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SUMMARY

This program has been concerned with the development of techniques to fabricate
filament-wound tube structures of whiskerized graphite fiber in epoxy resin. The

first efforts on the program were devoted to the selection of an optimized whiskerizing
level on PAN-precursor graphite fiber of 60 million psi modulus through evaluation

of flat laminates in two phases:

1. Static Evaluations—tensile and compressive testing of honeycomb sandwich
beam configurations of unidirectional and cross-ply laminates, short beam
shear testing, torsion rod testing, and plate saddle shear testing.

2. Fatigue Evaluations—tensile-zero-tensile fatigue testing of unidirectional
laminates to 107 cycles.

From these flat laminate phases,an optimum 3% whiskerizing level was selected and
applied to continuous tow for development of filament-winding techniques in two
further phases:

1. NOL Ring Configuration—filament-winding techniques were evolved to
attain a nominal 50 volume %, low void content, hoop-wound
cylinder from which NOL rings were cut and evaluated.

2. Torsion Tube Configuration—the winding techniques were applied to form
1-inch ID, thin-walled cylinders for torsion shear testing in unidirectional
(hoop), two orthotropic cross-ply and one isotropic cross-ply configuration.

The 3% whiskerized fiber was found to filament wind io the desired composite under
nearly the same conditions of impregnation and tension as the same type of fiber
received with the manufacturer's surface treatment. The most significant difference
in filament-winding characteristics was found to be between the high-modulus and
intermediate-modulus types of PAN-precursor graphite fibers. Interlaminar and uni-
directional in-plane shear strengths for the 3% whiskerized material were measured
as equal to or greater than those of tnc surface-treated fiber. The shear strength

and modulus in the unidirectional configurations increased directly with whiskerizing
content. The shear properties of +45° orthotropic and the isotropic tube configura-
tions were found to be relatively independent of fiber surface treatments but highly
dependent on fiber strength, modulus, and volume content. The fatigue strength

(at 107 cycles) of the whiskerized fiber laminates was found to be essentially equal
to that of laminates of the virgin fiber from which the whiskerized fiber was produced,
even though a significant reduction in static tensile strength was found. All con-
figurations in which shear between the fiber and matrix played a decisive role in
determining the properties were improved by the presence of whiskerizing; for



example, the shear beams, torsion rods, and saddle shear plates, the +45° laminates
in tension and compression, and the unidirectional torsion tubes. The presence of
whiskerizing did not appreciably affect such properties as tensile and compressive
moduli of 0° and 0°-90° laminates, laminate Poisson's ratios, NOL ring moduli,

and shear properties of torsion tubes having fibers in or near the 45° and 135° helices
of maximum tensile and compressive stress under torsion.
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INTRODUCTION

The objective of this program was to develop techniques necessary to fabricate
graphite fiber-resin tubular composites with integral interlaminar reinforcement based
on the use of silicon carbide whiskers grown from the graphite fiber surface to achieve
interstitial reinforcement. The course of development to achieve this objective pro-
ceeded from the use of flat laminate construction to obtain optimum whisker content
based on tensile, shear, and fatigue properties, to the development of filament-
winding techniques using NOL ring configuration at the optimum whisker content,
followed by fabrication of torsion tube test sections in vcrious fiber orientations.

