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PRODUCTION AND CHARACTERIZATION OF MODIFIED PET FOA M

SUMMARY

Polymeric structural foams have been widely usedautomotive, wind turbine,
aerospace, construction, marine, electronic an#tguaeg industries. Foam plastics
are one of the fastest growing sectors of the ipisgtdustry. As the consumption of
plastic materials increased, the concept of geimgratells or bubbles in plastics
industry became an attractive option to reducectist of plastic material as long as
the mechanical properties of products were noifszent.

Foaming of thermoplastics is an advanced technolaged in extrusion,
compounding, injection molding, blow molding, rateial molding, thermoforming,
and compression molding. There are two generaktgbéoaming agents: a physical
foaming agent is metered directly under pressute tine polymer melt, is nearly
always the primary source for low density foamshamical foaming agent is a pure
chemical that reacts to produce blowing gas thrcuggit-induced decomposition, is
usually the primary source for higher density foams

Nearly all thermoplastics can be foamed, but corcrally important foams are
mainly based on commodity plastics such that pelyol (polyethylene,
polypropylene), polyurethane, polystyrene, polyginchloride), poly(ethylene
terephthalate), polycarbonate, and poly(methyl maylate) appeared as
thermoplastic matrices. Among all important comnardchermoplastics, semi-
crystalline poly(ethylene terephthalate) (PET) wdmosen for foaming polymer
recently due to its superior characteristics, g@od resistance to high temperatures
and high compressive strength. The semicrystalimaderials exhibit ten to one
thousand times higher cell nucleation densities pamed with the amorphous
materials, resulting from heterogeneous nucleatriributions.

The aim of this study is to produce poly(etylenephthalate) rigid foams in closed-
cell structure with a chemical blowing agent (CBA)y compression molding
method. A commercial ABA type triblock copolymer @blycaprolactone and
poly(dimethyl  siloxane)  which is a,o-dihydroxy  polycaprolactone—
poly(dimethylsiloxane) (PCL-PDMS-PCL) with Mn = 8%0/-600; Mwppus = 3000
and MWpcL endblocks= 2000 g/mol was used as additive.

The foaming of thermoplastic polymer was carried with compression molding
process, which provides a convenient method forclkguavaluation of material
formulations instead of labor and material inteasiextrusion processing. The
process parameters, which are processing temperapnocessing time and
processing pressure, can be optimized in this cesspyn method.

Poly(ethylene terephthalate) is one of the highgerature foaming polymers among
other thermoplastic polymers, and foamed with aotlermic type of chemical

blowing agent that is 5-phenyl-1H-tetrazole (5-PHQr most molding and extrusion
applications, the general rule of thumb is to gedechemical blowing agent that has
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a decomposition, or gaglease, temperature closely matching with the ggsiag
temperature to be used for the polymer. Due tofabethat, 5-PT was chosen as a
chemical blowing agent which decomposes into gas fat elevated temperatures
(above 250°C), and the decomposition temperature of 5-PT bjosetching with
the melting range of PET (around 2%I) for foaming process.

Polymer foams were prepared by using hydraulic gresswith the processing
temperature and pressure in the ranges of 255 °@a&d 10 - 100 bar, respectively.
The process foaming time were taken from 6 to 28utels. The amount of 5-PT
addition as chemical blowing agent was changed dmtw.05 % and 0.25 % (wt)
during the preparation of PET foam mixtures. Attex foaming process in hydraulic
hot press was carried out, the foamed products w@oied in hydraulic cold press
with contant cooling time as 5 minutes under 50 grassureAlthough the content
of the chemical blowing agent was kept constar@i. &8 % and 0.20 % in PET foam
samples, 0.10 % CBA content gave the best reslitis.optimum conditions were
achieved after several experiments, and then thie fB&n samples to be analysed
were prepared by compression molding techniqueydrdulic hot and cold presses.
The optimum conditions were presented as at 26@h&Cprocessing temperature,
under 15 bar the processing pressure, 0.10 % (88 é&nd 0.075 % (wt) PDMS
contents with 10 minutes the processing time inréwkic hot press, and 5 min
cooling time under 50 bar pressure in hydraulicgokss.

The PCL-PDMS-PCL copolymer as surface modifying it in polymer were
mixed at low levels (0.050 % — 0.300 % by weighibhwPET, the resulting systems
displayed silicone-like, hydrophobic surface projes; as determined by critical
surface tension measurements or water contact @anghe effect of PCL-PDMS-
PCL content, the base polymer type and the morglyadm the resulting surfaces are
discussed. PCL-PDMS-PCL addition to the foamed RBEmples gave increased
toughness and better surface properties than tbbsee foamed PET samples
without PCL-PDMS-PCL additive under the same coodg. The brittleness of the
PET foams was also decreased although PCL-PDMS\R&4_added at very low
weight percentages during the preparation of theé 8&Bm mixture.

The prepared 27 samples were investigated structm@phological, mechanical
and processing points of view. The produced PEmbaere analysed with contact
angle measurement, density calculation, cell sirmyais and three-point bending
mode flexural test. A cellular foamed plastics welnaracterized by a cell size of one
milimeter or less in diameter and a cell densityableast a thousand cells per cubic
centimeter. These thermoplastic foams are prodbgedupersaturating a polymer
with a gas and then using a thermodynamic instghit generate thousands of
microvoids instantaneously. Elastic modulus, anatact angle measurements of the
foamed PET samples were measured for differentsteittures. The results showed
that the mechanical properties are significantfeaéd by the foaming parameters;
the PCL-PDMS-PCL additive and the chemical blowiagent contents of the
thermoplastic polymer matrix. The prepared closeltl-dPET foams were
characterized morphologically, physically and mexdtally in terms of contact angle
measurement (ASTM D5946, ASTM D5725), density daliton (ASTM D1622-
08), and 3-point bending mode flexural test (ASTWVOD-10).

This study also focuses on the feasibility studyngbroving mechanical properties
of high density poly(ethylene terephtlate) (PETarfes having closed-cell structure.
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The bulk density values are changing between Og#d&" and 1.190 g/cth These
results shows that high density foams were formed.

The experimental results show that the elastic nusdaf PET foam increased as
PCL-PDMS-PCL additive increased. Besides, as thik density increased the
elasticity of the foam was also increased, as dfledensity increased the elasticity of
the foam was decreased. In general, crystallizedlymts are more brittle than
amorphous products. PDMS addition to the foamed B&Tples gave increased
toughness and better surface properties than thbske foamed PET samples
without PDMS additive under the same conditionse Weight reduction of PET was
achieved without sacrificing much of the mechanipabperties by introducing
cellular structure in thermoplastic materials. #saobserved that the elastic modulus
increased nonlinearly as the relative foam denaitg PDMS additive content
increased.

When the foaming time was more than 6 minutestehsile strength and elongation
at break values of cellular PET started to decreBisis was because the longer the
gas was allowed to diffuse into the cells, the darthhe cell size was. Therefore, the
larger cell size (larger to some extent) decredisedensile strength and elongation
at break. The foaming time had a relatively strorftyence on cell nucleation and

cell growth for the amorphous and semicrystallindy@ster meaning there was an
effect on the mechanical properties. Similar stroallsize dependence on foaming
time was reported for styrenic resins. The foantinge in our experiment did have

effects on the mechanical properties, too.

The solubility of nitrogen in polymers increasasehrly with pressure up to about 25
MPa. Therefore, increasing foaming pressure agtualireased the foaming gas
concentration inside of PET, and the net result wa®ll-size decrease and a cell

density increase. When the the cell density wagelathe elongation at break €4
became larger. This explains why the elongatiobraak increased with increasing
foaming pressure under our foaming pressure s&pen the foaming pressure was
smaller than 10 MPa, the PET sample showed no tdéleccell structure. This
means that the foaming pressure should exceed 18 iMBne hopes to obtain
microcellular PET foam.

The effect of foaming temperature on the mechanicaperties occurred in the
temperature range between 250 and 275 °C. Wheriohming temperature was
lower than 250 °C, there was no detectable calicgire. One of the reasons was
that the foaming reagent 5-PT could not decompos®tetely at lower temperature;
hence, there was probably not enough gas necetsdorm microcellular PET.
Another reason was that at lower foaming tempeeatuthe PET matrix stiffness
may have been sufficiently large enough to prevertieated cells from growing to
detectable size, even though the allotted foammg should have allowed all of the
available gas to diffuse into the cells.

The effects of polycaprolactone block poly(dimetisybxane) (PCL-PDMS-PCL)
additive content on rigid PET foams were invesgdatmainly. There is an
increasement in contact angle measurement resithscertain amount of PDMS
percentage increasement because of the migratioRDWIS molecules to air-
polymer surface in PET foam samples. Accordinght® ¢alculated results, for the
samples which do not include PCL-PDMS-PCL, showedrehse in elongation at
break. It was observed that when the PCL-PDMS-P@dit@e content was
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increased, the elastic modulus of PET foams ineckasnd the elastic modulus was
also increased as the relative foam density wasased.

Each sample description refers to a specific comipasinvolving the components
used in the preparation of the samples. This desmni code explanation is presented
in results and discussion section.
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MODIFIYE EDILM i$ PET KOPUK URET iMi VE KARAKTER IZASYONU

OZET

Polimer yapili kopukler otomotiv, rizgar tirbinigak, uzay, igaat, denizcilik,
elektronik ve ambalaj sektérlerinde kullaniimaktadTermoplastik ve termoset
olmak Uzere iki ana gruba ayrilan polimerik kopikiglastik endustrisi baz
alindginda en hizhh biyime goOsteren sektorleringida gelmektedir. Son
zamanlarda plastik malzemelerin tiketimindeki sartia bunu kanitlamaktadir.
Dolayisiyla, plastik Gretiminde “hicre” ya da “hadik” olusturma konsepti,
(mekanik ©zelliklerinden 6dun verilmeden) hafif drigldesinin yanisira maliyet
disirmede etkin bir secenek olgtur.

Termoplastik kopuk dretimi ileri bir teknoloji bilgy gerektiren ekstriizyon,
enjeksiyonla kaliplama, uflemeli kaliplama, donealilama, 1silsekillendirme
(termoforming) ve basincgla kaliplama (pres) yontegle gerceklgtiriimektedir.
Kopdrtict ajanlarin iki genel tipi vardir. Fizikséir kopuartict ajanlar, basing
altinda dgrudan polimer eriyiine beslenir, ve diilk yogunluklu kopuklerin
Uretiminde neredeyse her zaman birincil kaynak atdagecmektedir. Kimyasal
kopurticu ajanlar ise kopuk Grand eldesi icin gkrelan gazi dretmek amaciyla
yuksek 1si ile indiklenme sonucu bozunma reaksiyanran saf kimyasallardir.

Termoplastiklerin neredeyse tamamindan termopldshitik trtin elde edilebilir;
ancak ticari dgeri olan kopukler, kopuk malzemelerde termoplastérisler olarak
beliren poliolefin (polietilen, polipropilen), pairetan, polistiren, poli(vinil klortr),
polikarbonat, poly(etilen tereftalat), poli(metil etakrilat) gibi yaygin olarak
kullanilan plastiklere dayanir. Belirtilen 6nemlicdri termoplastik malzemeler
arasindan, Ustun ozellikli yari-kristal termopliasthalzeme poly(etilen tereftalat)
(PET), bu cahmada kopuk Uretimi igin secilgtir. Dolayisiyla, PET kopuk eldesi bu
calismanin ana konusu olarak belirlestiri ciinkil PET yuksek sicaklik, basing ve
darbe dayanimi gibi dstin oOzelliklere sahiptir. Marstal malzemeler amorf
termoplastiklere gore heterojen hicre&gyoluguna katki sgladiklari icin, on ile bin
kat arasinda dgsen hicre olgumunu tetiklerler, dolayisiyla daha fazla hucre
yogunlugu elde edilir.

Bu calsmanin amaci, kimyasal kopurttct ajan kullanilarsdsie kaliplama yontemi
ile kapali-hticre morfolojisine sahip, yapisal olkasgrt poly(etilen tereftalat) kbpuk
uretmektir. Polikaprolakton (PCL) ve poli(dimetilaksan) (PDMS) ‘in  u¢ bloklu
ABA tipi ticari bir kopolimeri olan a,w-dihidroksi polykaprolakton—poly(dimetil
siloksan) (PCL-PDMS-PCL) Mn = 6500 (+/-600); Mwums = 3000 ve Mwpcy ¢
bloklan = 2000 gr/mol, katki maddesi olarak kullanigim

Bu calgmada termoplastik polimer kopik Uretimi presle jama prosesi ile
gerceklatirilmistir. Bu proses, oldukca zahmetli ekstrizyon proseskiyasla
malzeme formulasyonlarinin ¢cok daha hizli gelimesine olanak s#ar. Presle
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kaliplama metodunda optimize edilebilen proses mateeleri ise proses sicakll
proses suresi ve proses basincidir.

Termoplastik polimerler arsinda oldukca yuksek Idikkarda képik elde edilebilen
bir polimer olan poly(etilen tereftalat), ekzotekntipteki kimyasalsisirici maddesi
5-fenil-1H-tetrazol (5-PT) ilaisirilerek kopuk eldesi sganmstir. Birgcok kaliplama
ve ekstriizyon uygulamalarinda, gecerli olan geneblkkimyasalsisirici ajaninin
bozunma sicakll ya da dger bir deysle gaz saliniminin gerceklaesi icin gereken
sicaklgin, polimer gleme kaullari icin gerekli olan sicaklik gerinde secilmesidir.
Bu genel kural baz alinarak, bu saiada PET’in jleme sicakiii ((R50°C) ile
uyumlu olan ve dolayisiyla yiksek sicakliklardag82C), parcalanip gaz formuna
gecebilen ekzotermik bir kimyasafsirici ajan olan 5-fenil-1H-tetrazol (5-PT)
kullaniimustir.

Polimer kopukler hidrolik sicak pres makinesi kaollarak 255 - 275C aralgindaki
isleme sicakfil, 6 — 22 dakika aralinda dgisen proses siresi ve 10 - 100 bar
aralgindaki proses basinci ile Uretilgtir. Kopuk tretiminde kimyasalisirici madde
olarak kullanilan 5-PT miktari kitlece % 0,05 ve O@5 aralginda degismistir.
Hidrolik sicak pres makinesinde yiksek sicaklikdaedde edilen eriyik kagimi, 50
bar basin¢ altinda 5 dakika boyunca hidroligidopres makinesinde gotulmus ve
sert formdaki PET kopuk eldesiganmstir. Sisirici kimyasal madde miktari kitlece
% 0,10 — % 0,25 arghinda dgismesine rgmen en iyi sonucu kutlece % 0,10
kimyasalsisirici madde icergi vermistir. Kitlece % 0,10 kimyasadisirici ajan ve
kitlece % 0,075 PCL-PDMS-PCL katkisi igrile olusturulan kargim sicak pres
makinesinde 260 °C proses sicgklil5 bar basing uygulamasi, 10 dakika proses
suresi ile 1sitmasiemi yapildiktan sonra, gok pres makinesinde 15 bar basing
altinda 5 dakika sureyle gatma slemi yapilarak PET kopuk Uretimi igin optimum
kosullar belirlenmstir.

Polikaprolakton blok poli(dimetil siloksan), (PCLRIMS-PCL) kopolimeri ylzey
modifikasyon katkisi olarak kullaniigiive PET ile dgik oranlarda ( kitlece %
0,050 — % 0,300 arghinda) kargtirilmistir. Eklenen PCL-PDMS-PCL miktarinin
etkileri, elde edilen kopuk Grininin morfolojik yayz 6zellikleri ve baz alinan
polimer tipi tartgiimistir. Sonucta, kritik ylizey gerilimi olgimleri veyau ile temas
acisi olcumlerinden yararlanilarak, trinlerin sihkbenzeri bir hidrofobik ylzey
Ozelligi gosterdgi belirlenmitir. PCL-PDMS-PCL katkisi maddesi eklenerek elde
edilen PET kopuk ornekleri, ayni ddlar altinda PCL-PDMS-PCL katki maddesi
olmadan elde edilen PET kopuk drneklerine gorendoiatokluk ve daha iyi ylzey
Ozelligi saglamistir. PET kopuk kasimi hazirlanmasi sirasinda c¢ok sdi
miktarlarda PCL-PDMS-PCL katkisi kullaniimasinagmeen elde edilen PET
kopuklerde kirllganhk da azalgtir.

Deneyler sonucunda hazirlanan 27 oOrnek farkli grosarametreleri denenerek,
yapisal, yluzeysel ve mekanik 0zellikleri acisindacelenmgtir. Farkli hicre
Ozellikleriyle elde edilen tim PET kopuk 6rnekléemas agisi dlgumu, ganluk
hesaplamasi, hicre boyutlarinin analizi ve lUc¢-n@gtae mekanik testi ile analiz
edilmistir. Termoplastik kopuk o6rnekleri, hiicresel olatakm veya daha gk cap
uzunlyunda, ve santimetrekip ¢gpaa en az bin tane hicreden g@lno hicre
yogunluguyla karakterize edilngtir. Bu termoplastik kopukler, bir gazla bir
polimerin super-doygungairiimasini takiben, ayni anda milyonlarca mikroslb&
yaratilmasi sirasinda gan termodinamik bir kararsizlik etkisiyle tretiktni. Farkl
hiicre yapilari icin elastik moduli ve temas aclistrleri yapilmstir. Sonuclar,
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desisken proses parametrelerinin; PET matrisindeki POMBS-PCL katkisi ve
kimyasalsisirici madde icergi, elde edilen urtnlerdeki mekanik ozellikleri 6riem
Olcide etkilediini gostermgtir. Hazirlanan kapali hiicre yapisindaki PET kopuk
ornekleri icin morfolojik, fiziksel ve kimyasal alak; ASTM D5946 ve ASTM
D5725 standartlarina uygun olarak yapilan temas @pctimleri, ASTM D1622-08
standartina uygun olarak yapilan gyaluk hesaplamalarnr ve ASTM D790-10
standartina uygun olarak yapilan 3-nokime testleri ile karakterize edilgtiir.

Bu calsma ile kapall hiicre yapisina sahip yuksegwiduklu poli(etilen teraftalat)
(PET) kopuklerinin - mekanik 6zelliklerinin iyif@iriimesine odaklanilngtir.

Calismalar sonucunda yanluk deserlerinin 0,945 g/crhve 1,190 g/crharalginda
degistigi gozlemlenmgtir. Bu sonuclar yuksek ymnluklu koépik eldesinin
gerceklgtigini gostermektedir.

Deneysel sonuclar, PET kopuk elastik modilunin POMS-PCL katkisi arttikca
arttigini gostermektedir. Ayrica, kopuk gonlugu arttikca kopuk elastisitesi de
artarken, habbecik yoinlugu arttikca kopuk elastisitesi azaktm. Kristal yapidaki
artnler, amorf yapidaki trtnlere gore daha ¢cokdanlik gosterir. PCL-PDMS-PCL
katkisi iceren PET kopuk ornekleri, aynisibbar altinda PCL-PDMS-PCL katkisi
olmadan elde edilen PET kdpuk drneklerine gorenaoiatokluk ve daha iyi ylzey
Ozellikleri sergilemgtir. Termoplastik malzemelerden hiicresel yapil (ko@retimi
eldesi, sarf edilen PETgaligindaki azalma avantaji ile mekanik 6zelliklerderiigd
verilmeden sglanmstir. Bagil kopuk ygunlugu ve PCL-PDMS-PCL katki icei
arttikgca, orneklerde gousal olmayan bir elastik modul grtg6zlenmstir.

5-PT kimyasal sisirici ajaninin bozunarak gaz formuna demiési ve PET
granullerinin tamamiyla erimesiyle ghn eriyik kargimi sisteminda bir dengeye
ulasildiktan sonra, Urinde homojen baloncukgitieni gozlenebilmesi igin, PET
kOpuk Uretimi 6 dakikadan daha uzun surelerde gergeilmistir. Sure ilerledikge,
olusan htcresel yapidaki PET kd&hin ¢cekme mukavemeti ve uzamada kopma
mekanik 6zellikleri azalmaya amistir. Bunun nedeni, gazin sure ilerledikg¢e hiicre
icine difizlenmesindeki astile hiicre boyutunun buyidmesidir. Bu ylzden, bulgiik
cap dgerine ulgan hicreler (belli bir dereceye kadar biyume)geklayanimi ve
uzamada kopma @erini disurmistir. Amorf ve yari kristal yapidaki polyester
kopuk eldesinde, habbecik elum slreci ve proses suresinin mekanik oOzellikler
Uzerine etkisi oldgu ispatlanmytir. Benzer 6zellik stirenli recineler icin de héer
boyutunun, kopik okumu igin gerekli olan proses suresi ileglydili oldugu rapor
edilmistir. Bizim deneyimizde de habbecik elum slresi drtnlerin mekanik
ozelliklerini etkilemitir.

