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ABSTRACT

This study is intended towards a better understanding
; . @
of the structure -~ property relationships of short glass fiber-filled

'

-

thermoplastic composites. A review oflvarious approach%s for predict-
ing the elastic and ultimate properties of fiber composite materials

is presented. The theories for predicting elastic properties are
considered in greater details a;ld used to examine the effect of two

very important structural parameters, nan‘lely, fiber lgngth distr.ribution
and non-homugeneous fiber orientation distribution on the overall com-
posite properties. ‘ Moldings of short glass fiber-filled composites
based on Polystyrene and Polyethylene matrices with varying fiber content

were prepared so as to obtain a .preferential fiber orientation in a

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

. terized by measuring various elastic and ultimate properties in both

static and impact modes. Elastic properties are analyzed in terms of
the theoretical model and a discussion of the structure and, in particu-,
lar, the- fiber orientation resulting from the flow of molten composites

.

is presented.
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RESUME

Cette étude vise d mieux comprendre les relations entre
structure et propriétés pour des composites thermoplastiques a fibres
de verre courtes. Une revue des différentes méthodes de prédiction
des propriétés élastiques et i la rupture pour des composites i fibres
est présentée. Les théories prédisant les propriétés élastic‘;ues sont
considérées en plus grand détail et utilisées pour examiner 1l'effet de
deux paramétres de structure importants soit la distribution de la lon-
gueur des° fibres et la non-homogénéité de la distribution de l'orienta-
tion des fibres sur les propriétés globales des composites. Des
moulages de composites 3 fibres de verre courtes basées sur desmatrices
de polystyrene ou de polyéthyléne avec des taux de verre variables c;nt
été préparés de fagon 3 obtenir une orientation préférentielle dans une
direction. L'anisotropie mécanique de ces systémes est caractérisée

par la mesure de plusieurs propriétés élastiques ou 3 la rupture en modes

statiques ou dynamiques. Les propriétés élastiques sont analysées a la

lumidre du modéle théorique et une discussion de la structure et en parti- '

culier de l'orientation des fibres résultant de 1'écoulement du composite

fondu est présentée.
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CHAPTER I .
INTRODUCTION

With the advances in technology, the need for.griffer,
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, largely through proc;ssing advantages,
often cost less. They frequently, however, lack the necessary mechani-
cal properties to be fully acceptable substitutes to metals in many
mechanical applications. However, reinforcement of plastics by fiﬁ}rs
or other inclusions can lead to mechanical p¥operties comparable to those
of metals. Since such composite materials can retain the advantages of
ease of processing, lower cost and lower weight, they are gaining credibi-

@

lity as potential structural materials.

1.1 Definition of Composite Materials

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

o

combination of several distinct materials designed to enhance or médify a

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

the components forms a continuous phase and 'is called matrix; while the re-

maining components constitute discrete phases.

i
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b
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short -or,

M & o .

1.2 Short Fiber-Reinforced Thermoplastics . - C

forms the continuous or matrix phase.

v,
1y Ay
w43

o
In the case of reinforced plastic composites, the polymer
/

The discrete phase may consist of

F?ﬁtinuous fibers of glass, graphite or metal or particles like

mica, chalk or some other fillers (Titow and Lanham (2)).

s
v
-
b

The cheaper utility thermoplastics like Polyethylene, Poly-

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

s

become valuable structural materials (Santrach (3)) with characteristics

like:

a

21
(3)
(4)
(5)
(6)
/ - (7
(8)
(9{

(10)

parameters.

. higher modulus, . .

.

higher strengtlt, =\
better heat résistance,
higher im;act.strength (brittle polymersi,
better creep fesistance,
lower cost / performance,
resin conservation, ’
higher surface hardness, .
‘ A\

reduced thermal expansion,

reduced shrinkage.

&
However, properties of these short fiber reinforced thermo-

. plastics (often referred to as SFRTP) are strongly depéndent on many

The main factors influencing the most common mechanical pro-




perties like stiffness and strength of the composite materials are:

(1) type of polymer matrix,
P (2) type of fiber material,

(3) ' fiher content of the composite,

fiber shape and dimensions,

) (4)

(5 spatial arrangement of fibers,
fiber-matrix adhesion and interface,

presence of aggreg{ies and voids.

While the first two factors essentially represent the com-

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

“. as structural parameters.

1.2.1 ‘Structure of SFRTP

¥
For a given composite system, the properties are essentially
V'
{ .
determined by the structural parameters and hence each of them needs a

- somewhat detailed discussion,

T i o
o N \ + .
. R \
1.2,1.1 “Fiber Content @
Fiber content of the SFRTP material is the most important

structuyral parameter. It is usually specified as the mass fraction M

£




< //’
-~

of the fibers in the composite:kthe mass fraction of the polymer matrix

being given by

~ (1.1)

|
=
]

1l -M

However, for the theories of pfédiction of composite properties, it is

more appropriate to represent the fiber content by volume fraction Vf

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

densities pf and Pn respectively, as
Me / Pg

= (1.2)
£ _yf / pf + Mm / pm —

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 high fiber content
can result into insufficient continuity in the matrix material resulting

<

into poor bonding and hence a weaker material.

o

1.2.1.2 Fiber Dimensions

For the short glass fibers of finite length, the most im- .
portant dimensions are fiber length =z and diameter d . The ésp;ct
ragio, defined as the ratio of a major to a minor dimension of the par-
ticle (z / 4 in the case of short fibers), 1is dften considered more

appropriate for theoretical treatment than individual dimensions.




"
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In general, stiffness and strength of the SFRTP increase
swith an increase in fiber aspect ratio, in a given direction. However,
there is a complex interaction of several parameters that determine the

_Hpomposite properties and hence it 1s difficult to isolate the effect of

a single parameter like aspect ratio.

\

b e e i R A3t o AN At S A A e e, e A DA i 83 i

1.2.1.3 Fiber Arrangement

The spatial arrangement of f£ibers in the composite is
another important factor. The cylindrical particles like short glass
fibers can be oriented in a random fashion so that the fraction of fibers

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

PR SEST TSI PR I UGN veye e SRR SRS

oriented so that all the fibers are perfectly aligned in a given direction.

In fact, for a real composite, the fib?r orientation can be any&here

between the random and the perfectly aligned cases. ) ’
The degree of orientation determines the degree of anisotropy

in the composite propérties. Since the fibers impart a much higher £ein— ;

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

their axes, composites with preferentially aligned fibers exhibit higher %

B

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

[

S PEICL A

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

equal degree of reinforcement in all directions and may be expected to be ?

\

isotropic, on large scale. -
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1.2.1.4 . Fiber-Matrix Interface

Fiber-matrix adhesion is not considered as important in
the determination of SFRTP stiffness, as in the determination of com-
f .
posite strength. In general, better fiber-matrix adhesion is desirable

for high strength. \

1.2.1.5  Aggregates and Voids.

The agglomeration or bundling of ‘fibers can have a strong
efﬁect on the mechanical properties. Most theories for predicting caom-
posite propertigs assume a uniform spatial distribution of individual
particles. éut in most cases, it is difficult to achieve in highly vis;

cous non-Newtonian polymeric melts.

a

Presence of aggregates can result in measured properties
W%
that are higher or lower than those expected for the given fiber content
depending on the mechanical strength of the aggregdtes themselves and test

conditions.

Presence of voids and air bubbles in SFRTP .usually re-

sult in a weaker material. . o
13 2

1.2.2 Effect of Processing on Structural Parameters

Though most of the processing techniques'may not signifi-




cantly influence the properties of the individual components of SFRTP ,

the structural parameters are greatly affected. .-

r l

SFRTP can be processed by a variety of common molding
o
techniques, but injection molding reméins the most attractive practice.
During molding, the'material 1s subjected to high stresses ahd flows
through complex geometriles. Both oﬁ‘;peae result into changes in fiber
aspect ratio due to attrition and a complex fiber ori%ntétion distribu-

¢

tion.

° It is desirable to characterize the structural parameters
of the molded SFRTP parts in order to be able to predic; their properties
at the molding stage. Since the resulting flow-induced structure
necessarlly determines the solid state properties, it is algo desirable ts
study the flow behavior and the solid state mechanical behavior of SFRTP

and correlate them in the hope of improving the processing techniques and
e

fully extracting the advantages of short fiber reinforcement,

L4
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superficially identical, their relative importance is not so due to the

. o . 8
CHAPTER II .
REVIEW OF LITERATURE
N
N As has been seen in the Introduction, several parameters

4 N

can influence thé properties of fiber composite materials. A detailed
]
rev&l.ev'w of various approaches for predicting the composite mechanical

properties is presented in Séction 2.1 , This is followed by a review

. b

of the work directed towards experimental -structural characterization

!
and some aspects of mechanical testing of fiber composites in Sections

2,2 and 2.3 respectivelfr.

T .

2.1 Prediction of Mechanical Properties of SFRTP Materials

\
.

Stiffness and strength are often the most important proper-

ties required-in the designing procedures. Hence, various approaches
developed to model the mechanical behavior of fiber composites almost ex-

£

élusively concentrate on predicting these two properties.

It must be pointed out that though the factors going into
the determination of fiber reinforcement for stiffness and strength are

G

differences in the mechanism of reinforcement.

‘Composite stiffness essentially reflects sharing of the

applied load between the discrete and continuous phases be\low the 1limit of
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;alasticity. Fiber-matrix interface and fiber length, beyond a certain
value aré of relatively minor importance. Styxength determination, on
-/ the other haJ;d, I_nust‘ identify a fracture mechanism and mode of stress
h transfer at the interface. Consequently, both the fiber-matrix adhesion—
and: fiber length are of significant importance, of course,‘ in .addition to

the fiber ard matrix properties.

In the following, Section 2.1,1 concentrates on the compo- 3

site stiffness while Section 2.1.2 concerns the ;omposite strerigth..

2.1.1 Composite Stiffness Prediction

( The simplest but rather crude approximation to the composite
modu.‘l\.us Ec has been provided by the so—;:alled "Law of Mixture" equation:
that represents an up‘per» bound to the composite i)roperty in ‘term's of fiber
and m;trix moduli E_ and Em respectively and fiber volume. fraction Vf

£
(ashton et. al. (4)). It is obtained by assuming equal strains in the two

N

phases (parallel model)

E, = (1-V)E +V E ’ (2.1)

An assumption of equal stresses in the two components yields

.

the lower bound’ (series model)

) T (2.2)




by eqﬁation»(Z.l) , as R decreases from Vm AV

- e — - e mr e A A At A ok iy s an e e m m e e mEnesie

N

~ '

The first equation is closely valid for the perfectly
aligned pi: unidirectional continupusl fi.i:er composites in the direction

of fiber alignment.
~ M ,"

<

Takayanagi et. al. (5) combined equations (2.1) and (2.2)
to propose a two parameter series~parallel model
¥ T 1-y

E = (= - + ) (2.3)
c X Em+ (- Y) Ef T

where 1 =¥ yx = Vf .

' The basic problem is .to determine each of ¥ and ¥ -

- v

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

parallel models to obtain the following equation for the unidirectional

short fiber composites, in the fiber direction:

»

(1 + R)2 v E i
E = + {1 - (1 +R) vf] Em ] . (2.4)

(] E
- ) £
. + — -
Z_l RE ) -
m ,

v

where R is a parameter characterizing the fiber length. Ec increases

,from the lower bound given by equation (2.2) to the upper bound represented

o

£ to zero.,

A simple approach towards modifying equation (2.1) for short

/
'

fiber-reinforced composites is to include a fiber length efficiency factor

u
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E = (1= vf) Em +n, Vf_Ef ‘ B (2.5)

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

2

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

the following expression forr nl . ‘

. - _ tanh (Bz/2)
ny 1 (Bz/2) {2.6)

where 4 is the fiber length

. and 8 is related to the matrix shear modulus, fiber stiffness

Pl

and system geametry.

ny is high for larger values of 8 ,

~

but approaches zero

as fz/2 approaches zero.

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",

s

1

+ e,
~ 1 ejnvf
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P
= - (2.7)
Py 1 ~-n Vf
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pf/pm -1

n
Pe/Pp *

In this equation, 5 is a composite modulus, pf and, pm are the
corresponding fiber ‘and matrix moduli respectively and Ej depends

on the reinforcement geometry and the loading conditions. «

Nielsen (11) has modified these equations to account for

the maximum filler packing £raction in terms of -a parameter B as

B - l £ . (2.8)
pm

The self-consjistent approach has also been used in a more
rigorous manner to obtain the composite properties through numerical 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
¢ .

reasonably close to the exact solutions,

Mnother form of relationships has been suggested by Puck

and used by Manera (13). For the transverse Young's modulus, ET ’
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E 1 + 0.85 V;
E, = 4 (2.9)
T 2 E \
1-c 1.25 m £
m (1 - Vf) + E—— 5
£f 1-6
m
where Gm is the matrix shear modulus. Manera has also sugge‘s;:ed some

simplifications to these equéions which do not seem to be globally ap-

pPlicable.

It has been shown that the classical Rayleigh and Maxwell
relationships for spherical and continuous fiber in¢lusions can be put
into a generalized form and made applicable to a variety of composite
propgrties including mechanical properties (Charrier (1)). The longitu-

dinal and transverse elastic moduli, EL and ET respectively, for the

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

diameter d are given as,

L

(22 + 1)(-E£ -1) v
d E_ £
E. = E [l + E; - B ] (2.10a)
(E;+2-ci—)—(§—l)vf
E
(-S-+ 2) (Ei -1V,
E, = E_[1 + E: 5 ] (2.10b)
(E_1;+l+—)_ (E;-l)vf

Récently Chow (14) has derived a general ‘theory for the

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

¢
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approach (15) of ellipsoidal inclusions at dilute concentration. He

”
took into account particle=-particle interaction for finite concentrations
yielding for a unidirectional structure, equations of the type

(kf/km - 1) G ¥ 2(uf/um - 1) X,

B, o= By I+ 2K. G. - G. K

v (2.11)
1 73 173 fJ

where k and b are the bulk and shear moduli respectively,

Ki = 1 + (kf/km - 1)1 - Vf) ai
G = 1+ (uf/um -@ -V Bi
and a, and PB. are related to the fiber aspect ratio and the

i i .
matrix Poisson's ratio.

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

bulk and shear moduli.

&

Since the real composites have neither uniform fiber length

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

tribution of each of these' parameters for'a given system. -

(a) Fiber Orientation

In a real composite, the fiber orientation can correspond to
anywhere from a random to a unidirectional structure.

v

An early attempt to incorporate the effect of fiber mis-

alignment has been-:xeported by Cook (16), and Knibbs and Morris (17).
4
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They suggested that for low angles of misofientation, an average angle
of orientation should be sufficient to account for the orientation dig-

tribufion.

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

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

factor, Ny * in the law of mixture equation (2.5)
= - + ‘ -
E (1 Vf) Em No My Ve Eg (2.12a)
where
v 4
n, = [ ‘a cos” @ . (2.12b)
k=1
L ak is fiber fraction at orientation angle ek with
respect to the direction of symmetry, and
o is number of angle intervals into which fiber

orientation distribution is divided.

This requires an experimental determination of the_fiher orientation

distribution.

Fukuda and Kawata (19) represented the fiber orientation
distribution in terms of an arbitrary function g(8) . They calculated
composite moduli for several mathematical forms of this function, but
were unable to correlate any of them to the physical process of composite

formation.
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A
a Several attempts have been made to correlate the fiber

i

orientation distribution in ,SFRTP materials to the deformation in-
volved in the process of making tMe composites, like molding or extru-
sion. The basis for these correlations is the affine deformation of

the material.

i Eisenberg (20) has presented an analysis of partial align~

ment of SFRTP huring compression molding of an initially random com-
N X

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

| ' .
reported that the 1degree of fiber orientation in,uniaxial extension of an

/ :

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

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

tension ratio. A more complete analysis of this nature has been presented
by Charrier and Tran (23) (also Sudlow (24)). Both two and three dimen-
sional cases are considered. For the planar case, with an initially '

random composite,

©

dv(e) = db {2.13)

2

cos 0O 2 2

"CT- rglsine)
. -

T (

represents the fraction of the fibers oriented in the interval 6 + d6/2

of
and CJL is an orientation parameter related to the degree,deformation.
o For the spatial case, .
de d
ave, ¢ = :
c0529 si 26 ¢} 2 2 .2 2 2 3/2
T (== - SRR LA c; Cy-sin“e sin®})
CR, Ct

(2.14) !
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where d V(0, ¢) is the fraction of the fibers oriented ih the interval

characterized by the/i and ¢ + d¢/2 and Cz and Ct are the

orientation parameters.

4 N T

(b) Fiber Lergth 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 verxy clear as to which average should be

congidered more appropriate for use in the theoretical predictions, over-

estimates might result for the weight-average.

.

Charrier et. al. (25) have shown that the actual fiber

length distribution can be represented quite well by a log—normal distri-

s ATt MR i ok AT Sl D T A Mo P i e

bution function £(X) given as,

£(X)

it

exp ( - ——%—) (2.15)

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

are related to the mean and standard deviation of an experimentally "]

determined fiber length distribution. —

S
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(c) Prediction of Composite Stiffness with Fiber Orientation
and Length Distribution

Christensen and Waals (26) have presented a method for
determining the moduli of fiber composites with planar and spatial ran-
dom fiber orientations from those of the unidirectional composites

transferred to the direction of loading (E(f) or E(6, ¢)) as

1S
m

E = [E(e) ds *{(planar) . (2.16)
0 .
and B -
T n ) ‘
E = J fE(e, $) a6 d¢ (spatial)‘ . (2.17)
0 o0

, An analogous approach has been postulated by Halpin and é‘é
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 fraction of fibers in the direction of preference is higher,

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, each lamina with fibers
in a given direction is further modelled as being made up of sub-laminae

_ / .
each containing fibers of a given aspect ratio. The lamina stiffness is

w

given by summing up the sub-laminae stiffnesses weighted by an experimen-
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tally determined fiber length distribution £ 3! -
\\
N , . o
L SL .
E; ) B f, % : (2.18)
) =1 fe
where E;' is the stiffness of the jth lamina- B
and EiL 1s the stiffness of the sub~lamina with fiber

aspect ratio corresponding to the ith interval.

