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ABSTRACT 

.. 

This study ,is intended towards a better underst~ding 

~of the structure - property relationships of short glass fiber-filled 

thermoplastic composites. A review of various approaches for predict-

ing the elastic and ul timate praperties of fiber composite materials 

i5 presented. The theories for predicting elastic p~aperties are 

considered in greater details and used ta examine the effect of two 

very important structural parameters, namely, fiber l~ngth distribution 

and non-homogeneous fiber orientation distribution on the overall com-

posite praperties. Moldings of short glas~ fiber-filled composites 

based on Polystyrene and Polyethylene matrices with varying fiber content 

were prepared so as ta obtain a .preferential fiber orl.entation in a 

given direction. The mechànrcal anisotropy of these systems is charac-

terized by measuring various elastic and ultimate properties in bath 

static and impact modes. Elastic propert~es are analyzed in terms of 

the thearetical model and a discussion of the structure and, in particu-, 

lar, the" fiber orientatl.on resul tl.ng fram the flow of molten composites 

is presented. 
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RESUME 

Cette étude vise à mieux comprendre les relations entre 

structure et propriétés pour des composites thermopl~stiques à fibres 

de verre courtes. Une revue des différentes méthodes de prédiction 

des propriétés élastiques et à la rupture pour des composite's à fibres 

,est présentée. Les théories prédisant les propriétés élastiques sont 

considérées en plus grand détail et utilisées pour examiner l'effet de 

deux param@tres de structure importants soit la distribution de la lon-

gueur des fibres et la non-homogénéité de la cjistribution de l' orienta-

tion des fibres sur les propriétés globales des composites. Des 

moulages de composites à fibres de verre courtes basées sur des matrices 

de polystyrene ou de polyéthylène avec des taux de verre variables ont 

été préparés de façon à obtenir une orientation préférentielle aans une 

direètion. L'anisotropie mécanique de ces systèmes est caractéris~e 

par la mesure de plusieurs propriétés élastiques ou à la rupture en modes 

statiques ou dynamiques. Les propriétés élastiques sont analysées à la 

lumière du modèle théorique et une discussion de la structure et en parti-

culier de l'orientation des fibres résultant de l'écoulement du composite 

fondu est présentée. 
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CHAPTER l 

INTRODUCTION 

With the advances in technology, the need for ~iffer, 

stronger and tougher materials with longer life in adverse environments 

has also grown. Plastics have emerged as alternatives to metals in many 

respects as they are lighter and, Iargely through processing advantages, 

often cost less. They frequently, however, lack the necéssary mechani-

cal properties to be fully acceptable substitutes to metals in many 

mechanical applications. However, rein forcement of plastics by f~)rs 

or other inclusions can leaà to mechanical properties comparable to those 

of metals. Since such composite materials can retain thé advantages of 

ease of processing, lower cast and lower weight, they are gaining credibi-

lit y as potential structu~al materials. 

1.1 Definition of Composite Materials 

In simple terms, a composite rnaterial can be defined as a 

cambinatian of several distinct rnaterials designed ta enhance or rnodify a 

set of properties of one or several of the phases (Charrier (1». One of 

the camponents forms a continuous phase an~ ,is c&lled rnatrix; while the re­
'/ 

maining carnponents constitute discrete phases. 

1 ; 
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1.2 Short Fiber ... Reinfot'ced Thermoplastics ~ " 

J 

In the case of reinforced plastic composites, the polymer 

forms the continuous or matrix phase. The ?iscrete phase May consist of 

short ,~r,' ®ûtinuous fibers of glass, graphite or metai or particles like 
. ,,~)~~~l{ ~ 

.. , 
mica, chalk or some other fillers (Titowand Lanham (2». 

The cheaper utility thermoplastics like Polyethylene, poly-

propylene, Polystyrene, etc., when reinforced by short glass fibers can 

become valuable st,ructural materials (Santrach (3» with characteristics 

like: 

(1) 

(2) 

(3) 

l (4) 

(5) 

(6) 

! (7) 

(8) 

(9) 

(10) 

_,.h.i:gher modulus, 

higher strengtlt, '\,1 

better heat resistaIJ,ce, 

higher impact strength Cbrittle 

better creep resistance, 

lower cost 1 performance, 

resin conservation, 

higher surf,ace hardness, 

reduced thermal expansion, 

reduced shrinkage. 

fr 

polymers) , 

" ' 
'. 

, 
,'J 

However, properties of these short fiber reinforced thermo-

plastics Coften referred to as SFRTP) are stro~gly dep~ndent on many 

parameters. The main factors influencing the Most common mechanical pro-

\ 
" 1 
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perties l~e stiffness and strength of the composite materials are: 

(1) type of polymer matrix, 

,(2) type of fiber material, 

'(3) fiber content of the composite, 

(4) 

(5) 

fiber shape and dimensions, 

spatial arrangement of fibers, 

fiber-matrix adhesion and interface, 

presence of aggreg~es and voids. 

3 

While the first two factors essentially represent the cam-

ponent properties of SFRTP, the remaining parameters may be referred to 

as structural parameters. 
b 

1.2.1 Structure of SFRTP 

For a given composite system, the properties are essentially 
{ 

determined by the structuxal parameters ~d hence each of them needs a 

s0mewhat detail~d discussion. 
~ 

\ 
.. ;<r:! 

1.2.1.1 'Filier Content 

Fiber content of the SFRTP material is the most important 

struct~al parameter. It is usually specified as the mass fraction Mf 

, . 
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( 
of the fibers in the composite, the mass fraction of the polymer matr;i.x 

being given by 

M = 1 - M 
ID f 

... U.l) 

However'ofor the theories of prediction of composite properties, it is 

more appropriate ~o represent the fiber content by volume ffaction V
f 

(Charrier (1». It is related to Mf in terms of fiber and matrix 

densities Pf and Pm respectively, as 
-r 

, " 

V
f 

Mf 1 Pf 
(1.2-) = 

!if 1 P f + Mm 1 Pm _ 

l In-general, increasing the volume fraction of fibers in-

creases composite stiffness and strength. However, these improvements 

can be achieved only up to a certain point. A very h,igh fiber content 

can result into insufficient continuity in the matrix material resulting 

into poor bonding and hence a weaker materia1. 

1.2.1.2 Fiber Dimensions 

For the short glass fibers of finite 1ength, the ~ost im- . 

portant dimensions are fiber 1ength z and diameter d. The aspect 

ratio, defined as the ratio of a major to a minor dimension of the par-

ticle (z 1 d in the case of short fibers) , i5 dften considered more 

( -
appropriate for theoretica1 treatment than individual dimensions. 

--
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In general, stiffness and strength of the SFRTP increase 

,) with an increase in fiber aspect ratio, in a given direction. However, 

there is a complex interaction of several parameters that determine the 

composite properties and hence it is difficult ta isolate the effect of 

a single parameter like aspect ratio. 

1.2.1.3 Fiber'Arrangement 

The spatial arrangement of fibers in the composite is 

another important factor. The cylindrical particles like short glass 

fibers can be oriented in a random fashion 50 that the fr,action of fibers 

lying parallel to any given direction is the same or they may be uniformly 

oriented so that aIl the fihers are perfectly aligned in a given direction. 

In fact, for a real composite, the fiber orientation can be anywhere 

between the random and the perfectly aligned cases • 

The degree of orientation determines the degree of anisotropy 

in the composite properties. Since the fibers impart a much higher rein-

forcement in the direction of their axes than in the direction normal to 

their axes, composites with preferentially aligned fibers exhibit higher 

stiffness and strength in the direction of fiber alignment compared to the 

direction normal to it. On the other hand, a random composite will have 

equal degree of reinforcement in aIl directions and may be expected ta be 

isotropie, on large scale. 

1 
'i 
l 
! 
l 
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1.2.1.4 ' Fiber-Matrix Interface 

Fiber~atrix adhesion is not considered as importan~ in 

the determination of SFRTP stiffness, as in the determination of cam­
r 

posite strength. In general, better fiber~trix adhesion is desirab1e 

for high strength. 

1.2.1.5 .Aggregates and Voids. 

The agglomeration or bundling of 'fibers can have a strong 

effect on the mechanical properties,. Most theories for predicting com-
,! 

posite properti,s assume a uniform spatial distribution of individual i 
particles. But in most cases, it is difficult to achieve in high1y vis-

cous non-Newtonian polymerie melts. 

Presence of aggregates can result in measured properties 

'il 
that are higher or lowe,r than those expected for the given fiber content 

depending on the mechanical strength of the aggregà'tes themse1ves and test 

conditions. 

Presence of voids and air bubbles in SFRTP -usua1ly re-

suIt in a weake'r "!Daterial. 

1.2.2 Effect of Processing on Structural Parameters 

Thaugh mast of the processing techni~es ma~ nat signifi-
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7 , 
cantly influence the properties of the individual components of SFRTP, 

the structural parameters are greatly affected. 

SFRTP ean be processed by a variety of common molding 

techniques, but injection molding remains the Most attractive practice. 

During molding, the'material is subjected to high stresses and flows 

through complex geometries. Both of th~e result into changes in fiber 

aspect ratio due ta attrition and a eomplex fiber orientation distribu-

tion. 

It ls desirable ta characterize the structural parameters 

of the molded SFRTP parts in order to he able to predict their properties 

at the molding stage. Since the resulting flow-indueed structure 

c . 
necessarily determines the solid state properties, it is also desirable to 

study the flow behavior and the solid state mechanieal behaviar of SFRTP 

and correlate them in the hope of improving the processing techniques and ..,. 
fully extracting the advantages of short fiber reinfarc~ent. 

r. ' 
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CHAl''l'ER II 

REVIEW OF LlTERATURE 

\ 

\ As has been seen in the Introduction, several parameters 

can influence thè propertles of f!ber c~site materials. A detailed 

review of various approaches for predicting the composite mechanical 
1. 

propertiesls presented in Section 2.1 • This i8 followed by a review 
" 

of the work directed towards exper!Inental -structural c~acterization 
1 

and some aspects of mechanical testing of fiber composites in Sections 

2.2 and 2.3 respectivelY. 

2.1 ~rediction of Mechanical Properties of SFRTP Materlals 
\ 

stiffnE;ss and strength are often the most important proper-

ties required"in the designing procedures. Hence, various approaches 

developed, to model the mechanlcal behavior of fiber composites almost ex-
,'J 

clusively concentrate on predicting these two propertie~. 

It must be pointed out that though the factors going into 

tfie determination of fiber rein forcement for stiffness and strength are 

superf~~ially identical, their relative importance is not so due to the 

differences in the mechanism of reinforcement. 

"Composite stiffness essentially reflects sharing of the , 

applied load between the discrete and continuous phases below the limit of 

" 
po ) 

\ 

" 
,. 
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elasticity. Fiber-matrix ïnterface and fiber length, beyond a certain 

,value are of relatively minor' importance. Strength determination, on 

the othe~ hantl, must identify a fracture mechruy.l:sm, and mode of stress 

transfer at the interface. consequently, both the fiber-matrix adhesion 

and, fiber length are of significant ;î.mportance, of course, in _addition to 

the fiber arid matrix properties. 

In the following,' Section 2.1.1 concentrates on the campo-

site stiffness while Section 2.1.2 conce:r;-ns the composite strength •. 

2.1.1 composite Stiffness Prediction 

The simple st but rather crude approximation to the composite 

modulus E has been provided by the so-called "Law of Mixture" e quat ion , 
c 

that represents an upper.bound ta the composite property in terms of fiber 
~ , 

and matrix moduli Ef and Em respectively and ~iber volume fraction V
f 

(Ashton et. al. (4». It is obtained by assuming equa1 strains in t}'le two 

phases (parallel model) 

.' (2.1) , 

An assumption of equal stresses in the two components yields 

the lower bound' (series mode1) 

E 
c = + (2.2) 

.' 
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The first eqÙation is c108e1y valid for the perfectly 

alig~ed pr unidirectional continu,ous fi.:ber composite's in the direction 

of fiber ali~ent. 

Takayanagi et. al. (5) combined equations (2.1) and (2.2) 

to propose a two parameter series-para11el model 

'i' l - '1' 
-1 

E '" ( + ) (2.3) 
c X E + (1 - 'l') Ef Ef m 

where 1 .... ,'1' X == V
f 

The basic problem is ·to det'ermine each of '1' and X . 

Weng and Sun (6) have used the concepts of series and 

parallel models to obtain the following eq~ation for the unidirectiona1 

short fiber composites~ in the fiber direction: 

E 
c = 

(1 + R)2 V f Ef 

Ef 
1+ RE 

m 

+ 

where .R is a parameter character~zing ,the fiber 1ength. 

-

(2.4) 

E increases 
c 

,froID the 10wer bound giyen by équation (2:2) to the upper bound represented 

bl' equation, (2.1), as R decreases from Vm 1 V f to zer~.\ 

A simp1e approach towards modifying équation (2.1) for short 

fiber-reinforced composites i5 to inc1ude a fiber length efficiency factor 

'\ ' 
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E ... 
C 

(2.5) 

"<, 
'Cox (7), using shear-lag analysis for fiber-fiber transfer 

, ' 

of the tensile stresses in the direction of their axes by shear, derived 

the following expression for nI' 

where 

, and 

z 

= l -
tanh (/3z/2) 

(~z/2) 

is the fiber length 

is related to the matrix shear modulus, fiber stiffness 

and system geom~try. 

nI 1"5 hi-gh for larger values of e, but approaches zero 

as az/2 approaches zero. 

(2.6) 

A rigorous approach to predict the elastic constants has 

been provided by Hill' s "self-consistent method" (8). This analysis 

models the composite as an inclusion embedded' in an infinite homogeneous 

medium that is subjected to a uniform stress and the resulting strain 

field in the inclusion is solved to obtain the composite elastic constants. 

Halpin et. al. (9) reduced Herman's (10) solution of an equivalent ap-

proach to obtain the so-called "Halpin-Tsai equations", 

(2.7) 

1 
1 
! 

.. 
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In this ~quation, p is a composite 11IOdu1us, Pf and. Pm are the 

corresponding fiber 'and matrix moduli respectively and e:. depends 
\ J 

on the reinforcement geometry and the 10ading conditions. ... 

12 

Nielsen (11) has modified these equations to account tor 

the maximum filler packing fraction in terms of· a parameter B as 

1 + E ••. n .. V
f J <.2.8) 

The self-cons;i,stent approach has also been used in a more 

rigorous manner to ob tain the composite properties through ntnnerica1 solu-

tions (e.g., Chou et. al. (12», but for sufficiently long fibers it has 

been shown that the semi-empirical solutions of Halpin and Tsai are 
r 

reasonably close to the exact soluttions. 

-Another for.m of re1ationships has been ~uggested by Puck 

and used by Manerà (13). For the transverse Young's modu1us, ET' 
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E 1 2 + 0.85 V
f 

ET 
m 

(2.9) ... 
1 -

\2 
V )1.25 G 

(1 -m 
f 

where G is the matrix shear madulus. 
m 

+ 
E V

f m - 2 Ef 1 - G m 

Manera' has alsa sugge;'lted some 

simplifications ta these eqy~ians which da not seem to be globally ap-
/ 

plicable. 

It has been shown that the classical Rayleigh and Maxwell 

relationships for spherical and continuous fiber inèlusians can be put 

into a generalized farm and made applicable to a variety of composite 

proPfTties including mechanical praperties (Charrier (1». The longitu-

dinal and transverse elastic'moduli, ~L and ET respectively, for the 

'case of the unidirectional short cylindrical inclusions of length z and 

diameter d are given as, 

2 
z 

1) ( 
Ef 

-1) V 
d + E f 

EL E [1 + m 
J (2.l0a) = m Ef Ef 

+ 2 ~ - 1 ) V 
E d E f m m 

d + 2} 
Ef 

- 1) V
f z E 

ET E Il + m 
J (2.l0b) = 

m Ef d Ef 
( + 1 + - 1 ) V

f E z E m m 

, 
Recently Chaw (14) has derived a general 'theory for the 

elastic moduli of the fiber composite materials on the basis of Eshelby's 

\ 

'-, 
1 -
1 

\ 
~ 

j 

1 
! 
J 
) , , 

·1 
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appraach (15l of ellipsoidal inclusions at dilute concentration. He 

... 
took into account particle-particle interaction for finite concentrations 

yielding for ,a unidirectional structure 1 equatians of the type 

where k and 

K. = 
l. 

G
i = 

and a. and 
l. 

E [1 + 
m 

,ll are the bulk and shear moduli respe~tively , 

l + (kf/km 1)(1 V fl CL. 
l. 

l + (ll/llm - 1) (l - V ) S. 
f l. 

1\ are related to the fllier aspect ratio and the 

matrix Poisson's ratio. 

Similar expressions have also been presented for transverse Young' s, , 

" bulk and shear moduli. 

(,2.11) 

Sl.nce the Jrea1 composites have neither Uniforrn fl.her length 

nor uniform degree of orientation, it is desirable to incorporate the dis-
,­
'" 

tribution of each of these\ parameters forla gl.ven system. 

(al Fiber OrientatJ.on 

In a real composl.te, the fllier orientation can correspond to 

anywhere from a random to a unJ.directional structure. 

An early attempt to incarparate the effect of fiber ml.S-

alignment has been -reported by Cook (16), and Knibbs and Morris (17). 
If 



L 

t 
They suggested that for low angles ot misorientation, an average angle 

of orientation should be sufficient to account for the orientation dis-

tr ibuj;:.ion. 

Krenchel (18) proposed that the effect of fiber orienta-

tion can be taken into account by including a fiber orientation efficiency 

factor, nO ' in the law of mixture equation (2.5) 

EL = (1 - Vf) E + nO ]'Il Vf . Ef m 

where 

m 
4 

1"\0 == r ~ cos a 

.' k=l 

( 
i5 fiber fraction at arientatiqn angle Bk with 

" 
respect to the direction of symmetry, and 

m i5 number of angle intervals into which fiber 

orientation distribution i5 divided. 

This requires an experirnental determination of the..--fiber orientation 

distribution. 

Fukuda and Kawata (19) repre5ented the fllier orientation 

distribution in terms of an arbitrary function 9 (0) . They calculated 

composite moduli for several mathematical forms of this function, but 

were unable ta correlate any of them to the physical process of composite 

formation. 

~ 
1 

1 , 
1 

1 
1 
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\ 
.. Several attempts have been made to correlate the fiber 

orientation distribution in SFRTP materials to the deformation in-

volved in the process of making ~ composites, like molding or extru-

sion. The basis for these correlations is the affine defomation of 

the mate rial. 

Eisenberg (20) has presented an analysis of partial align-

ment of SFRTP ~uring compression molding of an initially random com-
~ ~ " 

posite. A simHar analysis has been presented by Nicolais et. al. (21) 

for extrusion and \ drawing of SFRTP. Curtis et. al. (22) have also 
\. f , 

reported that the ldegre~ of fiber orientation ii uniaxial" extension of an 

initially random composite specimen can be described in terÎns of an ex-
, 

tension ratio. A more complete analysis of this nature has been presented 

by Charrier and Tran (23) (also Sudiow (24». Bath two and three dimen-• 
sionai cases are considered. For the planar case, wi th an ini tially 

random composite, 

d V (6) = 

1T ( 

2 
cos 6 

2 
Ci -

da 
2 2 

- C sin 6 ) 
n>i, 

{2.l3) 

represents the fraction of the fi1;ers ariented in the interval 6:!:. d6/2 

of 
and C2, i5 an orientation parameter related ta the degreeAdeformation. 

o 
For the spatial case~ 0 

d Ve6, ~) = 
- 2'1\' ( 

2 
cos 6 --- -

c2 
i, 

. 26 2 
s~n cos ~ 

2 
Ct 

(2.14) 

"_ 1 
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where d Ve9, <P) is the fraction of the fibers oriented in the interval --
, 

characterized by 9 + d9/2 and ~!. dcf!/2 and, CR, and Ct are the 

orientation parameters. 

/' 

(b) Fiber Length Distribution 

In SFRTP, there is always a fiber length distribution 

that can be affected by processing. The simplest measure of fiber length 

is the mean or average length z. This can be a weight-average or a 

number-average value. It should be noted that a large number of short 

fibers has a more significant effect on the number-average than the weight-

average. Though it is not very clear as to which average should be 

con~idered more appropr.iate for use in the theoretical predictiàns, over-

estimates might result for the weight-average. 

Charrier et. al. (25) have shown that the actual f!ber 

length distribution can be represehted quite well by a log-normal dis tri-

but ion function f (X) given as, 

f (X) 
l 

= exp ( -
- 2 

(X - X) 
2 

2 Sx 
(2.15) 

where X is the natural logarithm of the fiber length, and X and Sx 

are related to the mean and standard deviation of an exper;imentally 

determined fiber length distribution. 
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(c) Prediction of Composite Stiffness with Fiber Orientation 

and Length Distribution 

18 

Christensen and Waals (26) have presented a method for 

determining the moduli of fiber composites wi th planar and spatial ran-

dom fiber orientations from those of the unidirectional composites 

transferred to the direction of loading (E(6) or E(e, 4») as 

l'> 

11 

E = l E(8) de "'(planar) (2.16) 

0 

and 
11 11 

.E = J J E (8, ~) d8 d~ (spatial) (2.17) 

0 0 

An analogous approach has been postulated by Halpin and 

pagano (27) in their well-known laminate analogy. This treatment models 

a planar composite as being made up of several laminae each containing 

fibers in a given direction. For the random fiber composite, the fraction 

of fibers in any given direction is the same while for an oriented specimen 

the fractiop of fibers in the direction of preference is hig'her. 