Polimerlerdeki azot ¢ozinugi yaklgik 25 MPa basinca kadar gtasal olarak
artmaktadir. Bu nedenle, képuk glununda basincin artirilmasi aslinda PET icinde
¢cobzlinen kopurticii gaz konsantrasyonu arjtrmive bu durumun net sonucu ise
hiicre boyutunda kiculme ve hicregyolugunda arty seklinde olmugtur. Hicre
yogunlugu ne kadar fazlaysa, uzamada kopmeefyaeseri de o kadar buyuktir. Bu
durum, mekanik testlerimizin deneysel sonuclari skapindaki uzamada kopma
degerlerinin, basing yukselmesiyle neden gnti aciklamaktadir. Kopik ojum
basinci 10 MPa ‘dan daha gtk iken, PET Orng saptanabilir bir hiicre yapisi
gostermemtir. Bu durum, PET kopuk elde edilmek isteniyorsa MIPa basincin
asllmasi gerekgi anlamina gelmektedir.

Kopuk olsum sicakiginin trtnlerdeki mekanik 6zelliklere etkisi, 250 2&5 °C
sicakhk aralgindaki calgmalarda sonuc¢ vergtir. Kopuk oluisum sicaklgr 250
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°C'den daha dgiik iken, olymus herhangi bir hiicre yapisi saptanamgmi Bu
durumun nedenlerinden biri, 5-PT kimyasairici ajaninin dguk sicakliklarda
tamamiyle bozunmwu olmamasindan dolay! hicresel yapi formundaki PBpuk
eldesi icin gerekli olan gaz miktarinin bu ortamaahtemelen yeterli miktarda
bulunmamasindan kaynaklarsnmlimasidir. Dger bir nedeni ise, guk sicakliklarda
gerceklgen kopuk Uretiminde, mevcut olan bitin gazin héarlicine dgru
diftizlenebilmesi icin gerekli olan habbecik gluin sireci sglanms olsa bile, hiicre
olusumu surecinde saptanabilir bir hiicre boyutunasiimeasini engelleyen PET
matrisinin sertlik dgerinin yeterince buyik olmasindan dolay! kaynaklaktadir.

Elde edilen sert PET kogiin Ozellikleri Gzerine, polikaprolakton blok poligaetil
siloksan) (PCL-PDMS-PCL) katkisinin etkisi gahalar sirasinda 6nemli oOlcide
arggtinimigtir. Belirli miktarlarda PCL-PDMS-PCL yizdesi artile orantili olarak,
PET kopuk orneklerinde bulunan PCL-PDMS-PCL molkkiiin hava-polimer
yuzeyine g0¢ etmesinden dolayl, temas acisi Olcuanugdarinda argi
gozlemlenmgtir. Deneysel sonuclara gore, PCL-PDMS-PCL katkgarmeyen
orneklerin uzamada kopma @#lerinde azalma olngtur. PET kopuk orneklerinde
PCL-PDMS-PCL katkisinin yilizdesi arttikca, elastikdil artmstir. Bagil kopuk
yogunlugundaki artg ile de elastik modultn argn gozlemlenmytir.

Her 6rnek tanimlamasi, érneklerin hazirlaniimasikdidanilan bilgenleri icerecek
sekilde yapilmgtir. Bu kod sistemi sonuglar ve yorumlar kismindgifienerek
aciklanmgtir.
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1. INTRODUCTION

Polymeric structural foams came into being in tB&Qks and have been widely used
in automotive, aerospace, construction, electrantt packaging industries since that
time. Foam plastics are one of the fastest growawjors of the plastics industry. At
the beginning of the 2century, about 23 billion pounds of foamed produsere

consumed each year around the world [1], and thisber is expected to increase
significantly in the future as more applicationg aiscovered. Foam processing in
general has gained a significant technical andnsfie sophistication [2], [3].

However, notwithstanding the capability to devehmw classes of cellular materials

by foaming, the literature is still limited.

Over the last decades, foaming of polymers hasvedointo a well-developed
technology for equipping materials with a set osided properties. The achieved
scientific understanding, the technological progras well as the broad range of
realized commercial applications have further driglee significant growth of this
particular field. Besides the continuous enhanceméfoam formulations and the
ever-increasing improvement of processing technetyghe evolution of new fields
of research related to foams and their successthihblogical transfer into industrial

applications are steadily proceeding.

Nearly all thermoplastics can be foamed, but corcrally important foams are
mainly based on commodity plastics. Foamed therasbiol matrices are polyolefin,
polyurethane, polystyrene, poly(vinyl chloride), lyoethyl methacrylate),
poly(ethylene terephthalate), generally.

There are several categories of polymeric foamaelver, only structural polymeric
foams (i.e., high density foams with closed-cetusture) are of concern in the

thesis.

The recent European ban of the use of azo basedrfgagent “azodicarbonamide”
in gaskets and other products that come in contébt food [38] result in the fact



that the preference of environmentally friendlyveilog agent “5-phenyl tetrazole”
usage in this study.

Recently a number of leading materials suppliersehtaied to place clarified

polypropylene, polystyrene, and even new gradeaseafly transparent high-density
polyethylene as potential substitutes for poly(kthg terephthalate). So far, market
acceptance of these appears to be very limited. ieE#ins a favorite among brand
owners, who value its appearance, ease of progeasnh performance in packaging
lines, and its positive environmental image [4]afing of polyesters in particular
can be identified as a topic of potential interbsth from a scientific as well as from

a commercial point of view.

Poly(ethylene terephthalate) (PET) is a low-cosgimgering polymer with good
mechanical and thermal characteristics and exhiiigls elastic moduli, high glass-
transition temperaturelg), and good crystallinity and solvent resistangearing
one of the most versatile plastics in the world [5]

The availability of foams based on PET could beyveateresting, mainly for the
temperature range allowed by the high melting teatpee ) of the bulk polymer
and its crystallinity. Such foams can be used ipliegtions such as packaging,
thermal insulating panels, transportation, consima¢c and cores for sandwich

structures.

Although the market finds excellent utilities foOEP, the low shear and elongational
viscosities and low melt strength of convention&8TPprevents from being easily
foamed by typical technologies such as gas extmugaaming, and complex
procedures have to be used [6]. In many cases RBETohbe modified chemically or
physically to have homogeneous cell distributionpwmlymer matrix. In chemical
modifications, different treatments have been dgvad to improve the PET
macromolecular characteristics, in particular, xbeed the polymer chain lengths
[7]. In physical type modification, PET is procedswith additives to achieve

specific physical properties such as flexural, tenand barrier properties.

Microcellular semicrystalline polymers such as gellgylene terephthalate) show
great promise for engineering applications becaokeheir unique properties,
particularly at higher densities. Recent studiesreaé some high-density

microcellular polymers have longer fatigue livesiam equal strengths to the neat



polymer. Relatively few microcellular-processingudies of semicrystalline
polymers have been presented. In general, semadigst polymers are relatively
difficult to microcellular process compared to apitwus polymers. The
semicrystalline materials exhibit ten to one thowuséimes higher cell nucleation
densities compared with the amorphous materialsltteg from heterogeneous

nucleation contributions [8].

Considering everything, PET was chosen recently rgrihermoplastic polymers
due to its superior characteristics, i.e. goodstasce to high temperatures and high

compressive strength.

Furthermore, to produce polymeric cellular struesuthe blowing agents are needed.
Chemical blowing agents (CBAs) are made of a atdssolid or liquid compounds
that decompose to form gases under processingtamsl[9]. Most CBAs are solids
and decompose within a given temperature rangenfest molding and extrusion
applications, the general rule of thumb is to 4eée€BA that has a decomposition,
or gasrelease, temperature closely matching the proagdsmperature to be used
for the polymer [10]. PET melts at higher temperasuaround 250 °C, and 5-PT
decomposes at around 250 °C, too. Due to the fatt 5-phenyl tetrazole (5-PT)
was chosen as the suitable chemical blowing agentfolam poly(etylene
terephthalate) PET in this study.

In this study, closed-cell structured poly(ethyleeeephthalate) rigid foams were
produced with the help of a chemical blowing ag&dPT) by compression method.
A commercial a,0-dihydroxy polycaprolactone—poly(dimethylsiloxangPCL-

PDMS-PCL) additive were used at very low weightceetages to improve surface
properties of the PET foam samples, and to dectbageroperty of brittleness of the
PET foams. The PET foams produced with and witiRQL-PDMS-PCL triblock

copolymer additive were analysed with structurabrphmological and mechanical
testing methods. Besides, bubble formation charatts were reviewed in a

thermoplastic polymer matrix.






2. THEORETICAL PART

2.1 Thermoplastic Polymers

Plastics are an important group of raw materiatsafovide array of manufacturing
operations. Applications range from small food eamgrs to large chemical storage
tanks, from domestic water piping systems to ingkispiping systems that handle
highly corrosive chemicals, from toys to boat huliem plastic wrap to incubators,
and a multitude of other products. When properlgigleed and applied, plastic
provides light weight, sturdy/economic/resistamiti @orrosion products. Plastics are
polymers. The term plastic is defined as “capalhlbeing easily molded,” such as
putty or wet clay. The term plastics was originadigopted to describe the early
polymeric materials because they could be easilydeasb Unfortunately, many
current polymers are quite brittle, and once theyfarmed they cannot be molded
[11].

Polymers can be subdivided into three main categptihermoplasticsconsist of
individual long chain molecules, and in principleygproduct can besprocessed by
chopping it up and feeding it back into the appiatpmachine;thermosetsontain
an infinite three dimensional network whichoisly created when the product is in its
final form, and cannot be broken dowg reheating whilstubberscontain looser

three dimensional networks, whehe chains are free to change their shapes.

Table 2.1 : Thermoplastics commonly used for closed-cell foams.

Polymer name Abbreviation Type
Polyethylene PE Semi-crystalline
Ethylene-vinyl acetate EVA Semi-crystalline
copolymer
Polypropylene PP Semi-crystalline
Polystyrene PS Glass
Polyvinylchloride PVC Glass + 10% crystalline

Polyphenyleneoxide

blend with PS PPO Glass




The foam behaviour depends on the properties gbohaner from which it is made.
Nearly all thermoplastics can be foamed, but corcrally important foams are
mainly based on commaodity plastics — PE, PP, P& PAfC (Table 2.1). This partly
reflects their low cost, and partly the availalilif grades with highly elastic melts
[12].

In terms of microstructure thermoplastics can hadéid into amorphous and semi-
crystalline solids. The amorphous ones are glapdy @ temperature called the glass
transition temperatur€y, whereupon they change into a rubbery liquid,viseosity

of which falls as the temperature is raised furtl&emi-crystalline thermoplastics
can be regarded as two phase materials, with ampdumes phase, and a crystalline
phase with a melting temperatuiig,. The chemical structures and transition
temperatures of several thermoplastics can be deresl to control the mechanical
properties. The melting values are not as pred@gaeamelting points of pure metals;
the crystalline phase of polymers melts over a tmatpre range that endsTat, and
the exact values ofy, and Tr,, depend on the molecular weight. For semi-crystllin
polymers the percentage crystallinity is anothempoanant parameter due to

possibility of fabricating highly anisotropic forna semi-crystalline polymers [13].

The thermoplastic polyester resin such as poly{boty terephthalate) and
poly(ethylene terephthalate) are the examples wii-sg/stalline polymers. The

melting point of PBT resins is about 30 °K loweanhthat of PET resins, resulting in
lower melt temperatures during moulding as welslaghtly lower allowable design

temperatures for moulded parts. PET and PBT ardiom&d on the ‘green list’ of

the European Regulation EEC 259/93, Annex Il [14].

The class of thermoplastic polyesters has two majdiclasses — polybutylene
terephthalate and polyethylene terephthalate - tawa minor subclasses - PET
copolymer such as Eastman's PETG, and polyethylaplethanate or PEN.

2.1.1 Poly(butylene terephthalate)

Polybutylene terephthalate (PBT) is a thermoplastigineering polymer that is used
as an insulatorin the electrical and electromcsistries, produced by
the polymerization of butanediol and terephthalidalt is a thermoplastic (semi-
crystalline) polymer, and a type of polyester. PBTresistant to solvents, shrinks

very little during forming, is mechanically stronggat-resistant up to 150 °C (or 200
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°C with glass-fibre reinforcement) and can be egdatith flame retardants to make it

noncombustible.

PBT is closely related to other thermoplastic psiges. PBT is similar in structure
to polyethylene terephthalate (PET), the differebemg in the number of methylene
(CH,) groups present in the repeating units of themelymolecules. Compared to
PET (polyethylene terephthalate), PBT has slightiywer strength and rigidity,
slightly better impact resistance, and a slightweér glass transition temperature.
The mechanical properties of the two materialsaése similar. However, PBT has a
lower melting point (223 °C [433 °F]) than PET (2%6 [491 °F]), so it can be
processed at lower temperatures. This property,bowed with its excellent flow
when molten and its rapid crystallization upon augpl makes PBT highly suitable
for injection-molding into solid parts. Either undified or reinforced with glass
fibres or mineral fillers, it is used in numeroysphcations, especially electrical and
small machine parts, owing to its excellent eleelriresistance, surface finish, and

toughness.
2.1.2 Poly(ethylene terephthalate)

Polyesters are produced commercially by melt polaagon, ester interchanges,
and interfacial polymerization. Commercial polyfdéme terephthalate) is produced
traditionally by two successive ester intercharegetions. In the first step, dimethyl
terephthalate is heated with ethylene glycol afperatures near 200 °C. This yields
an oligomeric dihydroxyethyl terephthalate (x =d 4) and methanol, which is
removed. In the second step, the temperature iseased, leading to polymer
formation, while ethylene glycol is distilled offigure 2.1) [15].

Commercially important polyesters are based onrpelg with thep-phenylene
group in the polymer chain. In contrast to the loelting, linear aliphatic polyesters,
the stiffening action of this group coupled witle thigh degree of symmetry results
in a high melting point and other important engimeg properties. For example, all
commercial polyester fibers are based on terephbtlaid as the primary building
block. Different products are obtained by varyihg difunctional alcohols used in
polycondensation reaction with this acid. Howevlee, major engineering polyesters
are poly(ethylene terephthalate) and poly(butykenephthalate).



O\\ //O HO\CH2 150 - 200°C

/ \ catalyst
H,C
H,C—O O—CHj, \OH

{ﬁ
HO——H,C——H,C 0 \\C @C—O—CHZ—CHZ—O H

HO——H,C—HxC o \\ O——CH,—CH,—/—0

260 - 300°C

catalyst

CH,—CH,——0

O—0
O—O
@]

nx

H, H,
+ ™' Ho—cC Cc™—OH

Figure 2.1 :Polymerization reaction mechanism of PET.

PET is characterized by high strength, rigidityd anughness; low creep at elevated
temperatures; excellent dimensional stability; lawefficient of friction; good
chemical, grease, oil, and solvent resistance; mahimoisture absorption; and

excellent electrical properties (Table 2.2).
PET has many advantages, which include:

» Lightweight: reduces transport fuel consumption and the coslistfibuting

products.

* Performance: provides insulation and protectiormfroontamination and

impact.



e Economy: usually less expensive than alternative materialsulting in

savings to the consumer.

* Energy SavingsPET manufacture requires less energy than altegsati
resulting in lower "greenhouse" emissions. As iagsah, PET foams enable

enormous energy savings in commercial installatguth as cool stores.

Table 2.2 :Properties of engineering polyester, PET.

Property Property

- . Flexural strength 96.5-124.1
Specific gravity 1.34-1.39 (MPa)
Melting temperature 265 Flexural modulus 2413-3102
(°C) (MPa)
Tensile strength (MPa) 58.6—72.4222?3?;)8”6”@?1 (Izod) ~ 0.25-0.65
Tensile modulus Water absorption 0.1-0.2
(MPa) 2758-4136 (24 hr)

Microcellular semicrystalline polymers such as fellyylene terephthalate) show
great promise for engineering applications becaokeheir unique properties,

particularly at higher densities. Recent studiegaésome high density microcellular
polymers have longer fatigue lives and/or equatngths to the neat polymer.
Relatively few microcellular processing studies seimicrystalline polymers have
been presented. In general, semicrystalline polgmeae relatively difficult to

microcellular process compared to amorphous polgmdihe semicrystalline

materials exhibit ten to one thousand times higiedirnucleation densities compared
with the amorphous materials, resulting from hejereous nucleation

contributions. The amorphous materials show a gtaependence on cell density,
while the semicrystalline materials show a weakeyyesthdence. Moreover, classical
nucleation theory is not adequate to quantitatiyeldict the effects of saturation
pressure on cell nucleation for either the amorghmuthe semicrystalline polyesters.
Both the semicrystalline and amorphous materialsibéxconstant nucleation cell
densities with increasing foaming time. Foaming pgeratures near the glass
transition are found to influence the cell density the amorphous polyesters,
indicating some degree of thermally activated ratocd& Furthermore, classical
nucleation theorys not adequate to predict the cell density depecel®en foaming

temperature. Similar to the amorphous polyestersvabthe glass transition



temperature, nucleation in the semicrystalline miteis found to be independent of
the foaming temperature [8].

Mélt strength of poly(ethylene terephthal ate)

Melt strength, a property of the polymer melt whinticates its ability to withstand
drawing without breaking. Melt strength is improvég the presence of high
molecular weight tail or long chain branches [11T]is well-known that a melt

viscosity is a primary material property in therf@tion of stable bubbles.

High melt strength polypropylene is an exampleft@ming. It was first presented
by Himont [17], in which, by chain extension, semgstalline polypropylene

demonstrates a wider processing window and a matterifoaming structure over
the nonextended conventional PP. As a result, npotgpropylene research and
development has been initiated. It is anticipatedhave more grades of better
structured PP in the market for foaming. Recerdlypolyethylene terephethalate
(PET) resin supplier reported solid state polynaian technology enhancement to
allow improved polymer strength PET for foaming J[18 brief, resin structure

development opens interesting possibilities to hiert enhance foamed plastic

strength/weight performance.

In this study, the complexity is the non-uniformstdbution of pressure and
temperature throughout the product that may causmauniform cell structure. The
polymer could not be cooled sufficiently to prevemibble collapse before it
crystallized. Among engineering plastics poly(eéim@d terephthalate) is relatively
difficult to process microcellularly compared tongeal thermal plastics because of

its low melting viscosity.

In chemical modifications, different treatments &deen developed to improve the
PET macromolecular characteristics, in particutar,extend the polymer chain
lengths. In fact, the molecular weight increaseyulgh chain extension or branching,
Is responsible for the increases in both viscoaitg melt strength; these, in turn,

facilitate the production of expanded structured.[1

The evolution of shear and extensional behavioa &snction of molecular weight
(My), degree of branching, and molecular weight distion (MWD) studies
showed that an increase in the degree of bran@nddyl,, and the broadening of the

MWD induce an increase in Newtonian viscosity, xateon time, flow activation
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energy and transient extensional viscosity, while shear thinning onset and the
Hencky strain at the fiber break decreased. Theicsgstalline polymers had
considerably higher cell densities than the amawph@olymers, which was
attributed to the significant heterogeneous nuidaatontributions in the amorphous
crystalline interfacial regions. The amorphous foarperienced diffusional
controlled cell growth, whereas the semicrystallinoams experienced viscoelastic
controlled cell growth, and the longer the gas a#®ved to diffuse into the cells,

the larger the cell size was.

Chain branching in some polymers is known to impraertain properties and is
practiced commercially (e.g., polyethylene and paiponate). In PET, many types
of branch structures have been synthesized anckfteet of branch structure on
properties studied. Some of the branch structuossible in PET are star, comb, H-,
random, hyper, POM POM branched. Most of the restudies of branched PET

have focused on new synthetic methodologies anti@wiogical properties.

2.2 Polymer Foams

Foams can be defined as a gaseous void surroundadnuch denser continuum
matrix, which is usually in a liquid or solid phade exists widely in nature, in
cellulositic wood, marine organisms, and other @meena, and it can be made using
synthetic processes (i.e., foamed plastics). Thegmce of gas voids can be outside,
encapsulation, or inside, irreversible volume esp@m In most cases, a gas phase
possesses dramatically different properties andctstres (or states) than the
surrounding solid phase, as opposed to differeopgnty and similar structure (or

state) blends, to make a lighter heterogeneous asitepstructure [20].

Foamed plastics can be classified in different wéysinstance, by nature as flexible
and rigid, by dimension as sheet and board, by We#g low density and high
density, by structure as open cell and closed esltl by cell size as foam and

microcellular [2].

The cellular plastics encompass a range of masewdh widely varying properties
and fields of application. Virtually any polymehermoplastic or thermoset, can be

made into a cellular or foamed form with the rasgltproducts having densities
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ranging from 60 pounds per cubic foot (pcf) (0.96ng) all the way down to 0.1 pcf
(0.0016 g/cr).

