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Constants;

Fiber center to center distance;

Matrix and fiber elastic moduli, respectively;-
Function of k, n, h, Ef, £ and Gf;

Functions of.Gm, Gf, h, c;

Matrix and fiber shear moduli, respectively;
In-plane éhear modulus of composite;

Fiber diameter or reinforcement thickness;
Fiber-matrix interface slippage parameter;
Length of composite specimen;

Wave number; |

Change in potential energy;

Displacement in the x and y directions, respectively;
Fiber volume fraction;

Changes in the strain energy of the matrix and
fiber, respectively;

Coordinate directions;
Shear strain;in fiber due to?:T ;
Bending shear strain in fiber;
Shear strain; )
Shear coefficient;‘

{
Initial misalignment of the fiber;
_ ’ :

ﬁor

Critical composite stress for

Critical composite stress xtensional mode;

: . mode ;

Fiber stress;

1Lar~stress;i

Shear stress.
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I. INTRODUCTION *

Many unidirectional fiber composite materials having hign
axial tensile strengths have been developed. Most of these
have also been found to have a high axial compressive strength.
Although theories have been presented which attempt to explain
the reason for this high compressive strength, the literature

reflects an incomplete understanding of this behavior. However,

the fact that many fiber composite materials demonstrate
relatively equal and high tensile and compressive strengths
makes them acceptable for a wide range of engineering applicar-
tions.

In the case of PRD-49- III/epoxy composites, it has been
found experlmentally that compre531ve strengths are of the

order of 40ksi (.275 GN/m ), or only some 202 of the tensile
strength of these unidirectional fiber composites. Although
many structural designs can efficiently accomodate materials iun
which there is a wide disparity between tensile and compressive
strengths, there remains the uncertainty associated with the
lack of understanding of the reasons for this low compressive
strength. ‘+he study conducted herein is to enhance the under-
standing of the compressive behavior of this material, and
through this understanding to develop ways of improving the
compressive strength. This study is a combined theoretical and
experimental study of the compressive strength of PRD-49-IXI/
epoxy composites.

Techniques for 1mprov1ng the compressive strength of PRD-~
49-~I1I/epoxy composites were investigated experimentally and
theoretically and the tasks outlined below were performed.

Inltlally, a test plan was formulated The specimen con-

flguratlon adequacy was determined by dlfferent compression test
specimens using both E-Glass/epoxy land PRD-49- ~III/epoxy to defins

a baseline specimen configuration. Then tests were performed
to evaluate the effect of a wide range of variables 1nc1ud1nq
matrix properties, interface propertiés, fiber prestressing,

seconhdary reinforcement, and others‘o the ultimate compressive

strehgth of PRD-49-I1I/epoxy compos th.

strepgth prompted Scanning Electronlmlcroscope studies. The s
photpmicrographs thus obtained 111ustﬁFted some unique fiber
propgrties such as kink band format;on and lack of good bond

essive stress. ;
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Flnally, the theoretlcal study was performed to assess the
influence of fiber anisotropy and lack of perfect bond between
fiber and matrix on the shear mode nicrobuckling.

In spite of the fact that the theoretical analysis has
quantitatively failed to predict and the experimental investi-
gation to improve the compressive strength, it can be concluded
that the present investigation has indeed enhanced the under-
standing of the compressive failure mechanism of PRD-49-III
composites.
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II. PROGRAM OVERVIEW '

It is known that highly oriented polymers give attractive
specific moduli. The first organic fiber produced with a
moderately high modulus was DuPont's wholly aromatic nylon,
Nomex. Recently, DuPont has introduced a new series of organic
fibers coded PRD-49., These fibers are also available commer-
cially since early 1972. PRD-49 fibers are high modulus, ani-
sotropic, high tensile strength, high stability, premium organic
fibers with the low density, low conductivity and textile pro-
cessability normally associated with conventional organic fibers.
Some of the pertinent properties of PRD-49-III fiber and uni-
directional laminate are tabulated in Tables I and II. PRD-49-
ITII has proven to be cost effective, weight reducing replacements
for E-Glass .- in aircraft interior trim and exterior fairings, can
compete with S-Glass in filament wound missile components and
with Aluminum in aircraft skin. The low dielectric constant has
led to evaluation in radome applications where needs for radar
transparency, corrosion and impact resistance make Aluminum
honeycomb unsuitable. A detailed summary of the properties and
applications has been given by Moore [1}, Sturgeon, et al (2]
and Moore, et al [3],

The high specific modulus of PRD-49-III is associated
with a highly oriented crystallized microstructure. While
this type of microstructure is desirable for good tensile
properties, 'it is detrimental insofar as the compressive
strength is concerned. It has been suggested that a highly
aligned crystalline microstructure (in metals or polymers)
leads to a low cdmpressive strength. This is because the
structure buckleg at low stresses and deformatlon bands
appear. It is also important to note in thls context that
an increase |in tle modulus of graphite ﬁlbers results in a
decrease 1n'the compressive strength. However, for moderatly '
low modulus graphlte fibers such as HTS,/ the documented value

of tensile and Ccmnre551ve strengths are 1dent1cal.
| n
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From the point of view of mechanics, it would appear that
the apparent low compressive strength may be a result of such
factors as fiber anisotropy, initial imperfections, voids and
partial or complete slip at the fiber - matrix interface. For
PRD-49-III unidirectional laminate, the compressive strength is

of the order of 40 ksi (.275 GN/mz) or only 20% of its tensile
» strength. Similarly, for composites made of Thornel 75S graphite
fibers, the composite tensile strength in the fiber direction

is of the orxrder of 200 ksi (1.38 GH/mz) while the compressive

strength is only 80 ksi (.5515 GN/mz). On the contrary, Boron-
Epoxy composites have compressive strength of about 400 ksi

(2.76 GN/mZ) and a tensile strength of about 180 ksi (1.24

GN/mZ). A commonly accepted failure mechanism of fiber rein-
forced materials subjected to compressive loads in the micro-
buckling of fibers. Analytical predictions of the compressive
strength by such a mechanism were made by Rosen [4] and Schuerxch
{5]. Based on the results in References [4, 5], it 1is observed
that the experimental correlation for Boron-Epoxy laminates is
very good while there appears to be no correlation whatsoever
for PRD-49-1I1I1 laminates. Even for Thornel 50S graphite fibers,
Greszczuk [6]) noted that the discrepancy between theory and
experiment is very wide. In essence, there remains some uncer-
tainty associated with the lack of complete understanding of

the mechanisms causing the relatively low compressive strengths
of high modulus graphite, E-Glass and PRD-4%2-III composites.

A unique feature that distinguishes PRD-49~III fiber from
Boron or E-Glass is its anisotropy. The axial shear modulus
is less than 2% of the axial tensile modulus of the fiber. This
is important not only because anisotropic fibers have not been
considered in compressive strength analyses, but also because
this means that the fiber axial shear modulus is of the same
order of magnitude as the matrix shear modulus. A microbuck-
ling analysis which takes into account the fiber anlsotropy
and slip at the fiber - matrlx interface is presented in
Chapter III. : ‘

[

, An important aspect of this sﬂpdy is the experimental in-
vest”gatlon of the compressive strength of PRD-49-II1 com-
posijtes. Considerable experlmentalrwork related to the com-
presfsive strength of fiber reinforced! composites appears to
been done. Schuerch [5] performed compre551on tests

}artlcularly when 1nelastlc behavior was assumed in thenitrix,
r and June [7] 1nvestlgated thehEompre331ve strength of |
- Epoxy composites. ?heylsagg gted that an arbitraril
En influence coefficient of ! 63'can scale down. the
tneo;etlcal microbuckling analy51s{£esult§ so that. they are
in gjlose agreement with the n;al results. Chung
and fTesta [ 8] also conducte Y glass sheets relnfor edf.
i
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with resin and showed a fair agreement with their theoretical
results. DeFerran and Harris [ 9] studied the behavior of
polyester resin reinforced with steel wire. Their experi-
ments yielded strengths well below the values predicted by
microbuckling theory. They suggested that the fibers appear
to buckle in a helical shape rather than into planar forms

and it is likely that the lower elastic energy required for
this deformation could be the reason for a poor correlation
with the theoretical results. It was also observed in Ref-
erence [9] that fiber buckling was limited to a single shear
zone. This type of failure is analogous to the dislocation
controlled yielding spreading through a crystalline solid.
Recently Greszczuk {6, 10] has conducted a study of the com-
pressive strength of composites. The objective of the study
in References [6, 10] was to establish the validity of the twe
dimensional microbuckling theory for high modulus graphite
such as Thornel 50S composites and for two dimensional laminae,
The conclusions of this study were: 1) actual comp051tes made
with Thornel 50S graphite fibers showed no evidence of
microbuckling and macro- and microscopic observations
confirmed this conclusion; the theoretical predictions

were considerably higher than the experimentally obtained
values, and (2) the transverse tensile strength of the com-
posite affects the compressive strength significantly. Berg
and Salama [l11l] have shown that fracture surfaces produced

by compressive fatigque of Celanese GY70 fiber reinforced com-
posites indicate that microbuckling, in the form of kink band
formation is the principal mechanism of notch extension. Argon
[12] has cited a kinking collapse mode of compressive failure
in Boron-polyimide-epoxy fiber laminate. Initial misalignment
of the fiber was attributed to this form of failure.

Experimental studies not necessarily in the context of
microbuckling theory have also been performed. Davis and
Zender [13] performed compressive tests on E-Glass epoxy plates
and Davis [1l4] studied the compressive instability of S-Glass
and Boron-epoxy tubes. It is seen from the results of Refer-
ence [14] that with carefully made test specﬂmens of Boron-
epoxy, it is possible to achieve the strength values predicted
by the microbuckling theory. Thus, a wide range of tests have .
been performe-’and it is evident that the coqcluSLOns arrived
at are at times confusing, and conflicting. ‘Also none of these are
for PRD-49-I11 fibers. It is believed that the present ex-
perlmental program confirms some of the observatlons of the
previous studies and prov1des additional lnformatlon concerning
the mechanism pf compressive failure. ~ XL%

'There are a number of compre351on test me hLds available,
v1z., ASTM, C lanese, tube and honeycomb sandw1¢h Compression
tests perform - on any given comp051te usxng tw  different |
test’methods s;ow substantial dlfferences 1n e ult,' Hence,
the flrst phaS“ of the experlmental p#ogra m | f dists of a
"fst methods,
ittest; specimens

!
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were prepared for four different test methods, viz., ASTM
stabilized flat plate, Celanese flat plate, honeycomb sand-
wicnh and short circular tube. The results were compared with
available results in the literature. On the basis of these
results, a basic specimen which indicated the lowest standard
deviation was defined for use in the following phases of the
program. Results of the first phase appear in Chapter 1IV.

The second phase of the experimental program consisted
of the following variations of various factors that might af-
fect the compressive strength:

1) Alteration in fiber physical and surface characteris-
tics before resin impregnation:

a) Pretension;
b) Pretwist:;

c) 'Teflon' coating;
d) 'Moisture' coating;
e) Increased yarn diameter;
2) Introduction of lateral reinforcement:

a) 0° - 90° Glass cloth;
b) +45° Glass cloth;

3) Alteration of the physical and mechanical properties
of the matrix;

a) Low viscosity dllute resin;

b) Flexibilized resin with a high strain to failure;
c) Low temperature cured resin;

d) High temperature post cured resin;

e) Resin filled with Aluminum metal dust;

f) Resin filled with Alumina particles;

g) Resin filled with Iron Oxide particles;

. 4) Off-axis laminae at small +6° orientation.

Salient features of this phase of the study are discussed in
Chapter V.

It was subsequently observed that the alteration of the
abovementioned|variables did not result in an appreciable in-
crease in the compressive strength. However, a noticeable in-
crease in the compressive strength and a change in the mode of
failure was observed for the 0°5-490° glass cloth reinforced
specimens. This gave credence to the belief that transverse
strength of the composite may have]an important effect on the
longitudinal compressive strength{ Hence, it was decided to
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explore the compressive strength of a PRD-49-III composite —
reinforced by PRD-49-1II1 fibers in the transverse direction.
Also, consideration of the fact that 'Teflon' and moisture
coating did not decrease the compressive strength appreciably
as compared to the control specimen and that the failure

always resulted from the formation of shear bands either in

the plane of loading or the transverse plane prompted Scanning
Electron Microscope studies of the shear band failures of the
specimens. Such an investigation would confirm the existence
of slip planes within the fiber, nature of the post failure
mechanism in the fiber and the existence of (or the absence of)
fibper-matrix bond. Confirmation of slip bands in the individual
fibers and the poor bond between fiber and matrix suggested
that the highly oriented polymer fibers are inherently weak in
compression and in order to overcome the disadvantage, hybrids,
or multiple fiber reinforcements should be actively considered.
The various aspects discussed above are presented in detail

in Chapter VI.

Finally, éonclusions are drawn and recommendations made
for future investigations in the field of compressive strength
of anisotropic fibers in Chapter VII.

III. MICROBUCKLING OF ANISOTROPIC FIBERS IN
FIBER-REINFORCED COMPOSITES

Microbuckling as a failure mechanism in fiber-reinforced
composites was suggested first by Dow and Gruntfest [15] and
observed by Rosen [4] for single E-Glass filaments embedded
in blocks of epoxy which were cooled to produce a compressive
strain in the filaments. Subsequently, analyses of this form
of instability were performed, 1ndependently’ by Rosen [ 4]
and Schuerch [ 5]. The fiber-reinforced comp081te was modelled
as a layered two- -dimensional medium wherein the fiber and the
matrix represented a repeating pair of layers.x The fibers
were assumed to buckle sinusoidally. When a jqcent fibers
buckled 180° ¢ut of phase with each other asjin Figure (la),
the matrix behaved as a tension-compression foundatlon and this
mode of buckling was termed as extensional; when they buckled
in phase as if Figure (lb), the major stralnéxln the matrix
are shear strgins and as a result, this modelwaT denoted as a
shear mode. he critical composite stress obtajined by Rosen
[4] ifor the ektensional mode was T

I B e 1 |

¥ f; I (1)
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while that obtained by Schuerch (5] was

v.EE,. 1/2  (1-v_)E
= fm £ £ :
Sc(e) “Velyv gyl M —— (2)
f f'm.

where Ve = fiber volume fraction,
E_ = modulus of elasticity of matrix,

and Ef = modulus of elasticity of fiber.