The composite stiffness Ec is obtained by transferring

the laminas stiffness Eg' in the ‘direction of. loading (E') and carry-

3
ing out a summation weighted by an experimentally characterized fiber

orientation distribution g g !

3

E, =7 E'qg, . : . (2.19)

A comparison with the experimental results of Darlington et. al. (29)

showed a relatively small deviation.

The suming-up procedure over the composite elements -
lainae or sub-laminae has been explored to a greater depth by Charrier et.
al. (30). The authors point out that a parallel laminate model has been

t&€3t1ly assumed by almo%t all the workers. However, a series model can

v

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

a thrée dimensional arrangement and led them use a logarithmic addition

5
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procedure 'yielding answers intermediate between those obtained by the

series and parallel additions.

-~ -

Composite properties have also been calculated by numerical
solutions of the tkieory of elasticity (e.g+—Cohen and Romualdi (31),
Zybert et. al. (32)). However, certain simplifying assumptions appear ,
to be unavoidabie reducing the generality and global applicability of the

v

solutions. ’ ‘ <

i
* 0
.

2.1.2 Composite Strength Prediction

L . Theoretical analysis of the composite strength has not been
pursued as extensively as that of the elastic moduli (Hashin (33)). The
basic reason is that any model for prediction requires a® definition of a

fa¥ilure criteria. In case of the fiber composites, 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 and phase geometry do not change. While for strength, the process

continues until the failure occurs, which implies fur;damental changes in .

the material behavior, Since modes of failure can be different undexr dif-

ferent loading conditions, the material behavior under combined loading is

o

also difficult to appreciatse.

In analogy with the elastic moduli for unidirectional con-

tinuous fiber composites, the strength Gc of the composite in the fiber

-
( - »
3
'
f
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direction can be representted in terms of fiber strength of and matrix

3

-

strength % by the "law/of mixtures" equation,
o : et \

Gc = (] - "Vf) 'm + Vf O’f (2.20) -

2
o

For short fibers, a simple modifici‘ation is the introducii:ion

L 4
of a length efficiency factor for strength, K.l. '

A .

cc = (1 - vf) L + IS.Vf P - ('2.21)
) 2
The-baéis for the determj.nation of the fiber .length effi-
ciency factor lies in the shear-lag analirsis of Kelly and Tyson (34).
A They 5ug'gested that the load ‘applied to a composite is transferr?d from
~ the matrix to the embedded pa:rticles by shear stresses alond the interfé.ce.

"For a uniaxial tensile stress in' the fiber direction, the force balance

over the interface led to the equation:

] th

2T
= - ' «22
d o 2
m}ijxere . is the stress in the fiber ’
and T 1is the shear stress ai—ohg th_e fiber-matrix interface,

! N )

. Near the fibexr end, the shear stress is maximum and de-

L)
creases along its length, while the tensile stress is zero near the ends

3

and increases,to a constant ‘value along the length.
\
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This has led to the concept of a critical fiber length i

z, which is defined as the minimum fiber length necessary for tensilé

stress in the fiber to reach the ultimate fiber strength Gfu

4 >, o d E_ed
= fu - £ ¢ (2.23)
c 2t 27

where €g is the compositecstrain at break. Fibers with length smaller
than z, can ne\}er be loaded to their ultimate strength. The average

. tensile stress o_ 1in'a.fiber with. z < z, is given as

£
- P
i, = = (2.24a)
and that in a fiber with , z > z, is given as
4 .
\
- * . Ef Ecd ”
cf = Ef ec(l - . ) i} (2.24b)
. N
g Extending these arguments, Bowyer and Bader (35) suggested

’

that for any value of composite strain, there is a corresponding critical

fiber length. For a composite containing a spectrum of fiber lengths,

!

the filéer length efficiency factot can be represented as

z' zi Vi - z Ef Ecd zl -
K, = T = =05+ 1 - ) (2.25)
1 i d Vf j 4zj T VJ‘3 , >

A
-
.
&~

vwhere the first term represents the contribution of sub-critical and the
second term represents that of supercritical fibers, Vi and Vj being

the corresponding fiber volume fractions.

o

-,
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In the-case of misaligned fibers an orientation factor

Ko can be incorporated, thus giving the composite strength as:

zi Ef ecd —_
. Gg = K0[§T'a__vi.’ j a- 4ij)Vj]vf‘
—_— / N\
* L=V e B A (2.26) ]

The above model requires determination of the interfacial

- il

shear strength 1 and the orientation parameter KO

Bader and Bowyer (36) used stress~strain curve for a given
8
sample along with the fiber length distribution data for determining T
and assumed that it is constant for all the composite strains 1{ to

failure.
N

The method of Ramsteiner and Theysohn (37) is based onva :

linear relationship between composite strength and fiber volume fraction

]

o
for aligned fiber composites. -

! - '

Recently, Gupta and Mittal (38) suggested that the inter=~

4

St S Sl 1 o e

: R

facial shear strength, T , "cannot be assumed to be constant at all

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

eler Gt s aiite ¢

load.

. . &

\

A more general treatment of the Shear-lag analysis has -

recently been presented by Chen and Sun-(39),. They determined the tensile

/
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and shear stress distribution along the length of a short fiber embedded
in a matrix phase subjected to uniaxial stress at an angle to fiber axis.

The model does not consider fiber~fiber interaction, when in an actual

case, the stress field around a fiber is significantly affected by neigh-

boring fibers.

’ o An important observation concerning the short fiber com- .
posite strength is the fact that unlike the stiffness, the strength does
not asymptotically approach the value for the continuous fibe; compésite
(Chen (40)). This has been recognized as a conéequence of the stress

. concentration around the fiber ends (Barker and McLaughlin (él)). Based
on Chen's experimental data, Halpin and Kardos (42) suggested the follow-

ing empirical correlation for a strength reductiog factor (SRF) :

C .

(SRF) =~ (SRF)
(SRF)_ - (SRF)

1 - exp( ~ 1560'95) (2.27)

' : . ly N ’

The factor B is the ratio of the actual to the critical
. ’ ]

-

’ ' fiber aspect ratio, (SRF)o and (SRF)_ are strength reduction factors

as the aspect ratio approaches unity and infinity, respectively. ' The

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

"

‘of experimenta;'data.

(a) Strength of Random Fiber Composites

Failure mechanism in a random fiber composite can be very

different ‘from that in an aligned fiber composite.
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Lees (43} has suggesteci a method for predicting strength

‘of random fiber composites using a failure model described by Jackson

' ;d’ Cratchley (44) . Three failure mechanisms are considered and the

. corresponding composite strengths are given as:

(1) Fiber failure in tension: .
UL - .
- g = for 080K 8 {2.28)
c 2 1. - . o
cos @ ,, T i .
\ . 3 :0' ;
where €6, = tan 1L
. 1 T .
(2) Shear failure 'at interface:
T ) .
- < :
UC s ) cose for ,el 0 < 82 } (2029) B
g ’
_ -1 °7T
- where © 2 = tan -
" (3), Matrix failure in tension: " . .
O‘T Y
o = for 0_S0< 1/2 , (2.30)
c .2 2 ] :
sin 0

-

Here 9L and Jp are the longitudinal and transverse strengths of an

equivalent unidirectional éomposite. Infegration in the thickness direc~

tion from 6 =0 to 8 = 7w/ 2 led to the equation, -,

s i \
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= 26
g g_ ¢ -
. 2T T T m
Aoc (random) ~~ r + 5 + in 12 ) , (2.31)

Chen (40) wused a finiteelement analysis for strength of
unidirectional composite. Using this in &onjunction with a method

similar to that of Leés led to the following equation,

2

e. o' o .
o; (random) = %L (L + a&n -1——5—*£L0 ’ (2.32)
T

where €, .1s a strength efficiency factor

3
and oé is the composite strength according to the law of
mixture equation (2.20).
(b) Strength of Composite with Fiber Orientation Distribution

‘Halpin and Kardos (42) have suggested a laminate analogy
for the éomposite strength. A maximum strain theory of Petit and Wad-
doup’(45) has been empioyed to define a failure criterion of lamina and
repetitive calculation procedure till all the laminae have failed %ields

the composite strength, \

’n
! \
¢

Loughlin et. al. (28) havé used a4 similar approach but with

[

a maximum stress criterion for camposite failure.

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

composite strength is not as well developed as that for the stiffness.
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2.2 Experimental Studies on Structure-~Processing Relationships

It is clear “that the properties of fiber composite
materials are strongly dependent on the structure. Several investiga=~
tions have been carried out for correlating the structure to the process-

ing conditions.

The mass scale production techniques like injection
molding involve flow of materials in complex geometries. Inclusion of

fibers results in admelt structure that has significant influence on
rheologiéal characteri;tics (e.g., Chen et, al. (46), Ch;n et. al. (47))
which in turn inf}uences fiber orientation. Theoretical studies on flow

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

(Leal (48)) and hence it becomes essential to revert to the experimental

observations.

One of the earlier studies on the orientation of short
fiber composites has beenﬂreported by Bell (49). He observed that in
circular converging channgls, the fibers tended to get aligned in the
direction of flow, however no further orientation could be achieved along
the channel length, Also, the angle of convergence of the channe} 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
1~ extensional flow in the vicinity of convergent section plays a dominant

role in aligning the fibers.

s L
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Takano (51), using convergent flat plate rectangular
channels, observed that fiber orientation is strongly dependent on

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

A guantitative 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 occufred 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.

i . The main problem associated with the quantitative characteri-
zationgsf the fiber length and orientation distribution has been the
visualization of 10 Hm diameter fibers less than 1 mm in length.
Fuccella (53) has re;ie&gd various simple techniques for characterization
of the fiber orientation distribution. Charrier et., al. (23) have used
sectioning and mépallographic polishiné technicues. On reviewing various

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

graphy [CMR] was the most promising method.

* Using CMR technique, Bright and Darlington (55) found

-that both matrix characteristics and molding conditions can have a signi-

ficant influence on the fiber orientation in the injection molded parts.

3
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Vérious mold geometries and gate types suggested that usually the injec-
tion molded parts consist of a partially transversely oriented core
surrounded 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), Folkes (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, isotropic materials are

not satisfactory for fiber reinforced composites because of their anisotropic

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 159) have suggested the use of three types

of specimens:
(i) _ injection molded ASTM bar (69),

(ii) specimens cut from injection molded edge-gated circular

1 —

discs, both in the direction of flow and direction

normal to it,
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(iii) specimens cut from injection molded flush-—gated square
plaques in directio&s at various angles to the major

flow direction.

Results indicated that the ASTM bars corresponded to a strong "along-
flow" orientation while the di?c showed a {elatively 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 find

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 distri-
bution resuiting.from mold flow.conditions. They attributed failures in
the gripping region of tensile specimen and excessive flexural strength
measurements in their testing to such non-homégenities. 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 instead of cut-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 universal testing procedures are yet to

be developed. The best way to characterize the composite properties
would be to measure them for each gate type, f£low geometry and specimen

thickness for a given resin-fiber system. However, this 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

o

composite/gats;ials. . -

{

3.1 Review of ‘Previous Studies in the Group

The essential aim of the programmé is to'understand the

processing characteristics of composite materials, analyze the structure

of the resulting products and determine their properties. The resulting

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

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

product properties.
;',‘ A
As one of the phases of the programme, study of short glass

fiber-reinforced thérmcélastics has been uyndertaken. The research has

been: carried out along two directions: rheoclogical characterization in

molten state and mechanical and structural characterization in solid state,

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

(62)).

For rheological studies, a special piston and channel tygg

¢

rheometer has been designed and built I&ran (63)), Padmanabhan (64)).

v
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The 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 obtain flow data for a variety of glass

i

N
fiber-thermoplastic systems (Chan et. al. (47, 65)).

’

For studies of mechanical properties in solid state, two

e

moiaing devices have been designed and built to produce plates of desired
thickness and a fiber orientation th;t can be either random ("random”
plates) or preferential in a given direétion ("oriented” plates). The
"random" plates are madé?gy a compression molding device that allows
application of positive pressure on the material during cooling so as to
minimize the inclusion of voids (Pouliot (66)). The "oriented" plates

are made using the so-called "premolding" and "shearing"” devices in con-

1

junction, Details on their mode of operation are provided in Chapter V .

& Test pieces could be cut from these molded plates, so as to
test them for mechanical properties. The essential properties of interest,

till now had been elastic Toduli in flexion and tension and static tensile

strength.

@
For structural characterization, reliahle techniques for

o«

the determination of involved parameters, viz., fiber content, fiber

length distribution and fiber orientation distribution have been developed

|
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3.2 Project Objectives

‘3.2.1 Theoretical

: |
(Tran (631L/Padmanabhan (64)). These distributions have also been

g

mathematically expressed for their ready incorporation in a theoretical

correlation (Charrier et, al. (25}].

N,

g]

Attempts directed towards theoretically studying thé solid

state mechanical behavior of composite materials have resulted in the ;

— LY

development of a model for predicting elastic properties of composite

«

materials. This procedure has been reviewed in Chapter IV .

‘ The present work is intended mainly as a contribution to-
wards the development of a comprehensive experimental method for generating
data on mechanical properties of composite materials for use in the assess-
ment of the structure-property relationships (Charrier and Doshi (67)).

Specific objectives can be divided in two classes, theore-

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

— . oo

<)

Theoretical objective was to consider relatively simple

theories for prediction of mechanical properties of composite materials.

+ . W mtannyn
i
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The essential aim was to extend further the model built
up so far as a step towards the development of a realistic éheory for
the global prediction of composite properties, It was decided to:con-
sider the theories for.elastic properties in some depth and just réviFw
those for ultimate pfoperties (cf. Chapter II) . This review can be -

of importance in further studies for developing a generalized method of

prediction,

3.2,2  Experimental

The experimental objectives were: S '

(1) To mold plates of selected composite systems

. with preferential fiber, orientation.

(2) To carry out mechanical testing for chosen

properties.

FPirst of all, it was necessary to mold plates of selected
short fiber ~ thermoplastic composite systems. Options were either to
use the injection moldihg procedure or the shearing device. It was
Gecided to use the shearing device because it offered a simple flow gecme-
try so as to minimize fiber degradation. Furthermore, it allowed an
isothermal operation that could result in a more uniform structure, that
is homogeneous on a large scale, as against that of an injection molded

specimen (Darlington et. al. (29)).
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The molded plates were to be tested for various mechani-

cal properties for characterization of anisotropy induced by the fibers.

Though previous studies emphasized only static properties (modulus and

strength) (Sudlow '(24), Pouliot (66)), for this project, it was decided

»

to study the impact behavior of molded plates in addition to the proper=-

ties measured at low rates.
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/ - CHAPTER IV

THEORETICAL STUDY ON STRUCTURE~PROPERTY RELATIONSHIPS

¢

In spite of the technological importance of the SFRTP

.

materials, a perfect and realigtic theory of composite properties re-
mains to be developed, Complications arise due to multitude of para=-
meters, thei;r individual variations and complex interactions. The
essential structural parameters for a given system are _fiber length and

fiber orientation. /

Results presented in this chapter attempt to quantitatively

i

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 composite elastic moduli and referred to in Chapter
+

r

I11. Finally, Section 4.3 wuses 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-

4

ing a realistic theory for predicting the composite properties for given

*y
o

Processing conditions. Consequently it was not congidered 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

3
o H

the general behavior of model composite systems.
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N

4.1 Unidirectional Composites with Fiber Length Distribution

iber degradation during processing and ha.ndlin/g leads to

a length distribution, and an average length concept may not give a realis-
tic‘represéntation. Hence, it is desirable to mathematically express

the fiber length distribution and incorporate it in the predic.:tionuj_:rp—

cedure. . ' ' —

-

“

4.1.1 Fiber Length Distribution'Function o

Fiber length measurements in molded parts after burning off

resin has shown that the length distribution can be reasonably well re-

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

‘Pa'td.manabhan (64)') ) L0
/
1 {(n z - }?)2 '
£f(z) = ———— exp (- '——5—————) '(4.1)
, s, Y21 25 -

) ®x : X e
where f(z) represents the frequency corresponding -to length 2z and

f(z) dz repres;ents the fraction of fibers in the' interval =z idz / 2 .

s
'

The equation has two parameters, ‘}—( and SX . X is the averaffe of in z

and Sx is the standard deviation of in z . X and Sy are related to
! . ) ‘/1 A m—

measuréd average fiber length z and stz?.ndard deviation s, as

ki PACRRAT i M AT s g SRR s e e emreeemiae UEent AR M ey b ST SRSy e hendaiaidedie

) X = [ - Z ] _ " (4.2)
a + &3Ht? o -
FA .
and
. -~ —_—
N
LN - ) -
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z
=R 1

z i‘én-d'\ﬁs; ‘can be readily obtained from experimental data
! .
on fiber length megasurements, X and Sx can then be calculated using
.
equations (4.2) ar;d (4.3) and the corresponding log~normal distribution

function can then be generated using equation (4,1).
3

4.1.2 Relationships for Elastic Constants

of Unidirectional Composites

Fiber reinforced composites can be highly anisotropic in

nature and reguire more than two independent material elastic constants

e

for describing their mechanical behavior. A completely anisotropic
material (one with no planes of symmetry) under three dimensional state of
stress would require 36 elastic constants. However, some simplification

is possible when symmetries exist such as in the case of unidirectional or

aligned fiber composites.