2.2.1 Types of polymer foams

The cellular plastics can have either of two stitadtconfigurations: (a) the closed-
cell type, in which each individual cell, more es$ spherical in shape, is completely
enclosed by a wall of plastic, or (b) the open-tghe, in which the individual cells
are intercommunicating. The foams can be rigid,isgia, or flexible. In general,
the properties of the respective plastics are ptaaghe foamed products, except, of

course, those that are changed by conversion tcethdar structure.
Currently achievable apparent foam densities rémge 2 kg/n? to 960 kg/ni
[22]. Based on these values, plastic foams candssitied into one of three classes:

1. Low Density Foamsfoams having an apparent density value between/kg
(0.002 g/cm) and 50 kg/m (0.050 g/cr).

2. Medium Density Foamsioams having an apparent density value between 50
kg/m® (0.050 g/crm) and 350 kg/rh(0,350 g/c).

3. High Density Foamsfoams having an apparent density value betweerkgso®
(0,350 g/cm) and 960 kg/m(0.960 g/crm).

In terms of cell size and cell density, plasticnisacan be classified into one of three

categories [23]:

1. Conventional foamdpam structures with an average cell size greatar 800um

and a cell density less than®X&lls/cnd.

2. Fine celled foamsfoam structures with an average cell size betwideand 300

um and a cell density between®&nhd 18 cells/cn.

3. Microcellular foams:foam structures with an average cell size less ttapm

and a cell density greater thar? t@lls/cnf.
2.2.1.1Thermoplastic and thermoset polymer foams

The thermoplastics that can be produced as stalctoams already run a wide
gamut - ABS, acetals, acrylics, styrenes, polyethgs, nylon, PVC, PC, modified

polyphenylene oxide, PP, polysulfone, thermoplapbtyesters, and various glass-
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reinforced nylons, polyethylenes, polypropyleney] ather thermoplastics. Among
the thermosets, urethane structural foams are imose.

Bubble formation theory

In polyurethane foam production, the correct foagrpnocess requires that these two

reactions take place at the same rate.
Isocyanate + Polyol —»  Polymer (First Reaction)
Isocyanate + Water —»  gfdr Foaming (Second Reaction)

If the polymerization (the first reaction) is fastéhe polymer formed will have final
strength before foaming and the result will be ghhilensity foam (low degree of
foaming). If the second reaction is much fasteg, éliolved gas will blow the foam.
Due to the low ‘green’ strength and viscosity o folymerizing mixture, the gas
will leave the mixture, and the foam will collapsea high density foam, as in the
first case. In the balanced process, the polymiizahould proceed fast enough to
give high viscosity and melt strength of the migtuwhich will trap fast evolving gas
and finish the polymerization at the end of foarovgh [24- 29].

The initial polyol and isocyanate mixture is a lowolecular weight, low viscosity
fluid, which is reflected in the low strength ofettbubble wall formed during
foaming. The wall of such a bubble breaks easily gas escapes. Therefore, it is
necessary to increase the strength and elasticegiie of the bubble wall (gel
strength), which is achieved by increasing the b weight of the polymer. The
mechanism of the bubble formation is a science $&r and it is essential to
understand the basics of the process. This prasessnilar to bubble generation
during boiling of a liquid. Gas which is formed the chemical reaction, or by
evaporation of the added low boiling foaming agestpartially soluble in the
polymer mass. When the limit of solubility is readh i.e., when enough gas is
generated to exceed the solubility limit (satumr@tjdhe excess separates in the form
of bubble. First stage of bubble formation is dhlleucleation. The number of
bubbles will depend on the number of nuclei (segu®sent in the system.
Nucleation can be homogeneous (in the absencereigfo particles, nucleants) or
heterogeneous (in the presence of nucleants). Tihbld nucleus is usually a small
amount of air caught in the crevasses or in thghnass on the surface of the solid

or liquid particle, in case of heterogeneous nuiea The beginning of foam
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formation is characterized by formation of largantner of nuclei. Their creation
causes refraction of light on the walls of nuclehich is manifested as whitening of
the mass without significant volume increase. Tegt 1stage is bubble growth from
the nucleus due to the incoming evolved gas, aadotume increase of the foaming
mixture. This stage is observed as the foam risebilBy of a growing bubble
depends on the surface tension. If the surfacadtens too large and there is no
nucleation, a small number of large bubbles wilbvgr and the shape should be
elongated in the direction of rise. Such foams weally not desirable since they
show anisotropy in their mechanical properties. (Ragn of bubble growth is
achieved by the addition of surfactants (usualig@ie copolymers)The surfactant
has multiple role, to lower surface tension andlifate division of cells into smaller,
and since it is a separate phase, to act as aamiclecreasing the amount of
surfactant gives finer cells with thinner walls iuttie limit is reached above which it
causes foam collapse, more regularly shaped buf28¢&430].

2.2.1.20pen- and closed-cell polymer foams

During foaming, two types of foam cells are obsdrvepen- and closed- cell.
Closed-cell structure may entrap hydrogen, carboride and volatile liquids. The
entrapped fluid (e.g. air) plays a major role iareasing in compressive strength and
energy absorption capability for closed- cell fodB1. On the other hand, open-cell
foamed plastics have a higher absorptive capaoityhter and moisture, a higher
permeability to gas and vapor, less insulation baipias for heat or electricity and a
better ability to absorb and damp sound.

Foams may have open or closed cells. Open cellstdegned by crushing the foam

after gelation, but the amount of open cells islagd by the selection of catalysts.
Foams used in the furniture industry contain opals avhile those used for thermal

insulation (rigid foams) are required to have ctbsells, since they contain a gas of
low thermal conductivity. Polyester urethane flégilbpams have better strength and
oxidative stability but lower hydrolytic stabilityhan polyether urethane foams. They
also show higher hysteresis in the stress—strailingytest. Polyester urethane foams
are more resistant to chemicals, particularly thesesd for chemical cleaning, but are
also more expensive than PPG based foams [32].
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Figure 2.2 compares typical microstructures of eem closed-cell polymer foams,
respectively, as seen in a scanning electron noopes (SEM). The good depth of
focus allows complete cells to be seen in the imterf open-cell polyurethane (PU)

foams. Air can pass freely between the cells ohdoams.

Although in Figure 2.2(a) all the cell faces aresimponly a small fraction of cell
faces need to be open to create continuous aimgessIn a typical closed-cell

foamed thermoplastic, each cell is surrounded Iyeoted faces.

(b)

Figure 2.2 : SEM photograph of (a) PU open-cell foam of dengykg n’,
(b) Closed-cell LDPE foam of density 24 kg fa2].

Partial cells, with cut faces and edges, are \asii the cut surfaces (Fig. 2.2(b)),
while complete cells exist in the interior of tregple. The cell faces can sometimes

be split or otherwise damaged [12].
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Closed-cell foam development

Compared with the five stages of PU foaming, thiy bmo stages in thermoplastics
are the growth of isolated spherical bubbles ardfdtihmation of polyhedral closed

cells.

Isolated bubble growth in a melt, the first stagbubble growth occurs in a polymer
melt under pressure, containing dissolved gas. etyaof gases have been used.
CFCs have ideal physical properties of low diffitsivow thermal conductivity, and
low boiling point, but have been phased out as thepylete the ozone layer in the
stratosphere. Hydrocarbon gases, hydro chloroflucadoons (HCFCs), carbon
dioxide, and nitrogen are all used.
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Figure 2.3 : (a)Modelling the growth of an isolated sphericabble in a PE melt.
(b)The predicted growth in the radii of the bubbled melt with time

[3].

A pressure reduction, or the generation of more gasses bubbles to nucleate.
Figure 2.3 (a) shows an isolated spherical bubbke polymer melt, the first stage of

the foaming process.

Shafi et al. [35] assumed that there are spheyisgtihmetric flows:
(a) radial heat flow;

(b) radial gas diffusion from the melt to the budbl

(c) extensional polymer melt flow, in directionsng¢gntial to the sphere, and

compressive melt flow in the radial direction.
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It is assumed that no further bubble nucleationucca@uring bubble growth. The
pressure balance of the bubble depends not onitg @arvature and surface tension,
but also on the biaxial tensile stresses in the.rmeFigure 2.3(a), the outer radius of
the melt sphere indicates the approximate amountedf per growing bubble. The
viscosity of the polymer melt is a function of tsmperature and the amount of
dissolved blowing agent. The coupled equations vesiged by finite difference
methods. Figure 2.3(b) shows the predicted increasige cell radius with time in a
PS melt. Since the model does not consider theaction between touching

bubbles, it is unlikely to be correct at long times

Multiple bubble growth in a melt, melt extensiorfw in cell faces draws melt
from the vertices. Everitt et al. [36] modelled theeraction of a sheet of large and
small bubbles in a 2-dimensional (2D) polymer mdibe bubble array had
hexagonal symmetry, so it was possible to consademall representative unit cell
(RUC), containing parts of a small and a large beipbus a mirror symmetry plane.

L

Figure 2.4: Developing foam in a structure with two largeeteery small bubble, at

the dimensionless times indicated (the grey scalecates orientation)
[36].

There are separate time scales for polymer vissbeily, bubble growth, and for gas
diffusion in the melt. Figure 2.dhows how, with increasing bubble expansion, the
melt is elongated between two neighbouring largebles. The dimensionless time
in the simulation is time divided by the fluid red&ion time. A full 3D consideration

of such flow will eventually lead to better modefsfoam development.
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2.2.1.3Flexible, semirigid and rigid polymer foams

Polyols, one of the major ingredient of a PU foare active hydrogen-containing
compounds, primarily variations of polyesters amdygthers. As a rule of thumb,
high molecular weight, low fuctionality polyols mhoce molecules with a low
amount of cross-linking and, consequently, a flexilboam. Conversely, low
molecular weight polyols of high functionality prack a structure with a high degree
of cross-linking, a rigid foam. Also, it is posshtio vary the formulation to produce

any degree of flexibility or rigidity between thed extremes [37].

Flexible foams differ from the aforementioned rigioams in that they can be
elastically deformed and return to their originahtours when the force is removed.
They are usually in the 1 to 6 pcf density rangée Ttwo major production

techniques in the flexible foam area are the staistand the molded foam

processes.

When foams are made either by free foaming or mo&d, a skin is formed on the
foam surface called Integral Skin Foams, in whioh ftoam comes out of the mold
with a continuous skin that can replace the separiatyl or ABS surface (e.g., RIM

process). This fact is utilized to prepare foamemtipcts with a controlled thickness
of the skin. The formulation for integral foams geally does not contain water but it
has physical blowing agents. The objects are maddosed molds. Density of the
skin can be regulated by the mold temperature, amofuthe mixture poured in the
mold (larger amount exerts higher pressure) anddmelease agents (usually
silicones). As a rule lower temperature favor thiclskin. Higher pressure and
release agents, which act as antifoaming agentsntact with the skin, also favor
thicker skin [32].

Rigid foam compositions differ from those of flelelfoams as they use short triols
or higher functionality polyols, typically witM, = 400. They are made with crude
MDI, and main part of foaming is done with physitddwing agents. Due to the

high concentration of crosslinks the foams aredriligid foams are used primarily
for heat insulation in refrigeration and constranti and partly in automobile

industry [38].

A variety of rigidity grades of flexible foams ameanufactured, with grades having

rigidity between soft and rigid foams being callsehmirigid. Semi-rigid foams are

18



used for automobile seats and components for antemd exterior safety. These
foams are characterized by low resilience, in thaly recover very slowly from
compression, and by high-energy-absorbing chaiatiter. Semirigid foams also are

cold-curing in nature and usually involve speciallymeric isocynates [37].

2.3 Production of Polymer Foams

The cellular plastics can be produced in the fofnslabs, blocks, boards, sheets,
molded shapes, and sprayed coatings. Some carbalStbamed-in-place” in an
open cavity. The type of process used (castingusixin, injection molding) will

affect the properties of the endproduct.

As originally conceived, most foamed plastics wesenpletely cellular in structure;
today, it is possible to arrange the cells so tharoduct may have an essantially

solid skin surface and a cellular core.

The ways in which the cellular structure is prodlae plastics vary widely. The

following are the basic ones among them:

1. Airis whipped into a suspension or solution of ghastic, which is then

hardened by heat or catalytic action or both.
2. Agas is dissolved in the mix and expands whenspress reduced.
3. A component of the mix is volatilized by heat.

4. Water produced in an exothermic chemical reactsowoiatilized within

the mass by the heat of reaction.
5. Carbon dioxide gas is produced within the masshgyrical reaction.

6. A gas, such as nitrogen, is liberated within thessndy thermal

decomposition of a chemical blowing agent.

7. Tiny beads of resin or even glass (e.g. micro-bak) are incorporated in

a plastic mix.

Moreover, many different processes, the most pomrias being injection molding
and extrusion, can produce thermoplastic foamsthim extrusion process, the
extruder offer relevant unit operations for foamdrction, such as melting, mixing

and metering in continuous mode.
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Furthermore, processing has become more sophe&licaspecially in the area of
producing high-quality surfaces on foam parts. Sacid molding and coextrusion
are being used to manufacture “foam core” thernstigigproducts with low density,

rigidity, and smooth surfaces for a variety of aggions.
2.3.1 Blowing agents

The termblowing agentin the broadest sense denotes an inorganic or igrgan
substance used in polymeric materials to produéeam structure. There are two

major types of blowing agents: physical and chemica

Among physical blowing agents, the chlorofluorocer® (CFCs) used in the past,
such as CFG (CCkLF), had several advantages; the heat of fusioheofaw boiling
point liquids aided foam temperature control, the diffusivity of the gases made
stable cell structures easy to achieve, and thesgaere non-flammable. In contrast,
pentane and butane are gases at room temperdtmrendble, and have a high
diffusivity through molten polyolefins.

When a high melt strength PP was foamed using buf&89] the maximum
expansion ratio was a function of the extrudate penature; it increased with
temperature in the low temperature range whereettfmnsion was limited by
crystallisation, then decreased at higher temperatdue to butane loss from the
extrudate. The extrudate swelled from the die, tlieaming caused further
expansion. Several strategies were used to achiéeelow-density PP foams [40]
branched PP prevented cell face fracture, lowedtiegmelt temperature reduced the
gas loss during expansion, and optimisation of diee design avoided too-rapid
crystallisation. Hydrocerol, a mixture of sodiuncdnbonate and citric acid which
decomposes to liberate @@nd a mixture of other products, was used [4H:GlQ)
and isobutane acted as blowing agents. The extrstesv speed and hydrocerol
concentration controlled the nucleation densitypdeethe foam density and mean
cell size. Branched PP had a slightly larger cek shan linear PP when G@vas
used as the foaming agent, but there were a signifinumber of open cells in the
foamed linear PP [42].

Sims et al. considered the efficiency of azodicadmide and sodium bicarbonate
blowing agents for PE foams made by compressionldimau [43]. These systems

generate C@gas. Blends of the blowing agents have a redugetherm, so are
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more suitable for polymer systems with that are perature sensitive, such as

ethylene copolymers.

According to Shutov [44], there are various requieats that have to be mehen

choosing a CBA:

» Decomposition temperature of the CBA should behtlyghigher than the

melt or processing temperature of the material.
» Gas must be liberated within a narrow temperatamnge.
* Rate of gas liberation must be sufficient and cutatble.

e Gas and decomposition products must be noncorrosieatoxic, and

nonflammable.
* CBA must be adequately dispersed in the polymerixnat

* Polymer matrix should not be destroyed by CBA oathgenerated during

decomposition.
* Internal gas pressure should be controlled.

« Diffusion rate of the gases generated by CBA shdiddadequate for the

chosen polymer matrix.

Due to the fact that, 5-phenyl tetrazole was ch@sethe chemical blowing agent in

this thesis study.
2.3.1.1Physical blowing agents

Physical blowing agent§BA) are volatile liquids or compressed gases thange
state during processing to form a cellular struetwithin the plastic matrix. The
gases or low-boiling liquids that are dissolvedthie resin, evaporate through the
release of pressure or the heat of processing.cbhgounds themselves do not
experience any chemical changes. Cell size isenfted by the pressure of the gas,
the efficiency of dispersion, melt temperature, #relpresence of nucleating agents.
The most common gases used are carbon dioxidegeitr and air. The liquid
blowing agents are typically solvents with low loog points, primarily aliphatic

hydrocarbons and their chloro- and fluoro- analogs.
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The blowing agents should be soluble in the polyomedter reasonably achievable
conditions but excessive solubility is not desieabl'he permeability of the gas
within the polymer is also significant, as is thelume of gas released per unit
weight of agent. This latter measure is callediiosving agent efficiencygnd is an
important yardstick for all types of materials. é&ffive blowing agents should yield
at least 150 to 200 chof gas (measured at standard temperature andupeggser
gram of agent [45].

2.3.1.2Chemical blowing agents

Chemical blowing agent&CBAS) are products that decompose at high temyerat
At least one of the decomposition products is a gdsch expands the plastics
material to give a foam structure. The amount aypuk tof the blowing agent
influencethe density of the finished product asdpibre structure. Two types of pore
structures are possible: open and closed celloFattat determine the formation of
a fine-celled plastic foam with a regular cell sttue are the particle size of the
blowing agent, dispersion properties of the plastprocessing machine used,
decomposition rate of the blowing agent, and thdt naescosity of the resin

processed.

CBAs are mainly solid hydrazine derivatives. The f@mmation must take place in a
temperature range close to the processing temperatunge of the polymer. In
addition, the decomposition products must be coibjgatwith the polymer.
Typically, these additives decompose over a redgtinarrow temperature range.
CBAs can be mixed with the polymer at room tempegggtrequiring no special
processing equipment. In most operations, theysatenucleating and are stable
under normal storage conditions. In addition, CBAay be reformulated with such
other additives as blowing agent catalysts or raiirlg agents. Blowing agent
catalysts lower the temperature of decompositianti@ CBAs while nucleating
agents provide sites for formation of a cell in tbamed plastic.

Blowing agents are used in plastics for severaaesa weight reduction, savings in
cost and material, and achievement of new proeriiee new properties include
insulation against heat or noise, different surfappearance, improved stiffness,
better quality (removal of sink marks in injectiomlded parts), and/or improved

electrical properties. [45].
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From automotive to medical products, packaging dasmg, CBAs are applied in
wide variety of applications within today’s plastisector. Typically offered as a
powder or a pelletized master batch, CBAs can hieddike any other additive to
the process. Less commonly used, but also avajlabte liquid CBAs where the

powder is let down into a compatible liquid.

CBAs offer various advantages with the most commdmown being weight or
density reduction. This can typically be achievatheut entirely compromising the
physical properties of the end product. Some otlhenmon uses are as nucleating
agents in direct gas operations and structural f@ard sink mark removal. In some
cases the CBA is used to provide a “spongy” fe¢h&ofinished product.

Activated by temperature, the CBA generates gasavidecomposition reaction.
Ideally, this gas is mixed into solution with thelymer melt. When the melt and gas
solution is introduced to a pressure drop, gas @isair bubbles begin to form within
the polymer matrix. Over time the gas diffuses otithe polymer matrix and is

replaced with air.

There are two basic types of chemical foaming agdatown asendothermicand
exothermic These two can be blended together to make atypedof foaming agent
known as arendo/exothermicThe decomposition of endothermic foaming agents
absorbs heat and typically generates carbon dioaidk water vapor. Exothermic
foaming agents generate heat upon their decompostd produce nitrogen and/or
ammonia gas and are typically said to produce higl@dumes of gas. The
exothermic decomposition is also known to genefatgher pressures than the

endothermic.

The endo/exoblends are used in applications where the prasenif both the
endothermic and exothermic are required. An exampleld be in profile extrusion
of rigid PVC. The exothermic provides a large votumf gas at a high pressure
allowing the gas to enter the PVC matrix, while #relothermic provides gas and
absorbs heat thus preventing distortion in theiler@nd allowing for faster line

speeds.

The endothermic products typically decompose inrérege of 130 - 230 °C, while
exothermic decomposition typically takes place atb@00 °C. However, particle

size plays an important role in the decompositiae as well as the decomposition
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temperature for both. In addition, the decompositemperature of the exothermic

products can be lowered by adding an “activatorkarker.”

Selection of the proper CBA for the applicatiorcisicial, and is done based upon
compatibility of the gasses generated with the mely of interest, as well as
compatibility of the carrier resin (if applicabl@esired amount of gas evolution, and
the processing window [38].

Generally CBAs are used for high-density foams. Aghthem endothermic CBAs
have desirable property for wood polymer composateduring foaming they absorb
heat at decomposition, which cools the polymerndases the viscosity of the melt,
stabilizes the cellular structure, and reducesawellescence [47 - 49].

Exothermic blowing agents

Exothermic foaming agents generate heat upon thegomposition and produce
nitrogen and/or ammonia gas and are typically saigroduce higher volumes of

gas.

Azodicarbonamide (AZ}he most widely used exothermic CBA. In its psit&te, this
material is a yellow-orange powder, which will degmse at about 390°F. Its
decomposition yields 220 ¢y of gas, which is composed mostly of nitrogen and
carbon monoxide with lesser amounts of carbon dmxind, under some conditions,
ammonia. The solid decomposition products are diitey which not only serves as
an indicator of complete decomposition but alsosdoat normally adversely affect
the color of the foamed plastic. Unlike many ot@BAs, AZ is not flammable. In
addition, it is approved by the FDA for a numberfajd-packaging uses. AZ can be
used in all processes and with most polymers, cwtuPVC, PE, PP, PS, ABS, and
modified polyphenylene oxide (PPO).