For most composites, Em/Ef << 1. Hence, Equation (2)

reduces to Equation (l1). For the shear mode, the results in
References [4, 5] were identical and the ‘critical compressive
stress is

2 ) (3)
G
5 _ m N m VfEf (22)2
c(s) (l-vf) 12 2
where G_ = matrix shear modulus,

wave number,

fiber diameter or reinforcement thickness,
length of composite specimen.

0 B3
o

and

If the buckle wave length.l/n is large compared with the fiber

diameter, the second term in Equatién (3) can be neglected and
the composite buckling stress is given approximately by
G
g = - _ ' (4)
c(s) (l-vf) :

It was pointed out in References [4, 5] that forv. < .2,
the extensional mode would predominate while the shear nidde
will prevail foﬁ Ve 2 > .2. This form of shear instability
caused by compre551ve loads has also been observed for
wood and polyurethane foam by Hayas?l ie1l.

Chung and Testa [ 8] also 1nvest1gated the microbuckling
of fibers by the theory of generalgzed plane stress. The
governing equation af equilibrium were those for a medium under
initial stress as formulated by Bij [17] The critical buck-
ling stresses as obtained in [§‘] Eeduced to Equatlon (1) ¢
and (8) for buckle wave length!larbe.as compared to fiber spac- ‘|

ing and Vo = 0. Various other, ana%ytlcal bolutlons have been
‘t)'l ‘
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"presented by Sadowsky et al [18], Hermann et al [19] and more
recently by Lanir and Fung [20]. Unfortunately, these solu-
tions are for single fibers embedded in a matrix and hence, do
not represent appropriately the true behavior of fiber-rein-
forced composites; A review of the theories of microbuckling
appearsin Reference ([10].

The critical buckling stresses obtained in all the above-
"mentioned studies assume that the fiber is isotropic and that -

G. >> G . Hence, the critical buckling stress in Equation

(4) for the dominant shear mode is not a function of the fiber
constituent properties. For anisotropic fibers like PRD-49-III

or Graphite, Gf and Gm are of the same order. So the shear de-

formation in the fiber should be considered. The effect of fiber
anisotropy which is reflected in the Ef/Gf ratio was considered

in a rather approximate fashion by Greszczuk [6 |. Greszczuk
[6] incorporated the shear deformation effects in the fiber by
modifying the column buckling term in Equation (3) which was
rewritten as

2
o = G. _ + E_ZEEE( h)2 [ 1 ] (5)
c(s) LT 12 2 2
KT Eg . 2
1+ (=)

Gf L :

|
where ¢ = value of the shear coefficient which depends upon

the cross-sectional shape, and it was assumed that Gm/(lwvf)
represents the shear modulus GLTlof a two dimensional model
composite. The actual value of GLT as obtained from a

three-dimensional micromechanics analysis is greater than
Gm(l-vf). However, it should be expressly mentioned here

that the substitution in Equation (4) foer/(l-vf) by Gip

as obtained from the threegdimensional michromechanics analysis
for a two dimensional composite is questionable. It is pro-
posed here to extend the eklstlng two dimensional model to
include the effects of shear deformation and fiber anisotropy.
This would appropriately alter the value Qf G&T .
jo e *
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:

[+ <]




S bl s e e+ e e

C — v

Referring to Figure (lb) and invoking the shear stress
continuity and strain compatibility at the fiber-matrix inter-

face, it can be shown that the shear deformation in the fiber
due to 1 is
Xy
9 9
af = uy,X —'—'-l+g—— + Yf _—l+g (6)
2 2
G . G
= M (4R =_mh i i

where 9;= Gf (l+2c), g,= Gf T and Yg 1S the bending shear

strain defined byif

N

h

= K¥——

Tg 12

E
G_f u (7)

7! xxx
£ -

5

The shear strains are assumed to be a function of the longitu-
dinal coordinate only. The transverse displacement u_ is in-

dependent of the transverse coordinate and each fiber is
assumed to buckle in a sinusoidal pattern expressed by the
following series:

(8)

The total change in the strain energy of the fiber Avf

comprises of the changes in the bending strain energy and the

shear strain energy due to the rotations ae Hence,

and Yge
following the procedure in Reference (4],.

n'En’ 4, 2, .
g, = —5— gz nfa fase) (9)
482
G.h 2.2
£ 2.n°Tw 2
o2 59 I Ba

N
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+
Q
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anﬂzth
where £ = ———E———— .
122 Gf
The total change in the shear strain energy of the

matrix is:
2 _

cG

av_ = f - I (91'92fn)2 n“m 2 (10)
Gm(l+92) _ 22

The work done by the externally applied load as the com-
posite changes from a compressed but unbuckled configuration
to the buckled state is:

: ' ofhn2 2 2 ‘
AT = AVm + Avf = a7 g n"a_ {11)

Substituting the values for AV_. and AVm from Equations

f
(9) and (10) respectively, the fiber stress is:
[TT—ZE—‘f—h—2 £ (1+£ )n%a 2%+ - gn®a_2(g,-9,£ )%
1222 n n n Zl+g25g2 91792%n’ -
0= 5 (12)
In“A_“
n
If 0. is a minimum for a given value of n, then
-
6, , n2ren’ |
o] = = (g,-g,£f ) —_—— (1+£_) . (13)
£(s) (l+gz)g2 1792%n 1242 n’
Assuming once again that £/n>>h, the critical composite
buckling stress for the shear mode is
Gm : )
o = (14)
c(s) (1 Vf+Gme/G ) ’ A
- h 3 /G << 1
where v, = h i It is ev1dent that for G / 1,

Equation (14) reduces to Equatlon (4. Also, tne expression
for o c(s) in Equation (14H is bounded for: values of Ve neaxr

unity unlike that in Equation (4). ;
N

_ Figure (2) shows the variation of the c{JtIcal fiber

buckling stress with matrix shear modulus fo;}dlfferent volume

fractions of PRD-49- III fiber. For a matrlx'shear modulus

of 200 ksi (1.38 GN/m ) o the value predlﬁtedfpx Equation%(l4)
is 390 ksi (2.68 GN/m ) while that obtalqgfifédm Equatio@ (4) j

$ :_‘}f 4o i ’
i i h i
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is 830 ksi (5.72 GN/mZ). Thus, there is a decrease in the
value of the critical fiber stress when the shear deformation
in the fiber is considered. Unfortunately, the result is

higher than the experimental figure of 40 ksi (.275 GN/mz)
by an order. Hence, it is necessary to consider additional

effects that lead to a deterioration of the compressive strength

such as initial misalignment of the fiber, presence of voids
and slip at the fiber matrix interface. Though the effect of
the initial misalignment of the fiber can be incorporated in
a straight forward manner, there remains the question of the
variation of misalignment of fiber in each specimen. Based

on the analogy of kink bands in metal crystals, the compressive

strength of the composite was obtained by Argeon [12] to be

r (15)

where T is the interlaminar shear strength aand ¢, is the
initial misalignment. However, the value of ¢, may be quite
arbitrary and as such, the results of Equation (15) may be
unreliable. ‘Foye [21] performed a macroscopic analysis to
permit a rough estimation of the influence of fillers and
voids on the compressive strength. It was concluded in
Reference [21] that void content can reduce the compression
resistance particularly at high reinforcement contents. Also,
only marginal gains in the compression strength are derivable
from small amounts of powdered matrix additives.

The degrading effect of an imperfect bond between fiber
and matrix can be estimated by considering the case of the
shear mode microbuckling for the two dimensional model. By
assuming that the buckling mode displacements in the matrix
are :

du :
N _ ! 16
U, = k3 5 ly-(3 + o)) - (16)

as in Figure (1c), the amount of slippage between fiber and
matrix is included through tne parqmeter k. For a perfect

bond, k = 1; for no bond, k = -(-;r—ﬁ.

. Equating the change in the stored energy in the matrix
to #he change in the potentlal energy of the applied load
and {following Rosen [4], the compreés:ve strength for the
fibdous composite is given jas

Gm[l-(l—k)vflwaf

_ i (L7)
0c(s) - (1-v

£)
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where - (

Ve

Figure (3) shows a graph of this compressive strength for

a matrix shear modulus of 200 ksi (1.38 GN/m2). Although no
.quanritative conclusions should be drawn from Figure (3), the
" possible degrading influence of the interface condition upon

the compressive strength is evident. For example, for Ve = .6,

the partial slip case of k = 0 is 16% of the no slip value,
that is, 80 ksi (.55 GN/m®) versus 500 ksi (3.44 GN/m?).
Considering the previous analysis concerning anisotropic

fibers and introducing the possibility of sllp as above, Equa-
tion (14) is modified to:

‘ 2
G [1-(1-k)v] (18)

Sc(s) T TI-v G v /Gg)

l-v
where k is restricted such that - v’f) <k < 1.
' f

Considering the case where G_ = Gp = 200 ksi (1.38 GN/mzL

v

£ = .6 and partial slip (k=0), the compressive strength be-

comes 6.4% of the isotropic fiber no-slip condition, that
. L] L] ! 2
is, 32 ksi (.22 GN/mZ) versus 500 ksi (3.44 GN/m™).

The expression for o c(s) in Equation (14) is identical

to the Reuss estimate of the longltudlnal transverse shear

modulus GLT of a unidirectional composite. ﬁhe Reuss esti-

mate is a st*ffness in series' model. uhus}!lt seems that
the shear modylus of a composite is the crltlcal composite
buckling stre§s. This has been proposed by Leonard [22]

for woven fabgics and by Foye [21] for comp031tes. In fact,
if one were td consider a unit element ofla two dimensional
sheet subjectgd to a compressive stress Oc aqd bubsequently

1

subject it to;a planar shearing stress T,'the fbllow1ng modi-
fied stress strain law will be obtained (forncmall shear
angle Y) Lol

(19) !
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The term G . - ¢, may be termed as the effective shear
modulus and for GLT = 0. there is a complete loss of shear
stiffness. As is evident, the effective shear modulus is
not a basic material property but merely a function of the
state of stress. It is interesting to observe that Biot
[17] has shown that for an elastic body under prestress,
the elastic constants are not the same as in the unstressed
condition unless the prestress system is hydrostatic. For
the abovementioned two dimensional model, 0 is the pre-

stress which effectively changes the shear modulus.

It can thus be summarized that the theoretically calcu~
lated composite buckling stress is indeed an estimate of the
shear modulus. However, this value of the buckling stress
(even with the inclusion of fiber anisotrecpy) is almost an
~order higher than the experimentally obtained value for PRD-49-
IITI composites. Partial interfacial slip reduces the buckling
stress considerably. Consideration of additional effects of
fiber misalignment and voids will further reduce its value.
However, in order to justify theoretically a value of about

40 ksi (.275 GV/m ), the fiber must have a predetermined mis-
alignment and interfacial slip. Findings from the experimental.
investigation carried out here fail to reinforce thne concept
of a predetermined slip or misalignment.

IV. SELECTION OF TEST SPECIMEN CONFIGURATION

The problems associated with the compression test methods
are well known. Two major obstacles that must be overcome are:
1) end effects such as end brooming giving rise to a shaving
brush like appearance, uneven bearing or contact surface, intro-
duction of lateral shearing stresses leading to premature
failure because of low axial shear stlffness of composites, end
buckling of fibers and splitting and ‘high shear and moment
gradlents such as in tubes; 2) spec1men instability. The follow-
ing] test methods are generally us‘d:

4
1) ASTM 'dog bone' Stabilized Specimen: This method is

desfpribed in Reference [23]); thisitest might yield high strengths

by providing a higher restfaintiwithin the stabilizing fixture;
altbrnatively, failures between; the: ﬁixture and the loading head
produce lower results because of splitting, end brooming andi de-
lamination. However, thisiis a-relat vely simple test and ip-
expknsive to perform. DA é
1 i I :
{ 2) Honeycomb SandwicA. Feﬁtﬁr L of: this method are disy
cused in Reference [24]. iThe: mode of failure associated wh £h
thig specimen are column buckli Qahear crimping, filament §i.i
frafture, layer 1nstab111ty,}fac krihkllnq and dimpling andg
endg crushing. The problemﬁof el ihxlure can Le av01ded by &'
end] potting and/or loadlngacdps b
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3) Short Circular Tube: The short circular tube has
been used for determining the compressive strength of unidirec-
tional composites by Davis [14] and its application to biaxial
loading has been investigated in Reference({24]. The major prob-
lem with this test method is edge effects. This problem has
been addressed to Pagano and Whitney [25] and Miller [26] Also,
the fabrication involves a complex procedure and is costly.

4) Celanese Specimen:  This is a short column test re-
strained against instability by grips. A description of test
procedure and fixture is given in Reference [27]. Disadvantages
of this test are the non-uniform transfer of shear stress from
the grips. to the specimen, possibility of column type buckling
wnen tabs are used and debonding of tabs from the specimen.

5) TEI Short Column Specimen: This test method developed
by Texaco Experimental Inc. {24] regquires no supporting device.
However, the penalty of using short specimens is twofold: a)
end effects may occupy a significant portion of the test length,
and b) the detrimental effect of incomplete contact at the ends.
Daniels [28] has suggested a modification of the TEI set up.

Considering the advantages and disadvantages of each method,
it was decided to fabricate samples for the ASTM, Celanese, Cir-
cular Tube and Honeycomb Sandwich test methods from commercially
available E-Glass and PRD-49-I1II prepregs. The dual purpose of
this initial phase of the study was:: .

1) evaluate the correlation of available test data and
the present experimental data, and

2) determine which test method gives the least scatter.

On the basis of these results, one or two basic test speci-
men configurations will be utilized for the study of the com-
pressive strength of PRD-49-I1I laminates in the subsequent
phases. Tables III and IV give the description of the first
phase specimens and Tables V through XIV the results obtained.
for these tests.

Anticipating for PRD-49-III test coupons a strength of
40 kSi (. 275 GV/m ) and a standard deViation of 1 ksi (.0069

GV/m ), it was determined that 5 tests for each variation will
give a 95% confidence level. Hence, 5 test specimens were
fabricated for each material system. o
B

In Figure (4) are shown the modes of failure for the E-Glass
specimens. For the ASTM specimen no. 4, 'the failure is due to
end delamination and longitudinal splitting The end delamination
results from imprpper contact with the machine head as discussed
earlier. Two thirknesses for the ASTM sp c1mens were tested
and it is se€en frpm Tables V and VI that] he smaller thickness
yielded a lower ajperage value. In fact,j the..Ll in. (2.79 cm.)
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nominal thickness samples gave an excellent correlation with
the 3M value of 90 ksi. (.62 GN/mz).

