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Molding of Oriented Short-Fiber Composites

Iv. Characterization of Fiber Orientation Patterns

by
Lloyd A. Goettler

ABSTRACT
The various considerations underlying the specification and
characterization of three-dimensional orientation distributions
in moldings of short fiber reinforced polymars are discussed.
The recommended treatment resolves the overall complex orientation
pattern into distrikutions on a macroscopic and microscopic scale.
Some examples, including the effects of molding conditions,

are given for an end-gated rectangular bar plunger molded from

fiberglass reinforced epoxy.

Thnis research was supported by the Advanced Research Projects
Agency of the Department of Defense and was monitored by the

Office of Naval Research under Contract No. N000l4-67-C-0218.
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Molding of Oriented Short-Fiber Composites

IV. Characterization of Fiber Orientation Patterns

. by
E Lloyd A. Goettler

Introduction
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Injection or transfer molding is an economical means for

the large scale fabrication of hardware from fiber reinforced

| thermosetting polymers. The resulting orientation distribution
of individual fibers that is produced by the flow is one of
the major factors determining the mechanical strength as well
as stiffness of the molded part. Fiber orientation can be
ccntrolled by changing the :tlow geometry and molding conditions
(3,6,7). By centering the orientation distribution around the
direction of the applied stress, threefold improvements in
strength anil stiffness are possible,

Here we consider the different methods that can be used to
characterize and measure an nrientation dis=ribution in two
simple molded pieces. Diverging flow through a small end gate
produces a predominantly transverse fiber orientation in a
rectangular bar. In contrast, a high deqree of axial fiker
alignment can be produced by filling a rod cavity through a conical
converging section attached to one end. These geometries and the
resulting fiber orientation patterns are illustrated in Figure 1.

In addition, changyes in the orientation distribution obtained
in the conventionally end-gated rectangular bar due to the effects
of molding conditions are described as an extension of the work

previously reported (1,3).
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The necessary calculations to convert measurements of fiber
directionality into orientation parameters also are described.
However, the prediction of mechanical response from a known

or measured orientation distribution is treated separately

elsewhere (2),.

Orientation Characterization in Rectangular Moldings.

The mechanical response of a fiber reinforced composite
subjected to a unidirectional stress is governed by the
distribution of polar angles (6,) that describe each
fiber's direction relative to the stress axis. Since this
Zistribution is difficult to measure directly, a simpler but still
meaningful method, involving the measurement of planar angles,
was developed. The angles ¢, and ¢, are measured in orthogonal
planes that include the axis, and these are then combined to
calculate the average polar angle for the molding. These angles
are defined in Figure 2; the l-axis is selected as the direction
of stress.

The distributions of the planar angles themselves are further
resolved into local means ¢, and ¢,, which are smoothed
functions of coordinate position in the part, and the local
distributions of individual fibers around these mean directions.
That is, the distributions of the fibers are taken to be normal
(the measured distributions are bell-shaped and symmetrical)
with mean $2(x1, X, xa) or $3(x1, X, xa) and standard
deviation s, or s, where X,» X, X are the axes of a rectangular
coordinate system. The variables are defined for the example of

an end-gated rectangular bar in Figure 3.
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As described in (1), the macroscopic orientation patterns
%, and ¢, are determined by fitting a multilinear regression
equation to angular measurement of the local mean fiber direction
made £rom 6x photographs of polished surfaces cut into the
moldings. The fiber patterns are contrasted against the matrix
by etching the partialiy bundled glass fibers with hydrofluoric
acid and filling the pits with an ink or dye. Angle measurements
are made at predetermined mesh points using the protractor arm
of a drafting machine. A smooth multilinear curve for $2 or $3
as a function of coordinate position is fit to thes. measurements
by a regression technique. This allows an overall average to
be taken over the dimensions «f the molding.

The :ztandard deviations concist of two components: the

deviation ot the individual fiber oiientations, about tho

Sp
local mean in a small region about a point in the molding and

the standard error, of the smoothed nultilinear regyr:z2ssion

SR,

fit of ¢(x,, x x,) to the measurements ot local ¢. The term

2!