Modified AZsystemsave been developed which offer improved perforraasmed
increase versatility in a wide variety of applicais. Each system has a formulated
cell nucleation system (usually silica) and gaddyie approximately the same as

unmodified AZ. Modified types are also availablesgveral particle size grades.

The simplest form of modified AZ is a paste. lc@mposed of a plasticizer, which
forms the liquid phase, and may also contain dgpgragents and catalysts. Its
principal field of application is the expansionR¥C plastisols. The agents facilitate
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the dispersion of the blowing agent when it isredrinto the PVC plastisol, while
catalysts lower the decomposition temperature.

Other modified AZs have been developed for the rfeanture of integral-skin foams
by extrusion and injection molding. These contaildiives that modify the usual
decomposition process of AZ and suppress the foomatf cyanuric acid, which
causes plateout on the surfaces of molds, dies,sarglvs. The additives used
include zinc oxide and/or silicic acid (a colloidsilica) with a very low water
content. The additives also act as nucleating agendducing a cell structure that is

both uniform and fine-celled.

There are also grades that have been flow-tredtad.type contains an additive to
enhance the flowability and dispersability of thewgder. These grades are very
useful in vinyl plastisols, where complete dispensof the foaming agent is critical

to the quality of the final foamed product.

Another method of modifying AZ is to mix it with el other CBAs as those from
the sulfonyl hydrazide group. These “auxiliary” Wiog agents decompose at lower

temperatures than AZ, broadening the decompogiéinge.

Sulfonyl hydrazidebave been in use as CBAs longer than any other fype most

important sulfonyl hydrazide is 4;dxybis (benzenesulfonyl hydrazide) (OBSH).
OBSH is the preferred CBA for low-temperature aggtions. It is an ideal choice
for the production of LDPE and PVC foamed insulatfor wire where it does not
interfere with electrical properties. In additiah,is capable of cross-linking such
unsaturated monomers as dienes. Additional apmitatinclude PVC plastisols,
epoxies, phenolics, and other thermosetting resitke AZ, it is approved by the

FDA for food-packaging applications and is odor]essstaining, and nontoxic.

Sulfonyl semicarbazidesare important CBAs for use in high-temperature
applications. TSSpftoluene sulfonyl semicarbazide) is in the form afcream
colored crystalline powder. Its decomposition ramsyapproximately 440 to 450 °F
with a gas vyield of 140 cffy, which is also a mixture ofitrogen, CQ, CO, and NH
[50]. TSS is flammable, burning rapidly when ignditend producing a large amount
of residue. TSS is used in polymers processedgaiehitemperatures such as ABS,
PPO, polyamide (PA), and HIPS.
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Dinitropentamethylene tetrami®NPT) is one of the most widely used CBAs for
foamed rubber. Its use is limited in plastics beeawf its high decomposition
temperature and the unpleasant odor of its residddT is a fine yellow powder
that decomposes between 266 °F and 374 °F, praglucainly nitrogen and a solid

white residue.

With the increased use of engineering plasticeaent years, the need for chemical
blowing agents having higher decomposition tempeeatto match the processing
temperatures of these materials has also grown.thtn tetrazole classph-
phenyltetrazolas the only available product, which is a whitestalline powder
with a melting point of 212 °C [51]. This high teerpture CBA is a solid with a
decomposition temperature range of around 250 7@, generates 200 cc/grams
(measured at STP) of predominantly nitrogen gas|. [®8 primary area of
application is in polycarbonate, but it may be usedther engineering plastics. It
should be noted that incomplete decomposition isf iimaterial will result in a pink

colored intermediate product.

Hydrocarbyl tetrazoles (the class of materials tbiclw 5-PT belongs) may be
synthesized via the reaction of an aromatic amiitle ametal azide in the presence
of a Friedel-Crafts catalyst [53]. Hence, 5-PT &&nobtained from the reaction of

benzonitrile and sodium azide.

An alternative route to 5-PT has been demonstratem cyclization of

benzamidrazone with nitrous acid [54].

The most commonly reported solid decomposition pebaf 5-PT is 3,5-diphenyl-
1,2,4-triazole [51], [54]. Other solid decompositioproducts claimed are

aminodiphenyltriazole and triphenyl-S-triazine [54]

The decomposition mechanism of 5-PT has not betnsixely studied, although
the nature of the decomposition products permitaesgpeculation. Clearly, more
than one reaction pathway is allowed. Also, theodgmsition must involve some
interaction between pairs of 5-PT molecules andémomposition intermediates. As
is generally the case with this sort of mechaniime, gas yield and the residue
composition can be affected by the conditions umndleich decomposition occurs
(e.g., heating rate and decomposition media) [55].
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The main decomposition products of Expandex 5-P& fagterocyclic nitrogen
compounds, such as triphenyl-s-triazine, 3,5-digh&R,4-triazole, 4-N-amino-3,5-
diphenyl-1,2,4-triazole as shown in Table-A.1 [56].

Gas pressure development

The pressure exposure during the decompositioariscplarly important in regards
to the cooling time, the tendency of uncontrolledtpexpansion of the molded parts,
and the cell structure. This can also infl uenae gihysical properties of the parts,

depending on the grade of expansion rate. It ilequbvious that CBAs that liberate
nitrogen have the highest gas pressure development.

Table 2.3 :Maximum gas pressure at decomposition and remapresgsure in
room temperature for various chemical blowing agent

Substance Maximum Remaining
Pressure (Bar) Pressure (Bar)
ADC 85.4 30.3
5-PT* 40.6 21.1
ADC/endo 1:1 42.2 15.8
Standard endo 41.6 11.9
ADC/bicarbonate 1:4 28.1 11.2
Bicarbonate 24.2 11.0
*[59]

The chemical blowing agents are added to the palysbets in solid form and are

activated through addition of heat, releasing aflmostly nitrogen, carbon dioxide,
or water [60].

Table 2.4 :Properties of chemical blowing agents.

Product Decomposition Gas Evolution Main Gases
Range (°C) (mL/g)

ADC (ADCA) 200-215 220 CO, CHONH;
ADC (ADCA) act. 140-215 130-220 NCO, CQ, NHs
DNPT 190-200 190-200 NNH3z;, CHO
THT 245-285 180-210 N NH3
TSH 105-110 115 N HO
OBSH 155-165 110-125 INH,O
TSSC 225-235 120-140 NCO,, NH3
5-PT 240-250 190-210 N
NaHCG; 110-150 160-190 CHH,0
NaHCGOy/citric comp 130-230 110-180 COH0O
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However, the appearance of residual products isaddantage, given the fact that
they can represent up to 70 % of the fi nal contfsibf the agent [61], [62]. Their
decomposition can lead to a degradation of therpelymatrix, to a decrease in
mechanical properties, to coloration of the pad emcorrosion and contamination of
the mold. For these reasons only a defined amolfaming agent ought to be
incorporated into the polymer melt when using cleamblowing agents. A list of

chemical blowing agents is provided in Table 2.3][6

Endothermic blowing agents

Endothermic CBAs are used primarily in the injestimolding of foam where the
rapid diffusion rate of carbon dioxide gas throubk polymers is essential. This
allows postfinishing of foamed parts right out betmold without the need for a
degassing period. Nucleation of physically foameatanals, especially those used
for food packaging, has become a well-establishpgaiGation area for endothermic
CBAs.

Sodium borohydridéNaBH,) is an effective endothermic blowing agent becatsse
reaction with water produces 10 to 20 times the warhof gas produced by other
CBAs that give off nitrogen. Sodium borohydride nlos blended with the polymer
to be foamed to prevent reaction with water dustugage.

Sodium bicarbonat@NaHCQ;) decomposes between 212 and 284 °F giving off CO
and HO and forming a sodium carbonate residue. Its @ld is 267 criyg. At 287
°F or higher, decomposition becomes more rapidlititng its use as a blowing

agent for such higher-temperature thermoplastictyasnic polymers.

Polycarbonic aciddecomposes endothermically at approximately 32@rié gives

off about 100 crilg of carbon dioxide. Further heating will rele@sen more gas. In
addition to being used as the primary source offga®aming in some applications,
this class of materials is frequently used as deating agent for physical foaming

agents [64].
2.3.1.3 Determining the amount of gas generated

The dimensionless volum¥y, of gas generated (volume at STP per volume of
LDPE) can be calculated from the concentratiorhefdhemical blowing agent. Lee
and Flumerfelt (1995) found that the solubilityrofrogen in LDPE melts increases
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with temperature [35]. The relationship between riessX of nitrogen dissolved,
expressed as g LDPE, and the pressupemeasured in bar, at 135 °C is (2.1)

X=024x10"7p - 1.7 X 107%p?> (for p < 20) (2.1)

Since the molar mass of nitrogen is 28 g/mol, dednholar volume of a gas at 135
°C is 31,600 ml/mol, 0.22 volumes of nitrogen digsan one volume of LDPE at
135 °C under an absolute pressure of 1 bar. Simeddam relative densities are
typically less than 0.08 in the later stages ofagrgion, and the gas pressures are less

than 0.2 bar, the fraction of the nitrogen gasahiedl in the LDPE is insignificant.

It is assumed that no gas loss occurs by diffugioough the cell faces to the outside
of the foam. If the foam density js (kg m°) at the process temperatufe the

dimensionless gas volunvg(T,p) under the process conditions is (2.2)

918
V, (T.p) = — =~ %@

(2.2)
The dimensionless LDPE relative voluwg(T) at temperaturd °C is given by
Hellwege et al. [65] as (2.3)

Vp(T) = V) _ 1057 +7.93 % 10-3T

V(20) (2.3)

The absolute gas pressyrés determined fronVy andVyo using the ideal gas laws,

hence the relative gas presspres obtained.
2.3.1.4Control of cell size and cell stability

Nucleating agents can be used to reduce cell €8laeung and Park [66] described
the use of talc in PP foam. Talc is more effectikan calcium carbonate [67],
probably due to its platelet geometry; the conegimn of nuclei appeared to
increase almost exponentially with the concentratad talc, with the smallest
particle size 0.8um talc being most effective. Low-density foams ddPE can be
extruded with fine cells, using G@s a blowing agent [68]. The melt temperature
was reduced to the lowest possible value of 121atGhe die, to avoid cell
coalescence and achieve high expansion ratiosléted research [69], a blend of
LDPE and LLDPE, blown with C& was extruded at 220 °C. It was necessary to
cool the extrudate surface to temperatures as $o0v°& to stabilise the foam.
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Park and Malone [70] defined a foamability fackgrfrom the tand of the PE melt
(at 190 °C and 1 Hz).

Figure 2.5 : Abnormally large cells, with >20 faces, formeddsll face collapse in
EVA foam of density 150 kg ) with a background of normal cells
[71].

The LDPE blown film process is successful, sineertelt bubble cooling occurs in
a few seconds, allowing little time for the viscoestensional flow of the
thermoplastic melt. However, due to the low therditilsivity of foams, it takes the
order of 20 min for a PE foam melt to cool to tldics state. During this time, the
melt bubbles must remain stable. The typical gateat, from 30 % to 70 %, causes
the low-shear-rate viscosity to be extremely higbwever, if gelations were taken

further, the tensile stresses in the expanded fwauid be too high.
2.3.2 Production Methods of Polymer Foams

The manufacturing of plastic foams extends to mesttics processing technologies
[57]. Foams can be processed in extrusion, injeatiolding, compression molding,

blow molding, coating, calendaring, rotational midy etc.

Regardless of the processing technique, the foawifinmplymers by using physical
blowing agents, such as carbon dioxide or nitrogelres on the same principles: (1)
the polymer is saturated with the blowing agenhigh pressures, (2) the polymer-
gas mixture is quenched into a supersaturated Byateducing the pressure and/or
increasing the temperature, (3) the thermodynansi@ability of supersaturation
leads to nucleation of foam cells, (4) the growthtte foam cells, driven by the
diffusion of the blowing agent, proceeds until tedls either stabilize or rupture. The
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growth rate is primarily controlled by the diffusioate, the rheological properties of
the polymer, the temperature, the state of supeegain, and the hydrostatic
pressure applied to the polymer matrix. Althoughlsth principles controlling the
foaming behavior are fairly well understood, mosmeercial thermoplastic foams
are still based on a limited number of polymershsas polystyrene (PS), polyvinyl
chloride (PVC), polyethylene (PE), and polyprop@dRP) [73].

2.3.2.1Extrusion of thermoplastic foam sheet

Foaming plastics has been developed as an exten§itre extrusion application
while extruder evolution is primarily based onfitection optimization. Extrusion of
thermolastic foams is largely controlled by theatekely complex rheological

behavior of the polymer melt and physical foamiggrat (PFA) mixture [74].

In 1941, the first foam extrusion based product &asofoam, created by Dow and

in 1958, the first commercialized LDPE foam wasadticed by Dow again [75].

The complexity arises first from the moderate togéaplasticization due to the
adequate dissolution of the small molecules of fheming agent. They act as a
diluent with respect to the polymeric macromolesulhich forms a single phase
(zone #1, Figure 2.6). This solution should remaithat state until the nucleation
step occurs at the die exit, as shown in Figure Bhs is usually accomplished by
maintaining a pressure that is sufficiently higlside the extruder, i.e., above the
solubility pressure for such conditions of tempearatand PFA concentration,
thereby preventing any phase separation. In theudstt, the deformations occur
mainly in a shearing mode. Elongational and shiearsf coexist in the die, where the
PFA should still be kept dissolved in the polymexinfil0].

The melt, leaving a slot-shaped die, spreads onowing belt. As the foaming

process proceeds, the thermal conductivity of taenf decreases significantly, while
the heat conduction distance increases as the $baet thickens. The time scale for
foam expansion is of the same order as that fot beaduction. Gas diffusion

occurs, under the pressure differential from thareeto the surface of the sheet. The
lower pressure in the surface cells could allove¢h® shrink in size and relieve the
tensile stresses in the oriented faces. Henceotira flensity is expected to be higher
near the foam skin. The high tensile viscosityhaf inolten polymer resists, but does

not prevent, the thinning of cell faces and theniing of melt from cell edges. If
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neighbouring cells have different diameters, largebbles will try to grow at the

expense of neighbouring smaller bubbles, lessathiagverall surface energy of the
system. However, as bubble coarsening is rarelgrgbd, this process must be slow
compared with the solidification process. Occadidaa@e cells in foams appear to

be the result of face fracture followed by a reshgpf the joined cells.
MELT PHASE FOAM PHASE
(within extruder and die)

—— BN TONC— e Extensional deformation

(3)
Figure 2.6 : Schematic of the extrusion foam process.

(1) A single-phase, gas-laden melt is pedioward die exit.
(2) Nucleation occurs outdide die due to the large pressure drop.

(3) Cells expand and the strieestabilizes as the polymer is cooling.

When the melt passes through the short extrusieniti pressure falls rapidly to
atmospheric and a fine cell size is produced. Tioegss of gas diffusion from the
melt to the bubbles occurs on a time scale of tideroof seconds. Faster pressure
reduction allows less time for gas diffusion, se #ffective gas diffusion distance is
smaller. This allows new bubbles to nucleate clésgrowing bubbles, reducing the
average cell size in the final foam. Shafi et @b][predicted cell size distributions
for freely expanded LDPE/nitrogen system from measuparameters. However
they did not predict the mean bubble size in teahsirectly measurable process

variables.
2.3.2.2Compression molding method

Compression molding is a forming process in whicplastic material is placed
directly into a heated metal mold, then is softebgdhe heat, and forced to conform
to the shape of the mold as the mold closes. THd malosed with a top force or
plug member, pressure is applied to force the naterto contact with all mold
areas, while heat and pressure are maintainec tmtiding material. The advantage

of compression molding is its ability to mold laydeirly intricate parts. Also, it is
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one of the lowest cost molding methods comparedh wiher methods such as
transfer molding and injection molding; moreovewsastes relatively little material,

giving it an advantage when working with expensigenpounds.

Heat & pressure

Hot - Polymer

platens T T T T ~— Mold

Figure 2.7 : Schematic of the compression molding foam process.

Compression molding was first developed to manufactomposite parts for metal
replacement applications, compression molding pécally used to make larger flat
or moderately curved parts. This method of moldengreatly used in manufacturing
automotive parts such as hoods, fenders, scoopsersp as well as smaller more
intricate parts. The material to be molded is posédd in the mold cavity and the
heated platens are closed by a hydraulic ram. Bwkding compound (BMC) or
sheet molding compound (SMC), are conformed tontiwéd form by the applied
pressure and heated until the curing reaction ac@GMC feed material usually is cut
to conform to the surface area of the mold. Thedmslthen cooled and the part
removed. Materials may be loaded into the moldegiih the form of pellets or sheet,
or the mold may be loaded from a plasticating eldruMaterials are heated above
their melting points, formed and cooled. The mowenty the feed material is
distributed over the mold surface, the less floviemation occurs during the

compression stage [78].

In compression molding system compression foreppied among molds to get the
desirable shape of molten materials through satatibn. In this process good
optimization could be obtained between the flownwdterial and the mechanical
properties [79]. Meij [80] investigated non-isotimal effects on the flow of Glass
Mat reinforced Thermoplastics (GMT) during mouldimgnd suggested process
control tools.
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The compression molding processing of cellular damps based on three sub-
processes which include the processing of the padymatrix, the processing of the
cellular structure, and the processing of the meips. The creation of a cellular
structure is achieved by dissolving large gas coimagons into a polymer matrix
and subjecting the saturated system to a rapidntb#ynamic state change. This
creates an unstable or supersaturated matrix thegsdthe nucleation of billions of
microcells. Stable cells then grow as gas diffusés the cells reducing the bulk

density of the material [81].

In compression molding there are six important merations that an engineer
should bear in mind.

= Determining the proper amount of material.

= Determining the minimum amount of energy requi@teat the material.
= Determining the minimum time required to heat theemal.

= Determining the appropriate heating technique.

= Predicting the required force, to ensure that akiains the proper shape.

= Designing the mold for rapid cooling after the nniailehas been compressed

into the mold.

Commercial moulding prediction tools issued from rkvoon non-isothermal

moulding are available [82 - 84]. It was found ttte fiber content and the polymer
viscosity both have a large influence on the wdrkampression [80]. However, not
much is known about the influence of each of thesttuent materials on processing
and about the evolution of the temperature and rdeftion fields during non-

isothermal flow [86]. During industrial flow moldinprocessing, composites are
preheated and then transported to the mould, wikichaintained at a temperature
below the solidification temperature of the matfike mould is then closed at a high
speed. When the flow is almost complete, the piessvitched from displacement
control to pressure control and a pressure is miaed until the mould is full and the
material inside has cooled sufficiently. The matein the inlay zone cools first and
its rheology and solidification behavior determiriee extent of flow in the rest of

the mould. The void content during dwell and init@mpression is high due to
lofting of the preforms at preheating. When the i@form is compressed between
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the platens, the macro-voids are removed. Durimgititial phase of flow, some
voids, still remain in the material are rapidly ptgssed. The material then flows out
from between the platens and flow ends until theena between the platens is
solidified throughout thickness. However, surfacgdvformation is still a major
problem, especially for application in automotivelustry [87]. Such voids require
costly after treatment to enable good appearariee @dinting.

In compression molding, compounding step can bmiedited and mixing and
molding can be done in one step [88], [89]. Thidl wllow minimizing length
reduction of the fibers and the time the fibersnspat high temperature. In this
method the cellulose fibers get distributed evedrdyween polymer films and then
the “sandwich” is created by pressing in a compoessiolder at adequate time and
temperature. Bullions et al. [90], [91] prepareanposites of kenaf bast, wood pulp,
and poultry feather fiber by mixing with polypropyle and then passing them
through a hot oven at a fast rate to melt the BErdi but not degrade the natural
fibers and a formed a prepreg. The prepreg is tbempression-molded into laminate
plates under pressure (4.44 MPa) and temperat86£ () [92].

Park [93] and Gendron [10] cover the processespfayolefin foams and the
blowing agents used. The compression moulding oA Edam shoe midsoles use a
different technology, with crosslinking and expamsin a heated mould. Eaves and
Witten [95] described the Zotefoams process, inctvmitrogen is dissolved into
molten crosslinked polyolefin sheets in a high-puee autoclave, which are then
expanded into foams in two stages. Recent resdamshconcentrated on process
refinement. The development of rotomoulded [96] amdrocellular foams [97] are

peripheral to the products discussed.
2.3.2.3Reaction injection molding of foams

Reaction injection molding is a processing techaifpr the formation of polymer
parts by direct polymerization in the mold throughmixing activated reaction. A
simplified process schematic is shown in Figure. Z:8/0 reactive monomeric
liquids, designated in the Figure 2.8 as A andrB,maixed together by impingement
and injected into the mold. In the mold, polymetima and usually phase separation
occur, the part solidifies, and is then ejectetmBry uses for RIM products include

automotive parts, business machine housings, andite [98].
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Figure 2.8 : Schematic of the reaction injection molding foaragass.