A unidirectional fiber composite is the one in which all the
fibers are aligned in a given direction. (See Figure (4.1)). Such a

material is orthotropic, that is, it has three mutually perpendicular planes

e

of symmetry. Furthermoré, 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 Young's moduli EL

‘

LI, b o e s 3
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and ET in the direction of fiber orientation L and transverse direc-
tion T , the shear modulus GLT for stresses in the plane of the

figure and Poisson's ratioc Hpp 7 for the constitutive relationships.

As r[;s's\ been reviewed in Chapter II, there are several re-

- s
lationships proposed to relate composite'properties to component properties.
However, for our purpose, it is essential to have a relationship that i;x—
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

E

_ z £
(2 3 + 1) (Em 1) Vf
( (-E— + 2 'd-) - (E—' - 1) Vf /
T m
E
d £
- + — -
(z 2) (Em 1) Vf
e =‘ h]
ET Em (L + Ef . Ef ] (2.10b)
(i}— + 1 + ;) - (E—— - 1) Vf
! m m ,
- —— G -
d f
' (z + 2) ('G: 1) Vf
- i
GL'I‘ Gm [1 + Gf 2 Gf d| (4.4)
. (G—~+1+'z—) - (6—_1)vf
‘ m ™

- Gf and Gm being the fiber and matrix shear moduli in equation (4.4).

The fourth elastic constant Hem 1s most commonly expressed in terms of

the fiber and matrix Poisson's ratios n £ and um respectively through

( the law of mixture equation,

N S e X e 6 e iAo Dot
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LT K (4.5)

The anisotropy of the unidirectional composites is easily

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

cussion is confined to these two elastic constants,

4.1.3 Moduli of Unidirectional Composites
1
with a Fiber Length Distribution

In a composite with fiber length distribution, fibers of
various aspect ratios are distributed in a random manner and mixed inti-
mately. In order to predict the overall moduli, it is convenient to
model the composites as being made up of several elements each containi;lg

fibers of a given aspeét ratio. '

a

&

Several equivalent approaches can be considered. In the
"parallel approach”, the different elements with fibers of different
aspect ratios are assumed to be arranged in parallel like laminates as
shown in Figure (4.2a). Each layer contains fibers of a given length 2 .
The volume fraction of the fibers in each layer is uniform and equal *to
the overall fiber volume fraction in the composite, however, the thickness
of each layer is proportional to the fraction of the fibers of length 2z ,

i.e., f(z) Az .

Since each layer has aligned fibers of a given specific

length, the elastic constants EL (z) and ET (z) for-the layer can be

1
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determined by the direct application of equations (2.10a) and (2.10b).

The overall composite moduli EL and E‘I‘ can be deter-
mined as follows. Since the various layers are sharing the load in
parallel in either L or T direction, the strains in all the layers
are equal if one assumes perfect bonding between them. The composite

stress on the other hand is equal to the sum of the stresses in the in-

dividual layers.

E = 4.6

E e ) E (z) e f(z) bz (4.6)
where e is the composite or layer strain. Hence

E = ['B (2) £(z) 4z ‘ (4.7)

For a continuous fiber length distribution described, for

instance, by the log=normal distribution function, the summation sign can

be replaced by an integral sign,

=]

F:L = [EL(z) £(z) dz (4.8
4}

and for the T direction, the corresponding equation is )

o«

E, = fET(z) £(z) dz {4.9)

Q -
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. However, an alternative approach can be to consider the )
arrangement shown in Figure (4.3a). Here various elements are in
series with each other and hence this i.s referred as the "series model”,
For this case, the length of e;ch serial segment is proportional to the
fraction of fibers of the corresponding length z , il.e., £(z} Az .,
For the load applied in the direction of fiber orientation, the stresses

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

of the elemental strains.

qQ
=
|

g
_ L .
= 3 T@ £(z) Az (4.10)

B

where OL is the composite or elemental stress in the fiber direction.

- Hence

|l—'

1 _
EL(Z) f(z) Az (4,11)

o]
[

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

an integral sign giving,

1 [ 1
— = ——— £(z) dz (4.12)
E EL(z)

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

the arrangement shown in Figure (4.3b), giving

T VS
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TR e St s b PR b ek At < Nt BT W bt W o it ek e R Bt T8l Mk



1 1 .
= f E (2) f(z) 4z (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 with fibers of different aspect ratios mixed ..

intimately. Hence a logarithmic summation procedure given by
@x
in EL = f n EL(z) f(z) dz (4.14)
0
and ) -
. _
o
Zn ET = J in ET(z) f(z) dz - (4.15)
Q

providing answers intermediate between those given by the above two ap-
proaches was considered (Charrier and Sudlow (30)) for getting overall

composite moduli.

|
4.1.4 Results of Computations and Discussion
A

The main objective 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 specific values of EIll ’ Ef ’ Sz and

(;/d) used in this study. Values of Em were chosen to cover the range

!




FOR STUDYING THE EFFECT OF FIBER LENGTH ON COMPOSITE MODULI

TABLE  (4.1)

VALUES OF PARAMETERS USED IN COMPUTATIONS

p
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PARAMETER 'VALUE OR RANGE OF VALUES
.
Ef 68.9 GPa (107 psi)
Em 0.689 . -~ 3,445 GPa
(1 x lO5 - 5x 105 psi)
Sz (polydisperse) . 0.25 , 0.45
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/

of properties of the utility thermoplastic matrices, while vadlues of

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

'

tions found in extruded or injection molded parts (Tran (63),
Padmanabhan (64))}, Computations were done for Vf =0 to V £ 1 for
the sake of completeness, though for a real SFRIP , Vf would seldom

excead 0.3 .

Figures (4.4a and b) show the variations of EL and ET‘

for composites with uniform fiber aspect ratio ("monodisperse”) as the
latter irfereases for various values of Ef / Em and Vf = 0.2 . Both .
E's are reduced by E_ , " the moduli that would correspond to composites
with infinitely long fibers (z/d ='=) . It is 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, this increase is dependent on the matrix and fiber properties.
For soft matrices, the increase in EL is ‘much slower than for stiffer
ma‘trices., Hence for a composite with a stiff matrix, the fiber length '.
may n;)t be of significant importance, provided most of the fibers are ‘above

*- k) 3 * 2 X
a certain minimum length. Whereas for a soft matrix, as long fibers as

possible would be desirable for better reinforcement.

tt

-—
RAL

. {
The overall composite moduli for the log—normal fiber
length distribution were determined using all the three approaches, viz,,
series, parallel and logarithmic. As expected, it was found that the

logarithmic summation always gave predictions intermediate between those

given by the other two procedures. The differences between the results .

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

in Table (4.2) for Ef / Em = 100 , Vf = 0.2 and .8, = 0.25 . Hence-
forth, only the results obtained by\the logarithmic summation are
considered. ' :

Pigure (4,5)' show the variations of ﬁLa and ET with
the fiber volume fraction for various values of s, for Ef / Em = 100

(Em = 0,689 GPa or 100,000 psi) representing a soft matrix like poly-

ethylene. Figures (4.6) show the similar results for E. /E = 20

(Em = 3,445 GPa or 5000,000 psi) which would correspond to a stiff matrix

like Polystyrene. In both figures, the composite modu%} are reduced
by Em . It is seen from the plots for EL that the broader thé length
distribution the lower is the value of the coggpsite modulus'relative to
that predicted assuming a monodisperse fiber 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 may be 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 din the case of a stiff matrix

+

-

composite with a relatively narrow fiber length distribution. However,
it must be remembered that for partially aligned fibers, influence of
fiber length distribution may be stronger, partiéularly when longer fibers
have greater or lower tendency to get oriented in a major direction than

shorter fibers during processing of SFRTP . —
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TABLE (4.2)
COMPARISON OF RESULTS OBTAINED
BY DIFFERENT METHODS OF SUMMATION
E/E ' = 100 | . Ve .= 0.2
. - !
s, = 0,25 Sz = 30
(polydisperse) -
\
Meathod of ,EL 3 ET .
Summation (dPa) i .(GPa) e
Parallel 5,825 1.037 .
‘Logarithmic 5.458 1.034
Series . ’ 5.061 1.034
Uniform (z/d) = 30) . 6.624~ 1.030
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There is an additional point to be noted. The value
of the average aspect ratio used in tﬁe above computations is close
to the number average value determined experimentally in molded samples
(Tran (63))., A seemingly easier experimental method would involye the
determination of a weight-average value by screening analysis. When
jugt_the mean aspect r;;io is used in theoretical predictions assuming
a monodisperse system, it becomes rather ambiguous as to which average is
appropriate to use. It must be emphasifed that since the weight average
can be significantly higher than the number average depending on the over-
all distribution, so would be the corresponding predicted properéies.
However, while using a distribution function of the type used in the above

analysis, such an émbiguity 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 group 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 been discussed in detail by Sudlow {24).

~

The first stage is thé evaluation of the four elastic con-
stants for planar stresses in terms of material constants of the two phases
for the unidirectional ‘SFRTP composite, the reference direction being
the direction of fiber érientation (see Figure (4,7a)). Rayleigh-Maxwell

‘ ¢

dehn ks £
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equations (2.10a and b) and (4.4) are employed for evaluating E. , E

L

and GLT and law of mixture equation (4.5) for Prp -

The next step is to compute elastic constants for the

unidirectional composite, reference directlion being at ah angle @ to

“the direction of fiber orientation (see Figure (4.7b)}). For planar

stresses, the stress-strain relationship can be represented as

— .7 — - -
Xy Xy Xy |
*x 11 €12 16 %%
= xy xy »d o) 4.16
ey iy 5 Coe y B {4.16)
Xy Xy Xy
xy o1 o2 o6 LTxy |
R L . J .
where Ci{ etc. are components of the compliance matrix. - Application

of the theory of elasticity gives

oty b e A
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\
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) - cos 8 (1-+ ZULT + CRi E-—)] (4.17)
T LT
The elastic constants with respect to the directions x and y of Figure

‘
{

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

v
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Cg . C;‘i’ ]
v ™ Ty ! b, = -~ == (4.18)
2 S S yX &Y

11 22

The next step is to evaluate elastic constants for a sym-
mgtrical arrangement of two unidirectional layers, the reference directions
being the directions of symmetry. The system is shown diagrammatically
in Figure (4.7c}. The two layers are assumed to be perfectly bonded
together, so that thére is no shearing between them when normal .stresses

in the directions £ or t are applied. Also it is assumed that equal
number of fibers lie symmetrically at angles +8 and ~06 with respect to
the direction £ . Such a system, then, requires only four constants for

planar analysis, the compliance matrix being represented as,

-
Lt ot
€11 €12 0
Lt Lt Lt
[c1 = c12 c22 0 (4.19).
ot
0 0
i Ce6 i

. Lt
- The compliance elemgpts U[ €C"" ] of the symmetrical system are related

to | Y ] of the previous non-symmetrical system as

4B el et et A S e e
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' The four elastic constants with respect to the directions of symmetry 4

and t lare given as

it

(+6, =8)

It

cHMpe T

Real systems neither have

Lt
22 -

(4.21)

12
Lt
11

unidirectional nor symmetrical

fiber orientation, but rather a fiber orientation distribution.

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

o a theoretical fiber orientation distribution function has been derived both
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for planar (all fibers lying parallel to a plane) and spatial (three

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

For the planar case,

avee = C (4.22)

Hexre d V(6) represents franction of fibers that are oriented in the
direction 8 with respect to the reference direction £ and C£ is
the orientation parameter. C_ =1 corresponds to random~in-plane

2

orientation while Cl > 1 represents a preferential orientation in the

{4 direction.

‘f o
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 corresponding to different values of
angle 6 . As described in Section 4.1 for fiber length distribution,
again several alternative approaches are possible: parallel arrangement
gives, for 2% directiéﬁ,
m/2
E, = [ E, (6] d V(@) (4.23)
a

while series arrangement gives

—
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4 v(e) (4.24)

The real answer probably corresponds to an intermediate arrangement and

the logarithmic summation seems more justified,

/2
in El = f in EZ (6) 4 v(e)
0

(4.25)

rAﬁsimilar equation can be written for the modulus in the t direction.

An extension to spatial case has also been pursued (Sudlow (24)), however,
[ 3
this review is confined to the simpler two dimensional case.
/

’ - /
4.3 Elastic Constants of Composite with Non-Uniform Fiber Orien-

tation Distribﬁéion Across Thickness

The model reviewed in Section 4.2 assumes a uniform fiber-

orientation distrabution, i.e., for a planar case, a single value of CZ

is assumed to be sufficient to describe the fiber orientation distribution

throughout the composite. N
I's

r

r
However, particularly;<if case of injection molded samples,
!

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

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

’

surface of the molded samples. In the core, the decelerating flow may

cause random or even transverse fiber orieptation (Figure (4.8)). Con-

sequently a single value of the orientation parameter Cl may not be
sufficieng to describe the orientational structure of the system.

-~
-

4,3.,1 Model for Non-Uniform Fiber Orientation Distribution

&

. o A perfect simulation for a composite with non-uniform

s fiber orientation distribution would require a complete structural
L]

a

characterization through the thickness to get the knowledge about point by

point variation of the orientation parameter C In the absence of N

¢ *
j ' - ’
( such 3 knowledge, a simple model was developed where CR was assumed to —

vary from the center to the surface giving\rise to a non-homogeneous
) ¢
orientation distribution. Such a case, though far from the actual situa-

3

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

fluence on the composite properties in a simple manner.

“In this model, the central pL?ne is assumed to have a

Zj o random-in~plane fiber orientation corresponding to Cg =1. It is as~

varies linearly across the thickness, (Figure (4.9)) so

¢

-- sumed, that Cz

that at any location from the central plane

i} »
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where CQ.M is the maximum value of cJZ, at h = hm at the surface.

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

single parameter c.

M’ thus simplifying the situation.

The overall composite modulus can be determined using
the laminate analogy of the parallel model, since here it is appropriate

to assume various layers corresponding to different values of C,Q, to

N

share lpoad in parallel with each other. The elastic constants for any
a

layer corresponding to a given value of C, can be determined by the

L

method described in Section 4.2 . . The overall composite mddulus can then
be obtained by carrying out a summation across the thickness.

Due to non-uniformity of the structure, material is no
longer homogeneous even on gross scale. Because of the variation of the

moduli, the stress—strain relationships across the thickness are not
, |

“ L

1 b
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) 1is zerxro as shown in Figure (4.10a).

o

Tension, on the other hand, causes uniform strain throughout the'cross-

section (Figure (4.10b)}.

The observed differences in, thg composite tensile and

&

flexural moduli may thus be direct products of structiral inhomogeneities

and in fact, independent measurements in tension and flexure may be used

oy
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o

to throw light on the through thickness strictural variations. In the
following, the effect of thé non-homogeneous structure is illustrated
in terms of the ratio of the overall flexural to the tensile moduli of

1]
the composite.

The overall composite modulus can be evaluated as follows,

Deflection 6 for a layer corresponding to a particular value of C,Q,

R
N

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

3 ’ l,,
§ = dF's ) (4.27)
48 E(h) dI .

where S represents the span length, dI 1is the elemental moment of
f

inertia and E(h) is the modulus, a function of/ Cg and hence of h .

&

\
)

The total load F acting on the composite section for a

deflection & is

+h
m
F = de = J 38—3-‘.5. E(h) dT ' (4.28)
. hn S -
m

' £
However, if E represents the )overall flexural modulus, then for bend-

ing of the entire section

£
F §§_E_3;:_§_ (4.29)
s ’ ~

where I 1is the moment of inertia of the entire section. Equating équa-

tions (4.28) and (4.29) ,




Since I and

of composite

+h
m

%— f E(h) 4I ' (4.30)

~h
m
4

\

dI can be expressed in terms of cross-sectional di:mensions>

v

+1

3 | h_ 2. h

s f Em (=) al ) ‘ (4.31)
a m - m

This relationship is valid for both £ and t directions.

Hence, overall longitudinal flexural modulus is given as *

4l
{ * .
. £ _ 33 h 2, h
E, = o JEz(h) ()7 atg) (4.32)
. 4 m m

’

o

and overall transverse flexural modulus is given as -

+l

3 = h 2 h

E_IEt(h) (H—) d(H*) (4.33)
4 m m

”

°

The overall longitudinal tensile modulus‘is simply given by

+h
m .
2 | E m an ‘
2h 2 n (4.34)
-h
m

and the overall transverse tensile modulus is given by

TN
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+h
t 1 -
E = —— E .
e o f t(h) dh ) {(4.35)
~h
m
| Ef Ef
. The ratios ( —) and ( —/) can then be used to
> EC. 2 EC ¢

illustrate the effect of non-homogeneous fiber orientation distribution‘.‘.j\

v

ér

Y

4.3.2_ PResults and Discussion

Table (4.3) shows the values of material parameters used
for these calculations. These wereachosen to represent a typical in-
jection molded utility thermoplastic-glass fiber system. Table (4.4)

shows the values of C at the surface chosen for computations, As

M

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

random fiber orientation corresponding to C g = L.

Figure (4.11) shows the variations of El and Et across

the thickness for variation of ‘CR, from 1 to CJLM = 2 and Vf =0.2 .

0

Here, the elastic moduli have been reduced by the matrix modulus Em for
convenience. As expected, the modulus in thr—.; directicn £ dis quite high
and that in the direction t isrlow near the surface which is s:ubjected to
the highest strain in flexure.

Figure (4.12) shows the variation of (Ef / Et) . and

(Ef / Et)t with fiber volume fraction for the above case. Again; the

s
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TABLE ' (4.3)

VALUES OF PARAMETERS USED IN COMPUTATIONS OF OVERALL MODULI

OF COMPOSITES WITH NON-~HOMOGENEOUS ORIENTATION DISTRIBUTION

69

(z/d) (monodisperse)

PARAMETER VALUE OR RANGE OF VALUES
7
Ef 68.9 GPa (10 psi)
— 5 .
Em 1.378 GPa (2 x 107 psi)

30

0.3

VALUES OF C

TABLE (4.4)

USED IN COMPUTATIONS OF SECTION 4.3

M
NO. Cpy (SURFACE)
1 2
2 5
3 10
4 50
5 100 .

ok
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Oriented

Random

1 ! '
1 0 1
h/h,
Figqure (4.11). Variation of f:z and ‘Et across the Thickness
for variation of CS?, =1 to C!LM = 2

.