2
R

which must be added to the microscopic individucl fiber variance

s characterizes the macroscopic variance in ¢ molded part,

2

Sp

to yield the overall variance in fibe: angle

'2 = 2 2
S s (s? + sR). (1)

e e T A i . et e ki
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This equation is valid as long as the total number of measurements

of § is large. When Equation (1) is used to experimentally

evaluate the overall orientation variance, the error, which does

not relate to the actual dispersion of the fiber distribution,

3 must be subtracted out:

P s =(s§ + s?2 - s2?) (2)

: 20r3

., where sé is the variance due to measurement z2rror. A chart of the

| orientation calculation process illustrating this flow of
o variance is given in Figure 4. The standard error of regression,
P Spr of course would not be expected to be identical for 62 and ¢3
in a given sample, although wide deviations do not occur.

]
UL

Since the individual fiber dispersion, is found to be

approximately constant within a giver molding, it is taken to be

Somrx it 3 e
DAL ST T

independent of coordinate positicn in the calculations. However,

53

Sp does depend upon the material a.d molai:: conditions. For

example, s

R e

it

T T

P is lower in moldings that svart with a tighter, harger

bundle in the molding compound. Some typical values are given

g2t

e<a,

‘ s" Table 1.

s

The distributions of individual fiber directions needed to

i determine the standard deviations Sp could be measured from

polished unetched surfaces at 500x magnification. Since Sp is

relatively co:stant, only a few sets of these need be made for

~

each molding to be analyzed.
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The measurement error, Sy has been assessed by making
multiple determinations of the same field. It varies from
8 to 20° and depends primarilv on the clarity of the photograph
of the polished molding surface. An Aaverage value is 10°,
Errors associated with the alignment of the fields in the
photographs and the determination of the measureuent locations
arc: negligible in comparison to the major error source of
determining the directionality of the orientation pattern at
those points.

This method is believed to conceptually simplify the study
of orientation by separating the types of variation into
microscopic and macroscopic categories. In addition, it
inherently considers the positions of a great many fibers in
determining the orientation direction, but requires a
relatively small number of measurements on individual fibers to
determine s, and s,. For these reasons, it is preferred to
the alternate procedures of tediously measuring the polar angles
of many individual fibers or of only a few tracer fibers. The
method is practical, but not exact., It does, however, accomplish
the task of analyzing the intermeshed network of fibers that
exists in the moldings.

A knowledge of the complete fiber orientation distribution
with respect to the dirzction of applied uniaxial stress is

required for determining the dependence of mechanical properties on
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fiber direction. This is provided when ¢,, ¢,, 5, and s, are
all specified. Previously, a method of integrating a directional
mechanical property over the orientation distributiocn was
described (2) for prediction of the modulus of molded bars.
However, in other cases it is convenient to merely indicate the
degree of directionality in a piece by an overall average angle,
?1, which can be calculated in a similar manner. Since 6, only
takes on values on the range 0 < 6, < 90°, its average, ?1, is

a measure of the degree of dispersity in fiber orientation
centered about the 0° or 90° direction. For example, ?1 can
equal zero only in composites that are perfectly aligned in the
stress direction,

In the regression analyses for 52 or 53, a smooth curve can
be obtained across the centerline only if the algebraic rather
than absolute angle measurements are used. Then, although an
angle of +B° will cancel with one of -f° to yield an average angle
of 0°, the difference from a well-aligned composite will sh¢w up
in the finite standard deviation. Further, in order to allow the
distributions about the regression line to remain symmetric over
the entire domain of -90 to +90°, the angle range is allowed to
extend from -135° tc +135°. Angles of (90 + o) are, of course,
equivalent to -(90 - a).

This problem of duplicity of values occurs because the polar
distribution is being treated by linear statistics that assume
an infinite domain of == to +» for the independent variable. A

more correct method would be to determine the position of the

centroid on a polar representation of the distribution as in
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Figure 5. Because the fiber ends are indistinguishable, the

circle need cover only 180 instead of 360°. The length p of
¥ the radius vector in such a plot represents the frequency of
cccurrence of the indicated angle. However, the statistics
of such a treatment would be more involved. The artificial

implementation of overlapping linear domains will suffice to

prevent the occurrence of anomalous mean values such as 0° for

the symmetric distribution illustrated in Figure 5.

