandwich composites produced in
this work. ASTM C393 provides to determine sandwich core shear properties in
terms of core shear ultimate strength, core shear yield stress, and facing stress.
ASTM D7249 is related to facing properties of long beam sandwiches. ASTM
D7250 is used to determine the flexural and shear stiffness properties of the
sandwich structures.

The tests were performed by using 100 kN Shimadzu Autograph (AG IS)
universal testing machine and the crosshead speed was set to 2 mm/min. This is
because ASTM standards dictate that failure of the structure is desired to develop
or occur within three to six minutes. Therefore, after doing several trials the
crosshead speed was determined as 2 mm/min. The test set-up was displaced in
Figure 3.17.

Figure 3.16. Three-poirif bending test of a short beam sandwich specimen

3.9. Analytical and Experimental Approaches for Bending Characteristics

The flexural characteristics can be evaluated experimentally according to
Equations (3.3) to (3.10) provided by ASTM standards. Besides calculating the
flexural and shear stiffness values, three-point bending tests also help to calculate

core shear stress and compressive strength of the face sheets. Evaluation of these
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mechanical properties is necessary in order to determine the failure mode that can

be carried out during the test. Core shearing, indentation, and/or face sheet

compression failure behaviors can be occurred due to the change of geometrical

dimensions of sandwich panels. And they may not occur simultaneously.

Therefore, the type of failure mode should be investigated (Carlsson and

Kardomateas, 2011).

3.9.1. Core shear ultimate stress (MPa)
Fult = (dPT—S;b

Where;

FUt = core shear ultimate stress, MPa,
Pna= Maximum force, N (before failure),
d = sandwich thickness, mm,

¢ = core thickness, mm,

b = sandwich width, mm,

3.9.2. Core shear yield stress (MPa)

Fyield _ Pyield
S (d+c)b

Where;

F2™!? = core shear yield strength, MPa,

Pyie19= force at 2% offset shear strain, N
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3.9.3. Facing stress (MPa)*
_PmaxS (3.5)

0 = Jt(d+ob

Where;

o = facing stress, MPa,
S = span length, mm

t = facing thickness, mm

*: the facing stress is only used when the core shear failures or face-core debonding

occurs. Otherwise Equations (3.6) and (3.7) given below are used to find ultimate

facing strength.

3.9.4. Facing 1 and facing 2 ultimate stress (MPa)

u Pmax S(l_L/S)

Fr = 4(d—ty/2—t,/2)bt,

Fu — Pmax S(l_L/S)
2 7 4(d—ty/2-t,/2)bt,

Where;

F} = facing 1 ultimate stress, MPa,
FY = facing 2 ultimate stress, MPa,
t; = nominal facing 1 thickness, mm,

t, = nominal facing 2 thickness, mm

(3.6)

(3.7)

L= loading span length, mm (L= 0 for three-point bending loading)
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3.9.5. Flexural stiffness (N.mm?)

Flexural stiffness, D (E.I) is a bending characteristic of the sandwich
structures that can be defined as the resistance of the structure to deflection under
bending loading that exerts as out of the plane. The core material in a sandwich
transmits the shear loads and holds the top and bottom facings far away from the
neutral axis of the structure to maximize the flexural stiffness (Sharma et al., 2006).

ASTM D 7250 Standard suggests an approach in order to calculate flexural
stiffness based on the data obtained from the sandwich panels’ force and mid-span
displacement curves. Two different configurations are to be considered such as one
three-point bending test and one four-point bending test or two different
configurations can be selected from three-point bending tests in the case of testing
under two different span lengths. Therefore, two different span lengths were
considered in this work to obtain configuration #1 and configuration #2.

The data is selected from the linear elastic region of the sandwich bending
behavior. Figure 3.18 shows the determination of the nonlinearity offset provided
by ASTM. Firstly, a tangent line is drawn to the load-displacement curve of the
sandwich structure, and an offset line is created to it. The intersection point of the
load-displacement curve and linearity offset becomes yield point; thus, both the
force and its corresponding mid-span displacement can be obtained. But, according
to the expression given in Equation (3.8), the determination of the nonlinearity

offset has to satisfy the expected condition that should not be larger than 10%.

Displacement @ Pyield—Linearized displacement

%0ffset =

(3.8)

Displacement @ Pyield—Toe correction

D= P;.5:3(1-S,%/S,%)
 4801.(1-P1.51.A;/P5.5;.A;)

Where;

(3.9)

D = flexural stiffness, Nmm?,
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P, = total applied force, N, for configuration #1

P,=total applied force, N, for configuration #2

S;= support span length, mm, for configuration #1

S,= support span length, mm, for configuration #2

Ay = beam mid-span deflection, mm, for configuration #1 corresponding to Py

A, = beam mid-span deflection, mm, for configuration #2 corresponding to P,

500 4
] Tangent line to load-
] displacement curve
400 -
N 309;: _____________ Offset from linearity
z .
[
S 2004
d 1Correction for
Jinitial / ”
{nonlinearity - .
100 4 / L_|near|zed || Displacement @ Py
. /7 displacement I
WS I
0""I""I"ii"l""l""l""I
0! 0.5 1.0 1.5 2.0 25 3.0
V/4 .
Displacement (mm)

Figure 3.17. Determination of nonlinearity offset

3.9.6. Transverse shear rigidity (N)
While a sandwich beam is subjected to bending loading, transverse shear
forces (U), which is given in Equation (3.10), are also developed besides bending

moments. This kind of force can fail due to transverse shear stresses referred to as
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interlaminar shear stresses and corresponding deflections (Gibson, 2012). In order
to ensure that the facings and the core behave as an integrated laminate, the core
material must have sufficient transverse shear rigidity (Baker et al., 2004). Using
thicker core material does not increase the sandwich weight so much since it has a
relatively low density. But if the span length to the face sheet thickness is not high
enough, the failures can happen because of the transverse shear effect since the
core material has lower shear (G) modulus, which is given in Equation (3.11), as
well (Mallick, 2007).

P1.51.(51%/S;%-1)
41.((P1.51°8,/P2.5,%8y)-1)

(3.10)

Where;

U= transverse shear rigidity, N

3.9.7. Core shear modulus (MPa)
_U.(d-2t)

G= (d-t)2.b

(3.11)

Where;
G= core shear modulus, MPa

According to the approaches provided above, analytic determination of the
flexural stiffness and the transverse shear rigidity requires tests to perform in two
different configurations in terms of different span lengths such as 150 mm and 200
mm.

In the case of using analytical sandwich beam theory, Equations (3.12) to
(3.16) are provided in the literature for flexural characteristics of the sandwich
composites under three-point bending loadings. The flexural stiffness that can be
obtained by the sandwich beam theory has already been given in the previous

sections. Contrary to the experimental approach provided by ASTM standards,
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flexural stiffness depends upon the facings and the core materials’ modulus data
and sandwich geometry whereas ASTM standard requires to perform tests in two
different configurations having different span lengths.

Based on the analytical sandwich beam theory:

3.9.8. Bending strength of the core

Mmax
Omax = Ec = (EI)C (3.12)

Where;

Omax = bending strength of the core, MPa,

Muax = Pmax-S/4, Nmm,

E. = core Young’s modulus

(El) = equivalent flexural rigidity that is the same as “D” in the ASTM approach.

3.9.9. The maximum stress in the face sheets of sandwich panels

_ Mpax(c+2t)
(O-f)max - Ef 2(ED) (3-13)

Where;
¢ and t are the core and the facing thicknesses, respectively

(o7). = face sheet maximum stress, MPa,
max

E = face sheet Young’s modulus, GPa

3.9.10. Core shear stress

. =P
XY 7 2bh,

(3.14)
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Where P is the bending force, b and h. are the sandwich specimen width and the
core thickness, respectively. 7., is the core shear stress. It is assumed that the core

carries the shear forces (Carlsson and Kardomateas, 2011).

3.9.11. Maximum bending stress of face sheet

(O)max = 35y (3.15)

(0x)max @nd T, can be rated as given in Equation (3.16) for determining
the sandwich geometry where a transition in the failure mode takes place either
from core shear to face sheet compression or vice versa (Carlsson and

Kardomateas, 2011).

(Ox)max _ L
Tey  2hg(1+hs/hg) (3.16)

Sandwich structures particularly having foam core and fiber-reinforced
composite face sheets are mainly designed to carry bending loads due to their very
high strength to weight ratio. Therefore, the evaluation of the optimum bending
stiffness depends on mostly core density and sandwich geometry. Carlsson
andKardomateas (2011) provided an analytical expression to show the relationship
between weight and geometry of a sandwich panel to obtain optimum bending

stiffness as given in Equation (3.17).

w

a = thpf + hcpc (317)

Where W is the sandwich weight, b and | are the sandwich width and length,
respectively. hs and h. are the facings and the core thicknesses, respectively, and

ps and p. are the density of face sheet and core materials, respectively.
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Although relatively thicker facing sandwiches carry larger amounts of load,
it is recommended that designing a sandwich having thin and high modulus face
sheets with low-density core material is desired because of obtaining high bending

stiffness from a lightweight sandwich (Carlsson and Kardomateas, 2011).

3.10. Examination of the Failure Modes

The failure modes and the collapse force that predicts maximum bending
loading before failure should be examined according to sandwich design principles
after subjecting the specimens to three-point bending tests. This examination is
essential to determine the behavior of sandwich structures under a particular
loading. It also helps the designer to select more suitable constituent materials and
geometry for the further sandwich constructions. For instance, by comparing the
strength of the materials with their stress values in terms of shear stress and facing
compressive stress, the proper geometry can be determined for the desired failure
mode. The commonly seen failure modes are due to core shear, face sheet fractures
due to compressive forces, face wrinkling, and indentation. In this study, failure
modes of the sandwiches after three-point bending tests were investigated and

primary failure modes were addressed.
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4. RESULTS AND DISCUSSION

4.1. Fiber Volume Fractions of the Sandwich Panels

Burn off tests were carried out to facings of sandwich panels to determine
fiber volume fraction (V¢) values as mechanical properties of composite materials
are strongly affected by their V;. Table 4.1 presents measurement results,
determination of matrix, fiber and wire mesh sheet weights, and percent volume
fractions of fiber and wire mesh layers (V% and Vww%). In the table, volume
fractions are calculated only for short span length sandwiches since the long span

sandwich panels have the same results.

Table 4.1.  Fiber and wire mesh volume fractions (V% and Vwu%) of the
produced sandwich panels
Sandwich Sample Mass (g)

Sandwich Face sheets  Carbon Wire Ve Vwm \\;F ¥

Panels (Before  fiber (After Matrix o % % (%“)"
burn-off) burn off)

WM.T10.S15 7,0423 4,3515  2,6908 0 51,8 0,0 51,8

100M1.T10.515 12,465 6,1327 4,388 1,944 46,6 3,3 49,9

100M2.7T10.515 11,702 6,4712 4,072 1,946 49,7 3,3 53,0

100M3.T10.S15 14,8355 6,1194 48488 3,867 429 6,1 489
200M1.T10.S15 10,8177 59002 39122 1,005 49,1 19 51,0
200M2.T10.S15 11,1167 6,1248 13,9588 1,033 498 19 51,6

200M3.7T10.S15 13,26 6,1658 511 2,046 43,1 3,2 46,3
WM.T20.S15 10,0221 59456  4,0765 0 49,2 0,0 49,2
100M1.T20.S15 9,7986 4,945 3,3651 1,489 478 3,2 51,0

100M2.T20.S15 10,2222 50459 3,6406 1,536 46,4 3,2 49,6
100M3.T20.S15 11,6399 50612 3,5755 3,013 455 6,1 51,6

200M1.T20.515 8,694 50338 2,8555 0,805 529 19 54,8
200M2.720.515 7,9057 4,0831 3,1013 0,721 458 1,8 47,6
200M3.T20.515 9,919 4,8569 3,4684 1,594 46,6 3,4 50,0
WM.T30.515 5,4224 3,292 2,1304 0 50,7 0,0 50,7

100M1.T30.S15 11,9776 57061 4,4207 1,841 44,7 3,2 479
100M2.T30.S15 12,3913 6,4709 4,0025 1918 50,1 33 534
100M3.T30.S15 14,2058 59807 4,4205 3,805 444 6,3 50,7
200M1.T30.S15 11,6291 6,0936 45116 1,024 46,5 1,7 48,2
200M2.7T30.S15 10,9079 6,0815 3,8502 0,976 50,3 1,8 521
200M3.730.S15 8,3729 6,1339 45129 2,103 458 3,5 493

97



4. RESULTS AND DISCUSSION Cagrn UZAY

4.2. Thickness and Weight of the Sandwich Panels

The produced sandwich panels were measured to determine their thickness
and weight. This is made in order to show the consistency of the productions thus,
the results of the tests can be better evaluated. Table 4.2 presents the average
values of the measurement results for each configuration sample. The standard
deviations (std) are also given in Table 4.2 in parenthesis with “std”. the difference
between the standard deviation values are due to the manufacturing conditions. As

mentioned in the previous chapters, each panel has five specimens.

Table 4.2. Average values of thickness (mm) and weight (g) measurements

_ Average Average _ Ayerage Average
Sandwich Thickness Weight | Sandwich Thickness  Weight
code (mm)(std) ) code (mm) (9)

(std) (std) (std)
WM TIO-SIS 005 (25 |WMT0SIS 003 027
100M1.710.S15 (101,6127) ?é12978) 100M1.T30.515 (301’,052(; (406,,2173;
100M2.T10.515 (101,6235) ?05?’209% 100M2.T30.515 (301&9) (%51,1579;
wosmoss G wwmes g2 B8
200M1.T10.515 (1011618 ?&% 200MLT30.515 (301,6472) (402,,3868)
200M2.710.515 (101,6121) ?02,’256% 200M2.730.515 (301,645 (402,,1782)
200M3.710.515 (101,6311(; ?07,%; 200M3.730.515 501,6521) ?05,,3291)
wrmss B8 HE o G
100M1.720.515 (201,6241) Z‘O(?fg 100M1.710.520 (101,6232) ?05,,3167)
100M2.720.515 (201,632(; ?0(?59?3 200M1.710.520 (101,6141; ?01,,263
100M3T2081 GO o5 [WMTS20 Eeg odg
200M1.T20.515 (201,63353 ?0%35; 100M1.T20.520 (201:6281; ?02,’2116;
200M2.720.515 (201,63753 ?oé’zng; WM.T30.520 (30]:,0356‘; 2109,,3519)
200M3.T20.515 (S,ldg) ?0?f71) 100M1.T30.520 ?01:6583; ?o?’zlgl;
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4.3. Tensile Test Results

Tensile tests were performed to obtain mechanical properties of the
sandwich face sheets. This is because the results of the tensile tests are going to be
used to evaluate the flexural characteristics of the sandwiches.