Botn tabbed and untabbed specimens were tested in the Celan-
ese test fixture. However, only the tabbed specimen values are
shown in Table VII because the untabbed samples exhibited a wide
scatter of compression strengths. This was mainly because of
uneven gripping which could be easily seen from the teeth marks
on the specimen faces. The tabbed specimen gave more uniform
results though in one case, the tabs were separated from the
specimen. The higher results for some samples could be attri-
buted to improper collimation between the tapered sleeve and
the outer cylindrical shell portion of the Celanese test fix-
ture. Crumpling and splitting of fibers was the predominant
failure mode. -

The short circular tubes were fabricated in a manner similar
to one outlined by Davis [14]. The results for the short circu-
lar tube with end loading caps are tabulated in Table VIII. The
average compressive stress is in good agreement with the docu-
mented value. The mechanism of failure was end brooming and
longitudinal splitting. Specimen No. 24 in Figure (4) apparently
indicates a column type buckling but it could as well be a post
failure mechanism. -

For the sandwich facings, Scotchply 1002 prepreg was used.
The face sheets were cured at 330° F for 1/2 hr. and subseguently
post cured at 280°F for 16 hrs. The honeycomb cores were made
from 5056 Aluminum, .125 in. (3.175 cm.) cell, .002 in. (.05 cm.)
gage, .5 in. (12.7 cm.), 8.1 pcf (.136 gm/cc) Aluminum honey-
comb. Pieces of honeycomb were cut 4.5 in. (.11 m) x 13 in.
(.33 m) with the honeycomb ribbon running in the 4.5 in. (.11 m)
direction. Cells of these pleces were filled with liquid Epon 815
epoxy resin across the 4.5 in. (.11 m) direction. Starting at
one end, 1 in. (25.4cm) was filled, 2 in. (50.8 cm) left empty,
etc. The 1 in. (25.4cm) filling corresponded to the end potting.
The resin filled honeycomb was cured at room temperature and post
cured at 250°F for 1 hr. The laminate faces were then bonded
to the honeycomb core using Hysol epoxy film. The sandwich was
cured in vacuum bag at 250°F for 1 hr. 1 in. (25.4cm) x 3 in.
(76. 2cm) test samples were then cut so that there were .5 in.
(12.7 cn) of epoxy filled honeycomb cells at each end of the
test coupon underneath the face%.
Thé sandwich specimens genérally indicated rather complex
modes ofi fracture 51multaneously such as separation from the core,
core failure and filament or matrix fracture. It must be re-
called the samples are end potted and the load is transmitted
through |end blocks. Hence, the presence of slight bending in
le will result in streés concentration at one of the
es of the end block and ithe face sheet and subséquent
fi§er or] matrix failure. This {ijs.iconfirmed in Figure (4) for
sample . 32. Probably because >f;this, the average compressive
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stress is about 10% lower than 90 ksi (.62 GN/mZ).
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The summary of the abovementioned compressive test appears
in Table XV. It is immediately obvious that the sandwich test
nas the lowest standard deviation followed by the ASTM sample.
The sandwich average compressive strength is however lower than
the ASTM flat plate. The Celanese and the tube show a very high
scatter.

The PRD-49-III first phase samples were fabricated from
Scotchply SP-306 prepreg. The SP-306 face sheets were cured at
350°F for 2 hrs. and post cured at 400°F for 16 hrs.

The failure modes for these specimens are illustrated in
Figure (5). The ASTM samples, .104 in. (2.64 cm) and .055 in.
(1.39 cm) thick, invariably showed the formation of shear
bands emanating from the edges. For the .104 in. (2.64 cm)
thickness flat plate, no longitudinal splitting or end broom-
ing was observed. This was definitely a unique feature. For the
.055 in. (1.39cm) specimen, however, some end delamination and
longitudinal splitting was evident mainly because of the diffi-

culty associated with a smaller loading area. The results for the

two tests are shown in Tables X and XI. As for E-~Glass, the
larger thickness specimens yielded higher compressive strengths.
The average compressive strength from Table X is 35.61 ksi

(.245 GN/mz) while the generally accepted value is about 40 ksi

2 . . 1
(.275 GN/m”) for a fiber volume fraction of .6. However, the
fiber vclume fraction for SP-206 varies from .55 to £ and hence

-- m came

tne lower compression strength may not have any special signifi-
cance.

The Celanese tests presented the same problems as before.
The application of shear loading by means of grips was non-uni-
form. Also, for some samples, the compression strengths were in

excess of 45 ksi (.31 GN/m ) alluding to the fact that part of
the avplied load is transferred from the tapered sleeve to the

outer cylindrical shell. The failure was mainly due to a combina-
tion of shear band and inter - layer delamination. The shear bands

were not as obvious as in the ASTM tests and the layer separation
could be attributed to thickness effects. The post failure
mechanism was a bulging out of the test sectlon and no fiber
breax was visible - unlike E- Glass, Graphite pr Boron. This
bulge is seen
woven cloth 1la
very obvious.
of failure hasj
compressive st

'nate, shearing in the form qf kinking is
y This is also shown in Flgure (5) A similar form

ess obtained was higher than the;ASTM case.
: l Bl
iThe circullar tube tests were very poor as ‘can be seen from
Table XIII. The reason for the poor results is.the'inherent
weakness of th” tube as a compression ' t men because of
the ex1stence 5 f edge effects leading ‘ g:zrcumferentlal
strains and popsible inter - layer de] ipn | i

|
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been mentioned by Argon [12] lThe average ultimate
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Finally, the sandwich specimen again confirms the shear
band type failure with bands originating at the edges. The

- failure in the core was conspicuously absent and there was no

evidence of fiber fracture as in E-Glass. The average com-

pressive strength in Table XIV is 36.13 ksi (.249 GN/mz) and
at this stage the sandwich appears to be the best test specimen -
not considering the cost and difficulties involved in fabrication.

A summary of the first phase test results for PRD-49-T1II
is given in Table XVI. The ASTM and Sandwich are the most attrac-
tive candidates considering not only the strengths but also the
low scatter. Consideration of the fact that sandwich construc-
tion is frequently used in aerospace application influenced
the decision to fabricate sandwich samples for the subsequent
experimental program. However, the AST! specimen was not entirely
ruled out and as can be seen in the later part of this report,

was frequently empxoyed to confirm results obtained from the
sandwich.

V. MECHANICAL SCREENING TESTS TO STUDY PROCESS PARAMETERS

With the basic“specimen configuration defined, the second
phase of this study consists of various alterations of the phy-
sical and mechanical properties of the constituents (matrix and
PRD-49-III fiber) and the addition of lateral reinforcements
and to observe their effect on the ultimate compressive strength
of unidirectional PRD-49-III laminates. To this effect, the
task was divided into the following categories:

1) Addition of lateral reinforcement:

a) 0° - 90° Glass cloth between PRD-49-I1I laminae;

b) +45° Glass cloth between PRD-49-III laminae;

'c) PRD-49-III fibers in transverse directions;

| .

2) Change in the physical properties of fiber:

a) Pretensioning of fiéer;
b) Pretwisting of fibef,'
c) Increasing fiber tow diameter;
d) Coating fiber w1thl'T=flon'°

'e) Coating fiber with mqlsture. :

!
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3) Alteration of mechanical and physical properties
- of the matrix:

a)
b)
c)
d)

. e)

f)
g)

Reinforcement of matrix by Alumina Powder;
Reinforcement of matrix by Iron Oxide Powder:;
Reinforcement of matrix by Aluminum metal dust;

Low Temperature Cured Resin;

-High Temperature Cured Resinj;

Low Viscosity Dilute Resin;

Flexibilized Resin.

4) Off-axis laminae at small +6° orientation,

5) Blend of PRD-49-IIXI/HTS laminates.

Since a variation of the fiber and matrix properties was
involved, the fabrication of the honeycomb sandwich specimen
was done at the DuPont Experimental Station. A commercially
available resin such as American Cynamid BP-907 resin was used
instead of PR-286 which is used in Scotchply SP-306. Hence, it
was necessary to define a control sample with BP-907 resin.
Physical and mechanical properties of BP-907 resin are tabulated

in Table XVII.

The fabrication procedure is briefly described

here. The preparation procedure consisted of filament winding

of PRD-49-II1 yarn around a thin revtangular plate covered with
'Teflon’' release film. Epoxy resin was applied either by passing
the yarn through a 15% BP-907/ethylene dichloride liquid dip

or by applying BP-907 film to layers of fiber. after they were
wound onto the 'Teflon' coated plate. The laminate was then
cured at 350°F in vacuum bags in autoclave at 100 psi (,00069

GN/mz) for 2 hrs. The filament winding apparétus consisted of:

1) Bobbin of yarn placed on triple beam balance for
determination of amount of yarn used in laminate;

2) A tension gate for applying uniform tension during
fabrication;

3) A dip tank if liquid resin was used;

4) A card winder for filament winding of the yarn on a
'Teflon’ film covered 13 in. (.33 m) x 5 in. (.127 m)
x .125 in. (3.175 cm) plate;

5) Appropriate yarngguldes and rollers.

After curing, both ends of the lamlnate]were ground away and
subsequently, the laminate was remcved. The cured sheets (one
on each side) was 4.5 in. (.114 m) wide and 13 in. (.33 m) long.

The preparation of the honeycomb core an
face sheets to core was performed in a mannexz
in the earlier chapter. A Description of Ebé ¥ rlous specimens
is given in Tables XVIII through XXII. g@j;

- 18

' the bonding of
already outlined

s T

|

i f
N |
':‘3: f ‘ 1 ! ‘
.l '
| l i
|

| |

TRREIRE '
; o | |
! i1 | H




The control specimen failure is shown in Figure (5) and
the test results are tabulated in Table XXIII. Because of im-
proper machining of the samples at the potted end, the potting
was removed for some specimen and hence only four undamaged
specimens were tested. Since the least number of specimens to
be tested was five for a certain confidence level, another series
of ASTM control specimens was fabricated. The purpose for the
fabrication of the ASTM specimens was to study the following
aspects:

1) How much of an alteration would occur in the ultimate
compressive stress with a change in specimen geometry?

2) In Figure (5), the shear bands fcr sample Nos. 73 and
102 tend to follow the honeycomb cell boundaries; hence
it is essential to know whether the inclination of the
slip plane is adversely affected by the lateral con-
straint provided by the honeycomb.

Referring to Tables XXXIX wnich gives the fiber failure
stress based on the rule of mixtures (not necessarily an accurate
method to determine fiber stress), it is seen that the ASTM
specimen yields a slightly lower value. However, the failure
mechanism is similar, i.e., a shear band at the same inclination.
The load displacement curve for the contrecl sandwich specimen
No. 107 is shown in Figure (6).

© The effect of the additicn of lateral reinforcements is
studied next. The lateral restraint was provided by 0° - 90° and
+45°, Style 106 Glass fabric. These specimens were prepared by
altering plies of Scotchply SP-306 prepreg and Glass fabric to

obtain the desired thickness. Tne results are given in Tables
XXV and XXVI. At the outset, it is obvious from Table XXXIX
that the compression strengtih has increased for the 0° - 90° Glass

fabric reinforcement while tihat for tne +45° reinforcement has
not altered. Three important observations must not go unnoticed.
They are:

1) f%She increase in strength could be Dossioly attributed
to the additional glass reinforcement in the 0° dlrec-
tion.

2) The lateral restraint provided by Glass in the 22°
dlrectlen results in a change in the failure mode.
Instead; of JaVlng the slip plane in the plane of the
loadlnoiwnlcn nvolve° a lateral slip, the slip is in
a traﬂsverse plane. This 1s illustrated in Figure (7)
for specimen Ho. 115. Also, longitudinal splitting
is inhibited. The sliv 1n~;ne transverse plane occurs
because there is no relnFo*?ement in the thickness direc-
tion. So if a tranvarse selnforcement is provided in
the thickness dlrectlon, ae shear band type failure )
can possibly be ellﬂlda“ed»and a much higher strength :
will result. In fact, Table XV indicates ltnat
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two specimens show no evidence of shear failure and -
the ultimate load corresponded to shear crimping and
separation of face sheets from core.

3) It seems at this stage that the transverse tensile
strength plays an important role in the longitudinal
compressive strength. This has been pointed out by
Greszczuk (6] and Chamis [29]. Whether this is indeed
true or not will be confirmed by providing additional
transverse reinforcements in the form of smaller dia-
meter PRD-49-III yarn in lieu of 0° - 90° Glass fabric,

For the +45° Glass fabric reinforcement, on the contrary,
the results are not encouraging. The failure mode is not altered
and the shear bands tend to follow the weakest plane, i.e., at
+45°. The presence of vertical cracks in sample No. 121 is not
surprising because the transverse tensile strength contribution
of +45° Glass fabric is minimal as compared to the 0° - 90° Glass
fabric. 1In fact, the only advantage provided by +45° Glass fabric
is a possible increase in the shear modulus. But this increase
is in no way reflected in the compressive strength. This suggests
no relationship of shear modulus with ultimate compressive
stress as far as PRD-49-II1 composites are concerned.

Figure (8) shows a plot of the load displacement curve for
the 0° - 90° and +45° Glass fabric reinforced specimens. The
proportional limit is the same for both types of the reinforce-
ments and the nature of the curves is bilinear. The additional
strength is derived from the portion of the curve beyond the
proportional limit.

The next part of this phase involved the variation of the
PRD-49-III fiber physical properties. The effect of initial pre-
tension was investigated first. A 125g tension was applied dur-
ing winding. After curing on the card winder, both ends of the
cured laminate are ground away. This will induce a residual com-
pressive stress in the resin. Referring to Table I, the axial
thermal coefficient the expansion of PRD-49-III fibexr has a
small negative value while the average value|in the radial direc-

tion is 205 x 10-6

BP-907 resin lS only 25-40 x 10 -6 in./in., °C‘ These figures in-
dicate that dyring curing, the shrinkage will be greater for the
PRD-49-II1I fiber and unless the surface tensfon between the

resin and fibgr is high enough, the fiber may not have a good bond
at all. In tHis context, a pretensioning of ;the fiber will be

of no avail. jResults in Table XXXIX actually indicate a drop

in the compregsion strength. The failure:mode &s illustrated in
Figure (9) fo¥ specimen No. 135 and the resultsﬁof the test are
tabulated in Pable XXVII. The naturé of ther;oad displacement
diagram for sgecimen no. 131 in Figure (10) 1s.§1milar to the
control specimen.

in./in., °C. The correspondlng value for
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i moisiture coating no change 1s ndtlcg

' tudl;al splitting and shear Ibands: aré |visible for anec1men.ﬂ03;

: 237 Bnd 244 in Figure (9). | The natp? 'of the load aefornarlon
)”%s almost similar for both,
g

The effect of pretwist was investigated Subseqﬁgﬁtly. A
twist of 2 TPI (Turns per Inch) was applied during winding.
Generally, the effects of pretwist are detrimental as far as
the compre551ve strength is concerned because the effect of pre-
twisting is equivalent to a misalignment of the fiber. Aas can
be seen from Table XX, two specimen types were fabricated. This
was because of the fact that an erronecus calibration of the

load cell gave unreliable results for tihe sandwicnh series 141-150.