Reaction injection molding is a variation of tharslard high pressure molding with
impingement mixing. A very low viscosity mixture igjected into the mold to
produce quickly the final part. RIM differs from g@lar molding in that the
formulation of the polyurethane system has to bey ¥ast. This is achieved by
replacing the diol crosslinker with diamine croskér to obtain polyurea. This
technique can be used to produce ‘structural fogmgh density rigid foams with a
skin) for auto body parts, dashboards and bumpetsakso to obtain elastomers and
microcellular foams. Components are injected inrieing chamber of the mixing
head under high pressure and mixed by impingeni¥é. piston then injects the
accumulated mass into the mold and cleans the afrafobthe new shot. When the
piston is in the down position the polyol and ismcgte components are recycled.
Because of the low viscosity and low pressures Rdthnology can be used to mold
large parts with metal inserts. The molds for RIdh de made from steel, aluminum
or zinc alloys. They are cheaper than the molds ifgection molding of
thermoplastics. Total consumption of energy is lowkan in the competing

techniques, and the investment in equipment isdowe

The most common RIM processable material is potharee, [99] but others include

polyureas, polyisocyanurates, polyesters, polyplsepolyepoxides, and nylon 6.

Reaction injection molding can produce strong,ibex lightweight parts which can
easily be painted. It also has the advantage akquycle times compared to typical

vacuum cast materials. The bi-component mixturecteid into the mold has a much
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lower viscosity than molten thermoplastic polymeiserefore large, light-weight,
and thin-walled items can be successfully RIM psseel. This thinner mixture also
requires less clamping forces, which leads to smadquipment and ultimately
lower capital expenditures. Another advantages bl Rrocessed foam is that a
high-density skin is formed with a low-density cdd®0]. The disadvantages are

slow cycle times, compared to injection molding] @xpensive raw materials.

If glass fibers are added to get reinforcement, rinethod is known as RRIM
(Reinforced Reaction Injection Molding). StructuIM (SRIM) is the process
whereby the reinforcement fabric or mat (glassbea) are placed in the mold and
the resin is injected to impregnate the reinforaaig01], [102].

2.3.2.4Injection molding method

Injection molding is a manufacturing process foroducing parts from
both thermoplastic and thermosetting plastic makeriMaterial is fed into a heated
barrel, mixed, and forced into a mold cavity whérecools and hardens to the

configuration of the cavity [103].

- Injection Molding Machine -

Plastic Granules Hopper Heater Mold Cavity - Mold

P |
\D-RiissnD
- ._I <}
Reciprocating Screw  Barrel Noszle Moveable Platen
- Injection — Clamping—

Figure 2.9 : Schematic of the injection molding machine.

The structural foam process is a low pressure tiojganolding process where an
inert gas is introduced into melted polymer for phepose of reducing density and

hence weight of the finished product.

Low pressure foams (Figure 2.10/1) have the chamatits of the injection of a
physical blowing agent, usually gaseous nitrogatg the extruder with the melt.

The charge is collected in an accumulator and tegem the mold at something less
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than the mold volume through valved injection pgicdlled nozzles. The mold is not
filed when the injection phase is complete and #xpanding blowing agent

provides the energy to force the polymer to theesmes of the mold cavity [104].
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Figure 2.10 :Schematic of the injection molding foam processes.

High or medium pressure foam process (Figure 2)18/2Zhemical blowing agent is
typically used. The blowing agent decomposes under influence of elevated
temperature over a time to produce a gas or sefigases leaving a small quantity
of a residue. The injected charge is incompletélitahe mold cavity leaving the
expansion of the chemically liberated gas to prevtte energy to fill the mold [105].

The performance advantages of injection moldedmnibptastic foams have been
known and exploited for some decades now, but tmyrecent developments in
processing technologies and blowing agents havengikem a steady growth into
new market applications. Automotive products, elecnd electronic equipment and
industrial appliances are profiting from the reductin war-page and shrinkage
associated with foam injection molding, as well femm the diminution in the

required clamping tonnage. An obvious benefit, ploéential of material saving, is
gaining relevance in the automotive field, becausfe the ever tightening

environmental legislations toward the reduction @D, emissions. Facing the

38



demand of reducing the vehicles' weight, the imgletation of foamed parts stands

as one of the most straightforward answers.

It is however known that the enhancement of thedeublpart properties has a price
to be paid in terms of mechanical performance. Gibe typical structure of a foam
injection molded part, where a compact outer Iayerounds a foamed core, this loss
in properties is caused by an obvious reductiothefstress-bearing area, as well as
by the actuation of the foam cells as stress cdratemns. The reduction in properties
has traditionally been studied as a function offtd@n density reduction, but there is
little understanding of the effect played by morolgical parameters of the foam,

such as cell size distribution, anisotropy or oldager thickness.

In the injection of thermoplastic foams the mormgyyl can be drastically affected by
the molding parameters, and the change in variab$esnjection velocity, melt
temperature and mold temperature can deliver hi@isame density reduction, a very
dissimilar spectrum of properties [106].

Injection molding in the presence CBAs is the majoanufacturing method to
produce high foams. On the other hand, up to 90f #ensity reduction versus the
unfoamed polymer can be achieved by low densitynfng with PBAs such as
volatile hydrocarbons, CFCs, HCFCs and atmosplyaises [107].

2.3.2.5Rapid rotational foam molding

Conventional rotational molding, or rotomoldingaiplastics fabrication technology
that is advantageously utilized to manufacture Isipgece, hollow or doublewalled,
large-sized, complex-shaped, seamless, stresgfastic articles. Rotomolding is
best implemented in manufacturing environments thaictice medium to low
production runs of large parts; this is due toittiensically lengthy cycle time of the
process, as it is required to elevate the temperaitia mold, while rotating it bi-
axially, from room temperature to beyond the mgltieamperature of the plastic to
allow shaping, and then cool it back to room terapge for part removal [108 -
113].

All rotomolding machines must allow accomplishirggf distinct fabrication tasks;
these are: (i) heating, (ii) cooling, (iii) sernng, and (iv) bi-axial rotation during the
first 2 stages.
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Rapid Rotational Foam Molding (RRFM) is a novelgmdtpending process that was
designed and developed to maximize the synergeffiects resulting from the
deliberate combination of extrusion and rotaticies@im molding and thereby serve

as a time and energy efficient technology for thanofacture of integral-skin

rotationally molded foams of high quality.
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Figure 2.11 :Single-charge rotational foam molding processiegs

In case of the experimental trials could involveaaiety of thermoplastics based on
foamable formulations with a chemical blowing agé@BA) that are compounded
and processed by utilizing an extruder, and aren&mhand injected as a foamed
core, instantly, into the cavity of a suitable rdmHed rotationally molded hollow
shell made of non-foamed pulverized thermoplagtlgmers.

The investigated mold shapes included a cylindrstelped mold and a rectangular
flat shaped mold. The obtained moldings are exadinfoe the quality of the skin
surface, the skin-foam interface, and the achiefgsin morphologies that are
characterized in terms of foam density, averagescad, and average cell density.

2.4 Properties of Polymer Foams
2.4.1 Foam geometry

When gas bubbles grow in a liquid, the foam goesuthh a number of stages.
Figure 2.12 shows a two-dimensional view in whicé tegularly spaced bubbles are

all the same size. As the density of the foam dea®, the bubbles come into
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contact, forming a closed cell foam. Finally thdl éaces burst and liquid drains to
the cell edges leaving an open cell foam. Beyomsl ttite foam collapses back to a
liquid. When plastic foams are examined by scanmlggtron microscopy (SEM)
two main types are found. If the gas bubbles hax@vig in highly viscous
thermoplastic melt, the thinning of the cell walisa slow process, and solidification
can stabilise the closed cell foam.

Figure 2.12: Change in the structure of a foam containing aleegarray of

bubbles as the volume fraction of gas increases.

A section through the cell walls of a similar PV@aim shows that the cell faces are
uniformly thick. The faces, rather than the edgesitain most of the polymer. It is
easier to form such foams using glassy polymersydxently the melt rheology of
polypropylene has been modified to allow stablarfedao be formed in the narrow
process temperature window above the melting pafirthe crystalline phase. It is
also possible to crosslink polyolefins before foagpiwhich makes the cells more
stable.

When a low viscosity thermoset prepolymer is foartiesl polymer can eaily drain
from the cell walls before the crosslinking reactistabilises the foam cell edges.
Figure 2.2.a shows a polyurethane open cell foarwhich only the cell edges
remain. These have three concave sides, the sleag fixed by the surface tension

of the liquid prepolymer.

Microcellular foams differ from classical foams,chese of their cell structure,
higher density of the foams, which is typically 2kg/n?, and the structure of the
matrix. Microcellular foams are foamed segmentesteimers with smaller number
of round cells, unlike polygonal cells with ribs standard foams. Because of their

superior mechanical properties they are used foe sbles, car bumpers, etc. [32].

The geometrical parameters are interrelated f@analy of polymer foams made by

the same process. For polystyrene bead foam, vherdensity is determined by the
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initial mass of beads placed in the mould, thesdedicome larger and the cell walls
thinner as the density of the foam decreases [13].

2.4.2 Foam density

Cell Density, defined as the number of cells per unit voluméhwespect to the

nonfoamed composite was determined by (2.4) [119]:
N = [nM/IA]*? x y (2.4)

Where, N = Cell density (cells/én n = Number of cells, M = Maghnification factor,

A = Area of the micrograph (cf) and¥ = Expansion factor of foamed sample.
2.4.3 Foam structure

The next parameter used to describe a foam igdélaadn of open and closed cells it
contains. The latter are generally measured by eoimgp the external volume of a
foam specimen to the pressurized gas volume diffedemeasured when the foam is
put in a hermetic chamber. If both volumes are \egjant, the foam has a 100 %
closed cell structure. If these volumes are diffgréheir difference is attributed to
the open-cell fraction, which permits the penetratof the gas into the foam. This

study deals with industrial foams in which a closetl morphology predominates.
2.4.4 Cell size distribution

Another very important microstructural parametequieed to describe a foam is the
cell size distribution, from which different stditsl parameters can be derived. The
cell size distribution is obtained from quantitativbservations of foams cells. These
cells are observed on the microtomed or fracturetase of the foam. By image
analysis, the surface area of individual cels,is measured and the corresponding
cell size,d;, is calculated from the equivalent diameter ofrele of areaA; (di = 2V
Ai/z). To reflect the foam microstructure with a godaditistical representation, the

number of cells to be measured should be reasohéity e.g., 200—300.

By plotting the cell size in a histogram, the csite distribution curve can be
obtained. From such a distribution, the number-ayerdiameted, and the volume-

average diametek, can be calculated using (2.5) and (2.6):
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(2.5) v Y ntd; (2.6)

where d, and n; are a measured diameterand the number of such diameters

measured, respectively.

A cell size distribution that is close to perfectigrmal will show very close values
of d, andd,, while other distributions, a bimodal distributitar example, will show
very different values afi, andd,. Thus, the ratio ofl, / d, represents a useful tool for
evaluating cell size dispersity, similar to the ewllar weight polydispersity used in
polymer chemistry to characterize molecular weididtribution. It is generally
believed that a cell size dispersity ratio closeltde.g., below 1.25) indicates a
statistically normal distribution or a monodispeidistribution. According to the
Schwartz—Saltikov statistical method for the caticetof measured diameters [120],
the diameter correction for a monodisperse distigbuis given by a constant equal
to 4n (=1.27). Since the correction factor is a constantatfbfoams with cell size
dispersity ratios close to 1, it will not be coreied in the morphological

characterization of the foams.
2.4.5 Foam anisotropy

Foams produced as extruded panels generally exmmbiphological anisotropy,
which affects their mechanical behavior. Dependingthe application, it could be
necessary to obtain their cell size distributiorerage aspect ratio, and orientation in
three orthogonal directions, i.e., in the extrusion machine direction, in the
direction normal to the machine direction, and Ire tdirection normal to the
thickness of the panels. These three microstrucpeeameters account for their
morphological anisotropy, which will be reflected their mechanical anisotropy.

The principal microstructural parameters are sunzedrin Table 2.5.
2.4.6 Melt Rheology Suitable For Foaming

When low-density foams are produced, the polymelt mmedergoes high biaxial
extension to form cell faces. Its flow propertigeeplogy) must suit the process.

High molecular weight polymer melts are highly wss, with part of the
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deformation being elastic. The melt must sustagh hensile stresses without cell
face fracture which would cause neighbouring deallgpin. Repeated fracture leads
to very large cells, and eventually to foam col@apBS melts of high molecular
weight have a relatively low entanglement densitig], so can undergo high biaxial
extensions without fracture. Consequently linearcB® be used for foam¥arious
techniques have been used to characterise theodieall differences between these
polymers. Characterisation of melt elasticity usengmall oscillatory shear strain to
evaluate the complex shear modutisis inappropriate, since it cannot characterise
the high strain response. Consequently, tests dulmjelt extrudates to large tensile

deformations.

Table 2.5 :Useful microstructural parameters to describe foams

Foam Characteristics Microstructural Parameters
Amount of material Density, relative density, véidction
Foam structure Fraction of open and closed cells

Number-average and volume-average
diameters, cell size dispersity

Cell size in orthogonal directions, cell
aspect ratio, and cell orientation*

Cell size distribution

Anisotropy

* QOrientation of the maximum cell diameter with pest to a reference direction.

Ruinaard [122] was the latest of many researchbsmeasured the tensile viscosity
of polyolefin melts. When a PP melt extrudate wastshed at a constaatthe
tensile viscosityy increased with time, as the tensile strain incréaskele to the

entanglement network in the melt becoming signifitaextended.

Figure 2.13 shows the behavior of a polymer undmiations of pressure and
temperature. For example, if the temperature ieeamed in the system, the velocity
of the molecular movement and the kinetic energy lvé increased as well. As a
consequence of this energy increase, the numbeéireqaency of collisions between
molecules will rise, resulting in an increase @& thsidence volume of the molecules.
On the other hand, the volume of the system witlide due to its compressibility if

the pressure is increased in the fluid phase [63].
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d Fluid-molecule Residence volume

Figure 2.13 :Impact of temperature and pressure on the blowgegta

2.5 Characterization Methods of Polymer Foams

Polymeric foams are generally characterized in $eofrmechanical performance by
means of different conventional mechanical testimgthods. The most popular of
these methods are summarized in Table 2.6.

Table 2.6 :Summary of the most popular mechanical testing oustlused for
foams.

Testing Method Designation Test Method Description
Constant section (square or circular)
specimen compressed at constant nominal

Compression strain rate until specimen failure or until
the deformation reaches the nominal void
fraction.

Constant rectangular section beam

Flexural specimen in three- or four- bending until

specimen failure or load plateau.
Clamped plate specimen with a circular rig
impacted by a falling dart equipped with a

Falling dart impact load cell and a displacement transducer
(impact should generate failure of the
specimen).

Constant section (square or circular)
specimen impacted by a plateau at high
Dynamic shock cushioning speed until specimen failure or the
(flat sheet impact) deformation reaches the nominal void
fraction (test may be repeated to obtain
maximum compression or densification).
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While these mechanical characterization technigaeshelp to produce a foam that
will perform according to certain functional reqgnments, additional work still needs
to be done in order to understand the origin oif fperformance. To achieve this, the
relationship between the morphology of engineerfiogms and their functional

behavior needs to be defined. Until now, the retethip between morphology and
performance has been discussed according to theaghpproposed by Gibson and
Ashby [124], which relates foams’ mechanical prapsrto their density. However,

this approach, based exclusively on the foam dgndites not take into account the
detailed morphological characteristics of foamshsas their cell size distribution

and anisotropy.

In recent years, some attempts at considering ldétamorphological foam

characteristics in mechanical behavior analysigtmseen reported.

Table 2.7 :Characterization methods and standardsgid cellular plastics [100],

[125].

Subject Standard
Test methods ISO 9054, ISO 7214
Tensile properties ISO 1926, ASTM D 1623,DIN 53430
Flexural properties ISO 1209-1/-2, JIS K 7221
Shear strength ISO 1922, DIN 53427
Compression properties ISO 844, ASTM D 1621, EN 826
Compression creep test ISO 7616, ISO 7850
Thickness measurement EN 12431
Pendulum impact strength ISO 179
Density ISO 845, ASTM D 1622
Dimensions DIN 53570
Tensile strength perpendicular to
faces EN 1607, DIN 53292
Dielectric constant and
dissipation factor ASTM D-1673
Dielectric breakdown and
dielectric strength ASTM D-149
Electrical resistance ASTM D-257

However, this is not intended to provide an exhaasurvey of foam properties, nor
a comparison of the performance of different foabnsfoamed structures. The
textbook of Gibson and Ashby [124], which providevery wide survey of foam
structures and properties. A microstructural desiom of foam materials that takes
into account their detailed morphological charastes and that can be employed as

a single microstructural parameter to report meahproperties will be provided.
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The foam samples could be characterized by thenelkexpansion ratio and the cell-
population density. The expansion ratio of the faardetermined by measuring the
weight and volume expansion of the sample. The meluwf foam sample is
determined by the water displacement method (ASTM). The volume expansion
ratio (@) is calculated on the basis of the ratio of bugksity of pure materiapg) to
the bulk density of foam samplg) as follows [126]:

p p
o="L or pfz—”—

Py P 2.7)
The cell-population density is calculated from th&rostructure obtained from the
scanning electron microscope (SEM). SEM picturee ased to investigate
morphology, number and shape of foamed cells/bgblaeds and whether a cellular
structure is being achieved or not. The foam sasngte fractured in liquid nitrogen
and the fractured surface is coated with gold lee®EM. The cell density (n) is
defined as the number of cells per unit volume wispect to the unfoamed
polymer. A certain area is chosen in the SEM phagolyg. The number of cells per
unit volume (3D) is estimated from 2D informati@ssuming that the cells are in a
spherical shape. It may be noted that it is usedctil-population density defined
with respect to the unfoamed polymer and the volerpansion ratio to better
describe the processing-to-structure relationshifpgese parameters indicates how

well cell nucleation and expansion are controlladrdy foam processing [126].

The most popular mechanical testing method usetbéons is the compression test.
This testing method [127] consists of compressirfgaan specimen and recording
the load reaction as the specimen reduces in tegskias a result of the imposed
displacement. The compressive stress—strain cargbtained by dividing the load at
any moment during the test by the nominal area twedimposed reduction in
thickness by the initial thickness of the specinmfem.illustration of this compressive
stress—strain curve is shown in Figure 2.14. Thisygressive stress—strain curve
typically shows three stages. The first stage @ratterized by a linear elastic or
Hookean behavior where the stress is proportiamahé strain, following Hooke’s
law. The compressive modulus of elastiddy is obtained from the slope of this
initial linear portion of the compressive stresgaistcurve. The compressive strength
csy* is obtained from the compressive stress at thid yieint if a yield point occurs

before 10 % deformation or, in the absence of sulbBhavior, from the compressive
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stress at 10 % deformation. The compressive yieldtps defined as the first point
on the compressive stress—strain curve at whicim@ease in strain occurs without

an increase in stress.

Stress (Pa)

Compression strain (---)

Figure 2.14 :Typical compression stress—strain curve of a lonsdg elasto-
plastic foam, with compressiveodulus of elasticitye*,

compressive strength/*, and strain at densificatiey .

Starting from the yield point, the second stagéhefcompressive stress—strain curve
is characterized by an approximately constant cesgive stress rate (plateau)
during which the foam undergoes plastic deformateither by elastic buckling,
plastic yielding, or brittle crushing, depending tve foam behavior. This constant
compressive stress rate stage extends over a rcestabunt of compressive
deformation and ends at the onset of densificatidnich defines the third and last
stage of the compressive stress—strain curve. €hsifitation stage is a progressive
one, during which the foam cells collapse compjetedsulting in a rapid increase of
the compressive stress as a result of the dertsiticaf the foam. The limit of this
densification stage in terms of deformation is lBetthe amount of material in the
foam, i.e., its density. As a first approximatithis deformation at densificatian’
may be obtained from the void fraction in the fog@men by 1-pr (wherepr is the
relative foam density). As the foam is collapsitigg compressive stress—strain curve

progressively tends towards the bulk modulus oftlag¢erial in the foam.

Other testing methods have also been used to ¢harac the mechanical
performance of foams. Flexural tests [128], eitiverthree-point or four-point
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bending configurations, can be performed. The &g of the latter is that it

permits the researcher to obtain the flexural masiaind the flexural strength, which
are of prime interest in the production of foam esoin sandwich panels, for
example. It also allows one to obtain the mechampedgormance of foams under a
positive tensile stress, which is very difficultdbtain for polymeric foams in tensile
testing due to stress concentration effects atgies used to hold the tensile
specimens. Variations of impact testing, eithehwitfalling dart [129] or a flat sheet
impact (dynamic shock cushioning) [130] are alsoimtérest for quantifying the

foam’s ability to resist high velocity puncture lay object or to absorb dynamic
compressive shocks and retain its properties.

