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ABSTRACT 

The fiber orientation and mechanical properties of a Franklin 

Fiber whisker reinforced silicone rubber were studied. The 

eompos i tes were molded using both transfer and compression 

molding. proeessing parameters, such as sprue design, milling 

procedure, and mold temperature were varied to determine their 

et fects on the orientation of the fibers and the tensile 

properties of the composite. 

A novel image analysis system is used to determine fiber 

orientation. The fiber orientation is anisotropie and 

independent of sprue design and temperature, but dependent on 

the milling procedure. The tensile strength and elongation 

at brcàk are isotropie for eaeh composite, while the Young's 

modulus and tensile set are affected by fiber orientation. 

Al l properties are temperature dependent. 

Young' s moduli do not show agreement 

pree! let ions. 

The experimental 

with theoretical 
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RESUME 

L'orientation des fibres et les propr iétés mél.:.ln lqUl'S d'un 

caoutchouc silicone, renforcé avec des [ ibres Fr.H1kl III F llWI , 

ont été étudiés. Les compos i tes ont été [,1 br lque~, l~11 

utilisant le moulage par transfert et le moul,HJl' 

compressiun. Les paramètres du proces, comme l ,) ClJlll.'(~P t 1 (1!1 

des carottes, le procédé de mélangeage sur I-Ollll~.1l1X, l't- Id 

température ont été variés pour détermine r 1 Pli r l~ t t ct ';\11" 

l'orientation des fibres et les propr iétcs en ten:3 1011. 

Un nouveau systeme d'analyse est util i::;6 pour Lil-tl'I'mlllf'J 

l'orientation des fibres. 

indépendante de la conception des Cd rot te~; 

température, mais dépendante sur le procodé cJ(> IllL; 1 dt1<Jf'd<Jf' '.Ill 

rouleaux. La résistance à la traction et L'ail on<JclllPnt ;"1 1 d 

rupture sont isotropes pour chaque composltc, Illdl~~ If! nl')(jll]f' 

d' Young et le recouvrement élastique sont ri t l't'dI:; Il''!" 

l'orientation des fibres. Une élévation de tomrJf-;rdtun- Cdlt:,(

une réduction des propriétés en tension. Le:; r0:~\11 t,Il', rJ(J\lr 

le module d' Young ne concordent pas avec 1 e~J rJ r-(7rj i ct 1 un', 

théoriques. 
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1. INTRODUCTION 

Reinforced rubber composites are of interest due to their 

combination of the elasticity of the rubber and the strength 

and stiffness of the reinforcement. These composites find 

use as automobile parts, tires, belts, hoses, and footwear. 

The rein forcement is ei ther continuous cords, particulate 

fillers, or short fibers. Some background on both rubber and 

reinforcement will be given in this section. 

According to Flory (1), a rubber is capable of sustaining 

large deformations without rupture and of recovering 

spontaneously to very nearly its 

removal of the applied stress. 

original dimensions after 

Rubber consists of long 

polymer chains which normally exhibit a random configuration. 

Whon stress is applied, the chains change their configuration 

to accomodate the deformation. Rubber also exhibits a network 

stn'ct.ure which consists of physicai and chernical crosslinks. 

'fhe physical crosslinks are not permanent and allow chain 

sI ippage. The chernical crossi inks are a resul t of 

vulcanization, which leads to the formation of a permanent 

network structure. This structure contributes to rubber 

elasticity and to the tendency of rubber to recaver its shape 

ùfter defarmation (2). 



.' 
Many types of rubber are used as the matrix component in the 

composite system. The material of interest in this work IS 

silicone rubber. Warrick et al. (3) have written an extensive 

review of silicone rubber, its composition, vUlcaniz<ltiol1, 

reinforcement, analysis, properties, and uses. 'l'he rc leve'nt 

properties of silicone rubber are discussed bclow. 

1.1.1. Silicone Rubber (4) 

Silicone rubber exhibi ts good thermal stabi 1 i ty, res i~;Llf1ce 

to ozone attack, and excellent flexibil i ty. 'l'hcsc propc'rt i e!j 

are mainly due to i ts molecular structure, wh i ch l!-~ comp<l r"pd 

to the structure of natural rubber in Figure 1.1. 

rubber has a backbone of cr.trbon-ca rbon Il nkt\CJe~>, whe t'Cil!_, t h(~ 

backbone of the silicone rubber consists of sil icon-oxyqun 

bonds. This silicon-oxygen bond is also founù in mclterial~_; 

such as quartz, glass, and sand, and g ives the rublwr i t:j 

thermal stability. The organic side-chains, rncthyl CJroup~ ln 

this case, provide the excellent flexibility round in silicone 

rubber. This type of silicone rubber wi th methy j ::; idc ch,) i n~J 

is designated MQ by the American Society t or 'rest in(] and 

Materials (ASTM). 

Natural rubber aiso contains double bonds wi th in the bacY..bcmc, 

whereas the silicon rubber backbone consists solely of sing10 

bonds. These sites of unsaturation in the natural rubbQr ~r0 

susceptible to ozone attack, which can occur dUQ to thQ 
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Figure 1.1. Compar ison Between Natural and sil icone Rubber 
structures. 
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environment or electrical fields. Since there are no double 

bonds in the silicone rubber chain, this rubbcr is extrcmcly 

resistant to ozone. 

silicone rubber is known to contain a h iqh [rel' VOlUlllt> 

fraction and i ts crossl inked network is found to be re 1,1 t l Vl' 1 y 

weak (3). Therefore, sil icone polymers respond d t-,1I11,1 t i Cd 1 1 Y 

ta reinforcement. For many commercial applic<:ltion~~, tht' 

reinforcement of silicone rubber is a neeessity. 

1.2. Reinforcement 

The reinforcement of both thermoplast ies anù rubb0r r(>~;lll t:. 

in mechanical and thermal property lmprovemcnt. l<uL>lH'I

possesses a low modulus and high elasticlty, llntl thl':;!' 

properties give rubber an advantage over thennopld'.tl(·'; in 

many instances. However, certain rubber rlppllCrlt 1 on~J n'quI rf' 

greater stiffness and less elastieity. Therefore, tllf' rllhlJf>r 

is reinforced to achieve these propert Les. Contlnuou~; conl:;, 

particulate fillers, and short fibers are commonly \l'~('d d'; 

reinforcement. 

The tensile modul us, tear strength 1 and compre~Js i on ~~(~t d n· 

aIl increased with the addition of either partH.:ulate f i ll(~r:; 

or short fibers. The tensile strength and elongat Lon at brr.~;jy' 

are enhanced by the addition of particulate fil 1er, wh(!re~~ 

the addition of short fibers has a detrimental effect on bath 
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of these properties. The decrease in strength with short 

fiber reinforcement occurs due to the reduction in elongation 

at break, in spite of the substantial increase in tensile 

modulus. Short fiber composites are anisotropie, due to the 

anisotropie nature of the fibers, resulting in rnechanical 

propcrties which are dependent on the orientation of the 

fibers. The properties are improved to a greater degree when 

the f ibers are al igned in the test direction, ra ther than 

transverse to testing, although property enhancement is still 

rcalized in the transverse direction. Tables 1.1 (5) and 1.2 

(6) dcmonstrate the effect of reinforcing natural rubber with 

p~rticulate fillers and short fibers, respectively. 

À~; mcntioned previously, there exist three main types of 

rubbcr reinforcement. They are continuous cords, particu1ate 

tillcrs, and short fibers. Each is discussed in sorne detail 

bt:?low. 

1.2.1. çontinuous Cord Reinforcement 

ContllluouS cords have been used extensively as a 

rcinforcernent, particularly for tires. Continuous cards 

absorb the loads applied to the composite efficiently, and 

the composIte retains its flexibility, especially in the 

directIon normal to the fibers, because the reinforcernent do es 

not alter the rubber properties on a microscopie seale. The 

cords can aiso be placed into any desired orientation pattern, 
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Table 1.1. The Reinforcement of Natural Rubber with 

Particulate Silica. 

Silica, phr 0 20 

Tensile strength, MPa 1.6 21. 9 

Modulus 300%, MPa - 2 . 7 

Elongation at break, % 230 64 o 

Tear strength, kN/m 35.3 46. o 

Compression set, ~ 
0 35 4 2 

Table 1.2. The Reinforcement of Natur~l Rubber with Silk 
Fiber. 

silk fiber, phr 

Tensile strength, MPa 

Modulus 5~ o , MPa 

Elongation at break, % 

Tear strength, kN/m 

Compression set, g. 
0 

L = Longitude direction 
T = Transverse direction 

Fiber 
orientation 

L 
T 

L 
T 

L 
T 

L 
T 

L 
T 

-- r-

0 

-

21. 98 
21. 21 

0.10 
0.10 

6GO 
650 

11.1 
11 .4 

38 
38 

-

20 

11.70 
G. t)'j 

30 
'32 (J 

"j -; • ,) 

GO.2 

( -, 
JJ 

6 
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so as to optimize mechanical properties. Though continuous 

cords increase the strength and modulus, they impart 

significant anisotropy to the composite. This must be taken 

into account when using continuous cords as a reinforcement. 

1.2.2. Particulate Fillers 

The mechanical properties of rubber can be improved by the 

addition of particulat.e fillers, such as carbon black or 

sil ica . The fi llers redistribute the stresses and form 

cro~slinks via filler-elastomer bonds, thus causing increases 

ln modulus and strength. Since fillers are essentially 

spherical, the filler-rubber composite is mu ch more isotropic 

than ci ther cord-rubber or short f iber-rubber composites. 

lIowever, it cannot match these other composites in strength 

and modulus. 

1.2.3. Short Fibers 

~:;hort f Iber composi tes exhibi t propert ies intermediate between 

continuous cord and particulate fil 1er composites. Short 

fibcr composites are weaker than continuous fiber composites, 

but st ronger than filler-reinforced rubber (7). Although they 

dre not as strong as cords, they allow easier composite 

fdbrication and improved overall economics. Also, the 

properties of short fiber-reinforced materials are less 

dnlsotropic than cord composites, although not to the extent 



s 

of particulate composites (8). 

1.2.3.1. Whiskers 

There are amuI titude of short f ibers wh ich have found U~;(' i Il 

short f iber-rubber composites. Glass, Cl1 rbon 1 ny l on 1 

cellulose, aramid, and silk fibers are just a f0W cx,1mp!(':;. 

Another type of short fiber reinforcement lS the wh l~;k('l" UI" 

microf iber. Whiskers are very small, smaller th,111 ,1 norm.l! 

short f iber, but they possess equal or greater strcnqth. 'l'h 1:. 

is due to the fact that whiskers are pcrfect 5 i TH) 1 (' lTy:; L.Il " 

and conta in fewer defects than short fibers. A Whl~k('r- wUllld 

theoretically act as a combination of a part i CUl.ltc 1 il) L' r" "I\t! 

a short fiber, giving the strength of ù short t ibcr dnd th(' 

isotropie characteristics of a particuL1te fi !lcr 1 dl th(JU'l11 

a certain degree of anisotropy would still exist. Ill:. thj·; 

combination of strength and size thùt m ... ü:cs wh i!,~:er', "n 

attractive reinforcement for rubber. 
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2. OBJECTIVES 

The present project represents an initial experimental effort 

ta aid in the understanding of the processing and mechanical 

behavior of microfiber-reinforced rubber composites and to 

relate this behavior to the state of fiber orientation in the 

composi tes. More specifically, the obj ectives of this proj ect 

dre: 

1. Ta produce composites c ~ting of silicone rubber and 

Franklin Fiber whiskers (microfibers) by both transfer 

and compression molding. 

7. To evaludte the feasibili ty of controll ing microfiber 

orientation by manipulating the sprue design in transfer 

molding or the milling procedure in compression molding. 