Subsequently, the ASTM series 141C-150C was fabricated. Noting
that the fiber volume fraction for the ASTM spscim=ns was .635,
it is obvious that the average compression strength of 35.59 ksi

(.2454 GN/mz)-in Table XXVIII indicates a decraase. Because of
the changing orientation of the fiber axis with respect to the
direction of loading, the slip plane is not continuous. This can
be seen from Figure (9). Also, as a result, the angle of the
slip plane is different from the normal value of 55°-60°. Longi-
tudinal splitting is also observed. For specimen No. 144 in
Figure (9) a split served to connect two shear bands at different
location with each band covering the width of the specimen not
covered by the other. Surprisingly, the load daf rmation curve
in Figure (10) indicates considerable activity in the inelastic
region.

The effect of increasing the yarn diameter to 1140 Deniers
from 380 Deniers was considered next. No aporaciable change in
the strength is observed in Table XXXIX. However, the region of
shear damage seems to diffuse and spread over a wide region.
This is evident for specimen No. 224 in Figure (9). Note also
the departure in the load displacement curve for the same speci-
men from the control in Figure (6).

The possibility of a poor bond between fiber and matrix has
already been discussed. However, it was decided to purposely
attempt to destroy the interface bond by coating the fiber with
'Teflon' and moisture. 'Teflon' was applied to the PRD-49-III
yarn by passing yarn through a bath: containing 'Teflon' release
agent. Fiber was then dried to determlne 'Teflon' pick up prior
to wet winding with 15% BP- 907/ethy;ene dichloride solution.
'Teflon' was applied at room temperature. It must be remembered
that 'Teflon' is in a suspension form and passing yarn through
the ?Teflon' release agent will not! guaran;ee a smooth coating
of 'feflon' on the fiber surface. [n. fact, the SEM photo-micro-
graphs in Chapter VI show no ev1aence‘of a 'Teflon’ coating So
the fTeflon' particles are probably'dlsoersea on the fiber sur-
face} unevenly and hence, the 1nterfac1q1 bond is not completely
destfoyed. In order to obtain a contlnuous film over the fiber
surffice, the temperature must be ralse tc a certain level. A?

thaty level, the fiber loses|its 1nte rity. The average compressive

strepgth for the 'Teflon' suggesﬁs a @ecrease while for the
ble in Table XXXIX. Longi-

specgmen types.
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As is apparent in the microbuckling results obtained by
Rosen (4] and is suggested by Foye (21], the shear buckling mode
is a function of the matrix shear modulus. With the assumption
that this is true, it is appropriate to consider the various
alteration in the matrix properties which will increase its
modulus of elasticity, compressive strength and strain to fail-
ure. To translate the changes in the matrix mechanical proper-
ties into the properties of the composite is not always possible
and a priori assessment of the matrix contribution to the com-
posite strength must be done with great care. In a recent study,
Chamis ([29] has observed frcm a phenomological point of view
that 1) the area under the stress-strain curve bounded by 1%
strain is a good indicator of the matrix contribution to the
composite properties and strength; 2) matrix modulus is the
governing parameter for the compressive strength and 3) the
matrix ultimate strength and elongation are not suitable para-
meters to correlate composite strength with matrix properties.

The matrix modulus and comprssive strength were changed by
the addition of fillers. The effect of fillers on the matrix
properties has been assessed by Dow and Rosen [30], in Refer-
ence [31] and mentioned by Foye [21]. Three fillers were used,
viz., Alumina, Iron Oxide and Aluminum metal dust. The effect
of all these fillers is to increase the resin modulus. The
increase is highest for Alumina followed by Iron Oxide and
Aluminum metal dust. However, the compressive strength actually
decreases for Aluminum metal dust and increases for Alumina and
Iron Oxide. Hence, the percent weight of fillers in the matrix
were chosen such that:

1) the compressive strengths of Iron Oxide and Alumina
reinforced resins are identical; and

2) the modulus of Alumina and Aluminum metal dust filled
matrix are the same; however, the modulus for the
matrix with Iron Oxide filler is higher.

Thus, if the compressive strength of the matrix influences
the compressive strength of the composite, Iron Oxide and
Alumina fillers should yield a higher value. If the modulus,
and hence the shear modulus, affects the compressive strength,
then Alumina and Aluminum metal dust reinforced specimens should
ylield almost similar ultimate compressive stress and the Iron
Oxide, a higher value. The solid particulate additives were dis-
persed in the liquid resin in the dip tank and the dispersion
was kept agitated during winding. Referring to Table XXXIX, the
Alumina and Iron jOxide specimens lndlcate an increase and the
Aluminum metal dudst suggests no change in the fiber compressive
stress. However| based on practically attainable fiber volume
fractions in filled matrices, the comp051te strength may not re-
flect an inc¢reas¢ and an increase or decrease in the fiber com-
pressive stress should be viewed in the {proper perspective. These
results also suggest that the increase in the matrix modulus by
the addlth? of illlers have not 1ncrea=ed'the composite strengt]
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as suggested by Equation (4) of Chapter ITI. The nature of
the failure for these specimens is shown in Figure (12) and
the load displacement plots in Figure (13). Note that for
equal fiber volume fraction as in Alumina and Iron Oxide
filled composite specimens, the load at proportional limit
is not altered. This is analogous to the 0° - 90° and +45°
Glass cloth reinforced specimens.

The effect of the curing cycle should be felt on the ultimate

strain to failure of the matrix and the residual interface stresses.

Two curing temperatures and times were used. They are: 1) 250°F,
95 hrs., and 2) post cure at 400°F, 16 hrs. Both samples regis-
tered a decrease in the compressive stress. However, the high
temperature cured resin indicated a substantial drop in the
strength and the reason for this deterioration is the brittle
nature of the cured resin. Though shear bands did appear,
considerable longitudinal splitting also occurred. This can be
seen in Figure (12) for sample No. 182 and for sample No. 187 in
Figure (14). Because of the brittle nature of the resin, acoustic
emission was distinctly heard during testing.

The high viscosity of the BP-907 resin (8000 cps for 50%
solids in ethylene dichloride) suggested that some form of dilu-
ents should be added to it. The control specimens were actually
fabricated from BP-907 resin film. A dilute resin with low vis-
cosity should ensure a more uniform penetration of the resin
around all the fibers in the varn. If improper impregnation of
resin is one of the problems for a low compressive strength, then
a dilute resin should increase the ultimate compressive strength.
On the contrary, the stress showed a decrease as in Table XXXIX.

The effect of flexibilizing the resin was considered next.
Flexibilizing the resin results in a decrease in the modulus and
strength and an increase in the strain to failure. The samples
were prepared by wet winding through a bath of 70% BP-907/30%

Dow DER 736 flexibilized epoxy resin with 8 phr of Dow DEH 50
hardner, methylene dianiline. The resin was then diluted to 15.5
cps with ethylene dichloride. The published Dow data for this
formulation using a resin similar to BP-907 lists ultimate elonga-
tion of about 8%. The average compressive strength in Table XXXIX
does indicate a decrease. But the load displacement curve as

in Figure (14) showed very little displacement bevond the pro-
portlonal limit. An interesting observation in Figure (12) show-
ing the failure .mechanism of specimen No. 215 is the wavy nature
of the fiber. However, for this exceptionally large misalign-
ment, the compre351ve stress did not reflect a drastic decrease
and, in addltlon, the nucleation of failure was at a different
location where ;he fibers are straight

t
I x

Since the 0° - 90° Glass fabrlo reinforced specimen yielded
a promising result, ASTM spec1nensiwere fabricated with similar
properties to see wnether the strengt“ and mode of failure is
altered by a change in spec1uen gednetry. The descriptién of
these specimens, series 111B- l@OB,E@Dpears in Table XL. Comparis
with the results for series 11i-120 Table XXXIX and serles 111B-|;

120B in Table XLVI indicates n“ﬁch rge in stlenqth. Also, from
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Figure (7), the shear band for specimen No. 115B is still in the
transverse plane and not in the plane of the loading. It was &lso
mentioned earlier in this chapter that the increase in strength
for 0°-90° Glass-fabric reinforced specimens could be primarily
due to the 0° Glass reinforcement. To verify this statement, spe-
cimen series 111C-120C as in Table XL was fabricated with 90°
reinforcement in the form of 200 Denier PRD-49-III fibers. Results
in Table XLVI suggest no significant alteration. ©Note the change
in the load-displacement curve as compared to that for specimen
"nos. 115 and 125 in Figure (8). Because of the transverse rein-
forcement, the failure is once again in the transverse plane.

This is seen from Figure (7) for specimen no. 113A which was the
sandwich version of the ASTM 111C-120C series. Thus, the 0°
Glass reinforcement definitely contributes to the compressive
strength. However, 0° Glass reinforcement in the absence of any
lateral reinforcement may not yield an ultimate strength as

high as series 111-120.

The detrimental effect of 2 TPI PRD-49-III fibers was fur-
ther investigated by giving a larger twist (5 TPI) to the fibers
as in series 141B-150B. As indicated in Table XLVI, the decrease
in strength is evident. However, because of the lack of reliable
data on volume fraction, the exact decrease could not be determined.

The compression strength of the 18° laminate was investigated
next. The angle 6 was very small (5°) so. that a perturbation in
the shear modulus is obtained virtually at no expense of the
uniaxial strength. No increase in the ultimate value is evident
in Table XLVI for this series (251-260). However, because of
fiber inclination, zig-zag shear band appear as in Figure (15)
with a discontinuity in the band coinciding with longitudinal
splitting. The load-deformation curve for specimen no. 257 is
showvn in Figure (16).

Finally, failure to obtain a substantial increase in the
compressive strength by alterations in the fiber interface and
matrix physical and mechanical properties and by providing lateral
reinforcements, led to the investigation of hybrids or blends.

To this effect, sandwich specimens were fabri¢ated from Hercules
2002 Graphite HT-S and a blend of HT-S and SP-306 as in Table XLI.
Tables XLVII and XLVIII give the results for these tests. The
average value for HT-S is much lower than theidocumented value

of about 200 ksi(1.378 GN/m2), No explanation to this discrepancy
could be offered. The fallure was by fiber or matrix fracture

as in Figure (15). The average value of the blend was 58.8 ksi
(.405 GN/m2) apd the increase is axiomatic. [However, no

shear band typ¢ failure was observed and the failure mode was a
delamination bé¢tween the HT-S and PRD-49-III layers and ¢ong1—
tudinal splitting. The load-displacement plots for specimen

nos. 263 and 2y5 are shown in Figure (17).;
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VI. SCANNING ELECTRON MICROSCOPE STUDIES

It was mentioned earlier in this report that shear or
kink band formation may lead to failure of composites subjected
to uniaxial compression. Kinking is a phenomenon generally asso-
ciated with the crystalline structure of metals or oriented
polymers and was originally observed by Orowan [32] in single
crystals of Cadmium. Zaukelis ([33] reported that kink bands
are formed in oriented Nylon 66 and 610 by compression along
the fiber axis. Seto and Tajima {34] also observed similar
bands in polvetivlene. Such bands can be explained by cry-
stalline slip along the ¢ axis (the covalent bonded chain direc-
tion). Figure (18) shows the mechanism of kinking as suggested
in Reference [33]. An important observation in References {33,34]
was that the kink plane is inclined to the fiber axis at an
almost fixed angle which depends on the pretreatment of the fiber
prior to deformaticn. Argon [12] suggested the formation of a
failure nucleus in Boron-polyimide-epoxy fiber laminate by under-
going a process similar to kinking in metal crystals. Daniels
[28]) also observed a failure mode in the form of a shear band in
a composite panel prepared from Hitco HMG-50 fiber. DeFerran and
Harris [9] have also proposed a similar mechanism of failure for
steel wire reinforced polyester resin. Since kinkxing, either in
the plane of lozding or tine transverse plane was the frequent
failure mode for PRD-49-III sandwich test specimens, it was decided
to observe these deformations in the fiber in a scanning electron
microscope. Also, PRD-49-II1 fiber has a highly oriented cry-
stalline structure similar in nature to nylon and polyethylene.
Graphite fiber, as manufactured from the PAN precursor, is also
in a intertwinned ribbon form. For high modulus fibers, the
ribbon networks terd to aling themselves in the direction of the
fiber axis as is seen in Figure (19) and suggested by Diefendorf
[35]. So an increase in the fiber modulus is associated with a
decrease in tne tensile strain and shear strength. Similarity
of the crystalline structure between PRD-49~III fiber and high
modulus graphite fibers, at least in the qualitative sense, ex-
plains the fact that PRD-49-III fiber is anisotropic, has a low
shear modulus and a relatively poor compressive strength.

The SEM studies were conducted for sandwich specimens with

the following characteristics:
|

|

1) | Alumina reinforced re51n,
2) | 2 TPI in fiber;
3) | 5 TPI in fiber;
4) 'Teflon' coated fiber;
5) | 0° - 90° Glass cloth reinforcement between laminae,

E-~Glass fiber and Hlsiﬁloer. :
' In jaddition, PRD-49-11I fnbeg has a ﬂlQh knot strength of
115 ksi (.79 Gi/m2). In view df thls , 1t was also decided to
obServe ‘the cumulative dlSlntegratlon of the fiber in aiSEM by
progressxve tying of a knot. qus w9uld enable one to o¢bserve
the ﬁallure mode in tension asgweﬂl as compression.
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1) Alumina Reinforced Resin Specimen No. 158:

Figures (20 a,b,c,d) show different magnifications of shear band

type failure observed. In Figure (20b) the presence of a slip
. plane in the fiber is distinctly obvious. It must be recalled
here that the load-displacement curve for the Alumina reinforced
resin specimen showed considerable activity in the inelastic
range. This is evident from Figure (13). This may.offer an ex-
planation to the fact that there is considerable fiber damage.
The salient features of Figures (20 a,b,c,d) are:

a) die marks are seen on the fiber surface; these
—————— --———-die. marks. also. seem. _to_coincide with _a_weak dia-
: metrical plane; splitting along this plane giving
rise to a 'fork' like appearance 1s observed in
Figure (204);

b) kinking is obvious on the fiber surface;

c) there is no evidence of bond between fiber and
resin;

d) there is gross damage in the fiber and each fiber
breaks up into numerous smaller diameter fibrils;
this is seen in Figures (20c,d)

2) 2 TPI Fiber Specimen No. 146A:

The SEM pictures are illustrated in Figures (21 a,b,c,d). Almost
similar conclusions drawn for Specimen No. 158 hold in this case.
Once again, there is proof of very little interfacial bond. This
is quite clear from the lower right hand corner portion in

Figure (21lc). Evidence of pretwisting is seen from the helical
shape of the fibers. It must be noted that the PRD-49-II1 fiber
used here is in the form of a yarn. Hence, a pretwist of 2 TPI
will not be uniform in all the fibers. The break-up of individual
fibers into fibrils is clearly seen in Figure (2lc). Also, this
disintegration seems to occur on the tension side. Figure (21d)
shows partial splitting into varying sizes akin to branching

from the fiber.