Recently, this laminate analogy has been extended by 

Loughlin et. al. (28) to take into account the length distribution in 

addition to the orientation distribution. Here t each lamina with fibers 

-
in a given direction is further modelled as being made up of sub-laminae 

;/,: 
1 

each, con.!aining fibers of a given aspect ratio. The lamina stiffness i5 

given by summing up the sub-laminae stiffnesses weighted by an experimen-

o 
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ta~ly determined fiber ~en9th distribution fi 

where 

and 

E~ 
) 

EL 
j 

E
SL 
i_ 

= 
N 

~ 
i=l 

is the stiffness of the jth lamina, 

is the sUffness of the sub-~amina with 

aspect ratio corresponding to the ith 

[1 ' 

l' 

(2.18) 

fiber 

interval.. 

~he cOI1Iposi te stiffness E is obtained by transferring 
c 

the laminas stiffness E~ in the 'direction of_ laMina (ËL) and carry-
J ? j 

inq out a summation weighted by an exper imentally characterized fiber 

orientation distribution 

E 
c 

-L 
E, g, 

) ) 

A comparison with the experimenta:l: results of Darlington et. a~. (29) 

showed a relatively small deviation. 

The summinq-up procedure over the composite elements -

(2.19)' 

1aminae or sub-1aminae has been explored to a great.er depth by Charrier et. 

al. (30). The authors point out that a parallel laminate model has been 

t~ly- assUllled by almo~t aIl the workers. However, a series model can 
- , 

represent an equivalent arrangement. The choice, is unclear at least for 

a thrée dimensional arrangement and led them use a logarithmic addition 

1 r 
1 
! 
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procedure 'yieldiDg answers intermed.iate hetween those obtained by the 

series and paràllel additions. 

composite properties have also been calculated by nmnerical 

solutions of the theory of elast-icity {e.g.,.cohen and Romualdi (31), 

Zybert et. al. (32»). However, certain simplifying assumptions appear , 

to he unavoidable reducing the generality and global applicability of the 

solutions. 

, . 

2.1.2 composite Strength Prediction 

Theoretical analysis of the composite strength has not been 

pursued as extensively as that of the elastic moduH (Hashin (33». The 

basic reason is that any model for prediction requires a" aefinition of a 

fa?'ilure criteria. In case of the fiber composi~es, the mode of failure 

is not yet clearly understood. In case of the elastic moduli, the, 

material undergoes a process throughout which phase stress-strain relation-
, 

ships anq phase geometry do not change. While for strength, the process 

continues until the failure occurs, which implies fundamental cn.anges in 

the material behavior. Since modes of failure can be different under dif-

f.erent loading conditions, the material 'behavior under combined loading is 

aiso difficult to appreciate. 

In analogy wi th the elastic moduli for unid,irectional con-

tinuous fiber composites, the st.rength cr of the composite in the fiber 
c 
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/' 
direction can be represen,,\d in terniS of fiber strenq,th O'~ and matrix 

strength O'm by the 1I1a~of ~ixturesll equation, ~ , 

(2.20) 

.1 

For short fibers, a simple modification ia the introduction 
'il , 

of a length efficiency factor for atrength, ~ , 

(2.21) 

" 

The· basis for ,\:he determination of the fllier .length effi-

ciency factor lies in the shear-lag analysis of Kelly and Tyson (34). 

;;:: They sug'gested that the load applied to a composite ls transferred from 

--t-he matl:'ix to the embedded particles by shear stresses along the interf~ce. 

,.,'" 

For a u,ni~ial tensile stress in' the fiber direction, the force balance 

over the interface led to the equation: 

~ 2r 
(2.22) = -d z 

. 
where Of 15 

and L 15 

the stress in the fiber 

~he shear stress along the fiber-matrix interface. 

..­
Near the fiber end, the shear stress ls maximum and de-

creases aloI?g lts length, while the tensUe stress 15 zero near the ends 
\ 

and increases o ta a constant value along the length. 
\ 

" 

1 

, 
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This has led to the concept of a critical fiber length 

z which'is defined as the minimum fiber length necessary for tensile c 

stress in the fiber to reach the ultimate fiber strength O'fu. 

,(jfud 
z = - = 

C 2T 
(2.23) 

where e: 
c 

is the compositecstrain.at break. Fibers with.length sma~ler 

than z can never be loaded ta their ultimate strength. 
c 

tensile stress 15 given as 

./ 

ZT l .. -

and that in a fiber with ... z > Zc is given as 

\ J . 
:I1ff e:cd 

4zr 
-Of ... E e: (1 

f c 
\ 

The average 

(2.24a) 

(2.24b) 

~ .. Extend,ing these arguments, Bowyer and Bader (35) suggested 

that for any value of composite strain, there i8 a corres~onding critical 
. . 

fiber length. For a composite cdntaining a spectrum of fiber lengths, 
1 

the f~r 1ength efficiency factot can be represented as 

Zi V .• 
= L T - , --=- <> + L (1 -

i d Vf j " 
(2.25) 

where the first term represents the contribution of sub-critica1 and the 

second term represents' .~hat of· supercrit1cal fibers, 

the corresponding fiber volume fractions. 

p 

'" 

v. 
~ 

and V, being ] . 
\ 

,1 
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In the·case of misaligned fibers an orientation factor J 

KO can he in"corporated, thus giving, the composite strength as: 

KO [ l 1: 
zi 

l (1 -
Ef F:.cd 

) VjJ Vf. cr "" dVi. 
(J 9 i j 

4Z
j 

T 

\ . 

+ {l - V f> F:. E \ (2.26) 
c tn 

The above model requires determination of the interfacial 

shear strength 1: and the orientation parameter KO. ~ 

Bader and Bowyer (36) used stress-strain curve for a given 
1\ 

sample along with the fiber lençth distribution data for determining T 

and .assumed that it is constant for all the canposite strains ~ to 

failure. 

b 

The method of Ramsteiner and Theysohn (37) ls based 6n,'a 

linear relationship between composite strength and fiber volume fraction 

for aligned fiber c~posites. 
/ 

/ 

/ 
Recently, Gupta and'Mittal (38) suggested that the inter-

-
facial shear strength, L, . cannat be a~sùmed to be constant at all 

strains. Instead, they assumed 1: to vary linearly with the applied 

load. 

A more general treatment of the Shear-lag analysis Qas 

recently ~een presented by Chen and Sun" (39) , • They determined the tensile 

/' 

/ 
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and shear stress distribution along the length of a short fibe~ embedded 

in a'matrix phase subjected to uniaxial stress at an angle to f!ber axis. 

The model does not consider fiber-f!ber interaction, when in an actual 

case, the stress field around a, f!ber is significantly affected by neigh-

boring fibers. 

An important obsèrva~on concerning the short fiber com-

posite strength is ,the fact that unlike thè stiffness, the strength does 

not asymptotica11y approach the value for the continueus fiber composite 

(Chen (40)). This has been recognized as a consequence of the stress 

concentration around the f±ber ends (Barker and McLaughlin (41). Based 
J 

on Chen's exp,erimenta1 data, Halpin and Kardos (42) suggested the follow-

ing empirical correlation for a str~ngth reduction factor (SRF) : 
" 

(SRF) (SRFlo 
__ 15(3°·95) = l - exp ( 

(SRF) - (SRF) ° ~ qo 

p 

(2.27) 

The factor (3 is the ratio of the actual to the critical 

fiber aspect ratio, (SRF) 0 and (SRF)oo are strength reduction factors 

as the aspect ratio approaches unit Y and infinity, respectively. . The 

generality of the equation parameters should be examined using a broad range 

of exper~enta~ 'data. 

(a) Strength of Random Fiber Compos~tes 

Fai1ure mechanism in a random fiber composite can be very 

different'from that in an a1igned f!ber composite. 

; 
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Lees (43) has suggested a method for predicting strength 

'of random fiber composites using a failure lOOdel descrihed by Jackson 

and" Cratchley (44) • Three failure mechanisms are considered and the 

. co~responding composite strengths are given as: 

(1) Fiber failure in tension: 

°L 
for o<e~ el ' a .. -c 2 

cos e 

where 6
1 

' -1-' aL 
= tan -

T 

(2) Shear failure 'at interface: 

"[ 
for ,91 ~ 9 ~ e2 

cr - sine cose c 

where 6
2 

tan 
-1 O'T 

= "" T 

(3) Matrix failure in tension: 

Cl = c for f) .s;;;e~ rr/2 
2 . 

t2.28) 
,-

'1 
(,2.29) 

(.2.30) 

Here are the longitudinal and transverse strengths of an 

equivalent unidirectional ~omposite. Integration in the thickness direc-

tion from e = 0 ta e = n / 2 led to the equatian, 

", 

" 

J' . 
• 
i 
,i 
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+ tn (2.31) 

Chen (4Q) used a finite-element analys.1s for strength of 

unidirectional composite. Using this in bonjunction ~ith a method 

similar ta that of Lees led ta the following equation, 

where 

and 

0' (random) 
c = 2'[ (1 

'1\' 
+ tn 

E cr' cr 
j c m 

2 
t 

Ej ,is a strength efficiency factor 

06 is the composite strength acco~ding to the law of 

mixture equation (2.20). 

(b) Strength of Composite with· Fiber Orientation Distribution 

(2.32) 

Halpin and Kardos (42) have suggested a laminate analogy 

for the composite stren~th. A maximum strain theory of Petit and Wad-

doup (45) has been ernployed to define a failure criterion of lamina and 

repetitive calculation procedure till aIl the laminae have fairèd~ields 

the composite strength. 

~ 

Loughlin et. al. (28) ·havé used il similar approach but with 

a maximum stress criterion for çamposite failure. 

In general, however, the status of the theory for the fiber 

composite strength is not as weIl deveJoped as that for the stiffness. 

• 
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2~ Experimental Studies on Structure-Processing Relationships 

It is clear 40hat the properties of fiber compasi te 

materials a+e strongly dependent on the structure. Several investiga-

tions have been carried out for correlating the structure ta the process-

ing conditions. 
'1 

The mass scale production techniques like injection 

molding involve flow of materials in complex geometrles. Inclusion of 

fibers results in armelt structure that has significant influence on 

rheological characteristics (e.g., Chen et. al. (46), Chan et. al. (47» 

which in turn influences fiber orientation • Theoretical studies on flow 

. of suspensions with non-Newtonian matrices have not been very successful, 

(Leal (48» and hençe it becomes essential to revert to the experimental 

observations. 

bne of the earlier studies on the orientation of short 

fiber composites has been reported by Bell (49). He observed that in 

circular converging chann~ls, the fibers tended ta get aligned in the 

direction of flow, however no further orientation could be achieved along 

the channel length. AIso, the angle of convergence of the channel did 

not have a significant influence on the degree of fiber alignment. 

Lee and George (50) have further confirmed Bell's observa-

tions in their flow visualization exp~riments. They concluded that the 

extensional flow in the vicinity of convergent section plays a dominant 

raIe in aligning the fibers. 
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Takano (51), using convergent fIat plate rectangular 

channels, observed that fiber qrientation is strongly dependent on 

resin viscosity, fiber loading, angle of convergence and flow rate. 

A quantitative characterization of the experimentally ob-

served flow induced orientation has been attempted by Goettler (52). 

Using a variety of flow geometries in transfer molding experiments, he 

concluded that strong fiber alignment occurred during the convergent flow 

in the runner at the entrance and also by shear along its length. 

Higher viscosity and low flow rates tended to preserve this orientation 

at the mold surface while the core had transversely oriented fibers due to 

divergent decelerating flow from the gate to the mold cavity. 

The main problem associated with the quantitative characteri-

zation~ the fiber length and orientation distribution has been the 

visualization of 10 ~~ diarneter fibers less than l mm in length. 

Fuccella (53) has revie~èd various sLmple techniques for characterization 

of the fiber ori~ntation distribution. Charrier et. al. (23) have used 

sectioning and met~llographic polishing techniques. On reviewing var~ous 

methods, Darlington et. al. (54) concluded that the Contact Microradio-

graphy [CMRJ was the most promis~ng method. 

Using CMR technique, Bright and Darlington (55) found 

·that both matrix characterist~cs and molding conditions can have a signi-

ficant influ~nce on the fiber orientation in the injection molded parts. 

! 
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1. 
Various mold geometries and gate types suggested that usually the injec-

tion molded parts consist of a partially transversely oriented core 

surrobnded by random or partially aligned skins. The relative thickness, 

which determines the overall degree of anisotropy of the cross-section 

is dependent on the injection speed, rheological characteristics of matrix 

and part thickness (Bright et. al. (56), Polkes (57». 

Recently, Xavier et. al. {58} reported that, in addition, , 
~ . 

injection pressure and temperature can also influence the relative core to 

skin thickness and hence mechanical properties. 

( 2.3 Some Aspects of Testing of composite Materials 

The methods of testing homogeneous, isotropie materials are 

not satisfactory for fiber reinforeed composites because of their anisotropie 

nature. For the most common properties of tensile modulus and strength, 

end-gated injection molded dumbell shaped bars have been used (Titow and 

Lanham (2». However, it has been verified that results may prove mis-

leading due to preferential fiber alignment. 

Dunn and Turner (59) have suggested the use of three types 

of specimens: 

(i) injection molded ASTM bar (69), 

(ii) specimens eut from injection molded edge-gated cireular 

( dises, both in the direction of flow and direction 

normal to it, 



l. 

(Hi) specimens eut from injection molded flush-gated square 

plaques in directio~s at various angles to the major 

flow direction. 
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Results in~Ucated that the ASTM bars corresponded to a strong "along-

flow" orientation while the dise showed a relatively weak "cross-:-flow" 

orientation. For thin plaques, the property deteriorated as the angle 

between the direction of testing and that of the flow increased. It 

should, however" be remembered that the injection molded specimens may 

result in a skin and core structure, the relative thicknesses of which are 

strongly dependent on several parameters. It is not uncommon to fïnd 

for a given gate tyPe and flow geometry that the direction of overall 

reinforcement can change from the flow direction to the transverse direc-

tion (Bright et. al. (55~). 

Taggart and Pipes (60) have also pointed out that standard 

test methods cannot account for the heterogeneous fiber orientation dis tri-

bution resulting from mold flo~~conditions. They attributed failures in 

the gripping region of tensile specimen and excessive flexural strength 

measurements in their testing to such non-homogen1ties. They concluded 

that standard ASTM test methods could not be employed for quality control, 

specification values or component design. 

Stephenson et. al. (61) have suggested testing of the entire 

molded plaques 1nstead of eut-specimens to give gross scale average proper-

ties which can prove more appropriate for use in the designing applications. 
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It appears that universa1 testing procedures are yet to 

be deve1oped. The best way to characterize the composite properties 

would be ta measure them for each gate type, flow geometry and specimen 

thickness for a given resin-fiber system. However, thls would prove 

both time consuming and expensive. 

" " 

.;: . 
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CHAPTER III 

SCOPE AND PROJECT OBJECTIVES 

This project is a part of a comprehensive programme for 

studying the processing-structure-property relationships of polymer based 
\ 

composite~rials. 

3.1 Review of'Previous Studies in the Group 

The essential aim of the programmè is to'understand the 

processing characteristics of composite materials, analyze the structure 

of the resulting products and dete~ine their properties. The resulting 

knowledge of inter-relationship of these three factors can he of consider-

able importance in the optimization of the process itself as weIl as 

product properties. 

As one of the phases of the programme, study of short glass 

fiber-reinfprced thermoplastics has been undertaken. The research has 

been' carried out along two directions: rheological characterization in 

molten state and mechanical and structural character1zation in solid state, 

"-
with an aim to ultimately correlate the results (Charrier and Skatchkov 

(62) ) • 

For rheological studies, a special piston and channel t~e 

rheometer has been designed and built (Tran (63», Padmanabhan (64». 

, 
.' ~ • .n _ 
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Thé rheometer is used in conjunction with an Instron tester as a drive 

mechanism to obtain an adjustable flow rate and hence the shear rate. 

Channels are of two types: circular cross-section and thin rectangular 

cross-section, with variable diameters or thicknesses and lengths. 

This rheometer has been used to obtaln flow data for a variety of glass 

,\ 
fiber-thermoplastic systems {Chan et. al. (47, 65)}. 

FO,f studies of mechanical properties in solid state, two 
.... ' ... 

molding devices have been designed and built to produce plates of desired 

thickness and a fiber orientation that can be either random ("random" 

plates) or preferentlal in a given direction ("oriented" plates). The 

IIran~'omll plates are mad~~y a compression rnolding device that allows 

application of positive pressure on the material during cooling 50 as to 

minimize the inclusion of voids (Pouliot (66». The "oriented" plates 

are made using the so-called "premolding" and "shearin,;," devices in con­

junction. Details on their mode of operation are prov'ided in Chapter V • 

S Tèst pleces could be eut from these molded plates, so as to 

test them for me~hanical properties. The essential properties of interest, 

till now had been elasticmoduli in flexion and tension and static tensile 

strength. 

<\ 

For structural eharacterization, reliahle teçhniques for 

the detennination of involved parameters, viz., fiber content, f,iber 
. 

length.distribut~on and fiber orientation distribution have been developed 

f 
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(i'ran (63}, Padmanabhan (64». These distributions have also been 
/ 

mathematically expressed for their ready incorporation in a theoretical 

correlation (Charrier et. al. (25)). 

, . 
Attempts direeted towards theoretically studying thè selid 

state meéhanical behavior of c~posite materials have resulted in the 

development of a model for predicting elast!c properties of composite 

materials. This procedure has been reviewed in Chapter IV • 

3.2 Project Objectives 

, The present work is i~tended mainly as a contribution to-

wards the develo~ent of a cOmprehensive experimental method for generating 0 

data on meehanical properties of composite materials for use in the assess-

ment of the structure-property relationships (Charrier and Doshi (67». 

specifie objectives can be divide~ in two classes, theore-

tical and experimental, with a major emphasis on the exp~rimental work. 

'3.2.1 Theoretical 

Theoretical objective was'to consider relatively simple 

theories for prediction of mechanical properties of composite materials. 
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l 

The essential aim was to extend further the model built 

up so f~r as a step towards the development of a realistic theory for 

the global prediction of composite properties. It was decided to'con-

sider t,he theories ~or -elastic properties in some, depth ant\ just revi1ew 

those for ultimate properties Ccf. Chapter III • This review can be . 

of importance in further studies for devel9pin9 a generalized method of 

prediction. 

\. 

3.2.2 Experimental 

The experimental objectives were: 

, 1 (1) To mol~ plqtes of selected composite systems 

• 
with preferential fiber,orientation. i 

(2) To carry out mechanical testing for chosen 1 
properties. .j 

i , 
1 , , 
., ., First of aIl, it was necessary te mold plates of selected 
p 

i 
l 
< 

short fiber - thermo~lastic composite systems. Options were either ta 
"1 

use the injection melding procedure or the shearing device. It was ~ 
~ ., 
~ 
~ 

/ 
, aecided to use the shearing device because it offered a ~imple flow geome-. 

try so as to minirnize fiber degradation. Furthermore, it allowed an 

isothermal operation that could result in a more uniform structure, t~at 

is hamogeneous on a large scale, as against'that of an injection molded 

specimen CDarlington et. al. (29». 
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The molded plates were te be tested for various mechani-

cal properties for characterization of anisotropy induced by the fibers. 

Though previous studies emphasized only static preperties (modulus and 

strength) (Sudlow '(24), Poul.i!ot (66», for this proj ect, it was decided 

to study the :i.lilpact behavior of moldea plates in addi tien' to the proper-

ties measured at lew rates. 

\ 

o 
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1 
CHAPTER IV 

'rHEORETICAL STUDY ON STRUCTURE-l?ROPERTY RELATIONSHIPS 

( J", 

In spite of the techno1ogical importance of the SFRTP 

materials, a perfect and realistic theory of composite properties re-

mains to he developed. complications arise due to multitude of para-

meters, their individua1 variat).ons ,and complex interactions. The 

essential ~tructural parameters for a given system are fiber length and 

fiber orientation. / 

Results presented in this chapter attempt to'quantitatively 

explain the influence of these parameters on composite properties. 

Section 4.1 deals with the influence of fiber length distribution on 

composite stiffness for the special case of unidirectional fiber compo-

sites. Section 4.2 presents a review of the model developed by the 

group for predicting compos~te elastic moduli and referred to in Chapter , 

III. F~nally, Section 4.3 uses this procedure for a case of non-uniform 

fiber orientation distribution. 

It must be pointed out that the theoretical work reported 

in this chapter is viewed as a forward but not the final step in develop-

ing a realistic theory for predicting the composite properties for given 
... ,.I~) 

processing conditions. consequently it was not con~idered worthwhile,to 

attempt a detailed comparison of -the experimental results with those pre-

dicted by the theory at this stage. The theory is used to throw light on ,., 

the general behavior of model composite systems. 

." 

J 
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Unidlrectional Composites with Filier Length Distribution 

38 

. ~ 

a 1ength 

''liber degradation during processing and handlJg lead. te 

distribution, and an average length concept may not give a realis-

tic'representation. Renee, it is desirable to mathematically express 

the fiber length distribution and incorporàte it in the prediction -prp-

cedure. 

4.1.1 Fiber Length Distribution 'Function 

Fiber length measurements in molded parts after burning off ' \ 

resin has shown that the length distribut~on can be reasonably weIl re-

presented by the following log-normal distribution function (Tran (63) and 

Padmanabhan (64) 

1 
= 

/ 

- 2 
z - X) ) (4.1) 

where f' (~) represents the frequency corresponding ·to length z and 

fez) dz represents the fraction of f~bers in the' interval ~ + dz 1 2 

The equation has two'parameters, X and Sx. 

and Sx i5 the standard deviation of R.n z • 
-- \ . 

measurèd average fiber 1ength z and standard 
\ 

X = R.n [ 

and 

.' 