2.6 Application Areas of Polymer Foams

Foams, as engineering materials, are now used indaistrial sectors and represent
an extraordinary class of materials. They are oenfor packaging, thermal and
electrical insulation, buoyancy, and structural leagtions such as decks, road
pavements, sandwich panels, and so on. This e#treawy character comes from
their diverse functionalities — stiffness, strengtmpact resistance, dielectric and
thermal resistance, and permeability, among otherahich can be customized to
obtain properties ranging beyond the limits of alher classes of engineering
materials. A great challenge in engineering foam®iaddress parameters such as

specific weight and cost while answering functioreguirements.

Lower density plastic foams, i.e., up #0300 [kg/cni], are used in a variety of
applications; these include: comfort cushioningtdeotive, transportation, and
furniture); floatation (in-place floatation for sthaessels, marine life vests, pool
accessories, child toys); shock mitigation (foodckaaying, construction and
transportation crash barriers); and thermal sheldindustrial coolants, appliances,

insulative packaging) [131].

Higher density plastic foams, i.e., above300 [kg/cm], in opposition, are used to
serve the following applications: furniture (framesbles); materials handling
(pallets, milk and soda cases, containers); intuigtrattery cases, trash containers,
electrical housings); automotive (decorative pargliglove box door, instrument
panels, fender liners, vehicle crash barriers); aratine (seats, fish boxes, cabin
structures) [131].
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Table 2.8 : Typical markets for low-density foams [131].

Market Application
Automotive, transportation, and furniture
Comfort Cushioning seating, mattresses, bedding and carpet
underlay

Marine buffers, marine life vests, pool
accessories, toys

Package protection for light bulbs, eggs,
Shock Mitigation fruit, electronics, furniture, and machinery,
surface protection as overwrap

Sidewall and roofing insulation, industrial
insulation for coolers, tanks, and
reservoirs, appliance and hot water
insulation

Flotation

Thermal Barrier

Table 2.9 : Typical markets for high-density foams [131].

Market Application
. Panels, frames, tables, seating, bed
Furniture
structures
Cabinetry Stereo components, equipment housings
Material Handling Pallets, milk and soda casestaioars
: Battery cases, underground conduits,
Industrial :
transformer housings
Toys, coolers, totes, mirror and picture
Consumer
frames
Construction Shutters, shingles, windows, doors
Appliances Washer tops and doors, tubs and bases
Automotive Decorative paneling, glove box door, seat
frames
Marine Fascia, seating, fish boxes, cabin structure

Composite sandwich structures consisting of thefasbic skins and foamed core
are finding increasing use in a variety of applmad such as mass transit and
automotive structures [132], [134 - 137]. In maases, thermoplastic sandwiches
offer many advantages compared to traditional nasersuch asteel, aluminum,
and thermoset composites, due tteeir high-specific strength, good damping
capacity,corrosion resistance, superior impact resistancd,ease of shaping and
recycling [138]. Moreover thermoplastgandwiches are characterized by other
physical properties, such as thermal and acoustigating properties, making these
structures an attractive alternative to more tradl solutions. The design of such
structures requires the knowledge of different naeatal parameters due to their
intrinsic nonhomogeneity. Among other requiremestdn and core stiffness and

also skin—core adhesion characteristics are impbrian example for composite
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structure of a thermoplastic sandwich panel usedsulating walls of containers for
food transportation [139] is that foamed poly(eémg terephtalate) (PET) core (100
mm thick) with polypropylene (PP)/glass fiber skemdwich (4 mm thick).

2.7 Literature Review of PET Foams

R. G. (Dick) Angell, Jr. [140], of Union Carbide fporation described the structural
foam process. The article in its introduction slat8Vith the structural foam

molding process a product with a cellular core antkgral solid skins is molded in
a single operation. Almost any thermoplastic resam be used. This structure is
tough, rigid, light in weight, and impervious to sgs and liquids at moderate

pressures.”

Xanthos et al. [141] evaluated extrusion foamabiht a variety of PET resins with
different rheological characteristics using sevef@BAs and found that an
exothermic CBA (Expandex 5-PT) performed bettemtio other endothermic
ones. They produced high to medium density PET $oam 0.6 g/cc). The foam
densities varied with respect to the material \des (type and concentration of
CBA) and the operational variables (die set tenmtpegaand screw rpm). In order to
obtain improved foamability of PET with PBA, theyggested the use of PET with
modified viscoelastic characteristics.

Baldwin et al. [142 - 143] performed microcellufaaming with a commercial PET.
They used cell density as a representative variabledescribe the foam
characteristics, and the higher cell densitiestdt4 10" cells/cc were obtained with
the semi-crystalline PET rather than APET (amorghB&T) or CPET (nucleated
PET).

The published information on foaming of aromatidypsters is mostly about PET
foaming rather than PBT. This may also be relabeithé lower cost of the PET resin
vs. PBT and the recent penetration of PET foanmmpetitive packaging markets
that are currently served by low cost commodityne§l44].

There exist many technical and scientific artiadeschain extension/branching used
to modify its structure as well as applicationstié modified PET in extrusion
foaming. PET modifiers and examples of their useeHaeen reviewed [145 - 146].
By its versatility, the reactive modification of PBas been applied to recycled post-
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consumer PET with the intent of producing extrusioamed products. Xanthos et.
al. [147 - 148] showed the improvement of foamapibf the recycled PET by
rheological modification with pyromellitic dianhyde (PMDA) in a comparative
study of unmodified and modified (post-consumer)TPEIng physical blowing
agents. They delineated the rheological charatteyisf the modified PET as higher
MFI, higher melt viscosity, early shear thinningthwihigh shear sensitivity, and
higher extrudate swell ratio as compared to theadified PET. They could obtain
low density foams (< 0.5 g/cc) with the modified REvhile foams with density

below 0.7 g/cc could not be achieved with the unifrextipolymer.

Japon et al. [149] used a tetraepoxide to reagtimebdify recycled PET. They
obtained branched structures with broadened MWDd dmghly increased
elongational viscosity. Their application of the dified PET to extrusion foaming

with PBA resulted in foams with high density of 8.8 1.0 g/cc.

Xanthos et. al. [150] showed that glycidyl funcetimed additives such as a
diepoxide and an ethylene-glycidyl methacrylate GE4A) copolymer reacted

readily with the functional groups of PET, acting ehain extending/branching
agents. The modified product showed promising ggo&l characteristics for low
density foaming. They also found that the diepoxidel higher reactivity than E-
GMA and could be used at much lower concentrationproduce resins with the

desired characteristics.

Dhavalikar and Xanthos [151] performed a compaeasituidy of four different multi-
epoxides, N,N’-bis[3(carbo-2",3’ epoxypropoxy)phdnpyromellitimide (BGPM),
glycidyl ether of bisphenol-A (DGEBA), triglycidyisocyanurate (TGIC) and
triglycidyl glycerol (TGG), as PET rheology modifs&e They found that TGIC and
BGPM were most efficient in the modification reacis; however, a limitation of
BGPM was that it was not commercially available. gkeown in their subsequent
work [116], the melt modified PET by TGIC showed ianrease in relaxation time
and broadening of relaxation times distributionhadorresponding effects on MW
and MWD.

A compherensive comparison study was published bpthos et. al. [94]. Low
molecular weight multifunctional anhydrides and xdgdes were evaluated as

rheological modifiers for PET by reactive extrusiomder controlled conditions. The
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dianhydrides, used in the study, were: PMDA and’,848-benzophenone
tetracarboxylic anhydride (BTDA). The multi-epoxsdevere BGPM, TGIC and
tetraglycidyl diamino diphenyl methane (TGDDM). @sations of die pressure with
extrudate swell and melt flow index with melt siyém by off-line testing showed
that the most reactive modifiers were PMDA, TGDDavid TGIC.

Crystallinity in MCFs of semicrystalline polymertsa plays a role and should be
considered [114]. It thus appears that the spedificphological characteristics of
MCFs have a great influence on their mechanicapgntges, both at low and high
strain rates, and that the cell size, among otherostructural parameters, plays an
important role in the determination of these prtipsr

Solubility of CG,, Ar and N in different polymer systems has been obtainedgusin
the in-line method developed in a single screwusdr. Carbon dioxide has the
highest solubility in PET, nitrogen has the lowestd argon somewhere in between
[115]. This trend is consistent with literature uks obtained for the same systems
under temperatures below the polyrig33]. Solubility decreases with increasing
temperature for both GGand Ar.

Hirai et al., produced modified PET foam with dépsas low as 0.3 g/ctby
extrusion using a saturated hydrocarbon foaminghtagéhe modified PET had
increased the viscosity and the tensile strengtth@fPET melt. The modified PET
foams showed higher glass transition temperaturd #re thermal cracking
temperature compared with those with the unmodifi€l [34]. Baldwin et al.
investigated the effects of four major processiagables (gas saturation time, gas
saturation pressure, foaming time, and foaming tFatpre) on the microcell
nucleation processes of amorphous and semicrysddET. They found that the cell
density of PET increased with increasing gas saturaime and pressure, the
foaming time had a relatively weak effect on thé neacleation, and the foaming
temperature near the glass transition influencedddnsity of the amorphous PET
[142 - 143].

Guan et al. developed a new method to microceljulamocess a PET sheet with a
general hydraulic press above PET’s crystallizattemperature and below its
melting temperature within the time of a few mirsufg]. The low melt strength, low

shear and elongational viscosities of conventid?&l prevents from being easily
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foaming. Sorrentino et al. produced high-molecwarght PET foams, where chain
extension of polymers was used, by the pressurechuethod with N CO,, and
their 80/20 mixture as blowing agents and corrdldte the thermal, rheological,

volumetric, and gas sorption properties [7].

2.8 Polycaprolactone—poly(dimethylsiloxane) Block Copgimers

Copolymers containing poly(dimethylsiloxane) (PDM&ve received considerable
attention due to their unique properties, such asy viow glass transition
temperature, low surface energy, low solubility gmaeter, and physiological
inertness [76 - 77]. Some of their specialty agtions are in the fields of
biomaterials [85] and surfactants [72]. Though a@etg of synthetic routes have
been used to prepare PDMS containing copolymess igork has been done
preparing block copolymers of dimethyl siloxane anlunsaturated esters [121].
This is mainly attributed to the limited copolyneabilities of both monomers in
anionic polymerization [21].

Polysiloxane possesses a unique combination of matgresting properties,
especially a high surface activity and an extrent@ly solubility parameter. These
properties lead to the thermodynamic incompatibitit polysiloxanes with almost
all other organic polymer systems. One method teravme this difficulty is by
blending the siloxane-containing copolymers witlyamic polymers since siloxane
homopolymers can only provide a temporary surfacelification to the blend. In
siloxane-containing multiphase, block, segmentedgm@ft copolymers, siloxane
segments migrate to the air—polymer surface; baet dhganic segments in the
copolymers act as an ‘“anchoring group” for théosane blocks, and then the
permanent surface modification can be achieved. this purpose, the syntheses of
siloxane-containing copolymers have been studiedlfout 30 years. In 1964, Jarvis
Fox, and Zisman reported first that the siloxanetaiming copolymers were blended
with the base resin to modify the surface [73].eAthat, the siloxane copolymers are
used as surface-modifying agents in some impomgplications, such as paints,

coatings, and textile fiber.

Polydimethylsiloxane (PDMS) containing copolymersispthy an unusual
combination of properties. These include extrenh@ly glass-transition temperatures

of -120 °C; very low surface energies; good therda, and flame resistance; water
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repellancy; hydrolytic stability; and biocompatityl If the organic blocks and

PDMS segments are properly designed it is possiblgse silicone copolymers as
surface-modifying additives for organic polymers.duch systems organic blocks
interact with the base resin through entanglemeaaisystallization, or electrostatic
interaction, such as hydrogen bonding, whereasosd segments provide the

surface modification.

When such additives are used in small amountschiege in surface properties is
achieved without influencing the bulk morphologyproperties of the base resin. In
view of the preceding observations, it is possibleptimize the application-specific
surface properties of a polymeric system by prageice of a base resin with the
desired bulk properties and a surface modifyingaile copolymer and blending

them before processing.

Their large molar volumes and low cohesive enemgysdies result at exceptionally
low surface tensions, surface energies, and saluparameters. Although PDMS is
a good candidate for modification of other polynserfaces and interfaces, it is
highly immiscible with almost all other organic poler systems; and if PDMS is
used by blending, it does not function properly. Affective way to increase
compatibilities is certainly to form their copolymeystems; different block,
segmented, and graft copolymers of siloxanes aready known. ABA-type

siloxane-containing  block  copolymer, a,o-dihydroxy  polycaprolactone—
poly(dimethylsiloxane), (PCL-PDMS-PCL) triblock calgmer were used in this

work.
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3. EXPERIMENTAL PART

3.1 Chemicals Used
3.1.1 Poly(ethylene terephthalate) (PET)

Poly(ethylene terephthalate) was obtained from AKSElastik Company (Octal
GPO01). Its intrinsic viscosity is 0.81 dL/g at 30 th Ph/TCE 60:40 (ASTM D4603-
03). Weight of 100 pieces chips are 1.63 g. Melpomt of PET is 247 °C.

3.1.2 5-Phenyl-1H-tetrazole (5-PT)

N_
LN

N
oA
5-Phenyltetrazole was used as an exothermic nonesmanfoaming agent for the
engineering plastic, PET. It has the appearancelofe to off-white crystalline

powder. Melting point of 5-PT is 216 °C, and 5-P@&cdmposes around 250 °C.
Tetrazole is one of a class of organic heterocyctimpounds containing a five-

membered diunsaturated ring structure composeduwf hitrogen atoms and one

carbon atom. Its molecular formula isHgN4.

Decomposition of 5-PT occurs in 2 first order stefade pink intermediate then
decomposition. Blowing gas yield is 200 #¥gn(98 % N and 2 % NH), molecular
weight of 5-PT is 146.15, heat of combustion &¥bis -3907 kJ/mol.

5-PT is the product of Sigma Aldrich company wit®% % purification, was used
without any purification procedure in this study.

3.1.3 Polycaprolactone—poly(dimethylsiloxane), (PGIPDMS-PCL)

TEGOMER® H-Si 6440 P is a wax type siloxane co-pstger which is in pellet
form. It is the product of Evonik Goldschmidt Gmlkth a 99 % purification, was
used without any purification procedure in thisdstu
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The a,0-dihydroxy polycaprolactone—poly(dimethylsiloxangPCL-PDMS-PCL)
triblock copolymer used was a commercial produdewednik (Tegomer H-Si 6440)
with Mn = 6500 (+/- 600); Mwppms) = 3000; and PCL endblocks = 2000 g/mol. It
was dried at 70 °C in a vacuum oven for 48 h betse® This copolymer shortened
as PDMS in results and discussion section.

3.1.4 Paraffin liquid (medium)

Paraffin Liquid (Medium) or mineral oil, is a mixt of heavier alkanes. It has a
density of around 0.8 g/cimit was used to wet the surface of the polyestanges
and to occur mixing with dust form of ingredientdite process.

3.2 Equipments Used
3.2.1 Vacuum Oven

In vacuum oven, the heat-treating process takepieside a vessel that is airtight.
The entire heat-treating process can take placerumdcuum with the help of
vacuum pump. The direct contact between the loadtla® heatable and removable
thermoshelves in the chamber of the vacuum ovemressrapid and uniform

temperature control without the loss of heat.

Figure 3.1:Vacuum oven instrument and vacuum desiccator.
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Digital electronic vacuum, temperature, pressunetrob Memmert VO 500 model
vacuum oven was used at 130 °C, five hours accprdinSO 1133-1 to remove the

moisture from polyester raw material.
3.2.2 Melt flow index device (MFI)

Melt flow index (MFI) is a value that consists ofelnflow rate (MFR) and melt
volume rate (MVR) values. It is a measure of theeeaf flow of the melt of a
thermoplastic polymer. MFR is the weight of flowsaimple in a certain time (g / 10
min) MVR is the volume of flowed sample in a cemtgime (cn?/ 10 min) under
2.16 kg load. HAAKE Melt Flow MT was used to measMFR and MVR values of
sample (Figure 3.2).

Measuring piston
and standart weight

MFR device

MT unit

Figure 3.2: “Melt flow index” MFI device.
3.2.3 Hydraulic hot press

Qualitest MHM100model Hydraulic Molding Test Press was used for p@ssion
molding of PET foam samples. This instrument hasaximum temperature of 300

°C, and maximum pressure of 250 bar. It has thaagpof 10 tons.
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Figure 3.3: Temperature control panel and presgaege of hydraulic hot press
instrument.

The machine is convenient for preparing sampleb@sensure uniform process and
save time.

Figure 3.4:Hydraulic hot press machine.

3.2.4 Hydraulic cold press

Qualitest MPM100model Hydraulic Molding Test Press was used for m@ssion
molding of PET foam samples. This instrument hasaser cooling system, and

maximum pressure of 250 bar. The press works umghinaulic system, working fast
and steadily.
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3.2.5 Mechanical test device

To obtain flexural properties of polyester foamgchmanical test was made by using
Zwick Roell ProLine testing machine. Three-poinhéiag flexural tests of samples
were measured using ASTM D790-10 and ISO 178 reptesclassical
characterization methods for rigid and semi-rigithspcs. Maximum weight
capacity, pre-load is 2 N, and maximum speed ofithace is Imm/min.

Figure 3.5 : Three-point bending mode flexural test instrument.

Typical test results include the flexural E-modulasess at 3.5 % elongation and
strains at yield point and at specimen break. Hsallts of the flexure test show in
particular material behavior near the surface & #pecimen. The deflections
measured are approximately four times greater thanextensions recorded in the

tensile test.
3.2.6 Contact Angle Measurement Instrument

CAM 200 (KSV) modelAttension THETA Optical Tensiometer with a videorea
based fully computer controlled contact angle metas used for contact angle
measurements of PET foam samples at room temperddigital video camera 60
fps (frames per second) including zoom and camémges One touch manual
dispenser movement (OTD), and software triggemtabée automatic contact angle
measurement versus time or versus location witi1 oné push of the dispenser level
per drop. Software trigger takes measurement pfemtefined time delay after push
of the dispenser lever. Operation sequence: créi@e - push - move sample -
create. Automatic single liquid dispenser for dymamontact angle and surface

tension measurements by pendant drop method. P@tohdispensing operation.
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Hamilton 1 mL syringe C205A with tubing and dispegsgauge 22 needle C209-
30. Dispensing resolution 0.1 pL manual singleitigiispenser syringe.

Basic frame with back light and control electron&s®d an interface for extra light
source and temperature control options. Softwared&ermination of: 1) Contact
angle by sessile/raising drop method with automdtase line detection, 2)
Surface/interfacial tension by pendant/raising dropthod, surface tension and
contact angle by liquid meniscus method, 3) Imagends, polynomial, tangent,

circular fit, Young-Laplace, including autobaselalgorithm, 4) Surface free energy.

Figure 3.6 :Contact angle measurement instrument.

The contact angle is the angle at which a liquipldranterface meets a solid surface.
The equilibrium contact angle is specific for anyegp system and is determined by
the interactions across the three interfaces. Ajlesirsystem of drop/medium
(air/surface) has a spectrum of contact anglesimgnigom the so-called advancing

(maximal) contact angle to the receding (minimahtact angle.
3.2.7 Calliper

The precision of length measurements may be inedelg using a device that uses a
sliding vernier scale. The instrument has a maates@in millimetres) and a sliding
vernier scale. This instrument may be used to mreasuter dimensions of objects
(using the main jaws), inside dimensions (using shealler jaws at the top), and

depths (using the stem).
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Vernier callipers can be used to determine dimessaf>30 mm on plastics and
rubbers (1ISO 178, ISO 4648, ASTM D 3767, DIN 5353#)d dimensiong10 mm
of rigid cellular plastics (DIN 53570).

3.2.8 Thermogravimetric (TGA) and differential thermal (DTA) analysis

instrument

Thermogravimetric analysis (TGA) is a thermal aseytechnique which measures
the weight change in a material as a function wiperature and time, in a controlled
environment.

Figure 3.7 :Linseis STA PT 1750 model TGA/DTA combined instrurne

This can be very useful to investigate the therstability of a material, or to
investigate its behavior in different atmosphereg.(inert or oxidizing). It is suitable
for use with all types of solid materials, inclugimrganic or inorganic materials
[118].

Differential thermal analysis (DTA) is a calorimetrtechnique, recording the
temperature and heat flow associated with thermaaisitions in a material. This
enables phase transitions to be determined (e.dfinmepoint, glass transition
temperature, crystallization etc.).

Linseis STA PT 1750 model TGA/DTA combined instruthavas used for the
thermal characterization. (Figure 3.7) The measargswere applied via aluminum

crucibles within 20 mg sample weight, at the speédl0 °C/min in nitrogen
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atmosphere. The instrument measurement tempenange starts from -150 up to
1750°C.

3.3 Experimental Procedure
3.3.1 Preparation of the mixture

All PET pellets were dried in vacuum oven at 130f6€5 hours, after they have
taken out from there, they were put into vacuumagasor.