As it was presented in the previous chapter seven different configurations
exist for sandwich face sheets consisting of four layers of woven plain carbon fiber
fabrics with and without stainless steel wire mesh sheets. These are without wire
mesh sheet (WM), 100M1, and 200M1 (wire mesh layer under the first carbon
fiber fabric layer of top facing), with a size of 100M2 and 200M2 (wire mesh layer
between top facing and foam core interface). And combinations of M1 and M2
configurations (100M3 and 200M3) are produced. The seven configurations were
subjected to tensile tests at a crosshead speed of 2 mm/min as recommended by
ASTM D3039 Standard. Figures 4.1-4.7 show the load-extension curves that are
plotted on a graph with load measured on the vertical axis and extension on the
horizontal axis by using the raw data provided by the tensile test software. As seen

from the figures, each configuration was tested with five replications to satisfy the
consistency of the results.
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1500

0.0 0.3 0.6 0.9 1.2 15 1.8
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Figure 4.1. Load-extension curves of WM face sheets
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Figure 4.2. Load-extension curves of 100M1 face sheets
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The maximum tensile load carrying capacities were determined for each of
the face sheet configurations from the load-extension curves of the specimens. The
results are given in Tables 4.3-4.4 based on the wire mesh size. The standard

deviations are written below the load in parenthesis.

Table 4.3.  Maximum load-carrying capacities of face sheets with 100-mesh and
without wire mesh sheet
Face Sheet

. ) WM 100M1 100M2 100M3
Configuration
Maximum Load, N 8313,97 9208,42 8578,67 8964,26
(std. dev.) (158,86) (203,19) (165,98) (203,66)

Table 4.4. Maximum load-carrying capacities of face sheets with 200-mesh and
without wire mesh sheet
Face Sheet

: . WM 200M1 200M2 200M3
Configuration
Maximum Load, N 8313,97 8538,03 8550,20 8842,29
(std. dev.) (158,86) (142,39) (483,45) (207,86)

The face sheets without any wire mesh sheets can carry approximately 8,3
kN tensile load. However, in the case of using stainless steel wire mesh sheets, the
load-carrying capacities were improved. For instance, 100M1 configuration, which
has a 100-mesh wire sheet under the first carbon fiber fabric layer of composite
facing, increased the tensile load by 10,76% whereas 200M1 configuration carried
2,7% higher tensile load when compared to WM face sheet.

After obtaining the load-extension curves, the ultimate tensile stresses and
strains of each configuration were calculated according to the ratio of axial tensile
load to the cross-sectional area of the facing materials. Each configuration is 15
mm wide identically but their thicknesses slightly vary due to the nature of the
sandwich manufacturing process. The thicknesses were measured using a
micrometer, and mean values of the results were recorded as follows: WM= 0,82
mm; 100M1= 0,90 mm; 100M2= 0,91 mm; 100M3= 1,06 mm; 200M1= 0,87mm;
200M2= 0,89mm; 200M3= 1,01 mm. The variations in measurements have been
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caused by the size and the number of wire mesh sheets and stacking configurations
during manufacturing. In order to determine the strain values, a dial gauge
indicator was used as presented in the previous chapter. The ultimate stresses were

calculated using the data corresponding to each configuration, and stress-strain
values were plotted as given in Figures 4.8-4.14.
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Figure 4.8. Stress-strain curves of WM face sheets
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Figure 4.9. Stress-strain curves of 100M1 face sheets
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According to the stress-strain data, the maximum tensile strength values
were determined for each of the facing configurations. In addition, the tensile
modulus of elasticity of the materials was calculated based on the linear elastic
range of the stress-strain data. Tables 4.5 and 4.6 show the average values of both
the maximum tensile strength and tensile modulus of the facings depending upon
the wire mesh size. The standard deviations were also given in parenthesis under
the strength and modulus data, respectively.

The pure carbon fiber face sheet (WM), which does not include any wire

mesh sheet, has a tensile strength of 675,93 MPa. Although wire mesh sheets have
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significantly contributed to the tensile load carrying capacities of the facing
materials, the contribution to the tensile strength for most of the configurations was
lower. Only the configurations of 100M1 increased the tensile strength of the
facing materials. And 200M1 and 200M2 vyielded very close results to WM
configuration. The findings provided that the rest of the configurations have lower
tensile strength due to an increased cross-sectional area of the face sheets and
increased strain rates. The load-carrying capacities and tensile strength results are
illustrated comparatively in Figure 4.15 according to the face sheet configurations.
The tensile modulus of the facing materials was calculated based on the
linear elastic range of stress-strain curve according to the ratio of tensile stress to
strain value. For WM facing, the tensile modulus was obtained as 50,75 GPa. In the
case of using 200-mesh wire sheets (200M1, 200M2, and 200M3), the results were
approximately equal and/or lower than WM configurations. However, 100M1
yielded a larger modulus. This is because the face sheet configurations having a
wire mesh size of 200 and the configurations of 100M2 and 100M3 resulted in
higher strain rates than WM facings. Although 100M1 sandwiches resulted in
higher strain rates than WM facings, their load carrying capacities were
considerably found larger than others (see Figure 4.15). According to the literature
(Swolfs, Gorbatikh, and Verpoest, 2014), hybridization is primarily made to
increase failure strain instead of strength and stiffness properties. This objective is
achieved due to the bridging effect. When the carbon fibers started to break, the
wire mesh sheet played a major role between the fibers by retarding the crack
growth. The face sheet configuration of M1 provided better results than M2.
Because the wire mesh sheet was stacked between fiber fabrics in the case of M1,
whilst it was stacked at the outermost side of the carbon fiber facings in the case of
M2, which was bonded to the core material of the sandwich later. For this reason,
the tensile properties of M1 are obtained higher than those of M2 and M3.
Nevertheless, as the wire thickness of the 200-mesh sheet is half of the 100-mesh,

200M1 configuration did not exhibit such high results as 100M1.
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The obtained stress-strain data and tensile modulus of the face sheet
configurations are going to be used for the evaluation of the flexural characteristics

of sandwich panels.

Table 4.5.  Tensile strength and tensile modulus of the facings with 100-mesh
and without wire mesh sheet

Face Sheet WM 100M1 100M2 100M3
Configuration
Tensile Strength, MPa 675,93 682,11 628,47 565,97
(std. dev.) (12,91) (15,15) (12,16) (14,02)
Tensile Modulus, GPa 50,75 52,00 46,24 41,90
(std. dev.) (0,84) (0,82) (0,95) (1,24)

Table 4.6. Tensile strength and modulus of the facings with 200-mesh and
without wire mesh sheet

Face Sheet WM 200M1 200M2 200M3
Configuration
Tensile Strength, MPa 675,93 654,26 640,46 583,65
(std. dev.) (12,91) (10,91) (36,21) (13,72)
Tensile Modulus, GPa 50,75 49,22 47,95 42,49
(std. dev.) (0,84) (1,06) (,77) (1,26)
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4.4. Three-point Bending Test Results of Short-span Sandwich Beams
Quasi-static three-point bending tests, performed at 2 mm/min crosshead
speed, provided load and mid-span deflection data for all configurations, the results
are given in this section. The results were presented by plotting on a graph with a
load against deflection curves depending upon the sandwich core thickness values.

Each test was performed using five replications.

4.4.1. Load-Deflection Curves of 10 mm Thick Core Sandwich Panels
Load-deflection curves of the sandwich composites under three-point

bending tests having 10 mm foam core were given individually according to each

sandwich code. Five specimens were shown in Figures 4.16 to 4.22 for each of the

configurations tested at a span length of 150 mm.

1 1
600 ‘ —=— Specimen 1

1 - O- Specimen 2
500 <-4 - Specimen 3|

A\
—<-- Specimen 4
1 \ i --$-- Specimen 5
400 X
\Z/ 300
e]
2 f =8
3200 ! %’E&MH&-
100
0
1

0 2 4 6 8 10 12 14 16 18 20
Deflection (mm)

Figure 4.16. Load — deflection curves WM.T10.S15 sandwich specimens
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Figure 4.17. Load — deflection curves 100M1.T10.S15 sandwich specimens
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Figure 4.18. Load — deflection curves 200M1.T10.S15 sandwich specimens
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Figure 4.19. Load — deflection curves 100M2.T10.515 sandwich specimens

110



4. RESULTS AND DISCUSSION Cagri UZAY

600 ! 1 1 —=a&— Specimen 1
- O- Specimen 2
--4A-- Specimen 3

500 Sy | —%- Specimen 4
{ \i n --¢--- Specimen 5
400 / \
~ Ll
: LN
~—300
3 /’ Nl
S 200 %%‘;:;“
100 | ;
0

0 2 4 6 8 10 12 14 16 18 20
Deflection (mm)

Figure 4.20. Load — deflection curves 200M2.T10.S15 sandwich specimens
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Figure 4.21. Load — deflection curves 100M3.T10.515 sandwich specimens
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Figure 4.22. Load — deflection curves 200M3.T10.515 sandwich specimens
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As it is seen from the figures above, the results for five replications in each
plot are seen to be consistent with each other. This may also indicate the proper and
consistent production of specimens. The load-deflection curve of WM sandwich
panel, which is given in Figure 4.16, has firstly shown a linear increase in slope up
to 450 N, then the slope continued with a nonlinear and gradual increase up to a
maximum point of 540 N. After the maximum load was reached, the force is
decreased slowly from a mid-span displacement of ~4 mm to ~10mm. At this
interval fibers and matrix failures are initiated. But the load is carried by the upper
face sheet, and core crushing occurs between the facings. Lastly, a sudden drop in
force is observed due to upper face sheet compressive failure at a mid-span
deflection of ~10 mm. On the other hand, in the case of using either 100-mesh or
200-mesh wire sheets, sandwich panels carried a larger amount of bending load
when compared to WM sandwich panels. Table 4.7 shows the average values of
the maximum bending load carrying capacities (Pma.x) Of the sandwich panels and
corresponding mid-span (MS) deflection values according to the sandwich panel

code system of the work. The standard deviations are presented in parenthesis.

Table 4.7. Maximum load-carrying capacities and MS deflection of the
sandwich panels

Maximum Load and
Corresponding Mid-span (MS) Deflection

Sandwich panel code

P max (N) MS Displacement

(std) (mm)
WM.T10.515 554,36 (8,76) 4,613
100M1.7T10.S15 594,56 (2,40) 6,540
100M2.7T10.S15 592,52 (5,75) 5,001
100M3.7T10.S15 623,61 (8,49) 7,379
200M1.7T10.S15 592,14 (11,87) 6,591
200M2.710.S15 573,60 (5,49) 4,659
200M3.710.S15 618,42 (15,34) 6,768

In addition to increased bending force, the type of wire mesh sheet has also

positively affected the sandwich behavior under three-point bending loadings. In
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the first stage, a higher linear increase in slope is seen. And, the distance between
the end of the linear increase and the maximum point of the bending force is very
close when compared to WM sandwich panels. After the maximum point is
reached, contrarily to WM specimens, the existence of wire mesh sheets provided
constant load carrying capacity with a larger plateau in between ~4 mm to ~10 mm
deflection interval. Figures 4.17 to 4.22 also show that the facings having a wire
mesh layer provided higher resistance to the bending force. It also prevented a
sudden drop of bending force as it was the case for without mesh (WM)
sandwiches. Contrary to WM sandwich panels, the meshed type failed with a
gradual decreased bending force slope instead of a sudden one. While both of the
mesh sizes of 100 and 200 provided increased bending stiffness, the 100 mesh wire
sheets were found better. Using two layers of 100 and/or 200-mesh sizes wire
sheets at the upper facing-core interface, and under the first ply of upper facing are
the most effective configurations among the 10 mm thick foam core sandwiches
when considering the bending load capacities (Figures 4.21-4.22). Secondly, using
wire mesh sheets under the first ply of upper facing is found to be more effective
than using at the facing-core interface especially in the case of using 200-mesh
size.

From each of the corresponding figures given above, a quasi-average
estimation of force-deflection curves were obtained for WM, 100-mesh, and 200-
mesh sizes. Although five specimens were tested for each configuration, one curve,
which is the closest curve to the average, was selected for the comparison, as this is
the representative one and recommended by Sadeghian et al. (2018). Figure 4.23
compares quasi-average values of the test results without and with wire mesh
sheets. Figure 4.23 (a) provides the comparison between WM and 100-mesh sizes,
whilst Figure 4.23 (b) compares WM and 200-mesh sized sandwich specimens.
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Figure 4.23. Comparison of the 10 mm thick foam core sandwiches with and
without wire mesh; a) WM and 100-mesh, b) WM and 200-mesh

In order to see the effect of wire mesh sheets on the bending behavior of

sandwich structures more clearly, it is better to compare the load-carrying

capacities of the sandwich panels at a particular mid-span deflection value where

the force suddenly drops for the WM sandwiches. The sudden failure for WM

sandwich panels happened at an approximate mid-span deflection of 10 mm. Table

4.8 shows the maximum load-carrying capacities of sandwich panels and the load-

carrying capacities at an approximate MS deflection of 10 mm comparatively. And

Figure 4.24 reveals the significant effect of wire mesh sheets during the failure of
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sandwich panels by displaying the difference between maximum bending load and
the bending load at 10 mm mid-span deflection where the WM sandwich failed due
to sudden drop in the bending force. As seen in Table 4.8, due to the drop in
bending force, the load-carrying capacity was decreased by 44,67%. On the other
hand, the reduction in bending load capacities of sandwich panels having wire
mesh sheets was obtained very small compared to WM sandwich panels at the
same deflection value. The wire mesh sheets do not only prevent sudden drops in
bending force but also enabled them to carry higher loads for a particular deflection
even after the failure. Because, when a sudden failure occurred for WM
sandwiches, the panels having wire mesh sheets still carried a larger amount of
bending force, and the reduction in force occurred very slowly with the downward
slope of the longer displacements. Moreover, high load carrying capacities were
obtained with very small weight penalties. For instance, although 200M1.T10.S15
sandwich panel has a 12% higher weight than the WM.T10.S15 sandwich, it

carried 85,75% more bending load.

Table 4.8.  Load-carrying capacities of sandwich panels after 10 mm thick core
WM sandwiches underwent to sudden failure at MS deflection of ~10
mm

Percent (%)
Maximum Load (N)at ~10,0 Reduction in

Sandwich Configurations Load (N) mm MS Deflection Bending Load

Without wire mesh (WM) 554,36 306,73 44,67
100M1 594,56 527,53 11,27
100M2 592,52 501,59 15,35
100M3 623,61 607,08 2,65
200M1 592,14 569,76 3,78
200M2 573,60 512,89 10,58
200M3 618,42 585,61 5,31
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The load-deflection curves of the 20 mm thick foam core sandwich panels
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Figure 4.24. Reduction in bending load between the maximum point and 10 mm

4.4.2. Load-Deflection Curves of 20 mm Thick Core Sandwich Panels

obtained by the test are presented in Figure 4.25 to 4.31.

Figure 4.25. Load — deflection curves WM.T20.S15 sandwich specimens
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Figure 4.26. Load — deflection curves 100M1.T20.S15 sandwich specimens
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Figure 4.27. Load — deflection curves 200M1.720.515 sandwich specimens
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Figure 4.28. Load — deflection curves 100M2.T20.515 sandwich specimens
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Figure 4.29. Load — deflection curves 200M2.720.S15 sandwich specimens
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Figure 4.30. Load — deflection curves 100M3.720.515 sandwich specimens
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Figure 4.31. Load — deflection curves 200M3.720.515 sandwich specimens
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Table 4.9 shows the average values of the maximum bending load carrying
capacities (Pmax) Of the sandwich panels and corresponding mid-span (MS)
deflection values according to the sandwich panel code system of the work. The

standard deviations are presented in parenthesis.