(Ef/Em =5, V,=0.2, (z/d) = 30)
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results are presented for the entire range of V_ for the sake of com-

£

pleteness, It is seen that for the case of structural non~homogeneity
discussed, the flexural modulus in the £ direction is significantly
higher than the tensile modulus, while in the + direction, the tensile

modulus is higher. “ 5

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

the various values of CJI.M considered when V £ = 0.2 . It is seen that

] — 1} f t 3 13
as the value of C oM ig increased, the ratios E / E in both directions

. \
approach unity. This appears to be related to the fact that the moduli
T

Eg, and Et become relatively insensitive to value of C2 when CE be-

comes larger.
There are a few points that should be emp'hasized here,

The above analysis assumed a linear yariatien of C, across the thickness,

L
but in an actual case, qabrupt 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
analysis, the central plane was assumed to have random fiber orientation
with Cg'l = 1. But a strong transverse fiber orientation (CR. < 1) has
been found (Darlington et. al. (54)) in some injection molded parts.

For such a case, the differences in measured flexural and tensile modlfli
can be even greater. Though the scope of the present theoretical work

and time limitations did not allow further modifications in the model ¢ it

[ ™
does illustrate an gpproach whereby experimentally determined moduli can

:

.

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

o
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TABLE (4.5)

COMPARISON OF RATIOS OF (Ef/Et)gl AND (Ef/Et)t
: ¢

. FOR VARIOUS VALUES OF C FOR V_ = 0.2

o £
£

C, VARIATION (Ef/Et)g, (E /Et)t
1-2 1.1386 0.913

- F
1-5 1.156 0.92
1-10 1.106 0.95 /
1- 50 1.02 0.98
1 ~ 100 1.015 0.987

e Ba n e e ¢ S e
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mold plates with preferential fiber orientation.of selected short ‘glass
fiber f£illed thermoplastic composite systems, measure selected mechani-
cal properties in order to characterize theilr mechanical anisotropy and

analyze this anisotropy in terms of structure,

approximately 6 mm long cylindrical pellets with desired glass fiber
contents. Molding was carried out usi}lg the shearing device referred
to in Chapter III, but a modified procedure was used with some changes
in the device itself in order to make the whole operation easi}er and less
time consuming. The n;olded plates were then tested for selected

mechanical properties.

(1)

(2)

74
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CHAPTER V

EXPERIMENTAL PROGRAMME

)

The essential aim of the experimental progrémme was to

The composite materials were supplied in the form of

Id -

The experimental programme c¢an be summarized as:

Molding of composité materials available in pellet form

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

two thicknesses, 1.6 mm (1/16 in.) and ‘3“.2 m (1/8 in.)

with preferential fiber orientation.

{

Cutting of small test-pieces from the molded plates both
in the direction of preferential fiber orientation (%) and

the direction normal to it (t) .
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(3) Testing of these test-pieces for selected .mechanical
properties in order to characfj.erize the mechanical
anisotropy of molded plates.
' Seétion 5.1 below describes the molding devices and mold-
ing operation in detail. Section 5,2 presents information c;n the
materials used for this study. This is followed by detailed descrip-

tion of testing procedures in Section 5.3, —

5.1 “folding Operation

In order to make plates with preferential fiber orienta-
V..
tion, a set of two devices have been built by previous researchers in
the group. These are referred to as the "premolding device" and the

"shearing device! (Pouliot (66)Y.

5.1.1 Review of the Procedure used by Previous Researchers

The premolding and shearing devices wexre used in sequence

in order to make a plate with preferential fiber orientation.

5.,1.1.1 Premolding Device :

The basic components of the premolding device were two

symmetrical halves and a piston. Figure (5.1) shows one half of the

4
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device. When closed, the two halves formed a space consisting of a

reservoir and a thin slit or gap. Each of the half was provided with

four 12 mm (1/2 in.) diameter holes drilled through, so that four

cartridge heaters (300W each) could be inserted into), each half for
heating. 'For cooling, the heaters were remo.ved and cooling water tubes
were inserted into ‘the holes. Figure (5.2) shows a sketch of the de-

vice assembled for molding. L

For making a "premolding”" in this devi'c“e, the two halves
were closed and pellets were placed in the ga.p. The device was heated
in order to melt the pellets and then the pfé“ton was introdu?ed o:l\%to the
reservoir and- used to compress the pellets inéo a "premolding" ccgnsist-
ing of a block of composite with randomly oriented fibers (formend_-inw the

reservoir) and a thin plate (formed in the gap). During this compress-

©

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

cylinder as shown in Figuze (5.2). The compressed block was cooled by
running cooling water through the holes in each half while maintaining

under pressure so as to reduce void formation and then‘the premplding was
. N

removed after opening the device. Figure (5.3) shows a sketch of a pre-— '

A

molding made in this way.

5.1.1.2 shearing Device

4, >
T

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

! L
tion than the premolding device. Its basic components were two halves,
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two pisf;or:s and two hydraulic cylinders - pumps assemblies. Figuxe
(5.4) shows a half of the shearing device. Wnhen assembled, the two
);qlves enclosed a space that conéisted of three regions: an upper
reservoir, a central thin gap or a slit and a lower reservoir. Each .
half was provided with a replacable ‘spacér so as to change the width
of the centrall gap. As shown schematically in Figqure (5.5), three
' i " different widths of 1.6 mm (1/16 in.\), 3.2 mm (1L/8 in.) and ‘6.4 mm
(1/4 in.) could be obtained. Each half was also provided with four
\].Jg,inm (1/2 in.) diameter cylindricgl holes for insertion of cartridge
heaters. Also, right behind' each spacer, a rectangular cooling cavity
was provideld through which cooling water could be circulated for effi-
cient and fast cooling. Figure (5.6) shows the assembled shearing

4
device,

ntial shearing operation consisted of placing two
%

premolding blocks into the 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 molten

o -

\%
material from the upper reservoir could be tramgferred through the, cen=~
tral gap into the lower reservoir. During the .operation, the two halves
* were held together by means of a hydraulic cylinder as shown in Figure

v

(5.6) .

.

The flow of the 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 oi the glass fibers to get aligned ‘f:ica_fergntially in tzle‘
direction of flow and hence the resulting "sheared plate” had preferen-
tial fiber orientation in the flow direction. The device was then
water-cooled and opened t’o~ge€ the "sheared" mold‘ing. Figure (5.;)
shows a sheared Imolding.

J _ .

The different gap widths of the central section allowed
different shear rates to be achieved during the transfer operation and
hence differex}t degree of fiber aligmment and a study of other effects
of part thickness. A thinner gap was expected to generate a more 'in-

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

dimensional”™ or "three-dimensional" fiber orientation.

“

. The shearing device was designed to permit the transfer

operation in three possible ways:

The first method was to connect the upper transfer ané

3

compression cylinder to a hydraulic single speed - hand pump and to re-
place the lower transfer and compression cylinder by a spring and stopper
system (see Figure (5.8a)). The sgr-ing acted to provide a counterforce
during the transfer. rvThe lover pi;ton moved downwards during the transfer
opergtion till it reached the stoppex. Further application of force on

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

desired level and the material could then be cooled under pressure.
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.could be attached to electrically driven hydraulic pumps and an adjust-

The second method was to adapt the shearing device to an
Instron tester by coupling the upper piston to the Instron cross-head.
The upper pilston could then be driven mechanically at desired speed and

hence the flow rate could be accurately controlled,

The third method was to make use of a hydraulic control
system for each cylinder as shown in Figure (5.8b). Each pistorn system
The pressure difference could

able pressure relief or control valve.®

then be adjusted to give a controlled f£low through the gap,

The . first -method was the simplest one and was used by the
previous researchers. This method did not allow precise flow rate con-

trol, but it‘was felt that such a precision was not essential due in

particular to the existence of several other uncontrolled variables,

5.1.2 Modification of Shearing Device and Molding Procedure

5.1.2.1 Modification in Lower Piston Assembly

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

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

with a modified spring and stopper system. .

PR ——— Y
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5.1.2.1.1 Reasons for Modification

%

The original spring and stopper assmebly necessitated
travel of the lower piston through a constant distance before the

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

" times had to be transferred from °the upper reservoir through the gap

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

It was decided to modify this assmebly so that the travel
of the lower piston could be preset before the transfer operation. In
this way, an}} desired amount of material could be transferred. Conse—_
9

quently, the blocks in the reservoirs could be re-;zsed 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
essentially consisted of two concentric cylinders and a threaded piston-
rod. i 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 to the lower piston and the outer cylinder by a hexa-
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 could be adjusted by the hexagonal nut, a
precise amc;unt of ma(terial could be transferred before the system
pressure started rising.  Thus the lower piFton could each time be
adjusted to transfer just enough material from the upper reservoir into

the gap and then the transfer operfation could be stopped.

° . )
§.1.2.2 Modification in. Molding Procedure

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 randomly oriented fibers
was obtained which was then used in the shearing device. The basie
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. However, some preliminary‘ expex:iments showed that. the

premolding operation was relatively involved. ' °

During heating of the pre.moldving device, four ca‘rtridge
heaters were installed in the holes of each half of the device, while
during cooling cycle, the heaters had tolbe removed to be replaced by
cooling tubes. This practice made the entire procedure highly laboriocus
and time consuming. Also, the four drilled holes gave relatively in-
effective cooling as against the s;learing device where each half was pro—

vided with a large rectangular cooling cavity adjacent to the thin central

gap.
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It app-eared that sheared plates of good quali‘l;y could ke
made by directly using the pellets in the sheatring 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 "equivg.lent premolding” and two such blocks could be used

to make a sheared plate as described before. Time saving could be -
achieved both by efficient cooling in the shearing device and re-use of

o~

the reservoir blocks for making successive sheared plates.

/ :

) Y

5.1.2.2,2 Modifiled Procedure

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

For this purpose, pellets 1of ‘the material were introduced
into the upper reservoir. The space between the two halves was closed
at the bl:ttom by the lower piston just to p;:event aﬁy pellets that passed
;hrough the central gap into the region of the lower reservoir from
falliné out, Some pellets .would thus collect in the lower reservoir, in
the cése of the wider gap, however, in almost all the cases, most of them

filled tthe upper reservoir, “Approximately ™ 200 - 250 ml of pellets

were used for making a block.

o

The device was heated by four 300W cartridge heaters
installed in each half. Because of the large mass of metal involved,.
it took approximately 35 -~ 40 minutes for the entire device to heat up

to the desired temperature of 190°Cc . The power supply. to the heaters
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was controlled manually via two autotransfox;mers (Variacs) and this

“ay Y method proved adequate for controlling temperature within + 2°C

e~

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 hydraulic cylinder.

After compression, heating was stopped and cooling water
was turned on. It was possible to cool the éevice to below SOOC in
< about 35 minutes time, Device was then opened to remove the block of

polymer, It may be noted that though the pressure during cooling was

~ “
,(~ quite low (of the order of 2 ~ 4 N/mm2 (300 - 500 psil)) (as against
h /

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

13

in the blocks was not very high. ' #

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

3
<

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

voir. -

<

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

of Reservoir Blocks

— Once two blocks of a material- were made by the procedure

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

The resulting block is shown in Figure (5.10) . A partial
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The device was heated to 190°%¢". The inner cylin-
der of the lower piston assembly was adjusteé to proper level in order
to allow transfer of a volume of the molten material glightly more'

than that necessary to f£ill the gap. - The two halves-were held together
during the transfer operation by a horizontal force of about 5 x lOGN
The air initially présent in the gap must have‘béén

forced out through thin spaces between the twgqg halves, but no signifi- .

cant leakage of plastic was ever noticed.

When transfer was complete, the pressure on the molten

polymer was increased to approximately 2000 N/cm2 {3000 bsi). The
heaters were turned off and the device was cooled to below 50°C by
circulaElng water in the channel to get the sheared molding shown in
Figure (5.7). The cent;.'al sl}eared plate with preferential fiber éﬁ',»z'ien-

tation in the flow direction was cut off and retained. It may be noted
that alr inclusions or voids in the plates were insignificant for all

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.from one pair of blocks. Also, the mechanical proper-

ties tested.later did not indicate any systematic reduction in properties
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(cf, Chapter VI). Hence, this procedure was considered satisfactory

for the purpose.

As more plates were made, the upper block reduced in size
while the lower block increased in volume. This larger block was uséd ,

in the upper reservoir for making more plates. It might be 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=

sulting ultimately into a more or less random orientation distribution.

Hence, the structure of the material in the upper and lower reservoirs

can be considered almost identical, and not significantly affected by the «

shearing in the gap. The mechanical properties measured later also did
: A
not reveal any systematic difference for the plates made hy re-use of the .

2

larger blqpk from the lower reservoir in the upper reservoir. «
In this manner, it was possible to make usually three

sheared plates of l.é mm (1/16 in.) thickness and two plates of 3.2 mm

(1/8 in.) thickness, using one pair of the reservoir blocks, that were

practically identical as far as structure and mechanical properties were

concerned. N

There is an_additional point to be noted. The fast rate
] Al
of cooling in injection molding can have significant influence on the
pProperties of the final product. In this study, the rate of coocling was

rather slow as is evident from the time required for cooling and was not

" considered a paraﬁeter. Consequently, all the plates for both 1.6 mm
L
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and 3.2 mm thicknesses were made under essentially identical conditions

of heating and cooling,

,e

The éloQ rate of cooling may allow molecular rearrange-
ments within the material, resulting into randomization and possibly
partial elimination of internal stresses. However, it cannot have any
significant influence on the fiber structure which-plays a dominant role
ip determining the composite properties.

Also, the rate of cooliﬁg for 3.2 mm thick plates was
somewhat lower due to greater gap width as compared to that for 1.6 mm
thick plates. This can have some influence on the matrix properties

t

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 Polyethyleqe (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 to these materials on mechanical properties
under different loading conditions (static versus impact, for examplg)
and nature of failure could be very different. Also, matrix - fiber
adhesion is generally found to be better in PS than in PE ., All these

factors motivated the choice of these two matrices,

7
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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 International (Evansville, Indiana).

Details on these polymers are provided in Table (5.1). .

N

+

The fibers used for reinforcement in both ¢ases were, of
i . A R
a typical 'E' glass, approximately 10 um in diameter and initially

in the form of 6 mm (1/4 in.) chopped strands. The fiber contents of

«
. )

various systems were as follows: :

4

1) PS - 0% , 208 and 40%
by weight ’ ’
(2) PE - 0% , 208 and 308 ; ;
‘ by weight‘ h

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 (0%)
was also processed in a similar manner in an attempt to achieve identical
matrices in both the unfilled ‘and filled systems. This was not done in
Fhe case of PE based systems, consequently, PE in the unfilled and

filled systems did not have exactly identical history.

*
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i DETAILS ON_MATRIX MATERIALS
PROPERTY . PE (REF. 68) PS (REF. 64)
Manufacturer . Amoco Mdnsanto
Resin Identification 41408 HF - 55
Density (9/cc) ° 0.95 1,05
Melt Index (9/10 min.) 20.0 -
; —
Grade of SFRTPs .7, ‘Cormmercial Specially
' Compounded
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5.3 Testing Procedures

The sheared plates were tested in the direction

H

98

of flow

(longitudinal.girection 2) and the one normal to it (transverse direc-

tion t) for the following mechanical properties.

1) Flexural Modulus. .t

25

(2) Tensile Modulus.

(3} Tensile Strength.

]
f

(4) Izod-type Impact Strength. ﬁﬁ

(5) Tensile Impact Strength, i v

5 .

Because of the relatively involved procedure for making

the sheared plates, a compromise was essential between maximizing the

number of test-pieces cut from a single plate and having adequately large

test-pic¥e sizes. Attention was always given to reliable measurements

‘ t
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 actual procedures and test-piece dimensions had to

. gk . s .
be modified according to the necessities and convenience.

5.3.1 Flexural Modulus

Flexural modulus was determined by three-point

bending

tests of rectangular test-pieces cut from the sheared plates (ASTM D790

] b - ,
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(a) Schematic Dilagram. »
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1 !
(b) Three-Point Bending Device. (Not to Scale},
[
‘ Figure (5.11). Three-Point Bending Test.
)
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(69)). Figure (5.1la) schematically shows the three-point bending

fest, with the actual device in Figure (5.1l1b).

B

The pattern of cutting test-pieces from 1.6 mm (1/16 in.)
thick plates is shown in Figqure (5.12a). This method allowed six test-
pieces to be cut in either direction from a single plate. The edges
of test-pieces were machined on a Tensilkut router to exact dimensions
using a die of corresponding shape and dimensions. The actual test-
piece dimensions are shown in Figure (5.12Db). For these thin test-pieces,

a span of 25 mm (1 in.) for three-point bending test was adequate.

The patfern of cutting test-pieces from 3.2 mm (1/8 in.)
thick plates is shown in Figure (5.13a) with actual test~piece dimensions
in Fiqure (5.13b). Here, it was possible to obtain only four test-pieces

in a given direction from one plate. For these thicker samples, a span

of 50 mm (2 in.) was used for the three-point bending test.

Test was carried out by mounting the three—poin£ bending
device on an Instron testing machine (Model 1125). -All the measurements
were done at a low crosshead speed of 2 mm/min. Deflection of the test~-
pieces was kept as low as possible to avoid irreversible damage in the
material, thus allowing the same test-pieces to be subsequently utilized
for measuring other properties, - A test of reversibility Qas done for each

test~piece by turning it over and carrying out the bending-test again.
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Figure (5.12a).