The process of growing the silicon carbide whiskers on the graphite fibers is called
"whiskerizing"; it was originated and developed by the Thermokinetic Fibers Division
of General Technologies Corporation. The process is a high-temparature vapor phase
transport and crystal growth utilizing the graphite fiber as growth substrate. Figure 1
shows the actual whisker growth resulting from the process on the high-modulus PAN -
precursor graphite fiber used in this program at the optimum treatment level selected
in this effort. Very little detail of the whisker morphology can be seen in optical
microscopy. However, in the scanning electron photomicrograph of Figure 2, whiskers
can be seen to be of relctively uniform diameter, approximately 0.3 to 0.5 micron,
and are attached to the substrate fibrils at random points distributed along the
substrate. Their orientation is more or less perpendicular to the substrate surface, and
the whisker growth morphology occasionally displays the abrupt change in growth
direction that is often found in whisker synthesis of many diverse materials(1,2). The
whiskerizing process is similar in growth mechanism to the process used to grow long
staple length wools of beta silicon carbide commercially. The deposition process in
this case takes place by means of a vapor-liquid-solid mechanism emplo)ying a molten
droplet of iron-silicon eutectic alloy at the growth tip of the whiskers Constitu-
ent species from the vapor phase condense into the molten droplet and deposit upon
the underlying crystal tip, causing it to elongate. The droplet growth nuclei upon
the surface of the graphite fibers can be seen in Figure 2 and are very evident at the
higher magnification in Figure 3.

In the case of beta silicon carbide whisker wool manufacture, these growth droplets
are deliberately seeded through the application of an iron alloy powder to the growth
substrate. In the case of the whiskerizing process, these V-L-S growth droplets form
spontaneously from the iron and silicon present in the vapor phase due to the high-
temperature hydrogen reduction of the impure silicate raw material. Strong attach-
ment of the whiskers to the graphite substrate is probably due to the gradual merging
of the two materials through carbon-rich intergrades of silicon-carbide at the point
of juncture.



a. Transmitted Light.

Figure 1. Whisker Growth on PAN-Precursor, High-
Modulus Graphite Fibrils, 400X.



Figure 2. Appearance of Whisker Growth on PAN=Precursor, High-
Modulus Graphite Fiber, 4400X, +— 1 micron.
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Figure 3. Whisker Growths and Nuclei on PAN-Precursor, High-Modulus

~————4 1 micron.

Graphite Fiber, 23,000X,"



The differing proportions of whiskers relative to graphite fiber that are produced by
the different levels of treatment such as those used in the early phases of this program
are obtained by two simultaneously occurring phenomena: the extension of existing
whiskers to greater lengths and the start of new whisker growth from nuclei formed in
the space between existing whiskers, thus increasing the population density as well
as whisker length of the higher treatment levels.

Prior art in compositing whiskerized graphite fiber began with the studies at the
Naval Ordnance Laboratory(4:5,6) showing that the poor interlaninar shear resistance
of many high-modulus graphite fiber composites can be overcome by whiskerizing.
The prior efforts at GTC have consisted of the process developmental studies carried
out in part under contract to the Naval Ordnance Laboratory together with in-house
efforts to develop composite fabrication techniques applicable to the treated fiber to
extract maximum properties(7,8). These studies found several effects of significance
to the formation of composites. The location, orientation, and properties of the
whiskers attached to the graphite fibrils are responsible for marked charges in the
processing characteristics of the fiber. The most pronounced changes are with regard
to resin impregnation and ease of compaction. It can be readily visualized that the
addition of the<e lcrge populations of small-diameter fibers to the graphite fiber
bundles causes a drastic change in the interstitial properties both before and after
compositing. Most immediately noticeable is the greater apparent stiffness of the
whiskerized graphite fiber bundles before any impregnation. This effect is due to
the mechanical interlocking of the fibrils within the graphite bundles by means of
vhe whisker-to-whisker contacts. This effect is progressive with degree of whisker-
izing and varies from a scarcely noticeable yarn stiffness to a very stiff bundle at

the extremes of treatment. This yarn stiffness carries over into the impregnated form
and has an obvious interaction with filament winding.

Also very significant is the progressively high fluid retentiveness of the whiskerized
fibers as the degree of treatment increases. This greatly affects the resin impregna-
tion step since the whiskerized fiber may be able to absorb severalfold more liquid
resin than the untreated fiber without draining away.

Finally, among the major effects upon composite processing is the resistance of the
interstitial fiber growths to the sidewise compaction required in lamination and
filament winding. This, too, is an effect that is directly related to the amount of
whiskerizing growth, and all of these factors must be balanced and compromised
with respect to the desired composite composition and fina! properties, while retain-
ing the ease of fabrication that is characteristic of resin-matrix composites.