Table 4.9. Maximum load-carrying capacities and MS deflection of the 20 mm
thick core sandwich panels

Maximum Load and
Corresponding Mid-span (MS) Deflection
MS Displacement
Pamax (N) '

Sandwich panel code

(mm)
WM.T20.515 916,15 (23,56) 5,115
100M1.720.S15 960,13 (31,74) 4,409
100M2.720.S15 938,36 (22,37) 4,997
100M3.720.S15 957,53 (36,39) 4,018
200M1.720.S15 920,70 (22,83) 4,885
200M2.720.S15 837,67 (18,54) 4,521
200M3.720.S15 921,96 (14,97) 3,843

The bending behavior of sandwich panels with 20 mm thick foam core was
found to be partially similar to ones with the 10 mm thick core. The plots provided
a linear load increase in the elastic region initially, and this is followed by a
nonlinear increase up to the maximum point of bending force. This behavior is also
the same for 10 mm thick foam core sandwiches. But, the amount of deflection
between the end of the linear elastic region and nonlinear point of maximum
bending load was smaller than the sandwich panels with 10 mm thick foam core.
And after the maximum point is reached, 20 mm thick foam core sandwiches start
to fail. Both WM and sandwiches with wire mesh sheets showed sudden drops in
force. This is because the sandwiches have a tendency to fail based on indentation.
As the thickness ratio of facing to core (t/c) decreases, the indentation becomes a
primary failure mode due to the weakness of facing.

After obtaining plots for each of the sandwich panel configurations, a
quasi-average estimation of load-deflection placement curve was obtained for WM,
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100-mesh, and 200-mesh sizes. As given in Figure 4.32 (a), the comparison was
made between sandwiches having no-wire mesh sheet and 100-mesh wire sheets

facings. And Figure 4.32 (b) provides the quasi-average estimation values for
sandwiches with WM and 200-mesh steel wire sheets facings.
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Figure 4.32. Comparison of the 20 thick foam core sandwich panels with and
without mesh; a) WM and 100-mesh, b) WM and 200-mesh

Although there is a considerable difference between each of the
configurations for 10 mm thick core sandwiches, less improvement is observed for

the sandwiches having 20 mm thick foam core. The existence of 100-mesh wire
120



4. RESULTS AND DISCUSSION Cagrn UZAY

sheets in sandwich panels provided better results for 20 mm foam core. In general,
the most effective configuration is obtained as the sandwich having a 100-mesh
wire sheet (under the first ply of upper facing). Actually, 100M3 configuration
provided the best results but the existence of two-wire mesh sheet layers highly
increased the total weight of the sandwich. Also, the use of 200 mesh for the same
configuration contributed to failure behavior but the improvement is less compared
to the one with a 100-mesh steel wire sheet. The effects of wire mesh sheets to 20
mm thick foam core sandwiches were examined in detail. The procedure is the
same as the 10 mm core thickness that performed in the previous section. Firstly,
the initiation point of the sudden failure of the WM sandwich panel was
determined approximately at an MS deflection of 6,29 mm. Then the bending load-
carrying capacities were found for all sandwich configurations at that deflection

and given in Table 4.10.

Table 4.10. Load-carrying capacities of sandwich panels after 20 mm thick core
WM sandwiches underwent to sudden failure at MS deflection of

~6,29 mm
0,
Sandwich Maximum Load (N) at ~6,29 Percent (/(.’)
. . , Reduction in
Configurations Load (N) mm MS Deflection )

Bending Load
WM.T20.515 916,15 633,00 30,91
100M1.T20.S15 960,13 912,67 4,94
100M2.T20.S15 938,36 553,63 41,00
100M3.T20.S15 957,53 819,89 14,37
200M1.T20.S15 920,70 788,57 14,35
200M2.T20.S15 837,67 630,72 24,71
200M3.T720.S15 921,96 663,21 28,07

As seen from the table, the sudden drop in the bending force of the WM.T20.S15
sandwich caused a reduction in load capacity by 30,91%. The minimum decrease
in load capacity (4,94%) was obtained for 100M1.T20.S15 sandwich panels. At the
same deflection, 100M1.T20.S15 sandwich carried 44,18% higher bending load
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compared to WM.T20.515 although the weight penalty is about 17%. Figure 4.33

shows the effects of wire mesh sheets to the sandwich panels by presenting both
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4.4.3. Load-Deflection Curves of 30 mm Thick Core Sandwich Panels

The load-deflection curves of the 30 mm thick foam core sandwich panels
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Figure 4.34. Load-deflection curves WM.T30.S15 sandwich specimens
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Figure 4.35. Load-deflection curves 100M1.T30.515 sandwich specimens
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Figure 4.36. Load-deflection curves 200M1.T30.515 sandwich specimens
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Figure 4.37. Load-deflection curves 100M2.T30.S15 sandwich specimens
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Figure 4.39. Load-deflection curves 100M3.730.515 sandwich specimens
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Figure 4.40. Load-deflection curves of 200M3.T30.S15 sandwich specimens
The maximum bending load carrying capacities (Pnax) Of the sandwiches
were determined and their average values are presented in Table 4.11 together with

corresponding MS deflection values according to the sandwich panel code system.

The standard deviations are given in parenthesis.

Table 4.11. Maximum load-carrying capacities and MS deflection of the
sandwich panels for 30 mm thick foam core
Maximum Load and

Sandwich panel code Corresponding Mid-span (MS) Deflection
P max (N) MS deflection (mm)
WM.T30.515 911,99 (15,59) 4,939
100M1.7T30.515 1033,19 (31,64) 4,863
100M2.7T30.515 974,29 (12,84) 5,13
100M3.7T30.515 1005,02 (38,91) 4,867
200M1.T30.515 985,96 (24,98) 4,829
200M2.T7T30.515 893,63 (21,31) 4,614
200M3.730.515 1000,31 (23,12) 4,623

Since the consistency of the results among each configuration was
achieved, a quasi-average curve was determined and used to make a comparison
between specimens with and without wire mesh sheets. The intention was to see

the effect of both size and stacking position of the wire mesh sheets in the
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lamination of facings. Figure 4.41 (a) provides the comparison between WM and
100-mesh sizes, whilst the Fig 4.41 (b) compares WM and 200-mesh sized
sandwich specimens.
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Figure 4.41. Comparison of the 30 mm thick foam core sandwiches with and
without mesh; a) WM and 100-mesh, b) WM and 200-mesh

The plots for bending behavior of 30 mm thick sandwiches show that the
bending force of sandwich panels initially increases linearly, and this is then
followed by a nonlinear increase up to a maximum point of bending force. The
amount of deflection between the end of the linear point and the maximum bending
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point is larger than both 10 mm and 20 mm thick foam core sandwiches as these
are seen in Figure 4.43, in Section 4.4.4.

After the maximum bending force is reached, a sudden drop of force
occurs at an approximate MS deflection of 559 mm. This is because the
indentation creates and controls the failure. However, unlikely to sandwiches with
20 mm thick core, the wire mesh sheets considerably improved the three-point
bending behavior of the sandwich structures having 30 mm thick foam core. Wire
mesh sheets, except for the configuration of 200M2, provided three improvements.
These are larger bending load carrying capacity, improved stiffness, and preventing
sudden drop of bending force. As seen from Table 4.12, the bending load capacity
of the WM.T30.S15 sandwich panel was decreased by 25,37% whereas there was
only a 4,28% reduction for 100M1.T30.515 sandwich panel and it carried 45,32%
higher bending load at the same deflection point where WM configuration started
to fail. The difference between the maximum bending load and the load obtained at
a deflection of 5,59 mm which is the initiation point of sudden failure of WM

sandwiches is presented in Figure 4.42 for whole sandwich configurations.

Table 4.12. Load-carrying capacities of sandwich panels after 30 mm thick core
WM sandwiches underwent to sudden failure at MS deflection of

~5,59 mm
0,

Sandwich Maximum Load (N) at ~5,59 Percent (A.’)

. . : Reduction in
Configurations Load (N) mm MS deflection .

Bending Load

WM.T30.515 911,99 680,58 25,37
100M1.T30.S15 1033,19 989,00 4,28
100M2.T30.S15 974,29 917,24 5,86
100M3.T30.S15 1005,02 1000,25 0,47
200M1.T30.S15 985,96 924,28 6,26
200M2.T30.S15 893,63 640,28 28,35
200M3.730.S15 1000,31 961,90 3,84

When all the figures are closely scrutinized, it is clearly seen that only the

sandwiches having a 10 mm foam core are more likely to bend. Increasing the core
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thickness changes bending behavior as well as failure modes of the panels. After
reaching the maximum point of bending load, 10 mm foam core sandwich panels
still carried the bending loads for a particular amount of deflection with a small
decrease in force/deflection slope. In the case of 20 mm and/or 30 mm thick foam
core, a sudden drop of the force occurred when the bending force reached to the
maximum. This is because the thicker cores provide more rigidity, and resist
bending in a better way due to the moment of inertia increase of the structure about
the axis normal to the plane of bending. In addition, as the thickness ratio of facing
to core decreases, the failure mode changes from core shearing to indentation.
However, the existing of wire mesh sheets increased the maximum forces against
bending loads throughout all sandwich panels except one or two configurations
which did not contribute to the bending properties. The mesh sheets also prevented
the sudden force drop when a sandwich reaches a maximum point in bending force.
When the wire mesh configurations were examined from Figures 4.24, 4.33, and
4.42, it can be seen that M2 configurations are the least effective ones except for
100M2.710.S15 sandwich panel. Therefore, the drop in bending force is greater.
On the other hand, since M3 configurations have two wire mesh sheets in sandwich
facings, their weight penalties are larger. Because of that reason, M1 configurations
are better candidates to contribute to the bending behavior of the sandwiches. In the
case of sandwich panels without wire mesh sheets, the main reason for the sudden

force drop is due to the brittle nature of carbon fibers.

128



Cagr1 UZAY

SRR
SRR

QRIS

LRIXKRIKR

2,
22

Y

NN
N
NN

%
%
5
%
%
2
4
%
%

2,
%
%

KA
%
K

%
%
%
%
5%
‘0
%
%
%
%
%
%
%
%
%

%%
2

%

o ,
R RRRRSRRRRRR
R R

R R R R R R,
R R
/ﬂ%%%%%%%%%%% X

R R R R R
.

£

2
%
%
7
5
%
K
%
%
25
%
57
2,
%
7
%5
9505
5
%
5
%%

K5
%
%

(A
2
%
5%
%%
%
%

4204

Z
,
%2
%
"%

X

%
%
%
&
52
%
%
&

507,

R
QR R R

R R
AR IR

NS

2
%5
%
%
%!

%
0!
£

%%,

%

%
%

2%
55
2
5%
%
o2

SRR o,o,.c/n»%,o/

%

SRR

2%
0%

2
%5

QX

KK

25
25

:
KK

%,
2

X N

SRR R
R R
R R R R R R R R R R RRRISIRRRRIIE

%

,
[
K%
KA
K
PR
2024

%2

B2 After the point of incipient sudden failure for WM sandwich

V7] Maximum load

4. RESULTS AND DISCUSSION

o o o o o o
o o o o o
m © © < N

(N) peo Buipuag

WMATao.SliOO M1'T3°'SliOOW‘T?’O'Slioo\\l\’i-ﬁo‘Slgoo\\l\l-ﬁo‘sgoowfgo'51200M3-T3°'515

Sandwich Panels
129

Figure 4.42. Reduction in bending force between the maximum point and 5,59 mm

MS deflection
A comparison of the sandwiches based on the core thickness is discussed in

this section. The load-deflection curves of the sandwich panels are rearranged
based on the core thicknesses of the panels and are presented in Figure 4.43 to

4.4.4. Comparison of the Sandwich Panels Based on the Core Thickness

illustrate the effect of the core thickness.
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Figure 4.43. Comparison of the sandwich panels based on the core thickness.

(Configurations: a) WM, b) 100M1, c) 100M2, d) 100M3, e) 200M1,
f) 200M2, g) 200M3)

10 12 14

When the results in Figure 4.43 are examined, it can be seen that the
increase in the core thickness provides better bending rigidity. However, although
there has been a constant linear relationship among the core thickness values of 10
mm, 20 mm and 30 mm, the bending behavior of the panels for rigidity does not
show a linear trend. For the WM sandwiches, the bending behaviors of both 20 mm
and 30 mm thick core sandwich panels were found very similar to each other even
they have the same face sheet configuration. Because when a 10 mm core was
used, the sandwich specimens were failed due to core shearing. But by using a
thicker core, the failure mode was changed from the core shear to the indentation.
Therefore, 30 mm thick core sandwich panels carried approximately the same
bending load comparing to 20 mm thick foam core sandwiches due to indentation
failure. However, the use of wire mesh sheets mostly improved the bending
behavior of 30 mm thick core sandwich panels, and significantly changed the load-
deflection curves when compared to 20 mm thick core sandwiches (see Figures
4.33 and 4.42).

Actually, using the wire mesh sheets at the top facing-core interface
(configuration of M2) did not contribute a significant mechanical behavior for the

three different core thicknesses of the study. In the case of using wire mesh sheets
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under the first carbon fiber fabric ply of the upper face sheet (configuration of M1)
has provided better results in terms of both bending characteristics and failure
modes.

The sandwich panels having 30 mm core thickness provided the highest
flexural stiffness but the difference in the load-deflection curve between 30 mm
and 20 mm thick core sandwiches is very close to each other and increasing core
thickness did not contribute to bending load capacity. This is due to the failure
behavior of the sandwich structures. As the face sheet-core thickness ratio (t/c)
decreases, the sandwich panels failed based on the indentation failure mode.
Therefore, in order to avoid indentation failure, there is a thickness limit for the
core, and using a 20 mm thick core is better than 30 mm particularly for WM
sandwiches.

A preliminary study was also carried out by using a thicker face sheet with
a 20 mm thick core. Six carbon fiber fabric plies were used for facings in the
manufacturing of sandwich panels. The production of the sandwich panels, which
has six carbon fiber fabric plies for face sheets, was only manufactured for WM
configuration in order to see the effect of face sheet to core thickness (t/c) ratio on
the bending behavior of sandwiches. The load-deflection curves are given

comparatively in Figure 4.44.
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Figure 4.44. Comparison of sandwich load-deflection curves based on both facing

and core thickness

As seen from Figure 4.44, when the load-deflection curves of 20 mm thick
core sandwiches are compared for the core thicknesses, the flexural stiffness is
increased by using thicker face sheets. However, the initial stiffness of both six and
four plies of carbon fiber fabric sandwiches with a 20 mm thick core provides
similar mechanical behaviors up to about 300 N. Then, thicker facing specimen
demonstrates the highest peak load carrying capacity and shows longer horizontal
plateau at the peak load than thinner facing. In addition, the maximum bending
load-carrying capacity increased by approximately 43%. However, there is a
significant sudden drop in the force during failure. In addition to this, the load
capacities were found quite similar after the failure of both thin and thick facing
sandwiches. Sandwich panels with thicker facings were also tended to provide
larger deflection with a longer plateau under bending loading compared to those of
thin facings sandwiches. Core shear failures occurred in thicker specimens before
fracture of top facing. This corresponds with the observed behaviors of the
literature. It was reported that thicker facing increases the shear stress in the core
and results in shear cracks whereas thinner skin underwent indentation failure

(Styles et al., 2007). But the increase of weight due to six carbon fiber plies facings
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is approximately 48,5% compared to that of four plies for facings whilst the
improvement of bending load capacity is 43%. Although the bending force
increased with the increase of facing to foam core thickness (t/c) by using six plies
of carbon fiber fabrics instead of four layers, it also yielded large weight penalties.
On the other hand, as presented in Figure 4.45, increasing core thickness from 10
mm to 20 mm for four plies facings provided 65,3% higher bending load capacity
whereas the weight increase was only about 17%. Therefore, the structural
effectiveness of sandwich panels strongly depends on geometrical sizes and
material selection. For this reason, the use of wire mesh sheets may become a
proper solution to improve bending characteristics with a minimum weight

increase.