Figure (5.12b).

.Pattern for Cutting Flexural Test-pieces
from 1.6 mm {1/16 in,) Thick Plates.

¢ ' ~

| ——— 50 mm — r

Actual Dimensions of 1.6 mm (1/16 in.)
Thick Flexuyral Test-pieces.
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Figure (5.13a). Pattern for Cutting Flexural Test~pieces
from 3.2 mm (1/8-in.} Thick Plates.
19 mm

| 100 mm }

Figure (5.13b). Actual Dimensions of 3.2 mm {1/8 in.)

Thick Flexural Test-pieces.
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/ ' —_
i load v/8 deflection- curve was obtained on the Instron

chart recorder. The flexural modulus could be determined as \

*

3
£ 1 s F
E ™ - —— ( —_— ) (S.l)
4 pq3 9

where S is the span length,
b is the sample width,

d 1s the sample thickness

and (F/8) is the initial slope of the load-deflection curve.

14

It should be noted that in the three~point bending test,l
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 attributabIE'/
to the device, in particular, was found to be appreciable in our case.

Consequently, it was necessary to apply a correction before E= could

be determined.

A —_

A load-deflection curve corresponding to the 25 mm (1 in,)

span three-point bending device was obtained using a steel bar of the same

'

width as the test-pieces, but four times thicker (thiékness of the bar

= 6.4m) . Since the deflection of the bar itself was negligible
(cf. Appendix A), the measured deflectiop essentially represented the
deflection due to the device, Five individual measumeents were taken.

3 - -
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Table (5.2a) lists the values of the slopes of the:load -~ deflection

curves. The mean was used for correcting the slope of load - deflection

.

curve of each test~piece as

1 1 \ 1
CTD 5 X " (5.2)
corr. app. N

IS

represents corrected slope,

N\

where (F/63
corrxr .y

(F/8) represents measured slope
app.

1

and? represents the mean slope for the device

load - deflection curve.

The correction factor for thg 50 mm (2 in.) span three-
point bending device was also determigsd using a steel bar of 19 Qﬁ
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 bending 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 (5.1) for detexrmining the

flexural moduli. Further details on thisucorrecting procedure may be

° B

found in Appendix A .

°f

pu—




TABLE _(5.2)

SLOPES OF LOAD VERSUS DEFLECTION CURVES

FOR DEFLECTION OF THREE-POINT BENDING DEVICES

105

(a) 25 mm Span (b) 50 mm Span ' o
-4 -4
NO, SLOPE (N/m) x 10 NO. SLOPE (N/m) x 10
1 10.26 ’ 1 3.038. -
2 - 13.72 2 3,266
3 10.85 . 3 . 3.811
4 11.11 ! 4 3.322
5 10,88 5 3.385
MEAN 11.364 MEAN 3.364
- ¢
4 —
% . S '
)
‘ —
¥ .
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5,3.2 Tensile Modulus

Tensile modulus was determined by low speed tensile test-
iné on the Instron testing machine (ASTM D638 (69)). The tensile’

testing arrangement is schematically shown in Figure (5.14).

Dumbell .~ shaped test-pieces similar to ASTM type IV
were used for this purpose, though the length was slightly smaller.

Actual dimensions of the test-pieces are shown in Figure (5.15). These

test—pieces were prepared by cutting rectangular pieces from the sheared Se—t

plates an&“machix{ing 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 to the reduced section of
the test-piece; for measuring extension accurately. During the test, the
Instron recorder chart is made to move'in proportion to the test-piece
extension by a signal from the extensométer, while the recording pen moves
in proportion to the load. Thus load versus strain can be accurately
recorded.

__—
1

Initial slope of the load-strain curve was determined and

the tensile modulus was calculated as .
- t stress _ F/AA 1 F
E = Strain = ¢ ~ 7 & ' (5.3)

~

where A 1is the area of cross-section of the reduced part of the’

i
'

test~piece

Ptigiens




R

TR TR 2 s s <

SOL" mt‘ L= B

=

107

Machine grip

~Figure (5.14).

Test-piece _

—————— Extenso-
meter

Schematic Diagram of Tensile Modulus Measurement.

]
| U |
l_'os__—‘

| 0

Length of narrow section (33 mm).
Distance between grips (64 mm),

Actual overall test-piece length (100 mm).

—

' Overall length for ASTM type IV (115 mm).
Width of narrow section (6 mm).
Overall width (19 mm). A

Figure (5.15). Actual Dimensions of Tensile Modulus Test-pieces.

FN
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Router Tool
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(b)

Figure (5.16). Schematic Diagram Showing Machining of Dumbell Shaped Test-pieces.

(a) Top View. (b) Side View.
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-

(F/e) is the initial slope of the load-strain curve.

The main advantages of using an extensameter versus using

crosshead displacement as equivalent to test-piece extension were: -

5.3.3

(@) it allowed accurate recording of deformation,

(2) ‘it eliminated the use of an arbitrarily defined
L]

gage length 'Q'O in the calculation of strain

(e = Al/Zo) .

Tensile Strength

Tensile strength measurements were similar to tensile

modulus measurements (ASTM D638 (69)) except that test-pieces were taken

to yield 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, again test~pieces similar to ASTM type IV,

_shown in Figure (5.15), were used.

.

The test~pieces were held in the grips of the machine with

almost identical tightening pressure every time. Figure (5.17b) shows a
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Figure (5.17a). Actual Dimensions of 1.6 mm (1/16 in.)
Thick Tensile Strength Test-pieces. ‘
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Figure (5.17b). 1.6 mm (1/16 in.} Thick Tensile Strength
. Test-piece Held in Grips.
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1.6 mm (1/16 in.) éhick test-piece held between two grips. Admittedly,
the test-p?‘.ece 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 cort;par— °
able to those obtained for the standard sized 3.2 mm (1/8 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 calculate strength

at yield. Figure (5.18) illustrates this point. o

The tensile strength was calculated g

g

t . m '
¢ = A (5.4)

where Fm 1s the maximum force at yield or break

and A is the cross~sectional area for the reduced part of

the test-piece.

5.3.4 Izod Impact Strength

Izod-type impact strengths were determined using Testing
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Deflection

Typical Load-Deflection Curves.
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PS Systems.

Filled PE Systems.
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Machine International (TMI) pendulum\'impact tester. The standard

LSTM 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 2.723 (2 ft/lb) hammer was used that struck the
/ - .
specimen at a speed of 3.44 m/s (11 ft/s). The test is shown sche-

matically in Figure (5.19).

The test-pieces for both 1.6 mm and 3.2 mm plates were
\
cut as shownl in Figure (5.20a). Actual dimensions of the test-pieces
are shown in Figure (5.20b).
According to ASTM D256 (69) procedure, an Izod test-
piece should be struck by the hammer on the narrow side of the cross-

o

section (see Figures (5.21a). 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 hammer struck the

wider side of the cross-section. (See Figure 5.21b).

The amount of energy Wi required to break the test-piece
was measulred directly on a dial on the machine, However, it was necessary
to make 4 correction for frictional and windage losses. For this purpose,
the hammer was allowed to swing without any test-piece, and the energy
Wz so measured on the dial corresponded to machine frictional and wind-

age losses (ASTM D25€). .
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Figqure (5.19). Schematic Diagram of Izod Impact Testing.

- %




s R Ve b

* -
vow EaRCA S s
* R R e A GEOIAL O o 3o e e Mbm e

4N
\V

115

100 mm

C .
' 100 rm

Pattern of Cutting Test-pieces for

Figure (5.20a).
Izod-type Testing.

) ‘ Figure (5.20b). Actual Dimensions of Izod-type
Impact Test-pleces.
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Side on which
, Hammer Strikes
| (Optional Width)

Machine Gr‘ip

Standard Izod Impact Test.

i

Thickness (1.6 mm or 3.2 mm)

Side on which iiammer Struck
(12.7 mm)

Schematic Diagram of Izod~type Test

Carried out in this Study.
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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 . r

tester. -The testing procedure was similar to that recoxpmended by, ASTM

D 1822 (69), but test~piece geometry was modified for reasons discussed

below.

A 2,727 (2 ft/lb) hammer was useé for all the tests.
The test-pieces for both the 1.6 mm and 3.2 mm thick plates were
prepared by cutting rectangular pieces as in Figure (5 520a) and machin-

ing them to a shape similar to that specified by ASTM D 1822 (see Figure

(5.22a)).

\

The test is schematically shown in Figure (5.23). The

test-piece is held between two grips, one attached to a pendulum head and
thé other in a crosshead. During the swing of the penduluxﬁ, the cross—

head_strikes an anvil at the bottom of the swing bringing one end of the

test-pigece suddenly to rest while the other end keeps moving with the
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Schematic Diagrams of Tensile Impact Testing.
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. pendulum, causing ultimately a failure under tensile impact. The loss

in energy of the pendulum can be measured on a dial.

As shown in Figure (5.22a), the wide end tabs of the
dumbell shaped test-pieces have to be reduced by cutéing slots for the
serews holding two jgws ;f tﬂe grips to pass through (Figuie (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 fallure occurred near the end rather than in the central
section (Figure (5.22b)). Development of some extranecus stfesses
around the slots due to slight test-piece misaligrment might also have

contributed towards making the end tab areas vulnerable to failure.

To cir;umvent this problem, the central reduced section of
each test-piece was reduced further as shown in Figure (5.22c). It was
then possible to confine the break to the narrowest central sec;ion.
This, however, obviously reduced the amount of energy required to break
the test-piece and hence the overall accuracy of the measurements,

During testing, the crosshead upon striking the anvil,
ggunces backwards with a certain velocity and hence contributes 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 incorporate a crosshead bounce correction factor for

detéfmining the true energy for test-piece failure, It is also necessary

to make a correction for the windage and frictional losses.

i
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The corrected tensile impact energy, wz . ‘could be

‘calcudated as:

t
- +
Wc = wa wf . WB
- t . s
where wa is the energy measured on the dial,
w; is the correction for windage and frictional losses,

and W; is the crosshead bounce correction factor.

WE was determined, as recommended by ASTM D 1822, by allowing the

pendulum to swing without any test-piece and noting the corresponding

(5.6)

energy loss. Wt was also determined by the method specified in ASTM

b

dix B .

. 3
D 1822 . Details on this correction procedure are provided in Appen-—
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CHAPTER VI

EXPERIMENTAL RESULTS

Before discussing the results of mechanical testing, it
would be appropriate to make additional notes about the conditions under

-which 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 a tem-
perature of 190 i_ZOC and at a volumetric flow rate of approximately
0.5 ce/sec and 1.2 cc/sec for 1.6 mm and 3.2 mm thicknesses

respectively. These correspond to the apparent wall shear rates (;w)

of 12 sec-1 and 7 szec_1 respectively, calculated according to the
equation:
!
v = 52 3 (6.1)

where Q is the volumetric flow rate, t is the thickness and w is

the plate width.

6.1 Results of Mechanical Testing
_ . '
The results of various mechanical tests carried out for

the determination of the properties of the molded plates are prgsented

below and discussed in terms of the expected structure.

{ »
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6.1.1 Flexural Modulus 1

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.

_ Fi;;ure (6.1a) shows the variation of the flexural 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 measured values.
Though the apparent reproducibility of tﬂe measurements is quite good,

it was desirable to check it, particularly in two respects:

( ) (1) Reproducibility with respect to the test-piece

d . location in the plate.

(2) Reproducibility with respect to the plates made .
by successive melting of the ‘reservoir blocks
and shearing.

\ i

!
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 identified in Figure (6.2).
It is seen that the variations are of a random nature and do not reflect

any specific trend.
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Figure (6.1).. Variation of Flexural Moduli of PS Composites with Fiber Content.
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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 (b) Transverse
Test-piece Flexural Modulus Test~piece Flexural Modulus

Location (L) (GPa) Location (T) (GPa)
21 3.54 tl 3.26
12 3.32 t2 3.18
L3 3.27 t3 3.44
24 3.62 t4 ’ 2,87
L5 — 3.48 t5 3.40
16 3.33 t6 3.19
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_Table (6.2) shows individual flexural moduli for test-
pieces cut from three plates made by successive heating and shearing
of.a given pair of reservoir-blocks. Bgain, 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,

Once the reproducibility with respect to the test-piece
position and the molded plates was confirmed, only five test-pieces were
used for each composite system and each direction for the 3.2 mm thick
plates. Figure (6.1b) shows the variations of the flexural moduli in

w,

both the 2 and t directions with the fiber content for 3.2 mm thick
plates of the PS based composite systems. Again, the reproducibility
is quite good.

For an easier comparison of the results for the two thick-~
nesses, the mean values of the corresponding compoéite systems are
presented side by side in Table (6.3). 1In the case of 3.2 mm thick
plates of unfilled PS , the flexural moduli in both the £ 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 to a somewhat greater degree of
molecular orientation in the thinner plates of unfilled PS resulting
from a relatively higher shear rate which may ﬁgPsequently remain frozen

due to comparatively shorter time for cooling the thinner plates.
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TABLE _(6.2).

FPLEXURAL MODULI FOR TEST-PIECES CUT FROM THE THREE PS + 20 PLATES

MADE SUCCESSIVELY FROM A GIVEN PAIR OF RESERVOIR BLOCKS

\

(a) ILongitudinal Direction

PLATE TEST-PIECE FLEXURAL MODULUS
NO. LOCATION (GPa)
1 23 7.04
25 7.033
2 21 7.37
25 7.25
3 . 23 6,17
> 26 7.15
’/
e i
(b) Transverse Direction -
PLATE TEST-PIECE FLEXURAL MODULUS
NO. LOCATION (GPa)
1 £2 4.04
£3 4,03
2 tl 4,66
t4 v 4.36
3 o2 3.56

t5 4,20
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° TABLE (6.3).

~
MEAN FLEXURAL MODULI QF PS COMPOSITES
/
COMPOSITE FLEXURAL MODULUS (GPa)_
MATERIAL 1.6 mm 3.2 mm
PS - 2 3.52 3.22
Ps - t 3.19 3.23
PS + 20 - ¢ 6.91 6.23
PS + 20 - t 4.11 4,19
PS + 40 - 10.76 10.25
Ps + 40 - t 6.14 5.87
I
i
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For the filled PS systems, the flexural moduli for
thinner plates in the & 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 gép width might also
-lead to greater fiber breakage. Hence the fiber aspect ratio for the
1.6 mm plates may be smaller than that for the 3.2 mm plates. While
a greater degree of fiber alignment leads to the enhancement of the
mechanical properties, the smaller aspect ratio leads to thei£ reduction.
Consequently, the overall result of these two opposing factors may be
_nglected in the measured flexural moduli, though for low shear rates

like that encountered in the shearing device the fiber attrition is ex~-

pected to be minimal.’ —

If the fiber orientation in the flow direction .() 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 thicker plates. Partially aligned out=-of-
plane fibers would not be as effective for reinfqrcement as the in-plane

fibers.

Figures (6.3a and b) show the corresponding results for

— PE composites, the mean values being presented in Table (6.4).

1




(a) 1.6 mm (1/16 in.) Thickness.
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(b) - 3.2 mm (1/8 in.) Thickness.
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Figure (6.3). Variation of Flexural Moduli of PE Composites with Fiber Content.
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« 3
TABLE (6.4).
MEAN FLEXURAL MODULI OE. PE COMPOSITES ®
COMPOSITE FLEXURAL MODULUS (GPa)
MATERIAL 1.6 mm 3.2 m
PE - 2 0.80 . 0,95
PE - t " 0.82 0.95 ’
PE + 20 - £ 4.54 3.6
PE + 20 - t 1.82 # 1,92 )
PE + 30 - & 5.86 5.14 BN
PE+ 30 - t 2.05 2.21 o
p ) . . \
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For unfilled PE s the thicker plates are comparativel§
stiffex. An apparent reason for this would Se the highe; degree of °
crystallivity in the thicker plates, due to relatively longer time
for cooling. ) Also, it was observed that the warpaggﬁdﬁ; to cooling
shrinkage was quite pronounced in the case of the thinner 1.6 mm platé;,

while for 3.2 mm plates there was essentially no warpage. The in-

built stresses in the unwarped material may make it appardntly stiffer. \

! A

The flexural moduli for.the filled , PE composites
followed the expected trend suggesting again that there was a greater
degree of fiber alignment in the thinner plates than the thicker plates.

8 ™

It shbuld be noted that the flexural modulus determination

involved several steps each of which can contribute to human and/or in-

-

strumental errors. Some of these are:

1) neasurements of the test-piece dimensions, parti-
cularly the éveragé thickness which appears as "

the third power in equation (5.1),

Y N

(2) measurement of the load,

(3) determination of the initial slope of the load
. —

versus deflection curve, ~- - N

[y

(4) determination of the correction factor for
N

accoynting for the device déflection.

R S Fion anil
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A complete error analysis was not attempted because the
multitude of the sources of errors would not make it very meaningful.
Nevertheless, the good reproducibility of the results did allow a

ready comparison and meaningful conclusions.
L3

*

-

6.1.2 Tensile Modulus

It was difficult to measure an accurate elongation during
tensile modulus measurements by noting the distance moved by the Instrch
crosshead, because the measured distance also involved slip at the 'jrips.
Hence, as discussed in Section 5.3.2, an extensometer was used for \
accurately meésuring the strain in the reduced section of the dumbell

shaped test-pieces.

The measurements® were carried out for only 3.2 mm thick
test~-pieces and one test-piece was used for eaciﬁcomposite system. In
this way, a necessary number of test-pieces could always 'be saved for the
tei'lsile strength measurements without any possible pretesting structural

e

damag'e_:‘ and at the same time méasured tensile moduli allowed a comparison
@

with the previously cletermine:i7 flexural moduli. It may be noted that
., .
necessity of using relatively large size specimens and scme malfunction-

ing of the extensometer with associated time consumption, also did not

allow tensile moduli measurements to be carried out as extensively as the

'

flexural moduli.determinations.

