BEHAVIOUR OF HTPBPOLYURETHANE ELASTOMER MATERIAL
REINFORCED WITH MICRO AND NANO PARTICLES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

EMRE ERTEN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE ORVASTER OF SCIENCE
IN
METALLURGICAL AND MATERIALS ENGINEERING

AUGUST 2022






Approval of the thesis:

BEHAVIOUR OF HTPB -POLYURETHANE ELASTOMER MATERIAL
REINFORCED WITH MICRO AND NANO PARTICLES

submitted byEMRE ERTEN in partial fulfillment of the requirements for the
degree oMaster of Sciencan Metallurgical and Materials Engineering, Middle
East Technical Universityby,

Prof. Dr.HallKal ép-él ar
Dean Graduateschool ofNatural and Applied Sciences

Prof. Dr.A | i Kal kanl é
Head of the Departmertletallurgical and Materials Eng.

Prof. Dr.Cevdet Kaynak
SupervisorMetallurgical and Materials Eng., METU

Assoc. Prof. DrTaner Atalar
Co-SupervisorDefenseRes. and Dev. lgtitute, TUBITAK

Examining Committee Members:

Prof. DrNecati ¥zkan
Polymer Science and TechnolodWETU

Prof. Dr.Cevdet Kaynak
Metallurgical and Materials EngMETU

Asgst. Prof. Dr.Ce ma | Meri h keng?®°nyg
ManufacturingengineeringA t € Unévensity

Assist.Prof. Dr.Yu s u f Kel ekt emur
Metallurgical and MateriglEng, METU

Assist.Prof. Dr.l r mak Sar gén
Metallurgical and Materials EngMIETU

Date:29.08.2022



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required bythese rules and conduct, | have fully cited and referenced

all material and results that are not original to this work.

Name Last nameEmreErten

Signature :



ABSTRACT

BEHAVIOUR OF HTPB -POLYURETHANE ELASTOMER MATERIAL
REINFORCED WITH MICRO AND NANO PARTICLES

Erten, Emre
Master of ScienceéMetallurgical and Materials Engineering
Supervisor: Prof. DiCevdet Kaynak
Co-SupervisorAssoc Prof. Dr. Taner Atalar

August 202288 pages

Hydroxyl-TerminatedPolybutadiene Polyurethane (HTHRJ) elastomer materials

are mainly wused in the Alinero | ayer of
required levels of mechanical and thermal propertieslaaned by reinforcing this

elastomer matrix with approximately 10 wt% micrsined carbon black (mCB)

particles. Therefore, the main purpose of this study was to investigate effects of mCB
alone and then when used together with 3 wt% ssed carbon lkick (nCB),
micron-sized zirconia (mZrg), nanesized titania (nTiQ and silica (nSi@) on the
mechanicaland thermal properties of HTPBU elastomer matrixThe main

technique used for the production of unfilled and filled HTPB specimens was

mechanicamixing.

Tension tests condudhAeq raeave7aled, t2h3aAC uas
combinationdmprovedall mechanical properties of HTPBU elastomer matrix at

all temperatures. On the other hand, compared to others, replacement of total 10 wt%

mCB particles with 3 wt% nCB particles resulted in highest level of improvements.

Various thermal analyses conducted for all specimen compositions indicated that use



of 10 wt% total filler content had slight influences on the thermal properties of the
HTPB-PU elastomer matrix.

Keywords: Hydroxyl-TerminatedPolybutadiene (HTPB), Polyurethane (PU)
CarbonBlack, Zirconia Titania Slica

Vi



¥Z

MKKRO VE NANO PARC¢ACI KLARLA G! ¢LENDKRKL
POLK! RETAN ELASTOMER DBDAVRENERNKN

Erten, Emre
Y¢ksek,Meitsadnusr ji ve Mal zeme M¢ghendi
Tez YO rPeot Dr€evdet Kaynak
Ortak Tez ¥neticisi:D o Dr. Taner Atalar

Aj ust o,88s&faz2 2

Hidroksil-SonluP o | i b ¢Ptoal dii¢éerne t-RUp elaStbinePnigalzemelgenel
ol arak kate yakedde|@earsiahadre” matbarkmsénda ku

mekani k ve ter mal °czelli k seviyeleri, bu
mikron boyutlu karbors | y(m@Bpar acekl aré il e ge¢-1lendiri
Bu nedenl e, bu -al é&kmanén temel amaceée, m
%3 nano boyutlu karbon siyahé 2 mB), mi |

boyutlu titanya (nTiQ) ve silika (nSiQ) ile birlikte kul | anél @] énda
el astomer matrisinin mekani k ve trer mal °
Dolgusuz ve dolgulHTPB-PU numunel erinin ¢reti mi -
mekani k k&anéermédma.

70AC, 28@AALC'vke - glamésnheri, t¢m dolgu ko
HTPB-P U el ast omer matri sinin tem mekani kK
artt égrodsetjeernn®¥ tke iyandan, di jagrélr&i®@ikmEBa k €y as
par - ac@®&RBhCBp &#me€ac k&l dejei ktiril mesi en y¢ks

sajlamektér. T¢m numune bil exkimlerdi I -in

Vil



%10 toplam dol gu i - &U ielpstomek mdtrisisintérma nén HTPE

©zel |l i k| ezoranlaglae ¢ kii h & e i ol dujunu g°stermiktir
Anahtar KelimelerHidroksil-SonluP o | i b¢t adi en (HTPB) , Pol i ¢r et
Siyahe, Zirkonya, Titanya, Silika
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CHAPTER 1

INTRODUCTION

Ever since the invention of the wheel, human ingenuity has led to the discovery and
development o¥ariousmeandor transportation. One of them is calligaropulsiord
whichmeango push or thrust forwardle. aforce acing to move an object initially

at rest or to change the velocity of a moving dhe?]. A propulsion system is a
machine designed to generate thrust according to Newtons third law of action
(actionreaction) by accelerating a working flunfigas at the engine. There are four
main types ofpropulsion systemgi) the propeller(ii) the turbine or jet(iii) the
ramjet, andiv) the rocket. The first three uses surrounding air as working fluid, but

in the rocket propulsion the workirilyid is exhaust gase8]|

1.1 Chemical Rocket Propulsion Systems

In rocket propulsion, thrust is produced by accelerated working fluid, the
propellant, which is entirely stored within the flying vehicle. Rocket propulsion
systems can be classified in seal ways. Based aihe source of energy utilized in

the system, there are four main categories: nuclear energy, solar energy, electrical
energy, and chemical energy. These energies are transferred to gaseous species and
converted into kinetic energy by exting force at the surfaces exposed to exhaust

gagswhich provides thrudi].