! When the orientation distribution in a molded piece is
symmetric about one or more planes, the correlation of macro-
scopic angles entering into ¢,,,, can be confined to the
half-plane. The range of angles can then be restricted to
-45° < ¢ < 135°, If the orientation at the center is transverse,
as will occur 1f a long molding is end-gated through a small
gate, the angles ¢, and ¢, , as defined in Figure 3, will bcth
be zero at the centerline,

Figure 6 shows orientation patterns in a polished pliane cut

l through the midsection (x, = 0) of the 1/4" x 1" x 6" bar

. previously described in Figure 3. 1In this case, the pattern was
made to appear by adding a small amount of carbon black nonuniformly
to the molding compound. It is identical to the pattern produced
by the etch-dying technique described carlier. Flow is from

! bottom to top in the picture, and the fibers are laying parailel

to the black streaks. There is an almost completely transverse

fiber orientation throughout most of the core, surrounded by an

envelope of predominantly longitudinal orientation. The angle
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measurements can be fitted by a cubic of the form

$, = (a, +b, xPx, +a, x, + a,x] . (3)
The distance coordinates were normalized to range from zero at
the center of the molding tc unity at the edges of the bar.

Measurements made from such photographs have been shown to
represent tle local average fiber orientation on the microscopic
level. The statistical hypothesis that these two quantities
are identical can be accepted at a level of significance o = 0.10
with a power of 0.99 against the alternate hypothesis that taey
differ by 5°. In a more expanded form of Equation (23) the
coefficients are not all statistically significant. When the
orientation pattern does not contain an inflection point a
simpler quadratic fit will suffice,

The corresponding graph of the planar orientation $2 in the
central horozontal plane x, = 0 is given in Figure 7. At the
same x,, the variations of ¢, between parallel x, planes are
small, being less than 5°. (A higher alignment in the flow
direction occurs near the upper and lower surfaces.) According
to the definition of angles used, 0° corresponds to a transvurse
orientation and 90° is directed along the length of the bar. 1In
this figure the 90% confidence envelope of + 3* to 6° is indicated
by dashed lines. The prediction interval, i.e., the envelope in
which there is a 90% probability that a measured ¢, will fall, is

considerably larger (26°). By reproducing additional moldings




-9 -

under the same set of molding conditions it was found that the
hypothesis that all sample orientation distributiorns came from
the same parent population could be accepted at a significance
level of a = 0.20. Thus, 98% cf the observed overall variance
arose within the individual samples rather than deriving from
differences between them.

It should be noticed that no dependence cn x; is indicated
by Equation (3). Although changes in ¢, of 7° at the middle of
the half-plane (x, = 0.5) and 13° near the wall occurred in some
samples, this small change was not statistically significant.

For example, the hypotheses that the regression coefficients on
the x, terms that would be added to Equation (2) are equal to
zero could be accepted at the very high significance level of
0.8. On the average, an axial change of 2°/inch of bar was found
for the region excluding 0.5" at the gate ena and 1.0" at the
vent end where end effects were previlang,

One might expect that with a smaller cross-sectional dimension,
shearing stresses would develop within the fiber mass, and
orientation would thus vary with flow distance in uniform channels.
However, in highly concentrated suspensions, the region of shear
usually meantained within a thin (< .2 mm) layer of pure resin
at the wall so that orientation patterns remain stationary in

shear flows.
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Some Orientation Profiles for Molded Bars.

The example of an orientation profile of the local mean
planar angle ¢,(x, shown in Figure 7 can be used as a semi-
quanti:ative indication of the type and level of orientation
in the molded 1/4" x 1" x 6" bar. The bar analyzed for this

figure was molded through a large 1/8" x 1/2" end gate from a

high viscosity epoxy that was 58% reacted in the B-stage. This
molding compound contained 1/8" E-glass fibers (Johns Manville,
type CS308A chopped strand) at 40% volume concentration. The
molding compound was made by a technique that utilized a
suspansion of fibers in an aqueous emulsion of epoxy and water (4).

Although concise grains of fiber-filled molding compound were formed,

water was occluded and the degree of B-stage was high (56-62% of
epoxide units reacted). The response of this material to
different gate geometries and molding conditions has been
described (1,3).

A material with only 40% reacted epoxides in the B-stage can
easily be made by hand~blending the fibers into activated liquid
epoxy resin at 60°C. A reasonable degree of wetting is accomplished,
and definite though imperfect grains of molding compound can be
produced by the blending process. Details of the preparative
techniques are given in (5). Figure 8 shows the relationship
between the fraction of epoxide groups reacted and the matrix

viscosity, as measured in a falling ball viscometer. With the
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stoichiometric ratio of epoxy and MDA curing agent used in these
studies, a 50% conversion of epoxide corresponds to a completely
linear molecular structure. Further reaction involves the onset
of crosslinking.