T

2




Tl e i 1 e 2o Sy e

(a) 3.2mm (1/8 in.) Ps Composites. ) (b) 3.2mm (1/8 in.) PE Composites.
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Figure (6.4). Variation of Tensile Moduli with Fiber Content.
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TABLE * (6.5).

TENSILE MODULI OF PS5 COMPOSITES

(3.2 'mm THICKNESS)

COMPOSITE TENSILE MODULUS
MATERIAL (GPa)
PS - % 3.27
PS - t 3.14
PS + 20 - £ 6.33
PS + 20 - 4.51
PS + 40 - 9,92
6.91

PS + 40 -

TABLE, (6.6).

TENSILE MODULI OF. PE COMPOSITES

(3.2 mm THICKNESS)

i

COMPOSITE TENSILE MODULUS
" MATERIAL (GPa)

PE - 4 . 1.06

PE - t 0.99

PE + 20 - £ 3.25

PE + 20 - t " 2,24

PE + 30 - % b 4.59

PE + 30 ~ t 2,44

s’
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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 Tébles (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 all the systems, and hence give credence to both measurements

although it a“ppears difficult to envisage a precise comparison.

6.1.3 Tensile Strength

For the 1.6 mm thick plates, six to eight test-~pieces
*were tested for tensile strength determination for each of the composite
systems and each directaion, For the 3,2 mm thick plates, five test-

4
pieces were used for each case.

Figures (6.5a and b) show the variations of the tensile
strengths with the fiber content in both { and t directions for the
PS base/d systems for l.6mm and 3.2 mm thick plates respectively.
The mean tensile strengths for these materials are tabul.éted in Table

(6.7). -

As mentioned in Section 5,3.3, “it was anticipated that the

1 non-standard smaller test-piece dimensions for the 1.6 mm thick plates

might give erroneous estimates in strength determination. However, as

et Re P b AR A o S

et K
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(a)

1.6 mm (1/16 in.} Thickness.

(b) 3,2 mm (1/8 in.) Thickness.
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. Figure

(6.5). Variation of Tensile Strengths of PS

Composites with Fiber Content.
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| TABLE (6.7).

MEAN TENSILE STRENGTHS OF PS COMPOSITES

COMPOSITE TENSILE  STRENGTH (MPa)
MATERIAL 1.6 mm 3.2 mm
pPS - 2 25.16 23.92
PS - t , 22,78 22.06

PS + 20 - & 54.46 50.92

PS +°20 -~ t '34.57 37.33 ¢
PS + 40 - & 71,75 51,06

PS + 40 - t 33,80 35.05

L
%
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seen from the values in Table (6.7), the results for both the 1.6 mm
and 3.2 mm thick plates are quite comparable in most of the caseé.
As seen from Figures (6.5a and b) the reproducibilit-y is reasonably
good for all the cases.
b

For the unfilled PS , for both the 1l.6mm and 3.2 mm
thick plates, the £ direction is slightly stronger with the value for
the 1.6 mm 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 £ 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 higher degree of fiber
alignment might hE?.VG occurred due to higher shear stresses. It must,
however, be remembered that poth the fiber length)and 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 with t}';e fiber content for 1.6 mm and 3.2 mm thick plates
of PE based materials. For unfilled PE , the strength corresponds
to the yvield point whereas foxr filled PE the values represent actual

strengths at break. The corresponding mean values are sumarized in

Table (6.8).
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TABLE

(6.8).,

o rn v e e o w4

MEAN TENSILE STRENGTHS OF PE COMPOSITES

COMPOSITE TENSILE STRENGTH (MPa)
!
MATERIAL 1.6 mm 3.2 mm "
-
PE ~ & 23,77 25,37
PE - t 23.85 25,42
PE + 20 - £ "50.10 47.99
t
PE + 20 -~ t 32,05 30.07
PE + 30 ~ 2 - _56.21 50.42
PE + 30 - t 32.50 28,55
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ﬁ)r the unfilled PE, the 3.2 mm thick plates are
stronger in both the directions than the 1.6 mm plates. This may
again be \explained in terms of the relatively higher degree of cry-
stallinity 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

£ and t directions can be expected to be very close.

For the filled PE sgystems, the strength in the {
direction for the 1.6 mm thick plates is higher than that for the
3.2 mm thick plates for both the fiber contents. Reasons similar to

those given for the PS systems may be invoked for such a trend.

One important observation is that for all the filled
systems, the strength in the t direction remains almost conlstant or
occasionally shows a slight decrease with an increase in the fiber con-
tent. The mechanism of failure of the SFRTP is a very complex issue.
In the £ 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 900 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, t“he fibers may not contribute at all to the

e e ek oot §o AR TS R
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strength in the +t direction and may represent potential sources of
A

crack initiation. For such a case, an increase in the fiber content

would be expected to lead to a decrease in stremngth. It has, in fact,

by
been suggested that for the SFRTP, the strength in the direction

normal to that of the major fiber orientation be taken as the matrix
strength for a conservative estimate (Hashin (33), Loughlin et. al.

(28)).

For a partially oriented fiber composite, some reinforce-
ment would always be achieved, and this e.xplains‘ why the strength in the

t direction is higher than the matrix strength for a low 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 st:_ciking
on the wider side of the specimen. The results reported here represent
the energy required to break the test-pieces when tested under impact ac-—
cording to this specified procedure and are not directly comparable to

standard Izod results.

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,

FA
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Figure (6.7). Variation of Izod-type Impact energies of PS Composites with Fiber Content.
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ten to twelve test—-pieces were used for each of the composite systems

- and each direction.

For the brittle matrix like PS , the incorporation of
fibers led to a relatively tougher material with a better improvement
in the direction of fiber orientation. For systems with 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

s

ok
i R

breakage (37). The extra energy required for pulling the fibers along

" the matrix-fiber interface can account for the observed enhancement in

toughness. Also, it is suspected that presence of some fiber bunches
\

might also have contributed to the improvement in the fracture energy.

H

For the highly ductile and tough unfilled PE no break
could occur. However, the inclusion of glass fibers caused considerable
embrittlement of the matrix. Figures (6.8a and b) show the variations
of Izod-type impact energies for the 1.6 mm and 3.2 mm plates of
filled PE systems respectively. In both the cases, there is seen to
be a considerable overlap of the results obtained for the £ and the t
directions. This implies that for the Izod-type Impact strength of

’
ductile matrix ~ brittle fiber systems, the fiber orientation is probably

not of primary importance. The embrittlement of the matrix is the domi-~

nating:factor and this is why the increase in fiber content leads to a
o +

decrease in fracture energy.
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Figure (6.8). Variation of Izod-type Impact energies of PE Composites with Fiber Content.
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TABLE (6.9).

MEAN IZOD-TYPE IMPACT ENERGIES OF PS COMPOSITES -
COMPOSITE IZOD IMPACT  ENERGY (J) RATIO
ﬁ\k‘) MATERIAL 1.6 mm 3.2 mm 3.2 mm/1.6 mm
PS - 2 0.054 0.095 1.75
PS - t . 0.065 0.122 1.87
PS + 20 - & 0.204 0.446 2.18
. PS+20 - t . 0.072 © 0.226 _ 3.14
~  PS + 40 & «0.230, 0.638 2,72, .
PS + 40 - t 0.112 0.300 2,67
]
(. . TABLE (6.10).

MEAN VIZOD—TYPE IMPACT ENERGIES OF PE COMPOSITES

COMPOSITE IZ0OD IMPACT ENERGY (J) RATIO .
MATERIAL 1.6 mm . 3.2 mm 3.2 mm/1.6 mm .
PE - & a
PE - t *' No Break 1 No Break o -
0 !
. PE + 20 - 0.26 B 0.473 1.8
PE + 20 - t . 0,222 ) 0.423 1.9
PE + 30 - & 0.1%3 0.408 2.67
. PE + 20 - 0.17 " 0.362 5 2.18

T
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Tables (6.9) and“(6.103 list ghe mean values of the
Izod~type impact energies for the caomposite materials studied. The
ratios of the fracture energies of the 3.2 mm thick specimens to
those of the 1.6 mm thick specimens are' also included in the last
column of each table. It is seen that these ratios are around 2 to
3 indicating that for the range of thicknesses consiﬂered, the
measured energy for fracture under the Izod-type impact was approximately

proportional to the thickness.

6.1.5 Tensile 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 to 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 calculations of tensile im-

-

pact energy.

The results for the PS based composites are shown in
Figures (6.9a and b) for the 1.6 mm and 3.2 mm thick specimens
respectively, Again, the reproducibility is not very good, however,

there seems to be a definite improvement due to the incorporation of
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Variation of Tensile Impact Energies of PS Composites with Fiber Content.
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B ¢
fibers, The increase in the tensile impact energy is much better in

7}7
) 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 (6.10a and b)

. \ Fhow the variations of the tensile impact energy for the filled PE
systens. As seen from tgese figures, there is again 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-

crease in the fiber content.

Tables (6.11) and (6,12} 1list the mean values of the
tensile impact energies for the systems studied along with the ratios for
the values for 3.2 mm 'to those for 1.6 mm thick specimens. These
ratios indicate a scatter around 2 . Though 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-

i
I -~

section under impact.
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Figure (6.10).
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(b) 3.2 mm (1/8 in.) Thickneés.
10
-+
.5—
B @" \
| ®
LY Jh“
1 ) : +
| \ )\
1
- ]
L ]
05—
I 1
B 20 R 30
. Mf

Variation of Tensile Impact Energies of PE Composites with Fiber Content.
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TABLE (6.11).

MEAN TENSILE IMPACT ENERGIES OF PS COMPOSITES

Ldee Lo

COMPOSITE TENSILE IMPACT ENERGY (J) RATIO
MATERIAL 1.6 mm , 3.2 mm 3.2 mm/1.6 mm
PS - & 0.041 0.097 '2.35
PS - t 0.0271 0.11 4.11
PS + 20 - & 0.163 0.377 / 2.3
4 PS + 20 - t 0.042 0,121 3.33
PS + 40 - £ 0.471 0.404 ' 0.86
PS + 40 - t 0.084 0.156 . © 2,07

TABLE (6.12)

MEAN TENSILE IMPACT ENERGIES OF PE COMPOSITES

COMPOSITE TENSILE IMPACT ENERGY (J) RATIO
MATERIAL 1.6 mm 3.2 mm 1.6 mm/3.2 mm
PE - £ - -
, No Break No Break

PE - t -

PE + 20 - & 0.229 0.430 1.88

PE + 20 - t 0.149 0.200 1.35

PE + 30 ~ & T 0.146 k °0.325 2.22

PE + 30 - t 0.097 0.145 1.5

T T et btk 3 BV e i et ot Db
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It should be remembered that the modes of failure under
the two types of impact tests considered are different. However, 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 Theoretlcal Predictions

The experimental results on the flexural moduli caﬁ 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 analysis presented here, the following assumptions

have been made: - i
(1) The fiber aspect ratio distribution can be re-
presented by a mean value.
(2) The fiber orientation is two dimensional or

planar.
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(3) The fiber orientation distribution is uniform
throughout the body of the composite plate and
can be described by equation (4.22), wusing a

single value for the orientation parameter Cz .

The effect of considering a mean fiber aspect ratio instead
of a distribution should be insig;ificant for a stiffer matrix like PS ,
though it may not be so in the case of % softer matrix like PE (cf.
Chapter I&). However, the assumption o% 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 is more or less justified for thin
plates like those molded in this project, It is expected 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 volumetric flow rates in a simple g%pmetry
is not expected to give the kind of structural variations encountered in

injection molded specimens.

e i e, o i SOk s Ao B
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Finally, it must be stressed that this analysis is
carried out to get only qualitative information regarding the degree

I3

of orientatiqn achieved in various composite systems gFudied and
should not be viewed as a rigorous comparison of the ex;;}iﬁental 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
fof the composite systems studied. The matrix moduli were chosen to
be close to the experimental values for t@e unfilled polymers, but may

represent an appreciable source of error.

5

'

Besides the values specified in Table (6.13) one needs

the values for the orientation parameter C and mean aspect ratio

A

(E/d) in order to predict the properties of a given SFRTP system or

conversely, knowing two experimentally determined moduli for a given

‘system, namely the moduldi in the direction of preferential fiber orienta-

‘ '

‘tion and in gﬁe direction normal to it, one should, in principle, be able

/

to determine the representative values of C2 and (;/d) . However, it
should be realized that the inherent errors in the experimeﬁtal results
and/or the theory itself may make such determinations impossible in the

absence of additional experimental data.
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(6.13) .

VALUES OF VARIQUS PARAMETERS USED

IN THE THEORETICAL ANALYSIS OF THE EXPERIMENTAL RESULTS

(a) PS Composites
|

PARAMETER VALUE
Ef 68.9 ‘GPa
E 3.445 GPa
m
0.3
Mg
0.2
Y
Mo Ve 40, 20 (%)
( M, Ve 20, 9.5 (%)
(b) PE Composites ~
PARAMETER VALUE
‘ 68.9 GPa
Ef /
E 0.827 GPa
/ m
O.
He 3
Mo . 0.2
) Mo, Ve 30, 13.5 (%)
\ Mfl Vf 20, 8.5 (%)

.
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in the t and & directions with the theoretical curves give values
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In order to apply the above method for determining Cz

\

and (;7d), several curves were prepared showing the variation of the

elastic modulus in both § and t directions with C_  using (;yd)

4

L
as a parameter for each of the composite systems. FPigures (6.1la
and b) show these plots for the PS based systems with 20%| and 40%

fibers by weight respectively. Here the composite moduli are reduced

by the matrix modulus used in the computations.

As seen from Figure (6.1la), for a reasonable degree of

fiber orientation (higher value of CZ) , the effect of fiber aspect

v

ratio on the modulus in the transverse direction is insignificant. Thus
the experimentally determinéd modulus in the transverse direction can

i
allow a direct determination of Cx by comparison with the theoré;ical
prediction, irrespective of the value of (z/d) . Using the experimen-
tally detexmined modulus in the £ direction, one can then determine a
representative value of (;7d) for the previously determined value of

+

Cl again by comparison with. the theoretical predictions.

In Figures (6.lla 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

of Cl and (E}d) according to the above described procedure. These
3

values are summarized in Table (6.14).
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— | VALUES OF C, FOR PS COMPOSITES
- |
MATERIAL THICKNESS (mm) <, (z/4)
PS + 20% 1.6 3.2 15
3.2 2.2 35
PS + 40% 1.6 2.05 50
3.2 2.0 45
b \ ‘
| -
- V4

4

St o

e e+ b




Tren o ew

~~

.

lel

. It is seen that for PS + 20% f£fibers by weight plates,

v

the value of C, for the 1.6 mm plates is higher than that for the
3.2 mm plates, indicatiné a hilgher degree of fiber orientation in the
thinner plates. The representative mean aspect ratio, on the other
hand, is smaller in case of the thinner plates. This can be explained
gy the fact that higher éheaxing stresses in the thinner gap during

molding caused a greater fiber alignment, but also a greater fiber attri-

tion, leading to a lower mean fiber aspect ratio.

H
\

For the PS + 40% fibers composite, both the Cz and

(2?53 for both jthe thicknesses are about the same. QComparison of these
values with the corresponding values for the PS + 20% fibers plates
shows that the degree of fiﬁer alignment 1is lower for higher fiber load-
ing. This could be attributed to the greater fiber-fiber interact;on

;

in the system with higher fiber concentration which could hinder the fiber

movement and hence the orientation. The mean aspect ratios for both
i ¥

' !
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 ip a bundle would obviously not be broken easily, but would

also be difficult to orient. \

The theoretical curves for the PE based systems and the

horizontal lines corresponding to the experimental values are shown jin
|

Figures (6.12a and b). Here, it was not possible to apply the above™

3

O e T
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described procedure for simultaneocusly determining Cg and (m) .

This was because for both the filled systems, the measured moduli in
the t "direction were‘higher than those predicted by the theor&' for

any aspect ratio, even for a random fiber orientation (C 0 = 1) \\
.

No straight forward explanation was evident for this observation,

Since the simultaneous determination of both the C 9

and (;/d) was not possible, it was decided to assume a representative

value for (z/d) equal to 100 . The experimentally determined moduli /!

°

in the £ direction were close to the theoretical predictions for this

value and hence the actual values 6f (z/d) should be in the vicinity

3

of the assumed value.

The values for C_ 2 for each thickness and composite

L
| _
material were determined for (z/d) = 100 wusing the experimental moduli

b

in the & direction. These values are listed in Table (6.15).

L

2

'Again it is seen that for both the fiber concentrations,
the degree of fiber orientation in the thim;;er plate is higher. Also,
comparing the rgsults for the PE + 20% and PE + 30% fibers materials,
it is seen that an increase in fiber loading 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 PE based composites. Comparxring the

«
TR o it el oo 4 eIt o h o et v e

v et et Fin it e 1o 4 M A e

T,

3



-

TABLE (6.15).

VALUES OF C. AND (z/d) FOR PE COMPOSITES

3
e

MATERTIAL THICKNESS (mm) c, (z/d)

&

PE + 20% 1.6 5.0 100
3.2 ) 2.5 100

PE + 30% 1.6 3.0 100
3.2 2.4 100
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values of C'Q for PS and PE with 20% by weight fibers, it appears
that the degree of fiber alignment in the flow direction is signifi-~
cantly 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 rheological

N '

measurements were beyond the scope of this study. The PS matrix is
likely to be much more viscous in the molten state than the PE matrix,
Consequently in a Poiseuille flow in a slit like that encountered in
the shearing device, the velocity profile for PS would be rather flat

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

be?n reported by Goettler (52).