4.5. Three-point Bending Test Results of Long-span Sandwich Beams

As mentioned in Chapter 3 (Section 3.4.4), the long-span sandwich panels
were fabricated after the results of short-span sandwiches had been obtained.
According to the results obtained from the bending behavior of the short-span
sandwich beams under three-point bending tests, the following configurations were
specified for further investigations. Their sandwich codes are: WM.T10.S20,
100M1.T10.S20, 200M1.T10.S520, WM.T20.520, 100M1.T20.520, WM.T30.S.20,
100M1.T30.520. The configurations were limited to a few. Because the use of the
wire mesh sheets at the top facing-core interface did not provide a significant effect
on the bending behavior of the sandwich specimens. Furthermore, in the case of
using two wire mesh sheets in the facing eliminates the weight advantage and
causing drawback effects. In addition, the results of tensile tests indicated that
tensile properties of 100M1 configuration provided improved properties than other
facing configurations. Therefore, the long-span sandwich beams (250 mm in
length) including only one wire mesh sheet stacked under the first carbon fiber ply

of top facing were fabricated. The sizes of the wire mesh sheets are 100-mesh and
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200-mesh for 10 mm, and 100-mesh for both 20 mm and 30 mm thick core
sandwiches, respectively. 200-mesh wire sheets were not considered due to
obtained bending test results of short beams. In addition, the long-span sandwich
panels were also fabricated without any kind of wire mesh (WM) sheets in order to
reveal the effect of wire mesh. This also provides to establish baseline reference
data for the comparison of the test parameters.

Testing of the long-span sandwich beams is also required to investigate
failure modes. It will reveal the transition from core shearing to the facing failures.
Moreover, ASTM D7250 standard provides an approach for the evaluation of
sandwich bending and shear stiffness values based on the results of both short and
long-span sandwich beams. Therefore, long-span sandwich panels having a length
of 250 mm were manufactured with identical facings and widths to short-span
specimens, and the obtained sandwich beams were subjected to three-point bending
tests. However, the productions were carried out for seven different configurations
(WM.T10.S20, 100M1.T10.S20, 200M1.T10.S20, WM.T20.S20, 100M1.T20.S20,
WM.T30.5.20, 100M1.T30.S20) as discussed above. Figures from 4.45 to 4.51
provide the three-point bending test results of the long-span sandwiches in the form
of load versus deflection curves.

The maximum load-carrying capacities were determined, and their average
values are given in Table 4.13 together with the standard deviations and
corresponding MS deflections. Examination of the load-deflection diagrams of the
short-span and long-span beams reveals that load-carrying capacities of the long-
span beams decreased due to increased support span length under three-point
bending tests as expected. This corresponds with the findings of Sadeghian (2018).
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Figure 4.45. Load-deflection curves of WM.T10.S20 sandwich specimens
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Figure 4 46. Load- deflection curves of 100M1.T10.S20 sandwich specimens
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Figure 4.47. Load- deflection curves of 200M1.T10.S520 sandwich specimens
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Figure 4.48. Load- deflection curves of WM.T20.520 sandwich specimens
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Figure 4.49. Load- deflection curves of 100M1.T20.S520 sandwich specimens
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Figure 4.50. Load- deflection curves of WM.T30.520 sandwich specimens
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Figure 4.51. Load- deflection curves of 100M1.T30.S20 sandwich specimens
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Table 4.13. Maximum load-carrying capacities and MS deflections of the long-
span sandwich panels

Maximum Load and

Sandwich panel code  Corresponding Mid-span (MS) Deflection

P max(N) MS Deflection (mm)
WM.T10.S20 535,07 (18,38) 5,334
100M1.T10.S20 574,88 (14,36) 6,201
200M1.710.S20 566,20 (9,29) 5,528
WM.T20.S520 867,73 (24,31) 5,108
100M1.T20.S20 928,40 (4,24) 5,031
WM.T30.520 912,95 (23,04) 5,248
100M1.730.S20 985,34 (6,96) 4,626
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The above figures and Table 4.13 show that the use of wire mesh sheets
increases the bending load-carrying capacities. However, the bending behavior of
the sandwich panels in both linear elastic and non-linear sections are found similar
to those used in their short-span counterparts for each of the core thicknesses.
Although wire mesh sheets favorably affected the failure of short-span sandwich
panels, a similar effect was not obtained for the long-span sandwiches. For
instance, using the wire mesh sheets for 10 mm thick core short beam sandwiches
provided a longer plateau after the maximum bending load was reached. But, as it
is seen in Figure 4.52, after the maximum bending load was reached, the force
decreases with a negative slope before a sudden drop. This is due to the larger
distance between the supports. If a sandwich panel is subjected to bending loading
at a particularly long-span length, the failure mode occurs as face sheet yielding or
fracture. This coincides with the findings of Sadeghian, (2018). Therefore, the wire
mesh sheets do not contribute to fracture resistance or face yielding.

Figures 4.52 to 4.54 contain rearranged test results of Figures 4.45 to 4.51
based on the core thickness. This arrangement of the load-deflection curves of the
sandwich panels allows evaluating the effect of wire mesh sheets by relative

comparison.
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Figure 4.52. Load-deflection curves of 10 mm thick long-span sandwich beams
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Figure 4.53. Load-deflection curves of 20 mm thick long-span sandwich beams
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Figure 4.54. Load-deflection curves of 30 mm thick long-span sandwich beams

The effects of wire mesh sheets to the long beam sandwiches were investigated by

comparing of the sandwich panels” maximum load capacity and the bending load at

a particular deflection point, which is the initiation point of sudden failure for the

long WM sandwich panels. Therefore, when WM sandwiches failed due to sudden

drop in bending force, the effect of wire mesh sheets on bending load-carrying

capacity at the same deflection value can be revealed clearly, as this approach was

applied for all short-span sandwich specimens in the previous sections. The sudden

failures for WM sandwiches occurred at an approximate deflection value of 9,6

mm, 6,22 mm, and 5,75 mm for 10, 20, and 30 mm thick core sandwich panels,
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respectively. When the data in Tables 4.13 and 4.14 were compared, WM
sandwiches lose the load-carrying capacity by 63,63% after the sudden failure in
bending. When the WM sandwich panels were failed at the specified deflection
points, 100M1 sandwiches still contributed to the maximum bending load capacity
by 157,20%, 45,04% and 24,74% for 10 mm, 20 mm and 30 mm thick core
sandwiches. Figure 4.55 shows the maximum bending load and the load at a
particular deflection point where WM sandwiches exposed to sudden failure for the
long-span beam sandwiches.

Table 4.14. Load carrying capacities of long-span sandwich panels after WM
sandwiches underwent sudden failure

Bending Load Capacity (N) of Sandwiches at Initiation Point
Sandwich of Sudden Failure for WM Sandwiches

Configurations 10 mm Thick Core 20 mm Thick Core 30 mm Thick Core
(failure at ~9,6 mm) (failure at ~6,22 mm) (failure at ~5,75 mm)

WM 197,89 433,76 493,51
100M1 508,97 629,14 615,58
200M1 344,90 --- ---
{77 Maximum load
1000 1 After the point of incipient sudden failure for WM sandwich
900
800
s 700
T 600
“Z, 500
é 400
“ 20 -
200 ¢ - -
100 15 -
0l

Sandwich Panels

Figure 4.55. Comparison of the maximum load capacity and the load at where
WM sandwiches underwent to failure for long-span sandwiches
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4.6. Comparison of the Bending Test Results of Both Short and Long-span
Sandwich Panels

When the effect of span length is investigated, it can be seen that the
maximum bending load-carrying capacities of the sandwich panels are close to
each other for different core thickness values as seen in Figure 4.56. But, the
bending stiffness of the long-span beam sandwiches was found slightly lower than

the short-span beam sandwiches as expected.

. . . | i i
[ EZZ Span Length: 150 mm &8 Span Length: 200 mm_|
T i

Bending Load (N)
ey
8
1

WM T900M1 TI900M1.T10 Wi 72001720\ T30 o1 T30

Sandwich Panels
Figure 4.56. Comparison of sandwich bending load capacities tested under 150
mm and 200 mm span length

The results of load-deflection curves of sandwich panels tested under the
span length of both 150 mm and 200 mm are rearranged according to core
thickness and are given in Figures from 4.57 to 4.59 according to core thickness
values of 10 mm, 20 mm and 30 mm, respectively. This allows a relative

comparison for the selected configurations.
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Figure 4.57. Load-deflection curves of short and long-span sandwiches having 10
mm core thickness; a) WM, b) 100M1, c) 200M1

In the case of using a 10 mm thick core, the sandwich panels without any
wire mesh sheets exhibited the same bending behavior except linear initial slope
under both 150 mm and 200 mm span lengths. The sudden drop in bending force
occurred at a mid-span deflection of approximately 10 mm for both of the span
lengths. Similarly, the 200M1.T10.S20 sandwich panel showed a sudden drop in
the force contrary to 200M1.T10.S15. After the facing fracture of 200M1.T10.S520
sandwich panel, the force decreased to 250 N. However, 200M1.T10.S15 sandwich
carried 570 N bending loads at the same deflection value, and the load-deflection

curve of the beam is changed to a decreasing slope instead of a sudden drop. In the
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case of 100M1 configuration, the bending load was carried constantly for a
particular amount of deflection. Then, the force decreased with a decreasing slope.
After a distinct deflection point, approximately at 10 — 11 mm interval, the long-
span sandwich panel failed whereas the short-span sandwich continued to carry

bending load with a decreasing slope up to about MS deflection of 14 mm.
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Figure 4.58 Load-deflection curves of short and long-span beam sandwiches
having 20 mm core thickness; a) WM, b) 100M1

The face sheets failures were clearly seen in Figure 4.58 for 20 mm thick
core sandwich panels. The WM configuration of the long-span sandwich panel
showed a sudden drop after the maximum bending force is reached. But, the short-
span sandwich having a span length of 150 mm relatively shows a slightly
decreasing slope after the point where the bending force reaches the maximum. It is
evident from Figure 4.58 that 100M1 configuration with a span length of 150 mm
is superior to the long-span beam sandwich panel.

30 mm thick core sandwich panels certainly underwent to face sheet
compressive failure due to indentation when the specimens were subjected to
bending loading at 200 mm span length. When the sandwich panel of
100M1.T30.S20 failed with a sudden drop in force at a deflection of 5,6 mm, its
bending force decreased to 614 N as seen in Figure 4.59. However,
100M1.T30.S15 carried the bending load of 972 N, and a slightly decreasing slope
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is observed in its load-deflection curve. Therefore, the 100M1 configuration has a

significant effect in the case of short-span beams as seen in Figure 4.59.
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Figure 4.59. Load-deflection curves of short and long-span beam sandwiches
having 30 mm core thickness; a) WM, b) 100M1

4.7, Evaluation of Flexural Characteristics

4.7.1. Load Carrying Capacity of the Sandwich Panels

The maximum bending load-carrying capacities of the sandwich panels
were determined and provided in the previous sections. According to core
thickness, support span length, and facing configurations of the sandwich panels,
the bending load capacities are changed. Figure 4.60 shows the load-carrying
capacities of 10 mm, 20 mm, and 30 mm thick foam core sandwich panels having
WM and 100M1 configurations which were tested under 150 mm and 200 mm
support span length.
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Figure 4.60. Load-carrying capacities of sandwiches based on different
configurations, span length, and core thickness

As seen in Figure 4.60, the bending load-carrying capacity of the sandwich
panels increases nonlinearly. When the core thickness of 20 mm was used, the
load-carrying capacity increased by 60,55% compared to a 10 mm thick core
sandwich panel in which the bending tests were performed under a 150 mm span
length. But, 30 mm thick core contributed only 4,04% with respect to (wrt) 20 mm
thick core specimens. This value increases to 7,61% in the case of using a 100M1
configuration. In addition, 100M1 configuration in short-span sandwich panels
increased the bending load capacity by 7,25%, 4,8%, and 13,29% for 10 mm, 20
mm, and 30 mm core thicknesses, respectively when compared to that of WM
sandwiches. The effect of span length on the load-carrying capacity of the
sandwich is about less than 2% for WM sandwiches whereas a 100-mesh wire
sheet (100M1) had a slight influence between the span lengths of 150 mm and 200
mm when compared to WM specimens. In the case of long-span sandwich panels,
100M1 configuration has provided better improvements on the maximum bending
force. The improvement was by 6,93%, 5,59%, and 7,93% for 10 mm, 20 mm, and
30 mm core thicknesses, respectively when compared to WM. Bastiirk and

Tanoglu (2013) investigated the core thickness effect of Al facing and Al foam
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core sandwich panels and obtained a 14,75% increase in the load in the case of
using a 20 mm thick core instead of 8 mm. Also, they stated that this value reached
32,8% for the increase of core thickness from 20 mm to 30 mm.

As discussed in the previous sections, wire mesh sheets have significantly
affected the failure behavior of sandwiches under three-point bending tests. While
WM sandwiches failed due to a sudden drop in bending force, 100M1 sandwiches
failed with a decreasing slope in the force. Therefore, when WM specimens fail
with a sudden drop in bending load, 100M1 configurations still resisted to a very
large amount of bending forces as shown in Figure 4.61. For instance, 100M1
configuration in short-span sandwich panels increased the bending load by 71,99%,
44,18% and 45,32% for 10 mm, 20 mm and 30 mm core thicknesses, respectively
when compared to WM specimens whereas the increments were obtained as
157,20%, 45,04% and 24,74%, respectively for long-span 100M1 sandwich panels

compared to WM specimens.
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Figure 4.61. Load-carrying capacities at initiation point of sudden failure for WM
sandwiches based on different configurations, span length, and core
thickness
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In both Figures of 4.60 and 4.61, and according to the maximum bending
load capacities of the sandwiches the increase in bending force based on the
increment of core thickness values are nonlinear for each of the configurations.
This is because when the core thickness increases, transferring of the shear stresses
between the facings became weaker. And, face sheet strength of the sandwich
panels also decreases as the facing thickness remained the same while the core
thickness was increased. Therefore, the increase in load-carrying capacity occurs
nonlinearly between 20 mm and 30 mm core thickness. Thus, failures of the
sandwich panels were due to indentation mode. The results agree with the findings
of the literature. Styles et al. (2007) researched the core thickness effect on Al foam
core glass fiber sandwich and reported that increasing core thickness led to core
indentation.

According to the results given in the previous sections, as the core
thickness increases, the failure point of mid-span deflection is getting smaller due
to decreased facing stress. And shear stress between the facings reduces. Chen et

al. (2001) also concluded a similar result for Al foam core Al facing sandwiches.