In all experiments, approximately 0.1 g Paraffinreveised because of the size
differences between granules of PET and powder&CBA. 5-phenyl tetrazole

powder was stuck on the surface of PET granules, sometimes they were

cumulated when exposed to paraffin.

Figure 3.8 :Charging of the mold within PET mixture into hoeps instrument.

A commercial-grade PET granules were mixed withTsdhd PDMS, and were
placed in a 12& 120x 2 mn? mold between Teflon sheets in 1.0 mm thicknesses,
and were loaded into a hydraulic hot press in withehexperimental conditions had
adjusted before. Under heating and pressure, tmaifg reagent 5-PT decomposes

to produce nitrogen gas at elevated temperatures.
3.3.2 Production of cellular structure

Compression molding was used for processing ofntbptastic material, PET.
Initially, PET was mixed with weighed amounts of £Bnd PDMS filler. Then, the

process was ready for the four main stages of cesspn molding process:

1) mold charging, 2) compressing, 3) cooling, anda¥} pemoval.
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First, between the preheated hot platens in a blidrpress was put the mold which
was charged with material. Second, the mold waspcessed to melt the material
and flow to fill the cavity of the mold. Some of @Bnay start decomposing during
this process. Certain residence time is requiredidb homogeneous bubble size
distribution. Third, the mold was cooled down tdidiby the product. Fourth, the

mold was decompressed, and the product was rele@seatphous structures of the

products were observed owing to fast cooling pracetby Cold Press instrument.
3.3.2.1Heating process in hydraulic hot press

Polymer foams were prepared by using hydraulic grelss instrumentvith the

processing temperature and pressure in the radd@s50 275°C and 10 - 100 bar,
respectively. The amount of 5-PT was around 0.1ar 0.20 % (wt). The PCL-
PDMS-PCL was added in between 0.050 % and 0.30@%6 Foaming time were

taken from 6 to 22 minutes.
3.3.2.2Coo0ling process in hydraulic cold press

Cooling period of molten product was maintainedhyaraulic cold press instrument.
Cold press instrument pressure adjustment was 50aBd the total processing time
was 5 minutes. Amorphous structure of product beeatf fast cooling by cold press

instrument.

3.4 Tests and Analysis

The prepared closed cell PET foams were charaeterzorphologically, physically
and mechanically in terms of contact angle measen¢rfASTM D5946, ASTM
D5725), apparent density calculation (ASTM D1622;@®Il density measurement
and 3-point bending test (ASTM D790-10).

3.4.1 Melt flow index

The melt flow properties of the PET samples wertemieined by calculating the
values of MFR and MVR. PET samples were dried & °C3 5 hours in vacuum
oven according to ASTM D1238 standard before tetstel'he determination of the
melt flow rate, MFR, measurements followed ISO 2133with MVR test
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temperature at 28%C under 2.16 kg load. The MFR and MVR measuremests
done, and the MFR value was found as 86.29 g/10foniRET.

3.4.2 Mechanical test

The three point bending mode flexural test providedues for the modulus of
elasticity in bending g flexural stressy, flexural straires and the flexural stress-
strain response of the material.

Figure 3.9 : The three point bending flexural test layout, |oagdi

The main advantage of a three point flexural testhe ease of the specimen
preparation and testing. However, this method Haes some disadvantages: the
results of the testing method are sensitive to isp@t and loading geometry and
strain rate. From the measured stress, strain s;adli@stic modulus, maximum stress,
and stress at break were calculated from the agevh@t least four (4) specimens
tested.

To make a comparison for the mechanical improvesmehtPET foam samples,
flexural properties of PET foams were consideredasared, and calculations were

done. 1 mm/min test speed were used for the maasuts.

A brittle material will deform reversibly to a srhamount and then fracture. A
ductile material will also deform reversibly upaaertain amount and then yield and
flow under the applied force until it begins to ¢em under load and then fail. Up to
the elastic limit, the material will return to fisrmer shape and size when the force is

removed. Beyond this point deformation is irrevelesi.e. creep has occurred.
3.4.3 Contact angle analysis

If the molecules of a liquid are strongly attractedthe molecules of a solid (for
example water on a strongly hydrophilic solid) thandrop of the liquid will
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completely spread out on the solid surface, coomeding to a contact angle of 0°.

Less strongly hydrophilic solids will have a cortangle up to 90°. On many highly
hydrophilic surfaces, water droplets will exhibdantact angles of 0° to 30°. If the

solid surface is hydrophobic, the contact angld & larger than 90°. On highly

hydrophobic surfaces the surfaces have water coatgtes as high as ~120° on low
energy materials e.qg. fluorinated surfaces (Fi@ui®).

Hydrophobic Hydrophilic
Surface Surface

) Lo

high contact angle low

poor adhesiveness good

poor wettability good

low solid surface free high
energy

ramé-hart instrument co.

Figure 3.10 :Contact angle, hydrophobic and hydrophilic surfaces
3.4.4 Bulk density analysis

Dimensional analys{dimensions and volumes of samplesj PET foam samples
were made with the CallipeKernier callipers was used to determine dimensions
>10 mm of rigid cellular plastics (DIN 53570). Detysmeasurements were achied

with Calipper and Balance (mass of samples).
3.4.5 Cell density analysis

The pictures of PET foam samples were taken fidigital video camera 60 fps
(frames per second) including zoom and camera sfge diameters of bubbles
measured with perfect screen ruler software prograntConversation factors from
the x and y scale (512 x 480) pixel to (5.883 X06)5mm are that x-scale factor is
0.01149, and y-scale factor is 0.01147 used.

The cell density analysis results were evaluatedhe cell size distribution, arttie

number-average diameteéyand the volume-average diameterere calculatedue
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to the equations 2.5 and 2.6 which are stated ¢tiose2.4 properties of polymer

foams.
3.4.6 Thermogravimetric (TGA) and differential thermal (DTA) analysis

Linseis STA PT 1750 model TGA/DTA combined instrurtnevas used for the
thermal characterization. (Figure 3.7) The measargswere applied via aluminum
crucibles within 20 mg sample weight, at the spafetD °/min in nitrogen or oxygen
atmosphere. The instrument measurement tempestants from room temperature
to 300°C.

5-Phenyl tetrazole shows melting temperature atrat@®15 °C, and decomposes at
around 250 °C. Nitrogen gas is liberated within nn@ss by thermal decomposition
of 5-PT, the chemical blowing agent. Poly(ethyléaeephthalate) shows melting

range between 230 °C and 260 °C (Figure 3.11).

The measurements via thermogravimetric (TGA) arfterdintial thermal (DTA)
analyses showed that the temperature ranges of B PET are overlapping with
each other at around 250 °C (Figure 3.11). TheeefoPT is suitable to work with
PET.

The thermal behaviour of 5-PT with increasing terapge was observed using a lab
scale oven, with ranging temperatures between ZD@&rid 300 °C. As stated in
literature, decomposition occurs in two (2) firstler steps; telltale pink intermediate

then decomposition (Figure 3.12).
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Figure 3.11 : Thermal analysis (TGA and DTA) graphs: (a)DTA drayf PET.
(b)DTA graph of 5-PT blowing agent. (C)TGA graph SPT
blowing agent.
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Figure 3.12 :Decomposition behaviour of 5-PT with increasingperature.

Intermediate decomposition products (typical pimioared) and residues of 5-PT
are shown in Figure 3.12 at different temperatwades (220 °C, 230 °C, 240 °C,
250 °C, 260 °C, 270 °C, 280 °C).

The most commonly reported solid decomposition peoaf 5-PT is 3,5-diphenyl-
1,2,4-triazole and the other solid decompositionodpcts claimed are

aminodiphenyltriazole and triphenyl-s-triazine.
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4. RESULTS AND DISCUSSION

In this work, twenty samples with PCL-PDMS-PCL doldi and seven samples
without PCL-PDMS-PCL additive, totally twenty sevpaly(ethylene terephthalate)
(PET) foam samples were prepared with a chemicawiby agent and a
poly(dimethyl siloxane) additive. The polymer foamere produced by compression
molding, and they were structurally, morphologigalland mechanically
characterized, respectively. During the productéPET foams, hydraulic hot and

cold press instruments were used with respectet@dmpression molding process.

PET foam samples were produced based on process\@@rs that are processing
temperature, processing pressure and foaming tirtieei ranges of 255 - 27&, 10

- 100 bar, and 6 - 22 minutes, respectively. Thewarhof 5-PT additivas chemical
blowing agent was changed between 0.05 % and 0.2btYduring the preparation
of PET foam mixtures. PCL-PDMS-PCL copolymer adate modifying agent was
mixed with PET at low concentrations (0.050 % 300.% by weight).

In the first stage of foaming process in hydralilat press, PET-additive mixture
was kept for a period of time at certain tempermt@md pressure. Melt form of PET
was obtained and PET foam samples were producetbtymposition of chemical
blowing agent. In the second stage, the foameduatedwvere cooled in hydraulic
cold press under 50 bar pressure with constaningptime of 5 minutes to produce

PET foams in amorphous structure with the helmpfd cooling.

The prepared closed cell PET foams were charaetenzorphologically, physically
and mechanically. The methods used in the charaatien were given in ASTM
standards as ASTM D5946 and ASTM D5725 for contaggle measurements,
ASTM D1622-08 for foam density calculations, andTA&ED790-10 for three-point

bending mode flexural tests.

Each sample description refers to a specific comipasinvolving the components
used in the preparation of the samples. An exampkample description is given

below:
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% PCL-PDMS-PCL Process
copolymer content timne {1on)

CBA(0.1)-PDMS(0.1)-T(260)-t(10)-P(15)

Processing Pr i
- . S5IgE rocessing
%% Chemical T . c =
. emperatre ¢ ') Pressure (bar)
blowing agent . .
in Hot Press in Hot Press

content

Where CBA: Chemical blowing agent content (wt %DMS: PCL-PDMS-PCL
copolymer content (wt %), T: Processing Temperaitutet press°C), t: Processing

time (min), P: Processing Pressure in hot press.(ba

Pre-works were done in order to determine the aptimcompression molding
conditions in hydraulic hot and cold presses.

4.1 The Optimization of Processing Conditions

Optimization experiments for PET foaming were @ariout by using different
temperatures, CBA and PDMS weight percentagesgepsitg times and pressures to
determine optimum conditions in hydraulic hot prédes compression molding
method. Homogeneous cell distribution was consitleas a main driver for
determining of the optimization conditions duringetinvestigation of polyester

foaming.

The weight optimization was one of the most chalieg points. Decomposition of
5-PT at high temperatures generates nitrogen ghsd wauses volume expansion of
the system inside of the mold. The amount of PESukhbe determined according to
5-PT decomposition effect and the size of the mbidordered to define the right
amount of PET needs to be filled in the mold, sa\vieials were performed. Finally,

the weight of PET was optimized as 35 grams.

The surface deformation of Teflon sheets were aradsue needs to be optimized.
The quick closing of the hot press plates genemdésrmation on the Teflon sheets
closing the bottom and upper surfaces of the mbddeliminate this negative effect
of the pressure on PET granules and having fldtases on the both end of the

product, several different types of Teflon sheeth @ifferent thicknesses were used.
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In addition, Teflon material does not have enouglathconductivity. During the
initial experiments, 240 °C was used and it waspmoper temperature. After having
several trials, the optimum process temperature apaisnized as 260 °C and the
Teflon sheets thickness was selected as 1 mm te thalvsurfaces and to provide

convenient heat conduction into the sample.

The process time period optimization was anothgomasue. After having melted

form of PET foam samples, a big cavity (center uplsjp and a heterogeneous
bubble distribution were observed inside of thedpai. To eliminate these obstacles,
several different processing time periods weredtiaed finally, the process time
period was optimized as 10 minutes.

At high temperatures, because of its residues (@diphenyl-triazole; 3,5-diphenyl-
1,2,4-triazole; triphenyl-5-triazine), the chemitdbwing agent, 5-PT, dark yellow
colour to products. At low temperatures, becausenbbmogenious heating and
cooling period of the mold, mixed product structun@rphology (crystallize and
amorphous structures) was occurred. PET meltedald raut pink colour on the
middle of the surfaces (up and down) of the produat observed. There were
unmelted PET granules in the inner center of thédpmwowever all outer surfaces
were in melted form. In the structure of the prddtice bubbles were formed with

big cell sizes at higher temperatures and longacgssing times.

Consequently, the optimized conditions were deteechias 260 °C processing
temperature, under 15 bar pressure, 0.10 % CBA @@d5 % PDMS with 10
minutes processing time in order to have homogenbabble size and distribution.

4.2 Density Analysis Results

4.2.1 Bulk density analysis results

The bulk density measurements of PET foam sampbes done according to ASTM

D1622-08 standard. The measurement of dimensiotteecfamples to calculate their
volumes, a calliper compass was used. The masedamples was measured with
the laboratory balance. The bulk densities of t@es were calculated with the

mass of the sample divided by its volume.
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The bulk density values of PET foam samples aregihg between 0.945 g/érand
1.190 g/cm with the average of +/- 0.06 standard deviatidmese results show that

high density foams were obtained.

The bulk density is changed with the certain patarse The bulk density of PET
foam samples were decreased with increasing priogessie, increasing processing
temperature, decreasing processing pressure ameéagieg amount of chemical
blowing agent. The effect of foaming time on thdkbdensity of the PET foam

samples can be seen in Table 4.1.

Table 4.1 : The average cell diameter and the bulk densitlyaisaresults of PET
foam samples that are changing with processing time

Time * Average cell diameter Bulk density
(min) (mm) (g/cnt)
6 0.24 1.165
10 0.27 1.115
12 0.36 1.100
14 0.39 0.990
22 0.44 0.945

* Constants: T =260 °C, P =15 Bar, 5-PT ¥00%, PDMS = 0.075 %.

When the foaming time is more than 6 minutes, thi& density decreases. This was
because the longer the gas was allowed to diffasethe cells, the larger the cell
size was. When the foaming time increases, theageecell diameter also increases
(Figure 4.1).
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Figure 4.1 : Time versus bulk density graph of PET foam samples
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4.2.2 Cell density analysis results

The process variables of gas saturation time, gasation pressure, foaming time,
and foaming temperature are important parameterstie explanation of cell
nucleations in polymer foams. In this study, onetloé results is having the
transparent PET foam products with amorphous streadue to they were obtained
by rapid cooling of the mold of the foam in coldegs instrument. This result is in
compliance with the result of the transparent fodrs@mples that are considered to
be amorphous if they have less than 10 % crysiigllby mass, and semicrystalline
if they have crystallinities greater than 10 %, whiee crystallinities were measured
using differential scanning calorimeter (DSC) asaywith a heat of fusion of 125.6
J/g at a scan rate of 20 °C/min [8].

Cell density measurements were carried out withnifiegl photos of the PET foam
samples. Conversation factors that are used fodimensional calculation of the
photos are from x and y scale (512 x 480) pixe{5t883 x 5.506) mm are that x-
scale factor is 0.0114905, and y-scale factor &l14714, which were used to

calculate the cell size and the cell density ofRES foam samples.

Cell density analysis graphs of PET foam samplesatso presented on the basis
with 0.2 mm diameter range versus number of celils thie sample codes (Appendix
A4).

Table 4.2 : The cell density and cell size dispersity ratialgsis of PET foam

samples.
Cell density| Cell size dispersity

Sample 1D (cellsier?) | ratio @,/d,)
CBA(0.10)-PDMS(0)-T(260)-t(10)-P(15) 4350 0.99
CBA(0.10)-PDMS(0.050)-T(260)-t(10)-P(15) 3280 1.03
CBA(0.10)-PDMS(0.075)-T(260)-t(10)-P(15) 3270 1.12
CBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15) 2660 0.90
CBA(0.10)-PDMS(0.125)-T(260)-t(10)-P(15) 2640 1.02
CBA(0.10)-PDMS(0.150)-T(260)-t(10)-P(15) 2590 0.96

CBA(0.20)-PDMS(0)-T(260)-t(10)-P(15) 5960 0.96

CBA(0.20)-PDMS(0.075)-T(260)-t(10)-P(15) 3950 1.01
CBA(0.20)-PDMS(0.100)-T(260)-t(10)-P(15) 2930 0.92
CBA(0.20)-PDMS(0.200)-T(260)-t(10)-P(15) 2160 0.90
CBA(0.20)-PDMS(0.300)-T(260)-t(10)-P(15) 1820 0.91

75



Cell density analysis results were used to caleula® number average diameter and
the volume average diameters by using the equadhsand 2.6 given in section
2.4.4, respectively. The cell density and the sigké dispersity ratigd, / d,) of PET
foam samples were given in Table 4.2. The cell ideranalysis were resulted in
between 1740 cells/chand 6220 cells/cthhaving +/-25 cells/cthdeviations and,
these results prove that conventional foams, inciwfdam structures with a cell

density less than £@ells/cni, were produced.

The ratio ofd, / d, represents a useful tool for evaluating cell sipersity, similar

to the molecular weight polydispersity used in pody chemistry to characterize
molecular weight distribution. The cell size dispgr ratios of PET foam samples
are calculated, and found to between 0.90 and 1.12 (Table 4.2). When a cell size
dispersity ratio close to 1 (e.g., below 1.25) oadés a statistically normal

distribution or a monodisperse distribution.

Table 4.3 : The average cell size and density analysis restittsllular PET samples
changing with process variables in terms of tentpegaand 5-PT %

content.
Temperature ¥ Avg. cell diameter | Bulk density Cell density

(°C) (mm) (g/cnt) (cells/cn?)
250 0 1.310 0

260 0.27 1.115 3270
265 0.30 1.110 2440
270 0.37 1.050 2130
275 0.48 0.950 1740

* Constants: P =15 Bar, t = 10 min, 5-PT.#00%, PDMS = 0.075 %.

5-PT * Avg. cell diameter | Bulk density Cell density
(%) (mm) (g/cnt) (cells/cn?)
0.05 0 1.310 0
0.10 0.27 1.115 3270
0.15 0.32 1.010 3310
0.20 0.46 0.965 3950

* Constants: T = 260 °C, P =15 Bar, t = 10 nHBDMS = 0.075 %.
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Figure 4.2 : Temperature versus cell density graph of PET feamples.

The effect of foaming temperature on the mechancaperties occurred in the
temperature range between 250 and 275 °C, as shovigure 4.2. When the

foaming temperature was lower than 250 °C, ther® neadetectable cell structure.

One of the reasons was that the foaming reagent ®duld not decompose
completely at lower temperature; hence, there wasbgbly not enough gas

necessary to form cellular PET.

Another reason was that at lower foaming tempeeatuthe PET matrix stiffness
might have been sufficiently large enough to préwvertieated cells from growing to
detectable size, even though the allotted foammg should have allowed all of the

available gas to diffuse into the cells.
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Figure 4.3 : CBA percentage versus bulk density graph of PEmMfo
samples with 0.075 % PCL-PDMS-PCL.
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The morphologies of the cells were strongly depahde the foaming temperature

solubilizationpressure andhemical blowing agent content.

Table 4.4 :The average cell size and density analysis restittsllular PET samples
changing with process variable in terms of PCL-PDR3. % content.

PDMS * Avg. cell diameter;  Bulk density Cell density
(%) (mm) (g/cnt) (cells/cn?)
0.050 0.25 1.120 3280
0.075 0.27 1.115 3270
0.100 0.28 1.100 2860
0.125 0.30 1.090 2640
0.150 0.32 0.965 2590

* Constants: T =260 °C, P =15 Bar, t = 1Gvmnd 5-PT = 0.10 %

PDMS * Avg. cell diameter Bulk density Cell density
(%) (mm) (g/cn) (cells/cn?)
0.100 0.32 1.070 2930
0.200 0.35 1.020 2160
0.300 0.38 0.980 1820

* Constants: T =260 °C, P=15Bar, t= 1dimnd 5-PT =0.20 %

The experimental results of polycaprolactone blpoky(dimethyl siloxane) (PCL-

PDMS-PCL) additive on rigid PET foams are presemtetiable 4.4. It was observed
that when the PCL-PDMS-PCL additive was increasedhe production of PET
foams, the average cell size of the PET foams wereased.
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Figure 4.4 : PCL-PDMS-PCL weight percentage versus cell density
graph of PET foam samples.
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Table 4.5 :The average cell size and density analysis of &M samples
without PCL-PDMS-PCL additive content.

Pressure *| Avg. cell diameter| Bulk density Cell density
(Bar) (mm) (g/cnt) (cells/cn?)
10 0.29 1.165 2650
15 0.27 1.115 4350
20 0.21 1.095 4980
100 Vague cell structure  0.960 Vague cell structurg
* Constants: T = 260 °C, t = 10 min andB0.10 %.
Avg. cell diameter  Density Cell density
- 0, *
5-PT (%) (mm) glen® | (cellsierd)
0.10 0.18 1.110 4350
0.20 0.24 1.020 5960
0.25 0.27 0.965 6220

* Constants: T = 260 °C, P = 15 Bar, t =iid.