3) 5 TPI Fiber Specimen No. 147B:

The SEM studies performed;are shown in Figures (22 a,b). 1In these

figures, it is clearly evident that there is a complete inter-
. fiber splitting. The nat@re of bonding between the small diameter

fibrils within a fiber is jalso visible.
’_ o
4) 'Teflon' Coated Fiber Specimen No. 2?8:
The 'Teflon' coating was used in order to.des'foy the bend be-
tween the fiber and the matrix. Surprisingly, however, there is
no evidence of 'Teflon' coating on the ﬁ;berfsurface in Figures
(23 a,b). Once again splitting on a diametri¢al plane is noted.
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5) 0° - 390° Glass Cloth Reinforcement Specimen No. 111:

As seen from Figure (7) the mode of failure for this specimen

is a slip band in the transverse plane and not in tine plane of

loading. Accordingly, the SCM pictures in Figures (24a, b) are

in the thickness direction. Figure (24b) shows the fracture

of a glass fiber and also tne kink band in the PRD-49-III fiber.

The good matrix adhesion to the glass fiber should be noted.

Figure (25a) for the E-Glass sandwich specimen no. 32 con-

firms the fact that the bond between the resin and E-Glass is

excellent. A compressive failure in E-Glass composites involves

— _a distinct fiber break as in Figure (4) and there is no dis-
integration as observed in PRD=49=ITI.—-Figure-—(25b)--shows—a

higher magnification picture of Figure (25a). The compressive
failure surface for HTS graphite specimen No. 267 is illus-
trated in Figures (26a, b). The nature of failure is similar to

E-Glass and the fiber-resin bond is good. There is no evi-
dence of inter-~fiber splitting. The fiber break does not occur
at an angle to the direction of loading as was suggested by '
Greszczuk [6]. However, a terrace type surface is obvious. That
the graphite fiber consists Of vertically oriented intertwinned
ribbon structure is seen from a fiber in Figure (26b). But

this microstructure is not very distinct as has been observed

in high modulus fibers like Thornel 50S in Reference ([6].

The progressive loading of a single and twin fiber knot
is studied in Figures (27a,b,c,d). Figure (27b) shows the
magnified view of the left end of the knot. The slip bands
have just begun to appear on the compression side of the fiber.
On further stretching of the knot, the bands are more distinct
as in Figure (27c). 1In the tension side of the knot, the
fiber splits into smaller diameter fibers. This is an indica-
tion of poor transverse tensile strength within the fiber.
The complete splitting on the tension side is very well illus-
trated in Figure (27d) for a twin fiber Kknot.

In summary,'the following conclusions can be drawn from
the foregoing SEM photomicrographs:

1) There is little evidence of a good interfacial bond
between the PRD-49-III fiber and resin; this is probably one
of the reasons why the shear modulus and the compressive
strength have a. low value; an improvement in the bond should

result from fib?r surface treatment.
}

2) When sbbjected to compressive stress, the fiber exhibits
a kink band type failure and when the strain is high, it actually
splits into numerous fibrils leadilng to a complete loss of shear
stiffness; the splitting generallj;pccurs in the tension side;
diametrically opposite die marks form a weak plane along which
the fiber can split into two piécgsb it must also be remembered
here that the SEM photomicrogfaphéibhow mainly the post failure

mechanism and not the incepieﬁt,faﬁlure mechanism,
' i ’
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- fashion -analogous—to—columns-on-an-elastic foundation._ . _For __
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VII. CONCLUDING REMARKS

Summar

Prior to the present program, studies of the compressive
strength of unidirectional fiber composite materials had pro-
vided support for the hypothesis that composites containing
well-collimated fiber systems, such as boron, failed due to
internal instabilities. These involved fiber buckling in a

small diameter fibers, such as graphite, the fibers are not.
well collimated and it appears that local matrix and interface
stresses resulting from these eccentricities contribute to
compressive failure at lower stress levels. As a consequence
cf these facts, the present experimental study treated mate-
rial changes selected to alter the fiber alignment, the
lateral restraint provided to the fibers, the interface char-
acteristics, and the matrix physical and mechanical properties.
This experimental evaluationr of the influence of various con-
stituent and process characteristics upon the behavior of uni-
directional PRD-49-III/Epoxy composites in compression has not
resulted in any substantial increase in strength.

Theoretical evaluations carried out during this program
indicate that the high degree of fiber anisotropy results in
a significant drop in the predicted stress level for inter-
nal instability. This new analytical prediction of compres-
sive strength is, however, still significantly higher than
the experimental value. Treatment of partial restraint at
the interface, such as that resulting from intermittent bond-
ing or from frictional stress transfer following debonding,
indicates that extremely low failure stress levels can result
from this effect. However, it is not possible to assign a
guantitative measure to the reduced stress transfer across a
degraded interface.

Observations of the failure region with the scanning elec-
tron microscope (SEM) suggest that a high degree of interfacial
debonding has occurred with the PRD-49~II1 fibers. Similarly,
it is seen that these highly anisotropic fibers tend to fib-
rillate and .form bundles of very small diameter fibrils. Both
the internal flber failures and the smooth surface debonding
could be responsi ilble for the measured low compressive strengths.
Unfortunately the SEM observations are of post-failure phenom-
ena. Hence, altihough suggestive, they irefnot conclusive.

g | i

Interpretation of all these results léads one to the
hypothesis that BRD-49-III fiber comoos;tes under compressive
loading, experience local failures w1thln the fibers and at
the interfaces. |There appears to be some subsequent increase
in load durlng which these damage 51tes.1ncrease in size and

[ B
'.'v‘
et

i

28

e i maiE Rt S

S, .



number prior to overall material failure. It appears that the
material changes studied experimentally during this program
have influenced material behavior after the onset of damage;
in some cases, to a substantial degree in terms of strain to
failure.

The failure to improve compressive strength and the ex-
posure of the fiber and interfacial failure modes, does not
mean that improvement of material strength is not possible. How-
ever, the most promising approach at this stage appears to be
through the use of hybrids, or blends, of two types of fibers
within the composite.

Experimental Observations

Certain of the experimental measurements are directly re-
lated to the above failure hypotheses. The use of 0° - 90°
glass fabric reinforcement resulted in a strength increase of
about 15-20%, inhibited longitudinal splitting and changed the
failure mode. However, the 90° 200 Denier PRD-49-III lateral
reinforcements prevented longitudinal splitting, induced a
shear band in the transverse plane but did not result in an
increase in the strength. Thus, the increase in the strength
of the 0° - $0° appears to be associated with the presence
of glass fabric reinforcement in the 0° direction. However,
the lateral reinforcement apparently permitted a significant
increase in strain to failure by stabilizing the material dur-
ing the damage growth stage.

Detrimental effects due to lack of fiber collimation are
suggested by the comparison of boron composites with graphite
composites. In the present experiments, the initial out-of-
straightness of twisted yarns seem to have a degrading effect
on the compression strength. However, fiber pre-stressing,
intended to improve collimation, did not result in improved
strength. Similarly, in specimens with extreme fiber out-of-
straightness, no significant strength decrease results. Per-
haps the variability of out-of-straightness from point to
point in the material results in an increase in the number of
damage regions which contributes to, but is not the immediate

1

cause of, composite failure. i
A Thé use of particulate fillers resulted in increased
matrix stiffness, changed matrix strength, and a decrease in
fiber vdlume fraction. Composite strength did not improve;

however, the maximum stress based;on fiber area alone did
show a 1gn1f1cant increase in isome cases. This increase in
the compressive strength by the addition of fillers such as
Alumina iand Iron Oxide occurs past the proportlonal llmj

The incrikase can be attributed ﬂo an. improvement in the|com-
pressionf strength and modulus.:‘For t?e Aluminum dust leled
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matrix, the problem of voids and lack of surface treatment of
the powder resulting in pcor adhesion with the matrix resulted
in a status quo of the ultimate strength based on fiber area.

Carrying this concept further, the use of moderately high
modulus fibers, such as graphite, which vield higher com-
pressive strengths, is suggested. The tests performed on a
blend of PRD-49-III ‘and HTS fibers in a unidirectional composite
- yielded the predicted higher compressive strengtii.

Recommendations

The experimental data from mechanical tests and SEM obser-
vations support the view that there are two aspects of the
PRD-49-II1 fiber which differ greatly from cbservation for the
graphite and glass composites. These are the existence of kink
bands in the fiber and an apparent lack of evidence of adhe-
sion of the resin on the fiber. The kink bands, a manifesta-
tion of micro-buckling of the fibrils that make up the fiber,
also point out the anisotropy of the fiber. The absence of
any resin particle on the fibers suggests poor adhesive strength.
In either case, load transfer is expected across the interface.
However, the amount of load transfer would be significantly
less than complete bonding with good adhesive strength.

Both the graphite and glass specimens tested have similar
geometric properties (i.e., yarns made up of many small fibers)
and similar adhesive qualities with respect to the resin used.
They also have similar strengths, but these compressive strengths
are significantly lower than the shear-mode fiber buckling model
predictions. The poor compression strength of PRD-49-III is
then attributed to the inherent weakness of the fiber (as shown
by the fibril micro-buckling) and to the poor adhesion gquali-
ties of this fiber. It is difficult to show prominance of one
weakness over the other, i.e., to determine whether kink band
formation starts first or the reduced reinforcement of the resin
by its poor bond allows the fiber to deform to where it forms
kink bands. The very small dimension of these fibrils suggests
that the matrix is remote:. from the £fibrils within the fiber and
hence, matrix modificatiops may not be very promising,

|

N The fact that so many material systems failed to perturb
the compressive strength considerably suggests that the kink
pand formation is the inherent weakness. However, the present
program did not attempt any chemical treatment designed to im-

« prove interfacial bonding. Some effort in t1lS area appears
warranted. Also, to check the effect of tquStructure of the
fiber, the compressive strength of othey mermpers of this family
of organic fibers should be 1nvestlgated Tae last suggestion
follows from possible varlatlons as to flbrll prientatidn in
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the fiber and its influence on the micro-buckling of kink band
formation. Thus, althougih some granhite fibers show a fibrillar
. structure, tiney appvear to have interlaced fibrils which do
not experience micro-bucikling at low levels. Another remesdy
is to investigate the effect of three dimensional reinforcements
(a rather costly aoproach) as an improvemant over the two di-
mensional 0° - 90° glass cloth usazd in this study. Finally,
nybrids or blends (intimate and discrete) which utilize the low
density and nigh tensile strength of PRD-49-III and the good
compression strength of E-Glass or higa strength, low modulus
e .._gravhite nolds.promise_-in the_ immediate future. - - - . ___
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TABLE I - Properties Of PRD-49-II1I Fiber

¢ : ) Tensile Modulus 19,000 ksi‘(l3o.98 GN/mZ)
Tensile Strength based 580 ksi (3.99 GN/mz)

- ' on .4 in. (10.16 cm) gage
length, average of 20
breaks
Density ' .052 pci (1.45 gm/cc)
Thermal Coefficients of -3.6 x 10°° in./in.,°C

Expansion {average, longitudinal)

205 x 107% in./in.,c°cC
(Average, radial)

TABLE II - Properties Of PRD-49-III/Epoxy Unidirectional Laminate

Volume Fraction .6

Longitudinal Modulus ; 11,000 ksi (75.83 GN/mz)
Transverse Modulus o 800 ksi (5.51 GN/mz)
Poisson's Ratio ; .34

Longitudinal Shear Modulus 270 ksi (1.86 GN/mz)
(Inferred from test data)

Ultimate Tensiie Strength 180 ksi (1.24 GN/mz)
Ultimate Compressive Strength 40 ksi (.275 GN/mZ)
Interlaminar Shear Strength 7 ksi (.048 GN/mZ)

Density i .05 pci {1.39 gm/cc)




TABLE III - Descriotion Of E-Glass Scotchply 1002 Specimens

. Nceminal
Laminate Nominal
Specimen Volume Thickness Width
No. Description Fraction in. cm. in. cm.
1-10 E~-Glass Scotchply .49 .11 2.79 -5 12,7
(ASTM) 1002; number of
plies = 11
1A - 10A  E~Glass Scotchply .49 7 05 Y27 T 5T Tl207T T T T
(ASTHM) 1002; number of
plies = 5
1i1-290 E~Glass Scotchply .48 .125 3.17 .25 6.35

{Celanese) 1002 with Aluminum
tabs; number of

plies = 12
21-30 E~Glass Scotchply .51 .05 1.27 .65 16.51
(Circular 1002; number of , {Diameter)
Tube) plies = 5
31-40 E-Glass Scotchply .49 .054 1.37 1.1 27.94
(Sandwicn) 1002; number of

plies = 5

TABLE IV - Description Of PRD-49-III Scotchply SP-306 Specimens

41-50 PRD-49-III Scotch- .55-.6 .104 2.64 .5 12.7
(ASTM) ply SP-306; number

of plies = 17
41A-50A PRD-49-II1 Scotch- .55..6 .055 1.39 -5 12.7
{ASTM) ply SP-306; number )

of plies = 9 )
51-60 . PRD-49-III Scotch- .55~.6 .175 14.44 .25 6.35
(Celanese) ply SP-306; number

of plies = 30

SRR N S

* ¢

61-70 PRD+449~-III Scotch- .55~.6 .07 1.82 .7 17.78
(Circular ply |SP-306; number : {Diameter)
- Tube) of plies = 12 , |
]
71-80 PRD449-I1I Scotch- .55~.6 z.osv :1.44 .9 22.86
(Saridwich) ply§SP-306; number E
: of plies = 10 E

e e T e r————
o —




TABLE I - Properties Of PRD-49-I11 Fiber

Tensile Modulus

Tensile Strength based
on .4 in. (10.16 cm) gage
length, average of 20
breaks

Density

Thermal Coefficients of
Expansion

19,000 ksi (130.98 GN/mz)

580 ksi (3.99 GN/m?)