4.7.2. Core Shear Ultimate Stress and Face Sheet Ultimate Stress

Flexural characteristics of the sandwich panels were calculated based on
both experimental ASTM standards and analytical methods. According to the
equations given in Chapter 3 (Material and Method), core shear ultimate stress and
face sheet ultimate stress values were determined based on both ASTM approaches
(experimental) and analytical as presented in Table 4.15. In the table, the results are
very close to each other. Thus, both Experimental and analytical approaches are in
good agreement with each other when the core shear ultimate stress and face sheet
ultimate stress values are evaluated. The calculations were carried out based on the

maximum bending load of the sandwich specimens. Although there is a slight
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difference between experimental and analytical results for core shear modulus, the
facing stress almost yielded the same results.

The results of top face sheets were considered throughout the calculations.
This is because; carbon fiber facings sandwich panels are commonly weaker under
compressive forces than that of tensile force. Therefore, compressive failure has
been more likely than tensile failure, and top facing has become more critical
(Daniel and Gdoutos, 2009).

In order to identify the failure mode of the sandwich structures, the stresses
in the core and facings have to be determined. In addition to this, designing a
sandwich panel in terms of its geometrical sizes depends upon the critical stress
values. The ratio of facing to core thickness (t/c) or facing to span length (t/I) can
determine the core shear and/or facings stresses as well as the failure mode. For
instance, Equation 13, given in the Material and Method section, provides to obtain
a distinct span length for the transition of failure mode from core shear to face
sheet. Therefore, the results of long-span beam sandwiches were also discussed.

As seen from Table 4.15, the core shear and face sheet ultimate-stress
values of the sandwich panels decrease with the core thickness increment. Because,
the increase of the core thickness reduces facing to core thickness ratio (t/c), and
the face sheets become weaker. Thus, the structure fails due to face sheet
compressive failure after the indentation of both core and facing material. As given
in Table 3.2 in the previous chapter, shear strength of 48 kg/m® density PVC foam
core is 0,55 MPa. If the calculated core shear stress is above 0,55 MPa, then it is
expected that sandwich panels will fail based on core shear failure mode. And
according to ASTM C393 Standard, short-span beam sandwiches are expected to
fail due to core shear whereas long-span beam structures should fail due to face
sheet failure according to ASTM D 7249. Daniel and Gdoutos (2009) also stated
that short-span specimens were mainly exposed to shear, and the core shear failure
was obtained as a primary failure mode since the maximum shear stress reached

the shear strength of the core material, which is the critical value. When the core
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shear stress values are compared to shear strength properties of PVC C70.48 foam
core material (0,55 MPa), the sandwiches having 20 mm and 30 mm core thickness
cannot reach the critical value of the shear strength because of the lower face sheet
strength. Therefore, 10 mm thick core sandwich structures are more likely to fail
based on the core shear failure. Due to reduced face sheet strength with the
increase of the core thickness, the failure of sandwiches has occurred as face
compression and/or indentation. This situation also matches with the load-
deflection curves of the sandwich panels. It was also indicated by Styles et al.
(2007) that occurrence of core failure according to increased core thickness might
be a reason for the reduction of facing stress.

When the data in Table 4.15 are evaluated, it can be seen that core shear
stress has a higher slope in between the core thickness of 20 mm and 30 mm than
that of from 10 mm to 20 mm. In the first part, from 10 mm to 20 mm core
thickness, core shear stress of WM sandwich panels decreased 16,45% whereas the
reduction was 33,85% between 20 mm and 30 mm core thickness from. The higher
reduction is related to the failure of the sandwich specimen.

On the other hand, the wire mesh sheets provided expected core shear
failure mode according to ASTM C393 Standard for the short-span beam sandwich
structures. The use of the wire mesh sheets for laminations of facings in sandwich
structures increased the core shear stress and provided the ability of the interphase
to transfer shear stress between the facings, and thus helped to stabilize the facings
with the core material. With the aid of the wire mesh sheets, core shear becomes a
dominant failure mode for 10 mm thick core sandwich panels. Especially, 100-
mesh, located under the first carbon fiber fabric in the face sheet (M1), provided
better results for each of the core thicknesses. When compared to WM sandwiches,
100M1 configuration increased the core shear stress by 6,28%, 4,42%, and 12,71%
for 10 mm, 20 mm, and 30 mm core thickness, respectively. In addition, 200-mesh
located similar to 100-mesh size also increased core shear stress by 6,28%,

especially for 10 mm core thickness.
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The results of long-span sandwich panels were found closer to that of
short-span sandwiches for core shear stress. However, the facing stresses were
found higher for long-span sandwiches. Figure 4.62 presents the core shear and
facing stresses of both short and long beam WM sandwiches comparatively. The
results, which are provided in Figure 4.62, are calculated based on the ASTM

approach.

Table 4.15. Core shear and facings ultimate stress values of the sandwich panels
based on both experimental and analytical approaches

Core shear ult. Top facing ult.  Lower facing ult.
Sandwich code stress (MPa) strength (MPa) strength (MPa)

Exp. Analyt. Exp. Analyt. Exp. Analyt.
WM.T10.515 0,541 0584 49,18 49,13 50,40 50,46
100M1.T10.S15 0,575 0,626 47,87 47,64 53,86 54,12
100M2.T10.S15 0,571 0,624 47,66 47,48 5231 52,51
100M3.T10.S15 0,600 0,656 43,16 42,67 56,11 56,76
200M1.T10.S15 0,575 0,623 50,60 50,48 53,77 53,89
200M2.T10.S15 0,557 0,604 49,63 49,53 5211 52,21
200M3.T10.515 0,595 0,651 44,13 43,69 5572 56,29
WM.T20.515 0,452 0,470 4124 4124 4124 4124
100M1.T20.S15 0,472 0,492 38,02 37,90 4420 44,34
100M2.T20.S15 0,460 0,481 34,13 33,97 42,04 42,24
100M3.T20.S15 0,467 0,491 30,77 3052 4330 43,65
200M1.T20.515 0,451 0,472 3856 3850 41,38 4144
200M2.T20.515 0,410 0,430 3593 3588 3863 38,69
200M3.T20.515 0,450 0,473 3459 3445 4134 4150
WM.T30.515 0,299 0,307 27,30 2729 27,98 27,99
100M1.T30.S15 0,337 0,347 2750 27,46 3047 30,53
100M2.T30.S15 0,318 0,327 25,65 25,61 28,74 28,79
100M3.T30.S15 0,328 0,338 2340 2331 30,72 30,84
200M1.T30.S15 0,322 0,331 2845 2843 30,23 30,26
200M2.T30.515 0,292 0,300 24,90 24,87 27,39 27,42
200M3.T30.515 0,327 0,336 23,75 23,66 30,58 30,70
WM.T10.520 0,528 0573 6436 64,30 6597 66,03
100M1.T10.S20 0,562 0,612 62,46 62,16 70,26 70,61
200M1.T10.520 0,549 0596 64,52 64,36 6855 68,71
WM.T20.520 0,433 0451 52,77 52,77 52,77 52,77
100M1.T20.S20 0,456 0,476 49,02 4886 56,99 57,17
WM.T30.520 0,299 0,307 3643 3642 37,34 37,36
100M1.T30.S20 0,321 0,331 3497 3492 38,76 38,82
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As seen from Figure 4.62, there is a very slight change between short and
long-span sandwiches for evaluating the core shear stresses between them. For
instance, as seen in Table 4.15, the core shear stress of the WM.T10.S15 sandwich
panel is just 2,40% higher than the WM.T10.520 sandwich panel. However, the
increase of facing stress of WM sandwiches in the case of testing under long-span
was 30,87%, 27,96%, and 33,44% for the core thickness of 10 mm, 20 mm, and 30
mm, respectively. As reported in the literature (Carlsson and Kardomateas, 2011)
larger span length is required to obtain a transition from core shear to face yield
and/or face compressive failures. Therefore, it was found that the increase of
support span length for sandwich structures has resulted in higher facing stresses

than the short-span specimens.
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Figure 4.62. The change of core shear and facing stresses with respect to (wrt)

core thickness of WM sandwich panels

4.7.3. Bending Strength of the Core and Maximum Stress in the Sandwich
Facings Based on Analytical Approach

The bending strength of the core and maximum facing stress is the function
of the core and facing modulus, the maximum bending moment of the structure,

bending rigidity, and core and facing thickness. These are determined to evaluate
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both core and facing flexural properties. The analytical approaches provided in
Chapter 3 were used to calculate (M max, Omax @nd o¢max). Table 4.16 illustrates the
maximum bending moment (Mpax), core bending strength (oms), and facing
maximum stress (crmax) Of the sandwich panels which are calculated based on
analytical approaches. The maximum bending moment carrying capacity increases
due to an increase in the core thickness, which also increases the load-carrying
capacity. But the results indicated that the bending moment increases drastically
from 10 mm to 20 mm thick core whereas the increment from 20 mm to 30 mm is
carried out slightly as shown in Figure 4.63. For example, the maximum bending
moment was obtained 65,26% higher in 20 mm thick core WM sandwiches when
compared that of 10 mm thick core. However, there is almost no change between
20 mm and 30 mm thick core sandwich panels. On the other hand, 100M1.T20.515
sandwich panels have 61,49% higher bending moment than 100M1.T10.S15
sandwiches whereas 100M1.T30.S15 sandwich panels have only 7,61% higher
bending moment than 100M1.7T20.S15 sandwich specimens. In general, all wire
mesh sheet configurations have contributed bending moment when compared to
WM sandwiches. 100M1 configuration exhibited the most significant features
because it contributed to the maximum bending moment of the sandwich panels by
7,25%, 4,80%, and 13,29% for 10 mm, 20 mm, and 30 mm thick core sandwiches,
respectively.
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Figure 4.63. Maximum bending moment of the sandwiches wrt core thickness

In addition, long-span beam sandwiches were also yielded higher bending
moment although the maximum bending load capacity of the specimens was
decreased compared to the short-span length specimens. This is due to increased
support span length under three-point bending tests. For instance, when the Table
4.16 is scrutinized, it can be seen that the increase in bending moment of WM
sandwiches was 28,69% (for 10 mm), 26,29% (for 20 mm) and 33,47% (for 30
mm) in long-span beam sandwiches compared to short-span specimens. The same
effect was also obtained inversely for both the core bending strength and sandwich
facing stress. As the maximum bending moment increases according to core
thicknesses, core bending strength, and laminate facing stress decreases. The
relationship between them is presented in Figure 4.65 for 100M1 short-span
sandwich specimens as an example.

Figure 4.64 shows the effect of both 100M1 configuration and core
thickness on the maximum bending moment of the sandwich panels according to
the span length. As it is seen, the sandwich specimens show similar trends for all
core thicknesses for both WM and 100M1 configurations. The increased span
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length resulted in a higher bending moment. In addition to this, when the Table
4.16 is examined, it can be realized that both core bending strength (oma) and
maximum facing stress (ormax) Of the sandwiches have trend similarity to that of

the maximum bending moment (M jax).
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Figure 4.64. Maximum bending moment (analyt.) wrt span length of sandwich
panels
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Table 4.16. Maximum bending moment, core bending strength and maximum
facing stress of the sandwich panels according to analytical

calculations

Sandwich panels (l\llv.lrrrnﬁ;]) (,\G/.”Efg) ((cl\y/lf?:,maa)x
WM.T10.S15 20788,50 0,0311 52,86
100M1.T10.S15 22296,00 0,0292 51,58
100M2.T10.S15 22219,5 0,0323 50,83
100M3.T10.S15 23385,38 0,0313 45,78
200M1.7T10.S515 22205,25 0,0320 53,17
200M2.T10.S15 21510,00 0,0297 50,33
200M3.7T10.515 23190,75 0,0324 47,70
WM.T20.515 34355,63 0,0133 42,77
100M1.T20.S15 36004,88 0,0123 40,83
100M2.T7T20.515 35188,50 0,0133 39,46
100M3.T7T20.S15 35907,38 0,0127 34,54
200M1.T20.S15 34526,25 0,0126 39,62
200M2.720.S515 31412,63 0,0113 36,02
200M3.T20.515 34573,50 0,0127 34,91
WM.T30.S15 34199,63 0,0058 27,90
100M1.T30.515 38744,63 0,0058 28,81
100M2.T7T30.S15 36535,88 0,0061 26,86
100M3.T30.S15 37688,25 0,0059 23,78
200M1.7T30.515 36973,5 0,0061 28,43
200M2.T7T30.515 33511,13 0,0053 25,19
200M3.7T30.515 37511,63 0,0061 24,84
WM.T10.S20 26753,50 0,0400 68,03
100M1.T10.S20 28744,00 0,0376 66,50
200M1.T10.S20 28310,00 0,0407 67,79
WM.T20.S20 43386,50 0,0167 54,01
100M1.7T20.S20 46420,00 0,0158 52,65
WM.T30.520 45647,50 0,0078 37,24
100M1.7T30.S20 49267,00 0,0074 36,63

As seen from Figure 4.65, the maximum bending moment nonlinearly

increases. Because when the core thickness increases at the constant facing
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thickness, the sandwich structure highly resists bending and fails due to
indentation. Therefore, it cannot carry higher loads because of the weaker face
sheet. On the other hand, maximum facing stress linearly decreases whereas the
bending strength of foam core nonlinearly decreases with respect to the core
thickness. Similar trends have also been obtained in the case of testing the

specimens under long-span length.
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Figure 4.65. The change of maximum bending moment, core bending strength and
maximum sandwich facing stress (analyt.) of the short-span 100M1

sandwich panels wrt core thickness

4.7.4. Evaluation of Flexural Stiffness, Transverse Shear Rigidity, and Core
Shear Modulus based on ASTM D7250 Standard

ASTM D7250 Standard provides equations to calculate the flexural
stiffness, transverse shear rigidity, and core shear modulus as discussed in Material
and Method sections. According to Equations 3.9, 3.10, and 3.11, the target
properties (flexural stiffness, transverse shear rigidity, and core shear modulus) can
be calculated. ASTM D7250 Standard suggests how to calculate these bending
characteristics based on the applied bending force and corresponding mid-span
deflection values obtained from two different span length configurations. To

achieve these, the force and mid-span deflection values have to be determined
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appropriately such as selecting the values at the yield points since the stiffness
properties can be obtained from the linear elastic region of the material. The
application of the approach based on two different loading conditions has been
encountered in the recent literature (Sadeghian et al., 2018; Chtourou et al., 2018;
McCracken and Sadeghian, 2018).

According to the ASTM approach, provided in Chapter 3, the flexural
stiffness (D), the transverse shear rigidity (U), and the core shear modulus (G) were
calculated and given in Table 4.17. The standard deviations are written in
parenthesis below the corresponding value. The application of the ASTM approach
by using Equations 3.9, 3.10, and 3.11 are given below.