DEVELOPMENT OF PROCESSING

LAMINATION

The lamination technique used in this program had been developed essentially in
previous work(7:8) | 1t involved the impregnation of unidirectional laminas with
acetone-diluted resin in a fixed excess, evaporation of the solvent, vacuum-treating
and B-staging, layup, compaction to precalculated dimensions, and cure in matched
metal moids. The details are given in the Experimental Techniques section. The
cross-ply laminates (£45°, 0°-90%) were similarly formed by cutting the unidirec-
tional layups at the appropriate angle. The standard laminate from which all
sandwich beams and tensile fatigue specimens were cut was 3 inches by 13 inches by
0.08 inch. Shear plates (4 inches by 4 inches) were formed in an oversized mold
and trimmed. Short beam shear specimens were molded in a 0.5-inch by 0.2-inch

by 4.5-inch mold.

DEVELOPMENT OF FILAMENT WINDING

The final phases of the program required the devel opment of filament winding to
allow the testing of NOL rings and torsion tubes. The goal of the filament-winding
development was to achieve void-free composite NOL rings at 56 volume % fiber,
in order to be as comparable as possible to the laminates used earlier.

NOL ring winding was used to develop the winding technique and was carried out in
this program on a mandrel having the standard 5.75-inch diameter but a 1-inch width.
It had been found earlier that the large graphite fiber tow cannot be effectively
wound into a 1/4-inch-wide mandrel space, as is normally done, because the tows

do not pack properly. To achieve good fiber content, a wide ring is therefore

wound, and the standard 1/4-inch widths are cut off on a lathe. This is illustrated

in Figure 4. The winding apparatus is shown in Figure 5.

The results of the filament-winding development sequence using the graphite contin-
uous tow are shown in Table |. At first, impregnation was accomplished with solvent-
diluted resin, a technique developed earlier and reported in a recent SPI pcper(s).
Windings 160709 - 160712 were made by this technique. [t was obvious that control
of voids was difficult, so the decision was made to switch to impregnation by passing
through a heated bath of the undiluted resin. Another effect found in this initial
sequence was that the void content and ring density did not respond significantly to
winding tension increases. This was also believed to be due to difficulties with
solvent removal .

The sequence 160713 to 160718 shows the development of the hot resin technique
using un-whiskerized high-modulus graphite fiber. In general, it was found that
very low void contents (about 1% by inspection) could be achieved routinely and

6



Figure 4. Filament-Wound Graphite-Epoxy Ring and
NOL Rings Machined From It.
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that somewhat higher winding tensions were necessary than with the solvent technique.
This is presumably due to the necd for massive resin flow at the winding mandrel with
the hot resin technique.

The decrease in winding tension and improvement in ring density achieved between
160715 and 160716 was due to the use of a hot mandrel (ca. 110°C) in the latter
winding. Previously, the mandrel was warmed only by resin carry-over. This was

a very significant development and allowed the excellent subsequent rings to be
fabricated. The results in terms of tensile strength, modulus, and chear strength that
were obtained with 160717 and 160718 were fully equivalent to those of the control
specimens of Phase | laminates, so the winding development was halted with the
control fiber. The microstructure of these rings is shown in Figure 6. The filament-
winding effort was then directed at employing the 3% whiskerized continuous tow
using the hot resin technique. Sequence 160720 - 160728 was the outcome of this
development. Considerable difficulty was experienced with sequence 160720 -
160723 due to fiber breakage and tow raveling. The 350-gram tensions in windings
160721 and 160723 were due to the extreme tendency to ravel and break. This
difficulty was finally traced to a particular spool of fiber tow, designated L143,
which had been used starting with 160720. This particular spool contained fiber that
was markedly more raveled before unspooling than any other used in this program. It
had the following virgin strength, as determined by the wet strand technique,
compared to that used in sequence 160709 - 160718, spool L166:

spool L143 - - 232,000 + 26,000 psi
spool L166 - - 275,000 + 31,000 psi

Because of the apparent poor quality of L143, use of it was discontinued and a new
spc~', L168, was whiskerized. The virgin strength of this spool was 256, 000 psi by
wet strand.

