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6
Introduction

The potential of the advanced composites have been widely
recognized in recent years and a great deal of information has
been accumulated by various manufacturers and users. Most ot this
data, however, describes the properties which can be expected in
relatively thick laminates (10-100 plies) atter the recommended
curing cycle., (See Appendix A.) The properties which can be
expected in lightly loaded structures using thin laminates (1-3
plies) cured at atmospheric pressure and supported by low density
(3-6 pef) foam cores are less well knowne.

In an attempt to fill this information gap several people at
Massachusetts Institute of Technology have become involved in a
program of testing single graphite fibers and composite beams with
thin graphite facings and foam cores. The work that follows
represents the first step in that program for testing composite
beams with 2-ply O°-90° orientation facings and is believed to be
the first study of its kind conducted anywhere. Twenty beams
were tested using two types of foam cores with the intent of
determining compressive allowable strengths and elastic moduli of

the laminates in the longitudinal direction.
Description of Composite Beams

A composite beam as discussed in the following work i1s a bear




constructed with graphite facings and a foam core. (See Figure 1.)
The graphite facings provide the tension and compression strength

of the beam as well as providing the beam resisting moment. The pur-
pose of the foam is to separate the graphite tacings, give continuous
surport to prevent buctling, and to resist shear forces. To prevent
local failure at the loading points mahogany end blocks were substi-

tuted for the core material.

Grarhite
Facing

Foar Ccre
Test Sectiecn

Figure 1
Tvrical Corpcsite Bea~

The gravhite material was manufactured by Hercules Incorporated
in 12" pre-preg tapes. The various mechanical and physical properties
of the tare are listed in Appendix A. The foam used in the first
eight beams was Upjohn's CPR Urethane Foame. That used in the last 12
beams was Airex Folyvinyl Chloride Foam. Foam properties are also

listed in Appendix A,




Preparation of Beams

The fabrication of each composite beam consisted of three distinct
steps. These were: (1) curine and sizing ot the graphite laminate;
(2) preparation of the core; and (3) the secondary bonding of core
and facing.

The praparatinn »f the graphite facing was the most difficult as
well as the most important step in the construction process. The temp-
erature during cure appezred to make some difference in tinal properties
and the rneasure of vacuum was important in determining the quality
of interlaminar bonding as well as laminate thickness and weight.

The layup procedure involved placing the pre-preg tape hetween
tlotting layers (fiberglass cloth) and release material (peel-
ply cloth) and mounting the several layers upon a steel plate to

prevent crushing or distertion during cure. (See Figure 2.) The

PIGVRE 2
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entire lavupr was then sealed inside a nylon vacuum bag, evacuated,
ard cured for 23 hours at a temrerature of 350°F.* At the end of its
curing cycle the large sheet of laminate was cut to rroper size on

a sheet-metal shear,

The vreparation of the core was much easier. The wood and foam
blocks were cut to size on a table saw and glued together in a svecial
jie. The core was then put on a milling machine tc procduce flat,
parallel facing surtaces. Liecht sarding to remove any roughness or
fuzziness was the last step in core production.

Secondary bonding was necessary beczuse the foam cores could not
withstand the high temperatures used to cure the graphite. Ponding
was done using Smooth-On EA-40 epoxy under vacuum pressure at room
temperzture. The vacuum bag layup was similar to the graphite curing

layup descrited above, After the epoxy had cured the teams were

*%
resized to 2d just for a~y slivpage of the graphite during cure.

Excess epcxy was sanded from the edges on a belt sander and from the

surfaces to be instrumented with #220 wet or dry sandpaper.

= Varicus other temperature cycles were tried early in the program in
an attempt to reduce the laminate thickness towsrd the nominal value
of .0052" per ply obtained by the manutacturer auring high pressure
curing. For the various temverature cycles tried see lable 1.

**The graphite facings frequently slipped sideways such that. part ot
the gravchite would te unsup ported while a corresponding portion of
the core would be bare, Resizing was done on a power sander to adjust
beam width such that uncovered core areas were removed.
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Testing Procedure

The beams were instrumented wit: Micro Measurement L[A-i3-
187RP-120 Strain Gages., GCages were placed on hoth faces in the 0°
orientation and were placed at the center of the beam facings to
reduce any edge or end effects. No attempt was made to measure the
transverse strain,

The beans were tested for their tension and compression moduli
and their comovressive failure strergth using four-point loading. A
Baldwin-Tmery SR4 Model FGT test machine was used for loading. A BLH
Type 20 strain indicator was used to measure strains on the tirst eight
beams. A BIH Model 1200 strain indicator was used to measure strains
on the last twelve., Loading steps of 20-50 pounds were used so that
otservations of the beam and several measurements could be recorded

throughout the loading cycle,

Analysis of Data

The loading geometry was such that the moment in the test
section was 1.38 times the load applied by the testing machine.
The beam moment of inertia was determined as tor a rectangular

cross-section using average facing and core thicknesses at the

2
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strain gage centerline and ignoring the contribution to bending
stiffness of the foam. Stresses were then computed using the
familiar relationship S=My/I. Tension and compression moduli

were determined by calculating the slope of the linear portion

of the stress-strain diagrams. Calculation of the Weibull para- -
meters for compressive failure strength was done with the help

of a computer program previously developed in the Department of
Aeronautics and Astronautics. The geometry of the loading

mechanism is shown in Figure 3.