___ ...;;z;;......-., __ ] 

s 
(~)2}1/2 (1 + 
z 

X i5 the avera~e of R.n z 

are re1ated ta 

deviation Sz as 

(4.2) 
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s . 
[.tn (1 T (_ z) 2)J 1/2 (4.3) 

z 

') 
; ~d\ s'''' ,can ) '-, z be readtly obtained frOm experimental data 

1 
on fiber length l\)~surements, -x and can then he calculated using 

i 
equations (4.2) ël9d' (4.3) and the corresponding 1og~normal distribution 

functlon ean then be generated using equation (4.1). , 

4.1.2 Relationshi,ps for Elastic Constants 

of Unidirectional Composites 

Fiber reinforced composites can be highly anisotropie in 

nature and require more than two independent material elastic constants 

for desc~ibing their mechanical hehavior. A completely anisotropie 

-." , 

mate rial (one with no planes of symmetry) under three dimensional state of 

stress would require 36 elastic constants. However, some simplification 

15 possible when synunetries exist such as in the case of unidirectiona,J or 

aligned fiber composites. 

A unidirectional fiher composite 15 the one in w~ich aIL the 

fibers are aligned in a given directio..n. (See Figure (4.1». Such a 

material i5 orthotropic, that is, ~t has three mutually perpendicular planes 

of symmetry. Furthermore, if one can assume that the material is homogen-

eous on large scale, then for a two-dimensional state of stress in the plane 

represented in Figure (4.1) (quite representative for plastic components) 

one requires only four elastic constants, namely the Youngts moduli EL 

d • 

\ 
,1 
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Figure (4.1). Unidirectional Fiber Composite 

and its Elastic Constants. 
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and in the direction of fiber orientation L and transverse direc-

tian T 1 the shear modulus G
LT 

for stresses in the plane of the 

figure and :Poisson 1 s ratio ~LT for the constitutive relationships. 

As J;j;- been reviewed In Chapter II, there are several re-
" , 

lationships proposed to relate composite properties to component properties. 

However, for our purpose., it is essential to have a relationship that in-

corporates fiber aspect ratio as a parameter. Rayleigh-Maxwell relation-

ships in their generalized form have been used in this study (Charrier (1». 

Three of the four composite elastic constants are thus given as 

(2 z 1) 
Ef 

1) V
f 

+ {-
d E 

EL E [1 m 
:1 + 

Ef Ef ID 
(- + 2 !.) (- - 1) V

f E d E 

12.10a) 

111 m 

(~ + 2) 
Ef 

- 1) V
f 

(-
z E 

ET E [1 + 
ID = 

ID Ef 
~) 

Ef 
(- + l + (- - 1) V

f E z E 

(2.l0b) 

m m 

d 
2) 

G
f 

- 1) V (- + (-
z G f 

G
LT 

G [1 + 
m 

] = m G G
f (-.i + d 1) V

f 
1 + -) (- -

G z G 

(4.4) 

m lU 

and G being the fiber and matrix shear moduli in equation (4.4). 
m 

The fourth elastic constant IJLT 
is most commonly expressed in terms of 

the fiber and matrix Poisson' s ratios }1;e and ll
m 

respectively through 

the law of mixture equation, 
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= (4.5) 

The anisotropy of the unidirectional composites ls easily 

reflected in the values of EL and and hence the subsequent dis-

cussion is conf.ined to these two elastic constants. 

4.1.3 Moduli of Unidir~ctiona1 Composites 
1 

with a 
\. 

Fiber Length Distribution 

In a composite with fiber length distribution, fibers of 

various aspect ratios are distributed in a random manne'r and mixed inti-

mately. In order to predict the overall moduli, it i5 convenient ta 

l model the composites as being made up of several elements each containing 

fibers of a given aspe~t ratio. 

Several equivalent approaches can be considered. In the 

"parallel approach", the different elements with fibers of different 

aspect ratios are assum.ed to be arranged in parallel like laminates as 

shawn in Figure (4.2al. Each layer contains fibers of a given length Z • 

The volume fraction of the fibers in each layer is uniforrn and equal"to 

the overall fiber volum.e fraction in the composite, however, the thickness 

of each layer is proportional ta the fraction of the fibers of length z, 

i . e. , f (z l /::, z • 

Since each layer has aligned fibers of a given ,specifie 

( length, the elastic Gonstants ELCzl and ET(Z) for-the layer can be 
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Figure' (4 .2) • 

( 
Figure (4. 3) • 
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(a) 

Parallel Madel for Unidirectional Composite 

with a Fiber Length Distribution. 

(a) Composite, (b) Element. 
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Series Models for Unidirectional Composite in 

(a) L Direction, (b) T Direction. 
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determined by the direct application of equations (2.10a) and (2.l0b). 

The overall composite moduli EL and ET can be de ter-

mined as follows. Since the various layers are sharing the load in 

parallel in either L or T direction, the strains in aU the layers 

aI:e equal if one as::;mnes perfect bonding between them. The composite 

stress on the other hand 1s equal to the SUlll of the stresses in the in-

dividual layers. 

(4.6) 

where e:L is the composite or layer st;rain. Hence 

EL = L'EL(Z) f (z) Llz (4.7) 

For a continuous fiber léngth distribution described, for 

instance, by the log~ormal distribution function, the sununation sign can 

be replaced by an integral sign, 

= f EL (z) f (z ) dz 

o 

and for the T direction, the corresponding equation is 

<Xl 

(4.8) 

-(4.9) 

--~------
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However, an al ternati ve approach can he to consider the 

arrangement shown in Figure (4.3a). Here va:rious e1ements are in 

series with each other and hence this is referred as the "series mqde1'·. 

For this case, the length of each seriaI segment is proportionai to the 

fraction of f;i.bers of the corresponding Iength z , Le., f (z} t,z • 

For the load applied in the direction of fiber orientation, the stresses 

in various elements are equa1, while the composite strain is given by sum 

of the elementai strains. 

= , (4.10) 

where is the composite or elementai stress in the fiber direction. 

Hence 

l 
= 

l 
E (z) 

L 

f(z) f1z (4.11) 

Again for a continuous distribution, the summation sign can be replaced by 

an integral sign giving, 

(4.12) 

Also, a similar situation arises for the T direction if one considers 

the arrangement shown in Figure (4.3b), giving 

1 
l 

1 
1 
l , 
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(4.13) 

There does not seem to be strong logic in selecting the 

parallel arrangement in preference to the series model or vice versa, 

particularly, for a system wi th fibers of different aspect ratios mixed 

intimately. Hence a logarithmic summation procedure given by 

00 

~n EL = l ~n EL(z) fez) dz (4.14) 

0 

and 
• 

00 

~n ET = l tn ET (z) f (z) dz (4.15) 

0 

-
providing answers intermediate between those given by the above two ap-

proaches was considered (Charrier and Sudlow (30» for getting overa11 

composite moduli. 

4.1.4 Results of Computations and Discussion 1\ 

The main obj,ecti ve here was to study the effect-of consider-

ing a fiber length distribution as against assuming a uniform length 

represented by an average value on the predictions of SFRTP moduli. 

Table (4.1) shows the specifie values of E ,Ef' S and m z 

(z/d) used in this study. Values of E were chosen to cover the r~ge 
m 
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TABLE (4.1) 

VALUES OF PARAMETERS USED IN COMPUTATIONS 

FOR STUDYING THE EFFECT OF FIBER LENGTH ON COMPOSITE MODULI 

l?Aru\METER 

E 
m 

S (po1ydisperse} 
z 

(z/d) 

\ 

'VALUE OR RANGE OF VALUES 

- 7 
68. 9 GP~ (10 psi) 

0.689 - 3.445 GPa 
1 

(1 x 105 5 x 105 psi) 

0.25, 0.45 

30 

o - l 

1 
l 

47 1 
l 

1 
1 

.' 
,. 

1 
1 , 
'~ 
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of properties of the utility thermoplastic,matrices, while values of 

s and (z/d) were chosen to represent typical fiber length distribu­
z 

tions found in extruded or injection molded parts (Tran (63), 

Padmanabhan (64). Computati.ons were done for V f = a to V f "'). for 

the sakè of cOInpletenE!ss, though for a real SFRTP, V f would seldam 

exceed 0.3 

Figures (4.4a and h) show the variations of EL and E
T
-

for composites with uniform fiber aspect ratio ("monodisperse") as the 

latter iÎl"'creases for various values of Ef 1 Em and V f = 0.2 • Both 

E' s are reduced by Ero' the moduli that would correspond to compo~ites 

with infinitely long fibers (z/d =',co) • It i5 seen that the effect of 

aspect ratio on ET is insignificant, while in the L direction, the 

reinforcement efficiency of the fibers increases rapidly with (z/d) • 

However r this increase is depandent, on the matrix and fiber pr.ope~ies. 

For soft matrices, the increase in EL !s "much slower than for stiffer 

matrices. 
1 

Hence for a compos! te wi th a stif f ma tr ix, the f iber length ',\ 

• may not be of significant importance, provided most of the fibers are above 

l 

<' a certain minimmn length. Whereas for a soft matrix, a~ long fibers as 

possible would be desirable 'for better :a;einforcement. 
" 

• 
The overall composite moduli for the log-normal fiber 

length distributiox:. were determined using aIl the three approaches, viz .• , 

series, parallel and logarithmic. As expected, it was found that the 

logarithmic summation always gave predict;ions intermediate between those 

g'iven by the other two procedure::;. The differences ,betweèn the resuJ. ts 
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0' 

... 
are relatively large for EL as compared to those for ET as illustrated 

in Table (4.2) for Ef 1 Em = 100, V
f 

= 0.2 and ,sz = 0.25 

forth, only the results obtained by the logarithmic summation are 

Hence-

considered. 

Figure (4.5) • show the variations of Ê
L

" and ÊT wi th 

~ theflfiber volume fraction for various values of s z 
for E 1 E = 100 

f m 

(E = 0.689 GPa or 100,000 psi) representing a soft matrix like poly­
m 

ethylene. Fi9?Xes (4.6) show thé similar results for Ef 1 Em = 20 

(E = 3.445 GPa or 5000,000 psi) which would correspond to a stiff matrix 
m 

like Polystyrene. In both figures, the composite moduli are reduced 

by E 
m 

It is seen from the plots for -EL that the broader the length 

distribution the lower is the value of the composite modulus relative to 

that predicted assuming a monodisperse fiher composite. However, dif-

ferences are not as large in the case of a stiffer matrix composite as in 

the case of a softer matrix composite. . 

Hence, it rnay he concluded that the assumption of uniform 

aspect ratio represented by a mean value may lead to an over prediction of 

composite stiffness in the fiber direction of a unidirectional composite, 

though the error may not be very serious ~n the case of a stiff matrix 

composite with a relatively narrow fiber length distribution. However, 

it must be remembered that for partiàlly aligned fibers, influence of 

fiber length distribution may he stronger, particularly when longer fibers 

have greater or lower tendency to get oriented in a major direction than 

shorter fibers during proc~ssing of SFRTP 

-, 
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TABLE (4.2) 

COMPARISON OF RESULTS OBTAINED 

" ' 
BY DIFFERENT METHODS OF SOMMATION 

" 

" 

E lE ' '"' 100 Vf = 0.2 f., m 
\, 

.n 

S = 0.25 , (z/d) = 30 
z 

(p01ydisperse) 
/ 

.. 
Method of EL ET .' 
Summation (GPa) ,(GPa) l' 

(. , , 

.. 
P,aralle1 5.825 1.037 

'Logari thmic 5.458 ~.034 

Series, 
, 

5.06+ 1.034 
.. ' 

,0 

Uniform (z/d) = 30) 6.624 " 1.030 

":.,' 

( 

.. 
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There is an additianal ~oint ta he noted. The value 

of the average aspect ratio used in the above computations is close 

to the number average value determined experimentally in molded samples 

(Tran (63)1. A seeming~y easier experimental method would involve the 

determination of a weight-average value by screening analysis. When 

just_the Mean aspect ratio is used in theoretical predictions assuming 

a monodisperse system, it becomes rather ambiguous as to which average is 

appropriate to use. It must be emphasited that sinee the weight average 

can be significantly higher than the number ave~age depending on the over-

aIl distribution, 50 would be the corresponding predicted properties. 

However, while usinga distribution function of the type used in the above 

analysis, sueh an âmbiguity is .removed. ' 

4.2 Review of Model for Evaluating Elastic Constants of Com­

posite with Fiber Orientation Distribution 

A model has been developed by the gr~up for computing elastic 

constants of composite with a fiber orientation distribution in a plane or 

in space, but with a monodisperse fiber length represented by an average 

value. It has ~en discussed in detail by Sudlow (24). 

The first stage i5 the evaluation of the four elastic con-

stants for planar stresses in ter.ms of material constants of the two phases 

for the unidirectional SFRTP composite, the reference direction being 

the direction of fiber orientation (see Figure C4.7a»). Rayleigh-Maxwell , 
'1 .. 

J 
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(a) unidir~ctional Composite 

(b) Reference Directional at angle e té that 

of Fiber orientation 

(c) Symmetrical System 

E'~gure (4.7). Systems Used in Model for Elastic Modu.lL 
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equations (2.10a and b) and (4.4) are ~loyed for evaluating EL ' ET 

and GLT and law of mixture eg;uation (4.5) for l1LT • 

The next 'step 15 to compute elastic constants for the 

unidirectional composite, reference direction being at ah angle El to 

the direction of fiber orientation (see Figure (4. 7b) l. For planar 

stresses, the stress-strain relationship can be represented as 

~ 
1 , xy xy xy 

E Cn C
l2 

C
l6 

0,' 
x ~ 

C
xy xy xy cr (4.16) E C

22 
C

26 y 21 Y 

xy 
C

xy 
C

xy 
'(xy C

61 
T 

62 66 xy 
.. 

where 
xy 

Cn etc. are components of che compliance matrix. - Application 

of the the ory of elasticity gives 

;' 

~ , 

-1 
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(4.17) 

The e1astic constants with respect ta the directions x and y of Figure 

(4.7b) are related ta the elements of compliance matrix as 



( 

\ 

<. 

II = xy = 

59 

(4.18) 

The next step is to evaluate ~lastic èonstants for a sym-

metrical arrangement of two unidirectional layers, the reference directions 

being the directions of symmetry. The system is shawn diagrammatically 

in Figure (4.7c). The two layers are assumed to he p~rfectly bonded 

together, 50 that there is no shearing between them when normal ,stresses 

in the directions t'or tare applied. Also it is assumed that equa1 

number of fibers lie symmetrically at angles +6 and -6 with r~spect to 

the direction t. Such a system, then, requires only four constants for 

p~anar analysis, the compliance matrix being represented as, 

tt cR.t Cn 12 0 

c)',t .et 
c

12 
c

n 
22 

0 (4.19L 

0 0 cR.t 
66 

" The c9mpliance eleme.nts ç [ C
lt J of the synunetrical system are related 

te l C
xy 

J of the previous non-symmetrical system as 

, i 
\ 

\ 
] 
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, ' 

( cX":!- ) 2 
16 '----
?t'Y C
66 

c~t ~J(V 
22 = C22 

xy xy2 xy (CXY) 2 ~ xy xy xy 
R.t Cu (C

26
) + C22 2 C

n 
C12 C26 xy 16 

.C66 = C
66 2 xy 

C
xy (Cxy) , Cn 22 12 

(4.20) 

The four e1astic constants with respect to the directions of symmetry R. 

and tiare given as 

ER. 
1 1 

= Tt" Et = R.t 
Cn C

22 

R. t - (4.21) 

GR.t == 
1 C

12 
o Il R.t = R.t Jl.t 

C66 ~ Cll 

Reàl systems neither have unidirectional nor symmetricàl 

(+9, -6) fiber orientation, but rather a f~ber orientation distribution. 

Based on the concept of affine deformation of an initially random composite, 

Il a thearetical fiber orientation distribution function has been derived both 
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for planar (aIl fibers lying paraI leI to a plane) and spatial (three 

dimensional fiber orientation) cases (Sudlow (24), Charrier et. al. (25». 

For the planar case, 

d veel de = 2 
11' 

('cos e + 
c2 

R, 

(4.22) 

• 
Here d V(9) represents franction of fibers that are oriented in the 

direction a with respect to the reference direction R, and CR, is 

the orientation parameter. CR, = 1 corresponds to random-in-plane 

orientation while C > 1 R, represents a preferential orientation in the 

R, direction. 

f 

For evaluating the overall elastic constants for a com-

posite with fiber orientation distribution, one may assume the composite 

to be made up of several elements corr~sponding to different values of 

angle e . As described in Section 4.1 for fiber length distribution, 

aga in, several alternative approaches are possible: parallel arrangement 

give~, for R, direction, 

11/2 
'"' J ER, (el d veel ER, 0= (4.23) 

0 

whj,le series arrangement gives 

1 

1 , 

1 
l 

! 
t 

" 
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1 
(4.24) d veel - = 

The real answer probably corresponds to an i~termediate arrangement and 

the logarithmic summation seems more justified, 

rr/2 

~n Ei ~ l in Ei (9) d veel 
o 

(4.25) 

'~Similar equation can he written for the mogulus in the t direction. 

An extension to spatial case has also been ~ursued (sudlow (24», however, 
y l 

this review ls confined to the simpler two dimensional case. 

~ / 
4.3 Elastic Constants of Composite with Non-Unifor.m Fiber Orien-

tation Distribution Across Thickness 

The model reviewed in Sect~on 4.2 assumes a uniform fiber, 

orientation distr~bution, i.e., for a planar case, a single value of Ci 

is assumed to be sufficient to describe the fiber orientation distribution 

thr~ughout the composite. 

, -; However, particularly;~case of ,injection molded sarnples, 
1 

the orientation distribution is not found to be homogeneous (Darlington et. 

a;L. (54), Folkes (57». It has been suggested that the structure-through 

the thickness can be divided into several layers. Usually, the high shear 

stresses and high viscosity near the walls of the mold cavity during mold-
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1 

ing lead to preferential fiber alignment in the flow direction below the 

surface of the molded samples. 

cause random or even transve~se 

sequently a si~gle value of the 

In the core, the decelerating flow may 

fib~r oriertation (Figure (4.8». Con­

orientation parameter Ci may not he 

sufficient to describe the orientational structure of the system~ 

4.3.1 Model for Non-Uniform Fiber Orientation Distribution 

\ 
A perfect simulation for a composite with non-uniform 

fiber orientation distribution would require a complete structural , 

characterization through the thickness to get the knowledge about point by 

In the absende of point variation of the orientation parameter c~ • 

su ch a knowledge, a simple model was developed where 
1 

Ct \-las ass~ed to\---

vary from the center to the surface givin~rise to a non-homogeneous 
r,' 

orientation distribution. Such ~ case, though far from the actual situa-

tion, can illustrate the concepts of nGn-uniform structure and its in-

fluence on the composite properties in a simpre manner. 

r . 

· ... In this model, the c~ntral pIFe is assumed to have a 

random-in-plane fiber orientation corresponding to c~ = 1 • It is as-

sumed, that C~ varies linearly across tfie thickness, (Figure (4.9» so 
, " 

that at any location from the central plane 

= 
h 

l + . h (C
iM 

- 1) (4.1.6) 
m 

, . 
\ 

..., .. -----

-, 
l, 

1 

l 
1 
'1 

1 

1· 
-i 

1 , 
cl 

~I 
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Figure (4.9). 
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(a) Flexure 

_1 

Figure (4.10). 
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variation of across the Thickness 

for Model • 
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(h) Tension 

strain Distribution across the Cross-section. 
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where is the maximum value of Ct at h h at the surface. 
m 

By assuming the central plane to he random, one is thus left with a 

single parameter C~M' thus simplifying the situation. 

The overall composite modulus can be determined using 

65 

the laminate analogy of the parallel model, since here it i5 appropriate 

ta assume various layers correspond~ng to different values of Ct to 

share 19ad in parallel wi th each other. The elastic constants for any 
.q 

layer corresponding ta a given value of c~ can be determined by the 

method,de~cribed in Section 4.2 .' The overall composite modulus can then 

be obtained by carrying out a summation across the thickness. 

Due to non-uniformity of the structure, material i5 no 

longer homogeneous ,even on gross scale. Because of the variation of the 

moduli, the stress-strain relationships across the thickness are not 
1 

equivalent. Consequently, the elastic moduli in [the directions of sym-

metry in tension and flexure are no longer equal, since flexure leads to 

highest tensile or compressive strains near the surface while the strain 

at the neutral axis (central plane) i5 zero as shown in Figure (4.10a). 

Tension, on the ot:her hand, causes uniform strain throughout the' cross-

section (Figure (4.l0b». 

The observed differences in, the composite tensile and 

flexural Il\Oduli may thus be direct products of strùctùral inhomogenei ties 

and in fact" independent measurements in tension and flexure may be us,ed 
" 

" 
';\ 

1 J.", 
~ . 

. l.,,' , 

hl 
1 
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to throw light on the through thickness strUctural variations. In the 

following, the effect of the non-homogeneous structure is illustrated 

in terms of the ratio of the overall flexural ta the tensile moduli of 

o 
the composite. 