J. Ta develop experimental and image analysis techniques 

for evaluation of microfiber orientation. 

1. To evaluate the relationships between orientation of the 

ffilcrofibers, processing conditions, and mechanical 

bchavior of the composites. 
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3. LITERATURE REVIEW 

3.1. Reinforced Rubber 

3.1.1. Theory of Reinforcement 

The reinforeement of polymerie mater iùls rcsul b,; in ,1 

partition of an applied stress between the mùtri> .. ,1l1d tilt' 

reinforcement. The properties of the eompo!::; i te C<l11 bc 

predicted, given the properties of the consti tuent!..~ 1 hy U!~ i nq 

theoretical relations. Such relations i nc l udo the Hil l p i n-'l'!~.l 1 

equations (9), whieh predict the mechùn lca l propC! rt 1(':; ù t 

cord, particulate, and short fiber rein[oreed polymer!.;. 1,'cJl 

continuous cord reinforeement, the ru le of mixtures 'Ipr 1 1 ('~; 1 

and the composite Young's modulus ln the lonqltuuin,ll 

direction is (10): 

where E is the Young's modulus, cp is the volume fr<1ctiun 01 

the specified phase, and c, ff and m refer to the eomposjt~, 

fiber phase, and matrix phase, respcctlvo.ly. In the 

transverse direction, the composite modulus is (10) 

(2 ) 

For these equations 1 i t is assumed that the cord~; d n.! 

perfectly aligned, well bonded, regularly Gpacùd, 

unidirectional. 
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For particulate reinforced materials, one composite Young's 

modulus is predicted by the Halpin-Tsai equation, due to the 

isotropie nature of particulate fillers. For rigid, 

spherical, isotropie, and randomly dispersed particles, the 

predicted composite Young's modulus is (10): 

E, == Ern ( 1 + 2 C 1>f ) 1 ( 1 - C CPf (3 ) 

v/l'lere: C == ( Et 1 Em - 1 ) / ( Ef 1 E'll + 2 

'l'h(~ composite modulus for short fiber composites can also be 

prcdictcd using the corresponding Halpin-Tsai equation. The 

<lnlsotropy of the reinforcing fibers resul ts in a direction-

dcpcndent composite madulus. The longitudinal Young's modulus 

1s(10): 

El Em ( 1 + 2 (L/D) nL 1>f ) 1 ( 1 - n L CPf ) (4 ) 

where: nI = ( Er / E - 1 ) / ( ( Ef 1 Em + 2 (LlO) m 

llnd L/D is the aspect ratio of the fibers. In the transverse 

directIon, the Young' s modulus is predicted ta be (10) : 

ET = Em ( 1 + 2 nT 1>f ) / ( 1 - nT CPf (5 ) 

wl1erc: nT == ( E. / E - 1 ) / ( ( Er / E'11 ) + 2 ) m 

The ~ssumptions made in deriving the above equations are that 

the f ibers are strongly aligned in the test direction, well 

bondcd, regularly spaced, and have a uniform length. 

For \vell-bonded short fibers strongly oriented in the 

dl rcct ion of an appl ied stress, a tensile stress is generated 

1 ln the fiber due to shear stresses applied through the matrix. 
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This transfer of the applied load to the fibers occurs at the 

fiber ends where the shear stresses are at a maximum. The 

l1"atrix shear stresses decrease along the length of the f HK't" 

and are zero at the rnidlength. The tensile stresses in the 

fiber incre~se along the fiber length, starting from L:. smdll 

value at tae end. They are given by the follO\ving l·cLl.tlon 

( 8) : 

a f (L) - 2/R l : 1 (s) ds (b) 

where L and ~ 3.re the length and radius of thc filH}r, 

respectively, and 1 is the local posi tion-depcndl~nt :-;Ilf'cl t" 

stress in the matrix. The fiber tensile stressns evontually 

either reach a peak when the fiber strength is reached, wh it:h 

causes fiber fracture and composite failure, or pLÜ('clll WIWll 

the matrix shear deformation becomes zero. 

3.1.2. Whisker Composites 

Whiskers combine strength and small size ta otf(~r (j()ud 

rein forcement and reduced anisotropy. One ul 

cornrnercially available whiskers is Franklin Fiber. l t 1:, d 

calcium sulfate whisker fiber, availablc in e J thr~r- dTI 

anhydrous or herni-hydrate form. Frankl in F iber j s prod u(;f~d 

by hydrotherrnal synthesis, drying, and heatlnq, vlhr:.:n"~bï (Tf[)',Ufn 

is converted to either the hemi-hydrate or anhydrous larm~ of 

calcium sulfate as single crystal whisker fibers. 

chernical analysis of both forms of Franklin Fibcr l~ givcn in 
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Table 3.1 (11). 

Franklin Fiber whiskers have been used to reinforce plastics 

and show great promise. Table 3.2 demonstrates the effect of 

adding 30 % Franklin Fiber (FF) to both polypropylene (PP) and 

high density polyethylene (HOPE) (11). Improvements ta 

properties under bath tension and flexure were realized. 

Franklin Fibers were also used as a partial replacement for 

glass f iber. A bulk molding compound, whose composition is 

g i ven in Table 3.3, was modified by replacing 25 % of the 

glass fibers with Franklin Fibers (11). As shawn in Table 

3.4, this modifled composite was found to be superior ta the 

100 glass fiber composite in tension and in flexure. 

Franklin Fiber has been found ta be most effective when used 

in conjunction with another type of short fiber. 

Although Franklin Fiber has been used to reinforce plastics, 

therc is no published information on the reinforcement of 

rubber with Franklin Fiber. However, it has been recommended 

ilS a potentially advantageous reinforcing material for rubber 

for certa in appl ications (12), especially when high heat 

resistance, low thermal conductivity, improved surface 

texture, lower cost, and improved fatigue and flex life are 

desired. 

1 
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Table 3.1. Typical Chemical Analysis of Franklin Fiber. 

Compound Amount in An
hydrous Form (%) 

Amount in HGmi
Hydrate Fonn (&) 

~----------+-------------~-------------------- -
97.68 70-50 

30-50 

Negligible 

1. 27 1. 27 

SiOz & insolubles 0.13 0.13 

0.31 0.31 

ph (10% slurry) 10.4 
L-________ ---1 ___________ -_ --_ _ _ _______ --_____ -

14 

Table 3.2. The Reinforcement of Polyoletin!J w.lth FrdJJt:] in 
Fiber. 

Sarnple Tens. Str. Tens. Mod. Flex . str. F lex. T1rJr!. . 
(MPa) (MPa) (MP,] ) (t1Pa) 

100% pp 35.7 1.37XI0 1 4G.9 

30% FF/70% pp 31. 6 2.36x10 J 51. 6 

100% HOPE 22.3 8.69x10 2 25.8 ') . -, ') x 1 (J 

30% FF/70% HDPE 18.7 1.50x10 l 28.9 L. l 1 xl (J 

-----

pp = Polypropylene 
HOPE = High Density Polyethylene 
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Table 3.3. Composition of a Bulk Molding Compound. 

Material Weight % 

Calcium Carbonate 55.0 

Polyester Resin 28.1 

Glass Fiber 15.6 

Zinc stearate 1.0 

Other 0.3 

Table 3.4. Replacement of Glass Fiber with Franklin Fiber 
in a Bulk Molding Compound. 

Sample Tens. Str. Tens. Mod. Flex. str. Flex. Mod. 
(MPa) (MPa) (Mpa) (MPa) 

100% Glass(G) 31.9 4.67x10 3 53.8 8.83xl0 3 

75% Gj25% FF 40.1 5.13x10 3 70.5 9.65xl0 3 

G = Glass fiber 
FF = Franklin Fiber 
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3.2. Processing and Molding of Rubber Composites 

The fabrication of rubber composites is usually achicvcd by 

a combination of mixing and molding. For certa in ma 1 Li i nt) 

processes, a mill ing stage precedes the mol ding oper,l t ion. 

Compression, injection, and transfer molding ~re ~ll common\y 

used in the rubber industry, and the fundélmcnt,ll '-l:;PL'l't:; u 1 

each of these will be presented in this section. 

3.2.1. Compression Molding 

Before a rubber composite can be compress lon ma Ideel, 1 t mll!;t 

be roll milled. The milled sheet is then comprc:':;~-;lon Il\oldt'd 

to the desired shape. The milling stage hilS ,1 ~;HJnll1(,dl1t 

impact on the mechanical properties of the compœ~ltp, dlll.' t"!J 

its effects on orientation and brei1ktlge of the 1 1 tJ(~I-' •• 

Milling causes uniaxial orientation due to cxtcnsi and l for-cc". 

in the mill direction. There fore, the or icntd t 1 O/l (J 1 LIl(· 

fibers in a composite may be increased by increa::;lnej th!: trJl.ll 

strain. This may be achieved by decretls 1. ny thp (JdJ! : 'IJ<!C 'f' 

between the rolls or increasing the thicknc~;!J ot ttl!' :;tlf.·('t. 

Changing the roll speed or increasing the number of [1<1:::,(", ul 

the sheet through a constant gap space has no cffect (1~). 

The breakdown of fibers in the milling process has a Idr~0 

effect on the mechanical properties of the compos 1 tc~. Ttv~ 

greater the aspect ratio of the fibers, the greater th~ eft0ct 
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of the reinforcement. 
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Flexible fibers wi th good fatigue 

strength, such as polyamide, undergo li ttle breakdown, and 

retain a high aspect ratio. However, the flexibility of such 

fibers makes them difficult to orient. Rigid fitJrs with poor 

fatlgue properties, such as glass, undergo significant 

breakdown; however, they can exhibit better orientation 

because of their rigidity (14). 

Aftcr rnilling, the composite sheet is rnolded. The flow during 

compression rnolding can cause a change in the orientation of 

the tibers from that induced by milling (15). AIso, residual 

Gtresses can be introduced into the part if complete 

rcl~xation of flow stresses is not achieved after closing of 

the mold (16). Therefore, flow in the mold must be minimized 

to avoid reorientation of the fibers and to reduce stresses 

rcsu l ting from flow. 

3.2.2. Injection and Transfer Molding 

InJection and transfer molding are very sirnilar, as, in each 

case, the rubber is fed under pressure through a sprue into 

a hcatcd and closed mold cavity. One significant difference 

betwecn them is in the melting of the material. The melting 

is achieved in transfer molding solely by the heating of the 

material. In the injection molding process, both heating and 

shearing cause melting. The shearing is achieved with the use 

of a rotating screw. The cornbination of heating and shearing 
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is more effective in rnelting the material, givinq injectl0n 

rnolding a faster cycle than transfer molding, and rcduc i ng 

cure tirne considerably. However, the shearing induc<.:>d by the 

screw resul ts in increased fiber breakage, ëlS comp,u-ed to 

transfer molding. 

Both injection and transfer molding cause si<Jnit iL'dlll 

anisotropy, rnuch more than is caused by compression mo ld ln\], 

This is due to the substantial flow induced by inj cction ,111d 

transfer molding. The flow is non-uni form in inj cet i on "nI! 

transfer molding, resulting in non-uniform fiber' or i('nt.lt 1 (1) 

and non-uniform mechanical propert ies. A typ iCll l C'Xdl1lp Il' () 1 

the anisotropy in fiber orientation found in ln je ct ion l1lo1~ed 

samples is shown in Figure 3.1 for a nylon fiber compo~; 1 tl' 

molded wi th a center gated disk mold (17). The ri br r!.J Il,1 Vf> 

a circumferential orientation due to compress land l t lo'vl. 1\:. 

the melt enters the mold, it decelerates, crcLltinq ,1 tlC'!JdtJV(~ 

veloci ty gradient. This causes a compression in tho rdrl J dl 

direction and an extension in the hoop di rect ion, rotel t i n(J the 

fibers to create circurnferential orientation (18). 