Chemical energy originating from combustion of two chemical entities, a fukl, an
an oxidizer, in the rocket enginetlse most widelyused type of rocket propulsion.
The reaction between the fuel and the oxidizer results in formation of gaseous

products and huge amount of heat. Gaseous species produced from this reaction is



heated bythe heat generated and hot gases are expelled through the exit of reaction
chamber, the nozzle, while exerting force to the rofXet

Chemical rocket propulsion systems can be classified according to the physical state

of the stored propellant. These systemgianigquid Propellant Rocket Enging@i)

Solid PropellantRocket Motors and (iii) Hybrid Propellant Rocket Propulsion

Systems |t should be appropriate to mention t£h
used for |l iquid propellant rocket propul sio
for solid propellant roeet propulsion. The difference arises frane factthat each

systemwas developedly differentresearctgroups p£J.

1.2  Solid Propellant Rocket Motors

In solidpropellant rocket motors, thrust is provided by the solid propellant, or charge,
which is already present within the motor. The propellant, also called the grain, is
chemically formulated tonclude both the fuel and the oxidizer that would be burned

compktely[2].

There are two types of solid rocket motors based on installation of solid propellant:
ficartridgeloaded and ficasebonded. In cartridgeloaded solidrocket motors,
propellant is prepared as solid mass outside the motor and inserted into the rocket
motor. This type igspeciallypreferred for rocket motors with small dimensions and
when large numbers are required. In egaded solid rocket motors, theopellant

is prepared as slurry through chemical processes, then cast into rocket motor and
solidified. They are especially used flargesized rocket motorr longer ranges

and high payload carrying capaciti@s4].

Main component®f a typical casdonded solid rocket motof$], as shown in
Figurel.l, are the casetheinsulator,theliner, the propellanttheigniter, andthe
nozzle. Igniter is a pyrtechnique to initiate the burning of the solid propellant and
nozzle is used to adjuptessure inside the motor and to control the expansion of

exhaust gaseg]. Other parts are briefly explaindéelow.









Due to different chemical formulation and material characteristics of the insulator
and the propellant, there exists an incompatibility and migration of chemical species
acrossthe linerwhich dfects its characteristics and performancg B, 10, 11].
Diffusion of chemical species acrdbe lineris especiallyimportant fortheadhesion
quality betweenhe insulator and the propellaihus, another important function of

the liner material is to a@s a barrier to inhibit the unwanted diffusion of mobile

speciesrom the propellant tatheinsulator[8, 10].

1.4 HTPB-PU Elastomer System as Liner Material

There have beeravious liner materials developed so far to meet the requirements of
solid propellantocket motor system These materials include epekgsedesins,
polyesterbasedresins, and polyurethatfmsedresins. However, low temperature
properties and better aj characteristics of filled polyurethabased resin systems
have made them superioomparedo their epoxy and polyestdasedanalogues

[15]. Several prepolymers have been utilirethe formation of polyurethargased

liner material systems Polypropylene glycol (PPG)[2], carboxyterminated
poly(butadieneco-acrylonitrile) (CTBN) [9], carboxylterminated polybutadiene
(CTPB)[16], hydroxytterminated polyether (HTPELT], and especiallynydroxyt
terminated polybutadiene (HTPB)-15] have been frequently used prepolymers for

the production opolyurethanebasedelastomeridiner materialsystems

Among these systems mentioned above, hydroxyl terminated polybutadiene
polyurethane (HTPBPU) system have beeonsidered as one of the maigalone
due b; (i) its capability tomix with higheramounts of fillers(ii) having better low
temperature properties and aging characterjstiits superior hydrolytic stability
and mechanical strength comparedtbers[2, 7, 15, 18]. Another factor making
HTPB-PU elastomesystemasefficientliner material ists compdibility and better
adhesiorbetween th@ropellantand thdiner [9, 12, 19, 20.






In the synthesis of HTRBU liner material systems, the polyol oligomer chosen is
the hydroxylterminated polybutadiene (HTPB) as showirigure 1.3(a), while the
polyisocyanate oligomer chosen is gelly isophorone diisocyanate (IPDI) as
shown in Figure 1.3(b)[4, 6-8, 10, 15 18-21]. The resultant macromolecular

structure of the HTP®U elastomer liner material system is showRigure 1.3(c).

(a)
HO H H2
C C
. P \c o
H, H X “OH
(b) H.c  H,C——NCO
* S
HZC/ \cle
- CH
HyC T Spr N
H,C H, NCO
(©)
N__o
REN \g o k} NCO
\HTPB/ o)

Figure 1.3 Reaction 6 (a) HTPB polyol and (b) IPDpolyisocyanate to for
(c) HTPBPU elastomer material.



In the preparatiorof HTPB-PU elastomericliner material system, many other
ingredients such gslasticizes, bonding agers crosslinkingagens, catalyss, and
fillers are addedPurpose and briefdetails of these ingredienédimportance of

certain chemical group ratios are explained below.

(i) NCO/OH and Triol/Diol Ratio s

NCO/OH and TriolDiol ratios areconsidered as certaparametesin the design of
liner materialsystems NCO/OH ratio is the ratief total number of isocyanate
groups and hydroxyl groups in tegstem |t is stated that echanical, thermal, and
adhesive properties of linematerial systemesan be tailoredyadjusting NCO/OH
ratio of thesystem 20]. For example, liner materials having m@ecyanate groups
(NCO/OH>1) and solid propellant mixture having morehydroxyl groups
(NCO/OH<]) could forma reactive bond at the linpropellant interfaceZ4.

Triol/Diol ratio is the raticof thenumber of triol moleculeghavingthree hydroxyl
groups on single moleculgnd diol moleculeghaving two hydroxyl groups on
single molecule) in theITPB-PU part of the system. Since this ratio is related to the
crosslinking points in the system, theechanical, thermal, and adhesive prapsrt

of theliner can also be tailored by adjustitings ratio [ 20, 21, 28].

(ii) Plasticizers

Plasticizers arédow molecular weightiquid organic ingredients added tioe liner
systemto enhancegpercentelongation at low temperatures, as wellt@aglecrease
overallviscosityof the system[2, 10]. Being nonreactive, plasticizers can migrate
from the propellant taheliner due to concentration differences acrosdnteface
This can benhibited by using the samigpe ofplasticize both in the linematerial
and the propellant formulationg,[11]. Use ofplasticizes also facilitates adding
moreamount offillers to the liner materialsso that desirethechanical propads
can be attainedLP]. Isodecyl pelargonate (IDP), di&hylhexyl) adipate (DEHA),



diisooctyl sdacae (DIOS), and di(2thyhexyl) phthalate (DP) have been
frequently used plasticizers in HTHBJ based liner material8-[L0, 13, 20-22, 24,
25, 26].