.052 pci (1.45 gm/cc)

-3.6 x 107% in./in.,°C
(Average, longitudinal)

205 x 107% in./in.,°C
{Average, radial)

TABLE II - Properties Of PRD-49-III/Epoxy Unidirectional Laminate

Volume Fraction
Longitudinal Modulus
Transverse Modulus
Poisson's Ratio

Longitudinal Shear Modulus
(Inferred from test data)

Ultimate Tensile Strength

Ultimate Compressive Strength

Interlaminar Shear Strength

Density i

.6

11,000 ksi (75.83 GN/m?)
800 ksi (5.51 GN/m?)

.34

270 ksi (1.86 GN/m2)

180 ksi (1.24 GN/m?)
40 ksi (.275 GN/m2)
7 ksi (.048 GN/m2)

.05 pci (1.39 gm/cc)
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TABLE V ~ Experimental Results For Scotchply 1002 ASTM Specimens

Cross Ultimate
Specimen Head Compressive Mocdulus of Type of
No. Speed Stress Elasticity Failure
in/min K/in2 GN/m2 K/in2 GN/m2
1 83.97 .5788 End delamination
and longitudinal
splitting
- 2=~ ——8942 — 6164 ———-———— .. _Same-as-1 _____
3 101.87 .7022 Same as 1
4 .015 82.35 .5677 Same as 1
5 86.11 .5936 Same as 1
6 -95.05 .6552 End brooming and
longitudinal
splitting
7 : 87.27 .6016 Same as 1

Average 89.43 .,6165

TABLE VI - Experimental Results For Scotchply 1002 ASTM Specimens

1a . 95.23 .6565 End delamination
and longitudinal
splitting

2A 69.56 .4795 End delamination

3A 015 86.34 .5952 Same as 1A

4A : ' 81.95 .5649 Same as 1A

SA ) 97.56 .6725 . Same as 1A

6A . 85.10 .5866 Same as 1A

7A ' 58.18 .4010 . Same as 1A

Average 81.98 .5652 D

e
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TABLE VII - Experimental Results For Scotchply 1002 Celanese Speqimens

Cross Ultimate

Specimen Head Compressive Modulus of Type of
No. Speed Stress Elasticity Failure,
in/min K/in2 GN/m2 K/in2 GN/m2 ’
11 91.18 .6285 Crimpled and
split fibers
12 105.35 .7262 Same as 11
13 T 83,15 5732 T T T T T T Tsam@as 11— ————
14%* 035 80.75 .5566 5001 34.47 Same as 1l
15 107.58 .7416 Disintearatio
ot bond between
metal tab and
_ specimen
l6* 78.67 .5423 Same as 11
17 109.16 .7515 : Same as 11

Average 93.69 .6458

. TABLE VIII - Experimental Results For Scotchply 1002 Tube Specimens

21 82.27 .5671 Edge failure and
longitudinal
splitting

22%* 93.78 .6465 4545 31.33 Same as 21

23* 66.98 .4617 Same as 21

24 -035 96.08 .6623 Column type

buckling and sub-
sequent crushing

of fibers
25 : 93.66 .6456 . Same as 21
26 ' 91.91 .6336  Same as 21

27 72.71 .5012 o Same as 21

Average 85.34 .5883 |

* - gpecimenjwith strain gages.
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TABLE IX - Experimental Results For Scotchply 1002 Sandwich Specimens

Cross Ultimate
Specimen Head Compressive Modulus of Type of
~ No. Speed Stress Elasticity Failure
in/min K/in® GN/m? k/in?  GN/m?
31 , 83.26 .5739 Mainly fiber
32 81.24 .5600 or matrix fail-
33 81.17 .5595 ure.and sub-
‘——"__A"_"“_;"‘_”_SEV_“__"_’"___”_"—""__"7§T§I_*TSSUZ'W'""_“"““"_"lwawf‘___sequeﬂt"Separa“'_'
35 -035 83.93 .5786 tion from core
36* 79.96 .5512 and core fail-

37* -82.49 .5686 5050 J4.81 ure.

Average - 81.69 .5631

TABLE X - Experimental Results For Scotchply SP-306 ASTM Specimens

41 ' - 34.78 .2397 Shear band

42 34.43  .2373 Shear band
43 37.13 .2559 Shear band
44 -015 34.65 .2388 . Shear band
45 36.22  .2497 Shear band
46 34.07 .2348 | Shear band
47 38.00 .2619 ' Shear band

Average 35.61 .2454

TABLE XI - Experimental Results For Scotchply SP-306 ASTM Specimens

41A " 35.82 .2469 End delamination

and longitudinal
: R splitting
428 i 33.86 .2541 Shear band
43A l 32.04 .2208 Shear band
44A l 35.31  .2434 Same as 41A
45A ‘01; 33.45 .2306;] . ' Same as 41A
46A 32.06 .22;05§ Shear band
47A 32.28 .2225| | Shear band

!
Average 33.54 2312

* JG

- . i . . . i
= Specimen with strain gages.
! o

1

! o ! | i
E ’g_ I : i f i
! :q,' il 5 } ;
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TABLE XII - Experimental Results For Scotcholy SP-306 Celanese Specimens

d Cross Ultimate
Specimen Head Compressive Modulus of Type of
No. .Speed Stress Elasticity FPailure
in/min K/in® GN/m? %/in® Gu/m? i
¢ !
51 36.88 .2542 Snear band '
52 32.35 .223 Snear band and
e delamination
53 43.93 3028 T T sameas sz - —-
.015
54 41.22 .2841 Shear band i
55%* 33.83 .2332 Shear band '
56 "46.68 .3218 Shear band
57%* ©35.65 .2457 9550 65.5 Shear band

Average 38.64 .2664

TABLE XIII - Experimental Results For Scotchply SP-306 Tube Specimens

61 : 23.46 .1617 Edge failure and
longitudinal
' splitting
62 16.43 .1132 Same as 61
63 .035 23.93 .1649 Same as 61
64 22.98 .1584 Same as 61
65%* 20.00 .1378 6345 47.85 Same as 61
66%* 23.92 .1649 Same as 61

Average  21.78 .1501

: i
TABLE XIV - Experimental Results For Scotchply SP-306 Sandwich Specimens

71 : 34.00 .2343 | Shear band
72 ; 36.38 .2508 | Shear band
73 : 36.79 .2536 i l Shear band
1
74 +913 33.90 .2337 | Shear band
. 75%* 38.05 .2623 8990 §54.77 Shear band
| K .
76* ‘ 37.70 .2599 i §§l Shear band o N
t i !
o Average | 36.13 .249 g
N | By |
* - Specimin with strain gages. 'ék‘é :

H :,i‘_ ! .
1n | . /
1g' i ; {

5 |
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TABLE XV - Summary Of Experimental Results For Scotchply 1002
< .
Average
Compressive Standard
m__—q-“__“*"Eﬁééiﬁéﬁwf—_""'"—“_Strengthwg__ ----- -—DeMlatiOn—5~—————-ﬂ————n——-——~—~--
Type ksi GN/m ksi GN/m Remarks
ASTM 89.43 .6165 6.34 .0437 Nominal thickness =
.11 in. (2.79 cm)
81.98 .5652 12.91 .,089 Mominal thickness =
.05 in. (1.27 cm)
Celanese 93.69  .6458 12.4 .0854
Tube 85.34 .5883 10.72 .0739
Sandwich ‘ 81.69 .5631 1.46 .0100
TABLE XVI - Summary Of Experimental Results For Scotchply SP-306
ASTM 35.61 .2454 1.4 .0096 Nominal thickness =
.104 in. (2.64 cm)
33.54 .2312 1.43 .0098 NHominal thickness =
.055 in, (1.39 cm)
Celanese 38.64 .2664 4.99 .0344
Tube 21.78 .1501 21741 .0188
Sandwich 36.13  .249 163 - .0L12
- S |
i !
b
] i P
; 5;%
!‘ :E‘t:
z I
" | Lol
) ’ ' r f
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% '
. ’xl !
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TABLE XVII - Properties Of BP-907 Resin

A 2
¢ . . 2
Tensile Modulus 450 ksi (3.1 GN/m”)
2
Tensile Strength ’ 13 ksi (.089 Gi/m")
7 % Eiongatiom at Break T T T T 4e8% - -— oo s e
Compressive Modulus 600 ksi (4.13 GN/mz)
Compressive Strength 17.8 ksi (.1l22 GN/mz)
Flexural Modulus 535 ksi (3.68 GN/m°)
Flexural Strength . 21 ksi (.144 GN/mZ)
Density ' .043 pci (1.22 gm/cc)
Thermal Coefficient 25.40 x 107° in./in. °C
of Expansion
i
! (o
g
. o
! ] ix
Sk !
: Coob
. ; } Lb 3
. 4 .:.41 ) i .
C el : ' i
bl : ! )
By | L /
. TN
Lo ic f : o 81 ‘
A a Iy
h ; -;{. ?-4 1 ' ! 55 !
P | | | L
Eoob g ; oot b
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TABLE XVIII - Description of PRD-49-11I1/Epoxy Control Specimens

Face
Sheet Nominal
Specimen Volume Thickness Width
, No. Description Fraction in. cm. in. cm.
101-110. 0 twist with nominal .585 .056 1.42 .96 24.38
(Sandwich) 10 g winding tension
Control 380 -~ 400* Denier
e ——>—=—-——- - ————PRP-49-II-inBP-S07%- - —— - —— o
resin film;
(cured at 350°F for
2 hrs. at 100 psi);
no. of plies = 12
101B-110B PRD-49-III in BP-907 .63 .11 2.79 .5 12.7
(ASTM) resin; no. of plies {nominal)
Control = 24
* - nominal fiber diameter is .45 mils (.01l cm} = 1.4 Denier.

TABLE XIX - Description of PRD-49-III/Epoxy Specimens with
Lateral Reinforcements

Face
Volume Sheet Nominal
Specimen Fraction Of Thickness Width
No. Description PRD-49-IIT in. cm. in. cm.
111-120 6.6v/0 Style 106 .564 .058 1.47 1.0 25.4
(Sandwich) Glass fabric at 0° -
90° + 56.4 v/o SP-306
PRD-49-III; no. of
Glass fabric plies =18
no. of SP-306 plies =17
121-130 6.6v/0 Style 106 .564 ,058 1.47 .97 24.63

(Sandwich) Glass fabric at +45°
+ 56.4 v/o SP-306
PRD-49-III; no. of
Glass fabric plies
=18; no. of SP-306
plies fl? ,

o i
T ——— e
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TABLE XX - Description Of PRD-49-I1I/Epoxy Specimens With Alterations
In Fiber Physical And Surface Characteristics

Face
, Volume Sheet Nominal
Specimen Fraction Of Thickness Width
g Hlo. Description PRD-49-1II1 in, cm. in. cm.
131-1490 0 twist PRD-49- .595 .055 1.39 .935 23.75
(Sandwicn) III with 125g ’
———— _ _winding tension
in BP-907 resin; T T T T T T T T T T T T T T T T
no. of plies=12
141-150 2 TPI (Turns per .595 .055 1,39 .98 24.89
{(Sandwich) Inch) PRD-49-II1 ' :
in BP-907 resin;
no. of plies=12
141C-150cC 2 TPI PRD-49-III in . 635 .11 2.73 .5 12.7
(ASTM) BP-907 resin; no. {nominal)
of plies=24
221-230 1140 Denier PRD-49- .57 .056 1.42 975 24.76
(Sandwich) III in BP-907 resin;
no. .of plies=12
231-240 55 v/o PRD-49-11II .55 .062 1.57 .975 24.76
(Sandwich) (containing 5 w/o
'Teflon')in dilute .
BP-907 resin; no. :
of plies=12 i
241-250 51 v/o PRD-49-I1I .51 .062 1.57 975 24.76

(Sandwicn) (containing 8 w/o
H,0) in dilute BP-
967 resin; no. of
plies=12
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TABLE XXI - Description of PRD-49-III/Epoxy Specimens With Matrix Fillers

Specimen
No.

151160

(Sandwich)

161-170
(Sandwich)

201-210
(Sandwich)

Af metal dust in ;
dilute BP-907 resin 4
(22.5cps); 50 w/o AR

based on resin wt.;

no. of plies = 12

Face
Volume Sheet Nominal
Fraction Of Thickness Width

Description PRD-49-1I1 in. cm. in. cm.
PRD=-49-III ¥ 4.1 46—~ 072183 - -150Lk—- 25.65—— - —.
v/o ASLZO3 in dilute
BP-907 resin (lécps):;
20 w/o A2203 based
on resin wt.; no.
of plies = 12
PRD-49-III + 11.0 v/o .46 .076 1.92 1.02 25.90
Fe203 in dilute BP-907
resin (22cps); 52 w/o0
Fe203 based on resin
wt.; no. of plies = 12
PRD-49-III + 19.5 v/o . 37, L1002 2.59 .975 24.76
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TABLE XXII - Description Of PRD-49-III/Epoxy Specimens With Alterations
In Resin Properties

Face
" Sheet Nominal
Specimen Volume Thickness Width
No. Description Fraction in. cm. in, cm.
171-180 PRD-49-III + BP-907 .58 057 1.44 1.00 25.4
{Sandwich) 1low temperature cured
resin (250°F, 95
hrs.); no. of plies
=12
181-190 PRD-49-II1 + BP-907 .58 .056 1.42 1.00 25.4
(Sandwich) high temperature post
cured resin (400°F,
le6hrs); no. of plies
=12
191-200 PRD-49-III + dilute .61 .057 :1.44 .95  24.13
(Sandwicn) BP-907 resin (l6.5cps); 7
no. of plies = 12
211-220 PRD-49-IIT + flexibil- .625 .057 1.44 975 24.76

{Sandwicn) 1ized BP-907 resin (8%
elongation); no. of
plies = 12

TRE. B ettt o+



TABLE XXIII - Experimental Results For PRD-49-II1I/Epoxy Control

Sandwich Specimens:

Pan T -
LUIC3S

- -

Specimen Kead Cormpressive Moculus of Type of
No. Speed Stress Elasticity Failure
in/min K/in? @N/m? x/in?  Gi/m?