The response of this material to changes in gate geometry,
resin viscosity (degree of reaction in the B-stage) , flow rate,
fiber length and bundle integrity are discussed below. Since
the basic geometry is a bar end-gated through a small gate, the
expansicn in cross-sectional area will cause an internal

core of transverse fibers. The changes in molding conditions

will be seen to only affect the degree of longitudinal orientation
in the outer envelope and the size of that variable region,
As in the case of the more highly reacted and, consequently,

higher viscosity material reported in (3), there is no effect

of fill rate on orientation with edge gates equal to or smaller
than 1/4" x 0.060". However, a lesser degree of transverse
orientation is obtained when the resin viscosity is lower. The
variation of $2(x3) W .ch degree of reaction of epoxide groups

in the B-stage is shown in Figure 9. In this case, the change in
orientation could result from the greater inertial effect that
occurs when a material of lower viscosity squirts through a small
orifice. However, Figure 10 shows that the lower viscosity stock
also produces a considerably less transverse orientation whea a
large gate is used. This result relates to the decreasing degree of
transverse orientation with increasing mold temperature previously
reported in (B). The molding compound viscosity would be lower

at the higher temperature.




oz iy e

e e Ve Vi PP N

s T ” % s B TasS R 2 G o o e Ve ) " i ~ 5 Ta Sty L igan g - Dy h e N A il ap e A o
=y oo G b Vi A R e A iz S A SEPLT R B Sl S e R e O ,’,_’_** e - = e ‘g.n »-.' > ﬁv’ -7
z = R LTS S =S ol ]

e i o Y bt & e o ot R A o A e e At b .

e Pt v

|

| 1 -

L

L. Figure 10 also compares the orientation produced by a 40%
reacted material flowing through a 1/8" x 1/2" gate with that
obtained for the smaller gate of Figure 9. The fill rate in this
case is 1.9 in3/min. At higher fill rates the two gates produce

a comparable orientation distribution. Figure 1l shows the effect
of fill rate with the larger 1/8" x 1/2" gates. As with the higher

viscosity material studied in (3), the slow rate of flow produces

a higher overall orientation angle (less transverse).

[ When the sizing is burred off the glass fiber bundles before
blending with the liquid epoxy resin for improved wet-out, it is
| found that there is no change in the orientation pattern. This
is surprising since the bundles without sizing open up more
during flow into the mold cavity. There is also no change when

{ 1/4" fibers are used instead of the usual 1/8" fiber length,.

Orientation Characterization in Rods.

Rods of 1/4" to 1/2" diameter and 6" in length were filled
through a converging conical channel attached to one end, which
served to orient the fibers into the flow direction by effectively
stretching the molten material as it flowed into the mold cavity.

Hence, a higher degree of longitudinal orientation than in the

bars was obtained without the presence of a tiansverse core.

| The description of orientation patterns in thése end-gated rods is
simplified by the axial symmetry. The x,; direction is still

i taken in the direction of flow; by convention x, is the direction

of possible shear, which is now radial. Then the x, plane is one

i
. .
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of constant angle in a cylindrical coordinate system centered
along the rod axis. This is a longitudinal plane cut through
on a diameter cf the cross-section. Since all of these are
alike, only one need be measured and the dependence of $3 on x,,'
which had to be considered for the bars, may be eliminated.
Bowever, the x, plane in this case is not a flat plane, but a
cylindrical surface of constant radius. Not only can orientation
n3tterns not be easily measured on this curved surface, but no
smnoothed macroscopic yariations in orientation in fact even occur,
because of the requirement for circular symmetry. A mean constant
value’of 32 could be determined, but this and the measurement of
‘the macroscopic fluctuations that enter into Sg would, as mentioned,
be difficult to perform.

Instead, the x, plane (rod cross-section) is used in conjunction

with the x, plane to calculate 8, according to

- -3 - _
—! tan (tan ¢ /cosé IN (¢,.s,)N(¢,,s,)d¢,d¢, , (4)
where the N are normal distributions. This is similar to the
equation used in reference (2) for the combination of the

X, and x, planes, except that here tan 91 = tan ¢3/cos ¢,

As in the case of the bars treated above, moldings of sample rods
showed no significant variation of orientation in the flow
direction (x,). Conseguently, a single cross-sectional plane
sufficiently removed from the gate and vent to obviate end effects,

would suffice for measurement of 53. A convention that 0° implies
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a radial and 9v° a circumferential orientation was adopted.
The measurements of ¢, (x,) and ¢,(x,) were carried out on
photographs of polished surfaces taken at a low magnification
to indicate principal directions, as in the treatment of the
bar geometry. Individual fiber deviations about the local
mean were also found to be about 13°, the same for both planes
and similar to values obtained in the bars and reported in
Table 1.