In equation 3.9, D is flexural stiffness, P1/A,; and P2/A, are the initial
stiffness of three-point bending results of sandwich panels according to the support
span length of 150 mm and 200 mm, respectively. S1 and S2 are the span lengths.
For instance, evaluation of 10 mm thick core WM sandwich panels, a certain point
from a straight line of linear elastic range of the sandwich specimens was taken for
both span lengths by using the load-deflection curves as presented in Figure 4.16
and in Figure 4.46. As an example, an approximate bending load of 120 N was
selected. It was 120,084 N for 150 mm span length, and 120,004 for 200 mm span
length. And the corresponding deflections were 0,547 mm and 0,750 mm,

respectively. By substituting the values into Equation 3.9;

120,084.1503(1 — 2002/1502)

D= = 119,55 N.m?
48.0,547.(1 — 120,084.150.0,750/120,084 .200.0,750) mn

Flexural stiffness, D, is found as 119,55 N.m?.
By using the same data, transverse shear rigidity (U) can also be calculated
according to Equation (3.10), and it was found as 10528,12 N.
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U= 120,084.150.(150%/200% — 1)
~ 4.0,547.((120,084.1503.0,75/120,084. 2003.0,547) — 1)

= 10,5 kN

The core shear modulus, G, can be found from Equation (3.11) as follow;

_10528,12. (10,31 — 2.0,82)
B (10,31 — 0,82)2.50

= 19,02 MPa

Where G is obtained as 19,02 MPa.

Table 4.17. Flexural stiffness, transverse shear rigidity and core shear modulus of
the sandwich panels based on ASTM approach

Sandwich Flexural Transverse Shear Core Shear
Panel Stiffness (N.m?) Rigidity (N) Modulus (MPa)
WM.T10 119,79 (2,32) 10482,90 (61,74) 18,94 (0,11)
100M1.T10 135,81 (4,06) 10519,22 (65,17) 18,69 (0,09)
200M1.T10 122,80 (4,50) 10858,86 (66,21) 19,43 (0,11)
WM.T20 436,35 (14,43) 14199,63 (38,69) 13,41 (0,03)
100M1.T20 508,79 (14,21) 14506,15 (55,75) 13,67 (0,05)
WM.T30 1033,80 (47,83) 18589,17 (40,83) 11,87 (0,03)
100M1.T30 1171,98 (83,81) 19541,92 (97,39) 12,40 (0,06)

As seen in Table 4.17, flexural stiffness strongly depends on the sandwich
core thickness. When comparing the WM sandwiches, the increase in core
thickness from 10 mm to 20 mm vyielded 264,26% higher flexural stiffness. From
20 mm to 30 mm core, the increment in bending rigidity was obtained as 136,92%.
In other words, compared to 10 mm thick core sandwiches, a 20 mm thick core
sandwich panel contributed 3,64 times higher flexural stiffness whereas 30 mm
thick core sandwiches contributed 8,63 times higher flexural stiffness. On the other
hand, 100-mesh wire sheets stacked under the first carbon fiber layer of top facing
(100M1 configuration) improved the bending rigidity of sandwich panels by
13,37%, 16,60% and 13,37% for 10 mm, 20 mm and 30 mm thick core sandwiches
compared to that of each WM configuration. The configuration of 200M1
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contributed to bending rigidity by 2,51% compared to 10 mm thick core WM
sandwich panels. Overall, the increase of core thickness from 10 mm to 20 mm
(two times) provided 3,64 times higher bending rigidity. The above findings match
with the findings of the literature. In the literature, glass fiber skins with
honeycomb core sandwich panel provided 3,65 times higher stiffness in the case of
using a 25 mm honeycomb instead of 12 mm (Sadeghian, 2018). Bezazi et al.
(2007) investigated the mechanical characteristics of glass/epoxy facing and PVC
foam core (80 kg/m®) sandwich panel. While a 25 mm thick core sandwich resulted
in an initial stiffness of 185,01 N/mm, a 15 mm thick core sandwich resulted in an
initial stiffness of 193,05 N/mm where the difference is only 4,35%. The skin
thickness effect was investigated by Kumar and Soragaon (2014). There were two
different configurations. These are 1 mm glass fiber skins with 16 mm
polyurethane (PU) core and 2 mm glass fiber skins with 18 mm PU core.
Increasing skin thickness with similar core material resulted in two times higher
bending stiffness. Therefore, it can be concluded that increasing core thickness is
more effective than that of the face sheet for further improvement of flexural
stiffness. In addition to this, increasing the core thickness instead of the face sheet
provides less weight penalties.

The transverse shear rigidity was obtained as 10,48 kN, 14,12 kN, and
18,59 kN for 10 mm, 20 mm, and 30 mm thick core WM sandwich panels,
respectively. While the increase is 34,69% from the core thickness of 10 mm to 20
mm, it is found as 31,66% from the core thickness of 20 mm to 30 mm. Contrarily
to both flexural stiffness and transverse shear rigidity, core shear modulus was
decreased according to core thickness. For the case of WM sandwiches, the
reduction was 29,20%, and 11,48% for the core thickness values from 10 mm to 20
mm and 20 mm to 30 mm, respectively. However, the wire mesh sheets did not
contribute much to the transverse shear rigidity and to the core shear modulus as
much as the flexural stiffness. For instance, the configuration of the 100M1

sandwich panel increased the transverse shear rigidity by 5,13% and the core shear
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modulus by 4,67% for 30 mm thick core sandwich panel whereas it was 2,74% and
1,94% for 20 mm thick core sandwiches.

Figures 4.66 to 4.68 present flexural stiffness, transverse shear rigidity, and
core shear modulus comparatively according to the core thickness of WM

sandwich panels.
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Figure 4.66. Comparison of flexural stiffness and transverse shear rigidity based
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Figure 4.68. Comparison of transverse shear rigidity and core shear modulus based
on core thickness (ASTM approach)

As seen from Figures 4.66 to 4.68 flexural stiffness nonlinearly increases
with core thickness whereas transverse shear rigidity shows approximately linear
increment according to core thickness. This is due to the effects of geometrical
parameters presented in Chapter 3. On the other hand, core shear modulus
decreases with respect to the core thickness. The nonlinear decrease occurs with a
higher slope between the core thickness of 10 mm and 20 mm than that of 20 mm
and 30 mm.

Besides the ASTM approach for evaluating the flexural characteristics of
the sandwich structures, the analytical approach was also applied to predict the
flexural stiffness of the specimens. In Equation (4.1) below, (El); is the equivalent

bending rigidity and corresponds to “D” in the ASTM approach.

c+t

—p=pg 0y 2 bc3 a1
(ED)p = D = Ep "=+ 2bEt () + E. 25 = 2Dy + D, + D, (4.1)

E: and E. are Young’s modulus of the facings and the core, respectively, b is the

width, t and c¢ are the facing and core thicknesses, respectively. 2Dy is the rigidity

of the facings from the neutral axis, D, is the contribution to bending stiffness of

the facings from the neutral axis of the symmetrical sandwich in the core, and Dy is

the core bending stiffness from its neutral axis, respectively. If the total sandwich
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thickness is highly greater than the facing thickness, then the first and last terms
can be neglected (Chemami et al., 2012). Li and Wang (2017) explained the reason
for neglecting these terms by making optimal geometric design.

According to the equation above, the flexural stiffness of the sandwiches
was calculated and given in Table 4.18. The sandwiches’ facing modulus data,
provided in the section of tensile test results, were used whereas core Young’s
modulus was obtained from the manufacturer technical data sheet (TDS, Airex
C70).

Table 4.18. The flexural stiffness of the sandwich beams based on the analytical
approach

Flexural Stiffness (N.mz)

Sandwich Facing

Configuration 10 mm thick 20 mm thick 30 mm thick
core core core
WM 111,16 430,89 976,33
100M1 126,99 488,30 1103,28
100M2 114,42 439,60 993,05
100M3 124,37 470,90 1058,36
200M1 115,52 445,56 1007,83
200M2 120,51 463,89 1048,53
200M3 119,00 452,76 1019,33

As it is seen from Table 4.18 the flexural stiffness values of WM
sandwiches were found as 111,16 N.m? 430,89 N.m?* and 976,33 N.m?. As the
core thickness of sandwich specimens increases, the flexural stiffness drastically
increases. Increasing the core thickness two times improves flexural stiffness 3,88
times whereas three times increase of core thickness yielded 8,78 times higher
results for the flexural stiffness. However, the increment has become nonlinear and
it was less for the core thickness of between 20 mm and 30 mm than that of 10 mm

and 20 mm. Approximately 2,25 times higher bending rigidity was obtained in the
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case of using a 30 mm thick core instead of 20 mm. Figure 4.69 shows the flexural
stiffness of the produced sandwich panels according to the core thickness and wire

mesh configurations.
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WM  100M1 100M2 100M3 200M1 200M2 200M3
Sandwich Configurations
Figure 4.69. Flexural stiffness of the produced sandwich panel based on analytical
approach

As presented in Figure 4.69, wire mesh sheets show different effects for
each of the configurations. Except for 100M1 configuration, the results are nearly
very close to each other. However, 100M1 configuration improved the flexural
stiffness of the structures by 14,24%, 13,32%, and 13,00% per core thickness when
compared to WM sandwiches. On the other hand, 100M1 configuration yielded
13,37%, 16,60% and 13,37% higher flexural stiffness based on experimental
ASTM approach. The difference between the analytical and experimental
approaches is exhibited in Figure 4.70. The experimental flexural stiffness values
are in good agreement with analytically obtained results, although experimentally
obtained results are slightly higher. The maximum difference between the results is
7.20% for 10 mm thick core WM sandwiches, and the rest are smaller. The percent
differences between the experimental and the analytical approaches are indicated

for each of the sandwich configurations in Figure 4.70. In fact, analytically
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obtained results are expected to be higher than that of the experimental method
since the analytical approach ignores the manufacturing errors and assumes perfect
bonding in lamination. However, it might be due to the fact that the experimental
approach is based on the deflection and force data selected from the initial linear
region of the load-deflection curve, and ASTM D7250(D7250/D7250M-06, 2006)
allows us to obtain these data with a maximum error of 10%. Therefore, this is a
typical case that we expect and see in the recent literature (A. McCracken & P.
Sadeghian, 2018; Sadeghian et al., 2016; R. S. Sharma & Raghupathy, 2009).
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Figure 4.70. Differences of flexural stiffness values between analytical and
experimental approaches

4.8. Examination of Failure Behavior of the Sandwich Panels

In this study, woven plain carbon fiber fabrics (200 g/m?) and industrial,
rigid, polyvinylchloride (PVC) having 48 kg/m® density were used to construct
sandwich structures. Three different core thicknesses (10 mm, 20 mm, and 30 mm)
were used. In order to determine the failure behavior of the panels, three-point

bending tests were performed under 150 mm and 200 mm span lengths,
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respectively. In addition, wire mesh sheets were used within the facings in order to
examine the failure behavior of the developed sandwich panels. As also provided
in the literature (Styles et al., 2007; Chemami et al., 2011; Karahan et al., 2013),
sandwich panels show a linear elastic behavior from initial loading to a particular
load level. This depends upon the type of constituent materials. Then it reaches to
the maximum point of the load. After the peak load, a plateau is followed where
the load remains approximately constant. The length of the plateau depends on the
type and geometry of the core, facing thickness, and as well as the span length. At
the end of the plateau, the force decreases suddenly especially for the sandwiches
having fiber reinforced facing and the low-density foam core. In this study, larger
plateaus were observed only for 10 mm thick core sandwich panels as presented in
Figure 4.43. WM sandwiches (WM.T10.S15) suddenly failed at the end of plateau
whereas the 100M1.T10.S15 still continued to carry the bending load with a
decreasing slope in force. Also, other configurations such as 100M3, 200M1, and
200M3 improved the failure behavior for 10 mm thick core sandwich panels.

In the case of using thicker core such as 20 mm and/or 30 mm, there was
almost no plateau and the sudden failure occurred after the load was reached to the
peak. In these sandwich panels, the linear elastic range was relatively not long and
a nonlinear increase was available till the maximum bending load. The nonlinear
behavior depends upon the foam core properties under the effect of core shearing
forces and/or indentation (Bezazi et al., 2007).

Failure of the sandwich structures may occur mainly due to the facing
yield, core shear, indentation, facings debonding and facing wrinkling (Ashby et
al., 2000; Daniel et al., 2002). The sandwich constituent materials’ properties,
geometric dimensions, and types of loading are affecting factors for the initiation
and growth of the failure modes (Daniel et al., 2002). In this study, core shear and
indentation were found as primary failure modes for the sandwich panels. Ashby et
al. (2000) provided schematic representation of failure modes as shown in Figures

4.71 and 4.72 for core shear and indentation, respectively.
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As seen in Figure 4.71, two different failure mechanisms were defined for
the core shear. In Figure 4.71(a) the formation of plastic hinges occurs at mid-span
under the loading roller whereas in Figure 4.71(b) the plastic hinges occur both at

mid-span under loading roller and outer support rollers.

F
' i
Core shear Core shear

\ H_DEIELEE :_/ Plastic hinges a_ EW 7Plastichinges

H [} H
(a)
Figure 4.71. Failure mechanisms of core shear modes; a) Case I, b) Case Il (Ashby
et al., 2000)

The collapse force, F, was defined by Ashby et al. (2000) as the failure
force by core shearing and it is calculated according to Equations (4.2) and (4.3)

for the first and second cases, respectively.

2

F, = %0{ + 2bcty (1 + ?) (4.2)
2

Fy = “%a}{ + 2bcry, (4.3)

Where F, and F,, are the collapse forces for case | and case Il, respectively. And

the notation b, t, ¢, and | denote the sandwich width, facing thickness, core
thickness, and span length, respectively. 03): and 7y denote tensile yield and core

shear yield strengths, respectively. 3, was obtained from the manufacturer data

sheet (TDS, Airex C70) whereas 03): is calculated based on the following analytical

equations provided by Kaw (2006);

o] = E,.eyt (4.4)
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Where, azf is the transverse tensile strength of the facing material, E, and 55‘“ are
transverse modulus and transverse ultimate strain of the facing, respectively. Here,
facing yield strength (03]; ) is taken equal to transverse tensile strength (azf ) since its

value is smaller than the longitudinal tensile strength as expected and taken as the

critical one.
EfEm
E, = ViEm+Er.(1-Vy) (4.5)
d Em .
eytt = |42+ (1-9). et (4.6)

Where, E,,, and E¢ are moduli of matrix and fiber elements, respectively, €% is the
ultimate strain of the matrix. d/s which is the ratio of fiber diameter to fiber spacing
dependent upon V; and it was defined by Kaw (2006) for circular cross-sectional
fiber with square array orientation as follow;

4 (%)1/2 4.7)

N T

Figure 4.72 presents the schematic view of the indentation failure mode. In
this kind of failure mode, the formation of plastic hinges occurs on top facing of
the sandwich structures at both under the loading roller and adjacent to it. In this
figure, a denotes loading roller diameter, A is the wavelength. The collapse load, F,
for indentation failure was defined by Equation (4.8) (Ashby et al., 2000).

Plastic hinge *F

FIET‘* ' )'TF;‘E

Figure 4.72. Indentation failure mode (Ashby et al., 2000)
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F = 24+ a)bof + =~ (4.8)

M, = (b.t;)/4 (4.9)

In order to decide the failure modes of the sandwiches, images of the
bending behavior of the specimens were captured periodically by a camera during
three-point bending tests. For instance, the bending behavior of WM sandwiches
having a 10 mm thick core under 150 mm support span length was obtained very
similar to the core shear mode of case Il as shown in Figure 4.71. The images in
Figure 4.73 show the time-dependent behavior of sandwiches under bending

loading progressively.