The ovèrall composite modulus can be evaluated .as follows~ 

Deflection cS for a layer corresponding to a particular value of CR, 

under a force dF in a three point bending test is given by 
" 

cS = (4.27) 
48 E (h) dl 

where S represents the span length, dl is the elemental moment of 
'1 

inertia and E(h) is the modulus, a function off CR, and hence of h 0 

<1) 

The total load F acting on ~he composite section for a 

deflection ô, is 

F 

+h 
m 

J 
-h m 

E (h) dI (4.28) 

However, if 
f 

E represents the overall flexural modulus, then for bend-

ing of the Emtire section 

F = (4.29) 

where l is the moment of inertia of the enUre section. 
.. C) 

Equat.l.ng equa-

tions (4.28) and (4.29) , 

" 
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+h 
m 

i J E(h) dl 

-h 
m 
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(4.30) 

Since land 
\ 

terms of cross-sectional dimenSiOnS~ dl can be expressed in 

of composite 

+1 

f E (h) ( L ) 2 d ( !l... ) 
h h 

-l m " m 

3 = 2 

This relationship i5 val~d for bath t and t 

Hence, overall longitudinal flexural modulus i5 given as 

+1 

0% J Ëi (h) 

-1 

h 
h m 

and overall transverse flexural modulus is given as 0 

( ~)2 d( ~) 
h h m m 

(4.31) 

directions. 

(4.32) 

(4.33) 

The overall longitudinal tensile modulus:is simp1y given by 

l 
2h 

m 

+h 
m 

J ËR, (hl dh 

-h m 

and the overa11 transverse tensile modulus is given by 

\ 

1 

1 

; -
l 

1 
1 , 
! 
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2h 
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+h 
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f Êt (h) dh 

.... h 
m 

f 

68 
) 

(4.35) 

f 
The ratios ( !... ) and 

t 
E • R, 

É!-. ) can then be used ta 
Et t 

illustrate the effect of non-homogeneous fiber orientation distribution~-

>-

4.3.2- Resul ts and Discussion 
'1 

Table (4.3) shows 'the yalues of material parameters used 

for thése calculations. These were chosen to represent a typical in-

ject~on molded utility thermoplastic-glass fiber system. Table (4.4) 

As shows the values of CR,M at the s;urface chosen, for computations. 

indicated earlier, in all cases the central plane was assumed to have a 

random fiber orientation corresponding ta CR, = 1- • 

Figure (4.11) shows the variations of ER, and 

the thicknes s for variation of , Ct fram 1 to, ~1M = 2 and V f 

Here, the elastic moduli have been reduced by the matrix modulus 

across 

0.2 • 

E for 
m 

convenience. As expected, the modulus in the direction t i5 quite high 

1 

and that in the direction t is low near the surface which is subjected to 

the highest strain in flexure. 

Figure (4.12) shows the variation of (E
f 

/ Et) 1 and 

(E
f 

/ E
t

\ ·wi th fiber volume fraction for the above case. Again; the 

p 1 
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TABLE' (4.3) 

VALUES OF PARAMETERS USED IN COMPUTATIONS OF OVERALL MODULI 

OF COMPOSITES WITH NON-HOMOGENEOUS ORIENTATION DISTRIBUTION 

PARAMETER 

E 
m 

(;jd) (monodisperse) 

VALUE OR RANGE OF VALUES 

68.9 GPa 
7 

(la psi) 

1. 378 GPa (2 x 105 psi) 

30 

0.3 

0.2 

0-1 

) ..,., 

TABLE (4.4) 

VALUES OF C R.M USED IN COMPUTATIONS OF SECTION 4.3 

NO. CR.M (SURFACE) 

1 2 

2 5 

3 10 

4 50 

5 100 ,( 
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oriented 

Random 

C = 1 
'- t 

= 2 

1L--------L--------~------~------~1 
1 0 

figure (4.11). 

h/h . m 

Variat~on of Et and ~t 

for Variation of Ct = 1 

V
f 

= 0.2 , 

across the ThickneSs 

ta CR,M'" 2 

(z/d) = 30) 
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resul ts are presented for the entire range of V f for the sake of can-

pleteness. It ls seen that for the case of strùctural non-homogenei ty 

discussed, the flexural modulus in the t direction is significantly 

/ 

higher than the tensile modulus, while in the t direction, the tensile 

modulus ls higher. \. 

Table (4.5) shows the comparison of the moduli ratios for 

the various values of C
tM 

considered when V f = 0.2 • It is seen that 

as the value of CR,M is iiicreased, the ratios E
f 

/ Et in both directions 

approach unity. 
\ 

This appears to be related ta the fact that ~e moduli 

and become relatively insensltive to value of Ct when be-

cornes larger. 

There are a few points that should be em,Phasized here. 

The above analysis asstuned a linear yariation of Ct across the thickness, 

but in an actual case, abrupt variations in the degree of fiber alignment 

from the center to the surface can occur and hence the effect of structural 

non-homogeneity can be even stronger (Pouliot (66». Also, in the above 

analy~is, the central plane was assumed to have random fiber orientation 

wlth Ct =. l • But a strong transverse fiber orientation (Ct < 1) has 

been found (Darlington et. al. (54» in some injection molded parts. 

For such a case, the differences in measured flexural and tensile modu1i 

can be even greater. Though the scope of the present theoretical work 

and time limitations did I;lot allow further modifications in the model, it 
, ... 

does i1lustrate an ~pproach whereby experimenta1ly determined modu1! can 

be used to assess the structural inhomogeneity in the rolded parts. 

, -, . , 
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TABLE (4 .'5 ) 

COMPARISON OF RATIOS OF 
( 

. \ FOR VARIOUS VALUES OF C R,M FOR V f = 0.2 

~. ----------------------------------------------------------------
CR, VARIATION 

1 - 2 1.1386 

1 - 5 1.156 

1 - 10 1.106 

1 - 50 1.02 

1 - 100 1.015 

. , 

( 

, 
j 
J 

.1 
1 

1 

1 

\ 
j 
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CHA;J?TER v 

EXPERIMENTAL PROGRAMME 

The essential aim of the experimental pragramne was ta 

ma Id plates with preferential fiher orientation,of selected short 'glass 

fiber filled thermoplastic composite systems, measure selected mechani-

cal propertias in arder ta character ize their mechanical anisotropy and 

analyze this anisotropy in terms of structure. 

The composite materials were supplied in the form of 

approximately 6 mm long cylindrical pellets with desired glass fiber 

contents. Molding was carried out using the shearing device referred 

( 
ta in C1:apter III, but a modified procedure was used with some changes 

in the device itself in order to make the whole operation eas~er and less 
. 

tinte consuming. The molded plates were then tested ~or selected 

mechanical properties. 

The experimental programme Can he summarized as: 

(1) MOlding of compositë materials available in pellet forro 

into 100 mm x 100 mm (4 in. x 4 in.) square plates of 

two 1;hicknesses, 1.6 mm (1/16 in.) and 3.2 mm (1/8 in.) 
, 

with preferential fiber orientation. 

(2) Cutting of small test-pieces from the malded plates both 

in the direction of preferential fibér orientation u,) and 

the direction normal to it (t) • 
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t 
(3) Testing of these test~pieces for se1ected mechanical 

properties in order to characterize the mechanical 

anisotropy of molded plates. 

( , 
Section 5.1 below describes the molding devices and mold-

ing operation in detail. Section 5.2 presents information on the 

nu1terials used for this study. This is followed by detailed descrip-

tion of testing procedures in Section 5.3. -

5.1 ~olding--operation 

( 
In order to make plates with preferentia1 fiber orienta-

/. ' 
tion, a set of two devices have been bui1t by previous researchers in 

the group. These are referred to as the "premolding device" and the 

"shearing device!' (Pouliot (66)'). 

5.1.1 Review of the Procedure used by Previous Researchers 

lI'he premo1ding and shearing devices were used in sequence 

in order to make a plate wit~ preferential fiber orientation. 

5.1.1.1 premo1ding Deviee 

The basic components of the pr~olding device were two 

<-
symmetrical hqlves and a piston. Figure (5.l) shows one half of the 

o 

( 

1 
i 
i , 

. 
i 
1 , 
i 
l 

f 

l 
~ 
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Figure (5.1). 
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Prenolding 
Block 

Plate 

A Half of the p;re.méllding Deviee with a Premold:ing. 

." 
" 
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( 
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device. When c-losed, the two halves formed a space consisting of a 

reservoir and a thin sUt or gap. Each of the haH was provided with 

four 12 nnn (1/2 in.) diameter hales drilled through, so that, four 

cartri9,ge heaters (300W each) could be ins~rted intol each half' for 
1 
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heating, 'For cooling, the heaters were removed and cooling water tubes 

were inserted into 'the hales. Figure (5.2) shows a skel;ch af tlle de-

vice assembled for molding. 

For rnaking a "prémolding" in this device, the two hp1ves 
" 

were closed and pellets were placed in the gap. The device was heated 

in order to melt the pellets and th en the pis'ton was introdu~ed o~to the 

reservoir ana· used to compress the pellets into a "premolding" cbnsist-.. 
ing of a black of composite with randomly oriented fibers (forme,d.~in the 

reservoir) and a thin plate (foI'med in the gap). During this compress-

ing operation, the two halves were he1d together using a hydraulic 

cylinder as shawn in Figu:r;e (5.2). 
, 

The compressed black was cooled by 

, -
running cooling water thraugh the holes :hn each half while maintaining 

under pressure so as ta reduce void formation and then 'the premq-lding was 

removed after opening the device, Figure (5.,3) shows a sketch of a pre-

mo1ding made in this way, 

5.1,1.2 Shearing Deviee 

L 

The shearing device was of a more complex design and opera-

tion than the premolding device. 
l 

Its basic components were two halves, 

'. 

/ 

\ 1 

1 
1 
1 
j 
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two pis~ons and two hydraulic cylinders'- pumps assemblies. Fig\U'e 

(5.4) shows a half of the shearing device. ,When assembled, the two 

;l~lves enclosed a space that con~isted of three regions: an upper 

reservdir, a central thin gap o~ a slit and a lower reservoir. Each, 

half was provided with a rep1acable spacer so as to change the width 

of the central gap. As shown schematicany in Figure (5.5), three 

different widths of 1.6 mm (1/16 in.), 3.2 mm (1/8 in.) and; 6.4 JIJItI 

(1/4 in.) could be obtained. 
~ 

Each half was also provided with four 
\ ' 

11~,:mm (J,/2 in.) diameter cylinddcal holes for insertion of cartridge 

AIso, right behind each spacer, a rectangular cooling cavity 

was provided through which cooling water could be circulated for effi-

cient and fast coolinç. 

device. 

The 

pramolding blocks into 

Figure (5.6) shows the assembled shearing 

operation consisted of placing two 
~ 

upper and lower reservoirs of the shearing de-

vice. The premoldings could then be melted by heating the device. By 

. creating a pressure differential across the two pistons, the mol ten 
o,~ 

reservoir could ~~ tr~red through the.cen-

reservoir. During the.operation, the two halves 

material from the upper 

tral gap into the lower 

were held together by means of a hydraulic cylinder as shawn in Figure 

(5.6) • 

The flow of ehe molten material into a 'converging channel 

from the upper, ,reservoir into the gap followed by shearing in the natrow 
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gap caused many of the glass f:i,bers to get aligned pr=-ferentially in the 

direction of flow ~d hence the resulting "sheared plate" had preferen-

tial fiber orientation in the flow direction. The device was then 

water-cooled and opened to get the "sheared" molding. Figure (5.7) 

shows a sheared molding. 

1 

The differ~nt gap widths of the central section allowed 

different shear rates to be achieved during the transfer operation and 

hence different degree of fiber alignment and a study of other effects 

of part thickness. A thinner gap was e.xpected to generate a more 'Iin-

plane" ofiber lay-out compared to the thicker gap, thus allowing a "two-

dilnensional" or "three-dimensional" fiber orientation. 

The shearing device was designed ta permit the transfer 

~ 

operation in three possible ways: 

The first method was to conne ct the upper transfer and 
-, 

compression cylinder to a hydraulic single speed - hand pump and to re-

place the lo~er transfer and compresl:iion cylinder by a spring and stopper 

system (see Figure (5 .8a) ) • The spring acted to provide a counterforce 
~ 

during the transfer. ,The lm-rer piston moved downwards during the transfer 

operation till it reached the stopper. 
~ 

Further application of force on 

the upper piston caused the pressure on the molten material to rise to a 

èiesired level and the material could then be cooled under pressure. 

! 
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The second method was to adapt the shearing deviee to an 

Instron tester by coupling the upper piston to the Instron cross-head .. 

The upper piston could then be driven meehanically at desired speed and 

hence the flow rate could be accurately controlled~ 

f 

1 
1 

The third method was to make use of a hydraulic .control. , . 
system for each cylinder as shown in Figure (5 :Sb). Each piston system 

eould he attached to eleetrically driven hydraulic pumps and an ad just-

able pressure relief or control valve. < The pressure difference could 

then he adj usted to gi ve a controlled floW through the gap. 

The. first· method was the simplest one and was used by tl;le 

( previous researchers. This method did not allow precise flow rate con-

,on 
trol, hut it'was felt that such a precision was not essential due in 

partieular to the existence of several other uncontrolled variables. 

5.1.2 Modification of Shearing Deviee and Molding Procedure 

5.1.2.1 Modification in Lower Piston Assernbly 

For the present work, it was decided that the shearing de-

vice he used in accordance with the first method described above, but 

with a modified spring and stopper system. , 

l ' 
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5".1.2.1.1 Reasons for Modification 

The original spring anq stopper assmebly necessitated 

travel of the lower piston through a constant distance before the 

, 
stopper was reached. Consequently, a large amount of material some-

times had to be t,ransferred fr'an Othe upper reservoir through the gap 

. 
into the lower reservoir before the system pressure could be built up. 

It ,was decided to modify this assmebly 90 that the travel 

of the lower piston could be preset befje the transfer operation. In 

this way, any desired amount of material could be transferred. Conse-_ 

fJ , , 

quently, the blocks in the reservoirs could be re-used for making 

successive plates. 

5.1.2.1:2 Operation of Modified Lower Piston Assembly 

Figure (5.9) shows the new lower piston assembly. It 

essentia~ly consisted of two concentric cylinders and a threaded piston-

rode The lower piston was attached to the piston-rod. A spring 

between the inner and outer cylinders provided the counterforce during 

the transfer operation. The position of the inner cylinder could be 

adjusted in relation ta the lower piston and the outer cylinder by a hex~-

gonal nut. During the transfer operation, the inner cylinder moved 

down with the lower piston into the outer cylinder till it reached the 

bottom. No further transfer could then occur and hence the system pres-

sure would start increasing upon application of :more force on the upper 

piston. 
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(: , 
Since the position of the inner cylinder with -respect 

-~. 

to the' outer' cylinder cou Id be adjusted by the hexagonal nut, a 

precise amount of ~terial could be transferred before the system j \ 
pressure started rising. Thus the lower piston could each time be '. 
adjusted to transfer just enough material fram the upper reservoir into 

the gap and then the transfer operation could be stopped. 

5.1.2.2 Modification in. Molding J:irocedure 

5.1.2.2.1 Reasons for Modification 

As discussed previously, the sheared plates were made in 

( two stages: first a pair of premoldings with randornly oriented fibers 

was obtaiped which was then used in the shearing device. The basic 

objective behind using the compressed premolding blocks in the shearing 

device was to minimize the inclusion of air bubbles or voids in the 

sheared plates. HQW'ever, some preliminary exper iment's showed that ~ the . 
premolding operation was relatively involved. 

, 
During heating of the premolding device, four cartridge 

heaters were installed in the hales of each half of the device, while 

during cooling cycle, the heaters had to, be removed to be replaced by 

cooling tubes. This practice made the eI1tire procedure highly laborious 

and time consuming. Also, the four drilled holes gave relatively in-

effective cooling as against the shearing device where each half was pro-

vided with a large rectangular coo,ling cavi ty adj acent to t?e thin central 

gap. 
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• 

It appeared that sheared plates of gooo quality could be 

made by directly using the pellets in the sheai'ing device and avoiding 

the use of the premolding device completely, making the whole operation 

quite efficient. The pellets could be compressed in the shearing de-

vice to make an "equi v~lent premolding" and ~o su ch blocks could be used 
" /-\ 

to make a sheared plate as described before. Time saving could be 

achieved both by effioient cooling in the shearing device and re-use of 

the reservoir blocks for making successive sheared plates. 

5.1.2.2-.2 Modified Procedure 

( 
(a) Basic Procedure in making a Premolding in the Shearing Deviee. 

For this .purpose, pellets of the material were introduced 

into the upper reservoir. The space between the two halves was closed 

at the bottom by the lower piston just to prevent wy pellets that passed 

- through the ce,ntral gap into the region of the lower reservoir from 

falling out. Some pellets .would thus collect in the lower reservoir, in 

the case of the wider gap, however, in almost aU the cases, most of them 

filled "!!he upper reservoir. ~ Approximate1y- 200 - 250 ml o~ pellets 

were used for making a block. 

The device was heated by four 300W cartridge heaters 

installed in each hal-f. Because of the large mass of metal involved,. 

it took approximately 35 - 40 minutes for the entire device to heat up 

to the des.ired temperatUre of 190oC. The power supp1y. to tne heaters 
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~~, method proved adequate for controlling temperature within + 2
0

e 
.... ..,---- . 

, . 

,v 
during compression or transfet stage. The highly viscous molten mass 

was then compressed under reasonable pressure applied hydraulically to 

the upper piston, so as to pack the mass but not tO,cause excessive 

flow. Throughout the operation the two halves were held together by 

a horizontal force(of 50000 lb.) applied by the hy~aulic cylinder. 

was turned 'On. 

After compression, heating was stopped and cooling water 

It was possible to cool the 6evice to below sooe in 

about 35 minutes time. Deviee was then opened to rem~ve the block of 

polymer. It may be noted that though the pressure during cool~g was 

qui te low (of the order of 2 - 4 N/mm
2 

(300 - 500 psi» (as against 
1 

20 N/mm2 (3000 psi) used in premolding device), inclusion of air bubbles 

in the blocks was not very high. 

The resulting block is shown in Figure (5.10) A partial 

flow into the gap was unavoidable, however, the resulting portion could be 

out off and the remaihing block could be used in the upper or lower reser-
Î'\ 

voir • 

. (b) Basic Procedure in making Successive Plates fram a given pair 

of Reservoir Blocks 

Once two blocks of a materia2 were made by the procedure 

described-above, they were placed in the two reservoirs, the central gap 

,P 
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-remaining empty. The device was heated to 190
0
C·. The inner cylin-

der of the lower piston assembly was adjusted to pr9per level in order 

to allow transfer of a volume of the molten material slightly more 

than that necessary to fill the gap. - The two halves-were held together 

during the transfer operation by a horizontal force of about S x I06N 

-. (12(J';'OQO 'lbs.) • Jhe air initially present in the gap must have,been 

forcèd out through thin spaces between the tw~ halves, but no si9Oifi-
" 

cant leakage of plastic was ever noticed: 

When transfer was comPlete, the pressure on the molten 

polymer w~s increased to approximately 
2 -

2000 N/cm (3000 psi). The 

heaters were turned off and the device was cooled to below sooe by 

circulating water in the channel to get the sheared molding shawn in 

Figure' (5.7). The central sheared plate with preferential f!ber orien-
t' 

tation in the flow direction was cut off and retained. It may be noted 

that air inclusions or voids in the plates were insi90ificant for aIl 

the composite systems studied., 

The upper and lower reservoir blocks were re-used for 

making more plates. Re-use of blocks meant reheating of the material 

-and on successive usage, it might be expected to cause degradation of the 

polymer. However, probably due to relatively lower temperature involved, 

there was no visual sign of degradation in any of the three to four plates 

which could be made.fram one pair of bloc~s. Also, the mechanical proper-

ties tested-Iater did not indicate any systematic reduction in properties 

.', 
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(cf. Cha,pter VI). Hence, this procedure was considered satisfactory 

for the purpose. 

As more plates were made, the upper block reduced in ~ize 

while the lowe~ block increased in volume. This larger block was used 

in the upper reservoir for making more plates • It might he expected 

. that the divergent flow from the central gap into the lower reservoir 

would cause some rotation of the fibers in the transverse direction re~ 
c 

sulting ultimately into a more or less random orie~tation d~~tribution. 

Hence, the structure of the material in the upper ànd lower reservoirs 

can be considered almost identical, and not significantly affected by the 

shearing in the gap. The mechanical properties measured later aiso did 

" not reveal any systematic difference for the plates made ~y re-use of the -

larger block fram the lower reservoir in the upper reservoir. 

In this manner, it was possible,to make usually three 
. 

sheared plates of 1.6 mm (1/16 in.) thickness and two plates of 3.2 mm 

(1/8 in.) thickness, using one pair of the ~eservoir blocks, that were 

practically identical as far as structure and mechanical properties were 

concerned. 

There i9 an additional point to be noted. The fast rate 
1 

of coo11ng in injection molding can have significant influence on the 

propert1es of the final product. In this study, the rate of cooling was 

rather slow as is evident from the time required for cooling and was not 

/---- considered a paraxÔeter. 
/ 

co~sequently, aIl the plat~s for bath 1.6 mm , 

J 

1 l ' 

. ' 



J " .. ,~ ... 

~I -

95 

and 3.2 mm thicknesses were made under essentially identical conditions 

of heating and cooling. 

The slow rate of cooling may allow molecular rearrange-

ments within the material, resulting into randomization and possibly 

partial elimination of internaI stresses. However, it cannat have any 

significant influence on the fiber structure which~plays a dominant raIe 

iD determining the composite properties. 