(i) Bonding Agents

Bonding agents, also known as bond promoters, provides enhanced adhesion
betweerthe propellant andheliner layersby physical and chemical bond formation

at the interface. H>868 [Benzend,3,5tris((2-ethylaziridinyl)-carbonyl)], and
MAPO [Tris-(2-metyl aziridinyl) phosphine xide] are two aziridinebased
chemicalsbeing the most widelysedbonding agents liner materialformulations

[8, 13,20, 24, 25, 27].

(iv) Crosslinking Agents

Introduction of crosslinkingagentsinto the HTPBPU basedliner systemsan be
done either by adding short polgatith functionality greater than two as the chain
extender or by adding trieinto the mixture 20]. Rigid polyurethanes are highly
crosslinked structureswhile low levels ofcrosslinking leads to flexiblstructure
[28]. Addition of low molecular weightriols improves crosslinkinglegreeof the
liner systemand hinders migration of plasticizefrom the propellant laydi].
Trimethylol propane (TMP), triethanolamine (TEA), and 1,Re&anetriol (HT)are
the examples afrosslirking agens utilized in liner materials4, 15, 18, 20, 21].

(v) Catalysts

Formation of urethane group through reaction betwisecyanate and hydroxyl
groups can be catalyzed bgrtainorganometallic sadf especially tinbasedones,
such as dibutyltin dilaurate, stannous octoate and tin merca@idégifling small
amouns of thesecatalyss can be used to contrtble duration of reactions during the

formation of HTPBPU liner material system



(vi) Fillers

It is known that, although us# plasticizersbonding agents, crosslinking agents,

and catalysts are significant in the performance of the liner material syatihtson

of certain amount of inorganic Afillero par
is consideredas one of th most criticafactor for the overall performance of liner

material systems, including the HTHRJ systeni4, 5, 7-10, 18-26, 29, 31-34].

Fillers might have significant influences on the mechanical prope#ié8,[15, 18
21], thermd properties4, 15, 18, 19,21], rheological propertie®, 13, 21, 29] of the
liner material, as well as its adhesion quality with the propellant |dyéy 13, 15,
18, 19. Fillers might also decrease the level of migratiorplafsticizer molecules
from the propellant layerd 8, 23, 30].

The traditional filler materials used in the liner formulations for many years are the

di fferent size and gr a%l8%513821]. Oh theaathbron bl ac k 0
hand, use of other alternatives such as antimony trioxide, titania, silica, zirconia, and

aluming etc. are under investigatiod, [18, 19, 21, 23, 32]. These filler particles

could be used either in micram nano sized fillers4], 5, 7-10, 18-26, 29, 31-34).

Since the mairpurpose of this thesis is to investigate effects of micron and nano
sized carbon black particles alone and together with other alternative filler particles
on the performance of HTRPBU liner material system, the related literature would

be explained in thnext section.

1.5 Literature Survey on the Effects of Fillers in HTPBPU Elastomer

Materials

Literature review revealed that there are limited number of reported research
investigating the effects of micro and nanoparticles on the performance of-HTPB
PU basd elastomematerials which aresummarized belowSeveralproperties of

these elastomer materiakportedare tabulated in Table 1ahd Table 1.2
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Quagliancet al.[31]] studiedmechanical and swelling properties of HT-PB based
liner material filled wih 5 wt%nanoclay, an@0 wt% micron-sizedTiO2, ZrO, and
ZnOparticles Nanoclay was reactive one (Clides20A) with quaternary ammonium
ions. Crosslink densit of unfiled HTPBPU was found to beg& p 1 mol/cn?,
and this value was increaseeb-fold with TiO2, onefold with ZrO,and ZnQwhile
decreased with the incorporation of nanoclay. It stasedthat nanoclay particles
hinder the formation of chemical and physical crosslinks. Tensile strehdi@ (
MPa) and elongation at break’Q7%9 valuesof unfiled HTPB-PU changed with
particles ofTiO2 as0.67 MPa and 500%yith ZrO, as1.33 MPa and 186%yith
ZnOasl.81 MPa and 237%, amdth nanoclayas1.48 MPaand 636% respectively

Rosset al. [32] also studied mechanical propertjesspecially elastic modulusf
HTPB-PU with 20 wt%fillers of TiO> (10-1 5 )gcanbon black1.5¢ my lithopone
(2-4 ¢ M CaCQ (1.5¢ My ZnO (0.4 m and5 wt% nanoclay (Cloisite 20A).
Nanoclay was further modified by addihgxamethyl disilazandH(MDS) to make
hydrophobic nanoclayy o u n g 6 sus valoedf wnfiled HTPB-PU (0.50 MPa)
changed tdl.08 MPa with Ti@, 1.81 MPa with ZnO, 1.68 MPa with lithophone,
2.17 MPa with CaCg) 2.82 MPa with carbon black, 3.3 MPa with naag¢chnd).5
MPa withhydrophobicnanoclay.

Chenet al. [13] investigatedespeciallyeffects of several fillex on the bonding
behavior of HTPBPU based lineto the propellantAlthough the amount of loading
level of each filler was not statedarbon black and zinc dimethacrylate increased
viscosity of theHTPB-PU liner materialtoo much, so that, casting was not possible
Bonding strength values othe liner material with FeQs, talcum, zinc
dimethacrylatemolecular sieve, magnesia, and ZnO were 0.689 MPa, 0.655 MPa,
0.592 MPa, 0.872 MPa, 0.816 MPa, and’I6 MPa, respectivelyThe highest
bonding strengtlobtainedwas with molecular sieve owing to ip@rous structure

and surfacehydroxyl groupsinteractingwith the isocyanate grouppresent in the

structureof HTPB-PU system
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Kim et al. [33] usedthree differentpolyhedral oligomeric silsesquioxanes (POSS)
nanoparticlesThe nonreactiveonewas octasobutyl POSS (POSE), while two

reactive ones wre transyclohexanediol isobutyl POS$0SS2) and 1,2

propaediol isobutyl POSE0SS3). Tensile stragth of unfilled HTPB-PU (0.51

MPa) becomed.13 MPawith POSS1 (50 wt%9, 1.19 MPawith POSS2 (23 wt%),

and 0.97 MPavith POSS3 (33 wt%).DSC analysis revealed that glass transition

temperatureof HTPB-PU was-8 0 . AthAsGransition wih POSS1, POSS2, and

POSS3 were-8 2 . 8., 2 AG8 2 .alnAdC, r EGA @mmalysisishowed y .

that decomposition temperature at 5 wtdadingwas decr eased from 367
2 8 1WItEPOSS1 , t o with RA@BA2Candio 3 0 3 . vBHARDSSS.