P/2 r/2
745 i
|« 8§ ¢ RS |
= . ]
L——Z.?G
p/2 P/2

Fiqure 3
Beam Loadina Geometrvy

Findings

In light of these tests it appears that the Polyvinyl Chloride

Foam may offer core vrcperties which will satisfy the requirements
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of lightly loaded comvosite structures. It is easy to work with
and allows the laminate to develop good compressive strength
without buckling. The Urethane Foam, however, does not seem to

be a satisfactory core material. 1In all cases where urethane was
used beam failure was due to a tension tailure of the foam which
allowed the gravhite to buckle outward at relatively low beam
loading. Photogravhs of the various modes of failure are presented
in Appendix B.

With PVC foam cores the laminate demonstrated mean elastic
moduli of 7.38 MSI in comrression and 7.59 MSI in tension. The
compressive allowable strength was calculated to be 272 pounds per
inch. Nodes of fajilure were an arparent compressive failure of
the graphite and a ccmbination compression failure of both the
foam and the grarthite simultaneously.

The testing method: used appear, in retrospect, to be sound
and should be continued as such. Future testing may well yleld
hicher moduli and allowahle strength as additional experience is
gained and if more attempt is made to closely tollow the recommended

curing termrerature cycle putlished by the manufacturer,
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Core properties =i = 9
® 5 = 2% | —= |528 |528 z ot
I3 & . Z.a0a e >2 5 Q3 3~ yeie
o = . 0 o Qe o3 c o (SR O =
® s | g% I S Fzas | sk [355 |35 | &%
«j2g | 22 |2¢ E e o EAR e a
w L « (o]
7] g
1 2.62 .767 5.1 v L0132 234 7.41 7.04 a Unkno
2 2.65 .771 Sak u L0133 170 6.60 5.72 a Unkno::
3 2.62 .765 5l u .0129 221 7.63 6.83 a Unknown
4 2.65 .772 Sl v .0172 334 6.37 8.00 a a
5 2.59 .766 Sl U .0142 223 6.92 7.22 a b
6 2.65 <779 ek U .0148 279 7.41 7.58 a b
7 2.69 <281 30 6] L0176 293 6.08 7.63 a c
8 2.62 .764 5.1 U .0185 327 6.15 6.15 a c
9 2.47 .721 9.0 PVC .0153 642 7.33 T=33 b d
10 2.66 .693 5.0 PVC .0153 554 7.17 6.78 b d
11 2.49 .682 5.0 PVC .0143 507 7.63 7.66 b e
12 2.40 .730 540 pvC .0145 456 7.14 7+35 c e
13 2.65 .692 5.0 PVC .0143 469 8.16 7.55 b e
14 2.65 w15 5.0 PVC .0144 461 7.69 7.60 b e
15 2.64 .710 5.0 PVC .0138 366 7.66 Te37 (- e
16 2.64 .669 5.0 PVC .0140 517 7.78 8.10 c e
27 2.68 .714 5.0 PvC .0145 513 7.56 7.22 c e
18 2.49 .705 5.0 PYC .0138 510 7.53 7.14 d e
19 2.57 .704 5.0 PVC .0136 419 7.63 7.49 c e
20 2457 «70S 5.0 PVC .0142 520 7.91 6.94 (= e
» Notes:
Material--U designates Upjohn's 9006~-4 Urethane; PVC designates Airex Polyvinyl
Chlorice.
Failure rode--"a" is tension failure of the foam; "b" is compression failure of
the graphite facing; "c" .s combination failure of both foam and graphite in
compression; "d" is compress.on failure of graphite originating at site of
earlier ply delamination.
sg:&gg_g¥%%3§-— " is 2.75 hrs 2 350°F; "b® is 3 hrs @ 250° and 1 hr @ 350°9;
e 1s hRrs 22259, 1 hr @ 3509; "d" is 2.5 hrs 22259, 1.75 hr @ 350°;
"e™ is 2.5 hrs. @ 3500F,

TABLE 1

TABLF 2 STATISTACAL DATA
Normal Distrihution Para- Weibull Parameters for
meters for Flastic Moduli Compressive Strength
(MS1I)
Beams AAT
a 5 £
- ~ - 9 2, :
Ec F.c l‘.t F't N N B
1-8 7.02 » 07 6.82 .61 5.62 282.0 «35
9-20 7.38 .35 7.59 .29 7.66 $23.7 .52

tiote:

NB' the desian allowahle comnressive }oad per inch, is

calculated from the ahove as Hssf

that value of N such that 908 of all sarmnles

B > 5y

and represents
(future) wi-l

fail at sore load areater than or ecual to NB with 95%

confidence.