The above explan_at!ion appears to be walid even at higher
fiber loading, though, nthe fiber contents in PS + 40% fibers and
PE + 30% fibers are not equivalent. However, the differences in the
degree of fiber alignment (differences in values of C:Q) see'm to decre\ase

with increase in fiber content for the two systems. The fiber length

seems to be the possible factor for this result as explained below.

It may be noted that if the assumed values for (z/d) for
PE based composites are appropriate, then the mean fiber aspect ratio
for PE + 20% is much higher than that for PS + 20% , but this is not

so for PE + 30% against PS + 40% ., Sinc¢e the differences in the
l



167

Figure (6.13).

Velocity Profiles for Poiseuille Flow

in a slit (Schematic).
(1) For Less Viscous Material (PE).

(2) For More Viscous Material (PS).
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degrees of orientation are higher for the lower fibexr loading than for _

the higher fiber loading, the above observations seem to suggest that

it might be easier to align longer fibers in the flow direction com~

pared to shorter fibers.

that:

1)

(2

3]

(4)

(5)

[

»

To summarize, it may be concluded from the above analysis

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,

higher shear rate may lead to greater fiber

2

attrition, '

increasing fiber' loading can hinder the fiberx

orientation,

greater fiber orientation may be achieved in a

less viscous matrix for a given flow rate,

it appears to be easier to orient the longer
fibers in the flow direction than the shorter
fibers.

\:'1

~
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CHAPTER VII

CONCLUSION

This project has contributed towards better understanding
of the structure-property relationships of the SFRTP materials in addi-
tion to generating experimental data on their mechanical properties.

In particular, the following statements can be made:

Y

(1) 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 fiber orientation, bué not so in

the normal éirectipn. Also, the theoretical
model developed by the group was extended fur-
ther so as to simulate the non-homogeneous l ‘

structure of molded parts,and study the effect

on overall composite properties.

i

(ii) Existing molding devices were used with a modi-

fied procedure so as to make the whole operation

simpler and less time consuming. It was also
proved that the plates made, by the modif%ed
procedure were,reproducible in terms of their

mechanical properties.




(iid)

(iv)

(v)

Moldings of SFRTP systems based on two dis—
tinct matrix materials were made and tested
for mechanical properties like stiffness and
strength in order to characterize their aniso-
tropy induced by fiber orinentation and
generate experimental data.
The molded plates were also tested 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 matérials.

The experimental results were analyzed in t:afms
of the lgxb'eviously developed model so as to
yield useful information on the flow induced
structure of the molded plates. This allowed
some conclusions to be drawn regarding the
mechanism of fiber orientation during flow and
the influence of other structural and material
parameters on the process. Such an analysis
thus allowed a qualitative correlation of flow-
structure-~property aspects of the SFRTP ~

materials.

—y At
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may be

(i)

(ii)

(iii)
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Suggestions for Future Work

On the basis of this study, the following suggestions

made for further research:

It would be useful, although very time consuming, to
fully quantitatively characterize the structure of
the plates moldgd by the procedure adopted in this
study and determine the input parameters‘ for the
proposed theoretical model accurately so‘ as to test
the validity of the model in the case of the inoldings

with relatively homogeneous structure.

3

a

i

The simuldtion carried out in this study for the struc-

ture of non-homogenecus molded parts represented a

+

somewhat idealized case. It would be of help to

quantitatively examine the structure of injection molded
parts and accordingly modify the simulation procedure so
as ﬁo represent the structure more closely and™hen study

its influence on the overall composite properties.

- v

On the basis of the observations made J':n this study, it
would be useful to study the influence of individual

parameters like matrix rheological characterastics, fiber
i

content, fiber length and shear rate on the fiber oriehta~- -

tion process during flow in greater depth. .

]




{iv)

(v)

In the long run, it would be very helpful to theore-
tically study and model the flow behavior of non-
Newtonian polymeric fluids with fiber suspensions

so as to understand the orientation process. The
results obtained from such a study f:ould help repre-
sent the fiber orientation distribution in a molded
part and allow a more accurate_prediction. of compo-~_.
site properties, Such an analysis can ultimately
lead to optimization 6Af material composition, pro-

cessing technigues and part properties,

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-POINT BENDING -TEST

During the three-point bending test for flexural modulus
deteming‘tion, at any instance, the recorded total deflection § under

a force F is the sum of the test~-piece deflection 61 and device de~

flection 62 .

F
( %— ) = T+ 5 ) (a.1)
measured 1 2
Thexefore —
§ §
6 — l 2 g T T
F - F + E_‘::VZ' ’4”, w . (Aoz)
»
,Hence !
J ¥
L 1 1 (A.3)

(E/8;)  ( E/S) ( £/6,)

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 last term is the corrxection term

for device deflection, determined using an equivalent steel bar,
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A,27

o

is negligible,

A.2 Deflection of Steel Bar used for Determining l
_ I
Correction Factor ]
The deflection of the steel bar under a reprepentative
. load of 500N using 25 mm span devige can be Lalculated as _—
Y t\\ ]
3 A\
5, = % B (A.4)
R Ebd
) For force F = 500N ,
“_ !
- i
span ¢ S = 25 mm , !
5 2 :
modulus E = 1,72 x 107 N/mm" , -
9 "\\ i
width b = 12.5 mm , ’ 1
and thickness d = 6,4 mm .,
8, = 3 x 1072 m . (A.5) ]
i
A \ g
Similar-ly for the 50 mm span device and a steel bar with a width of { ;1
L ! i
§\ 19 mm and a thickness of 6.4 mm , %
. . !
- i
. -2 ; !
GS = 1,82 x 10 “ mm (A.6) l
Thus in both '

cases, the deflecti?n of the bar itself ;

°
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APPENDIX B .oy

DETERMINATION OF CROSSHEAD BOUNCE CORRECTIOI(J FACTOR

\ -
IN TENSILE' IMPACT TESTING

X

[

In tensile impact testing, upon contac;.ring the

1

Y

anvil at

the bottom of the swing of the pendulum, the crosshead bounces away with

an initial velocity v

»

1

measured to be about 1.88 mys for steel crossh

_ .
i%s (AsTM 1822 (69)).

After impact and rebound of the crosshead the specimen is

dependent upon the degree of elasticity of the

" v 1}
contacting surfaces. In several cases, this rebound velocity has been
sy

pulled by two moving bodies, the pendulum with an energy of MV2/2 and

Q , the crosshead with an energy of mv2/2‘.

+

AN

, .
that energy is recorded on the dial which is lost by pendulum.

determine the true energy used to break the speci\men.

can be calcuiated as follows:

By definition ' - —

and

where:

*

o e

E = (M/2) (V° - v§)
_ 2 _ .2
e = (m/2)(v1 vz)

.
H
I

M = -mass of pendulum » = 0,681 N/J; 2/,

N

When the specimen breaks, only

There~-

. fore one must add the incremental energy contributed by the crosshead to

This correction

?

K

R e R e



m

P

v

ek - 188w,

B.2
N ‘\ '
=  mass of crosshead = 0.0805 ‘N.Sz}m ’ I . o
= Ymaximum velocify of cent% percussion
Y

{ of crosshéad o pendulum' = 3.44 m/s ,
‘ ‘ : 4

= velocity of center of percussion at the time

t

’ IWhen spécimen brea}‘:s, m/s , ' ‘ ' -

? : - . o
= crosshead velocity immediately after bounce
< !
» L

L]
-

J . :
= crosshead velocity at time when specimen ° —

breaks, m/s ,

5, energy read on pendulum dial, J ,

= enerqgy contribution of crosshead or bounce

v r i N
correction factor to be added to dial reading, J .

. 3
|
p

Also, once the xebound of the crosshead has dccurred, the

momentum of the system in the horizontal direction must remain constant.

t

|
i
;
1
i

- mv, = MW, - mv, \) ,\ - (B.3)

s

Equations (B.1), (B.2) and' (B.3) can be combined to eliminate

~

V2

i

as:

e

=

* FPor fixed values of Vv, M, m and v

<
m/2 {vi - v

1

- amw - v - Ean? (B.4)

>

1

¥
1r can be plotted as a functlon




. | \ _“
- . B3 .
of E as shown in Figure (B.1l) and hence the bounce correction factor

can be read off for any value of e between 0 and (m/2) vi . If

. the calculated value of e by equation (B.4) 1s higher than (m/2) v2 R

o

the correction factor is taken as m/2 vi (ASTM D 1822 (69)). )
- ' L)
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APPENDIX C ’ AR :

, -

. 1 ) } . _
COMPUTER PROGRAMS USED FOR NUMERICAL CALCULATIONS

(FORTRAN WITH WATFIV COMPILER)

~

c.1l Moduli of Unidirectional Com;Losite with Log-

normal Fiber Length Distribution ; s

'y

. 5

The listiné for the program is provided bélow. For
given values of (E/g) and s, ¢ the log=normal fiber length distri-
bution is generated using the subroutine FIBD . Also, for given s

kmaterial parameters, EL and ET are calculated for different

> R SRR IR W R R R T
e

aspect ratios using subroutine RALMAX, Finally, the overall moduli

EL and ET are computed for the previously described threé methods of

v

( ) summation by Simpson's rule. " ’ N

o AR
I3

51 e




¢ — TO COM&UTE LONGITUDINAL AND TRANSVERSE MODULI FOR A

c - 1UNIDIRECTIONAL COMFOSITE WITH 1.0G- NORMAL
(W 2FIRER LENGTH DISTRIBUTION.

DIMENSION EL(6130);ET(61302:ELL(675 s 30)yETL(695230)y
1ELF(6sS¥30) yETF(615s30)»ELS(625930) yETS(695930) s
"SUM(lq)rFL(6v30)rEM(7)vSIG(5)

REAL LesLM— - .

. LM=0.3 . , \
r - EF=10000000, . ) *
) 0=0,01 .
T UF=0.,2 7
004101 K=1lys451
« SIGIKI=(K=1.0)/10. 0+0 15,
WRITE' (&y4)SIG(K) .

4 FORMATC(’1/y10Xs’ SIG = “yFé6:4) o
WRITE (&493) ‘
S FORMATC14Xs FL/»13Xs L") . . T . _ -

0o 101 J=1,21s1
L=(J~1 +0)/20.0 - . .
CALL FIRD(SIGsFLyJsKyLMsL)
WRITE (&y&)FL(KyJd)sL

6 ¢ FORMAT (10X sFP.5s10X9F644) 10

101 CONTINUE

(; 400 0 100 I=1,5»y1

EM(I)=100000 ,%I
WRITE (&91)YEM(I)yVF :

1 FORMATC 1’+10Xy’EM = ‘yEQ.2¢y10Xs/UF = ‘sFé6.4)
WRITE (&+2) .

’ 2 FORMAT (15Xy “EL‘ 918Xy ET’s16Xy ‘L")

0o 100 J=1,21-+1
L=(J~1.)/20,0
CALL RALMAX(ELYETsLyIsJrsDsEFyEMsVF)
WRITE COs3ELCIyJ)sET(IsJ)sL

3 FORMATC10X»E12.598XrE12.5:8X,Fé.4)

100 CONTINUE -
WRITE (698 .

8 FORMAT (/17s10X»/LLONG. MODULUS’ v8Xy’ TRANS, MODULUS?)
00 102 Il=lsyS»yl K *
00 102 Ki=1r451
0o 103 Ji=1y211
FLL(I1sh1rJ1)=FL(K1sJ1)XALOG(EL (I15yJ1)) .
ETL(ILyR1sJ1D=FL(K1yJ1)XALDG(ET(I1y.41))
ELF(I1isR1yJ1)=FL(K1yJ1I)XEL(IL1»J1)
ETF(I1sR1rJ1)=FIL(K1yJIYXKET(IL1yJ1)
ELS(I1sR1yJ1)=FL(K1yJ1)/EL(I1yJ1)

ETS(I1KT7J1)=FL(KErJ1) /ET(LLrJ1) .
103 CONTTNUE ‘ w / -
. No 199 N2=177»1 L
SUM(N2)Y =0,0 . o
199 CONTINUE . i
C : N0 104 J2=152192 /
\
° J
° . /
,/
L /
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104

103

10

11

103

401

SUM(1)=8UM(1)+ELL(I1+K1,J2)%2.0
SUM()=SUM(2)+ETL(TI1sK1,J2)%2.0
SUM{3)=SUM(Z)+ELP(I1,K1,J2)%2,0
SUM(4)=8UM(4)+ETP(I1yK1,J2)%2.0
SUM(S5)=SUM(5) +ELS(I1,K1,J2)%2,0 ‘
SUM(6)=SUM(S)+ETS (Ilvhi;J“)*B.O .
SUM(7)=8UM(7)+FL (K145 J2)%2
CONTINUE

0 105 J3=2,20,2
SUM(L)=SUM(L{)+ELL(I1sK15,J3)%4,0 \
SUM(2)=SUM(2)+ETL(I1sK1,J3)%4.0 .
SUM(3)=SUM(3)+ELP(I1yR1,J3)%4,0 o e
SUM(4)=SUM(HY+ETF(I1yN1yJ3) %k4.0
SUM(S)=SUM(I)+ELS(I1,K1rJ3 ) %4.0
SUM(6)=SUM(4)+ETS(I1sK1sJ3) %40

SUM(7)=8SUM(7) +FL(K1,J3)%4.0

CONTINUE

SUMA=(SUM(1)-ELL(I1sK1v1)~ELL(I1,K1,21).2%0,089/3,

SUMB=(SUM()~ETL(I1sK1y1)-ETL(I1yK1,21))%0,05/3,
SUMC=(SUM(3)~ELP(I1sK1s1)~ ELF(Ilrhinl))*O 0573,
SUMD=(SUMC4)-ETF(I1sK1y1)— ZETP(I1»K1s21))%0,05/3,
SUME=(SUM(5)~ELS(I1,K1sy1)-ELS(I1sK1,21))%0.05/3.
SUMF=(SUM(4)-ETS¢I1 K1y 1)~ETS(I1sN1521)) %0, 05/3,
SUMG= (SUM(7)*FL(RT\1) FL(K1¢21))%0.,05/3.0

ELLO=EXF (SUMA/SUNG)

ETLO=EXP (SUME/SUMG) ) .
EL.FO=SUMC/SUMG o

ETFO=8UMDI/SUMG

ELS0=SUMG/SUME

ETS0=SUMG/SUMF

WRITE (62 7)EM(I1)ySIG(K])

FORMAT ¢ “OFDR EM = /yE%?.2y7AND SIG =
WRITE (4, ?)ELLOLETLO

FORMAT (1O0XsE10.4,11X»E10. 4,8X,’BY LOG.
WRITE (49 10)ELFOYETPO-

"7F.604)

FORMAT (10X,E10.4511%»E10.4+8X»’BY DIREGT ADDITION’)

WRITE (6»11)ELSOYETSO
FORMAT (10XyE10.4y11XyE10. 4;8Xv'B

CONTINUE

UF=UF+0,2 :

IF (UF-0.8)40054005,401 )

STOF

ENII

SUBRROUTINE RALMAX(ELsETsFyI»JyIWEF yEMIVF)
DIMENSION EL(6»30)sET(4+30) »EM(7) "
IF (JJER.1)60 TO 200

AS=F/I

saA=0/F

ASF=2,0kAS+1.,0 )
SAF=SAt2.0 . S
ER=EF/EM(I) ‘

el

Q
0
0
0

0.

0

ADDITION’)

C.3




EP=(ER- 1 QI%VF

L CELCIyJ)=EMCIIXCL, o+ SFXEF/ (ER+2 ., OXAS-EF))
< . ETC(I»J)=EM(I)%(1.0+SAPXEP/ (ER+SA+1,0-EP))
v ) GO TOD 201 ' :
< - 200 EL(I»D)=EM(I) o
. \ ET(Iy ) =EM(I) C
201 RETU :
T o END R§ ‘
T -t SURBRROUT INE FIBD(S{GyFL:JyhyLMrS) -
. DIMENSION SIG(S)sFL(As30)
. . REAL LMy LML d
‘ . ' . IF (J.EQ.1)GO TO 300
PA=1,0+(SIGK) /LM)KX2
SI=SART(ALOG(FQ)) h .
" LML=ALOG (LM)~0 . SKSOIKK2
B=1.0/(SOKSQRT (2.,0%k3,14159))
C=ALOG(S)
T R=-0,5%K(C~LML) X (C~ LMLﬁ
E=R/SDIKX2
FL(KyJ)=(EB/S)XEXF(E)
g GO TO 301
;* : 300 FL(KyJ)=0.0
i 301 RETURN -
L . "ENDI
‘ . o . . ’\ li
> A .
| ¥ ) L ¢ k'(
F AT g . » e
V. ' [N
hi’« 5
} v :
— )
[ .
f / {
qJ «~
-
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“thickness using Simpson’s rule,.