3.3. Mechanical Properties of Molded Rubber C_OJllPO!_, i tl"; 

The reinforcernent of rubber wi th short f ibers typica 11 y CdU:~I'!J 

a decrease in elongation at break with an incre()!je in 11b(~r 

concentration. The initial decrease is nearly lorj'ir i thm le 

until a certain fiber loading, after vlhich the elonqation dt 
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Figure 3.1. 
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break decreases slowly, and then plateaus. These 0bservati ons 

are shown in Figure 3.2 (19) for a cellulose fiber composite. 

The Young' s modul us is increased as the concentrat ion 0 t 

fibers is increased. At low fiber loadings the increase i ~~ 

small, but, above sorne critica l point, i t i ncredSC~:; ,11ml1!; t 

linearly with concentration, as shown in Figure J.:2 (~O) tOI" 

a cellulose fiber composite. The tensile strenC]th 01 ,1 !;hu! t 

fiber-rubber composite is influenced by the combinC'd et fpd 

of the elongation at break and Young' s modulus, ,1S !Jr~C'n III 

Figure 3.3 (20) for a cellulose fiber composite. InitLllly, 

the sharp decline in elongation at break dominL1t('~j OV('!" t hl' 

slight increase in Young's modulus, and the tensilC' !..-;tn:l1qtll 

decreases until sorne critical concentratlon. As the lllle't" 

concentration is increased beyond this point, its e[Lect on 

elongation at break decreases, while its relation with YounfJ':; 

rnodulus still follows an approximately linear increil!~(!. 'l'hf' 

cornbined effect 0 f these leads to a n increi1~je i n t(~n!~ 1 1 f! 

strength with increasing fiber concentration. In qC!llC' rd l, tlt(· 

critical fiber concentration needed to obtilln <ln in 1 t J d 1 

increase in tensile strength is approximately 101) t iben, by 

volume. A fiber concentration of at least 25% by volume l~ 

needed to achieve composite tensile strength equal to thdf of 

the matrix. 

The orientation of the fibers in the composite h;-l~, a 

significant impact on the mechanical properties. Thû 

variation of tensile strength and Young's modulus with fiber 
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orientation is shown in Figures 3.4 (19) and 3.5 (19), 

respectively. The tensile strength and Young 1 s modulus 

achieve their maximum values when the fibers ùre ù l iqncd 

parallel to the direction of testing. 

aligned perpendicular to the test direction, the strenl)th dnd 

modulus values are at their lowest, since the fiben-; ,lb~~ot'b 

less of the applied load when they are transversely orient(>d. 

When the fibers are aligned at an angle between thcsc two 

extremes, the tensile modulus of the composi te C,ln bl' 

calculated using the following relation (21): 

l/Ee = cos2 
B / EL + sin2 

0 / ET (7 ) 

where Ee is the modulus of the composite wherein the Li~ers 

deviate from the test direction by the élngle f}, El tho 

longitudinal (test direction) composite modulus (0 = O"), ~nd 

ET the transverse composite modulus (U = 90'). Equùt ion (ï) 

is appl icable for unidirectional compos i tes. The tensilc! 

modulus is very sensitive to orientation, ilS shown lI1 F irJurr! 

3.5, so i t is often used as a means 0 f determ in i nq ,ln l:30t ropy 

(22) • 

The milling stage in compression molding élnd the flo",l ln 

injection and transfer molding cause tîber orientéltion. 'l'hi:.; 

results in anisotropie mechanical properties, especially for 

inj ection and transfer molded samples due to the stromJ 

alignment of the fibers. This anisotropy in mecha n ica l 

properties is seen even in particulate fil 1er eompo::~l tGS, 
.. 

where the reinforcement is isotropie, due ta the stretchins 
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and aIignment of the rubber chains (17, 23). 

Figures 3.6 and 3.7 compare the effects of injectlon .wei 

compression molding on the 300% modulus and tcnsi le strcl1C]th 1 

respectiveIy, for a carbon black reinforced rubber (l 7). 'l'Iw 

anisotropy was greater for the inj ection mo1deu :;Llmpll'~; d~, 

expected, aithough the difference between p"t"opcrtic.'s mC',l~~tln'd 

aiong the mold flow lines and transverse ~o the mole! llow 

Iines was only about 15%. The anisotropy is greatcr for short 

f iber composites than particu1ate compos i tes, clue tu the 

anisotropy of the short fibers. However, the eftcct at ~;lwl-t 

fiber orientation on the mechanical properties al 1 n j l'ct i on 

or transfer molded rubber compos i tes has not bcr.11 !jtud 1 ed 

extensiveIy. 

3.3.1. Effect of processing Parameters 

The processing parameter that has been extensively stud 1 (..!d i!, 

the molding tempe rature . The efficiency of the muld J n(] 

process may be improved by increasing the molding tempcrdtun!, 

which causes a reduction in the cure tiÎlle, thereby U!dllC l nq 

the cycle time. However, it aiso causes 1eS0 eft iCJ(:>nt cru',:;

I inking. S ince the time for cross-l inking i s dec rOi1 ~;0d, j (~'IJ(! r 

crossi inks are formed. When molding a t h igh tempe r"cl tlH I:~, 

care must be taken to avoid premature vulcélnizatian, or 

scorch, of the material. When a material is scorched, l t 

contains local strains due to insufficient relaxation time. 
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This results in a decrease in the elasticity of the rubber and 

causes peer rnechanical properties. 

Th(~ effect of an increase in rneld temperaturc on rnc·:hanicc11 

properties of a carbon black reinforced rulJb(:H' is shown i 1\ 

Figure 3. H (J7). 'l'he propertiE's Wf~n:! rated at ù maximum of \dO 

at 160 0 C and decreùsed as the temperaturc \Vas incre(-l~;(·d. 

While the increase in mold ternperature caused il dccrcasc ln 

mechanical preperties, it did net siynificantly alter' tilt' 

anisotrepy ratios of the inj e::.:t l on and compress ion ma l d('li 

sarnples. 
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Figure 3.8. Dependence of Composite Physical Properties on 
Cure Temperature. 
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4. EXPERIMENTAL 

For this project, a silicone rubber-whisker composite W'\!.; 

studied ta determine the effect of differcnt 11\0 l li l IlCJ 

operations and processing parameters on fiber orienLltion dlld 

mechanical properties. The experimental procedure lI:;l'd tu 

accompllsh this is given in this section. 

4.1. Materials 

The materials used in this proj eet were si last ic 3 5U ~>i] i L~D1l1' 

rubber with methyl-vinyl side chains (VMQ type), ffic1nu Lll.:tllt c'd 

by Dow Corning, and Frankl in Fiber whiskers, m,mu factun'd lJy 

the United states Gypsum Company. The f: i bers h,Hl .ln d~;P('ct 

ratio of 30 (L = 60 microns, o = 2 microns), il!:'> spoc i t· il'd lJy 

the manufacturer. The physical properties of the unreintorced 

rubber and the fibers are given in Ttlbles 4.1 (24) .1llLl 4.:~ 

(11), respectively. An epoxy silane COUpllf1fJ aqr.nt y/il!, wa .. d 

to improve the bond between the f ibers and the rubue L 'j'll1-' 

composition of the mix is shawn in Ttlble 4.3. 

mixing and millirlg of the rubber and fibers was carricd out 

by the Lord corporation at their plant in Erie, Pcnnsylv~nid. 

After mixing, the rubber-fiber composite was millcd to nnsurc 

proper dispersion of the f ibers. The mixcd élnù In lllc·d 

composite was then shipped to the Lord Rcsearch CentC!r in 

Cary, North Carolina in twenty kilogram blacks for moldlng. 



29 

Table 4.1. Silicone Rubber Properties. 

Rubber Spec. Tensile Elongation Modulus Tear 
Gravit y strength at Break 100% strength 
at 25 0 C (Mpa) (%) (Mpa) (kNjm) 

silastic 35U 1.13 8.14 800 0.83 19.3 
--

Tùble 4.2. Frankl in Fiber Properties. 

Fi bers L D Aspect Spec. Tensile Elastic 
Ratio Gravit y Strength Modulus 

( }..Lm) (}..Lm) (MPa) (Mpa) 

Fr anklin 60 2 30 2.96 2.07 x 103 1. 79 X 10 5 

--

'1"1ble 4.3. Composite Formulation. 

-

Compound phr weight 9: 0 

silastjc 35U rubber (VMQ type) 100 93.4 

Frankljn Fibers (anhydrous type) 6 5.6 

Dicumy l peroxide (40% dispersion) 1.05 1.0 
-
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4.2. Molding Techniques 

Two molding techniques were used for this projcct: tr~nstcr 

molding and compression molding. All molding was calTic'd out 

at the Lord Researeh Center using their facilitics. 

4.2.1. Transfer Molding 

An Inj eetamatic transfer molding machine, manu L1l·tun~d l>y 

Hydratees Inc., was used. The mold was first allowcd tu ill'dt 

to the desired tempe rature , whieh Wé1S mCê1sureL! by Il 

thermocouple located at the outer surface of the molLi. \~I\f'1l 

the temperature was reached, a one hundred gram 51ab of t-Ile' 

rubber-fiber mixture whieh had been eut from the bloc'k wltl1 

scissors was inserted into the transfer pot. 'l'he pr0.~;:; Wcl:. 

closed until the force reached 8.24 - 8.93 MPa (12()() - IlIJO 

psi) . The rubber was then cured <lnd a 15 cm x l~ cm (f, i Il X 

6 in) sheet resulted. Miller-Stephenson MS 136 muId rfO)r·<!'.1' 

agent was used to ensure that the cured sh0.ct Wd!~ C·d:.1 1 Y 

removed from the mold. Ten samples were made for e,-lch moldillq 

condition. 

4.2.1.1. Molding Conditions 

The variables which were manipulated in the expcrimcnt f,,(~r(~ 

the mold tempe rature and the sprue design. Two diftcrGnt m(JlrJ 

temperatures were used: 163"C (325"F) and 204"C (40U'f). The 
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minutes, 

converging 

These are 

corresponding cure times were 25 minutes and 6 

respectively. Three sprue designs were co~pared: 

sprues, diverging sprues, and straight sprues. 

shown in Figure 4.1. Molding was carried out at each 

temperat~re for the three geometries. 

4.2.2. Compression Molding 

Sefore the rubber-fiber mixture could be compression molded, 

it was milled in order ta obtain s~eets of approxirnately 2 mm 

thickness. The milling was cacried out using a Nerpco Inc. 

roll mill, which was equipped with a Sterltronic ternperature 

controller. For the rnilling, the roll temperature was 42°C, 

the front roll speed was 10 rpm, and the back roll speed was 

]"; rpm. The gap between the rolls W2S adjusted ta 

.\pproxirnately 2 mm. 

']'wa procedures were followed in the milling of the samples, 

in order to obtain sheets with different levels of 

or ientùtion. In an effort to obtain random fiber orientation, 

the rubbcr-fiber mixture was passed through the mill at least 

[ive times in the same direction. The sheet was rernoved from 

the mi 11 and placed back between the rolls in exactly the same 

dtrection as in the previous pass. The sheet was not turned 

over or reversed, and the mill parameters were kept constant. 

This was repeated six to eight tirnes per milled sheet. The 

s,1mples \vere labelled "random rnilling". In the second 
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milling procedure, an attempt was made ta increase the levei 

of orientation in the milling direction by increasing the 

strain. The sheet was milled, folded in hal f, and milled 

again. This was repeated two ta four times per sheet. These 

samples were labelled "controlled milling". 

For the compress ion molding, a Pasadena Hydraulics Inc. 

compression molding machine was used. The machine and the 

mold were heated electrically to the desired >cemperature which 

was mcasured by thermometers placed on the outer surface of 

the platens. The milled sheets were cut into 15 cm x 15 cm 

CG in x 6 in) squares with scissors in order to fit exactly 

Into the mold cavity. Once the temperature was attained, the 

molù was removed, and a square was placed in the mold cavity. 