® ®
A Plastic hinges vk N
C

Figure 4.73. Progressive representation of bending behavior of WM.T10.S15
sandwich panel

As seen in Figure 4.73, the WM.T10.S15 sandwich panel was being
exposed to core shear such as in case Il of Figure 4.73. The collapse force, Fy, is
calculated according to (4.3). The vyield strength of the facing material was
determined from the analytical equations provided above and found as 46,63 MPa
for the facings of the WM.T10.S15 sandwich. Shear strength of the core material
was taken as 0,55 MPa (TDS, Airex C70).
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_ 4.50. 0,822

=" 46,63 + 2.50.9,5.0,55 = 41,81 + 522,5 = 564,31 N

The calculated force, 564,31 N is the failure load of the sandwich due to
the core shear. In the previous sections, the average of the maximum bending load
was found as 554,36 N for WM.T10.S15. This means that these two results are in
good agreement, and the failure load has been predicted analytically based on the
core shearing. As mentioned before, 10 mm thick core sandwich panels have large
plateaus over a long displacement distance after the maximum load was reached.
While the WM.T10.S15 sandwich panel showed a decreasing slope throughout the
displacement distance till the sudden drop, wire mesh sandwiches provided both
constant load in that region and prevented sudden drop.

The bending failure behavior of long-span beam sandwich panels is found
to resemble more likely to core shear mode of the case | as given in Figure 4.71
especially for WM.T10.S20 sandwich panel. However, for 100M1.T10.S20, and
200M1.T10.S20 panels, the actual conditions were core shear mode of case Il. As
shown from Figure 4.74, while the plastic hinges just formed below the upper
loading roller for WM.T10.520, additional plastic hinges were formed at outer
supports for 100M1.710.S20, and 200M1.T10.S20 sandwich panels.

The collapse forces were calculated for 10 mm thick sandwich panels and
given in Table 4.19 together with their maximum loads.

(a) (b)
Figure 4.74. Bending behavior of sandwich panel; a) WM.T10.S20, b)
100M1.710.S20
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Most portion of the collapse force was carried by the core material as the
sandwich specimens were exposed to transverse shear forces, and the failure was
developed due to core shear as discussed in the literature (Ashby et al., 2000).

A collapse mechanism map was prepared by Ashby et al. (2000) that
specifies the boundaries of failure modes. According to the failure map given in
Figure 4.75, 10 mm thick core sandwiches failed in core shear region, 20 mm thick
core sandwiches under 150 mm span length sandwiches failed at the boundary of
core shear and indentation intersect, but 200 mm span length sandwich panels
failed in core shear region of the map. Lastly, 30 mm thick core sandwiches failed
in the indentation region of the map. In that figure, t/c and c/l are facing to core

thickness ratio and core thickness to span length ratio, respectively.

Table 4.19. Maximum bending load and collapse force by shear failure for 10 mm
thick sandwich panels

Max. Bending Load  Collapse Force, F (N)

Sandwich panel code

Pmax (N) (Exp.) (Analyt.)
WM.T10.515 554,36 564,31
100M1.T10.515 594,56 573,40
100M2.T10.S15 592,52 573,62
100M3.T10.S15 623,61 593,74
200M1.T10.S15 592,14 569,78
200M2.T7T10.515 573,6 571,80
200M3.T10.S15 618,42 588,04
WM.T10.520 535,07 564,31
100M1.T10.S20 574,88 573,40
200M1.T7T10.520 566,20 569,78
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Figure 4.75. Failure mechanism map of the sandwich beams (Ashby et al., 2000)
(yellow: 10 mm thick core sandwiches, red: 20 mm thick core
sandwiches, blue: 30 mm thick core sandwiches; right-hand lines
short-span specimens, left-hand lines: long-span specimens)

The failure modes of both the core shear and the indentation models were
applied for 20 mm thick core sandwich panels as they were laid to the boundary of
both core shear and indentation regions on the map given above. In order to predict
the core shear collapse force, the core shear mode of case Il was applied (4.3).
However, the analytical model for the indentation provided by Ashby et al. (2000)
did not consider the span length during finding the collapse failure force of the
sandwich panels. Therefore, a different model provided by Steeves and Fleck
(2004) was also used (Equation 4.10) for evaluation of the indentation failure load,

Pi. The model given by Steeves and Fleck (2004) also considers the span length.

1/3

P, = bt, (nzagEfd)

& (4.10)

For instance, when the Equation (4.10) is solved for WM.T20.515, the indentation

load was found as;
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n262Epd\"° 72.0,6%.50750.20,32\"°
P, = bty [ —2—) =500,82 = 824,83N

3l 3.150

According to Ashby’s model from Equation (), the indentation load was
found as 955,67 N and is closer to maximum bending load of WM.T20.S15
sandwich panel that was 916,15 N. On the other hand, core shear collapse force
was calculated as 1114,96 N according to case Il of the core shear failure
mechanism. Based on the bending behavior of WM.T20.S15, its bending behavior
looks like core shear followed by the indentation. Figure 4.76 shows the bending
behavior of WM.T20.515. The analytical collapse failure force (both core shear
and indentation modes) and the experimental maximum bending load were given in

Table 4.20 for 20 mm thick core sandwich panels.

Figure 4.76. Bending behavior of WM.T20.S15
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Table 4.20. Maximum bending load and collapse force by shear and indentation
failures for 20 mm thick sandwich panels
Experimental

Analytical Approaches

Approach

Sandwich Max. Bending Fcc):rct):lvle??:s(eN) Fgriltla?ﬁ)zs(eN) '.:(():roclle?r')zs.(eN)
panel code Load Pmax (N) (core shear (indentation) (indentation)

mode II) (Ashby) (Steeve and

Fleck)

WM.T20.5S15 916,15 1114,96 955,67 824,83
100M1.T7T20.515 960,13 1123,10 1015,75 913,88
100M2.7T20.515 938,36 1124,67 1026,79 888,73
100M3.T20.S15 957,53 1142,45 1141,56 1004,23
200M1.7T20.S15 920,70 1118,72 984,10 866,96
200M2.720.S15 837,67 1123,00 1015,09 891,83
200M3.720.S15 921,96 1136,60 1105,63 960,52
WM.T20.S20 867,73 1104,34 955,67 749,41
100M1.720.S20 928,4 1110,45 1015,75 830,31

In order to predict the failure load of 30 mm thick core sandwich panels,
the bending behavior was observed as presented in Figure 4.77. Indentation failure
mode was observed for both short and long-span sandwich specimens. The
predicted failure loads were calculated based on the Equations (4.8 and 4.10) and
given in Table 4.21 together with the experimental maximum bending load. As
seen from the table, the experimental results are verified since they were matched
well to the analytical models. However, although the specimens failed due to
indentation, wire mesh sheets have favorably affected the bending behavior by

preventing the sudden drop in force.
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Table 4.21. Maximum bending load and collapse force by shear and indentation
failures for 30 mm thick sandwich panels

Collapse Force,

Collapse Force, F(N)

. Max. Bendin F (N . .
Sandwich panel code Load P (N% (inden(ta)tion) (Eg;jeeer:/t:t;r)]g)
(Ashby) Fleck)
WM.T30.515 911,99 952,78 945,13
100M1.T30.S15 1033,19 1022,45 1046,70
100M2.7T30.S15 974,29 1018,59 1017,84
100M3.730.S15 1005,02 1143,81 1149,18
200M1.T30.S15 985,96 997,78 993,12
200M2.T30.515 893,63 1005,53 1021,50
200M3.T30.515 1000,31 1107,34 1099,46
WM.T30.20 912,95 952,76 858,71
100M1.7T30.S520 985,34 1022,45 950,99

Indentation failure mode can be occurred due to concentrated loads on a
sandwich panel which is a serious problem for sandwich design. This type of
failure was explained by Daniel et al. (2002) that it results in a local compressive
failure of the core and followed by local facing bending. Fortunately, using wire
mesh sheets stacked in facings can control the failure of the sandwich panel and

prevent catastrophic sudden drops in bending force.

4.9. Investigation of the Sandwich Parameters with ANOVA

Sandwich parameters affecting the flexural characteristics were evaluated
by using a two-way analysis of variance (ANOVA). The parameters that are core
thickness, wire mesh size, and span length have been explained with their levels in
Chapter 3. Response Surface Methodology (RSM) was used for mathematical
modeling and statistical analysis. Central composite design (CCD) was performed
to investigate both the individual effects and interactions of independent variable
parameters. The analyses were carried out for the responses of sandwich weight,
load carrying capacity, core shear stress, facing stress, and flexural stiffness. In
addition, based on the results of the ASTM approach, transverse shear stress and

core shear modulus values were also evaluated.
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Tables 4.22 to 4.27 illustrate ANOVA results for the responses of
sandwich weight, load carrying capacity, core shear stress, facing stress, flexural
stiffness, respectively. According to the suggestion of ANOVA for the best fit of
the experimental data, the reduced cubic models were constructed for sandwich
weight, facing stress, flexural stiffness whereas quadratic models were constructed
for load-carrying capacity, load capacity that obtained after the initiation of sudden
failure of WM sandwiches, and core shear stress. As seen from the tables, when the
affecting parameters were investigated, the analysis results based on the
constructed models are statistically significant in the 95% confidence interval since
p values are obtained lower than 0,05. As it is also seen that three models have an
insignificant lack of fit which is the desired situation as suggested by Montgomery
(2012). However, the quadratic models, which were constructed for load-carrying
capacities, core shear stress, and load-carrying capacities after WM sandwiches
underwent sudden failure, resulted in a significant lack of fit.

When Tables 4.22 to 4.27 are scrutinized, it can be noticed that the most
effective parameter is the sandwich core thickness as expected. However, after
WM sandwiches reached the initiation point of sudden failure, the wire mesh
sheets have a considerable positive effect on the load-carrying capacities of the
sandwich panels since the F-value was obtained 297,85 which is the biggest F
value among all responses. Other F-values of wire mesh sheet parameters are
obtained as 71,33, 13,92, 15,14, 13,48, 4,67 for rest of the responses such as
sandwich weight, load carrying capacity, core shear stress, facing stress, flexural
stiffness, respectively.

Since p-values for individual effects of the parameters were found lower
than 0,05, each parameter has a significant effect on the bending characteristics of
the sandwich panels.

The models yielded predicted correlation coefficients (Pred. R%) of 0,9937
for sandwich weight, 0,9721 for load-carrying capacity, 0,9681 for load capacity at

which WM sandwiches underwent sudden failure, 0,9830 for core shear stress,
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0,9856 for facing stress, and 0,9971 for flexural stiffness, respectively. The
adjusted R” values are in good agreement with predicted ones as shown in Table
4.28.

ANOVA results with high values of R? confirmed that the constructed
models strongly explain the significant changes in flexural characteristics based on
the design parameters. In order to predict the value of the responses, mathematical
expressions were developed by regression analysis based on the constructed

models. The equations are given in Table 4.29.

Table 4.22. ANOVA results for sandwich weights

Source Ssquurgr(:s df |Mean Square [F-value| p-value
Model 1080.32 7 154.33 1240.39|< 0.0001 |significant
A-Core Thickness 310.64 1 310.64 2496.64|< 0.0001
B-Wire Mesh Size 8.88 1 8.88 71.33 |<0.0001
AB 0.5276 1 0.5276 4.24 | 0.0466
A2 2.04 1 2.04 16.36 | 0.0003
B2 221.24 1 221.24 1778.17|< 0.0001
A2B 6.47 1 6.47 52.01 |<0.0001
AB? 3.89 1 3.89 31.24 |<0.0001
Residual 4.60 37 0.1244
Lack of Fit 03486 | 1 | 0.3486 2.95 | 0.0945 ;‘gniﬁcam
Pure Error 4.26 36 0.1182
Cor Total 1084.93 44
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Table 4.23. ANOVA results for load carrying capacities
Source Ssquurgr(;; df [Mean Square [F-value| p-value

Model 1.453E+06 | 5 | 2.907E+05 |358.55 |< 0.0001 |significant
A-Core Thickness| 1.180E+06 | 1 | 1.180E+06 [1455.91|<0.0001

B-Wire Mesh Size| 11282.83 1 11282.83 13.92 | 0.0006

AB 1636.47 1 1636.47 2.02 | 0.1633

A2 2.361E+05 | 1 | 2.361E+05 |291.21 |<0.0001

B2 24074.56 1 24074.56 29.70 |<0.0001

Residual 31616.12 | 39 810.67

Lack of Fit 1125092 | 3 3750.31 6.63 | 0.0011 [significant
Pure Error 20365.20 | 36 565.70

Cor Total 1.485E+06| 44

Table 4.24. ANOVA results for load capacities after WM sandwiches underwent
sudden failure

Source Ssquun;r(:s df |Mean Square |F-value| p-value
Model 1.931E+06 | 5 | 3.862E+05 |314.74 |< 0.0001]significant
A-Core Thickness| 1.185E+06 | 1 | 1.185E+06 |965.42|< 0.0001
B-Wire Mesh Size| 3.655E+05 | 1 | 3.655E+05 |297.85|<0.0001
AB 459.36 1 459.36 0.3744| 0.5442
A2 1.251E+05 | 1 | 1.251E+05 |101.92|< 0.0001
B2 2.554E+05 | 1 | 2.554E+05 |208.16|< 0.0001
Residual 47854.46 |39 1227.04
Lack of Fit 40569.49 3 13523.16 66.83 |< 0.0001|significant
Pure Error 7284.96 36 202.36
Cor Total 1.979E+06 |44
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Table 4.25. ANOVA results for core shear stress values

Source Sum of df |Mean Square [F-value | p-value
Squares

Model 0.4532 5 0.0906 595.05 |< 0.0001 [significant
A-Core Thickness 0.4429 1 0.4429 2907.41|< 0.0001
B-Wire Mesh Size| 0.0023 1 0.0023 15.14 | 0.0004
1
1
1

AB 0.0001 0.0001 0.4021 | 0.5297

A2 0.0030 0.0030 19.65 |<0.0001

B2 0.0050 0.0050 32.65 [<0.0001

Residual 0.0059 39 0.0002

Lack of Fit 0.0014 3 0.0005 3.78 | 0.0186 |[significant
Pure Error 0.0045 36 0.0001

Cor Total 0.4591 44

Table 4.26. ANOVA results for facing stress values

Source Ssquurgr?; df |Mean Square|F-value| p-value
Model 3350.08 7 478.58 524.67 |< 0.0001 [significant
A-Core Thickness 973.30 1 973.30 1067.03|< 0.0001
B-Wire Mesh Size 12.30 1 12.30 13.48 | 0.0008
AB 0.4712 1 0.4712 0.5166 | 0.4768
A? 26.52 1 26.52 29.07 |<0.0001
B2 2.57 1 2.57 2.82 | 0.1017
A2B 9.66 1 9.66 10.59 | 0.0024
AB? 5.88 1 5.88 6.44 | 0.0155
Residual 33.75 37 0.9122
Lack of Fit 04623 | 1 | 04623 |0.5000| 0.4841 gi‘;;niﬁcam
Pure Error 33.29 36 0.9247
Cor Total 3383.83 44
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Table 4.27. ANOVA results for flexural stiffness
Source Ssquurgr(;; df |Mean Square|F-value |p-value
Model 6.424E+06 | 7 | 9.177E+05 |2731.18|< 0.0001 significant
A-Core Thickness| 2.393E+06 | 1 | 2.393E+06 |7121.91|<0.0001
B-Wire Mesh Size| 1570.26 1 1570.26 4.67 0.0372
AB 933.47 1 933.47 2.78 0.1040
A2 1.342E+05 | 1 1.342E+05 | 399.27 |< 0.0001
B2 33104.83 1 33104.83 98.52 [<0.0001
AZB 95.47 1 95.47 0.2841 | 0.5972
AB?2 16594.35 1 16594.35 49.39 |<0.0001
Residual 12432.31 | 37 336.01
Lack of Fit 72903 | 1 | 729.03 2.24 |0.1430 Sigﬂ?ﬁéam
Pure Error 11703.28 | 36 325.09
Cor Total 6.436E+06 |44

Table 4.28. lllustration of both adjusted and predicted correlation coefficients (R?)