Although the ¢, distribution was symmetric, the fibers at the
center were no longer restricted to a transvers: position, as
in the transverse core of the bar previously described. It was
therefore nc longer proper to require that 5, (0) = 0. A
quadratic form for the regression analysis could be substituted
for the previous cubic. The variation in 51, however, could be
adequately described by a linear equation. This angle in the
cross-section varied from a predominantly radial position near
the axis to a circumferential one at the surface.

The averaging over the cross-sectional area to obtain either
an overall axial angle ?1 or the effective mechanical properties
is, because of symmetry, done only along the x, or radial
direction. A weighting factor must be used to account for
the nonlinear relationship between radial position and cross-

sectional area. The equation for 31, for example, then becomes

(i)
1x2

61=2‘
1

I e B

~(i)
0,7 /N (5)
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For a particular typical sample, the average polar angle

! calculated from Equations (4) and (5) wag 36.7°. This was checked by an
independent method in which the orientation of individual fibers

i is measured by the ellipticity of their cross section in the X,

plane. Fibers that are in exact longitudinal alignment along

the length of the rod cut a perfect circle in thz transverse

X, plane. Oblique fibers appear as an ellipse. The cosine of

1

the polar angle 6, for each fiber equale the ratio of the
minor~to-major axes. This tedious procedure dealing with
hundreds of individual fibers gave an average ?1 of 44.7°,
Twelve percent of the fibers were in the range 0-30°, with the
remaining 84% approximately uniformly distributed between 30°
and 80°. Because fibers oriented at 61 < 30° appear as almost
perfect circles this méthod is inaccurate. The check with the
previous result within 20% is therefore acceptable.

The measured tensile strengths of several molded rods are
correlated in Figure 12 against their ?1, which was calculated
by integrating over the measured distributions of ¢, and ¢,

according to Equation 4, and then summing over the area with

Equation (5). The linear correlation not only demonstrates the
accuracy of the calculation scheme, but points out that in these
long (> 1/8") discontinuous fiber composites, fiber orientation
is a critical structural parameter affecting tensile strength.
This conclusion is discussed more thoroughly in (5). A similar
plot of the Young's modulus is shown in Figure 13 for various

types of discontinuous fiber composites at a 50 v/o loading.
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Summar

The fiber orientation distribution in a molded part can be
described in tarms of macroscopic and microscopic variations. The
former ccncerns changes in the local mean orientation direction over
distances that are large with respect to a fiber diameter and
of the same order as the minimum mclding dimensiun. These are
the changes in the orientation pattern that are visible to the
eye in a plane cut into the molding. In addivion, the individual
fibers in a microscopic region show a variation about the mean
iocal position, which is the angle displayed by the gross
pattern at that point. This breakdown systematizes the study of
complex fiber orientation distributions that occur in flow molding.

The microscopic distribution is symmetric and can be taken
to be normal. 1In flow moldings, the macroscopic distribution
over the coordinates of the molding is continuous and can be
measured and described empirically. Since most injection or
transfer moldings are three dimensional in shape, the simpler
planar orientation measurements that suffice for laminates are
inadequate. Instead, %he polar angle about a direction of
interest must be measured, or planar measurements must be made
in two orthogonal planes throughout the molding and combined.

The averaged polar angle around a specified axis taken as the
zero direction can be used as an indication of the spread in the
orientation distribution. 1In order to calculate mechanical
properties, however, this simple representation will not suffice
and it becomes necessary to report the regression of either the
polar angle or the component planar angles over the distance
coordinates of the moiding, along with the associated standard

deviations about the regression line.

- 16 ~-
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The problems of dealing with a polar distribution are
discussed and it is shown how the simplification into linear
statistics can be effected by properly defining the angular
domains. This includes the proper treatmeat of negative and
positive angles. Some simplirfications result when symmetry
is present.