'l'he mold was closed and placed between the platens of the 

m.lchine. The press was closed and opened three times to 

cnsurc thilt no air was trapped in the mold. Subsequently, the 

zlppl ied weight was increased to 6804 kg (7.5 tons) and the 

sheot WdS allowed to cure. A 15 cm x 15 cm (6 in x 6 in) 

shoot re:.:c,ulted. Ten samples were molded for each condition. 

4.2.2.1. Molding Conditions 

The variables that were investigated were the molding 

tempera ture and the orientation of the f ibers, which was 

described above. Three different temperatures were used: 

lL,J"C (J25'F), 180"C (356°F), and 204°C (400°F). The 
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corresponding cure times were 25 minutes, 7 mi nutes, and 6 

minutes, respecti vely. At each temperature, samples w i th both 

controlled and random orientation were moldcd. Due to t imc 

constraints, only the sheets molded at 163"C and ~04·C wcro 

studied. 

4.3. Sample Analysis and Testing 

4.3.1. Orientation Analysis 

The orientation of the fibers ln the mo Ideel S.lmp 1 r'~; \\1.1:; 

determined using microtoming and image and l y~; i s t(~clln 1 qu! ':;. 

Each is discussed in detail in the followinq !':cC'tlon·;. 

4.3.1.1. Microtome Specimen Preparation 

The specimens that were to be microtomed wcre cho~;I'n 1 r (lm 

several positions in the sample 50 as to obtdin d 

representative description of the fiber orientatlon ttll-0U r J!lolJr 

the sarr,ple. Figures 4.2 and 4.3 show the loc(1tion~: chu~;(>n Irir 

analysis of the transfer and compression molded ~-;<unfJ 1 ('~" 

respectively. At each location, sections were cut ln thn: r ' 

planes: depth, longitude, and transverse. The lonqltudl/ldl 

and transverse planes are shown in Figures 4.2 and 4.1, whi l~ 

the depth plane is in the sample thickncss direction. Th0 

compression molded samples with controlled orientation wcr0 

rnilled so as to obta.Ln strong orIentation in the mi 11 
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Figure 4.3. Microtome Locations for Compression Moldcd 
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direction. This direction is shown in Figure 4.3. 

The sample sheets were placed on a fIat surface and the 

sections were cut using a sharp blade. The sections were 

approximately 6 mm in length and 3-4 mm in width. The 

thickness of each cut specimen was measured using a Mitutoyo 

mlcroneter and recorded. Once the cutting was completed, the 

sections were bonded onto black pure gum rubber stoppers. The 

top and bottom surfaces of the stoppers were roughened with 

sQnd paper and cleaned with acetone. One section was bonded 

onto each surface using Silastic 732 RTV adhesive from Dow 

Corning. The stoppers were left at ambient conditions for 24 

hours to ensure full curing of the adhesive. 

period, the samples were ready for microtoming. 

4.J.1.2. Microtoming Procedure 

After this 

The sections were microtomed using a sliding Reichert 

microtome, model OrnE, and a Lipshaw surgical steel blade. 

Duc to the rubbery nature of the samples, the microtoming was 

donc under cryogenic conditions using liquid nitrogen. The 

rubber stopper was placed in a 15 cm x 15 cm two-ply sheet of 

dlumlnum foil and the foil was folded around the sides of the 

stopper to encase the stopper and leave only the specimen 

exposed. This arrangement was placed in the microtome 

assembly and the holding screw was tightened. The microtome 

blade was placed in its slot at a set angle of 15" and the 
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The stopper was then adjusted using the 

positioning screws so that the top surface of the specimen was 

paraI leI to the blade. 

After the adjustments were completed, the dluminuTIl foi l \vd~; 

folded up 50 as to enclose the specimen in a "cup". '{'IH-' 

liquid nitrogen was poured out of a dewer and into thC' "CliP", 

freezing the specimen. Once the liquid nitrogen evapoldtcd 

below the upper surface of the spec imen, the s ides 0 t t 11L' 

"cup" were folded down and the microtome blade W<l~J bro\lqht 

forward. After each pass of the blade the he iqht ot th(' 

specimen was raised by five microns using the diLll on the !j ide 

of the microtome until a slice of the specimen was obtd ll\('d. 

The slice was placed on a microscope slide which W<l~~ wptt(~d 

with Resolve, a low viscosity microscope immersion 011 (rom 

Stephens Scientific. The sid'~s of the aluminum roi 1 wC!n! 

folded up again and the process repeated. One ~> 1 i ce W<1:'" 

obtained per liquid nitrogen application and fj vc ~l icc:; W('n' 

placed on each slide. After five slices, a cover C;1(l~,:. Wd'; 

placed on the slide and taped down. 

For the depth slices, ten layers, beginnlng ~t the fikin J~y0r 

and proceeding to the core, were eut in order to obtaln ~s 

much information as possible about the samples us i nrj a 

reasonable number of slices. Since the sRmples wcrc 

approximately 2 mm thick, the distance from skin la corO w~s 

1000 microns. The ten layers were therefore approxIIniJtcly 
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100 microns apart 1 so after the slices at one layer were 

i obtained, a 100 micron thick section of material was cut off. 

The slices at the next layer were then microtomed. To ensure 

that each layer provided one good specimen, two consecutive 

~lices were cut. In total, twenty sI ices, each wi th a 

th ickness of 5 microns, were obtained for each microtome 

location. The thickness of the depth section was measured 

<'l fter microtoming was cornpleted and subtracted from the 

thickness before microtoming. This figure was then compared 

to the arnount that was assumed to be cut off for each layer 

ta ensure that the thicknesses were as accurate as possible. 

<1.1.1. J. Image Analysis 

The microstructure of the composites was observed and analyzë:Ll 

using an image analysis technique. The lh~çroscope slides were 

pl,lced under a Lei tz Laborlux S optical microscope which was 

QqUl Pfk'd \v i th c1 Sony XC-J 8 miniature video camera. The image 

sC'cn by the camera was frame grabbed by a PIP 1024 video 

diqltiser board from Matrox Electronic Systems Ltd. which was 

10,ldcd into a Hewlett packard Vectra microcomputer. The image 

\";,IS thon displayed on a NEC Multisync monitor and enhanced and 

thrcsholded. A computer prograrn was used to locate the fibers 

~nd analyze their length and orientation. 

The ,tL'Curdcy of this image analysis system was tested by 

1 
• • compar ing photographs of the image seen through the microscope 
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with the image captured by the video camera and the digitized 

representation of the slice. Figure 4.4 shows ~he scrungly 

oriented microtomed slice as seen through the microscope:, 

Figure 4.5 shows the slice as seen on the video sereen, and 

Figure 4.6 gives the digitized version of the image. There 

is good agreement between the Figures, demonstrùting the 

accuracy of the image analysis system for a strangly orientcd 

layer. The system was also tested using il section thùt h,ld 

random orientation and a large number of f ibers. Tlw rCt~lll t~; 

are shown in Figures 4.7 through 4.9 in the saffie :;.;cqucncc ,lS 

above. Even for a rdndomly oriented layer w LL i' d h iqh 

concentration of fibers, the system proved i1CCUr,l tl~. 

4.3.2. Tens i le Tests 

The Instron tensile tester was used to test the tcn:J 1 1(' 

strength, elongation at break, Young 1 s modu l us, c1nù t.· n~; i l.~ 

set of the samples, as per ASTM test 0 412 -87. Ttl L:-.. j~) lll(' 

standard test method for rubber propertle~ ln ten~lun. 

Dumbbell sections were eut from the samples, but not dr~C()rÙlll'J 

ta the speei f ications of ASTM test 0 412 -8 7, du'~ to thl' 1 dr:t 

that only a limited amount of matcrial 1dé.l~-; dvaiLlble lur 

testing and it was desired to obtain as much informdtlon d~, 

possible. 

It was decided to use specimens of the siz~ gl'l8n ln A;~Tr1 tf..!:,t 

D 638-87b, which is the standard test method for ten.si lF..! 



Figure 4.4. Microtomed Slice as Seen Through the 
Microscope. 

figure 4.5. Microtomed Slice as Seen on the Video Screen. 
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Figure 4.7. Microtomed Slice as Seen Throu<Jh the 
Microscope. 
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Figure 4.8. Microtomed SI ice as Sce n on ttlC! If 1 dc'ü ~;(; 1 1 '('lI. 
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properties of plastics. The type V tension test specimen was 

selected. A sketch of this specimen is given in Figure 4.10. 

Specimens were cut from the molded sampI es at several 

locations, using a type V die made in the departmental 

ItlOrkshop. 

Testing was earried out as per ASTM 0 412-87 using the Instron 

Mechanlcal Tester, model 1123. The eut specimens were 

conditioned at room temperature for at least three hours p~ior 

ta testing. Test marks were drawn on the samples according 

tu the gage length given in ASTM 0 638-87b for die V. The 

(-' t ()~_;~:;heclÙ speed for aIl tests was 500 mm/min. Pneumatie gr ips 

\vl' t-e used to prevent slippage of the sample during stretching. 

The olongatlon for the tensile set was 500 %. 



1 

t d 

. __ ~_----,J t b 

t 
~ e 

c 

--- --- -- -- .. 
ù 

a (overall length) = 63.5 mm (2.5 ln) 

b (overall width) = 9.53 mm (0.375 ln) 

c (length of narrow section) .0= ~.5J mm (O. 3/'J in) 

d (width of narrow section) = 1.18 mm (0.17') in) 

e (radius of fillet) = 12.7 mm (0.50 in) 
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Figure 4.10. Dimensions of l\STr1 D(JJg-87b Dl'- '1 'l'r:n',llr· 'J'r",r 
Die. 
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:J. EXPEIUMEHTAL RESULTS AND DISCUSSION 

5.1. Fiber Orientation and Length Results 

The f iber orientation and length distributions were determined 

by the use of the image analysis computer program. Fi ve depth 

locations were studied for bo~h the transfer and compression 

molded samples. These locations included the skin and core 

l ayers, as weIl as three intermediate layers. The three 

layers were chosen after viewing a longitudinal slice of the 

samplc and noting the levels at which variations in fiber 

oricntdtlon occurred. An orientation funetion of the ferm 

(:2 5) : 

f == O. 5 [ 3 < cos 2 
0 > - 1 ] (8) 

W,JS calculatcd for eaeh layer. A value of 1. 0 denotes 

longitudinal fiber orientation, while a value of -0.5 

lndicates transverse fiber orientation. Random fiber 

orlentation is given by a value of O. 

~.1.1. rransfer Molded Samples 

The resul ts for the samples that were transfer molded wi th 

converglng sprues at 163°C are given in Figures 5.1 through 

5.7. These resul ts indicate a circumferential fiber 

or ientation wi thin the sample at the core level. This was 

expected due to the decrease in veloci ty as the material 

travels dmvnstream in the mold cavi ty. This negative veloei ty 



Longitude 
Direction 

.. Il 

~I .. " OfIII.HlA'ION 

\'}\ ;rr,~ 

IL:.JJ 1 1 \ 1 / --
1\ \_//\1 

1 \ 1 

- \ 1- 1 

1\\ 
1 V \ " ' /" /' i\' Î V /' 

-eo .. 
~J"'" L ..... '" 

1\ 1 ~ \;\ /1- -\ Î: -\ 
Wh:.) 1 ' 1// \ ':. 

"'1"'-1 1 1 l ,\ '-

U\~!. /\1\ 
--------- -

33~ micro,... . .. 