Also, the rate of cooling for 3.2 mm thick plates Was 

somewhat lower due ta greater gap width as compared ta that for 1.6 mm 

thick plates. This can have some influence on the matrix properties 

in the plates of these two thicknesses. 

5.2 Materials Used 

The composite systems used in this study were based on 

Polystyrene (PS) and high density Polyethylene (PE) • 

Polystyrene represents an example of a brittle matrix while 

polyethylene is one from the class of ductile materials. Effect of addi-

tion of brittle glass fibers ta these materials on mechanical properties 

under differ~t loading conditions (static versus impact, for example) 

and nature of failure could be very different. AIso, matrix {!ber 

adhesion is generally found to be better in PS than in PE . All these 

factors motivated the choice of these two matrices. 
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The PS based systems were kindly supplied by Fiberglas , ~ 

Canada (Guelph, Ontario) and were specially compounded for the group' s " 

research. The PE based systems were of' commercial grade and were 

kindly supplied by Wilson - Fiberfil Inte~ational (Evansville, Indiana). 

Details on thesè polymers are provided in Table (5.1). 

The fibers used for reinforcement in both dases were,of 
1 

a typical '~f glass, approximately 10 ~m in diameter and initially 

in the form of 6 mm (1/4 in.) cho~ped strands. The fiber sontents of 

various systems were as follows: 

(1) PS 0% 40% 

by weight 

(2) PE 0% 20% and 30% 

by weight 

These are nominal compositions and exact compositions may differ slightly 

from these (Padmanabhan (64». 

It may be noted that for the PS based systems, the 

compounding process, included extrusion and pelletization and PS JO%) 

was also processed in a similar manner in an attempt, to achieve identical 

matrices in both the unfiIled'and filled systems. This was not done in 

the case of PE based systems, consequently, PE in the unfiIIed and 

filled systems did not have exactly identical history. 
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TABLE (5.1) 

DETAILS ON MATRIX MATERIALS 
"'" v~ r , 

PROPERTY PE (REF. 68) 

Manufacturer Amoco 

Resin Identification 4140B 

Density (9/cc) 0.95 

Melt Index (9/10 min.) 20.0 

Grade of SFRTPs ûCommercial 

1 

- --. .... --~ .. -

PS (REF. 64) 

M~nsanto 

HF - 55 

1.05 

Specially 

Compounded 
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5.3 Testing Procedures 

The sheared plates were tested in the direction of flow 

(longitudinai ~irection 2) and the one normal to it (transverse direc-

tion t) for the following mechanical prqperties. 

(1) , Flexural Modulus. -, 

(2) Tensile Modulus. 

l3} Tensile Strength. 

(4) Izod-type Impact Strength. 

(5 ) Tensile Impact Strength. 

Because of the relatively involved procedure for making 

the sheared plates, a compromise, was essential between maximizing the 

number of test-pieces eut from a single plate and having adequately large 

test-pf~ sizes. Attention was always given to reliable measurements 
1 

and sufficient data points for each property. The methods adopted for 

various tests were quite similar to those recommended by ASTM (69), 

but in several cases actua1 procedures and test-piece dimensions had ta 

be modifled according ta the necessities and convenience. 

1 

-5.3.1 Flexural Modulus 

-
Flexural modulus was determined by three-point bending 

tests of rectangular test-pieces eut from the sheared plates (AS TM D790 
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ObI Three-point Bending Deviee. (Not to Seale), 

Figure (S.ll). Three-Point Bending Test. 
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(69) ) • Figure (S.lla) schematically shows the three-point bending 

test, with the actual device in Figure (S.lIb). 

The pattern of cutting test-pieces from 1.6 mm (1/16 in.) 

thick plates i5 shown in Figure (S.12a). ,This method allowed six test-

pieces t? be eut in either direction fram a single pla~e. The edges 

of test-pieces were machined on a Tensilkut router ta exact dimensions 

usinq a die of corresponding shape and dimensions. The actual test-

piece dimensions are shawn in Figure (S.12b). For these thin test-pieces, 

a span of 25 mm (1 in.) for three-point bending test was adequate • 

. 
The pattern of cutting test-pieces fram 3.2 mm (1/8 in.) 

( thick plates is shawn in Figure (5.13a) with actual test-piece dimensions 

in Figure (S.13b). Here, it was possible ta obtain only four test-pieces 

in a given direction fram one plate. For these thieker samples, a span 

of 50 mm (2 in.) was used for the three-paint bending test. 

Test was carried out by mounting the three-point bending 

deviee'on an Instron testing machine (Mode 1 1125). ·AII the measurements 

were dane at a law crosshead speed of 2 mm/min. Def1ection of the test-

pieces was kept as low as possible ta avoid irreversible damage in the 

material, thus al1awing the sarne t~st-pieces ta be subsequently utilized 

for measuring other praperties •. A test af reversibi1ity was done fo~ each 

test-piece by turning it over and ,carrying out the bending'test again. 
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Figure (S.12a). ,Pattern for Cutting F1exura1 Test-pieces 

from 1.6 mm (1/16 in.) Thick Plates. 

Figure (S.12b). 
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50 1111\ 

Actua1 Dimensions of 1.6 mm (1/16 in.) 

Thick F1exqral Test-pieces. 
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Pattern for Cutting Flexural Test-pieces 

from 3.2 mm (l/S-in.) Thick Plates. 
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109 mm 

Figure (S.13b). Actua1 Dimensions of 3.2 mm (1/8 in.) 

Thick Flexura1 Test-pieces. 
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~load vis deflection<curve was obtained on the Instron 

phart recorder. The flexural modulus could be-determined-as 

where 5 

l . -
4 

53 F' 
3 

(7") 
bd .., 

is the span length, 

b ls the saIIlPle width, 

d ls the saIIlPle thickness 

\ 

and (F/~) i5 the initial slope of the load-deflection curve. 

o 

\ 

(5.1) 

It should be noted that in the three-point bending test, 

the crosshead movement may not be only due to the test-piece deflection, 

but also due to the bending or twisting of the device and/or machine 

(Daniels et. al.~70), Wagner et. al. 171». Deformation attributabI~ 

to thecrevice, in particular, was found to he appreciable in our case. 

Consequently, it was necessary to apply a correction before E
f 

could 

be determined. 

. \ 

A load-deflection curve corresponding to the 25 mm (1 in,~) 

span three-point bending device was obtained using a steel bar of the sarne 

width as the test-pieces, but four ~imes thicker (thickness of the bar 

= 6.4 mm) • since the defleation of the bar itself was'negligible 

(af. Appendix Al, the meas~ed deflectio,n essentially represented the 

deflection due to the device. Five individual measurements were taken. 

\ 
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, 
Table (5.2al lists-the values of the slopes of the.load - ~eflection 

curves. The mean was used for correcting the slope of load - deflection 

curve of each test-piece as 

1 
Œ'/~) 

corr. 

where 
corr: 

(F/ô) 
app." 

and a K 

1 = CF/8) 
app. 

1 
K 

represents corrected slope, 

represents measured slope 

represents the mean slepe for the device 

lead - def1ection curve. 

(5.2) 

The correction factor for the 50 J'Dm (2 in.) span three-

point bending device was also determined using a steel bar of 19 mm 
'"\0 

width (same as that of test-pieces) and 6.4 mm thickness. Table 

(5.2b) shows thé five individual measurements and the mean value was 

used in equation (5.2) for correcting the slopes for ben ding tests of 

3.2 mm thick test-pieces. 

The corrected slopes for both 1.6 mm and 3.2 mm thick 

test-pieces could then be used in equation (5~~) for determining the 

flexural modull. Further details on this correcting procedure ~y be 

found in Appendix A • 

Of 
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TABLE (5.2) 

SLOPES OF LOAD VERSUS DEFLECTION CURVES 

FOR DEFLECTION OF THREE-POINT BENDING DEVICES 

25 mm Span (h) 5'0 mm Span 

SLOl?E (N/m) x 10-4 
NO. SLOPE (N/m) 

?b 

10.26 1 3.038.... 

13.72 2 3.266 

10.85 3 3.811 

11.11 4 3.322 

10.88 5 3.385 

11.364 MEAN 3.364 
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5.3.2 Tensile Modulus 

Tensile modulus was determined by low speed tensile test-

lng on tne Instron testing machine (ASTM 0638 (69». The tensile' 

testing arrangement 1s schematically shawn 1n Figure (5.14). 

Dumbell.- shaped test-pieces slmilar to ASTM type IV 

were used for this purpose, though the length was slight1l smaller. 

Actual dimensions of the test-pleces are shown in Figure (5.15). These 

test-pieces were prepared by cutting rectangular pieces fram the sheared 
. , 

plates and machining them to the dumbell - shape using a die on a router 
" 

as illustrated in Figure (5.16). 

An Instron extensometer (Model 2630-004,Gage length 25 mm, 

Range 0 - 1% for this study), was attached ta the reduced section of 

the test-pieces for measuring extension accurately. During the test, the 

Instron recorder chart is made to move in proportion to the test-pïece 

extension by a signal fram the extensameter, while the recording pen moves 

in proportion to the load. Thus load versus strain can be accurately 

recorded. 

\ -"',.---.. Initial slope of the load-strain curve was determined and 

the tensile modulus was calculated as 

t 
E = stress 

straÏJl = 

where A ls the area of cross-section of the reduced part of the 

test-piece 

(5.3) 

1 

-.. .... ::::=:=:. 
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1 
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and tF/El,:ls the initial slope of the load-strain curve. 

The main advantages of using an extensameter versus using 

crosshead displacement as equivalent ta test-piece extension were: 

5.3.3 

. (1) it a1lowed accurate recording of deformation, 

(2) 'it eliminated the use of an arbitrarily defined' 

gage 1ength to in the calcu1ation of strain 

(E = tü / ta) • 

Tensi1e Strength 

Tensile strength measurements were similar to tensi1e 

modulus measurements (ASTM D638 (69» except that test-pieces were taken 

to yie1d or break point. 

For 1.6 mm (1/16 in.) plates, the test-pieces were pre­

pared by machining those first used for flexural test to dumbell shape. 

The actual dimensions of these test-pieces are shown in Figure (5 .17a) • 

For 3.2 mm (1/8 in.) plates, aga in test-pieces similar to ASTM type IV, 

shown in Figure (5.15), were used. 

The test-pieces were he1d in the grips of the machine with 

a~t identical tightening pressure every time. Figure (5.17bl shows a 
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1.6 mm Cl/16 in.) thick test-pieee he1d between t"f grips. Admittedly, 

the test-piece dimensions were non-standard and end tab areas available 

for gripping were relatively small, however, as would be seen later 

(cf. Chapter VI), results obtained were quite reproducible and compar-

able to those obtained for the standard sized 3.2 mm <l/B in.) thick 

test-pieces. 

For brittle PS systems and filled PE systems, break 

occurred before yield and hence maximum force at break was used for cal-

culating tensile strength. For highly ductile unfilled PE, excessively 

high elongation was necessary before the test-piece could break. Con-

sequently, maximum force at yield point was used to caleulate strength 

at yield. 

t 
'J 

Figure (5.18) illustrates this point. 

The tensile strength was ca1culated ~ 

F 
m 

A 

where F is the maximum force at yield or break, 
ln 

and A is the cross-sectional area for the reduced part of 

the test-piece. 

5.3.4 Izod Impact Strength 

{S.4} 

Izod-type impact strengths were determined using Testing 
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Figure (5.18). Typical Load-Deflection Curves. 

(1) PS Systems. 

(2) Fill~d PE Systems. 

(3) Unfilled PE. 
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Machine International (TMI) pendul~impact tester. The standard 

ASTM D256 (69) procedure had to be modified to suit the test-piece 

size and shape. Consequently the results obtained should be considered 

only for comparisons among themselves. 

A 2. 72J (2 ft/lb) hammer was used that struck the 

/ 

spec~en at a speed of 3.44 mis (Il ft/s). The test is shown sche-

matically \n Figure (5.19). 

\ The test-pieces for bath 1.6 mm and 3.2 mm plates were 

\ 
cut as shown\ in Figure (5.20a). 

are shown in'Figure (5.20b). 

Actual dimensions of the test-p.:leces 

According ta ASTM D256 (69) procedure, an Izod test-

piece should be struck by the hammer on the narrow side of the cross-

" 
section (see Figures (S.21a). However, in our case, it was not possible 

to hold the thin test-pieces according to the specified procedure. Con-

sequently, the test-pieces were held such that the hamner struck the 

wider side of the cross-section. 

The amount of energy 

(See FIgure 5.2lb). 

wI 
required to break the test-piece 

a 

was measured directly on a dial on the machine. However, i t was necessary 

to make a correction for frictional and windage losses. For this purpose, 

Othe hammer was allowed ta swing without any test-piece, and the energy 

W
I 

so measured on the dial corresponded to machine frictianal and wind­
c 

age lasses (ASTM D256) • 

u. 
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• 

The Izod impact energy wI 
to break the sample was 

calculated as 

5.3.5 Tensile Impact strength 

Tensile impact strength determinations were carried out 

using the same Testing Machines International (TMI) , pendulum Impact 

1 -
tester. -The testing procedure was similar to that recOI!lIllended by, ASTM 

D 1822 (69), but test-piece geometry was modified for reasons discussed 

below. 

A 2.72 J (2 ft/lb) hanmter was used for al). the tests. 
, , 

The test-pieces for bath the 1. 6 non and 3'.2 mm thick plates were 

p~epared by cutting rectangular pie ces as in Figure (5~20a) and machin-

ing them to a shape similar to that speci;e:ied by ASTM D 1822 (see Figure 

(5. 22a» • 

\ 

The test is schematically shown in Figure (5.23). The 

test-piace is held between two grips, one attached ta a pendulum head and 
. 

thê other in a crasshead. During the swing of the pendnlum, the cross-

head-strikes an an'Vil at the bottom of the swing bringing, one en~ of the 

te~t-p:Î#ce suddenly to rest while the other end keeps moving wi th the 

'\ 

\ 
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Figure (S.22a). Actual Dimensions of Tensile Impact Test-piece. 
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Figure (S.22p). Break Under Tensile Impact at the 'End. 
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Figure (S.22e). Modif;i.ed Tensile Impact Test-piece. 
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1 

, ~endulum, causing uitimately a failure under tensile impact. The 108s 

in energy of the pendulum can be measured on a dial. 

As shawn in Figure (S.22a), the w~de end tabs of the 
(, 

dumbell shaped test-pieces have 'ta be reduced by cutting slots for the 

sorews holding two jaws of the grips to pass through (Fi~e (5.23b). 

Hence, the area at the ends becomes comparable to that of the central 

reduced section. Some preliminary testing showed that, due to thiS, 

many times the failure oeeurred near the end rather than in the central 

section (Figure (5.22b». Development of some extraneous stfesses 

around the slots due to slight test-~iece misalignment might aIse have 
1 

contr1buted towards making the end tab are as vulnerable ta failure. 

( 
Ta eircumvent this problem, the central reduced section of 

each test-piece was reduced fur~her as shown in Figure (5.22e). It was 

then ~ossible to confine the break to the narrowest central section. 

This, however, obviously reduced the amount of energy required ta break 

the test-pieee and hence the overall aceuracy of the measurements. 

During testing, tne crosshead upon str~king the anvil, 
~- 't 
bounces backw~ds with a certain velocity and hence contribute~ to the 

---
energy required for breaking the test-piece. The energy measured on the 

dial, however, represents only that lost by the pendulum." Consequently 

it is necessary to ineorporate a crosshead bounee correction factor for 

" 
determining the true energy for test-piece failure. It ls also necessary 

( . to make a correction for the windag~ and frictional lasses. 



(: 

, 

'calcuJ.ated as: 

= 

where 

The cQrrected tensile impact energy, 

t 
W--­

a + 

is the ener9Y measured on the dial, 

wt 
, 'could he 

c 

t 
W

f 
i5 the correction for windage and frictional losses, 

i8 the crosshead bounce correction factor. 

t W
f 

was, determined, as recommended by AST.M D 1822, 
~ 

by allowing the 

pendulum to swing without any test-piece and noting the corresponding 

121 

(5.6) 

energy 1055. w~ was also determined by the method specified in ASTM 
d 

D 1822 • Details on this correction procedure are provided in Appen-

dix B 

"--

1 
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CHAPTÉR VI 

EXPERIMENTAL RESULTS 

Before diseussing the results of mechanical testing, it 

would be appropriate to make additional notes about the conditions under 

'whieh the plates were made. 

Plates for both the PS and PE based systems were made 

by carrying out the transfer operation in the shearing device at ~ tem­

perature of 190 + 2
0

C and at a volumetrie f10w rate of approximately 

0.5 cc/sec and 1.2 cc/sec for 1.6 mm and 3.2 mm thieknesses 

respeetively. 

of -1 12 sec 

equation: 

These correspond to the apparent wall shear rates (.y ) 
w 

and 
-1 

7 sec respectively, caleulated according to the 

y = w 
~ 

2 
t w 

(6.1) 

where Q is the volumetrie flow rate, t is the thiekness and w is 

the plate width. 

/ -

6.1 Results of Mechanical Testing 

~ 

The results of various mechanieal tests carried out for 

the deter.m1nation of the properties of the molded plates are presented 
c/ 

below and discussed in terms of the expeeted structure. 

\ 
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6.1.1 Flexural Modulus 

In the case of the 1.6 mm thick plates, eight to ten 

test-pieces were tested for each composite system and each direction 

in order to confirm the reproducibility of the plates obtained.by the 

modified procedure of molding. 

Figure (6.1a) shows the variation of the flexura1 moduli 

with the fiber content for the . 1.6 mm thick plates of the PS com-

posites with the bars indicating the maximum and minimum meas~ed values. 

Though the apparent reproducibility of the measurements is quite good, 

it was desirable to check it, particular1y in two respects: 

(1) Eeproducibility with respect to thé test-piece 

location in the plate. 
J 

(2) Reproducibility with respect ,to the plates made 

by successive melting of the'reservoir-blocks 

and shearing. 

\ 

In order to illustrate the reproducibility with respect 

to the test-piece position, individual flexural moduli are listed in 

Table (6.1) for the test-piece locations ldentified in Figure (6.2). 

It is seen that the variations are of a random nature and do not reflect 

any specifie trend. 
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, 
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;Figure (6.2). Identification of Specimen Location for Table (6.2). ' 

TABLE (6.1). 

FLEXURAL MODULI FOR TEST-PIECES 

CUT FROM A GIVEN 1. 6 mm THICK PS PLATE 

(a) Longitudinal (h) Transverse 

Test-piece 
Location (L) 

il 

9,2 

n 
9,4 

9,5 

R.6 

Flexural Modulus 
(GPa) 

3.54 

3.32 

3.27 

3.62 

3.48 

3.33 

" 

Test-piece 
Location (T) 

tl 

t2 

t3 

t4 

t5 

t6 

Flexural Modulus 
(GPa) 

3.26 

3.18 

3.44 

2.87 

3.40 

3.19 
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. . 
Table (6.2) shows individual flexural moduli~or test-

pieces eut from three plates made by successive heating and shearing 

of·a given pair of reservoir-blocks. Again, the variations are of 

a random nature indicating that there was no significant degradation 

of the material during reheating and that the structures of the result-

ing plates were similar. 
1 
v 

Once the reproducibility with respect to the test-piece 

position and the molded plates was confirmed, only five test-pieces were 

used far each composite system and each direction for the 3.2 mm thick 

plates. Figure (6.lb) shows the variations af the flexural maduli in 

both the ~ and t directions with the fiber content for 3.2 mm thick 

plates of the PS based compas~te systems. Again, the reproducibility 

is quite goad. 

For an easier comparison of the results for the two thick-

nesses, the mean values of the corresponding composite systems are 

presented side by si de in Table (6.3). In the case of 3.2 mm thick 

plates of unfilled PS, the flexural moduli in bath the l and t 

directions are essentially identical and these values are again comparable 

to the flexural modulus for 1.6 mm thick plates in the t direction. 

The flexural modulus in the ~ direction for 1.6 mm plates, however, 

is slightly higher. This May arise due ta a somewhat greater degree of 

molecular orientation in the thinner plates of unfilled PS resulting 

from a relatively higher shear rate which may subsequently remain frozen 
1". 

due ta comparatively short~t time for cool~ng the thinner plates. 
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TABLE (6.2) • 

FLEXURAL MODULI FOR TEST-PIECES CUT FROM THE THREE PS + 20 PLATES 

MADE SUCCESSIVELY FROM A GIVEN PAIR OF RESERVOIR BLOCKS 

(a) Longitudinal Direction 

PLATE TEST-PIECE FLEXURAL MODULUS 

NO. LOCATION (GPa) 

1 D 7.04 

25 7.033 

2 21 7.37 

25 7.25 

3 D 6,17 

t6 7.15 

,/ 

Transverse 
..-' 

(h) Dl.rection // 

---~ 

PLATE TEST-PIECE FLEXURAL MODULUS 

NO. LOCATION (GPa) 

1 t2 4.04 

t3 4.03 

2 tl 4.66 

t4 4.36 

3 t2 3.56 

t5 4.20 

" r 
:~ 

/ 
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TABLE (6.3) • 
.. 