No further difficulty was experienced with fiber breakage and raveling under high
tensions with this new fiber. Windings 160724 - 160728 were carried out with no
complications. It was found that fiber contents above 60 weight % could be

obtained with the whiskerized fiber using a winding tension of 3000 grams, whereas
2500 grams was required with the un-whiskerized fiber. The rings of over 60 weight
% fiber meet the goal of 50 volume % fiber. Void contents in the latter runs were all
very low - less than 1%. The need for high-quality fiber for filament winding is

obvious.

Figure 7 shows the microstructure of the 3% whiskerized rings cut from winding
160728. There is no appreciable difference, except for the presence of whiskers,
between this and that seen earlier in Figure 6.

In the torsion tube fabrication phase of the program, the filament-winding technique

11



a. Transverse.

b. Axial.

Figure 6. Typical Distribution of Fiber and Voids in
Filament-Wound NOL Rings of Continuous
Graphite Tow, 80X.
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a. Transverse Section.

b. Longitudinal Section.

Figure 7. Typical Distribution of Fiber and Whiskers in
NOL Rings of 3% Whiskerized Continuous
Graphite Fiber, 800X.

13



developed with the NOL rings was directly adapted to applying the hoop-wound
layers. The unidirectional tubes (20°) were completely fabricated by this technique.
The tubes were 1.0 inch ID by 3.0 inches by 0.05-0.10 inch thick in nominal
dimensions. |n Table |, the results of this can be seen in windings 160730, 160735
and 160739, which are the 90° torsion tubes of treated high-modulus graphite, treated
intermediate-modulus graphite, and whiskerized high-modulus graphite fibers,
respectively. The fiber contents and void contents achieved were quite similar to
those of the NOL rings at similar winding tensions. [he intermediate-modulus fiber
actually gave a markedly higher fiber content than is apparent on the weight percent
basis. The 65 weight % s 56 volume % fiber. Thus, the same winding conditions
gave greater compaction (45 volume % vs. 51 volume %) with intermediate-modulus
fiber than with high-modulus fiber. This effect has been found by others(9) and is
apparently due to the modulus difference, since the morphologies of the two types are
nearly identical.

The hoop-winding technique was also used as the finishing layers on the 90°-0°/09-90°
orthotropic tubes and the £30°, 90° isotropic tubes, which provided the compaction
to the underlying laid-up cross-ply layers at angles other than 90°. These tubes are
numbers 160731, 160732, 160736, 160741, 160743, and 160744. Generally, the
densities, fiber contents, and void contents obtained in these angle-ply filament-
wound tubes are the same as the hoop-wound tubes. The notable exception is
160743, whose low density and fiber content are not due to any obvious cause.
Despite this exception, the filament-winding technique as developed was found to
be reproducibly capable of making well-compacted composites in both 1-inch-

and 5.75-inch-diameter cylinders with both treated tow and whiskerized tow. A
perhaps serious limitation on the direct use of the graphite tow is the relatively
thick resulting laminas, about 15-20 mils each. A flattened tape formed from the
tow would ollow more laminas in a given composite thickness.

14



RESULTS OF LAMINATE PROPERTIES EVALUATIONS

The data obtained from the testing of the laminates made from batch-whiskerized,
high-modulus, PAN-precursor graphite fiber in epoxy resin, Epon 828/Epon 1031/~
NMA/BDMA, are given in the tables of this section together with those obtained on
a similar series of laminates made with un-whiskerized but manufacturer surface-
treated fiber. Shear strength data on completely untreated fiber are also given. The
composites were fabricated to a target of 55 volume % total fiber and no voids, with
the exception of some shear specimens that were deliberately fabricated at signif-
icantly higher and lower fiber contents.