46 

~ Trclnsverse 
Dircct~on 

l , {I! 1 1 ' 1 l '1 1 

/ i ' 1 1 
/ i 

1 1 1,' ~/i / / ! / 
/ , / 1 i 1/ 1 \ 1 , , 
~', ' 1 1 " 1 1 1 

,; 1 , / l, 1 1 1 
l', 1 1 / /( 

1 Il / 

/1 _l', l ' 1 

" ; l, \ t 1 / 
1 / 1 \ 

L~]j .. 
'IN ... ,.,...,~ 

lll ..... l i 
--------- - - -i

r
-

l ":'," 
1 1 

) 1 
1 1 

-
1" 1 ..... ' ... 1 ... ·.' Il'' 

1 -. 

Il 
1 
1 

1 

t_ 
1" , ..... , .... , .. 

1 ~II 
,1 ~ 60 mlrro". 

llll .... 
l , 

1 

- 1 

,., .... tM ....... uOool--l , Ir 
I)"!I 

',HI 

cor. 

/ 'J' ~ 

rl ') ~ l 
,J ",1 
1 J'P 

: ') II 
l, r: 1 ~ . , 
" ) 1 
~ ') Ut 

f) It 

1 Jill f 

'lll 
'J·f 
)J.jl 

.'" .11 
L " 

Figure 5.1. Orientation and Length Distributlons for 
Samples Molded with convcrgin~ Spru~s at IG1 C 
(Microtome Location 1) . 



i 

1 

Longitude 
Direction 

.-. Transverse 
Direct1.on 

47 

---- .---- - -- r-- -------------------r, • .,.. o""'N''''11lM .tlotJl. OflS...., .. "OI4 ~ 

---- -- -- - - --. /--- --
1 1 1 1 

IJ/t/II/, 1 1111 
/ l ,1 1 Il f ' 

/ , " 
1 Il ';,' / / 1 '/'l'I' r 1 / ,1 JI/II 1 1 
III JI 1 

1 1 1 1 1 
/ Il , 1/ 1/ 

/ 
/ Il 1 

1 /1 1--'~1 / 

[_~~~JfJ 
·M " 

....... L • ..-'" 

rlhll~] 
...... 1n o M 

-- ._.-- -- - .-------

- --- - - -----,~--- -- ~--------- --- -- - --- -- --
" .. " 01'11 .... ., .. '.01"1 

. -- - - - --
1 / 

" \ , , , '/ / / 

l.III... __ J \ ~ \ \ 

G~_J 
/' 

/ ,/ l , -"/ ~, \" , 
1 "\ " 

, 1 1/; ~ - / -
\ , \ \, 

\ \ \ ~ \ /~ / #' / / <. ,,! 1 

" '" ~ \ \~~ , / 

,j 
, ~\ \'\" ,1, 1 /' 

... .. ... .. 
; , ........ l ..... '" '\",'-, '.\\ 'IN"'L~ 

'f ( , / 

lull .. J (J 
~ -" l ' / l, 1 '\ \ \ '- \\ 

/ 
1 1 1 

:\ "\\; " \ ,'\ :/ / Il,' / , 
"~ ,,\, \ '\ \ , 

1 
1 \ '-" 1 , " , 

'-----

3 .. 0 micron. eee ml cron • . _______ ~_J . .. 
- - - - --- --- - - --------~------- ------

. - --------
"1_" CJf'1 •• n",.o-

Figure 5.2. Orientation and Length Distributions for 
Samples Molded wi th Converg ing Sprues at 163 0 C 
(Microtome Location 2). 

1 

1 



1 

al< in 

Longitude 
Direction 

,.1 ... ·~II:""''''.O'O 

lai 
-00 .. 

"1 .. ,.tl,..'" 

1 

1 

1 

1 

----- Transverse 
Direction 

., .... C"1111.,., .. ,u .. 

\ ,/ 1 \ \ l 
LL-_.J 

1\" l 'l', \'" 
," \ \ 1 

,\ 1 \ l ,1 
1 \ 11" \ \ 

, 1 l, \ 
1 -,; \ \ ~ .. .. 
" '\;',1 ; 1\. ~ 1 

Il '1 .... ' ..... ' •• 

llIll ... "\' \~\\ , 

_'~~'\ \ \\- ' ! 
- 1 

120 m1cr-ona 
L---________ _ 

48 

1 , 

1 

.---_________ " __ .-_-,-.. -:-" .. -:-:-,, ... :---r--------------.,;.;::;;,;;':-;~-; -----, 

340 m 1 cron_ 

" l , 
11 l ,1 " 1 Il' 

1 l " l ' \ ',' \ l '1 1 1 

\ 1 Il'' 1 ( l' • ~ r " 
, 1 1 y' 

l- l " 1 t / l, l, 1 Il' 
1 1 1 1"1 Il 

~, 1 1 1 
1 l' I}I 1 1 \ 

" \ 

-.. 

cor-e 

,t~t... ..... ,,. 

. 

l J .. 
"'M" 11_'" 

~I .. 
f5GO mlcron. 

'--------- - - - - - - --- ---- -- - - ---

1 Ur 

HI 
fJ ~ 1 

r 0 ,1 
n , 
-' 'J 0 t 
P 0 ~i 
,( 0 " 

c. 0 JI 

§ ~ ~I 
~ 1) ~r 
,- 0' r 
r) O?r 

o J' 
1 

o4f 

.... 1 ri ',") )41J 

J't" 1':"1 

Figure 5.3. Orientation and Length Distributions for 
Samples Molded vJith COn'lE!rglng ~';pru~~; at l()~ (~ 

(Microtome Location 3). 



1 

r 

Longitude 
Direction 

~ Transverse 
Direction 

49 

------------------~.~, .. ~.~O.~ ... = .. ~,,~~--~ ~--------------------~.~,_~~~,~=. .. ~"~~--

" 1 ~ 1 

\ 

'Ir '\ 1/ 
1 1/ !~II 

/ ' 

1 1 - 1 / 1 

Il'. Y 
/ 

1 1 ,,'; 
," 7 / ,,-l 

1 . 

/ ' 
1 

,-

340 ",,"cren. 

ri .... lU""'4 

120 m1cr-on. 

-_...... ........ 
-... , ' ,- , 

, 
...... - ................... 

" ,-

'-, \-

- ,-::: 

, 
...... ,-, , --, .......... ...... '", ... , 

060 mic,..on. 

• 1 •. .. 

- -- -- --- ----- --_._--------'----------------------------~ 

" , 

,- ---------- ---------------------, 
"'''III Dl"lbo'''''IOW 

- - - .... 

" - , ' , , , 

~·orft 

CD 
-----.-----__________________ -.--J 

~ ~f--------

o B 
ra; 
o 
:- 0 e 
~ 0 ~ 
li o. 
c 0 J 
Cl O? 
êJ 0 1 

o 

--- --- -----

o 

c: 00 ----. - - ----------

~ 01 . 
DO? 

o J o o 
o o • 

O~L---.~k~ln--~12=0---J~.O~~60~5---c-o-r.--~ 
L.~er ().JiTll 

Figure 5.4. Orientation and Length Distributions for 
Sarnples Molded with Converging Sprues at 163°C 
(Microtome Location 4) . 



.1<1n 

Longitude 
Direction 

--------------------

~ Transverse 
Direction 

~~IIIII -- ,. ...... ~.""'H 

50 

[l~~ .. ' 
1 t~ rnlt.runs 

r---------------,r---------- ---------- ----
'1"l1li "" •• "., .. fION 

Lj " / 'l', {I 1 / ( , 1/'/ '/'1 l , 

/ III 1 t t 1 ~ 1) 
1 J 1 V 1 
'/ 1 1\ 1 I~ 1 \ 

l' If \ 
'1 \ \ 1/11/1 ,1 r 1 Il 

, / 1/ 1 
il 1 1 ~\I 1 

1 1 1 / '/ 1 

340 mlcron. 

'---------------------

---------~ .. ---~.~-.. --,,~--

-- .. 

core .. 

,-------- -- ----

III 

o g 

OR 

r 0, 
o 
.' 0 fi 
~ Il ~ 
l Il ~ , 
~ 0 J 

o ? 

li 01 

t 0 a 
(JI 
, Il 1 

Il 0 ? 

o J 

o ~ t 
0" .... 1 n 1 1 fJ HO 

[- .II 
.. 

~I"" \. .... ," 

11t.. __ _ 

t rH. 

Figure 5.5. Orientation and Length Distributions for 
Samples Molded with Converging Sprues at 1(;] 'C 
(Microtome Location 5) . 



r--

LongitudE' 
Direction 

-----------r:-----l 1,'·1-./ l', \ \ ' 
/" , J 1 

1 \. ,l, / l' r' \ \ '1 1 
'" 1 r ',' 1 \ - , 

l \ 1 \ ',) 
J 

, \1', )-
1 " u J \-

1 , \ 

, 
\ \ 1 

51 

--- Transverse 
Direction 

- - - - - - ------.::_,.::-.~:-... ::-,CC' •• -:-.. ::-,,"":---- --------------.-,.-•• -,.-,,-.,-.,-,0.. , 

'" 

~ .. -- .:::' 

L.tI .. 

340 micron. 

: -- - - ------~-~ 
, lM'" OIIIII""' .. 'IOH 

1 0 -- -----------1----=:---· -1 a 9 
, - --

08 

1 

--
--= - - 1 

1 
rOI -
~ 

1 os 
1 

~ , -. 1<'--
1 

5 0; 

1 
~~ l.l. 0" 
-', 

j 
c a J 

1 
_A -.. .. o 02 

- - -= 1 1' ... "'\.. ..... , ... ë 01 

I~-
/ -- --, ,-

':' ~ J " 1 ~ 00 
\ ," '" 

1 

1 

- 01 - '-
1 , -=- o 02 

, 1 - , ! - a J 

1 
l ____________ '_ 04 

o 

o 

o o ~III 
1 

05 

l. ___ core .. 
- --

.kln 116 J40 666 cor. 

Layer (,",",J 

r igure 5.6. Orientation and Length Distributions for 
Samples Molded with Converging Sprues at 163"C 
(Microtome Location 6). 



i 
Longitude 
Direction 

--- Transverse 
Directioll 

,. .. ~ ""' .. · .. ,""~-----,II -~-\ i~' <-/-----/ l' I-~~-~-
l' J'" 11 ,1,,' , I}, -1 1 \, ,. 1 . 
1 1 l,., l ' 1 

l Il' \ / , l ,\ 
--~--- 1 . / ." '{ ,/:\ 

-.. .. 1 1 / -', 1 \ 1 1 1 

~ .111;:1. 1 Il ,l', >' ( Il':,' ,1/ ! :/1 , Il l' 1 " f' \ \ 1 l' 

'

1 J' l ,l' ,,1"1 

l

, , \, ï \ ' 1 '! /' 1 1 

1 I_l~_' _' ___ ~_J 
1 L __ ~~_ mi,:~~ ____ _ 

r----

DI 
,." .... l'''~.I. 11------ --- --- Tl 

~ l'" 1 l' , l \ 

1 
\' \ , 

:11' ,1 :1," 1 \\' 111 1 l',' 1 

~ ,,''1 \ " , \ 1 \ , \ , \ Il 1 1 1 il, ' 1 1 
,'1 , ,\ ',,;, \ '1 \ \ 1 \ i 1.-

-00 ... \ ,,,, 1\, I\d ,1,1 .. 
1 \ l" '1 fI ..... l..,.., ... ~iI 1 1 \ '1 ...... 1 .... '" 

\ \, 1 l' '\, 1 

lIL~-l 1 1 \" ri, \ lll ... l ' 1 \ _J 1 1 \ 1 l' 1 ~ 1)' . \ '1 1\ \ \1 \ Il' \ \ 1,\ \ \ 1 
'l' l" \ ' " \ 1 l ' \' ,\ \ ,\ '\ 

1 \, \ _J_,_ ____ _ ___ _:1 
33e mi e .. on. lIee mie,.",n" 

--- --~ -- - ------

.. ,..,. Oft,ondlC-
,~ 

() 

\ 
'\1 '~ '\ 

CJ 
u" ., 

\ \ l " ~ ~ 1 
OB 

\ \ 1 \~ \ 1 
rOI 
-) 

.~ 06 

\1, \\,,~ II\' , [ [) ~ 

1J1 0 4 

, , \ \ \\\ ~ \ \ c 01 -- .. 
? O? 