MEAN FLEXURAL _MODULI OF PS COMPOSITES 

COMPOSITE FLEXURAL MODULUS (GPa)= 
l, , 

MATERIAL 1.6 IlJlll 3.2 mm 

PS - i 3.52 3.22 

PS - t 3.19 3.23 

PS + 20 - t 6.91 6.23 

PS + 20 - t 4.11 4.19 

( 
PS + 40 - t 10.76 10.25 

PS + 40 - t 6.14 5.87 
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( 
For the fi lIed PS systems, the flexural moduli for 

thinner plates in the t direction are higher than those for the 

thicker plates. This may be due to more "in-plane" and greater 

orientation of the fibers in the flow direction in the thinner plates 

due to thinner gap and a higher shear rate. However, it should be 

remembered that the higher shear rate and smaller gap width might also 

"lead to greater f!ber breakage. Hence the fiber aspect ratio for the 

1.6 mm plates may be smaller than that for the 3.2 mm plates. WhHe 

a greater degree of fiber alignment Ieads to the enhancement of the 

mechanical properties, the ~aIler aspect ratio leads to their reduction. 

Consequently, the averail result of these two opposing factors may he 

reflected in the measured flexural moduli, though for low shear rates 

l like that encountered in the shearing device the fiber attrition is ex~ 

pected to be minimal. 

If the fiber orientation in the flow direction "Ct) is 

better in the thinner 1.6 mm plates, then 3.2 mm thick plates should 

be expected to be stiffer in the transverse direction (t) • However, 

for PS + 40% wt. fibers composite, this is not found to be the case. 

This may be due to the fact that fibers in the thinner plate might be more 

"in-plane" than those in the th~cker plates. Partially aligned out-of-

plane fibers would not be as effective for reinforcement as the in-plane 

fibers. 

l' 

Figures (6.3a and bl show the corresponding results for 

-- PE composites, the mean values ,being presented in Table (6.4). 
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COMPOSITE 

MATERIAL 

PE - Jl. 

PE t 

J 

TABLE (6.4). 

MEAN FLEXURAL MODULI O~ PE COMPOSITES 

FLEXURAL MODULUS 

1.6 mm 3.2 mm 

0.80 ,0.95 

0.82 0.95 

\ 

\ 
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(GPa) 
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For unfilled' PE, the thicker plates are comparatively 

stiffer. An apparent reason for this would be the higher degree of ' 

cryàtallivity in the thicker plates, due to\relatively longer time 

for coo11ng. AIso, it was observed that the warpage due to cooling 
~ 

shrinkage was qu1te pronounced in the case bf the thinner 1.6 mm plates, 

while for 3.2 mm plates there was essentially no warpage. The in-

built stresses in the unwarped mate rial may make it apparèntly stiffer. 

The flexural moduli for- the filled .. p~ composites 

followed the expected trend suggesting again that there was a greater 

degree of fiber alignment in the thinner plates than the thicker plates. 

It sHbuld be noted that the flexural modulus determination 

involved several steps each of whieh ean contribute to human and/or in-, 

strumental errors. Some of these are: 

Cll 

(2) 

measurements of the test-piece dimensions, parti­

cularly the averag~ thickness whieh appears as 

the third power in equation (5.1), 

measurement of the load, 

(3) determination of the initial slope of the load 

versus deflection curve, 

(4) determination of the correction factor for 

acc~unting for the deviee d~flection. 
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A com~lete error analysis was not attempted because the 

multitude of the sources of errors would not make it very meaningfu1. 

Nevertheless, the good reproducibility of the results did allow a 

ready compar~son and ~eaningful conclusions. 

\ 
6.1.2 Tensile Modulus 

It was difficult to~easure an accurate elongation during 

tens~le modu1us measurements by noting the distance moved by the Instrdh 

crosshead, because the measured distance also involved slip at the grips. 

Hence, as discussed in Section 5.3.2, an extensometer was used for \ 

accurately measuring the strain in the reduced section of the dumbell 

sha~ed test-pieces. 

The meas~ementsowere carried out for on1y 3.2 mm thick 

test-pieces and one test-piece was used for eachocomposite system. In 

this way, a necessary number of test-pieces could always'be saved for the 

tensile strength measurements without any possible pretesting structural 
.--t.,. , 

damage, and at the sarne ~ime measured tensile moduli allowed a comparison 

~ ~ 
with the previously determined flexural moduli. It May he noted that 

--' necessity of using relatively large size specimens and some malfunction-

ing of the extensometer with associated tiroe consumption,also did not 

allow tensile moduli measurements to he carried out as exte~sively as the 

flexural rnoduli.determinations. 
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TABLE' (6.5). 

TENSILE MODULI OF PS COMPOSITES 

(3.2'mm THICKNESS) 

COMPOSITE TENSlLE MODULUS 
MATERIAL (GPa) 

PS - ~ 3.27 

PS - t 3.14 

PS + 20 - R. 6.33 

PS + 20 t 4.51 

PS + 40 ~ - 9.92 

PS + 40 - t 6,91 

TABLE, (6.6). 

TENSILE MODULI OR PE COMPOSITES 

(3.2 mm THICKNESS) 

ÇOMPOSITE TENSILE MODULUS 
MATE RIAL (GPa) 

PE - R, 1.06 

PE :.. t 0.99 

PE + 20 - R. 3.25 

PE + 20 - t 2.24 

PE + 30 R. 4.59 

PE + 30 t 2,44 

.. 

13S 

\ 

\ 

" <.0-
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The variations of the tensile moduli for both the PS 

and PE based systems with the fiber content are shown in Figures 

(6.4a and b) . The individual values are also reported in Tiililes (6.5) 

and (6.6) for their ready comparison with the values for the flexural 

moduli. The measured tensile and flexural moduli are quite comparable 

for almost aIL the systems, and hence give credence ta bath measurements 

although it a'ppears difficult to envisage a precise c01llparison. 

6.1.3 Tensile Strength 

For the 1.6 mm thick plates, six ta eight test-pieces 

• were tested for tensile strength determination for each of the composite 

systems and each directl.on. For the 3.2 mm thick plates, five test-

pieces were us ed for each case. 

Figures (6.5a and hl show the variations of the tensile 

strengths with the fiber content in both g, and t directions for the 

PS 
1 

systems for 1.6 and 3.2 mm thick plates respectively. based mm . , . 
The mean tensile strengths for these materials are tabulàted in Table 

(6.7). 

As mentioned in Sectio,n 5,3.3, >. ï t was anticipated that the 

'. non-standard smaller test-piece dimensions for the 1.6 mm thick plates 

might give erroneous estimates in strength determination. However, as 

( 

\ , \ 
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TABLE (6.7) • 

MEAN TENSILE STRENGTHS OF PS COMPOSITES 

1 
J 

COMPOSITE TENSlLE STRENGTH (MPa) l 
1 

MATERIAL 1.6 nnn 3.2 mm 
1 
1 , 
i 

PS R, 25.16 23.92 

PS - t '22.78 22.06 

PS + 20 - R. 54.46 50.92 

PS + '20 - t '34.57 37.33 -J 
1 , 

ï 

( PS + 40 - .2- 71'.75 51.06 1 
1 
1 

PS + 40 - t 33.80 35.05 

" , 

.... .0, 
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sean from the values in Table (6.7), the results for bath the _1.6 nun 

and 3.2 nnn. thiëk plates are qui te compar able in most of the cases. 

As seen fram Figures (6.Sa and b) the reproducibility is reasonably 

good for aIl the cases. 

For the unfilled PS, for both the 1.6 mm and 3.2 mm 

thick prates, the t direction is slightly stronger with the value for 

the 1.6 nun thick plate being higher. This may again be due to the 

relatively higher molecular orientation frozen in the case of the thinner 

plates. For the filled materials, the 1.6 mm thick plates. have higher 

strength in the t direction and slightly lower strength in the t 

direction than the corresponding values for the 3.2 mm thick plates. 

This further justifies the expectation that a h~gh~r degree of fiber 

aligmnent might have occurred due to higher shear stresses. 
" . 

It must, 

however, be remembered that poth the fiber length1and fiber-matrix adhe-

sion are of considerable importance in the determination of overall 

strength. 

Figures (6.6a and b) show the variations of the tensile 

strengths wi th the f iber content for 1. 6 rmn and 3.2 nun thick plates 

of PE based materials. For unfilled PE, the strength corresponds 

to the yield point whereas for filled PE the values represent actual 

strengths at break. The corresponding mean values are summarized in 

Table (6.8). 

( 

J 
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TABLE (6.8). 

-
MEAN TENSILE STRENGTHS OF PE COMPOSITES 

COMPOSITE TENSILE STRENGTH (MPa) 

MATERlAL 1.6 mm 3.2 mm ' 

.Il 

PE - 9- 23.77 25.37 

PE - t 23.85 25.42 
/ 

PE + 20 - ~ 
-. 

50.10 47.99 

1 PE + 20 - t 32.05 30.07 
1 

l 
PE + 30 - JI, 56.21 50.42 

PE + 30 - t 32.50 28.55 

." 
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stronger 

~r the unfilled 

in both the directions 

PE, the 

than the 

3.2 mm thick plates are 

1.6 mm plates. This may 

again be explained in terms of the relatively higher degree of cry-

staUinity in the thicker plates. Also the relatively slow cooling 

and crystallization would allow randomization of the molecular chains 

suppressing any molecular orientation and hence the strengths in the 

R. and t directions can he expected ta be very close. 

For the fiiied FE systems, the strength in the ~ 

direction for the 1.6 nnn thick plates i9 higher than that for the 

142 

3.2 mm thick plates for both the fiber contents. Reasons similar to 

those given for the 1'S systems may be invoked for such a trend. 

One important observation is that for aIL the fiUed 
1 

systems, the strength in the t direction remains almost constant or 

occasionally shows a slight de~rease with an increase in the fiber con-

tente The mechanism of failure of the SFRTP is a very complex issue. 

In the 9" direction, the stress transfer from the continuous phase to 

the inclusions has been explained in terms of the shear along the inter-

face, but for the t direction, the exact mode of stress transfer is not 

very clear. However, in highly simplistic terms it may be visualized 

that if the load is acting on an element containing an embedded fiber 

at 90
0 

to the fiber axis, the fiber-matrix interface would be under 

direct normal stresses and would represent a weak location for the failure 

initiation by debonding under tensile stresses. In fact, for a uni-

directional fiber composite, the fibers may not contribute at aH. to the 
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strength in the t direction and may represent potential sources of 

crack initiation. For such a case, an increase in the fiber content 

would be expected to lead to a decrease in strength. It has, in fact, 

been suggested that for the SFRTP, the strength in the direction 

normal to that of the major fiber orientatiçm be taken as the matrix 

strength for a conservative estimate (Hashin (33), Lough1in et. al. 

(28) ) • 

, For a partially oriented fiber composite, some ~einforce-

ment would always be achieved, and this e.xplains why the strength in the 

t direction is higher than the matrix strength for a 10w fiber loading. 

-6.1.4 Izod __ Impact Strength 

As discussed in Section 5.3.4, an Izod-type impact strength 

was determined by a somewhat modified procedure with the hammer striking 

on the wider side of the specimen. The results reported here represent 

the energy required to break the test-pieces when tested undei: impact ac-

cording to this specified procedure and are not directly comparable ta 

standard Izod resu1ts. 

Figures (6.7a and b) show the variations of the Izod-

type impact strengths for the 1.6 mm and the 3.2 mm thick plates of 

PS composites respectively. Not surprisingly for an impact test of a 

two phase material, the reproducibility was not very good. Consequently, 
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ten to twelve test-pieces were used for each of the, campoàite systems 

and each direction. 

For the brittle matrix like PS, the incorpor~tion of 

fibers led to a relat1vely tougher material with a better improvement 

in the direction of fiber orientation. For systems wi th stiff and 

strong fibers where the bond between fibers and matrix is not exception-

ally strong, the failure occurs by fiber pull out rather than by fiber 

breakage (37). The extra energy required for pulling the fibers alang 

the matrix-fiber interface can account for the observed enhancement in 

toughness. Also, i t' is suspeeted that presence af sorne !iber bunches 
\ 

might also have contributed ta the improvement-in the fracture energy. 

For the highly ductile and tough unfilled PE no break 

could oecur. However, the inclusion of glass fibers caused consid~rable 

embrittlement.of the matrix. Figures (6.8~ and b) show the variations 

of Izod-type impact energies for the 1.6 mm and 3.2 nnn plates of 

filled PE systems respectively. In bath the cases, there is seen to 

be a considerable overlap of the results obtained for the t and the t 

directions. This implies that for ~he Izod-type impact strength of 
,/ 

ductile 'matrix - brittle fiber systems, the fiber orientation is probably 

not of primary importance. The embrittlement of the matrix i5 the dami-

nating' factor and this 1s why the inerease in fiber content leads ta a 
1-

decrease in fracture energy. 

\. 
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TABLE (6.9) • 

MEAN IZOD-TYFE IMPACT ENERGIES OF PS COMPOSITES r , 

COMPOSITE IZOD IMPACT ENERGY (J) RATIO 

MATERIAL 1.6 mm 3.2 nnn 3.2 ImII/1. 6 nan 

PS - R, 0.054 0.095 1.75 

PS - t 0.065 0.122 1.87 

PS + 20 - R. 0.204 0.446 2.18 

PS'+ 20 - t 0.072 0.22'6 3.14 

PS + 40 --'R. ..".Q • 230 p, 0.638 2.72 • . 
PS + 40- - t 0.112 0.300 2.67 

TABLE (6.10). 

MEAN IZOD-TYFE IMPACT ENERGIES OF PE COMPOSITES 

COMPOSITE 

MATERIAL 

PE - R. 

PE - t .. 

, PE + 20 - R. 

PE + 20 - t 

PE .+ 30' - R. 

PE + 20 - t 

, 

IZOD IMPACT 

1.6 mm , 

No Break 

0.26 

0.222 

0.1$3 

0.17 

ENERGY (J) RATIO 

3.2 ImlI 3.2 nnn/1. 6 IIDIl, 

No Break 

0.473 1.8 

0.423 1.9 

0.408 2.67 

0.362 r,; 2.18 

, ... 
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Tables (6.9) and -t6.l0) list the mean values of the 

Izod-type impact energies for the composite materia1s studied. The 

ratios of the fracture energies of the 3.2 mm thick specimens to 

those of the 1.6 1tIIIl th!ck spec:ilnens are' a1so included in the last 
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column of each table. +t is seen that these ratios are around 2 ta 

3 indicating that for the range of thicknesses considered, the 
1 

measured energy for fracture under the Izod-type impact was approximately 

proportional to the thickness. 

6.1.5 Tensi1e Impact Strength 

The results for the tensile impact testing are presented 

as the energy required for the failure of the individual test-pieces of 

the geometry specified in Section 5.3.5 under tensile impact loading. 

The test was carried out for ten ta twelve test-pieces for 

each composite system and each direction. As discussed in Section 5.3.5 

and Appendix B, a crosshead bounce correction factor and a friction 

,correction factor were incorporated in the cal~ùlations of tensile im-

pac): energy. 

The results for the PS based composites are shawn in 

Figures (6.9a and b) for the 1.6 mm and 3.2 mm thick specimens 

respectively. Agairi, the reproducibility is not very good, however, 

there seems ta be a definite improvement due to the incorporation of 
/' 
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fibers. The increase in the tensile impact energy is much better in 

the direction of fiber orientation than in the direction normal to it. 

Again, the presence of some fiber bunches might also be partially re-

sponsible for the observed improvement in this fracture energy. 

For the unfilled PE, it was not possible to measure the 

tensile impact energy due to its high ductility. But incorporation of 

fibers caused high embrittlement of the matrix. Figures (6.1Da and b) 

show the variations of the tensile impact energy for the filled PE 

systems. As seen fram these figures, there is a9ain a considerable 

overlap in the measured values. However, unlike the Izod impact energy 

results, the tensile impact energy appears to be higher in the ~ direc-

tion than the t direction for a given material. But this improvement 

due to fiber orientation is highly overmasked by the embrittlement caused 

by inclusions, and hence the tensile impact energy decreases with an in-

creasë in the fiber content. 

Tables (6.11) and (6.12) list the mèan values of the 

tensile impact energies for the systems studied along with the ratios for 

the va14es for 3.2 mm to those for 1.6 mm thick specimens. These 

ratios indicate a scatter around 2. T~ough measured energy would vary 

with the actual specimen geometry and dimensions, it seems reasonable to 

expect the fracture energy to vary linearly with the area of cross-

section under impact. 

1 
1 
l' 
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TABLE (6.'11). 

MEAN TENSILE IMPACT ENERGIES OF PS COMPOSITES 

COMPOSITE 

MATE RIAL 

PS - t 

PS - t 

PS + 20 -

PS + 20 -

PS + 40 -

PS + 40 -

COMPOSITE 

MATERIAL 

PE - t 

PE - t 

PE + 20 - t 

PE + 20 - t 

PE + 30 t 

PE + 30 - t 

\ 

TENSILE IMPACT ENERGY (J) 

1.6 mm 3.2 mm 

0.041 0.097 

0.0271 o • III 

t 0.163 0.377 

t 0.042 0.121 

t 0.471 0.404 

t 0.084 0.'156 

TABLE (6.12) 

RATIO 

3.2 mm(1.6 mm 

2.35 

4.11 

2.3 

3.33 

0.86 

2.07 

MEAN TENSILE IMPACT ENERGIES OF PE COMPOSITES 

TENSILE IMPACT ENERGY (J) RATIO 

1.6 mm 3.2 mm 1.6 mm/3.2 mm 

No Break No Break 

0.229 0.430 1.88 

0.149 0.200 1.35 

0.146 o 0.325 2.22 

0.097 0.145 1.5 

{. 
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It shou1d be remembered that the modes of failure under 

the two types of impact tests considered are different. Howe~er, for 

both cases, the behavior of the PS based composites seems to be 

similar. On the other hand, for the PE based composites, for the 

failure under flexure, the fiber orientation appears to be almost an 

unimportant factor. While for the failure under tension, the oriented 

fibers appear to contribute towards the fracture energy in the direction 

of their alignment, though the embrittlement overshadows this contri-

bution. 

6.2 Analysis of the Experimental Results 

in Terms of the Theoretical Predictions 

\ 
t 

The experimental results on the flexural moduli can be 

'analyzed with the help of the predictions made by the theoretical model 

for the elastic properties discussed in Chapter IV so as to yield some 

information on the structure of the molded plates. 

In the analys'is presented here, the following assumptions 

have been made: 

(1) The fiber aspect ratio distribution can be re-

presented by a mean value. 

(2) The fiber orientation is two dimensional or 

planar. 

l' 
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(3) The fiber orientation distribution is unifor.m 

throughout the body of the composite plate and 

can be described bye equation (4.22), using a 

single value for the orientation parame ter C~ 

The effect of considering a mean fiber aspect ratio instead 

of a distribution should be insignificant for a stiffer matrix like PS 

though it may not be so in the case of ~ softer matrix like PE (cf. 
~ 

Chapter IV). However, the assumption oi a uniform fiber aspect ratio 

represented by a mean value greatly simplifies the calculation procedure 

and such an assumption may be viewed to be more appropriate than others 

in the absence of actual data. 

The second assumption 15 more o~ less justified for thin 

plates like those molded in this project. It is expeeted that most of 

the fibers would lie in~the plane of the plate during the transfer through 

the narrow gap. 

The third assumption should also prove satisfactory for 

the kind of molding procedure adopted in this study. The isothermal 

uniform flow at relatively low volumetrie flow rates in a simple g~metry 

is not expected to give the kind of structural variations encountered in 

injection molded specimens. 

1 
I~ 
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Finally, it must be stressed that thls analysis is 

carried out to get only qualitative information regarding the degree 

of orientation achieved in various composite systems studied and 
'-- ' 

should not be viewed as a rigorous comparison of the experimental data 

with the theoretical predictions. 

With the above assumptions, the model discussed in the 

section 4.2 becomes directly applicable. Table (6.13) gives the 

values of the input parameters used for the theoretical predictions 

for the composite systems studied. The matrix moduli were chosen to 

be close to the experimenta1 values for the unfilled polymers, but may 

represent an appreciable source of error. 

Besides the values specified in Table (6.13) one needs 

the values for the orientation parame ter Ct and mean aspect ratio 

(~/d) in order ta predict the properties of a given SFRTP system or 

conversely, knowing two experimenta1ly determined moduli for a given 

system, namely the moduli in the direction of preterential fiber orienta­

'tion and in t\e direction normal to it, one should, in principle, be able 

to determine the representative values of C~ and (i/d) • However, it 

should be realized that the inherent errors in the experimental results 

and/or the theory itself may make such determinations impossible in the 

absence of additional experimental data. 
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TABLE (6.13). 

VALUES OF VARlOUS PARAMETERS USED 

IN THE;THEORETlCAL ANALYSIS OF THE EXPERIMENTAL RESULTS 

(a) PS Composites 

PARAMETER VALUE 

Ef 68.9 -GPa 

E 3.445 GPa 
m 

lJf 
0.3 

lJm - 0.2 

Mf' Vf 
40, 20 (%) 

( , Mf' Vf 
20, 9.5 ( %) 

(h) PE Composites 

PARAMETER VALUE 

Ef 68.9 GPa 

E 0.827 GPa 
m 

].lf 0.3 

].lm Q 0.2 

Mf' Vf 
30, 13 .5 (%) 

\ Mf' V
f 

20, 8.5 (%) 

( 
/ 

l' 

Ï' 156 

, . 

" j 

1 ; 
1 
! 

! 
j 

'1 
,j 
'1 
" , 
l 
l 
i 
l 

U 



(, 

( 

157 

In order to apply the above method for deter.mining Ct 

and (~/d), several curves were prepared showing the variation of the 

elastic modulus in both t and t directions with Ct using (i/d) 

as a parameter for each of the composite systems. Figures (6.lia 

and b) show these plots for the PS based systems with 20%\ and 40% 

Here the composite moduli artl reduce~ fibers by weight respectively. 

by the matrix modulus used in the computations. 