Grytheet al.[23] conducted modeling and experimental studies on the diffusion of

several species frothe propellant material across HTHBJ liner materialCarbon

black and TiQ particles were incorporated as fibeat different loadingg0 to 40

wt%) to revealtheir effects on diffusion. It was stated that diffusion of molecular
speciesvashindered bytheseparticlesdt ue t o t he fAobstruction ef f
Barrier propertyof carbon black particlesas found to be more effective than FiO

particles,and ths behaviorwas attributed tdhe larger specific surface area and

adsorbent properties oarbon black particles

Dubois et al. [34] studied effects of bisphenel coatedsilica particleson the
mechanical propertie€lastomermaterialswere obtained by mixing HTRBU
systemwith treatedanduntreated silica particlegip to 22 wt%) It was observed
that even surface coatesllica particles teneld to agglomerate during theixing
process at higér loadings.Low loadingsof silica (e.g. 2.5 wt%) dispersed more
uniformly. At this loadinguntreated silicaesulted in tensile strength and percent
elongation at breakaluesof 0.792 MPa and 136%; while surfacecoated silicded

to 0.919 MPa and1285%, respectively At higher loadings, thee properties

decreased considerably.

Navaleet al.[4] investigated effestof using twodifferent fillerstogether; that is,

antimony trioxide Slr0Os3) and carbon blackarticles together iHTPB-PU based

12



liner material. Two liner compositionsverepreparedone with 24 wt% SOz plus

10 wt% CB,andthe otherwith 10 wt% SkpOs plus 10 wt% CB.Liner with higher

SkOs amounthad betterflame retardancyerformance determined Hiymiting

oxygen indeXLOI) measurementd hey also indicated thag¢nsile strength dhis
composition 2.8-3.3 MPa) was highahanlow SkO3 contentcomposition(2.6-2.9

MPa). Interfadal performancef theliner with higherSkOz content waslso proved

to be suitablatthepropellant operating temperatuange(-2 0 AC and +50AC)

Kakadeet al.[18] conducted a aoprehensive study on the performancéldfB-

PU basecelastomeformulations with various particle€arbon black with different
grades(N770, N550, N330) were chosen as main filldrile metal oxides (TiQ
Al20s, SIO), silicates (talc, mica, kaolin, libpone asbestqs)rganic compounds
(melamine), and fireetardant compounds (Zinc borate, sodium metaborate,
NH4H2PQi, SkOs) were incorporated as additional fillers. All fillers had particle
size of 210 ¢ mexcept carbon blacksaving nanosize CB was used at 40 wt%
loading and other fillers were used at 8 wt%. Basetkeaosile strength5.6 MP3

and processabilitgf liner formulations N550grade CB was choseas the optimum
onefor further studiesCompared to other§hbOz was found to ban efficientfire-

retardant filledeading to alsdensile strength value was 4.9 MPa

Benli et al. [21] studiedperformanceof HTPB-PU basediners withtwo gradesof
carbon blackmicron and nano size@jusaddition ofSiOz (500 nm) Al2O3 (5 Om),
andZrO, (10O mparticles Tensile strength of unfilled liner was found to be 0.567
MPa. This value increased to 0.858 MPa with the additidkDoft% micro-carbon
black and to 2.010 MPa with the addition1df wt% naro-carbon black\When 16
wt% of othemarticles were added to the liner filled with 10 wt% naadbon black
particles, the tensile strength was determined as 2.658 MPa with230@5 MPa
with Al>O3, and 1.983 MPa with Zr©DMoreover, ayacethylene ablation teswvere
conducted to measurerosion rate to determine relative thermal insulation
effectiveness. It was stated tHater with nanecarbon blackparticles had lower
erosion ratg0.260 mm/s) tharhe unfilled liner (0.467 mm/s) anthe liner with

micro-carbon blackparticles(0.324 mm/s).
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1.6  Aim Of the Study

Although there are other applications, HFPB elastomer materials are mainly

used i n the sdltl propellantocket anpter rcases.fin this military

application, the required levels of mechanical and thermal properties are obtained by

reinforcing this elastomer matrix with approximately 10 wt% miesized carbon

black (mCB) particles. As discussed in the literagunevey section, other alternative

fillers to replace mCB completely, or to use together with mCB particles are still

under researciT.oday,there are limited number of reported reseanslihe limited

types of fillers Studies on HTPBPU elastomer matetia s Al i n givewin mat r i X

the literaturgevealed that there is no reported research to elucidate the effect of low

and high temperatures on the material s mec

military applications.

Therefore, fom this point ofview, the main purpose of this study was to investigate
effects ofmCB alone and then when used together wahagsized carbon black
(nCB), micron-sized zirconia (mZrg), nanaesized titania (nTiQ and silica (nSiQ)

on the mechanicgroperties of HTPBPU elastomer matrix at three different testing
temperatur es: -4D@&&mar@apekties of HTRRU elastomer

matrix were also investigated

For this purposdirst of all, unfilled HTPBPU elastomer specimens weested and
analyzed. Then, this elastomer matrix was filled with 10 wt% mCB paraties
just like the traditional way. In order to investigate effects of N@RBrO,, nTiO2
and nSiQ fillers, certain amount of mCB were replaced watther fillerswithout

changing the Atotal filler content of 10 wt
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CHAPTER 2

EXPERIMENTAL WORK

2.1 Materials Used

(i) HTPB-PU Elastomer Used as the Matrix Material

Polyurethaneg(PU) based elastomanatrix materialsconsist ofa polyol having at

leasttwo hydroxyl groups and polyisocyanate having at leasto isocyanate
groups.Hydroxyl terminated polybutadien&iTPB) is thepolyol of the PU based
elastomematrix material chosein this study.It is known that, although there are

other application @as,HTPB-PU elastomer materials are timain matrix material

preferrednr oc ket motor inner | ayers such as i
Therefore, depending on the military application, different grades of HTPB could be
chosenln this studyusedgradeof HTPBIis designated aB45M with CAS rumber

of 69102905 t hat i s especially used for the 7

Polyisocyanate used in this stufy the synthesis of HTRBU matrixmaterialwas
isophorone diisocyanatdPDI). Similar to HTPB, IPDIhad The United States
Department of Defenc&JS DoD) material specification to meet the requirements of

military applications

Other chemicals used for the formation of HFPB matrixmaterialwas agollows:
Di(2-ethylhexyl) adipatdDEHA) is used as plasiticizetriethanol amindTEA) as
crosslink agenttris-(2-methyl aziridinyl) phosphine oxidéMAPQO) as bonding
agent and dibutyltin dilaurate(DBTL) as catalyst Important ratios used for the

system vereNCO/OH ratioas 1.1 andriol/Diol ratio as 0.1All the materials and

17



chemicals used are tabulatedlable2.1, while certain propertiesf the HTPB and

IPDI given in technical data sheet of their supplaretabulatedn Table2.2.