, ,~,(,\ 1 \ 
rt~l.bIe'T1I'I 

;) 01 

1 \" \ \ 1\1 \ 

~ÜtLJ 
LOO 
III 

~, 

~\I \ ~\ \ \I~I L 

r 1 0 è 

\, l '\ o 1 

o 4 

ri ') .. 
'J'J" cor. ek tn , ?O 1 lb 1 fi'''' - 1 fJl j'" () ," J __ 1 

~ , 

Figure 5.7. ûrientation and Length Distributions for 
Samples Molded with converging Sprl1c~ dt 1 G-; 'C 
(Microtome Location 7). 



1 

53 

(J rdd lC:nt Céluses or ienta t ion in the hoop di rection (18) As 

thc~ me1 t eXlts the sprue, it has a predominantly randorn fiber 

orienLdtion, as shawn in the orientation functions given in 

l l'Jures ";. '3, 5.4, and 5.5 for the skin layers. These three 

loc~lions élre neélrest the sprue. As the melt moves away from 

th .. > ::.;pruc·~ towards the wall, the fiber ori2ntation of the skin 

1 d yt·r Docornes stronger. This i s seen in Figures 5.2 and 5.7 

1 or the loc,ltions intermediate bûtween the sprue and the wall. 

i1J 1 (.;rotomc ] oc.~tion 7 (Figure 5.7) has very strong longitudinal 

1 11>,_, r- 0 r 1 e>nta t ion a t each layer, due to the fact that this 

IO('dtLon lS near a weldline where t\JO flow fronts with 

IOlltjltud1nl11 fiber orientation meet. As the f ibers approach 

t Ill' Wd L l, thcy dssume an orientation parallel to the wall, as 

'.\"'11 ln rHJures 5.1 and 5.6. 

1\" ll1C dcpth layers approach the core from the skin, the 

t 11,('l''; bccome more oriented, as seen in the orientation 

IUJ1\'t ion dl~;tributions. This is due to the fact that these 

[.1yer!.; hL1VC more tlme to achieve orientation than the layers 

1 li >,1 r t 11t~ ~,k in, and are less a ffected by the shearing and 

t n'l'.' 1 I1q \"lllCh occur at the mold surface. For virtually aIl 

1 L~' ,It ll)n~'1 the orientation was constant from approximately 

;,lll mlL't'ons ta the core. 

l' 1 ql1 l'L':::; 5.8 ta 5. 10 show the orientation resul ts for the 

~;,1I11p lL's r.1O lded at 204' C w i th converg ing sprues. The resul ts 

,n-L' ,:; l :.11 Llr to those found a t 163' C , except tha t the skin 
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l <l'jcr has much stronger orientation at the higher temperature. 

The or ientation function at the skin layer is very close to 

1 • () atm Icrotome locations 4 and 5 (Figures 5.9 and 5. 10) , 

due to the fact that the material froze before the orientation 

1 nducC'd in the sprues could change into the random 

contiquration seen at 16JOC. 

The or l entation and length distributions for the samples 

l1Io1dod wlth straight sprues are given in Figures 5.11 through 

').J~ for d molding tempe rature of 163'C. The results were 

; 1 mil d t- to those found wi th converging sprues. The 

(J!-Ic'ntdt lon Induced in the sprues did not affect the final 

or-lf.'nLltlon. This was due to the deformation undergone by the 

l1l<1terlal ,1S it left the sprues Llnd entered the mold cavity, 

wh lch CdUSf:>d the orIentation to assume a circumferential 

pdttern, rCCJ(~rdless of sprue deslgn. 

1~1' • l tIn t 0 the mol d c Ll vit Y th a t 

It was this flow of the 

determined the final 

(iC lClltat Lon in the s<1mple, not the orlentation induced during 

t low tilt oLl<Jh the sprue. The fiber orientation for the samples 

thdt WL're molded at 204°C with straight sprues is shown in 

l' 1 qUl'C!; '3.1·1 to 5.16. The effect of temperature on the 

,1r'!I'nLltion WLl.S small, except that the skin layer had a 

'.t t ('I1W't- orlentation at this temperature. 

'l'he length distributions for aIl samples indicated that 

!..ul"!.:;t,1llt uil f lber breakage had occurred. The f iber length was 

qc'ner,111 y found to be between 6 and 20 mlcrons, wi th an 
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average of approximately 12 microns. This translates into ~ 

1 fiber aspect ratio of approximately 6 after molding, ù~--; 

compared with a ratio of 30 before molding. Trans[er molding 

causes very strong fIow, which contributes to fibCL" 

orientation but aiso causes significant fiber attrition. 

5.1.2. Compression Moided Samples 

Figures 5.17 to 5.23 present the results tor the ~,llnplL'~' 

rnolded at 163°C that were prepared with "controlled mil t incJ". 

The orientation of the f ibers is genera lly l onq i tud i Il,\ 1 (Ill 

the mill direction) for aIl locations anù dl l d('pth~;. l\ " .J 

indicated prev iously , the "controlled millinq" 

invoi ves foiding the sheet and then pass ing l t bclck tlll"Ouq h 

the roll mills. This folding increùses the th i ckne~.;~, 0 t the' 

feed sheet and subscquently the stra in 1 Cùus i ng Loncj! tud i 11<11 

fiber orientation (18). The orienta ti on function" demon~~t rd te' 

that there is li ttle variation from thi s lonq l tlllil n,lI t i 1)(> r 

orientation from skin to core for most laycrs. 

and 5.25 show the orientation ùnd lcngth di:...;tributlon~, for 

samples molded at 204 ° C. The temperature does not dL tc·r t:hc· 

orientation of the fibers significantly, cxcept at the skin 

layer where the orientation is very strong. The hiqh moldinq 

tempe rature caused rapid freezing of the oricntdtion at th0 

mold surface. 

1 The sarnples that were milled randomly did not exhibit str0ng 
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" ·1 

fiber orientation. ThlS is shown in Figures ~.:~ tu S.J~ tGr 

the samples molded at 163 Je. since the shoet \v,1~; L\kL~n ot t 

the mill and then placed bdCk through the rolls \Vlthout 

folding the sheet or reducing the gélp SpL1CC in thl~; prlll'cdllll', 

aIl fiber orientation was élch icved LI! ter th(' t 11 ~;t pd:~', 

through the mill (13), and no incre,lse ln tl1l' :,tl-.lÏIl \v.I:; 

achieved. Therefore, 1 (" ,'. 

pronounced than that found in the ~-;.1mpll-'!--; th.lt l!t1dL'nYt'lIt 

" con t roll e ct mi Il in g" . The 0 rie nt d t l 0 n t u ne t l ( ) Il 1 t"; li 1 t !; : .11<)\v 

that the fiber orientation Wé15 neL1rly r.1ndol1l lOI' I:1<)',t [.1'/('1-'., 

and while sorne locations did exhibit tlbt'r ()( l,'nt,lt Illl1, lt iJd', 

much less substantial than that tound ln t-h,' ',tll'd:; ',.-nll! 

"controlled milling". 

The fibers suffered extensive brc,:ü:él(j('f 

length distributions for aIl sdmples. 

reduced to an average of approXlm,ltc'ly 1.' mIl l ')iJ'" 

decreased the aspect ratlo of the II b('r-:~ t () (" 

'l'tll " 

Ft dll k 1 III 

Fibers are known to be brlttle Llnd have I.JI;I'1l l'IJ[,t'dl' ri lI) 'Jld"" 

fibers (12), which suffer sevprp hn-',11-;,!rJ!' 'lih"11 l!llll,~,J liJ), 

However, the fiber lengths after moldlnrJ '-"'II' thr' ';,lfn" tur 

both mlll ing procedures, even though thc~ c;.:t roi 111 1 1 rJ<!',:;r '" 1 Il 

the randomly milled composlte hav8 no r:dll'ct un thr, tlf)"r'" 

This suggests that the ini tiLlI mlXln l ] dnd [Tl 1 l 1 1 nll 0 t thr 

composites caused the majority of the brCay.dfF:, not thl' 

milling techniques used in this study. 
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5.1.3. Comparison Between Transfer and Compression Moldinq 

1 
The transfer molded samples exhibited strong anisotropie and 

non-homogeneous fiber orientation for aIl sprue designs. The 

orientation of the fibers in the compression molded samples 

vJùs dependent on the milling procedure. For samples wi th 

"controlled milling", the fiber orientation was longitudinal, 

anisotropie, but homogeneous. The samples that were randomly 

milled generally exhibited random, isotropie, and homogeneous 

flber orientation. The orientation found in the compression 

molded samples was more consistent from skin to core and from 

location to location than the orientation in the transfer 

moldcd samples. For both molding procedures, an increase in 

tcmperature had little effect on fiber orientation, except at 

the sk in layer. Fiber breakage was substantial for both 

tr~nsfer and compresion molding. 

Tensile Test Results 

The results from the tensile testing, which measured tensile 

strength, elongation at break, and Young's modulus, are 

prcsented in this section. Bartlett's test was used to find 

<1 pooled variance for each type of sample, 50 a single 

standard deviation is given for each sample and each type of 

test. 
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5.2.1. Transfer Molded Sarnples 

The results for the samples molded with converging sprues nt 

a temperature of 163· C are presented in Figure 5.3 J • '1'h(> 

observed behavior at 163 0 C indicated that, stat istica 11 y, 

there was no difference between tensile strengths ~nd 

elongations at break at virtually every lOCùt ion. 'l'he 

orientation results indicated substantial vnrintlon in tibcr 

orientatio'1 from location to location, but th is d id not rcsul t 

in differences in tensile strength or elonqnti on ,1t brcnk. 

This could be due tu the very small size of the riber~;, 

specifically after processing 1 which was shown in the fi bC'r 

length distributions in the previous section. As well, the 

fiber concentration was on1y 2% by volume, nnd m~y have becn 

too low to cause an appreciable difference betwecn locdtion!~ 

with different fiber orientations. 

The Young's rnodulus is more sensitive to fiber oricnt~tion 

than tensile strength or elongation at breùk (18) i)nd d id ~;llOW 

a statistical variation w i th test lOCùt ion. 

rnodulus value was seen at tensile location 4, where the tlbcr~ 

are oriented in the test direction (longitudinnl t iber 

orientation), and the lowest values occured at locations l, 

5, and 6 where the orientation was perpendiculùr to the 

direction of test (transverse fiber orientation) . 

The results for the samples molded with conver~ing sprues dt 
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204"C are shown in Figure 5.34. The strength ~nd elong~tion 

at break were generally lower than the val ues c1 t 163" C . 'rh i~-; 

was expected sinee an inerease in temperature usu~lly rcsults 

in a reduetion in cross-linking efficiency ~nd a dccr0~SC in 

properties (17, 23). The Young' s modul us cl i li not Ch.1I1lJL' 

significantly and, at sorne locations, increùsed sliql1t 11'. An 

increase in anisotropy in the tensile strength and el On(],l t J un 

at break was found at this ternperature. 

Figure 5.35 gives the tensile test results tor s<lmplc'~--; moldl'd 

with straight sprues at 163"C. The resul ts wC'r-t· ~.1ll11 1.11" t 0 

those found for the sarnples that werc tr,lI1~;t(\r moldc'd Wlrh 

eonverging sprues at this temperature. The ten~~ i 1 (' ~;L 1"f'llIjth 

and elongation at break did not vary w i th 1oc.) tian, :;() t 111} 

straight sprue had no effect on these tensi 10 prorlerr LI'! •• '1'11(' 

Young's modulus did show anisotropy. 