‘ 104%* 38.78 .2673 10600 73.07 Shear band
105* 02 39.38 .2714 10700 73.76 Shear band

106 40.92 .2821 Shear band

T T 107 TUTTTTT4IN A4 T 2856 T T e —— Shear-band—-- -~
Averaée 40.13 .2766

TABLE XXIV - Experimental Results For PRD-49-I1II/Epoxy Control

ASTM Svecimens

101B 38.93 .2683 Shear band

102B 38.99 .2687 Shear band

1938 02 39.09 .2694 Shear band

104B 40.18 .277 Shear band

105B 39.54 .2725 Shear band
Averaée 39.34 .2712

TABLE XXV - Experimental Results For PRD-49-III/Epoxy Sandwich

Specimens With 0° - 90°

Glass Cloth Reinforcement

111 46.12 .3179 Shear band in
transverse plane
112 . 43.10 .2971 Shear crimping
.02 ' and separation
_ from core
113. | 46.12 .3179 Same as 111
©114* 1 42.23 .2911 9900 68.25 Same as 112
. 115=* 44,82 .3089 9680 66.73 Same as 111
. .
Average 44.47 ﬂ%oqs
i

specimen with strain gages.

i

————— e e e




TABLE XXVI - Experimental Results For PRD-49-III/Epoxy Sandwich

Specimens With +45° Glass Cloth Reinforcement

v Cross Ultimate

Specimen Head Compressive Modulus of
No. Speed Stress Elasticity

in/min X/in®  GN/m? K/in? GN/m?
" 121 38.15 .2630
_____122___1M___62 _________ 36.87 _.254)2 _ . ___

123 37.31 2572
124%* 37.02 .2552 8340 57.49
125%* 38.05 2623 101006 69.62

Average 37.48 .2583

Type of
Failure

Shear band and
longitudinal
splitting

Shear
Shear

Shear

TABLE SXVII - Experimental Results For PRD-49-III/Epoxy Sandwich

Specimens With 125¢ Winding Tension

131 37.99 .2619 Shear band
132 37.14 .256 Shear band and
’ longitudinal
splitting
133 35.97 .2479 Shear band
134% -02 32.31  .222 9700 66.87 Shear band
135+% 33.05 .2278 Shear band
136 32.86 .2265 Shear band
137 30.04 .207 Shear band
Average 34.18 .2356
TABLE XXVIII - Experimental Results For PRD-49-III/Epoxy ASTM
Specimens With 2 TPI Yarn
|
141C : 34.95 .,2409 : Shear band
142C 34.87 .2403 Shear band
T 143c 36.36 .2506 [ Combined slip
! in the longi-
-02 b tudinal and
. ! transverse plane
4 144c f 36.36 .2506 | Same as 143C
145¢C ‘ 35.45 .2443 1o Same as 143C
Averade 35.59 .2454 :
- ! 1
. H . ) i .
* - specimen 'with strain gages. [ ' !
; P | .
; : ; h
y R - -2 f H |
; P f i} '} I
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TABLE XXIII - Experimental Results For PRD-49-II1I/Epoxy Control

Sandwich Specimens

Specimen
No.

* 104*
105«%
106

BT

hé;éb CoEQEéégi;e ¥odulus of Type of
Speed Stress Elasticity Failure
in/min K/in2 GN/m2 K/in2 GN/m2
38.78  .2673 10600 73.07 Shear bgnd
39,38 .2714 10700 73.76 Shear band
foz 40.92 .2821 Shear band
T T4 44 - 2856~ ~—————--——— — _ _ Shear_band_______
Average 40.13 .2766

TABLE XXIV - Experimental Results For PRD~49-III/Epoxy Control

ASTM Specimens

101B
102B
103B
104B
105B

38.93 .2683
38.99 .2687
.02 39.09  .2694
40.18 .277
39.54 .2725
Average 39.34 .2712;

band
band
band
band
band

Shear
Shear
Shear
Shear
Shear

TABLE XXV -~ Experimental Results For PRD—49-III/Ep9Xy Sandwich
Specimens With 0° - 90° Glass Cloth Reinforcement

111

112

113

114%*
115%*

46.12 ,3179

. 43.10 .2971
.02

, 46.12 .3179

; 42,23 .2911

| 44.82 .3089

Aéerage 44.47 .3065

x I

* - specimen with strain gages. |

e e LT

68.25
66.73

9900
9680

Shear band in
transverse plane

Shear crimping
and separation
from core

as 111
as 112
as 111

Same
Same

Same

e o st et et .
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TABLE XXIX - Experimental Results For PRD-49-III/Epoxy Sandwich

Specimens With A2203 Filler
Cross Ultimate
v Specimen Head Compressive ~ Modulus of Type of
No. Speed Stress Elasticity Failure
in/min K/in®  Gu/m? k/in? GON/m2
. 151* ' 36.23  .2495 8950 61.7 Shear band
152* T 33.42 .2302 Shear bands in
) : _ two planes
s - 153 ———  ——— ——— -~ 35,26 2426~~~ ———— -— - - - Shear-band-- ——- —
154 02 34.99  .2406 Shear band
155 : 35.40  .2412 Shear bands in
two planes and
longitudinal
splitting
156 © 36.44  .2509 Shear band
157 36.44 .2509 Shear band
158 36.44 .2509 Shear band

Average 35.57 .2447

TABLE XXX - Experimental Results For PRD-49-III/Epoxy Sandwich

Specimens With Fe203 Filler
l6l* 37.05 .255 . 1002 69.07 Shear band and
: - i longitudinal
_ _ splitting
l62* : 39.34 .2709 © 9200 63.42 Same as 161
163 36.69 .2523 . Shear band in
transverse plane
.02 . and longitudinal
. splitting
164 T - - '
165 37.77 .2599 Same as 163
166 - 32.89 - .2267 Shear bands not
- : visible (prob-
] - ably because of
. the color of Iron
. . Oxide); longitud-
i \ inal splitting
167 ' 37.78  .2604 | Same as 161
, 168 38.37  .2645 | Shear band
- N ' A4

Lo
Average 37.13 -2359
A ' o
* - specimen with strain gagesl’

'

; v
i
!
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TABLE XXXI - Experimental Results For PRD-49-III/Epoxy Sandwich .=
Specimens With Low Temperature Cured Resin

- Cross Ultimate
Specimen Head Compressive Modulus of Type of
No. . Speed Stress Elasticity Failure

in/min K/in? GN/m? x/in?  Gu/m?
171 36.54  .2519 1075 74.11 Shear band
172* 34.74 .2394 9140 63.01 Shear band
e T T T T T T ~ End failure &

174 02 33.32 .2297 shear band
175 ) 38.76  .2672 Shear band
176 32.45 .2237 Shear band
177 32.45 .2237 Shear band
178 37.71 .2599 Shear band

Average 35.13 .2421

TABLE XXXII ~ Experimental Results For PRD-49-III/Epoxy Sandwich
Specimens With High Temperature Post Cured Resin

181+ . 33.59 . 2315 9820 67.69 Transverse shear
’ band and con-
siderable longi-
tudinal splitting

182* 30.05 .2068 8840 60.94 Shear band and
longitudinal
splitting

183 - -

.02

184 31.25 .2154 co Same as 181

185 - -

186 o 33.10 .2281 ‘ Shear band

187 . 33.10 .2281 Same as 181

188 i 31.31  .2158 Shear band

Avgrage 32.06 .221

- *# - specimenjwith strain gages. i

o e W o e b a1 St
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TABLE XXXIII - Experimental Results For PRD-49-1I1II/Epoxy Sandwich
Specimens With Dilute Resin -

. Cross Ultimate
Specimen Head Compressive . Modulus of Type of
No. Speed Stress Elasticity Failure
in/min K/in? GN/m? k/in? GN/m?
-
191%* ‘ 33.56 .2313 8950 61.7 Shear band
. ~192% 38.37 .2645 9610 66.25 Shear band
~———-———~——~193———~--———~w~—“~———38—78—"—-2573~"—---————7“————-Shear—bands -in—- -——
: two planes
194 - - -
.02 )
195 36.93 .2545 Shear band in
. transverse
' plane
196 40.16 .2768 Shear band
197 35.46 .2444 Shear band
198 34.62 .2386 _ Shear band

Average 36.84 .2539

TABLE XXXIV - Experimeﬁtal Results For PRD-49-II1I/Epoxy Sandwich
Specimens With AL Metal Dust Filler

201* 24.61 .1696 .5750 39.64 Transverse shear

band and longi-
tudinal splitting

202* - 24.61 .1696 5750 39.64 Short length dis-
‘ continuous shear
: bands over a
wide region

203 - 25.16 .1734 Shear band and

. longitudinal
-02 : : ~ splitting
204 i 25.16  .1734 Combined trans-
' verse and in-plane
. ) . . ] shear band
205 25.28  .1742 . Same as 204
206 | 25.28  .1742 |1 Same as 202
. 207 ©25.28  .1747] ' Shear band
208 . 25.01  .1724 Same as 202

Average 25.04  .1726

* - specimen with strain gagesJ}
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TABLE XXXV - Experlmental ReSults For PRD-49-III/Epoxy Sandwich
: Specimens With Flexibilized Resin

¢ Cross Ultimate
‘Specimen Head . Compressive Modulus of Type of
No. Speed Stress Elasticity Failure
. . . 2 :
in/min K/1n2 GN/m K/1n2 GN/m2
v 211 37.78 .2604 Complex, multi-
- directional shear
. bands because of
) . : fiber initial
e ————— e _misalignment_ _ _ ___
212* : 40.48 :2790 10350 71.35 Shear bands '
213 - - '
214 .02 - -
215 37.54 .2588 Shear band’
216 37.54 .2588 Shear band
217 40.17 .2769 , Shear band

Average 38.70 .2667

TABLE XXXVI - Experimental Results For PRD-49-I1I/Epoxy Sandwich
Specimens With 1140 Denier Yarn

221* 36.17 .2493 9100 62.73 Wide and exten-
sive region of
damage associated
with multiple
shear bands

222* ' 36:.-10 .2488 8700 59.97 Same as 221
223 .02 L - :

224 37.35 .2574- Same as 221
225 . 37.35 .2574 Same as 221
226 : 37.35 .2574 Same as 221

Average 36.86 .2541

* - specimen With strain gages.
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TABLE XXXVII - Experimental Results For PRD-49-III/Epoxy Sandw1ch
‘Specimens With "Teflon" Coated Yarn

. Cross Ultimate
R Specimen Head Compressive Modulus of Type of
No. Speed Stress Elasticity Failure
in/min  K/in? Gu/m’ k/in?®  GoN/m?
e 231 % 32.77 .214 10600 73.07 Shear band
232* 35.98 .248 11350 78.25 Shear band
; 233 o - -
T T 234 I + T e

235 - -

236 38.67 .2665 ' Shear band and
longitudinal
splitting

237 37.44 .2581 - Shear band and
longitudinal

. splitting

238 33.32  .2297 Shear band

Average 35.63 .2456

TABLE XXXVIII - Experimental Results For PRD-49-IIJ/Epoxy Sandwich
Specimens With Moisture Coated Yarn

241* 34.08 - .2349 8300 57.22 Poor bond of
face sheet and
core resulting
in separation

of core
242+ 35.74 *.2463 9500 65.49 Same as 241
243 .02 B R
244 - - -
245 - o :
246 - 33.25 .2292 Same as 241
247 | 35.75 .2464 Shear band
248 31.60 .2178 Same as 241

Average 34.08 1.234

*§{- specimen with strain gages.
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" TABLE XXXIX - Summary Of Experimental Compressive Strength
Results For PRD-49-III/Epoxy Specimens.

-+

Volu@e
Fraction Average Fiber Stress

Specimen of Composite (Composite Stress/Volume Fraction)

No. PRD-49-I1I Stress of PRD-49-I1I

ksi  GN/m2 ksi GN/m?
——Control - g5 4011312766 — 68759 4728~ — ————— -

101-110 -
Control .63 39.34 .2712 62.44  .4304
101B-110B
111-120 . .564 44.47 .3065 78.84 .5434
121-130 .564 37.48 .2583 66.45 .4579
131-140 «595 34.18 .2356 57.44 .3959
141C-150C .635 35.59 .2454 56.04 .3864
221-230 .57 36.86 .2541 64.66 .4457
231-240 .55 35.63 ,2456 64.78 .4464
241-250 .51 34,08 .2349 66.82 .4605
151-160 " .46 35.57 .2447 77.32 .5319
161-170 .46 37.13 .2559 ' 80.71 .5563
201-210 .37 25.04 .1726 67.67 .4664
171-180 .58 35.13  .2421 ' 60.56 4174
181-190 .58 32,06 .2210 55.27 .3810
191-200 .61 36.84 .2539 60.39 .4162
211-220 .625 38.70 .2667 61.92 .4267
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TABLE XL - Description Of PRD-49-III/Epoxy Specimens With
Lateral Reinforcements And Initial Yarn Twist

Face
Sheet Nominal
- Specinmen Volume Thickness Width
No. Descriotion Fraction in. cm. in. cm.
o 111B=120B__6.7 v/o Style 106 ___ .54 ___ _ .105 2.66 _ .5 _ 12.7
: (ASTM) Glass fabric at 0°-90° (nominal)
+54 v/o SP-306 PRD-49-
III; no. of Glass fabric
plies = 18; no. of
SP-306 plies = 17
111c-1l20C 4.3 v/o 200 Denier .55 .12 3.04 .5 12.7
(ASTM) PRD-49-III at 90° + (nominal)
55 v/o PRD-49-III in
BP-907 resin; no. of
plies = 24
141B-150B S TPI PRD~49-III in .6%* .057 1.44 .88 22.35
(Sandwich) BP-937 resin; no. of '
plies = 12
* - volume fraction doubtful
TABLE XLI - Description Of PRD-49-III And Graohite/Epoxy Specimens
251-260 PRD-49-IIT Scotchply .59 .063 1.52 .885 22.35
(Sandwich) SP-306 2 +5° ; number
of plies = 10
261-270 Hercules 2002 .57 .045 1.14 .887 22.52
(Sandwich) Graphite-HT-S;
no. of plies
= 12
271-280 * 20 v/o Hercules " .55 .07 1.77 .82 20.82
(sandwich) - 2002 Graphite HT-S

+ 35 v/o0 SP-306
PRD-49~-1I1I; no.
of plies 12




TABLE XLII - Experimental Results For PRD-49-III/Evoxy ASTM

Specimen
No.