HONEYCOMB SANDWICH BEAMS

Three- by thirteen-inch molded laminate panels were fabricated with fiber of various
percentages of whiskerizing and with manufacturer-treated un-whiskerized fiber in
four fiber configurations:

2-layer, 0° orientation
3-layer, 90° orientation
45°-135°/45°-135° orientation
0°-90°/90°~C° orientation

Q0 T Q

In all cases in this program, the fiber that was subjected to whiskerizing treatment
had not been surface-treated by the manufacturer. These laminate panels were cut
lengthwise into 1- by 13-inch face plates for sandwich beam construction. The gage
sections of the composite face plates were instrumented with strain gages in the
longitudinal and transverse orientations. Beams having face plates from each lami-
nate panel were tested in either the tensile or the compressive mode, depending on
the position in the beam flexure. The results of these tests are given in Tables |1
through V for the four fiber layup configurations. The details of the beam fabrica-
tion and testing methods are given in later sections.

SHEAR MODULUS PLATES

Five 4- by 4-inch laminate plates were fabricated with whiskerizing contents from

0% to 9% and tested in diagonal loading for shear modulus. These laminates all had
unidirectional graphite tow fibers. An additional plate laminate (number 230) was
deemed unsuitable for shear modulus testing because of a poorly cempacted areq,

but it was utilized for shear testing by cutting into beams and a torsion rod. The
results of this are cited in a later section. The results of the five diagonal -loading
shear modulus tests from the good specimens are given in Table VI. The as-calculated
values are given as well as the values corrected for the effect of loading slightly
inboard of the extreme corners of the samples.
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SHEAR BEAMS AND TORSION RODS

A series of short beams was fabricated over the range of whiskerizing and subjected
to the horizontal 3-point flexure loading for shear testing. Reliable shear failures
could not be obtained with this method at whiskerizings higher than about 2.5%
because of the high shear strength/composite fiber strength ratio, which led to
tensile failures, even at very low span/depth ratios. Two alternative methods—
|-beams and torsion rods—were used to obtain shear failures and therefore shear
strength values. The |-beams were cut from shear beam laminates by narrowing the
beams in the middle to form narrow webs resembling an |-beam configuration. These
cuts were made by longitudinal passes with an abrasive high-speed cut-off wheel.
The torsion rods were cylindrical specimens with longitudinal fiber orientation. These
rods were made two ways: machining on a lathe from laminate stock, and molding
in a cylindrical matched-metal mold. All tests with the |-beam and torsion red
configurations yielded shear failures, although there was some indication in a few of
the torsion-rod tests that the failure was grip-initiated. The results of all shear
testing are given in Table VII.

Some of the specimens machined into torsion rods were from laminates fabricated
earlier than this program (laminates 60, 130, 131, and 133). These tests are from
remnant pieces of these laminates and were made for early verificatior of the
suitability of the torsion test before a rod-molding die was available.

TENSILE FATIGUE SPECIMENS

Flat laminates of batch-whiskerized high-modulus PAN-precursor fiber, manufact-
vrer-surface-treated un-whiskerized fiber, and untreated un-whiskerized fiber of
the same manufacturer's batch as the whiskerized fiber were fabricated for this phase
of the program by the same technique used to form the 0° sandwich beam face plates.
All three types of laminates were evaluated in static tensile tests with glass fiber
composite tabs applied and were subjected to fatigue testing.

The fatigue testing consisted of tension-zero-tension cycling at constant stress until
failure (load release) or until runout defined as 107 cycles was obtained. The direct
stress apparatus used in this testing is shown in Figure 8. Specimens carried to
runout were then subjected to one or the other of the following:

a. Cycles at high stress level until failure or past 10 cycles.

b. Tensile test for residual static strength.