As seen from Figure (6.lla), for a reasonable degree of 

fiber orientation (higher value of Ct) , the effe~t of fiber aspect, 

ratio on the modulus in the transverse direction is insignificant. Thus 

the experimentally determined modulus in the transverse direction can 
./ 

allow a direct determination of C~ by comparison with the theoretical 

prediction, irrespect ive of the value of (z/d) • Using the experimen-

tally dete~ined modulus in the t direction, one can then determine a 

rep~esentative value of (z/d) for the previously determined value of 

Ct again by comparison with, the theoretical predictions. 

In Figures (6.l~a and b), the experimentally determined 

flexural moduli are represented by horizontal lines for both the 1.6 mm 

and 3.2 mm thicknesses. 'Intersection of these lines for the moduli 

in the t and t directions with the theoretical c~ves give values 

of Ci and (z/d) accor,ding to the above described procedure. 

values are summarized in Table (6.14). 

These 
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TABLE (6.14). 

VALUES OF C~ AND (z/d) FOR PS COMPOSITES 

- 1 
MATE RIAL THICKNESS (nun) C ~ (z/d) 

PS + 20% 1.6 3.2 15 

3.2 35 

l 
l 

1 1 
1 

• 1 
t 

(.' '1 
j 

1 
~ , 1 
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It 15 5een that for ~S + 20% fibers by weight plates, 

the v,Ùue of CR, for the 0 1. 6 mm plates 15 higher than tha t for the 

3.2 mm plates, indicating a higher degree of fiber orientation in the 

thinner plates. The representative mean aspect ratio, on the other 

hand, i5 small~r in case of the thinner plates. This can be explained 

o 
by the fact that highe~ shearing stresses in the thinner gap during 

molding caused a greater fiber aligrunent, but also a greater fiber attri-, 

ti~n, leading to a lower mean fibe~ aspect ratio. 

For the PS + 40% fibers comf'osite, both the CR, and 

(~d) for both ,the thicknesses are about tne sarne. IJ.comparison of these 

values with the corresponding values for the PS + 20% fibers plates 

shows that the degree of fiber alignment is lower for higher fiber load-

ing. This could be attributed to the greater fiber-fiber interaction 

in the system with higher fiber concentration which could hinder the fiber 

movement and hence the orientation. 
1 
1 

The mean aspect ratios for both 

the thicknesses for the PS + 40% fibers composite are higher than the 

corresponding values for the PS + 20% fibers material. This may be due 

to the increased fiber bundling observed in the first material. The 

fibers present i~ a bundle would obviously not be broken easilYr but would 

also be difficult to orient. \ 

The theoretical curves for the PE based systems and the 

horizontal lin es corresponding ta the experimental values are shawn ~ 

Figures (6.12a and b). Here r it was not possible to apply the above-
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described procedure for simultaneously determining Ct and (z/d) • 

This was because for both the f illed systems, the measured moduli in 

the t Clirection were \higher tha~ those predicted by the th~or~ for 

any aspect ratio, even for a random fiber 'orientation (C n = 1) \ 
~ /' 

No straight forward explanation was evident for this observation. 

since the simultaneous determination of both the C.I!, 

164 

and (z/d) was not possible, it was decided to assume a representative 

value for (z/d) equal to 100 The experimentally determined modu1i!c 

in the t direction were close to the theoretical predictions for this 

value and hence the actual values of (z/d) should be in the vicinity 

of the assumed value. 

The values for Ct for each thickness and composite 

material were determined for (z/d) = 100 using the experimental moduli 

in the t direction. These values are listed in Table (6.15) • 

. 
Again it is seen that for both the fiber concentrations, 

the degree of fiber orientation in the tltinner plate is higher. Also, 

comparing the rs:;;ults for the l'E + 20% and FE + 30% fibers materials, 

i t is seen that an increase in fiber load:l,ng leads to a decrease in the 

degree of fiber orientation. 

An important conclusion can be drawn from the comparison 

of the results for the PS and FE based composites. Comparing the 

'; , 
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TABLE (6.15). 

VALUES OF C~ AND (zjd) FOR PE COMPOSITES 

MATE RIAL THICKNESS (mm) CR, (z/d) ..... 
• .? 

PE + 20% 1.6 5.0 100 

~ 
3.2 2.5 1,00 

PE + 30% 1.6 3.0 100 

,3.2 2.4 100 
ç, 

( 

( 
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values of C~ for PS and PE with 20% by weight fibers, it appears 

that the degree of fiber alignment in the flow direction 15 signifi-

cant1y higher for the PE based system than for the PS based material. 

A qualitative explanation for this observation may be given in terms of 

the rheological behavior of,these polymers, though actual rheologieal 

measurements were beyond the spope of this study. The PS matrix i5 

likely to be mueh more vis cous in the mo1ten state than the PE matrix. 

Consequent1y in a PQiseuille flow in a s1it like that encountered in 

the shearing device, the velocity profile for PS would be rather fIat 

compared to that for PE (see Figure (6.13». Lower viscosity of PE 

would result in higher shear rate and hence favor the alignment of the 

suspended fiber in the flow direction. A similar observation has also 

bern reported by Goettler (52). 

The above expl~a~ion appears to be ~alid even at higher 

fiber loading, though, the fiber contents in PS + 40% fibers and 

PE + 30% fibers are not equivalent. However, the differences in the 

degree of fiber alignrnent (differences in values of C~) 
\ 

seern ta decrease 

with increase in fiber content for the two systems. The fiber length 

seems to be the possible factor for this result as explained below. 

PE 

for 

It may be noted that if the assumed values for (Z/d) for 

based composites are appropriate, then the mean fiber aspect ratio 

PE + 20% is rnuch higher than that for PS + 20% , but this iS,not 

sa for PE + 30% against PS + 40% • Sinee the differences in the 

. --



,Figure (6.13). 

( 

Ve10ci ty Profiles for Poiseuille Flow 

in a Slit (Schematic). 

(1) For Less Viscous Material (PE). 

(2) For More Viscous Material (PS). 
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1. 
d~grees of orientation are higher for the lowerl fiber laading than far_ 

the higher fiber loading, the above observations. seem ta sugge.st that 

it might be easier to align longer fibers in the flow direction com-

pared to shorter fibers. 

Ta summarize, it may be concluded from the above analysis 

that: 

(1) higher shear rate can lead to higher fiber 

orientation in the flow direction in a simple 

flow geometry like that encountered in the 

molding procedure used in this project, 

(2) higher shear rate may lead to greater fiber 

attrition, 

(3) inc,reasing fiber laading can hinder the fiber 
\ 

orientation, 

(4) greater fiber orientation may he achieved in a 

less viscous matriX for a given flaw rate, 

(5) i t appears ta be easier ta orient the longer 

fibers in the flow direction than the shorter 

fibers. 

( 
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CHAPTER VII 

CONCLUSION 

This pà,ject has contributed towards better understanding 

of the structure-property relationships of ~he SFRTP materials in addi-

tion to generating experimental data on their mechanical properties. 

In particular, the following statements can be made: 

(~) A theoretical study was carried out to examine 

the influence of one of the structural para-

meters, namely fiber aspect ratio distribution 

on the composite elastic properties. The 

effect was found to be significant in the 

, 
direction of f~ber orientation, but not sa in 

'. the normal directipn. Also, the theoretical 

model developed by the group was extended fur-
, 

ther so as to simulate the non-homogeneous 

structure of molded partsJand study the effect 

on overall compos~te properties. 

(ii) Existing molding devices were used w~th a modi-

~~ed procedure so as to make the whole operation 

simpler and less time consuming. It was also 

proved that the plates made, by the modified 
1 

procedure werelreproduc1ble in terms of their 

mechanical properties. 
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(iii) Moldings of SFIiTP systems based on two dis-

tinct matrix materials were made and tested 

for mechanical properties like stiffness and 

strength in order ta characterize their aniso-

tropy induced by fiber orientation and 

generate experimental data. 

(iv) The molded plates were also testéd for their 

impact behavior. It was found that while 

fibers improved the toughness of brittle 

matrices, they reduced the impact strength of 

• 
tough and ductile materials. 

( 
L, 

(v) The experimental results were analyzed in terms 
1 ~ 

of the previously developed model SO as to 

yield use fuI information on the flow induced 

structure of the molded plates. This allowed 

sorne conclusions to be drawn regarding the .> 

mechanism of fiber orientation during flow and 

the influence of other structural and material 

parameters on the pracess. Sucl~ an analysis 

thus allowed a qualitative correlation of flow-

s~ructure-property aspects of the SFRTP 

materials. 

( 



( 

( 

( 

7.1 Suggestions for Future Work 

On the basis of this study, the following suggestions 

may be made for further research: 

(i) It would be us~ful, although very time consumihg, to 

(Hl 

fully quanti tatively characterize the structure of 

f 
the 'plates mo1ded by the procedure adopted in this 

study and detèrmine the input parameters' for the 

proposed theoretical model accurately 50 as to test 

the validi ty of the model in the case of the moldings 

with relatively hornogeneous structure. 

The s'imulàtion carried out 1n this study for the struc-

ture of non-homogeneous molded parts represent~d a 

somewhat idea11zed case. It would be of help to 

quantitatively examine the structure of injection molded 

parts and accordingly modify the s~mulation procedure 50 

as to represent the structure more closely and'hen stuc;1y 

its influence on the overall composite properties. 

(iii) On ,the basis of the observations made in this study, it 

wou Id be use fuI to study the influence of' individual 

parameters Iike matrix rheological characterLstics, fiber 

content, fiber length and shear rate on the fiber orie~ta--

tion process during flow 1n greater depth. 

171 
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(iv) In the long run, it would be very helpful to theore-

tieally study and model the flow behavior of non-

Newtonian polymerie fluids with fiber suspensions 

50 as te understand the orientation process. The 

results obtained from such a study could help repre-

sent the fiber orientation distribution in a molded 

part and allow a more accurate_prediction~ compo=--

si te properties. Su ch an analysis- can-ultimately 

lead to optimization of mat~rial composition, pro-

cessing techniques and part properties. 

(v) One of the aims of the group has been to work towards 

developing a globally applicable theory for predicting 

the properties of the SFRTP materials. 
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APPENDIX A 

METHOD OF INCORPORATING CORRECTION 

FOR DEVICE DEFLECTION IN THREE-PûINT BEl-mING . TEST 

During the three-point bending test for flexural modulus 

determin~~ion, at any instance, the recorded total deflection ô under 

a force F is the sum of the test-piece deflection 01 and device de­

flection Ô 2 • 

The denominator of the left hand side represents the 

corrected slope, while that of the first term on the right hand side 

represents the measured slope. The l~st term is the correction term 

for device deflection, determined using an equivalent steel bar. 
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A.2 Deflection of Steel Bar used for: Dete.rmining 

Correction Factor 

The deflection of the steel bar under a representative 

load of SOON using 25 mm span deviç:~ can be ~alCulated as 

Ô 
1 FS

3 
= s 4 

Ebd
3 

For force F = 500 N 

span S = 25 mm . 
modulus E = 1.72 x 105 

N/nnn 2 

'", 
width b = 12.5 nun , 

and thickness d = 6.4 mm • 

-3 

\ 
\ 

(A.4) 

, (A.5) x 10 mm o ... 3 
s 

-
Similarly for the 50 nun span device and a steel bar with a width of 

19 rran and a thickness of 6.4 mm , 

â = 1.82 x 10-2 mm 
s 

Thus in both cases, the def1ectirn of the bar i tself 

is negligib1e. 
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DE'l'ERMINATION OF CROSSHEAD BOUNcE CORRECTloR'FACTOlt 
\." . 
IN rr;.ENS ILE' IMPACT TESTING 

In tensUe impact testing, upon contacting the anvil at 
....-

the bottom of the swing of the pendulum, the crosshead bounces away '.'i th 

an initial velocity vI dependent upon the degree of ~lastici~ o~ the 
~ \ 

contacting surfaces. In several cases, this rebound velpcity has been 

measured to be aboU: .1.88 ~s for steel crossh~ 
t . 

(ASTM ~l822 (69». 

After ilnpact and rebound of tne crc:;>sshead the specimen i8 

pUlled by two lOOVing b~ies, the pendulum with an energy of MV
2

/2 and' 

2 the crosshead with an energy of mv 12'. When the specimen breaks, only 
\." 

1 
that energy is recorded on the dial which.is lost b~ pendu1um. There-

, fore one must add the incremental energy contributed by the crosshead to 

" determine the true energy used to break the specimen. 

càn be calculated as fo1lows; 
~ \ 

By defiriition 

and 

where: 

M 

---_.~ 

, 2 
1llaSS of pendulum .... ,0.681 Nt" S lm 

'l'his correotion 
-.0 1ft 

(B.l) 

(B.2) 

./: 
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E ... 

e = 

\ 
.\ 

'" \-

mass of crossheaa 

" , 
./ ' 

2-
• O.OSOS'N.S lm , 

~~ v~~ool(-Y of ;,..,,~ perOUB~ion 
of crosshead o~~ndulum·. 3.44 mis " 

, 1 

velocity of center of percussion at the tim~ 
. 

W'hen specimen breaks, mIs, 
~ 

crosshead velocity. ~diately after b6unce 
<' 

J 

crosshead velocity' at Ume when specimen' 

breaks, mIs , 

energy read on pendulum dial, J, 

enèrgy contribution of crosshead or bounee 
, l , 

correction factor to be added ta dial reading, J 

" 

8.2 

• 1 

Also, once the ljebound ?f .-he crosshead has ôecurred, the 

momentum of the sy~tem in the horizontal direction must f'emain constant. 

- lIlV1 = - mv2 
(8.3) 

Equations (B.1), (B.2) and' (B.3) can be combined to e~iminate 

V
2 

as: 

.. (B.4) 

li 
For fued values of V, M, m and v

l
' e cart be plotted as a function 

() • 

/ 
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of E 
" 

as shawn in Figure (B.1) and hence the bounoe correotion factor 

can be read o~f for any valUè of between 0 and (ml2) 
2 If e vI • 

the ca).culated value of e by equation (B.4) 18 highe:r than 

the correction factor i8 taken as, ttl/2 v; ~STM D 1822 (69p. 

2 
(ml2) vI ' 
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'. AP:Pl!NDIX C 
,1 • 1 _ _ ___ _ 

COMPUTER PROGRAMS USEe FOR NUMERICAL CALCULA'l'IONS 

(FORTRAN WITH WATFIV COMPILER) 
, 

Moduli of Unidirectional com~osite with Log-. 
normal Fiber Length Distribution 

~ 

The listing for the program is provided below. For 

qiven values of and s , z . the log-normal fiber length distri-

but ion 18 generated U8ing the subroutine FIBD. Al-SO, for qi v~ 

mater!al parameters, EL and ET are calculated for different 

aspect ratios using subroutine ~. Finally, the overall moduli 

ËL and ËT are computed for the previously described three methods of 

summation by Simpson's rule. 

.. 

: 1 

'. "'" 
\ " , 
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.,-

" 
- TD COMPUTE LONGITUDINAL AND TRANSVERSE MODULI FOR A 

1 .. 

, 1UNIDIRECTIONAL COMPOSITE WITH LOG-NORMAL 
- 2FIBER-I:..ÉNGTH -DISTRIBUTION. 

DIMENSION EL(6,30),ET(6,30~,ELL(6,5~30),EiL(6,5,30), 
1ELPC6,5/30),ETPC6,5,30),ELSC6,S,30),ETS(6,S,30), 
2SUMC1S),FLC6,30),EMC7),SIGC5) 

4 

5 

6 ' 
101 
400 

1 

3 
10C> 

8 

103 

199 

REAL L,LM-
LM=0.3 
EF=1000()000. 
D=0.01 
VF=0.2 
1)0--101 K=1,4rl 
5IG(K)=(K-1.0)/l0.0+0.15 
WRITE' (6,4)8IGOO • 
FDRHAT('1'rlOX,' SIG = ',F6.4) '''1 

WRITE (6,5) 
FORMAT ( 14X, , FL ' , 15·X, ' L ') . 
DO 101 J=1,21,t 
L=Cj-1.0)/20.0 
CAL~ FIBDCSIG,FL,J,K,LM,L) 
WRITE (6,6)FL(K,J)',L 
FORMAT(10X,F9.5,10X,F6.4) 
CONTrNUE 
DO 100 I:!::1,5d 
I::M ( 1 ) = 1 00000 • * I 
WRITE (6,1>EM(I),VF 
FORMAT('l',10X,'EM = ',E9.~,10X,:VF = ',F6.4) 
WRITE; (6,~) 

FOf?MAT C 15X, "EL' ,18X, ',ET' ,16X, 1 L') 
DO 100 J=1,~b1 
L=Cj-1. )/20.0 
CALL RALMAX(EL,ET,L,I,J,D,EF,EM,VF) 
WRITE (6,3)ELCI,J) ,ET(I,J),L 
FbRMAT(10X,E12.5,8X,El~.5,8X,F6.4) 
CONTINUE 
'WR1T[ (6,8) 
FORMAT ('l'riOX,'LONG. MODULU8',,8X,'TRANS. MOIIULUS') 
DO 10~ 11=:\",5,1 
DO 10~ Kl=1,4,1 
DO 103 J1=1,21,1 
F.l~L< Ii ,1\ t ,J 1 ) =FL< K 1 , j 1 ) * ALDG (EL ( Ii ,-J 1 ) ) 
ETLCI1,K1,J1)=FLCK1,J1)*ALDGCETCll,Jl» 
ELPCI1,1\1,Jl)=FL(K1,J1)*ELCI1,Jl) 
ETPCI1,Kl,Jl)=FLCK1,j1)*ET(I1,Jl) 
ELB cr 1 , "1 , J 1 ) =FU f\ 1 ,j 1) IEL< 1 b J 1 ) 
Ers CIl, l,t', J 1) =FL<Kl".Ji ) IETC.L1 , J1> 
CONTtNUE 
DO 199 N2=1,?d 
SUM (N~) =0.0 
CONHNUE' 
DOt 04 J 2 = 1 ~ 21 , 2 
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104 

SUM (1 )=SUM( 1) +ELL< 1·1, K1 ,J2) *2.0 
SUM(2)=SUM(2)+ETLCll,K1,J2>*2.0 

- SUM(3)=SUM(3)+ELPCll,K1,J2>*2.0 
SUM(4)=SUM(4)+ETP(I1,Kl,J2>*2.0 
SUM(5)=SUM(S)+ELS(Il,Kl,J2>*2.0 
SUMX6)~SUM(6)+ETS(Il,K1,J2)*2.0 
SUM(7)=SUM(7)+FL(K1,J2)*2.0 
CONTINUE 
DO 105 J3=2,20,2 
SUM (1) =SUM (i ) +ELL< Il, K1,,J3) *4.0 
SUM(2)=SUM(2)+ETL(Il,K1,J3)*4.0 
SUM(3)=SUM(3)+ELP(Il,K1,J3)*4!0 
SUM (4 )=SUM ('4 HETP( Il, Kt, J3) *4.0 
SUM (5) =SUM (:5) +ELS ( Il, K h J3 ) *4.0 
SUM(6)=SUM(6)+ETS(Il,Kl,J3)*4.0 

·k 

105 
SUM(7)=SUM(7)rFL(Kl,J3)*4.0 
CONTINUE 

7 

9 

10 

11 

SU M A = ( S UM ( 1 ) - E L L ( Il , K 1 , 1> - E LL ( l 1 , Ki, 21 ).) ,* 0 • 0 ~ /3 • 0 
SUMB=(SUM(2)-EiL(I1,Kl,1)-ETL(I1,Kl,21»*0.0~/3.0 
SUMC=~SUM(3)-ELP(Il,K1,1)-ELP(I1,Kl,21»*0:05/3.0 
SUMD=(SUM(4)-ETP(Il,K1,1)~ETP(I1,Kl,21»*O.05/3.0 
SUME= (SUM (5) -ELS ( Il , Kl Pl )-ELB (Il, Kl, 21) ) *0. O!':i/3. O. 
SUMF=(SUM(6)-ETS(Il,Kl,1)-ETS(I1,Kl,21»*O.05/3.0 
SUMG= (SUM Cl) -FL (~1') -FU K 1 ,21> ) *0.05/3.0 ' 
ELLO=EXP (SUMA/.SUHG) 
ETLO=EXP (SUME/SUMG) 
ELPO=SUMC/SUMG 
ETPO=SUMD/SUMG 
ELSO=SUMG/SUME 
ETSO=SUMG/8UMF 
WF~[TE (6,7)EM(Il),SIG(K1> 
FORMAT < 'OFOE: EM = / ,E9.2, 'AND SIG = ",F6.4) 
WI::: l TE (6" 9 ) ELLO , ETLO , 
FdRMAT (10X,ElO.4,11X,El0.4,8X,'BY LOG. ADDITION') 
WRITE (6,10)ELPO,ETPO' 
FOHMAT (10X,El0.4PllX,E10.4,8X,'BY DIREG-+ ADDITION') 
WRITE (6,11>ELSO,ETSO 
FORMAT (10X,El0.4,11X,E10.4,8X,'B 

1 O~ CONTINUE 
VF=VFtO.2 
IF (VF-O.8)400,400,401 

401 STOP 
-~ END 

aUBROUTINE RALMAX(EL,ET,P,I,J,D,EF,EM,VF) 
DIMENSION EL<6,30),ET(6,30) ,EH(7) 
IF (J. EQ • 1 ) GO TO ~OO 

AS=F'/D 
SA::::[I/P 
ASF'=2.0*AS+l.0 
SAF'=SM2.0 
EH=EF lEM ( 1 ) 
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:201 
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EP=(ER-l.0)*VF 'il ' 
EL(I,J)=EM(I>*(1.0+~SP*EP/(ER+2.0*AS-EP» 
ETCI,J)=EM(I)*<1.0+SAP*EP/(ER+SA+l.0-EP» 
GO TD 201 ' 
EL(I,J)=EM('!~ . 
ET ( l, J) =EM ( l ) , \1 
RETU~ , 
ENI! . -
SUBROI TINE FIBI! (5-IG ,FL,J,K, LM, S), 

DIMENSION SIG(5~,FL(6,30) 

REAL LM, LML ("1\ 

IF (J.EQ •. 1>GD TD 300\' 
PA=l. O," (SIG (K) ILM) **2, 
SII=SQRT (ALDG (F'~) ) 1,\ 

LML=ALdG<LM)-0.5*SD*~ 
B=1.0/(SD*SQRT(2.0*3.i4159» 

• 

C=ALOG(S) 1 

~ R=~O.5*(C-LML)*(C-LML~ 

300 
301 

E=R/SD**2 
FL ( K ,'J >r= ( BIS) *EXP ( E) 
GO TO 301 
FL ( K, J > =0 • 0 
RETURN 

'ENI! 
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C.2 Moduli for Canposi tes wi th ~on-HOIIlOgeneous 

F.tber Or!entat;Lcn Distrib~tion 

,1 

The values of mean aspect ratio, material properties and 

orientation parameter in the center and at the surface are defined in 

the beginning. Fiber orientation distribution ia then computed for 

different values of Ct corresponding to elemental thicknesses. Cor-
o 

responding composite moduli are computed uSing subroutines RALMAX and 

CLAST according to the method described in Section 4.2. The overal.l. 

flexural and tensile moduli are then computed by integrating across the 

. thickness using SimpsonJs rule. 
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• I/CE15RArtA JO~ (CE15,000,010,01qp,0000,'20"U 
.II EXEC WATFIV 
IIGO.SYSIN DD * 
$WATFIV ,TIME=100,PAGES=100 
C FILE RAMA 
Cl THIS PROGRAM IS FOR COMPUTING OVERALL LONGITUDINAL AND 
C TRANSVERSE MODULI FOR A COMPOSITE IN WHICH ORIENTATION 
C VARIES ACROSS THE THIC~NESS IN A LINEAR WAY, THE CENTRAL 
C PLANE BEING RANDOM AND PERFECt ORIENTATION AT THE SURFACE. 
C *******************************~********** 
C FIIilER DISTRIBUTION IN A PLANE 
C **********~******************************* 
C" ALL INTEGF~ATIONS ARE PERFORMED BY SIMPSON' S,_E 
C ****************************************** 

C.6 

DIMENSION CL(25),DEG(40),RAD(40),VO(40),V(25,40),EX(40), 

C 

\ 

101 
201 ' 

t 

2 

3 

4 

1EY(40),CLT11(40),CLT22(40),EXEM(40),EYEM(40),SUMA(25), 
2SUMB(25),SUMC<25),SUMAF(25),SUMBF(25),SUMCF(25),EXSL(25), 
3EYSL(25),PCD(2S) 
~F=l 0000000. 