COMPRESSIVFE ALLOWZABLE STRFNGTH WITH URFTHAND FOA' CORI:

COMPRESSIVE ALLNUARLE

STRENGTH T"ITH PVC

FOA' CORL:

98 1b/in.

272 1b/in.
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TABLE Al FOAM PROPERTIES

R CPR URETHANE AIREX 01/18
9006~4 PVC FOAM
COMPRESSTVE | PARALLEL 38
STRENGTH 120
(psi) PERPENDICULAR 75
COMPRESSIVE | PARALLEL 900
MODULUS OF 5000
ELASTICITY | ppRPENDICULAR 2000
(psi)
PARALLEL 70
TENSILE 260
STRENGTH 3
: PERPENDICULAR 90
(psi)
SHEAR STRENGTH (psi) 50 125
NOMINAL DENSITY (1b/ft3) 4 6

* Indicates a direction of loading parallel to the face of
applies onlv to the urethane foam.

the beam and

TABLE A2 GRAPHITE PROPERTIES

MANUFACTURER Hercules Incorporated
PHYSICAL PROPERTIES®

Fiber Volume 59% 3

Density .0577 1b/in

Ply Thickness .0053 in.
LAMINATE MECHANICAL
pxopsagxzs*

0~ Tensile Strength 239 ksi

0o Tensile Modulus 20.5 msi

0o Flex Strength 276 ksi

0~ Flex Modulus l17.2 M8l

Short Beam Shear Test| 18.9 ksi

* Values are for l-ply laminate cured as recommended
by the manufacturer.
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Manufacturer's Recommended
Graphite Curing Cycle AO1

Laminates shall be cured as follows:

a.

b.

Ce
d.
e.
f.
8e
h.

i.

Je
ke

Preheat press platens to 275 + 5°F'.

Place mold in press and apply contact pressure of 10-15
pounds per square inch (psi).

Hold at contact pressure of Step b, for 18 + 1 minutes.
Increase pressure to 100 + 10, — 0 psi.

Increase temperature to 300 + 5°F.

Hold at 100 + 10, — 0 psi and 300 + 5°F for 30 + 5 minutes.
Increase temperature to 350 + 5°F and hold for 30 + 5 minutes.
Decrease temperature at a rate of 13 + 2°F per minute until
temperature of 150 + 5°F is reached.

Release pressure,

Remove mold from press.

Remove laminate from mold.
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Failure Mode "&"

Fajlure Mode "a" was a tension failure of the foam core which
allowed the graphite facing to buckle outward. It was found

to occur only with the Urethane foam core beams and was the
method of failure in all eight cases. The half-wavelength of the
buckling varied from 5/8" to 1-3/8" and often varied from one
edge of the beam to the other. Failure was very rapid and was
always occumpanied by a "popping" sound as the graphite tore
loose, The failures occurred at relatively low levels of stress

when compared with the PVC foam core beams.
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Fajilure Mode "b"

Failure Mode "b" was a compression failure of the graphite facing.
This failure mod: occurred on five of twelve occasions where PVC
foam was used as core material, The failure line was characteris-
tically very jagged through the facing with 1little apparent permanent
deformation of the core material, Failures occurred at stress levels
of 25,000-35,000 psi. (The compressive ultimate strength of the

laminate is about 90,000 psi.)
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Failure Mode "e"

Fajlure Mode "c" appeared to be a combination failure of the PVC
foam and the graphite facing although it is probable that one caused
the other to occurs The failure of the foam was a compression
fajlure and can be identified on the beam by the straight, sharp
V-ghaped indentation., It varied in length from about %" to 1-3/4"
with the remainder of thé facing failing in compression similarly to
Mode "b". This mode ot failure occurred on six of twelve occasions

with the FVC foam core beams.
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Failure Mode "d"

Failure Mode "d" was one-of-a-kind and occurred only on beam

#17. It is very similar to Mode “b"
laminar delamination occurred cn one
to weaken the beam locally and allow
the graphite “~cing to occur at that

was about 2" wide, it is interesting

maXx

AT T ——

except that some inter-
edge ot the team sutticlient
ompressive failure of

sites Although delamination

to note that the maximum

comrressive load, N , Was comparable to that of all other fallures,