According to the Sanchez—Lacombe equation of siatk experimental data from
Sato et al., the solubility of nitrogen in polyménsreases linearly with pressure up
to about 25 MPa [16], [46]. Therefore, increasingarhing pressure actually
increased the foaming gas concentration insideEdf, Rnd the net result was a cell-

size decrease (Table 4.5) and a cell density iserea
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Figure 4.5 :Pressure versus cell density graph of PET foam kesmp

Figure 4.5 shows the effect of foaming pressuréhemmechanical properties of PET
foam samples. The tensile strength first increasetithen decreased with increasing

foaming pressure, whereas the breaking extensweased all the way.
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The larger the cell density was, the larger thekiregy extension was. This explains
why the breaking extension increased with increp$oaming pressure under our

foaming pressure scope.
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Figure 4.6 : CBA % versus cell density graph of PET foam sasiple

We know that when the foaming pressure was smidléar 10 MPa, the PET sample
showed no detectable cell structure. This meantstkigafoaming pressure should

exceed 10 MPa if one hopes to obtain microcellRE&T foam.

4.3 Contact Angle Analysis Results

The contact angle measurements were done with CAMKSV modelAttension
THETA Optical Tensiometer.

The results are presented as right angle and hgfieain Table 4.6 according to

whether its upper surface or lower surface.

Due to their outstanding properties, polysiloxahage low surface energy (i.e. high
surface activity), low glass transition temperatdrigh chain flexibility, and thermal
and UV stability). These properties lead to therrtteynamic incompatibility of
polysiloxanes with almost all other organic polymddsing poly(dimethylsiloxane)
(PDMS) copolymer systems overcome their incompleibiln siloxane containing
copolymers, siloxane segments migrate to the dymper surface, whilst the organic
segments in the copolymer act as anchoring groopshé siloxane blocks, which
can result in permanent surface modifications beaatpieved. The effects of
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polycaprolactone block poly(dimethyl siloxane) (REDMS-PCL) additive content
on rigid PET foams were investigated mainly. In [Ea#.6, there is an increase in
contact angle values with increase of PCL-PDMS-R€kcentage because of the
migration of PCL-PDMS-PCL molecules to air-polymsurface in PET foam

samples.

Considering PET foam samples, the cell densitieengh with PCL-PDMS-PCL
weight percentages which is given in Figure 4.4L#OMS-PCL addition to the
PET foam samples gave increased toughness and fati@ce properties than those
of the PET foam samples without PCL-PDMS-PCL aduditunder the same
conditions. The brittleness of the PET foams wa® alecreased although PCL-
PDMS-PCL was added at very low weight percentagesg the preparation of the

PET foam mixture.

Table 4.6 :Contact Angle measurement results of PET foam ksmmwgth the
average of +/- 0.19 standard deviation.

Contact Angle (°)

Surface (Up) Surface (Down)
Sample 1D 0 (sec) 20 (sec) | 0 (sec) 20 (sec)

RA'|ILA”|RA.|LA. |RA.|LA. |RA.|LA.

CBA(0.10)-PDMS(0)-
T(265)-t(10)-P(15)
CBA(0.20)-PDMS(0)-
T(265)-t(10)-P(15)
CBA(0.10)-PDMS(0.050)
T(260)-t(10)-P(15)
CBA(0.10)-PDMS(0.075)F
T(260)-t(10)-P(15)
CBA(0.10)-PDMS(0.100)F
T(260)-t(10)-P(15)
CBA(0.10)-PDMS(0.125)
T(260)-t(10)-P(15)
CBA(0.10)-PDMS(0.150)
T(275)-t(10)-P(15)
CBA(0.20)-PDMS(0.200)
T(265)-t(10)-P(15)
CBA(0.20)-PDMS(0.300)-
T(265)1(10)-p(15) | 1074 106.6/99.8 | 100.498.03 98.9| 91.4| 92.3

" R.A. =right angle, : L.A. = left angle.

93.4| 93.0| 87.7| 88.§ 80.3 80.34.4| 74.8

929 92.2| 75.6] 745 841 82.480.5 60.2

95.6| 94.7| 84,5/ 855 914 93.89.3|89.4

96.2| 96.7| 92.7| 92.5 904 90.88.0| 87.3

96.8| 97.2| 91.8| 92.3 958 94.83.7| 84.9

99.7| 99.9| 93.7| 953 96,9 96.85.9| 86.8

97.3| 96.1| 92.3| 92.0 881 87.86.4| 86.3

102.2/ 100.5/97.0 | 97.0| 99.4 96.790.2| 90.3
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The experimental results show that the elastic nusdof PET foam increased as
PCL-PDMS-PCL additive increased. Besides, as ttmnfaensity increased the
elasticity of the foam was also increased. In ganerystallized products are more
brittle than amorphous products. PCL-PDMS-PCL aoldito the PET foam samples
gave increased toughness and better surface pespdran those of the PET foam
samples without PCL-PDMS-PCL additive under the esaonditions. The weight
reduction of PET was achieved without sacrificinguam of the mechanical
properties by introducing cellular structure in rtheplastic materials. It was
observed that the elastic modulus increased nanlyeas the relative foam density
and PCL-PDMS-PCL additive content increased.

There is an increase in contact angle measurengentts with certain amount of
PDMS percentage increasement because of the noigratiPDMS molecules to air-
polymer surface in PET foam samples. Accordinght® ¢alculated results, for the
samples, which do not include PCL-PDMS-PCL, shodedrease in elongation at
break. It was observed that when the PCL-PDMS-P@dit@e content was
increased, the elastic modulus of PET foams inertaand the elastic modulus was

also increased as the relative foam density wasased.

4.4 Three-Point Bending Mode Flexural Test Results

To obtain flexural properties of polyester foamgcimanical test was made by using
Zwick Roell ProLine testing machine. Because thieats of PCL-PDMS-PCL
additive give remarkable results in three-pointdeg mode flexural test, this test
was applied to PET foam samples with the referaicASTM D790-10 and I1SO
178 standards. Elastic modulus, yield strengthsikerstrength, breaking strength,
strain of break, and toughness at break of PET feamples were obtained from the
four (4) samples averaged. The calculated resudte @iven in Table 4.7. According
to these values, for the samples which do not deleaDMS, decrease in elongation

at break.

When the foaming time was more than 6 minutestahsile strength and elongation
at break of cellular PET started to decrease. Wais because the longer the gas was
allowed to diffuse into the cells, the larger tledl size was. Therefore, the larger cell
size (larger to some extent) decreased the testsdagth and breaking extension. In

contrast to Baldwin et al. who found that the foagntime had a relatively weak
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influence on cell nucleation and cell growth foe tamorphous and semicrystalline
polyester because the gas in their samples wasactr{fsneaning there was no effect
on the mechanical properties), the foaming timeun experiment did have effects
on the mechanical properties.

Table 4.7 : Three-point bending mechanical test results of REaM samples with
the average of +/- 0.09 standard deviation.

Elastic Yield Tensile

Sample ID Modulus | Strength | Strength

(MPa) (MPa) (MPa)

CBA(0.10)-PDMS(0)-T(265)-t(10)-P(15) 2240 70.5 1a2.
CBA(0.10)-PDMS(0.050)-T(260)-t(10)-P(15) 2370 76.20 116.4
CBA(0.10)-PDMS(0.075)-T(260)-t(10)-P(15) 2390 70.6 85.2
CBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15) 2560 77.1 102.1
CBA(0.10)-PDMS(0.125)-T(260)-t(10)-P(15) 2720 83.4 106.6
CBA(0.10)-PDMS(0.150)-T(265)-t(10)-P(15) 2830 79.5  79.7

CBA(0.20)-PDMS(0)-T(265)-t(10)-P(15) 2070 73.9 %3]9)

CBA(0.20)-PDMS(0.100)-T(260)-t(10)-P(15) 2140 70.5 75.1

CBA(0.20)-PDMS(0.200)-T(260)-t(10)-P(15) 2500 78.2 101.2

CBA(0.20)-PDMS(0.300)-T(260)-t(10)-P(15) 2890 86.3 106.0

Tensile | Breaking| Breaking

Sample ID Deflection | Strength| Deflect.

(mm) (MPa) (mm)

CBA(0.10)-PDMS(0)-T(265)-t(10)-P(15) 10.0 - -
CBA(0.10)-PDMS(0.050)-T(260)-t(10)-P(15) 8.6 - -
CBA(0.10)-PDMS(0.075)-T(260)-t(10)-P(15) 5.5 - -

CBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15) 7.0 - -
CBA(0.10)-PDMS(0.125)-T(260)-t(10)-P(15) 6.6 410 6.0
CBA(0.10)-PDMS(0.150)-T(265)-t(10)-P(15) 3.5 .81 4.4
CBA(0.20)-PDMS(0)-T(265)-t(10)-P(15) 8.1 - -
CBA(0.20)-PDMS(0.100)-T(260)-t(10)-P(15) 4.0 B4 4.7
CBA(0.20)-PDMS(0.200)-T(260)-t(10)-P(15) 6.6 810 7.6
CBA(0.20)-PDMS(0.300)-T(260)-t(10)-P(15) 6.2 - -

It was observed that the elastic modulus increasedhe relative foam density
increased (Figure 4.7), and when the PDMS adddo@ent increased (Figure 4.8)
the elastic modulus is also increased. The optinvalnoe of the PDMS additive
content is 0.075 %.

Moreover, the mechanical properties of polyestanfesamples were increased by
adding PCL-PDMS-PCL additive. Besides, it was obsegrthat crystallized products
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(produced with slowcooling of the product to room temperature insteadapid
cooling of the product in cold press) of the PE&nfosamples are more brittle than

amorphous products.
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Figure 4.7 : Bulk density versus elastic modulus graph of PET
foam samples with 0.075 % PCL-PDMS-PCL.
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Figure 4.8 : PCL-PDMS-PCL % versus elastic modulus graph of
PET foam samples.

Because of good homogeneous dispersion of CBA lynper matrix, the mechanical

properties resulted in meaningful values.

When the three-point bending mode flexural testltesof PET foam samples are
considered, CBA(0.20)-PDMS(0.300)-T(260)-t(10)-B(Idam sample indicated the

best mechanical properties among others due higtselastic modulus value and its
highest PCL-PDMS-PCL content.
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5. CONCLUSION

In this study, closed cell PET foams were produbsgdcompression molding
technique. The effects of altering processing patars and PCL-PDMS-PCL
addition of PET foams were investigated with measwmnts of density, contact
angle, cell density measurements and three-poindibg mode flexural tests after

the optimization trials for the production of a hageneous foam was achieved.

The foaming of thermoplastic polymer was achievgdubing a chemical blowing
agent in compression molding process. Compressmding provided a convenient
method for quick evaluation of material formulagomstead of material intensive

extrusion processing.

Poly(ethylene terephthalate), as one of the highparature-foaming polymers
among other thermoplastic polymers, was foamed \aith exothermic type of

chemical blowing agent that is 5-phenyl-1H-tetraz@-PT).

The experimental results showed that the elastidutus of PET foam increased
with the addition of PCL-PDMS-PCL additive. Moreoy¢he elastic modulus of
foam increased also with increasing foam dengitydneral, crystalline products are
more brittle than amorphous products. PCL-PDMS-R@dition to the foamed PET
samples gave increased toughness and better symfaperties than those of the
foamed PET samples without PCL-PDMS-PCL additivdanrthe same conditions.
The weight reduction of PET was achieved withoutrifiaing much of the
mechanical properties by introducing cellular stuoe in thermoplastic materials. It
was observed that the elastic modulus increasetineanly as the relative foam
density and PCL-PDMS-PCL additive content increased

Polymer foams were prepared by using hydraulic presswith the processing
temperatures ranging from 250 to ZT5and pressures ranging from 10 to 100 bars.
The process time for foaming was about 6 to 14 memuAlthough the content of the
chemical blowing agent was kept constant as 0.1@n% 0.20 % in PET foam

samples. 0.10 % CBA content gave the best resulterms of homogeneous cell
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distribution and cell density. The PCL-PDMS-PCL veakled in between 0.050 %
and 0.300 % (wt %).

PET foam samples were prepared by compression ngptdchnique in hot and cold
presses in optimum conditions at 260 °C processamgperature, under 15 bar
pressure, by adding 0.10 % CBA and 0.075 % PCL-PEMIE with a processing
time of 10 minutes. The 27 samples prepared iandstigated from structural,
morphological, mechanical and processing pointsviegfv. The contact angle
measurements, density calculations, cell size arsabnd three-point bending mode

flexural tests were performed on the PET foam sampl

When the foaming time was more than 6 minutestehsile strength and elongation
at break values of cellular PET started to decreddgen the foaming time was
increased as long as possible, the gas diffusedhetcells easily, so the cell size got
larger. Therefore, the larger cell size (largerstome extent) decreased the tensile
strength and elongation at break. The foaming tiae a relatively strong influence
on cell nucleation and cell growth for the amorphand semicrystalline polyesters.
Similar strong cell-size dependence on foaming tivas reported for styrenic resins
[123].

The solubility of nitrogen in polymers was incredsénearly with pressure.
Therefore, increasing foaming pressure actuallyre@ased the foaming gas
concentration inside the PET. Due to this incremeeatll-sizes decreased and cell
densities increased. These results enhanced thgation at breake( %) values.
This explains why the elongation at break increaseth increasing foaming
pressure under our foaming pressure scope. Whefodmeing pressure was lower
than 10 MPa, the PET sample showed no detectabblsteecture. This means that
the foaming pressure should exceed 10 MPa if opesito obtain microcellular PET

foam.

The effect of foaming temperature on the mechanicaperties occurred in the
temperature range between 250 and 275 °C. Wherioiming temperature was
lower than 250 °C, there was no detectable cellcgire. The chosen foaming
reagent 5-PT could not decompose completely atrdemperature; hence, there
was probably inadequate gas necessary to formlaeRET. On the other hand, this

temperature was low for PET foaming production.e RET matrix stiffness might
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have been sufficiently large enough to prevent eateld cells from growing to
detectable size, even though the allotted foammg should have allowed all of the

available gas to diffuse into the cells.

The cell density analysis results are found betw&@a0 cells/ch and 6220
cells/cn?, and these results proved that conventional foamshichfoam structures
having cell densities less than®@lls/cn?, were produced.

The ratio ofd, / d, represents a useful tool for evaluating cell simpersity. A cell

size dispersity ratio close to 1 (e.g., below 1.B%)icates a statistically normal
distribution or a monodisperse distribution. Thdl es&ze dispersity ratios of PET
foam samples were calculated, and found to be itwdsn 0.90 and 1.12,

accordingly.

High-density polymer foams with good mechanical propsrivere produced as the
bulk density values are in between 0.945 §/amd 1.190 g/cth These results show
that high-density foams were formed.

The effects of polycaprolactone block poly(dimetisifoxane) (PCL-PDMS-PCL)

additive content on rigid PET foams were also itigased. There is an increasing
trend in contact angle measurements with PDMS additlue to the migration of

PDMS segments to air-polymer surface in PET foampses. According to the

calculated results, the PCL-PDMS-PCL containing gas showed an increase in
elongation at break with a decrease in brittlenéisaias observed that the elastic
modulus of PET foams increased with the PCL-PDM%-B@dition.
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APPENDIX A.1

Table A.1 : Processing Conditions for Common Exothermic BlowAwgents [57].

Gas
Chemical Gas Solid Yield Decomp.
Grade Compound composition Decomp. (cc Temperature
Product gas at Range {C)
STP)
AZ  Azodicarbonamide N 65% Urazol 220 205 - 215
CO 24% Biurea
CO, 5% Cyamelide
Cyanuric
NH; 5% Acid
ra  P-Toluenesulfonyl = g5, Ditolyl 140 228-235
semicarbazide disulfide
Ammonium
CO, 37% p-toluene
sulfonate
NH; 3%
(6{0) 2%
p,p-Oxybis Nonpolar
OT  (benzenesulfonyl N, 91% aromatic 125 158 - 160
hydrazide) sulfur-
H,O 9% containing
polymer
p-Toluene sulfonyl Ditolyl
TSH  Yydrazide N2 nfa gisulfide 115 10-120
p-Tolyl-p-
H.O n/a toluene
thiosulfinate
p_

Toluenesulfin
ic acid
hydrazine
Toluenesulfo
nyl hydrazide
salt

of p-toluene-

sulfonic acid
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APPENDIX A.2

Table A.2 : Properties of PET

PROPERTY PET DATA
Molecular formula (GoHgO4)n
Density amorphous 1.370 g/ém
Density crystalline 1.455 g/cn
Young's modulus (E) 2800-3100 MPa
Tensile strengttat) 55-75 MPa
Elastic limit 50-150%
Notch test 3.6 kJ/fn
Glass temperature 75 °C
Melting point 260 °C
Vicat B 170 °C
Thermal conductivity 0.24 W/(meK)
Linear expansion coefficient) 7x10°/K
Specific heat (c) 1.0 kJ/(kgeK)
Water absorption (ASTM) 0.16
Refractive Index 1.575
Price 0.5-1.25 €/kg
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APPENDIX A.3

Figure A.3 :Bubble Analysis Photos of PET Foam Samples:
(2)CBA(0.20)-PDMS(0)-T(260)-t(10)-P(15).
(b)CBA(0.10)-PDMS(0)-T(260)-t(10)-P(15).
(c)CBA(0.10)-PDMS(0)-T(260)-t(10)-P(10).
(d)CBA(0.20)-PDMS(0)-T(260)-t(10)-P(20).
(e)CBA(0.15)-PDMS(0.150)-T(260)-t(10)-P(15).
(HCBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15).
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Figure A.3 (contd.) :Bubble Analysis Photos of PET Foam Samples:
(gBA(0.20)-PDMS(0.200)-T(265)-t(10)-P(15).
(hICBA(0.20)-PDMS(0.200)-T(260)-t(10)-P(20).
(ICBA(0.20)-PDMS(0.100)-T(260)-t(10)-P(20).
()CBA(0.20)-PDMS(0.300)-T(260)-t(10)-P(15).
(KICBA(0.10)-PDMS(0.050)-T(260)-t(10)-P(15).
(ICBA(0.10)-PDMS(0.050)-T(260)-t(22)-P(15).
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Figure A.3 (contd.) :Bubble Analysis Photos of PET Foam Samples:
(m)CBA(0.10)-PDMS(0.075)-T(260)-t(10)-P(15).
(n)CBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15).
(0)CBA(0.10)-PDMS(0.125)-T(260)-t(10)-P(15).
(p)CBA(0.10)-PDMS(0.150)-T(260)-t(10)-P(15).
(r)CBA(0.20)-PDMS(0)-T(260)-t(10)-P(15).
(sXCBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15).
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APPENDIX A.4
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Figure A.4 : Cell density analysis graphs presented on thesbagh 0.2 mm
diameter range versus number of cells:

(2)CBA(0.20)-PDMS(0)-T(260)-t(10)-P(15).
(b)CBA(0.10)-PDMS(0)-T(260)-t(10)-P(15).
(C)CBA(0.10)-PDMS(0)-T(260)-t(10)-P(10).
(d)CBA(0.20)-PDMS(0)-T(260)-t(10)-P(10).
(e)CBA(0.15)-PDMS(0.150)-T(260)-t(10)-P(15).
()CBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15).
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Figure A.4 (contd.) : Cell density analysis graphs presented on theshaith 0.2
mm diameter range versus number of cells:

(g)CBA(0.20)-PDMS(0.200)-T(260)-t(10)-P(15).
(h)CBA(0.20)-PDMS(0.200)-T(260)-t(10)-P(20).
()CBA(0.20)-PDMS(0.100)-T(260)-t(10)-P(20).
()CBA(0.20)-PDMS(0.300)-T(260)-t(10)-P(20).
(K)CBA(0.10)-PDMS(0.050)-T(260)-t(10)-P(15).
(NCBA(0.10)-PDMS(0.050)-T(260)-t(22)-P(15).
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Figure A.4 (contd.) : Cell density analysis graphs presented on theshaith 0.2
mm diameter range versus number of cells:

(M)CBA(0.10)-PDMS(0.075)-T(260)-t(10)-P(15).
(N)CBA(0.10)-PDMS(0.100)-T(260)-t(10)-P(15).
(0)CBA(0.10)-PDMS(0.125)-T(260)-t(10)-P(15).
(p)CBA(0.10)-PDMS(0.150)-T(275)-t(10)-P(15).
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APPENDIX A.5

(b)

Figure A5 :

(e) ()

Water contact angle measurement photos of PET faamples:
(a)Upper surface of CBA(0.20)-PDMS(0)-T(265)-t(F(15) initially.
(b)Upper surface of CBA(0.20)-PDMS(0)-T(265)-t(1@(15) finally.
(c)Down surface of CBA(0.20)-PDMS(0)-T(265)-t(10(1B) initially.
(d)Down surface of CBA(0.20)-PDMS(0)-T(265)-t(10)1B) finally.
(e)Upper surface of CBA(0.20)-PDMS(0.200)-T(269)8)-P(15).
(HDown surface of CBA(0.20)-PDMS(0.200)-T(265)@j1P(15).
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