N -

c.2 Moduli for Composites with Non-Homogeneous
o Fiber Orientation Distribétion -

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 is then computed for

different values of ¢ . corresponding to elemenotal thicknesses. Cor-

’ 4

responding composite moduli are computed using subroutines RAIMAX and
CLAST according to the method described in Section 4.2. The overall '

flexural and tensile modulil are then computed by integrating across the

2

42




T ST - . " it -

‘; //CE15RArA JOE (CE15,0005010+01G0; 00005205 51)
// EXEC WATFIV B ,
//G0L.SYSIN DD X% ,
$WATFIV s TIME=100sFAGES=100
FILE RAMA \
THIS PROGRAM IS FOR COMPUTING OVERALL LONGITULIINAL AND
TRANSVERSE MODULI FOR A COMPOSITE IN WHICH ORIENTATION
VARIES ACROSS THE THICKNESS IN A LINEAR WAYs THE CENTRAL
PLANE EBEING RANDOM AND PERFECT ORIENTATION AT THE SURFACE.
KKK KKK AR K K K KK KK 3K KKK K KKK KKK KK K KKK KKK KKK KK
FIRER DISTRIBUTION IN A FLANE
KKK KK KKK K X K 5K KKK KKK KRR KKK K K KKK K KK KKK KKK
ALL INTEGRATIONS ARE FERFORMED RY SIMPSON’S RULE
SRR KKK AOK K KKK KoK K KK KoK KKK K KoK KoK K 3k K KoK Kok ok oK
DIMENSION CL(25)yDEG(40) sRAN(40) »V0(40)yV(25,40) yEX(40) »
1EY(40),CLT11(40) yCLT22(40) yEXEM{40) yEYEM(40) » SUMA(25) »
IGUME (25) » SUMC(25) » SUMAF (25) y SUMEF ( 25) y SUMCF (25) »EXSL (25) »
JEYSL (25)» PCI(25)
EF=10000000.,
AS = 30,0
C . UF=0 2
UF—""O » 0 .
EM = 500000.0 . ,
UM":O . 3 s / ' -
UF"':O o2 © ° ‘
. CLM1=1.0
(M CLM2 = 5.0 ‘ g | o
) 0 101 I=1,21,1 , ] s N
CLCI)=CLM1 + (CLM2~CLM1 X(I-1.0)/20.0 |
0 101 J=1,37+1 \ -
DEGCJI=(J~1.00%2,5 »\x

P

-

o000 onNoOno

RADCJ)=DEG (J)%3,14159/180.0 N
VO(J)=3.14159%( (COS(RAD(I) ) ZCLCI) Y kK24 (STN(RAD () IKCL (13 ) %%2)
V(IsJ)=1.0/Y0CD) ) , \ .
101 CONTINUE - \
201 ° CALL RALMAX (ELsETsGLTsULT/EF yEMrAS s VF UMy UF)
WRITE (&s1)
1 FORMAT(’17,10Xy’GENERALISED RAYLEIGH~nawaDL D) n —
WRITE (&4s2)ELsET,GLTYULT X
2 FORMAT(10Xs ‘EL = ‘sE12,5110Xy‘ET = ‘»E12,5/10Xy’GLT =
1ELI2.Sy'ULT = ‘+Fé44) ] .
ELDEM=EL /M .
ETOEM=ET/EM \
WRITE (éy3)ELDEMyETDEM '
3 FORMAT(10Xs ‘EL/EM = ‘sFé,41.14Xy 'ET/EM = ’sF6.4)
WRITE (654) \
4  FORMAT(///»/OCLASSICAL THEORY WITH SYMMETRY)|
WRITE (695) ‘
5 FORMAT(’0” 35Xy EX’r11Xy ‘EX/EM’ y11Xs PEY/ 11Xy "EY/EM/ » 11X
1/ANG”)
[0 100 I=1,37+1
CALL CLAST(RAIELsETyULTs6LTyIsCLTI1,CLT22)
(\ EX(I)=1.0/CLT11(I)—

T
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4"

" 100

11

200

103

106

8

9

10 FORMAT(/OREDUCED LONG. MODULUS =

BUNC(I)=0.0

.SUMB(I)=SUMB(I)+V(I s )XALOG(EY(J))%X4.0

CONTINUE ,

1E12.5//0F0R VOL.. FRACTION = ‘»F&6.4)

EYRI)=1.0/CLT22(I) .
EXEM(I)=EX(I)/EM ' : T
EYEM(I)=EY(I)/EM L
WRITE (6;6)EX(I);EXEM(I);EY(I)yEYEM(I),nEG(I)
FORMAT(E12.5sSXrF7,495XrE12,5s5XyF7.455XrF6.2) . J
CONTINUE , , . )
WRITE (&6511)

FORMATC 717912Xs /CL’ » 15Xy ‘EXL’ » 18X» ‘EYL’)
DO 200 I=1y21»1

SUMA(1)=0.0

SUME(I)=0,0

0 103 J=1+37,2

SUMACI)=SUMACII+V(Iy JIKALOG(EX(J)IX2,0 »
SUMRB(I)=SUMER(I>+VU(I» J)XALOG(EY(J))%2.,0 '
SUMCCI)=SUMCCID+V(Iy JIX2,0

CONTINUE

0 104 J=2y3652

SUMA CI)=SUMACI)+V(I sy JI)XALOG(EX(J))%X4,0 N

SUMC(I)=SUMC(I)+V(IsJ)%4,0
CONTINUE .

SUMAF (I =SUMA(I)-V(Is1)KALOG(EX(1))~V(I+37)XALOG(EX(37))
SUMEF (1) =SUME¢I)~V (I 1)KALOG(EY(1))~U(I»37IXALOGC(EY(37))
SUMCF(I)=SUMCCI)~V(TIs1)-V(I+37) ‘

EXSL (1) =EXF (SUMAF (1) /SUMCF(I))

EYSL (1) =EXF(SUMEF (1) /SUMCF(I)) .
WRITE (&y7)CLCI) yEXSL(IYyEYSLCI)
FORMAT(BX/F8.378X/E13.6,8%,E13.6)

CONTINUE

LODF FOR THE FINAL INTEGRATION OVER THE THICKNESS
SUMFA=0.0

SUMFE=0.0 .
D0 105 I=1y21,2 .
PCOCT)=(I-1,0)/40.0 . ‘ RN
SUMFA=SUMFA + 2.0XEXSL(I)¥FCD(I)%%2.0”
SUMFE=SUMFE + Q.O*EYSch)*E§§<I)*x2.o-

CONTINUE
[0 106 I=0r20,2 .
FEOCI)=(I~1,0)/40.0 )

SUMFA=SUMFA + 4.,0XEXSL(I)XFCOC(I)X%¥2,0

ELOVER=(SUMFA~EXSL (1)YKPCDC¢1)¥%2, 0~EXSL (21)XPCI(21) %%2,0) /5.0
ETOVER=(SUMFR=-EYSL (1) XPCOC1)%k2 ,0~EYSL (21)%PCD(21)%%2,0) /5.0
WRITE (6-8)

FORMAT(/OTHE OVERALL MODULI FOR THE COMPOSITE-FLEXURE’)
WRITE (46y)ELOVERSETOVERyVF ‘ .
FORMAT(’OLONG. MODRULUS = “,E12.5,8X»/TRANS. MODULUS = “»

ELLOEM=ELOVER/EM
ETOEM=ETOVER/EM

N é E 0 . .
WRITE (4210)ELOEMYETOEM /VFB. 5/ OREDUCET TRANS »

\

Y
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c

C

OoaOon

~
Qwn

1MODULUS = “ 4F8.5)

LOOF FOR THE FINAL INTEGRATION - TENSION
SUNFB=0»0"5€ . y

0 107 I=1,21,2

/SUMF A=SUMEAF 24 OXEXSL(I)

107

108

12 FORMAT (’0THE OVERALL MODULI FOR THE COMPOSITE ~TENSION’ D

13 FORMAT (/OLONG. MODULUS =7,E12 .538X7'TRANS. MODULUS =/»E12,5/

15

202

SUMFE=8UMFE4+2.0XEYSL{I)

CONTINUE

00 109 I=2,20:2
SUMFA=SUMFA+4,0kEXSL(IY /
SUMFB=SUMFE+4,0%EYSL(I) : .
CONTINUE '
ELOVET=(SUMFA~EXSL (1)~EXSL(21))/60.90
ETOVET=(SUMFB-EYSL(1)~EYSL(21))1)/60.0
WRITE (4y12)

URITE(6;13)ELOUET;ETUUET;UF

1/0FOR VOL, FRACTION ='sF4.4)
ELDEMT=ELOVIET/EM
ETOEMT=ETOVET/EM

WRITE (6,14)ELOEMT»ETOEMT

# 14 FORMAT (/OREDUCED LONG, MODULUS = ‘yFB.3/

1/0REDUCED TRANS: MODULUS ='»F845).
ELFT=ELOVER/ELOVET

ETFT=ETOVER/ETOVET .

WRITE (6:15)ELFT»ETFT o

FORMAT ( ‘OLONGITUDINAL - EF/ET =/»F8.3/
1/0TRANSVERSE - EF/ET ='»F8,3)

VF = UF+0. 1 »

IF (VF-1,0)201y201,202

sTOP

END.

ARKRK KK KKK A K K AKAKK KA KKK KK KKKRKKAKRKK KKK KK kKK
SURROUTINE RALMAX

KKKKIOKK KKK KK KKK KKRKE KKK KK

SUBROUTINE RALMAX(ELET, GLT;ULT:EF;EH;ASyUF,UM;UF)
SA=1.0/AS

ER=EF/EM

ES=(ER-1, O)XUF

GF=EF /(2,0 (1. 04+UF))}

GM=EM/(2.0% (1, 0+UM))

GR=GF /GM

G5=(GR-1.0)%VF )
EL=EMX(1.04(2,0%kAS+1.,0)XES/(ER+2.0%XAS—~ES))
ET=EMX( 1,0+ (SA+2,0)XES/ (ER+1.,0+54-ES))
ULT=UMX(1,0—~VF)+UFXVF

GLT=GMX(1.0+(SA+2.0)XGS/ (GR+1., 0+5a<8%))

RETURN 4
END

x****x*****x***********#******x********#*
SUIBROUTINE CLASSICAL THEORY

KR AR K KKK KKK

<//}
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SUBRDUTINE CLAST&RAD;EL:ET’;ULT;GLTrIyCLTlI,CLTQé)
DIMENSION RAD(40)yCLT11(40),CLT22(40) »CXY11(40)CXY22(40)
1yCXY66(40))CXY16(40) sCXY264(40) rCXY61(40)vCXY62(40) ’

, 2CXY12(40) rCXY21 (40)

RAD2=RAD(I) %2
BRC=1,0/GLT-2. O*ULT/EL

CXY11(I)=COSC(RAD(I ) > Xx%4/EL+SINCRAD(I) > XX4/ET+ 2"
1SINC(RADNZ )Y X*2XBRC/4.0 :

. CXY22(I)=SIN(RAD(I) ) XX4/EL4COS(RAD(I) )**4/ET+

1SIN(RAD2) XX2XBRC/4.0 ° s
CXY66(Y)>=1/EL+2KULT/EL+1/ET- CDS(RADZ)**Z*(1/5L+1/ET
1-BRC)

CXY12¢I)=SIN(RAD2) kX2 *(1/Eﬁ§;/ET —BRC) /4.0~ ULT/EL
CXY21(I)>=CXY12(I) :

CXY16(I)=SIN(RAD2) X ( 1/EL~BRC/2,0~ SINCRAD(I)) K¥2k
1(1/EL+1/ET-BRC))

CXY61(I)=CXY16(I)
CXY26(I)=8IN(RAD2)%(1/EL-BRC/2,0~COS(RAD(I)) kX2X
1(1/EL+1/ET-ERC))

CXY62(I)=CXY26(1)
CLT11(I)=CXY11 (1) ~CXYL4(T ) *k2/CXYE4(I)
CLT22(I)=CXY22(I)-CXY26(I)XX2/CXY66(1)

RETURN . ‘ . - —_—
END T
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Symbol -
In_Listing In Text
\
as = (z/4)
(o}
CL .
CLM1L ) -
CIM2 -
CLT11 - cLTé6 ¥ | c’i“j;
. -
CXYll ~ CXY66 o
ij
1
= &
EM s E
=X B, 0 By
\
- . ' ) J
EX , EY. E‘x ’ EY
ELLO , ETLO : 'i r Eq

C.3_, Key to Major Symbols Used in Camputer Programs

=

L]
+

M . s,

. . Description

Piber aspect ratio.

Orientaticdn Parameter.

C& in the center,

& at the‘ surface.

Components of compliance

matrix [Czt] ‘.

Components of comp;l.iance

matrix [ CXY] .

.-
Fiber Young's modulus.

Matrix Young's modulus.

1

Composite moduli in ditec-
tions L , T .
Composite moduli in direc-:

tions x, y.

<

Overall composite moduli by

logarithmic summation (uni-

directional).

‘ T c.10 ¢

A

A




PETTYT—)

i
Symbol A
'In _Listing In Text
ELPO , ETPO E o E-r
) \ N
ELSO , ETSO EL ¢ By
£ _f
ELOVER , ETOVER E . B,
2 "’)
/.
4
t  _t
ELOVET , ETOVET E, + E
Y
ELFT , ETFT (E7/ED),
£t
(E°/E0),
FL f(z)
\
L z
IM z
. LML X
D\ S,

P e [——

" by series summation (uni-

Stk 2y qo PR i nchan se s o

3

Description

Overall composite moduli
by parallel summation (uni~

directional).

Overall composite moduli

directional).

Overall flexural moduli in

directions £ , t .

Overall tensile moduli in .

directions &, ¢t .

7

Ratios of flexural to tensile

moduli in directions £, t .,

Fibet length distribution

3

function. e ‘
Fiber {ength.
Mean fiber length.

Parameter in log-normal dis~ }

tribution function.

Parameter in log-normal dis-

tribution funection.

.
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' c.1l2
) Symbol Description
In Listing In Text .
p SIG’ Sz Standard deviation of fiber
. length distribution. |
N\, <y i
VP v £ Fiber volume fraction.
o “y
L]
) LY
\ - ]
1
o =~ ) ~




NOMENCLATURE

— Description . |

Orientation parameter in £ direction.

@

s

v

Orientation parameter in t direction,

Maximum value of ¢, (at surface) for
~

non-homogeneous orientation distribution.
Compliance matrix with reference to direc-

tions % and t (symmetrical case).

—

Compliaﬁce matrix with reference to direc-

-

tions x and y (nonsymmetrical case).
Fiber diameter.
Composite.Young's modulus,

Fiber Young's modulus. .
PSR , ~

Matrixﬁ¥oung’s modulus.

Y‘éu}zm modulus of unidirectional composite

in direction L ,

«

Young's modulus of unidirectional composite

in direction T .

Overall Younq's modulus of unidirectional -
composite with a fiber length distribution

in direction L .




Symbol

It

"cal case with angle 0) .

Description ) ‘

Overall Young's modulus of unidirectional
composite with a fiber length distribution

in direction T .
Y

a

Young's modulus in direction £

Young's modulus in direction t (s yrmetri-

cal case with angle Q) ,
~

Young's modulus in direction £ for a fiber
orientation distribution corresponding to a
given value of C.Q, . '
Young's modulus in direction t for a fiber

orientation distribution corresponding to a

given value of Cl .

Young's modulus in direction x (non=-

symmetrical case with angle ©0) .

Young's modulus in direction y (non=

s_ymmetrical case with angle ©) ,

¢

Overall flexural rt;odulus in direction &

for model in Section 4.3.

N

A . s
*Overall flexural modulus j.n direction t

for model ‘in Section 4,3 . -

(synnnet_ri- ’




-

—'N|3

Description

o
o

Overal tensile modulus in direction &

for model in Section 4..3.

Overall tehsile modulus in direction t
for model in Section 4.3 .

Fiber length distribution function,

v

Force for three-point bending.
Shear modulus for fibers.
o 7/

Shear modulus for matrix.~”

Shear modulus of unidirectional composite

with reference directions L and T .

Shear modulus of composite with reference

directions £ and t' (symmetrical case).

Shear modulus of composite with reference

directions x and y (hon-symmetrical case).

Distance from the ctntral plane in the model

of Section 4.3 .

Half-thickness of a specimen in the model of

Section 4 .3 .,

s <

Moment of Inertia of cross-section of a

specimen.

LS




[~

A
S

@ : o . N.4
! f
Sgmbol v Description T
, . A
L . Direction of fiber orientation for a <,

unidirectional composite.

' - —_

;

2 T Reference direction for symmetrical case
e g
(longitudinal). 1 '
ME ’ Fiber mass fraction. .
s - ' Span length in three-point bending test,
Sx Polydispersity parameter in fiber length
o distribution function. -
. 8, Standard deviation of fiber length distri-
bution.
1 , . ' Transverse direction for unidirectional
) composite. " te '
t - ‘ ﬂ ) Reference direction for symmetrical

case (transverse).
v, - Fiber volume fraction.

v (9) Fraction of fibers in direction 0 + dg/2 - -

with respect to the reference direction.

-X . Parameter in fiber length distribution
) \ )
]
' function. P
I ) —
W Izod~type impact energy.
t - . .
w Tensile impact energy.

. ea




Symbol

Greek Symbols

Description

Parameter in fiber length distribution

function.

.

Reference directions for non-symmetrical

case.

Fiber 1e9gth.

Mean fiber length,

¢

Angle of fiber orientation direction with

the reference direction.

. L4

Stress in direction .L of unidirectional

composite.

Stress in direction T of unidirectional

composite.’ 4

.

("\
Stress in direction x (non—symmetrical)\

case with éngle o) .

Stress in direction y (non-symmetrical

case with angle 0) .,
Composite strength.
Fiber tensile strength.

Matrix tensile strength.

®




P d' ) Description ) )

_ Symbol
t ’ | .
oz T Tensile strength in direction £ .
b
/
. ct ] - ' Tensile strength in direction 't . §
e, Strain in direction L of unidirectional
. . composite,
J  Eq Strain in direction T of unidirectional
composite, .
€y Strain in direction x (non-symmetrical
case with angle ©0) . )
€y I  Strain in direction y (non-symmetrical
N case with angle 0) . ~
txyﬂ Shear strain in plane x-y (hon—symmetrical
/ case with angle 0) .
[}
pf Fiber Poisson's ratio,
"umk Matrix Poisson's ratio.
! M ’ Poisson's ratio of unidirectional composife

with reference directions L and T .

uit Poisson's ratio of composite with reference
. o .
. directions 2 and t (symmetrical case with

angle @) ,

U . Poisson's ratio of composite with reference
directions x and y (nonsymmetrical case

with angle 0) .

"~




(1)

(2}

3

(7)

(8)
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