AS = 30.0 
VF=O.2 
VF=O.O ' 

EM = 500000.0 
UM=0.3 
UF=O .2 
CLM1=1.0 
CLM2 = 5.0 il 

DO 1 0 1 1 = l , 21 Pl ' . 
CL< 1) =CL.Ml + (CLM2-CLM1>'*( 1-1.0 )/20.0 \ 
DO 101 J=1,37,1 . '. 
DEG(J)=(J-l.0)*2.5' . \ 
F~ADCJ)=DEG(J)*3.14159/180.0 "" 
VO(J)=3.14159*«COS(RAD(J»/CL(I.»**2+(SI~(FAD(~»*CL(I»**~) 
VeI,J)=1.0/VO(J) , - . 
CONTINUE \ 
CALf:.. RAIoMAX (EL, ET, GL T, UL T, EF, EM, AS, VF, UM, U~') 
WRITE (6,1) '. , 
FORMAT('l',10X,'GENERALISED RAYLEIGH-MAXWE0L') , 
WRITE (6,2)Et,ET,GLT~ULT ~ 
t~~~~~~:~~~~':L':F~:~~2.5,10X"ET = ',E12.5~ \OX,'GLT = " 

ELDEM=EL/CM 
ETrlEM=ET lEM 
WRITE (6,3)ELDEM,ETDEM 
rORMAT(10X,'EL/EM = ',F6.4,.14X,'ET/EM = ',F6.\A) 
WRITE (6,4) 
FORMAT(III,'OCLASSICAL THEORY WITH SYMMETRY"\ 
WRITE (6,5) 1 

5 FORMAT('O' ,5X,'EX' ,11X,'EX/EM' ,UX, 'EY',.11X,'I;Y/E~',11X, 
l' ANG' ) 

DO 100 I=1,37r1 
CALL CLAST(RAD,EL,ET,ULT,GLT,I,CLT11,CLT~2) 
EX(I)=1.0/CL~11(I)-

........ 

, 1 

1 

\ 

\' 
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, 
( 

l' • 

L4 

Ey\I)=1.0/CLT22(I) 
EXEM ( 1 ) =EX ( 1 )I/EM 
EYEM CI> =EY ( 1) lEM . , " 

")', 
/. 

l, _ 

, c.7 

WRITE C6,6)EX(I),EXEMeI),EYCI),EYEMeI),DEG(I) 
6' FORMATCE12.5,5X,F7.4,5X,E12.5,5X,F7.4,5X,F6.2) 

. 100 CONTINUE 

C 

WRITE C 6,11) 
11 FORMATC'l',1~X,/CL/,15X,'EXL',lBX,'EYL/) 

DO 200 1=1,21,1 

103 

104 

7 
200 

105 

SUMA(I)=O.O 
SUMB ( 1 ) =0 .0 

,SUMCCI)=O.O 
DO 103 ..1=1,37,2 
SUMACI)=SUMACI)+VCI,..1>*ALOGCEX(..1»*2.0 
SUMBCI)=SUMBCI)+veI,..1)*ALOGCEY(..1»*2.0 
SUMCCI)=SUMC(I)+V(I,..1)*2.0 
CONTINUE 
DO 104 ..1=2,36,2 
SUMACI)=SUMACI>+veI,..1)*ALOGeEX(J»*4.0 ~ 
,SUMB(I)=S~MBCI)+veI,J)*ALOGCEYCJ»*4.0 
SUMCC!)=SUMCCI)+V(I,J)*4.0 

\1 

CONTINUE 
SUMAFeI)=SUMACI)-VeI,1)*ALOGCEXC1»-V(I,37)*ALOG(EXC37» 
SUMBFC!)=SUMB(I)~VCI,1)*ALOOCEY(1»-VCI,37)*ALOG(EYC37» 
SUMCFC!)=SUMCCI)-V(I,1)-V(I,37) 
EXSLCl)=EXP(SUMAF(I)/SUMCFCI» 
EYSLCI)=EXPCSUMBFCI)/SUMCF(I» 
WRITE (6,7)CL(I),EXSL(I),EYSLCI) 
FORMATCBX,F8.3,8X,E13.6,8X,E13.6) 
CONTINUE 
LOOP FOR THE FINAL INTEGRATION OVER THE THICKNESS 
SUMFA=O.O 
SUMFB=O.O 
DO 105 1=1,21,2 
PCDCJ)=(I-1.0)/40.0 . 
SUMFA=SUMFA + ~.0*EXSLCI)*PCDCI)**2.0~ 
SUMFB'=SUMFB + 2. O*EYSL CI) *Pj:D C 1) **2.0' 
CONTINUE -\ 
rIo 106 1=::::,::::0,2 
PCDCI~=(I-l.0)/40.0 
SUMFA=SUMFA t 4.0*EXSLCI)*PCDCI)~*2.0 

, 

.. 

106 CONTINUE 
ELOVER=(SUMFA-EXSL(1)*PCDC1)**2.0-EXSLC21)*PCDC21)**2. 0)/5.0 
ETOVER= C SUMFE~:;-EYSL CU *PCD C 1 ) **~. O-EYSL (21) *PCD (21) **2.0) 15.0 
WRJTE (6,8) 

8 FORMAT('OTHE OVERALL MODULI FOR THE COMPOSITE-FLEXURE') 
WRITE (6,9)ELOVER,ETOVER,VF 

9 FORMAT('OLONG. MODULUS = I,E12.5,8X,'TRA~S. MODULUS = " 
'1E12.5/'OFOF< VOL. FRACTION = ',F6.4) 

ELDEM=ELOVER/EM 
ETOEM=ETOVEF~/EM 
WRITE (6,10)ELOEM,ETOEM 

10 FORMAT('OREDUCED LONG. MODULUS = ,', FB. 5/' ORÈDUCEII 

'\, 
TRANS. 
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C 

(j. 

lMODULUS =', ,Fa.S·) 
LOOF' FOR THE FINAL INTEGRATION - TENSION 
SUMFA=O.O 
SUMFB=O .0' '1 

IIO 107 1=1,21',2 
,SUMFA=SUM~2. O*EXSL (1) 
SUMFB=SUMFB+2. O*EYSL< 1) 

107 CONT~NUE 
no 108 1=2,20,2 
SUMFA=SUMFA+4.0*EXSL(I~ 
SUMFB=SUHFB+4.0*EYSL(I~ 

108 CONTINUE 
ElOVET= (SUMFA-EXSL ( 1 ) -EXSL (21) ) /60.0 
ETOVET=(SUM~B-EYSL(1>-EYSl(21»/60.0 
WRITE (6,12) 

12 ·FORMAT ( , OTHE OVERALL MODUlI FOR TkiE COMPOSITE-TENSION') 
WRITE (6,13) ELOVET, ETOVET, VF ' 

13 FORMAT('OLONG. MODULUS =',E12.5~ax,'TRANS. MODULUS =',E12'.5/ 
l'OFOR VOL. FRACTION =',F6.4) l 

ElOEMT=ElOVET lEM 
ETOEMT=ETOVET lEM 
WRITE (6,14)ELOEMT,ETOEMT 

14 FORMAT ( , OREDUCED LONG. MODULUS = J ,F8. 51 
l' OREDUCED TRANS ~ MODULUS =', F8 .. S), 

ELFT=ELOVER/ELOVET 
ETFT=ETOVER/ETOVET 
WRITE (6,15) ELFT, ETFT 

,15 FORMAT('OLONGITUIIINAL - EF/ET =',F8.51 
l'OTRANSVŒSE - EF/ET =' ,Fa.5) 

,VF = VF+O. l' " 
IF ,(VF-1.0)201,201,202 

202 STOP 

c 
c 
c 

C ... 
J 

c 

END, 

***************************************** 
SUBROUTINE RALHAX ' 0 

****************************** 
SUBROUTINE RALMAX(EL,ET,GLT,U~T,EF,EM,AS,VF,UM,UF) 
SA=1 .O/AS 
ER=EF /EM 
ES=<ER-l.0>*VF 
GF=EF / ( 2 .0* ( 1 • OtUF ) ) 
GM=EM/ C~ .0* (1.0tUM) ) 
Gf<=GF /GM 
GS=( GR-1.0) *VF 
El=EM* ( 1. Ot C:!. O*AS+l. 0) *ESI (ER+2. O*AS-ES) ) 
ET=EM* ( 1.0+ ( SAt:::? • 0) *ES/ ( ERt 1 + otSA-ES) ) 
Ul T=lJM* <1.0-VF >+UF*VF . 
Gl T=GM* ( 1.0+ ( SA+2 • 0 ) ,*GS/'( GRt 1 • O+SA,* ) ) 
rŒTURN 
END 
******************************~********** 
SUIBROUTINE CLASSICAL THEORY 

******************* 

C.8 
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SUBROUTINE CLAST (RAD, EL,E'J1, UL T ,GL T,l,CL T1l ,CL T22) 

DIMENSION RAD (40), ÇL T11 (40) ,CL T22 (40) , CXYl1 (40) ,CXY22( 40) 
1,CXY66(40),CXY16(40) ,CXY26(40) ,ÇXY61(40),CXY62(40), 
2CXY12 (40) , CXY21 (40) 

RAD2=RAD ( 1) *2.0 
BRC=1.0/GLT-2.0*ULT/EL 
CXYl1 (1) =COS (RAD( 1) ) **4/ELtSIN( RAD(I) ) **4/ET+ 

1 SIN(RAD2) **2*BRC/4. 0 
CXY22 (1) =SIN (RAD( I) ) **4/EL teos (RAD (1) ) **4/ET+ 

lSIN(RAD2) U2*BRC/4. O' r / 
CXY66 (1) =lJEL+2*UL T /ELtl/ET-COS (RAD2) **2*( l/EL+1/ET 

l-BRC) '/ . 
CXY12( l ) =SIN (~AD2) **2*<1/ELft/ET-BRC) /4 • ()-IJL T /EL 
CXY21 ( l ) =CXY 12 ( 1 ) 
CX.Y16( l ) =SIN (RAD2) * ( l/EL-BRCI2. O-SIN(RAD( 1 >.) **2* 

1 (l/ELtl/ET-BRC» 
CXY61C I) =CXY16 (1) 
CXY26 (1) =SIN (RAD2) *( 1/EL-BRC/2. O-COS(RAD <I» **2* 

1 (l/Eltl/ET-BRC» 
exy 62'( I ) =CXY26 (1 ) 
CL T11 cr) =CXY11 (1) -CXY16 (1) **21CXY6ii( I) 
CL T22 ( 1 ) =CXY22 ( 1 ) -CXY26 ( l ) **2/CXY 66 (1 ) 
RETURN " 
ENI! 
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C.l, . Kéy t.o ,Ma' ot' Symbols Used in CanputeX' .rProgruas 

Syml?ol 

In Listing , 
AS 

CL 

CLMl 

cœ2 

CLTll - CLT66 '" 

cnll CXY66 

EF 

EM 

EX , EY, 

ELLO ETLO 

, , 

In' Text 

(z/d) 

C~: 
1.) 

E 
Y 

'. 
Déscdption 

'," .. 

\ ;. 

F1ber aspect ratio. 

Orientatidn Parameter. 

C~ in the centér. 

at the surfacé. 

Components of compliance 

ttlatrix 
tt 

[C ] '. 

Components of compliance 

. 
Fiber 'Young' s modulus. 

Matrix, Young' S JOOdulus. 

Composite moduli in ditec-

tions L , T • 

Composite moduli in direc-v 

\. tions x, y. 

Ov~ra~l composite moduli by 

log~ithmic summation (uni­

directional) • 

\, 
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"- C.ll 

e 
SYJ!!bol \ Description 

, In List1n2 In 'l'ut 

. . 
ELPO , ETPO ~,~ Overall composite moduli 

by parallel ,summation (uni-' 
... 

directional) • 
\ ::--- \ ---... 

'ELSO , E'l'SO \1 ÊT 
" , 

OVerall cOIIlI'Osite moduli 

--lby series summation (uni-

1 - directional) • 

ELOVER t E'l'OVER Ef $f OVerall flexural lIKlduli in R, t 
r 

/ ) directions R. , t • .. 

ELOVET , E'l'OVET t Et OVerall tensile moduli in ER, , 
(-) 

t 
• .. .- directions R. , t • f' -J; 

i f ? ' 

ELF'l' , ETFT (Èf/Et ) Ratios of flexural to tensile -R. 

(Ef/Et ) moduli in directions R. , t • 
t 

FL f (z) Fiber length distribution 

f 
\ 

~ 
" \ 

function. 

, 
~ ~ , L z Fibe;r length. 

t " \ 
C· -{ LM z Mean f iber length. 

~ 

t - Parameter in log-normal dis~ .1 ,LM!. X 

f 
f tribut ion function. 

i 
ParaJ[leter in log-n~œl dis-f SD \ S x 

l 
tribut ion function. 
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c 
In Listing 

: 

SIG' 

, \ 

op 

Symbol' 

In Text 

S z 

, 
~ If 

C.12 

Descri~ion 

Standard deviation of fiber 

length dtstiibUtion. '1 

Fiber volume fraction • 

• 

l , ... ? .. ~\ 

,', 
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, Sym!?ol 

C ' 
t 

d 

E c 

E 
m 

N.l 

NOMENCLATURE 

Description 
i 

Orientation parame ter in t direction. 

--Orientation parameter in t direction. 

Maximum value of CR, (at surme) for 
~ . 

non-homogeneous ~rientation distribution. 

Compliance matrix with ~eference to direc­

tions R. and t (symmetricâl case). 

Compliance matrix with reference to direc-

tions x and y (nonsymmetrical case). 

F!ber diameter. 

Composite:young's modulus. 

Fiber Young's modulus. 

Matrix ~ounqls modulus. 

YOÙnfÎ:i modulus of unidirectional composite 

in direction L. 

Young's modulus of unidirectional composite 

in direction T 

Overall Young's rodulus of unidirectional.-

composite with a fiber length distribution 

in direction L. 

. . 

, ' 
',:-;-

\ 
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Symbol 

E 
x 

E 
Y 

,--_._. -.------ -----------------...-:.-' j--l"'" 

l~ \ 
N.2 

Description 

OVerall Young'S modulus of unidirectionaf 

composite with a fiber length distribution 

in direction T 
-1> 

Young' s modulus in direction R. Csymmetri-

cal case with angle 9) • 

. 
Young's modulus in direction t (symmetci-

èal case with angle el • 
" 

Youngls modulus in direction 1 for a fiber 

orientation distribution corresponding to a 

given va~ue of CR,' • 

Youngls modulus in direction t for a fiber 

orientation distr~ution corresponding to a 

given value of CR, • 

Young 1 s modulus in direction x (non-

symme~rical case with angle 9) • 

Youngls modulus in direction y (hon~ 

• symmetrical case with angle 9) • 

Overall flexural modulus in direction t, 

for model in Section 4.J. 

• ~OVerall flexural modulus' in direction t 

for model 'in Section 4. J • 
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~ , 
~ 

v 

(.;' 

p , 

f(z) 

F 

G
f 

Gxn 

GLT 

GR,t 

,~, 

G 
xy 

,h 

h­
m 

Description 

overal-tènsile modulus in direction ~ 

for model in Section 4 .• 1. 

Overall tensile modulus in direction t 

for model in Section 4 •. 3 • 

Fiber length distribution function • 

. ' 
Force for three-point bending. 

Shear 1IIOdulus for fibers. 
/ 

Shear modulus for matrix.~ 

Shear, modulus of unidirection@l composite 

wi th rexerence dire,ctions L and T. 

Sheàr modulus of composite with reference 

directions i and t' (symmetrical case). 

Shear modulus of composite with reference 

directions x and y (hon-symmetrical case). 

Distance from the cèntral plane in the model 

of Section 4 • 3 • 

Half-thickness of a specimen in the model of 

Section 4 • 3 • 

Moment of Inertta of cross-section of a 

specimen. 

L ,. ~ 
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b 

c 

~ 
" 

,f. 

, / 

L 

s 

s x 

s z 

'1', 

v . 
f 

V(9) 

.X 

o 

1 

... --_._~--------------... -" , 

Cl N.4 

Description 

Direction ot>fiber orientation for a ,t 
- . -' unidirectional composite. 

Reference direction for symmetrical case 

(longi tudinal) • 

Fiber mass f ra.ction. 

Span length. in three-point bending test. 

Polydispersity parameter in fiber lenqth 

distribution function. 

Standard deviation q,f fiber length distri-

bution. 

Transverse direction for unidi~ctional 

composite. . -{., 

Re~~ence direction for symmetrical 

case (transverse). 

Fiber volume fraction. 

Fraction of fibers in direction e ~ d8;2 

with respect to the reference direction. 

Parame ter in fiber length éistribution 
\ 

function. 

Izod-type impact energy. 

Tensile impact energy. 
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Symbol 
.---- ., 

,-. 

, . 

... 
X 

X, Y 

z 

z 

Greak 

e 

aL 

~T 

cr 
Je 

cr y 

cr 
c 

Symbols 

Cf 

.... 

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

," 

Description 

~arameter in fiber length distribution 

f\Ulction. 

Reference directions for non-symmetrical 

case. 

Fiber leI?-gth. 

Mean fiber length. 

Angle of fiber orientation direction with 

the reference direction. 
... 

Stress in' direction .L of un±directional 

composite. 

Stress in direction T of unidirectional 

composite.' / 

Stre~s in direction x 
,', 

(non-symmetrical)\ 
1 . 

case with angle 6) 

stress in direction y (non-symmetrical 

case with angle 9) 

Composite stre~gth. 

Fiber tensile strength. 

Matrlx tensile strength. 

N.S 

\ 
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,Jo 

. 

$ymbol 

e: x 

e: 
y, 

"f. 
xy 

o )lm 

)J , 
xy 

/ 

Descrip1tion 
1< 

Tensile strength in direction t 

Tensile strength in direction 't 

Strain in direction L of unidirectional . 
composite. 

Strain in direction T of unidirectional 

composite. 

Strain in direction x (non-symmetr~cal 

case with angle e) • 

Strain in direction y (non-symmetrical 

case with angle 9) f 

Shear strain in plane x-y (non-symmetric~l 

case with angle el • 

Fiber poisson's ratio • 

Matrix poisson's ratio. 

Poisson's ratio of unidirectional composite 

with reference directions L and T. 

Poisson's ratio of composite with reference 
(J 

directions t and t (symmetrical case with 

angle' el 

Poisson's ratio of composite with referenée 

directions x and y (nonsymmetrical case 

with angle el • 
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