For concentrated suspensions of fibers in a matrix whose
viscosity is less than 10*-10° poise, there is no dependence
of orientation on coorcinate position in the direction of fiow
through uniform channels. When a cavity is end gated with a
small gate so that the melt experiences a volume expansion as
it flows into the mold cavity, the fibers turn predominantly
transverse to the streamlines. Some rounding of the orientation
patterns occurs near the walls; this may be the effect of the
entrance geometry, or may result from either wall interaction
or shearing stresses. The effects of molding variables are
given for a low 7iscosity (40% reacted) epoxy molding compound.
Low viscosity and low flow rate favor a large envelope of nearly
longitudinal orientation around the central core, thus changing
thle overall orientation from its otherwise predominantly
transverse nature. Degree of bundle integrity and fiber length
(1/8" x 1/4" fibers) have no noticeable effect.

The characterization of orientation in rods is similar to
that for rectangular pieces, but is simplified by the higher

degree of symmetry present.

Both tensile strength and modulus depend strongly on the overall

level of fiber orientation.
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Table 1

reinforced epoxy plunger moldings.

Material

Hand blended CS308A (bar mold)

Hand blended CS308A (rod mold)

Encapsulated grain (ref. 4)

Commercial epoxy BMC

(v 2 D WA e U S oINS AN s 2 e S A S SR SR

Spe degrees

15,

13.
g.
22,

DPigpersion of Individual Fiber Orientations in 40 v/o fiberglass




>, VP e T ST A e LI e
LAl o L
ey eacZat b Lok

BArv S

AR ATSY

AW B

[t U ORI A R B

P

R

ST SO

g

lo0.

11.

12.

13,

- 21 -

List of Figqures

Fiber orientation patterns in two simple moldings.

Polar angle (8,) and planar longitudinal angles (¢, and ¢,)
of three complementary spherical coordinate systems, each
directed along one of the three rectangular coordinate
axes at a point,

Geometry for plunger molding of 1/8" CS308A fiberglas:z
reinforced epoxy bars.

Scheme for calculation of average orientation or mechanical
property from measured orientation distributions.

Polar representation of orientation distribution.

Orientation pattern in the x, plane of plunger molded
fiberglass/epoxy bars.

¢, (%47 x, = 0) in an end-gated 1/4" x 1" x 6" bar with 90%
confidence interval indicated for a high viscosity molding
compound and large ingate. :

Viscosity of epoxy matrix at 110°C.

Effect of resin viscosity level on orientation in the bar,
40 v/o 1/8" CS308A fiberglass in Epon 828/MDA, 1/4" x .060"
end gate.

Effect of resin viscosity and gate size on orientation
obtained for 40 v/o 1/8" CS308A fiberglass.

Fill rate effects on orientation in a bar molded of 40 v/o
1/8" CS308A in 40% reacted Epon 828/MDA 1/2" x 1/8" gates.

Correlation between measured tensile strength and calculated
average polar angle for 40 v/o 1/8" CS308A flow molded
fiberglass/epoxy composite rods.

Correlation between Young's modulus and calculated average
polar angle for various types of 50 v/o discontinuous glass
fiber reinforced epoxy composites.




*sburtptow a7duts omz uTr suxsijjed uorjlelUlITIO IBQTd T

POy : g

(iojod) ‘g
Jo

¢ —
M ta_..u_n_\v \ /
| /AR 7




*qurod e Ie- ‘saxe
83euTpIooD xernbuelosx svIY3 aY3l JO auo HuoTe paloBITP ¢
yoea .mﬁoumhm 93 euTpI00d Tedrxsyds Axejuswordwos aaxylz jo X

g) oTbue xerog - P

€ t

( ¢ pue ev saTbue Teurpulrbuor xeuerd pue (

(.
3
$
'y
M
£
'y

.~
v

S S

<3

wEE T way TF e
—

T N Ty e TH ARG YT N T

R

A e B o T ED e as “leh s ety ke SR AN b, AP S R oy Fee 0 N AN e hone S e prted RAGRRTD O S sk sy b




+gxeq AXO0d® PpIDdIOJUTSI

sseTbaaqr3 V80E£SO .8/T 3O Hurprou xabuntd x03 AI3dWO09H ¢
_
Y \A
N ¥
I o.~
M.‘ ! x n IHI‘-I' .o“

, X J =1 5~ JZ

: 2 9 s
¢ /

/ £X

; 9 2 w2 7

!