Table 2.1 Materials and chemicals used in the synthesis of HPBE®lastomer
matrix material

Purpose Materials/Chemicals Supplier % Purity
Hydroxyl-terminated Cray ValleyLLC, .
Polyol Y Y ) y Y 9
Polybutadiene (HTPB) USA
_ Isophorone Diisocyanate .
Polyisocyanate Bayer, Germany 9.5
(IPDI)
o Di(2-ethylhexyl) adipate  Plastifay Kimya .
Plasticizer ) 9
(DEHA) End¢stris
Crosslink Agent Triethanol amine (TEA)  Merck, Germany 9
Tris-(2-methylaziridinyl Mil -Spec .
Bonding Agent ( _ y. Y p. 9
phosphine oxide (MAPQO) Industries, USA
Dibutyltin dilaurate ,
Catalyst Merck, Germany 9

(DBTL)
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Table 2.2 Certain properties of the HTPB polyol and IPDI polyisocyanate given in
technical data sheet of their suppliers

Molecular Weigth (M): 2800 g/mol

Havingl wt % a nt i-methylenabis@methy-6-t@r-6
butylphenol)

Having structuralsomerstranscis.vinyl ratio 0f0.6:0.2:0.2
Viscosityat3 0AC: 4200 cps

HTPB

Glass transition temepratur@ 6 A C

Moisture content: ©.1 wt%

Hydroxyl content: 2.3 groups/chain

NCO content037.5 wt%

Total chlorides0200 mg/kg

Hydrolyzable chlorides®200 mg/kg

Viscosity als 20AC: 10 mPa

IPDI

= =2 =4 4 4 4 -4 -2 -9

(i) Carbon Black and Metal Oxide Particles Used as the Fillers

In the first step of this thesisffectsof nanaesized carbon black (nCB) particles when
used together with conventionalicronsized carbon blackmCB) particles were
investigated; while in the second stefiects of three metadxide particles were
studied. These particles wenicronsized zirconia (mZrg), nanasized titania
(nTiO2), andnanasized silica(nSiGy). Designations and namestbesefillers with

certain properties reported in the technical data sheets of their suppliers are tabulated
in Table2.3.
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Table 2.3 Designations, names, andrtain properties of the fillers given in
technical data sheet of thempplier

Designation Name

Properties

mCB

Micron-sized
carbon black

|l

1
1

Tradename/Supplier: Ther max E/
Canada

Purity: 100%

Nitrogen surface area: 712.0 nt/g

9 Ash content: max 0.20%

|l

pH: 9.011.0

nCB

Nanosized

carbon black

|l

Tradename/SupplieRr i nt e x EU/
Luxembourg

Purity: > 99.8%

BET surface area: 92%qg

Ash content: 0.02%

pH: 4.5

Average primary particle size: 25 nm

mZrO »

Micron-sized

zirconia

Supplier: Merck, Germany
Purity: 99%

Average patrticle size: Gm

nTiO»

Nanosized

titania

Supplier:Nanografi, Turkey
Purity: 9999%%

100% anatase phase
Specific Surface Area: 2203y

Average particle size: 17 nm

nSio»

Nanocsized

silica

1
T
T
T
T
T
T
T
T
T
T
T
1
1
1
1
1
1

Supplier:Nanografi, Turkey
Purity: > 99.5%

100% amourphous fumed silica
Specific Surface Area: 15860 nf/g

Average patrticle size: 135 nm
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2.2 Analyses for the Particle Size Rangesnd Surface Area of the Fillers

Although there are certain data about size of the fillers reported by their suppliers, it

is important to confirm the data withexperimental work before starting
reinforcement of elastomer matrix with filler$herefore, for this purposdirst
ALaserracDBfdhpysi s and ADynaDBLEB) i ghal psast
conducted. Howeverdue to the problems in sample preparation and other
experimental difficulties, no consistent results were obtained. Then, other
possibilities were considered. For exaen use of scanning electron microscopy

( SEM) analysis to determine fisize range.
EmmettTel | er (BET) analysis to determine fis

(i) Scanning Electron Microscopy (SEM) Analysis

Scanning electmo microscopy (SEM) was performed tetglata on the sizeanges
and morphology of the fillers. For this purpose, 1.2 nm resolution FEI QUANTA
400F Field Emission SEM instrument was used. Before the analysis, fillers were

coated with a golghalladium alloy.

Note that, dispersion state§fillersin the HTPBPU matrixwerealso studied by
SEM. For this purpose, fracture surfaces of the tensile test specimens pulled at room

temperaturavere examined

(ii) Brunauer-Emmett-Teller (BET) Analysis

Determination of specific surface area of filerere performed witlQuantachrome
Corp AutosorE6B model instrumentFiller sampleswer e condi ti oned
overnightand vacuundegassed 85A C pr i or t o Themadsosbentgasnent s .

washitrogen,and he calculation was based on multipoint B&&€ory.

In this study, in order to get data on the average particle size of the fillers, results of

BET analysis were also evaluated by using a mathematical model between the
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Asur face ar eaod iaesdhisimedelhas beeroused toldeternpna r t
particle size of a filler by using its specific surface aresmsured bBET analysis

[35, 36, 37, 38]. The models based on the idealized case whaetimeter cube of

a particleis fragmented into equal cubes having edge length Tdtal number of
thesecubes will bel/I3. Each of these cubesll have surfacereaof 6/2. Thus, total
surfaceareaof the particlesvill be (1/°)x(6P)=6/l. If the density of the particle fs,
thenthe following equatiortan be used to calculate the sia¢nm) of the particle

[38].

@ T
0 djQ " Qwa

The equdion aboves alsoapplicable to the particles with spherical shig®. In

that casel become the diamated)(of the particle” is the densityandsurface area

can be replaced with the specific surface area obtained from BiyBiariAse). It

is known that many particles are irregular in shape with different sizes. Nevertheless,
this equation still givesoughinformation about the particle size of tfikers [38].

In this study, in order to use this modieensity values afhefillers usedwere 1.80,

5.89, 390, and2.20 g/cm for CB, ZrO,, TiOz, andSiO;, respectively.

(iif) Results of SEM and BET Analyses

SEM images given in Figure 2.1 revealed that mCB, nCB, B nSi@particles

have rathdri kedophorriphall2qpay,t i whielse hmZ® firr e
prismo morphol ogy. Si z e imagesatakerr a&@ wvadons s on  ma
locations indicated thaize of the mCB and mZearticles were all above 100 nm,

thus they are classified as famdnSiQo f il l er s
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particles were al/l bel ow 100 nm, thus th
Asi ze r angex eéachdilktwere tatiulateddablie2.4.