An increase in rnolding ternperature to 204" ccli ri Cdll:;(' d 

variation in properties, as shawn in Figure ';. '3 G . 'l'hl..' re It/d'~ 

significant anisotropy in tensile strength, clonqation dt 

break, and Young's modulus. The Young's moclulus ilt locdtio(1 

3 was higher than at location 4, even thourJh the: or J cntdt J ()n 

resul ts indicated that the f iber or lenta tian i) t 1 oeil tian:; 

and 4 were transverse and longitudinal, respcctivcly. Thl~ 

did not correspond with theory or with the prevlous rcsult~, 

and this abnormality was not due to a change ln fibr~r 

orientation. 
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Flgure 5.34. Tensile Test Results for Samples Molded with 
Converging Sprues at 204°C. 
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Figure 5.35. rfensile Test Resul ts for Samples r'lo ldr.!d vI l th 
straight Sprues at 163"C. 
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Figure 5.36. Tensile Test Results for Samples Molded with 
Straight Sprues at 204°C. 



Adynamie mechanical analysis was perfor1'1C'd to dC'tC'rm i Ill' 

whether a difference in curing may have c.1Usod tht.."'> ol.J~-;("'>I'\'l"'>d 

behavior in the Youngls modulus. 

one taken from tensile location 3 for a sl1mple molded .lt- 11,1 ~' 

and the other from a similar location i1t 20·1 'C, \vt'IL' .ll1dlY:l'd. 

The dynamic mechanical anaJysis was performc:'d w~il1l1 

of the samples at a strain of 64 micron~~, pc'.]'" tu l\l'.lk, 

frequencies of 1,10, and 30 Hz, and l1 11L'.1tlnq 1',ltC' l)! 

oC/min. The mechanical 10ss angle (tan lS), ~;tL)l'.l<J" l11udu 1 \1:. 

(El), and loss modulus (E") are shown in Fl<)lll'C':: ',.l/, ',.l:', 

and 5.39, respectively, for the sample moldc"'>d olt 11,; ('. 

a pp r 0 x i ma tel y 18 5 0 C t 0 195 0 C, s l i pp d q e 0 f th (> :j, \l11 plI' (J< ('Il 1 1 l' cl , 

and the data points in this range were 0mltted. !l(j',vI'VI'I, tlll' 

Figures indicate that a smooth contLnudtion ()1 ttl<' ,'III 'l"~ 

appears likely in this area. Figures 'J"Î(), l) • • 11 , , " 
J. 't. 

show these properties for the samplc molclr.!d dt .'().: c'. 'l'tif' 

curves at this temperature are continuou~; d nd '.!'I( Jot Il 1 1 (dll 

l85"C to 195"C, 50 it may be presunr"j that thl'. ',/01', ,11',(1 tlll' 

case for the sample molded at 163'C. 

The increase in El for both samples dt apprO''(1mdtl'J'j ;J()() (' 

indicates that neither sample was fully cured dt th)', Tj(1l1l1 • 

However, the very large increase in tan 6 dt 2()f)'C fur' LIlI' 

sample molded at 204" C shows that a va r i cl t ion ln thr. !, t'I t r· (j 1 

cure between the two samples had occurrcd. Tdn (~ 1!, thr. rdt 1 () 

of E" t 0 El, S 0 an in cre as e in tan éi me i1 n::; e 1 the r <1 n 1 n ( . r (.: d ' .1 . 

in E" or a decrease in E'. 
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dnd Elis the elastic component, the increase in tan cS at 

204 "C indicates that thf! composite is less elastic. Premature 

vulcanization, or scorch, is a likely possibility since a 

scorched sample exhibits poor elasticity, decreased elongation 

and strength, and increased stiffness. These are aIL seen for 

the sample molded at 204 oC at location 3, as weIL as locations 

7 and 8. This suggests that the temperature was not constant 

th roughou t the mold. 

~.2.2. Compression Molded Samples 

'l'he si1mples th<lt underwent "c on trolled mill ing" exhibi ted 

homgencous tensile properties. This is shown in Figure 5.43 

tor a molding temperature of 163 0 C. There was no statistical 

variation from location to location for strength, elongation 

at breok, or Young's modulus. This isotropy was also seen at 

204 . C, as shown in Figure 5.44. An increase in mold 

tcmpcraturc caused a decrease in tensile strength and 

clongatlon at break, but did not significantly effect the 

YounCJ's rnodulus. 

Figure 5.45 presents the tensile resul ts for samples that 

IIndcrwcnt "random milling" and were molded at 163 oC. No 

stCltistical 

locdtions. 

variation of properties occurred between 

'l'he S2 nples that were milled using the "controlled milling" 
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Figure 5.43. Tensile Test Results for Controllcd M1Lljn~ 
Sarnples Molded at 163"C. 
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technique had greater tensile strength and Young' s modulus 

than those that were randomly milled. The tensile strength 

é:lnd Young' s 

f ibers are 

modulus attain their highest values when the 

oriented longitudinally, and the "controlled 

milllng" process caused longitudinal fiber orientation. The 

ülongation at break was not strongly affected by the milling 

procedure. These observations were seen at both molding 

tempe ratures . 

S.2.3. Comparison Between Transfer and Compression Molding 

Thü tcnsile strength and elongation at break were generally 

slmllùr for aIl transfer rnolded samples and the compression 

molded sùmples with "controlled milling", at a molding 

tümperature of 163°C. The Young's modulus was greater for 

t/w compression molded samples with "controlled milling", even 

whel1 compùred to the transfer molded locations with strong 

lOlîq l tudinal orientation. The orientation resul ts showed that 

the compression molded sarnples had a more uniform orientation 

[rom skJn to core than the transfer molded samples. As weIl, 

the orientation in the compression molded samples with 

"controlled milling" was more homogeneous over the entire 

sclmple, whereas the orientation in the transfer molded plaques 

var ied cons iderably throughout the sampie. Therefore, the 

orlentation was much more likely to be consistent from one 

end of the tensile test specimen to the other in the 

compression molded samples, and, for the samples with 
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"controlled milling", this orientation \Vas longitudinùl. The 

compression molded samples with "random milling" h,ld modlllll~; 

values similar to those found in the transfcr molded loc;)tion~_, 

with transverse fiber orientation. At 204"C, the trends wen' 

sj milar. 

It is expected that the anisotropy in mechan iCi11 pr'opert i l'~; 

would be greater for transfer molded sllmples th,1n compr'c~;~; ion 

molded samples due to the strong flow in the tr,Hlster moldinq 

process. A means of determin ing an isotropy ls by comp,l ri n(J 

the longitudinal and transverse modul i W l th i n i1 ~~.1mp II' (.):). 

The ratio of the longitudinal Young's modultl'. tn the' 

transverse Young's modulus gives the anisotropy rdtlo. 

Anisotropy ratios for compression and trans[er mo 1 dc'ù ~;,lInp 1 f". 

were determined. For the compress 10n mo l dod ~;,lInp 1 ('~;, 

locations land 2 were cornpared, as they are pc rpend 1 f:U 1 ,) r t () 

each other, as are locations J and 4, and 5 dnù (J. Fur t1lf: 

transfer molded samples, the f1ber orientation resuJ t:... V/f·rt! 

used to determine the locations wi th long i tud inéll or i ('ntd t i un 

(tensile specimens 4 and 7) and transverse orientdtlon 

(tensile specimens 3, 5, and 6). These were thon CCJmpd n:d to 

each other. For both types of mold ings, an OVQ ri11 l il'/C' ri"i(Jr~ 

was found. The results are presented in Télble ~.]. 

The average ratios indicate that the anisotropy 15 gUJi1t r..!r 

for the transfer molded samples, as expected. rt shou ld brJ 
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Table 5.1. Anisotropy Ratios for Molded Samples. 

Compression Molded Samples 

Condj tjon 1/2 3/4 5/6 Average 

c ontrolled Milling, 
16J"C 1.01 1. 07 1. 05 1.04 

--

C ontrolled Milling, 
204 "C 1.10 1. 20 1.10 1. 13 

R andom Mill ing, 
16]"C 1.01 1. 07 1.12 1.05 

clndom Milling, 
204°C 1.02 1. 06 0.95 1.01 

Transfer Molded Samples 

r-~ond i tian 4/3 7/5 4/6 Average 
--

Converglng Sprues, 
163 'C 1.33 1.19 1. 43 1.32 

-----------

converging Sprues, 
20,1" C 1. 17 1. 07 1. 20 1.15 

-- --

Di vorg i ng Sprues, 
IGJ"C 1.28 1. 05 1. 30 1.21 

Diverg ing Sprues, 
204"C 1.12 1. 21 1.14 1.16 

stra ight Sprues, 
16J"C 1.27 1.19 1. 22 1.23 

straight Sprues, 
204"C 0.88 1. 46 1. 20 1.18 

---
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noted that while anisotropy did exist in the Young's moduli 

for the transfer molded samples, i t was not substant i,11 , 

especially when compared to short fiber rein forccd compos i tes, 

as shown in Table 1.2. 

5.2.4. Comparison Between Experimental D0....ti.li"ljld 'l'!1l'llIC·tll',,\ 
Predictions 

The Halpin-Tsai equations are commonly used to pn'dll't ttll' 

Young' s modulus in the longitudinal and transvet"~;(' li 1 t"f·c't i un:. 

for different types of reinforcement. 

Halpin-Tsai predictions for Young' s modulus tOI" l ont 11111<1\1', 

cords, particulate fillers, and short flbcr:;, Il!,III<j tlll' 

parameters found in the tested compas i te. 

numbers correspond ta those found in the Lit (' r,l t tl n_' I~I "J Il ,\/ 

(Chapter 3). The predictions are then comp;:-1recl tu rlil' VolitIf", 

obtained for the samples that were tré1n~:jj(-,r m()ld"j ',lltll 

converging sprues at 163°C. 

The results indicate that none of the equiltion!j ,t'j/'qll,ttyJ! 

predicted the Young's modulus. As expected, the ~hort 

prediction is the best, but it still is nat acc:urdt(,. 'l'Ill' 

assumptions made in the equation are tha t the [i Le r~ ri rI.: ',/f: J J 

oriented in the test direction, have a uni torm 1 ('wjth, d rI' 

regularly spaced, and are weIl banded. In the comIJos 1 tr::, mol!)! 

of these criteria are not met. However, thlS would tQn~ t0 

cause the predicted resul t to be greater than the '~/.p(!r 1 [;1f..'nta 1 
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Table 5.2. Comparison Between Halpin-Tsai Modulus 
Predictions and Experimental Values. 

,..--

Reinforcement Fiber 
Orientation 

Continuous cord 
(Calcula ted) 

Particulate filler 
(C.::tlculated) 

Short Fiber 
(Calculated) 

Franklin Fiber** 
(Exper imental) 
----

L Longitude direction 
'l' Tr,ln~;verse direction 

L 
T 

-

L 
T 

L 
T 

Equation Modulus 
Number* (MPa) 

1 3580 
2 0.88 

3 0.88 

4 1. 05 
5 0.88 

- 1. 99 
- 1. 50 

* Rcfcrs to the numbers given the equations in the 
Llterl1turc Review (Chapter 3). 