[RSREAC Tt STy




T

ke

LY A TR R

NS RaR

LYt

Vo ARy A

R ety byt T 1o 7
GO S Ly

ZANS

7 )

ChL? R hcs

cin R

figres s 2n

R I i e Rt S e

<
Figure 4 &3

Scheme for calculation of average orientation or mechanical
property from measured orientation distributions

SR SF
measured fluctuations ¢ local individual
in local mean orientation =) fiber dispersion
T ')
fluctuations fluctuations
within samples between samples
v ¥ .
| ]
S2or3 SM
total measured local uncertainty in
dispersion L measurement
SZorS
total actual local
dispersion

)

$20rs X1/ X5, X,) and 263
complete orientation distribution

e TS—

ry )
¢20r3 (xll le xgl

from
regression analysis

I = r

i e1 E, %

% Average orientation Average mechanical
; property




A AT it

=

22 St ol

T, RIS

ek

¥

a2 )

LT ST

LR

Gel +
oS —

o0

oG eI~

s
g
‘g
J
e,
<
«
)
N
o
s

- \ . e .
> 3 —— [— P — e
ek B P ) > X. D AT o3 SN Y D |

S. Polar representation of orientation distribution.

S s Y T S 30y EA S S P ANy 0y o0 5 e B o S 2R AT 2N 15T 2




G| 1o w2

RN o b

y , -y
AL TR A O

g Il

B

£P EA AT S o

i
T
+
3]
E: %
A
M
%
12

APLaie

RS S LrE

2 S

o

P LA AN

RN Fee, Tmits T

A

pon s A S

-
7
¢
$
&

YIS
o W,

poves

Fees
T
JENN -

>

PPy T

L

ey

Orientation pattern in the X, plane of plunger molded

fiberglass/epoxy bars.

s




*a3ebutr abxer pur punoduod

futprow A3TSOOSTA UYHTIY ® I03F pPOIedTPUT TeAId3UT 2oU2pPTIUOD
%06 Y3ITM Ieq ,9 X ,T X ,p/T pe3eb-pus ue ur (0 = X £'x) ‘¢ %

pazijouiiou * £y

¢ . ¢ 2" .

Huwil] 3dudplju0)d =—=——
uoauw

sdaibap

¢




0°r 29< /
/
| /
/
/
/
/
/
/
/
{
103 - !
w |
»
o
Q.
-
=
N
o
o
pld
>
10° -
i
r
o' . | . L . |
20 50

30 40
PER CENT EPOXIDE REACTED

8. Viscosity of epoxy matrix at 110°cC,




*3jed pua
w090° X ,¥/T ‘vaw/gzg uodm ur sserbraqr3y v80£SO .8/T ©/A 0OF
‘xeq Y3 UT UOTILIUSTIO UC TIA9T L3ITSOOSTA UTISIX IO I093IF .&

pazipwiou * £X

ol 6 g L 9 ¢ 14 £ 4 I 0
T LB

L) L !

]

0¢

0}

ob
saaibap

4
os ¥

¥

PRSP e

i

et

09

RES L W

T

.HE

08

g B COPUE R

i

06




[ 2

]

*sseTb1aqTI V80£SD .8/T O/A Q% I03 psuTe3zqo

UOT3IRIUSTIC UO 82TS 93eb pue A3TrsodsTA urssI JO 30933 0T

pazijpwiou’ £X
6 8" 9 G LA I 0

J { { J ] 1 ! 1 ]

pajones % 86
ol

0¢
0¢

ot
sdaibap

o5 ‘¢

p91902s %0

ujw/ U1 6') . 18




"893eb ,8/T X ,Z/T uybnoxys vaw/szs uoda pejoesx L0V UT VB0ESD .8/T
O/A 0% JFO pPOPTOW IBQ ® UT UOTIRIUSBTIO UO s3o93Je °3ex TTTd *If

pazijpuiiou* £x
0oL 6 8§ I 9 ¢ ¥ ¢ Z 0

! 1 | | i { {

0]
02
0¢

ot
sga1bap

2
os ¥

U/ U 8¢

4109

104

108




ULTIMATE TENSILE STRENGTH, ksi

17
15t
13
M
9..

1 ] | 1 ] |

33 37 4 45 49 53

8, ,DEGREES

12.

Correltation between measured tensile strength and
calculated average polar angle for 40 v/o 1/8"
CS308A flow molded fiberglass/epoxy composite rods.
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/3. Correlation between Young's modulus and calculated average

polar angle for various types of 50 v/o discontinuous glass
fiber reinforced epoxy composites.