Results of the BET analyses for each par
i n Table 2.4. Then, the model described ¢
particles, and the obtained values were also tabulated in Table 2.4. It is seen that
MBET calcul ated sizedo of the particles w
particles. Moreover, the data given in Table &dapproximately coincide with the

values reported by the suppliers of the fillers.

Table 2.4 Experimental and estimated particle size data via SEM and BET

analyses.
Filler s SEM BET BET
Particle Size Range Surface Area Particle Size

(nm) (m?g) (nm)

mCB 200500 9.058 368

nCB 4090 91.32 36.5

mZrO, 100-350 10.79 94.4
nTiO2 10-100 2581 5.96
nSiG; 20-60 1403 19.4
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Figure21SEM i mages showing fpart.
mCB, (b) nCB, (c) mZr@ (d) nTi&, and (e) nSi@
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(b)
Figure21Cont noé6d.
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(d)
Figure21Cont n6d.
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Figure21Cont no6d.
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2.3 Production of the Unfilled and Filled HTPB-PU Elastomer Specimens

The main technique used for the productionuofiilled and filled HTPBPU

elastomer materiala s fimechani cal mi Xi ngo. For thi s
(Heidolph HeiTorque Precision 400) with thrddade impeller (made of PTFE)

were utilized (Figure 2.2(a)). For each specimen formulation, atsoointhe

ingredients were adjusted with a precision balance, so that, 1.6 kg of the final mixture

could be obtained. Details of the production steps were expldirknv and

illustrated in Figure 2.2.

(1) Preconditioning: Before mixing, polyol (HTPB) and pladicizer (DEHA)
wer e precondi,twhiefilerdweae pBHACondi ti oned
overnight.
(2) Premixing: Predetermined amount afatalyst DBTL), crosslink agent
(TEA), bonding agen{MAPO), plasticizer(DEHA), andpolyol (HTPB)
were weighed and addedto 2-liter beaker. Then, all these chemicals were
mixed for 10 min at 500 rpm an®dA& CFigure 22(b)).
(3) Mixing: Predetermined amount of fillewereadded in a manner thdirst
nanasizedfillers little by little, and thermmicronsized fillers in the same
way. Then, thewhole mixture wa mechanicallystirred for 90 min at 500
rpm and 35&). (Figure 2.
(4) Final Mixing: Predetermined amount of polyisocyanate (IPDI) was added
into the mixture and all ingrediemstirred for 10 min at 500 rpm ar&5 A C
(Figure 22(c)).
(5) Vacuum Degassing:After eachmixing, enrapped air bubbles within the
mixtures wereremovedunder-880 mbar vacuunfior 15 min at 500 rpm
(Figure 22(d)).
(6) Molding: Vacuum degassed mixtures were poured into Pdd¢dted
rectangulaamo ds whi ch were preconditioned ¢

prior tomolding (Figure 22(e)).
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(7) Curing: Poured mixturegn the mold with certain thicknesgere cured at
65AC for 7 2kpys (Figure 2.
(8) Specimen Cutting After curing, materials in theplate form were

demolded, and dieut into certain specimen dimensions for tes(ifigure

2.2(M)).
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(1) Preconditioning of (1) Preconditioning
HTPB and DEHA of Fillers
65°C, overnight 90°C, overnight

[DBTL, TEA, MAPOJ—

(2) Premixing
500 rpm, 10 min, 35°C

(3) Mixing
500 rpm, 90 min, 35°C

(4) Final Mixing
500 rpm, 10 min, 35°C

(5) Vacuum Degassing
500 rpm, 15 min, -880 mbar

[ (6) Pouring into molds ]

(7) Curing
65°C, 7 days

(8) Specimen
Die-cutting

Figure 2.2 The flowchart and the images of tsteps used during the productior
unfilled andfilled HTPB-PU elastomer specimens; (a) Thidade mechanic
stirrer, (b) Premixing, (c) Mixing and Final mixing, (d) Vacuum degassing
Molding and Curing, and (f) Specimen dietting.
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2.4  Tension Tests for the Mechanical Propertiesf the Specimens

Tensile properties of alinfilled and filled HTPBPU elastomermaterialswere

obtained according to ASTM D638 stand§89]. Test were conductedt three
differenttemperatures4 0 AC, r o 0o m(~2 & @ em al Baitn@dkeging
all specimensvere conditioned at desired test temperature 5 rhin. Tess were

performed in the chamber set to testing temperatures, except theemoperature
one. $ecimensvere obtainedrom 4 mm thickcuredandmoldedelastomematerial

platesby die cuttingin accordance with theype IV specimen geometgspecially
specifia for the nonrigid plastics in the standar&igure 2.3.

R25

—

D

e

)

[ 115 -

Figure 2.3. Type IV specimen geometry specified in AS
D638 standard39]. All numbers are in mm.
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Tests were conducted lystron 5965 Universal Testirfsystemwith 5kN load cell

and wedgeaction grips under the crosshead speed of 50 mm/min. Extension for

nominal strainvalues were determined as the change in the distance between the
gripssFor the speci menB8BACestedsate2BpACI and w
the break(Figure 24(a) and (b).

On the other hand, for the specimens testetd A C, the height of
chamber was not sufficient for breakage that tensile pulling was stopped at the

highest position othetesting chamberHigure 24(c)). That position corresponded

to the strain value of 350%. Thus, for these specinsress value at 350% strain

wastakenastensile strength ahesespecimes

For each condition, at least five specimens were testedieAdile mechanical
properties determined were reported as average values with standard deviation
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Figure 2.4 Example images of the specimens (a) before, and (b) af
tensile test at room temperature; (c) view of the unbroken tensi
specimen pulled to the highest position of the testing chambérGatA
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2.5 Analysesfor the Thermal Properties of the Specimens

(i) Thermogravimetric Analysis (TGA)

Thermogravimetric analgs were performed to investigatdermal decomposition

behavior of the specimeiby usingTA TGA Q500 modeinstrumentn accordance

with STANAG 4515standard[40]. Platinum pans were loaded withN'1 mg o f
sampla for each measuremerRRurgingwaswith high purity nitrogen gasnder50

mL/min flow rate Samples werdirsth e at e d aftephol@ng #&r@ min atthis

temperature, they wereeated to5 55 AC WIC{ mi ® heating rate
thermograms were analyzbdth in terms of % weight loss addrivative curvesy

weightlossp e r t e mp e rfer agh decompésitich Gtep.