Specimens With 0°-90° Glass Cloth Reinforcement

Crosé
Head
Speed

in/min

Average

Ultimate

Compressive

Stress

.2 2
K/in® GN/m
41.90 .2888
42,85 2954
40.00 .2757
41.90 .2888
41.66 .2872

Modulus of
Elasticity

K/in2

GN/m2

Type of
Failure

End delamination
End delamination
End delamination
" Shear band in
transverse plane

TABLE XLIII - Experimental Results For PRD-49-III/Epoxy ASTM
: Specimens With 90° PRD-49-III Reinforcement

111C

112cC
113C
1l14cC
115C

.02

Avérage

35.00 .2412
35.59 .2453
35.59 .2453
35.89 .2474
35.59 .2453
35.53 .2449

Shear band in
transverse plane

Same
Same
Same

Same

as- 111C
as 111C
as 111C
as 111C

TABLE XLIV - Experimental Results For PRD-49-III/Epoxy Sandwich

Specimens With 5 TPI Yarn

143B
144B
145B
146B
147B

.02

Average

34.73  .2394
38.61  .2661
38.00 .2619
38.59  .2660
37.45 | .2581
37.47 | .2583

Narrow kink band

Same
Same
Same

Same

as 143B
as 143B
as 143B
as 143B




TABLE XLV - Experimental Results For PRD-49-II1/Epoxy Sandwich
Specimens With Layers @ +5°

Cross Ultimate

Specimen Head Compressive Modulus of Type of
No. Speed Stress Elasticity Failure
in/min K/in?  GN/m2 K/in%  Gu/m2
251%* 40.30 .2778 10600 73.07 Shear band with
: longitudinal
splitting along
. U ——nooeoeee____ . __the_shear band __ ___
252%* 36.76 _.2532 9500 65.49 Shear band
253 40.30 .2778 Same as 251
254 41.55 .2864 Same as 251
255 -02 38.02 .2621 Same as 251
256 ‘ 38.34 .2643 Shear band
257 ' 38.02 .2621 Same as 251

Average 39.04 .2691

* - gspecimen with strain gages.

TABLE XLVI - Summary Of Experimental Compressive Strength Results
For PRD-49-III/Epoxy Specimens

Volume

Fraction Average Fiber Stress
Specimen of Composite (Composite Stress/Volume Fract.ion)

No.. PRD-49-III Stress of PRD-49-III
ksi  GN/m® ksi GN/m

111B-120B .54 41.66 .2872 77.14 .5318
111c~120C .55 35.53  .2449 | 64.60 .4453
141B~150B .6% 37.47 .2583 62.45 .4305
251-260 .59 39.04 .2691 ; 66.17 .4561

* —ivolume fraction doubtful !
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TABLE XLVII - Experimental Results For Graphite HTS/Epoxy
Sandwich Specimens

Cross Ultimate

Specimen Head Compressive Modulus of Type of

No. Speed Stress Elasticity Failure
‘ in/min K/in2 GN/m2 K/in2 GN/M2
. 263 82.58 .5693 Filament or

264 "_0—2"-_577’.3?"2557‘2“__““ S  matrix T T T
265 ’ 82.58 .5693 fracture
266 87.48 :603
267 72.19 .4976

Average 76.49 ,5273

TABLE XLVIII - Experimental Results For PRD-49-III, HTS/Epoxy
Hybrid Sandwich Spacimens -

271* 58.00 .3998 13500 93.07 Samz as 275

272%* 53.79 .3709 13000 89.62 Same as 275

273 .02 B

274 ) 64.02 ,4413 End failure

275 60.98 .4752 Separation be-
tween HTS and
PRD-49-1III

. ‘ layers
276 57.22  .3944 End failure

Average 58.80 .4053

!
i
| 1 o

*specimen with strain gages. . !




(*

b A

! N I/ - f IA 1

! b - h \ A by
N \F r‘ i
1
\ i \ \ \ i
y | ! J / /

1 4 2C 1 y 4

1 h o A h i

[ J' |\ '\, I‘ ]

. ! { N M A 1
H 1 \ ) \ y

-k Ay ‘\ 1 N | A P o

) "EXTENSION" MODE "SHEAR" MODE
{a) (b)

FIBER MATRIX FIRER

¥

1] N

i . :

i Figure (1) - Various Forms. of Deformation in

| | Fiber and: Matrix

o oy

{1 | gy i

il i ; j !

| : : A h i
: |' . LT . e X A ‘ }" g' : ‘
. , IR i i .
I . H 1§ _!’-!‘ . § ] H ‘




PN 0

\

CRITICAL FIBER BUCKLING STRESS o x 10

(o)}

(&}

H

w

N

RS R S e REE A Lo ol

Vf=o.5
i Vf =06
= Vf= 0.75
- G¢ = 270 ksi
(1.86 GN/m?2)
. —— — — WITHOUT SHEAR DEFORMATION IN FIBER

WITH SHEAR DEFORMATION IN FIBER

! I 1 i

o>

0 | 2 3 a4l 5

MATRIX SHEAR MODULUS ,Gr'nxj-lC'spsi
|
Figure (2) - Variation of Critical {iber; Buckling
’ Stress with Matrix Sheax! Modulus ‘
! [HEH ;

z
l
!
|
!




Gm= 200 ksi
(.38 GN/m2)
.
s
o
2
w
o
[
n
w
>
n
;]
w
@
o
- 2
o
O
w
=
n
QO
a
=
S
. . { . i |
0 2 4 1] 6 8 10
FIBER VOLIQME FRACTION V¢

Figure (3) - Variation of (Critical Composite Stress
1 with Fiber Volume Fraction with
i ) Interfacial Slip | |

3 .
{
i
{

l i-f:i




el

e

T
5
NEPon
Yy \,

R

i
LR )

+

imens

~Glassg Spec

ey

!

S ——



= LOAD, K (1000 Ibs)
N

!
|
o
|
|

i ]

i
| 02 04 | 08 10

i 15

DlSPL. ‘AENT IN.

(6)~Load- DeflectloL Cur : £ Control Spec:.men (No. 10:;7;
; and 1140 DenJ.e}: Y‘ar‘ Specimen (No. 224) o kil

E iu l : ; i ' :

£ oL ! ; :

I} | ol

o ———



_
: _
: _
,_
!

{
_
|
)
1
i
:
|
i
:
1
!
t
_
1
I

L8

Figure (7)-Failure Modes for Speciemens with Lateral
Reinforcements

e m RpAN pocs
'
.
3 ' !
“ '
‘e



- LOAD, K (1000 Ibs)

~—

5 o
3 -
2 112 C(ASTM)
|
1
l
||
04 08 08 I 12
—» DISPLACEMENT, IN
' i
I R
Fe (8)-Load-Deflection Curve! for Specimens with Lateral
Reinforcements; 0°-90P iGlass Cloth (No. 115),*45°
and 190° PRD-49-IIT (No.|112C)

Glass Cloth (No. 1§5n

et S

1l
iR

,
|



208 acewle

e

¥

R 1

R
ey

in

Alterations

ies

arious

7
1 Propert

for

vsica

re (9)- Failure lodes
Fiber Ph

igu

F




143 C(ASTM)

—» LOAD, K (1000 Ibs)

1314

J

'RI

ere e A IS =y

08

i :
= Curves for Specimens
§ fension (No. 131) and
Twist (No. 143¢C)

'
1
.

[



RPN SO T SO

—e LOAD, K (1000 ibs)

237

247

| J

->DISPLACEME!§IT,§

11)-Load-Displacement Curyes:
'Teflon' Coating (No.i23]
Coating (No. 247) i

' 06 08
IN.|

fb%;Specimens with
7)5§dd with Moisture
R

¥
[
i
i




»

Figure (12)-Failures Modes for Various Alterations
the Physical and tiechanical Properties
the Matrix

i
| , :

A e v ———————

in
of

|




R A T L 2 X
- eI Mg

—s LOAD, K (1000 Ibs)

i !
06 08

—'B>| DISPLACEMENT, IN.

: i
! Figure (13)-Load-Deflection Curves for Specirmens with
Fillers; Alumina (No. 158), Iron Oxide

(No. 168) and Aluminum Hetal Dust (%o. 208)
¢ ‘ i. t
o
Sl
| !
I il i |
REMNH } s
‘ i i f f
I ! , 5
| Al !
i 'zg ] 4 i
! {1 j ’ ’ .
! «H EE :
: o h :
t}




~ 215 =

—» LOAD,K (1000 Ibs)
.
|

l
|
|
|
|

1 l | ,

0 02, 04f
t b

06 08
- iouspn__Acgi:iA;sNT,m.

. Figure| (14)-Load-Deflection Cﬁrvehgfor Specimens with
,; Various Alte;atioﬁs,ipymatrix Properties;
{ Low Temperatgre.Curetyﬂﬁb. 177), High’
Temperature Post Curedj (No. 187), Dilute
Resin (No. 197)! ahd|Flexibilized Resin (No. 215)
; oo : : ;
! i ‘h ;t ; ; :
ol s b
i : ‘Alf' \ H I
] AT k| ‘ oo
i | o
Eoor e g ] R




PRD-49-I1II

i0n

ientat

fodes for *5° Or

2
L

253), HT-S Graphite (No. 267) and HT-S

(No.
/PRD-49-III Blend (No. 275)

igure (15)-Failure

P

B it



R R SIS ol SR S R L B i 2

—& LOAD,K (1000 Ibs)

i

— DlSPL.ACEM‘-'NT IN

Figure (16)-Load- Dlsplaéé_emen £l Curve for +5° Orientation
PRD-49-III i | | |

|

t

| 3 ,
3
|
|
S

i
| T )
i p

|

H }




Tl AR v e e, Rl AR b s,

8-
275
"]
2
o
O
=4
h4
o
<
o
-
|
|
l
0 /l | 1\. ]
(o) 04 ]. ’0? 08 ’
PPy
l —DDISPLACEMENT AN
! ; s
E‘ig"uxe (17) -Load-Deflection Curves for (HT:S Graphite (No, 263) ;
and HT-S/PRD-49-III Hybrigd |(Noi 275) - i
BRI - oo
IhE: ! ' i f
1 i kI i : id \
i !i J ; ‘ iR n
i ;‘ ; i 1 b '.: \
Ch 5 | | ;g By
i t i : i g W
; b {ﬂ i 1 a1 r,!




: j/‘

COMPRESSIVE FORCE

l RESOLVED
SHEAR FORCE

PRELIMINARY TO KINKNG  INITIAL KINK BAND
2 TO! LATTICE |

Figure (18)-Kink Band Formation Mechanism as Suggested in
Reference (36]

raxuu DIRECTION

\\\\\| !\\'\\\\‘}:;l\\\\ \\‘/7 !
NI HANRNR W

\V. %\\;

il Figer
SURFACE:

Figure (19)-Ribbon St rel of Graphite Fiber From
Reference 0oy

e et o e e e ¥t ¢




T

&Y.

R e R

Rl

)

NS

R LOAD DIRECTION

nk Band for
No. 158, x 50

.
-
.

K
pecimen

ing

7
Matrix S

ph Show

omicrogra
Reinforced

t

umina

(20a) -SEM Pho
Al

Figure

;
|

.

>
=i

ip

ks and S1

|
|

x 1000

158,

Xar

ie

LMo
i

D

Figure (20b)-SEM Photomicr

ving

ograph Shov

in Specime

Fiber

in a

Planes



|
|
i
|
]
_
|

gure (20b), x 3000

Fi

View ©

fagnified

b |
n

fZOc)-

Figure

N—

PP ettt s +°}

X

|
B
.

£ Fiber
158,

men No.

ing o

splitt
r Speci
|
|
|
5

terica

microgra

SEM Photo
:Along Diame

-
v
1

(204)




c

ey SN

-

o A

s

M
SEER
B

¢ ﬁf
e T

0.1 0 3 &w

o



- H o Jec—pe ottt
- L] te g T
. [Te)

1 Fiber

i
No.

(21b), x 3000
iPart
men

)
!
I
)

s

-1ng

o

peci

e e,

h
h
|
i
!&
g

d View of Figure

fie
icrograpt
Branc

Magni
tting or

{ Photom
i

-SE!
Spl

(21c) -

-
:
H
M

Figure

gurE (214)

Fi




e
~—

A LOAD DIRECTION

x 1000

iber
1478,

E

te
o.

T
Li

mole

Co

eclimen

igure

L3

h Showing
5 TPI Sp
£fF

rap
in

d View o

egration

ifie

b)-Magn

isint

b

i

o

Figure

Tigure (22a)-StM Photomicrog

[ 4
¢

|
|



o
o
ES)

“

VR
2.0
<

QO

o 0
ol o)
-~ U
P w0
4+
el
-

oMt}
0 <
©

1 ¥ o
Qoo
QMo
o O~
€

)
o9
o a -
o H
a0
owAQ
L e
0 A
0
Kol (1 e
2, 40
S n
N o)l
oy Q
o a-A
4P
U G d
.MOO
(OR
o
PDe -
o R =i o
£ 00
N K
W
= e
n -
U} e =

Figure (23a)

S

ied View

-Magnif

f

Figure (23b)




AL e

|

o
<
o
-

DIRECTION

9-III

-4

PRD

(24a)-SEM Photomicrograph Sho

.

-
I

igure

Specimen

-

orcecqQ

Reinf

0°-30°

in

Fiber Failures

st

~
-a

R

lew

(24b) -Magnified V

Figure




v on spiim T, SN

@—

LOAD
DIRECTION

Figure (25a)-SEM Photomicrograph of the Failure Surface of
E-Glass Sandwich Specimen No. 32, x 300

p

re (25a), x 1050

Figure (25b)-Magnified View

i
' |
| |

" ' i
N 1‘ ‘ :

e e




P Y T g N

L S

|
!
|
|
!
|
_
_
|
|

LOAD DIRECTION

Surface o=
300

e

X

-

267,

13

raph of the Fai

otomicrog
HT-S Graphite Specimen Ho.

h

Figure (26a)-SEM P

agnified View o

ng)—

1

Figure (




[y

Tigure

P7b) ~Hagnified View of ]
of Kink Bands on tli

—
LOAD

DIRECTION

(27a) -SEM Photomicrograph of a Knot of a Sincle
DRD-49-I1II Fiber,

x 200

s e
AN
TS,

e

b :,. et
P B i A e S

'Jk’-"?g;s.. m-:{j"‘ s BOSes

i

0
. |
;



Bl ol

!
?
M
{
,w.

&

SRR

r a Decrease

o)

o) n
x 2000

ius,

hotomicrogra
the Knot Rad

P

in

Figure (27c)-SEM

ing
; and

t
1
i

Show
Side

r Knot
nsion

¢
‘e

h of a
isintegration o
Slip Planes on the Conpre

micrograp

Complete D

(274) -SEM Photo

Figure

9]