Response

Adjusted R?

Predicted R”

Sandwich weight (g)

Load carrying capacity (N)

Load capacity at which WM sandwiches

were failed suddenly (N)

Core shear stress (MPa)

Facing stress (MPa)

Flexural Stiffness (N.m?)

0,9950
0,9760

0,9727

0,9854
0,9881
0,9977

0,9937
0,9721
0,9681

0,9830
0,9856
0,9971
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Table 4.29 The developed mathematical expressions to predict the responses
(CT: core thickness, MS: wire mesh size)

Response Mathematical Expressions

+23,116+0,678.(CT)+0,109.(MS)-0,002.(CT).(MS)-
(0,005.CT?)-0,0003.(MS)*+0,0001.(CT)?.(MS)-7,635E-
06.CT.(MS)?

Weight

Load carrying 80,389.(CT)+0,994(MS)+0,009.(CT.MS)-1,536.(CT)*
capacity 0,005.(MS)?-96,597

Load capacity
after failure of 65,035.(CT)+4,396.(MS)-0,005.(CT).(MS)-1,118.(CT)*
WM 0,016.(MS)?-239,917
sandwiches

Core shear 0,612-0,005.(CT)+0,0006.(MS)-1,75E-06.(CT.MS)-
stress 0,0002.(CT)?-2,23E-06.(MS)?

51,723+0,037.(CT)-0,014.(MS)-0,003.(CT).(MS)-

Facing stress = ) ) )
0,028.(CT)"+0,0002.(MS)“+0,0001.(CT)".(MS)

Transverse
o = 5975,493+419,992.(CT)-4,776.(MS)+0,471.(CT.MS)
shear rigidity

Core shear 27,148-1,039.(CT)-
modulus 0,005.(MS)+0,0004.(CT).(MS)+0,018.(CT)*

The sandwich panels’ weight increases with the size of wire mesh sheets.
However, due to the larger wire diameter of 100-mesh size, its weight is greater

than 200-mesh size although 200-mesh sheets have two times more holes in a unit
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area. Figure 4.78 shows the changes in sandwich weight with respect to both core
thickness and wire mesh size.

Weight (g)

200

B: Wire Mesh Size (mesh) A: Core Thickness (mm)
0 10

Figure 4.78. The change of sandwich panels’ weight wrt core thickness and wire
mesh size

The value of maximum load-carrying capacity and the load at which WM
sandwiches underwent to sudden failure of the sandwich panels are normally
distributed to a straight line, which means the experimental data has fitted well and
normality assumption was validated as seen in Figure 4.79. That means analysis of
variance is robust to the normality assumption (Montgomery, 2012). In addition,
Figure 4.80 presents residual vs. run chart which confirmed the independence
assumption since experimental results also distributed randomly within the plus
and minus three-sigma limits. It was reported that obtaining independence can be

achieved with proper randomization of the experiments (Montgomery, 2012).
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Figure 4.79. Normal plot of residuals for; a) maximum load-carrying capacity, b)
load capacity at which WM sandwiches underwent to sudden failure
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Figure 4.80. Residual vs. run charts for; a) maximum load carrying capacity, b)
load capacity at which WM sandwiches underwent to sudden failure
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B: Wire Mesh Size (mesh) A: Core Thickness (mm) B: Wire Mesh Size (mesh) 50 15 A: Core Thickness (mm)
0 10 0 10

(a) (b)
Figure 4.81. Effect of design parameters to; a) maximum load carrying capacity,
b) load capacity at which WM sandwiches underwent to sudden
failure

Maximum Load Carrying Capacity (N)
Load Capacity after Sudden Failure of WM sandwiches (N)

As it is seen from Figure 4.81, wire mesh sheets increase the load-carrying
capacity of the sandwich panels. Although WM sandwiches underwent sudden
failure at a certain deflection, the sandwiches having wire mesh sheets are able to
carry a larger amount of bending loads at the same deflection values of WM
specimens. In Figure 4.81(b), the favorable effect of wire mesh sheets has clearly
been demonstrated. The effects of parameters on core shear stress, facing stress and
flexural stiffness are presented in Figure 4.82. The changes in design parameters
were found as statistically significant with the experimental results. Wire mesh
sheets contributed to the results by reducing the facing stress, and by increasing
both the core shear stress and the flexural stiffness. Especially, a 100-mesh wire

sheet is the most effective level of the design parameter.
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Core Shear Stress (MPa)
Facing Stress (MPa)
w
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A: Core Thickness (mm)

Flexural Stiffness (N.m#2)

B: Wire Mesh Size (mesh) A: Core Thickness (mm)
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(©)
Figure 4.82. Effects of parameters on; a) core shear stress (MPa), b) facing stress
(MPa), c) flexural stiffness (N.m?)

Transverse shear rigidity and core shear modulus were examined based on
the effects of both core thickness and wire mesh size (0 and 100-mesh). Tables
4.30 and 4.31 show ANOVA results. For evaluating transverse shear rigidity,

ANOVA suggested two-factor interaction (2FI) model whereas the reduced
quadratic model was used for core shear modulus.
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Table 4.30. ANOVA results for transverse shear rigidity
Source SSquun;r(()e]; df |Mean Square [F-value| p-value
Model 3.961E+08 | 3 | 1.320E+08 |3322.70|< 0.0001 |significant
A-Core thickness| 3.934E+08 | 1 | 3.934E+08 [9899.66|< 0.0001
B-Mesh Size 1.612E+06 | 1 1.612E+06 | 40.57 |<0.0001
AB 1.108E+06 | 1 1.108E+06 | 27.87 |<0.0001
Residual 1.033E+06 | 26 | 39741.48
Lack of Fit 9.755E+05 | 2 | 4.878E+05 |202.63 |< 0.0001 |significant
Pure Error 57770.96 | 24 2407.12
Cor Total 3.972E+08 | 29
Table 4.31. ANOVA results for core shear modulus
Source SSquun;rZ]; df |Mean Square | F-value | p-value
Model 217.28 4 54.32 9800.98 |< 0.0001 [significant
ﬁl'igfr:gss 19538 | 1 | 19538 [35251.95/< 0.0001
B-Mesh Size 0.3353 1 0.3353 60.49 |<0.0001
AB 0.6891 1 0.6891 124.33 [< 0.0001
A2 20.88 20.88 3767.14 |< 0.0001
Residual 0.1386 25 0.0055
Lack of Fit 0.0156 | 1| 0.0156 3.05 | 0.0937 Sign'}f‘?éant
Pure Error 0.1230 24 0.0051
Cor Total 217.42 29

As it is seen from ANOVA tables, design parameters and their interactions
are statistically significant with the constructed models. Adjusted R? values were
found as 0,9971 and 0,9993 for transverse shear rigidity and core shear modulus,
respectively. Predicted R? values that are 0,9967 and 0,9991 were also in a good
agreement with Adjusted R%

The changes of transverse shear rigidity and core shear modulus according

to both core thickness and wire mesh size were presented in Figure 4.83.
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Figure 4.83. Changes of transverse shear rigidity and core shear modulus wrt core
thickness and wire mesh size
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5. CONCLUSION

In this study, woven carbon fiber/epoxy and polyvinylchloride (PVC) foam
core having 48 kg/m® density were sandwiched with a vacuum bagging method.
The facing materials were hybridized with very fine wire mesh sheets in two
different sizes (100-mesh and 200-mesh) and three different stacking sequence
configurations (M1, M2, and M3). In addition, three different core thickness values
(10 mm, 20 mm, and 30 mm) were tested under two different span lengths (150
mm and 200 mm). Based on the sandwich design parameters a systematic

production process was conducted. The following conclusions were found out;

e The produced lightweight, stiff, and strong sandwich panels contributed to
the materials universe by filling the holes as seen in Figure 5.1. There is a
trajectory line from carbon/epoxy composite to PVC foam used in this study.
The developed WM sandwiches, shown in Figure 4, are labeled as 1, 2, and
3. These structural members stand out with their lower-density and higher
modulus data than their developing counterparts. Developments of sandwich
structures were accepted as an alternative solution to expand the material
space (Finnegan et al., 2007).

Fibers and particulates
Carr'.“ca fapoxy g
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echnical ceramics
—
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i 32 . i
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i 'qu.l o Natural materials
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o

) ~ 1000 ) T amoo o00oo
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Figure 5.1. Flexural modulus vs density chart
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Multi-functional sandwich panels were developed by enhancing the failure
behavior of the structures besides their high flexural stiffness to weight ratio
and bending load capacity. Although carbon/epoxy/PVC foam core
sandwiches were failed suddenly after the bending force was reached to the
maximum, the specimens having wire mesh sheets in facings prevented the
catastrophic sudden failure of the structure. Therefore, the drawbacks of
carbon/epoxy/PVC core sandwiches can be eliminated by hybridization of
facing with a very fine size of wire mesh sheets, which is also a substantially
cost-effective manufacturing process by combining fibers and metals. In
addition, contrary to the costly honeycomb and 3D printed cores, the
sandwiches consist of wire mesh/carbon fiber/epoxy hybrid facings do not
require special manufacturing processes and made of commercially available
constituents.

Wire mesh sheets favorably affected tensile load capacities of CFRP
composites. Especially 100M1 configuration provided the highest results for
tensile properties. But, tensile strength and modulus of 100M2, 100M3,
200M2, and 200M3 configurations were obtained lower than WM
sandwiches. This is due to the increased thickness and strain values of the
materials. The bridging effect depended upon the stacking configurations has
a significant influence on the strength and failure behavior.

Effects of wire mesh sheets on flexural characteristics of carbon
fiber/epoxy/PVC foam core sandwich panels were revealed in terms of load-
carrying capacity, maximum bending moment, flexural stiffness, core shear
stress, facing stress, transverse shear rigidity, and core shear modulus.
Bending load capacities of without wire mesh (WM) sandwiches, decreased
by 44,67% for 10 mm, 30,91% for 20 mm, and 25,37% for 30 mm,
respectively during failure. In the case of 100M1 configuration the
reductions were 11,27%, 4,94% and 4,28%, respectively. 200M1
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configuration provided better bending performance, and the reduction on the
bending load capacities was only 3,78% for 10 mm thick core sandwich
panels. Therefore, when WM sandwiches lose their load capacity after the
failure, the sandwiches having wire mesh sheets still continued to carry a
larger amount of bending loads at the same deflections.

o Core shear stress and sandwich facing stress values were determined for both
short and long-span length sandwiches. The bending properties for both
short and long-span length sandwiches are decreasing with the increase of
the core thickness. This is also matching with the literature findings (Styles
et al., 2007; Prakash et al., 2012). However, while facing stress of long-beam
specimens were obtained higher than short-beam specimens, core shear
stress was lower for long-beam specimens. Actually, the use of long or short
span lengths provides a transition for failure modes between core shear to
face sheet yielding. Therefore, the results are in good agreement with the
literature (Carlsson and Kardomateas, 2011). Wire mesh sheets also
favorably affected the results by increasing the core shear stress and
decreasing the facing stress and allowed to obtain desired values.

o Flexural stiffness values of the sandwich specimens were evaluated based on
both analytical classical sandwich beam theory and experimental ASTM
D7250 Standard. Increasing the core thickness drastically increased the
flexural stiffness. On the other hand, according to the ASTM approach,
100M1 configuration, which is the best one among the work, improved the
results by 13.37%, 16.60%, and 13.37% for 10 mm, 20 mm and 30 mm thick
core sandwiches, respectively.

o Transverse shear rigidity and core shear modulus were calculated based on
the experimental ASTM approach. When the core thickness is increased,
there is almost a linear increase in transverse shear stress whereas a

nonlinear decrease is seen on core shear modulus. However, wire mesh
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sheets could not improve these mechanical properties as much as the other
features. As a result, it only exhibited a small percentage improvements.

e Primary failure modes were determined as core shearing for 10 mm thick
core sandwiches and as indentation for 30 mm thick core sandwiches. But
failure mode of 20 mm thick core sandwiches was found at a boundary of
both core shear and indentation. Due to indentation failure, the increase of
bending properties was obtained nonlinearly with the increase of the core
thickness. For instance, 60,55% load capacity increase was obtained from 10
mm to 20 mm thick core WM sandwiches but the increment was only 4,04%
from 20 mm to 30 mm thick core WM sandwiches. However, the load
capacity of 100M1 configuration was increased to 7,61%. The failures of
sandwiches with wire mesh sheets were carried out by a decreasing slope
instead of a sudden drop which is the case for WM sandwiches.

e The failure mode analysis was carried out based on analytical collapse
mechanisms and the collapse forces verified the experimentally obtained
loads.

¢ In order to analyze the sandwich design parameters considered in this work
two-way ANOVA was applied by using Response Surface Methodology
(RSM). The effects of both constructed models and individual parameters
are found statistically significant in the 95% confidence interval. Strong
correlation coefficient (R?) values were obtained and according to the
regression analysis, the flexural characteristics can be predicted
approximately.

e The results of the study indicated that hybridization of wire mesh sheets with
carbon/epoxy composites could provide a strong bond capability, and
increase lap shear strength between the layers.

o Hybridization of wire mesh sheets with carbon/epoxy composites can be a

good alternative for fiber metal laminates (FMLs) as they are in perforated
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form, which improves integration of the mesh steel to carbon fiber with
complete penetration of the epoxy matrix. Because metals and FRP
composites generally bonded to each other by using rivets and/or hole
drilling, consequently the structure can weaken. Therefore, wire mesh sheets
provide reinforcement and stabilization of the fiber structure with strong
bond capability and can eliminate the additional surface treatments of metal
sheets in FML applications. Polymer matrix surrounding also eliminates
additional measures for corrosion protection (Sakthivel and Vijayakumar,
2017; Hasselbruch et al., 2015).
e Elimination of the disadvantage of carbon/epoxy composites by
hybridization with wire mesh sheets is a substantially cost-effective process.
Briefly, due to their reasonable cost, ease of manufacturing, high E/p ratios
and preventing catastrophic failure, they are good candidates for the applications in
aviation, satellites, boat and yacht building, interior and exterior parts of the
vehicles (e.g. corridor base, luggage compartments), etc (Uzay and Geren, 2020).
The followings are to be considered for future studies;

e Effects of hybrid composite laminates based on wire mesh sheets and carbon
fibers on tensile and flexural properties under both static and fatigue
loadings should be investigated considering different mesh sizes and
stacking sequences during laminations.

¢ In sandwich panel applications, size effects of wire mesh sheets on different
core densities should be investigated. This may also provide to obtain
desired failure modes with the aid of metallic wire mesh sheets.

¢ Numerical studies (e.g. FEA) can be carried out by subjecting the 3D model
of sandwiches to structural analysis to predict and verify the experimental
results.

e Based on the experimental parameters the fuzzy predictions can be
performed.
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