(ii) Differential Scanning Calorimetry (DSC)

Differential ScanningCalorimetry analyseswere conducted to determine glass
transition temperature @achspecimen byisingTA DSC2500modelinstrument

Purgingwas again withhigh purity nitrogen gasinderflow rate of 50 mL/min.

Samples werdirst cooled to-1 0 0 A C  afer d0 nkneaipthiis temperature. Then,
theywereheat ed t o 100AC wiTerhperatdreCat halieightoh e at i n g

thetransitionregionwas reported agy of the samplg

(iif) Dynamic Mechanical Analysis(DMA)

Dynamic Mechanical Analysiwere conducted to study viscoelagighaviorof the

specimend®y usingTA DMA850 modelinstrumentBar shaped specimens were cut

in dimensions oB5x5x3mm. Heating profile applied was firsbaling to-110 A C,
isothermally waiting for 10 min athis tempeature and heating to 70
3AC/ mi n hleading wagt tensiletmedevith 0.1% strain amplitudeinder

10 Hz frequeny. Storage and loss modulus, aad U curveswere recordeduring

the investigation
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(iv) Thermomechanical Analysis(TMA)

Thermal expansiorcharacteristicof the specimensvere observed byusing TA

Q400 model thermomechanical analyzer in accordance with STANAZS 45
standard[41]. Roundsamples with 8 mm in diameter and 3 mmlength were
analyzedunderhigh purity heliumpurge gawith flow rate of 100 mL/minAfter

measuring the height of the samples precisely at room temperature, first they were

cooled down t670 A Ghenheatedto + 0 0 AC2AWCi/tnhi n  h eChanges g r at e.
in the dimensions of the specimens wanalyzedio determinghermal expansion

coefficient values betwees 0 A C a n dAt ledsttvio Addnples were analyzed

to determine the average values for egppécimen.

(v) Thermal Conductivity

Thermal conductivityof the specimensvas measured byusing TCi Thermal

Conductivity Analyzer (€Therm).Cut gecimens with 10 mm in height and 25 mm

in diameter were placed on the sen&efore thatWakefield 120 Thermal contact

agent was applied betwedahe samplesurfaceandthe sensorThen,500 g of weight

was placed on thequipment Thermal conductivity values were measured at four

di fferent temperatures: OAC, 30AC, 60AC, an
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CHAPTER 3

RESULTS AND DISCUSSION

Although there are other applications, HFPB elastomers are mainly used as the

base materi al in the Alinero | &yhisr of s
military application, the requireddels of mechncal and thermal properties are

obtained byreinforcing this elastomer matrix with approximately 10 wt% mieron

sized carbon black (mCB) particles. As discussed in the literature survey section,

other alternative fillers to replacmCB completely, or to use together with mCB

particles arestill under research.

From this point of view; in the first step of this thesis, effects of +sred carbon
black (nCB) particles,while in the second step, effects of mistmed zirconia
(mZrQ®,), nanesized titania (nTiQ and silica (nSi@), when used together with

mCB patrticles were investigated.

In this first step, first of all, unfilled HTP®U elastomer specimens were tested and
analyzed. Then, this elastomer matrix was filled with 10 wt% mCB patrticiss

like the traditional way. Irorder to investigate effects of nCB particles, certain

amount of mCB particles were replaced with nCB patrticles without changing the

At ot al fofl 40 wowofdentt n this respect, t hr
matrix filled with 9% mCB/ 1% nCB, 89mCB/ 2% nCB, and 7% mCB/ 3% nCB.

Results obtained from these specimens will be presented as dispersion of the fillers,

then effects on the mechanical properties and finally effects on the thermal properties

in the following subssections.

Note that, abov@% nCB replacement, due to the very high levels of the specific
surface area of the nCB particles, the viscosity of the uncured mixture became too

high leading to significant diffculties both in mechanical mixing and entrapped air
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removal by vacuum degasgi Therefore, it was not possible to produce specimens
for testing and analysis beyond 7% mCB/ 3% nCB formulation.

3.1 Dispersion of mCB Together with nCB in the Matrix

Scanning electron microscog$EM) is a powerful technique to study dispersion
state of ncron and nano sized fillers within a polymer matrix, as well as to explore
fracture surface morphology of the specime®EM images given in Figure 3.1
revealed that when HTPBU matrix was filled with only 1&vt% mCB particles,
there were nagignificantdispersion problem. On the other hand, when nCB particles
were introduced, due to the nature of the rsime, there were certain degree of

agglomeration especially in the formulation with 3 wt% nCB.
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HTPB-PU/10% mCB

(@)

Figure 3.1 SEM imageshowing dispersion state () 10% mCB and(b) 8% mCB/
2% nCBand7% mCB/ 3% nCBn the HTPBPU matrix.
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HTPB-PU/ 8% mCB/ 2% nCB

)

(b)
Figure3.1Cont n6d.
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3.2  Effects of nCBReplacementon the Mechanical Properties

It i's known that Aitension t esdeterminear e Vve
Amechanical propertieso of polymer mater
Aoneod test, It i's possible to deter mine
St r e mgthehighedt e v e | of stress in the curve,
sl ope of the initial | inear region of th
strain percent in the curve, and (-iv) ger

stran curve at fracture.

Tension tests for all specimens were conducted at three different temperatures (70,
23, 40 ACOAC -4a0nAdC t emperatures are thaypi cal
HTPB-PU elastomer material is exposeddiaring its operational lifetime. Stress

strain curves obtained from these tests were given in Figure 3.2 in detail in order to
observe effects of nCBeplacemenbn the stresstrain curves. Then, these curves

were reevaluated in order to observe effects of temjpeealevel in Figure 3.3 by

using the same stresfrainrange in the % axes.

Then, by using the strestrain curves for all specimen compositions at each
temperature, the four mechanical properties mentioned above were determined and

tabulated in Tabl8.1 as the average values with standard deviations.

In order to reveal effects of nCB replacement on the Tensile Strength and Tensile
Modulus of HTPBPU matrix clearly, the data were-used in Figure 3.4; while
effects on the Elongation at Break and Tiougss properties in Figure 3.5,
respectively. Again, effects of temperature on these four properties weralvated

in Figure 3.6. All these results were discussed in the followingseations.
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(i) Effects of Temperature on All Mechanical Properties

Since HTPBPU basecklastomers are especially used as the main material in the

liner andor insulator layer ofthe solid propellantrocket motor cases; it was

important to determine mechanical performance of the specimens ithesign

temperature range o 0 A(CH 7 0 A @)in.this Ftudy, all specimen formulations

weretestedad 0O AC, room t emper aAsstate aqoe3efiect3 , and 70
of temperature on the mechanical performance of the specimens were evaluated

clearly in Figure 3.3, Figure 3.6, and Table 3.1

These figures and the table indicated that temperdewel had very significant

effects on alll mechani cal propeunflletdes of t he
HTPB-PU elastomer has Tensile Strength of 0.5&M¥hich decreased to 0.43 MPa

(i.e. 19%decreasp a t ; whil® ikdeased to 2.07 MPa (i.290% increas$ at

-40AC. This behavior was seen for al/l mec han
filled specimen compositions; that is increasiegperaturelegradedll properties

significantly.