102 

** V.::ilues taken from transfer molded samples (converging 
sprues, 16J"C, tensile locations 4 and J, respectively). 

Tho follow 1ng values were used in the equations: 

El - 1. 79X10" MPa 
E" O.BJ MPa 
<Pl 0.02 
'1>" o. ()8 

LlO = b (after molding) 
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value, instead of the opposite. The most likely rC':lson th,lt 

the theory do es not accurately predict the modu lus is tlw 

nature of the whisker reinforcement. ~~hlskers 11,1\Ie stipe'!" 1 or 

strength properties, so that even iJ. low volume fl-,let ion l1t 

fibers will still cause substantia l modul us lmprOVl"'I1lC'11 t. Iv 1 t Il 

short fibers, a much higher volume fraction is nc'eck'li, ~,O tllQ 

equation underpredicts the modulus at the lo\v f ilwr' 

concentration used in this project. The::-cforc,.l mollI t it'd 

equation which would take into account the spot.: i" l rn-( l[ll'I't l!'~; 

of the whiskers would produce a more n:~all~;tic pr-pdlctlun. 

The Young's modulus of a sample with a kno\vn t ibC'r or lC'l1t.lt IO!l 

between 0 and 90 ° may be predicted by u~o ot l:qUdt 1 un (1). 

This equation was used to predict the Youne; 1~; modu lll~; () t .) 

transfer molded tensile specimen with cl core or ll'ntdt 1 on dWJ 1 l' 

of -54° and a 8 of 36°, where (1 is the dlffcrencc !)('l'df'('11 th" 

angle of the fibers and 90°. The resul ts are shown 1 Il 'l'db 1 (, 

5.3. This was the only location chosen for compar j ::~on l.Jr:C:rtll~;I' 

the others generally exhibi ted long i tud ini1l or t rd n:.,'/(..' r ~;l' 

fiber orientation. The predicted modulus is gr'ci1tcr thdn t111' 

experimental value, due to the non-homogencity of ttF..' f l!J('r 

orientation. The composite must have unidir0ctlfJTld 1 f I!JI'r 

orientation in order to obey Equation (7), and th!! or 1 entdt 1 on 

of the fibers in the molded composites uscd ln thl~~ ~;turJï '1111::' 

not unidirectional throughout the specimen. 

fiber orientation from skln to core resultcd ln 

overprediction of the composite modulus by Equation (1). 

an 
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Ti1ble 5.3. Prediction of Young's Modulus for Composite 
with Fiber Orientation Angle o. 

rT~nsi ~e Test Orientation Predicted Experimental 
Spec Imcn Angle 0 Mod (Mpa) Mod (Mpa) 

l -54" 36° 1. 79 1. 63 
----- -

The tollowing values were used in the equation: 

El l . 'J~ MPa 
(':1 1 . 50 MPa 

104 
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5.2.5. Effect of Frankl in Fibers on Tens i.l.~_ Pr:gp('rJ.LQ~ 

1 
The tensile properties of the unreinforced rubber ~ro given 

in Table 4.1. When these are compared to the tons il 0 n?~-;lll t s 

that have been reported, i t can be seen thê\ t the .HiLl i t Ion 0 r 

Franklin Fibers causes an increùse in tensilc ~-;tl('nlJth ,md 

Young's modulus, without signific~ntly Illflll<-'ncir.q 

elongation at break. The lncrease in YOlll1q '~; I1l0dlllu:; l ,' 
" 

expected for fibrous reinforcernent, but the i !1ITt>.l!,(' in 

tensile strength and the behavior of the elonqclt ton dt tnp,ll-.. 

are typical of the effects of 1 1 1 1 (' l' 

reinforcement. This suggests that whisker n~intur('('nl!'I1t .I<'t:; 

as a combination of particu late fi 11er () ne! :;hurt 1 Ilw r 

reinforcernents. The above effects arc ob::.;crved dt ImJ t 11;,'1' 

loadings. 

5.3. Tensile Set Results 

The tensile set is a measure of the e lùst lC rocuvf·ry ul d 

material after enduring a constant strùin. It is dr'11ncrJ d'.: 

L - La 
€ = 

where L is the distance between bench marks a ttc r the ~;dr.lfJ 1 (~ 

has been stretched to a set elongation, heJd th~rc Lor t0n 

minutes, and then removed from the grips and rcl~xcd f0r t~n 

minutes. La is the initial distance bet'IIecn bcnch md rJ.:!~ . 

Bartlett's test was used to determine a sinrJlc standard 
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deviation for each sample. 

~.J.l. Transfer Molded Samples 

The tensile set results for the samples molded with converging 

~prues at 163"C are presented in Figure ~.q6. The lowest set 

values were found at locations 3, 5, and 6 where the fiber 

orientation is transverse. The highest values were at 

positions 2 

longitudinally. 

and 4 where the fibers were oriented 

The set value will be zero for fully elastic 

recovery, therefore, the more elastic the material, the lower 

the set. When the fibers are longitudinally oriented, they 

control the deformation, and their effect on properties 

decreases as their orlentation becomes more transverse (8). 

Also, when the fibers are oriented in the direction of the 

~_;tress ( longitudinal fiber orientation), they restrict the 

,1blllty of the material to recover and return to its original 

l'on figuration. Therefore, long itudinal f iber orientation 

n~sllits in a decrease in elasticity and an increase in tensile 

set. The results indicate lower set values at locations with 

transverse fiber orientation and higher set values at 

locations with longitudinal fiber orientation. 

The resul ts for samples molded at :04°C with converging sprues 

,Il-C shown in Figure 5.47. The resul ts were s imilar to those 

found at 163 0 C. The values were generally higher at this 

temperùtu re, due to the decreased efficiency in cross-linking. 
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Figures 5.~8 and 5.49 present the results for sJmplcs moldcd 

with straight sprues at 163"C and 204"C, respcctivcly. 'l'he' 

variation of set wi th orientation and ternpcr'ùturc wh lch \VLl~; 

observed wi th converging sprues was also scen \v i th st t',l i qht 

sprues. A change in sprue des ign ct 1 d not ,1lt C' r the 

orientation of the fibers; 50, no variation in tC'I1:,lll' ~;L't \v<1:; 

achieved with a different sprue design. 

5.3.2. Compression Molded Samples 

The samples l..hat were prepared with the "contl'ollc~d mi Il inq" 

procedure and molded at 163 0 C showed sorne an i !jot rupy 1 n t Il(' 

tensile set, as shown in Figure 5.50. 

anisotropy was reduced, as seen in F iqu rc ~). ,-) 1 

values were higher at the higher mo Id i nq tr>l1lfh ~ rd tll n', .1:. 

expected. 

Figure 5.52 gives the results for the sample::, thdt 1I11r!C'r'//r'nt-

randorn rnilling and were molded at 16]"C. The ~,C!t Villur..:~; \,,(~rr' 

lower than those found in the samples with controll c~d mi J 11111), 

due to the random orientation of the fibcrs. 

5.3.3. 

The set values were more anisotropie for the tra n:, f r_ r me) 1 rjr.rj 

sampIes, due to the greater anisotropy ln 

orientation. The highest set values Y/cre: founrj f,~r th,.! 
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compression molded sarnples w i th controlled mlll i ng \lIh ich h'ld 

uniform longitudinal fiber orientation. The tcnsilc set WdS 

highly dependent on the fiber orientation. An incrcc1sc in 

molding ternperature caused an increase in the sot fOI" both 

molding procedures. 
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G. COnCLUS IONS AND RECOMMEtlDATIONS 

1).1. Conclus ions 

This projcct has shown that whisker-reinforced silicone rubber 

compos l tes can be molded uSlng compression and transfer 

moldlng. It was also shown that manipulation of processing 

pilr,lmeters provides a mechanism of controlling fiber 

or ientation and tensile properties. An image analysis system, 

deve 10pE:d in the laboratory, vIas helpful in obtaining a rapid 

<Incl aceurate evaluation of the fiber orientation and length 

cl J str lbuti ons in the samples. 

The orlentation of the fibers is anisotropie and non

homogcneous for the transfer molded sampI es. The f ibers 

exhibit circumferentiai orientation at the core, regardless 

of sprue des ign or tempera ture. The mili ing procedure 

Influcneed the fiber orientation in the compression molded 

s,1mp l es. The fiber orientation is anisotropie and homogeneous 

t or the sùmples prepared with "controiled milling", regardless 

ot tempcrùture. The samples that were prepared with "random 

ni i 11 i ng" y ield random f iber orientation at both temperatures. 

significant fiber attrition occurred for both molding 

pt-occdures. The initial fiber length of 30 microns was 

rcduced to a final length of approximately 12 microns. The 

12 micron average length was found in aIl samples, regardless 
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of molding procedure or miJ_Iinq technique. This sugCJC"sts thilt. 

the initial mixing of the f il:Jer:, was rcsponsib le for the 

severe fiber breakage. 

The tensile strength and elongation at break ,1 rc i ~;ot rop i l' 

for the transfer molded samples and are indepcndent 0 r ~~pnIL' 

design. The Young' s modulus is anisotrop ic, ,lnd u; CJ r-l:-.1 tf.'!; t 

at locations with longitudinal fiber oricntdtion. 'l'Iw 

compression molded samples with "cantrolled millinq" C'xhlhit 

greater tensile strength and Young' s modulus thil Il thœ,t.' W 1 th 

"random milling". AIl tensile properties are homogcnC'ow; dnl! 

isotropie within the compression molded sùmples. An inen.'.)!.;(' 

in molding temperature causes a decreùse ln strenqth <11111 

elongation for aIl molded samples. The Young' s moclu Ill~; i!, nul' 

affected by an increase in temperature. The compn'~,~,I()l1 

molded samples wi th "cantrolled mill ing" hdve the' q rhl tr .. ;t 

Young' s moduli due to their homogeneous lonq i tud in,li 1 Il)l!r 

orientation. Differences in the stùte of cure m;lY occ'ur- dl 

an increased mold temperature for the trans fe r mo 1 dcd cdmp 1 (>!,. 

The tensile set is sensitive ta fiber orlCntat ion dncl 

temperature, ~or aIl molded samples. 

The Halpin-Tsai 

Young' s modulus 

equations do not accuratcly 

of the composites. This is 

prcdlct 

duc ta 

inherent differences in dimensions and propert j cs br..!t'II(!(~n 

whiskers and other forros of reinforccrncnt. 

modulus improvement may be realized with 'IIhisY..cr relnforc(~m0nt 
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~t a mueh lower volume fraction than is required with short 

fiber or particulate reinforcement. Theoretical predictions 

for the Young's modulus of a composite with the fibers 

oriented at an angle between 0 and 90° do not agree with the 

expcrimental results due to the non-homogeneity of the fiber 

orientation within the samples. 

G.2. Recommendations for Future Work 

'rhc flbor loading used in this project was very low, and may 

not hdve given optimum property improvement. Using several 

ditfcrent fiber loadings would increase the understanding of 

how flber concentration affects mechanical properties and 

would allow the user of this composite to find the optimum 

f Iber loading to obtain the desired property values. 

It would be helpful to change the design of the transfer 

mulding operation so that the mold is placed vertically below 

the sprue. This might cause more uniform fiber orientation. 

'l'11C> three di fferent sprue designs could then be compared to 

sec what type of fiber orientation resulted. 

The amount of peroxide curing agent was kept constant in the 

samples, even when the curing temperature was changed. It 

would be useful to change the amount of peroxide to see if 

thlS effects the properties. 
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It would be of interest to determine the manner in which the 

composites failed in tension. This could be llch icvcd by 

viewing the fractured tensile spec imens w i th ù sc.lIln l nq 

electron microscope. An analysis of the mode of Ll i lun:> 01 

the composites would aid in determining the cffcct 01 the 

reinforcement. 

Some discrepancies occurred in the high tcmper,Jtul'c tr,\n~;1 l'" 

molding, perhaps due to di f ferences in cu rc r rom 1 OL'" t Ion t 0 

location. It would be use fuI to do a completo study ut tilt:' 

state of cure throughout the sample ta ve rI fy th i~;. !\~; \-/('1 1 , 

a dynamic mechanical analysis of the compo~.i l te mdy !JI! !l,'l P f \J 1 

in developing a broader understanding 0 f the F ,'dnk 1 III Fi be' r

silicone rubber system. 
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