The main reason for this behavior was of o
Temperature,Tg0 o f the el astomer mat erials having
behavior above this transition. As will be discussed in the Thermal Properties Section

later, Ty of HTPB-PU elastomer was determined as aroufidd A C. Since test
temperatur@f-4 0 AC i s tteniperaturel todth@&@fshe elastomef onl'y 3 9 AC

above Tg), specimens had much higher mechanical properties comparestto

temperaturgof 2 3 Ai€.,1(0 2 AC T@ b cawel i.e7104ALAC Tg.bov e

Because at4 0 A C; not onl y h anate grosips,gboteaisd soft o f I SOC)
segments dfiydrocarbon butadiene groups have higher structural stability leading to

hi gher mechanical performance. When temper a;
being much above thg, of the material, all sofand hard segmésnin the structure

become extremely rubbery with much lower stability leading to very low mechanical

performance.

52



It should be pointed out that during tension testgidd A C, due to the m
structure enormous level of strain valuesmsobservedHowever, the Eght of the

testing chamber was not sufficient to continue pulling until fracture of the specimens.

Height of the bamber was sufficient to record strain values only up to 350%, thus

tensile pulling of the specimensduring tests were stopgeat that position. Then,

tensile strength and toughness values of the specimehafA C wer e det er mi
taking the maximum final strain value as 350%. Therefore, these properde® A C

were tabulated withgat er sy mbol A>0 i ontindirg larfoe 3. 1,
symboto Aiin the related figures.

(i) Effects of mCB and nCB Replacement on Tensile Strength and Tensile

Modulus

As shownin Figure 3.4 and Tdé 3.1, when HTPBPU matrix was filled with 10%

mCB, both Tensile Strength and Tensile Modulus values increased significantly at

all temperatures. For example-4t0 A C, strength increased f
MPa (.e., 76% increase)nodulus increased from 2.80 MPa to 3.51 MiRa,25%

increase). Thesencr eases at BS2%C wbaiéeée74% TO0AC i n
49% and 46%, respectively.

When certain amounts of mCB were replaced with nCB patrticles, i.e., 1%, 2%, and

3% without changing the total filler content of 10 wt%, it was seen that nCBlparti

had further contribution to the strength and modulus values of the HPTPRatrix;

the highest contribution being wiB? nCB. For example, at 0 AsBength and

modulus values increased3@0MPa (i.e., #2% increase) and.13MPa (i.e., 8%

incremse) respectively. T68%and72%;n cwheialseesatat7 O

increases wer#026 and61%, respectively.

It is known that there are two mamechanismdor the increase in strength and
modul us values of fill eddpalryamesrf emat emidal

mobil ity decr éecerdiny torhe firdt mechasismswhen the filled
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HTPB-PU elastomer was loaded, the applied tensile forces on the macromolecules
of both hard segments and soft segments would be transferredsiooger and
stiffer Carbon Black particles leading to higher strength and modulus values.

According to the second strengthening mechantke presence of Carbon Black
particles would decrease macromolecular mobility of again both hard segments and
soft segments of the elastomer matthysresulting in higher strength and modulus

values.

Figure 3.4 and Table 3.1 indicated that whertain amounts of mCB particles were
replaced with nCB particles, the effectiveness of these two strengthening
mechanismsvere much more pronounced leading to much higher strength and
modulus values. Because, when the fillers were used in-siaes, their specific
surface area increases considerably leading to much more molecular level interaction

between the fillers and theatrix material.

(i) Effects of mCB and nCB Replacement onElongation at Break and

Toughness

As shown in Figure 3.5 and Table 3.1, when HIFB matrix was filled with 10%

mCB particles, bdt Elongation at Break and Toughness values increased at all

temperatures. For example at 23 AC, el ongat.i
179%, att4 0AC it was more than 350 %. l ncreases
significant, for example, aé 0 A C, eased fromm@10 kAo 7730 kJ/m(i.e.,

57% 1increase). Toughness i ncreases at 23 AC

respectively.

When certain amount of mCB were replaced with nCB particles, it was again seen

that nCB particles had further contribution to Eiengation at Break and Toughness

values, highestontribution being again with 3% nCB. For instance, elongation at

break increased to28% at B®;A @t 23 AC, and -mMOAE€. t han 35
Toughness values becor680kJ/nPat 7 860KINT alt  2adddn@re than
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9610 kJ/mMat-4 0 A C ,incréases compared to the elastomer matrix were more than

2 times.

It is known that when an elastomer material was putlegte would be possibiiés

of formation of cavities, crazes, microvoids and microcrackwing loading, if

growth of these defects were not prevented, then Elongation at Break and Toughness
values could not be improved. According to the m@aih ougheni ngo mech
reinforcement of elastomer matrices with fillers such as Carbon Black particles

might prevent or decrease the propagation rate of those defectsugiaening
submechanisso f ifcrack deflectiono and #dAcrack
effectiveness of nCB compared to mCB particles woulkigeer level of interfacial
microstructual interaction of nCB particles having much higher specific surface area

values.

3.3  Dispersion of mCB Together with mZrO,, nTiO2, and nSiG in the

Matrix

As discussed above, 3 wt% nCB replacement resulted in highest mechanical
performance. Therefore, in theecond step of this study, efts of 3 wt%
replacement of mZrg) nTiO,, and nSiQfillers were investigated again keeping the
total filler content as 10 wt%Before mechanical testing and thermal analyses of
thesespecimens, their dispersion state in tharir together with 7% mCB particles

were investigated under SEM (Figure 3.7).

As shown in Figure 3.7(anCB and mZrQfillerswere rather uniformly dispersed
which might be due to their micremange particle sizes. On the other hand, nano
sized fillers & nTiO2 and nSiQresulted in certain degree of agglomeration, as seen

in Figure 3.7(b) and (c), respectively.
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HTPB-PU/ 7% mCB/ 3% mZrO,

(@)

Figure 3.7 SEM images showing dispersion state of 7% mCB together with 3% (a)
mZrOy, (b) nTiO,, and (c) nSifillers in the HTPBPU matrix.
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HTPB-PU/ 7% mCB/ 3% nTiO,

/ ‘

(b)
Figure37Cont n6d.
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(c)
Figure37Cont n6d.
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