The results of the evaluations and tests are given in Tables VIII-XI. The appearance
of the specimens that had urdergone the fatigue cycling is shown in Figure 9. A
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TABLE Vill. LAMINATE PROPERTIES

Laminate Number

258 261 265 237 238
% Whiskerizing(®) 5.0 5.1 2.9 o(d ole)
v/o Total Fiberd 53 56 55 52 52
v/o Void(©) -0.4 -1.0 1.5 1.1 2.0
Composite Density (g/cc) 1.65 1.69 1.64 1.61 1.60

c’)By ignition of composite samples.
b)By acid analysis of composite samples.
¢)Calculated from specimen density, fiber content.
Manufacturer surface-treated.
€)Untreated, un-whiskerized fiber from same batch as in laminates 258, 261, and 265.

(
(
(
(
(

TABLE IX. STATIC TENSILE TESTING DATA

Laminate Number

258 281 265 237 7238
Strength (103 psi): 5.0  63.0 93.9 107.6 (96.8)SH
749  @39.917 7197 122.2 (8. 9)SH
1.7 40.9 63.7TT 6.6 1027
49.8  68.8 62.0 144.5 82.6
50.3 53.9 88.0 120.6 (83.1)3H
6702 (86.0) 102.2TT 948
70.0 111.6 (96.4)SH
74.6TT  (81.0)SH
(99.0)5H
105.3
97.2
Average of
Gage Section Breaks: 57 .5 58.8 79.2 121.3 96.5
Standard Deviation; 10.9 11.5 13.0 14.3 8.9
Average Young's
Modulus (108 psi): 35.7 36.9 36.7 31.8 34.0
TT = Tensile failure at tab end.

SH Shear failure in tab end.
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TABLE X, RESIDUAL STRENGTH AFTER STRESS CYCLING

Cyclic Residual Percent of
Specimen  Stress Level Percent Cycles of Strength Original
Number (103 psi) of Static Stress (103 psi) Static
258-2 42.3, 44.6 74, 78 11,100,000 58.3 101
2,300,900
261-2 42.0, 45.1 71,77 4,806,100 68.1 116
2,110,000
265-7 59.5 75 8,875,000 100.1 126
265-8 60.0 76 9,012,000 77 .2 97
265-12 54.7 69 10,195,000 73.0 92
237-11 80.0 66 10,100,000 130.8 108
238-7 60.2 62 9,404,000 87.8 91
238-8 62.5 65 3,210,000 90.8 94
238-9 62.5 65 5,490,000 111.4 115
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TABLE XI. FATIGUE TEST RESULTS

Percent  Maximum
Specimen of Stress Cycles Cycles
Number Static (103 psi) to Failure to Runout Remarks

258-1 76 43.6 30,300 -
258-2 74 42.3 - 11,100,000

U 78 44.6 - 2,300,900  to residual testing
258-4 80 46.0 8,500 =
261-1 78 46.1 150 =
261-2 71 42.0 - 4,806,100

" 77 45.1 - 2,110,000 to residual testing
261-4 78 46.0 78,200 -
265+1 76 60.0 - 10,195,000

" 82 65.0 4,300 -
265-3 82 64.9 93,300 -
265-4 79 62.4 26,100 -
265-6 63 50.1 - 10,018,000

" 72 56.7 2,900 -
265-7 75 5965 = 8,875,000 to residual testing
265-8 76 60.0 - 9,012,000 o residual testing
265-10 89 70.1 100 -
265-11 77 61.0 141,500 -
265-12 69 54.7 - 10,195,000  to residual testing
265-15 76 60.0 - 11,120,000

" 88 70.0 2,140 -
237-1 64 78.2 - 500,700  grip mechanism failure
237-2 69 83.5 150 -

37-4 60 72.6 - 8,300  grip mechanism failure
237-5 58 70.0 - 7,590,000  splits

" 74 90.1 150 -
237-6 59 72.0 831,400 - split at 60,000 cycles
237-9 54 65.9 = 3,800 split along edge

no load release

237-10 70 84.7 700 -
237-11 66 80.0 - 10,100,000 /o residual testing
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TABLE XI - Continued

Percent Maximum

Specimen of Stress Cycles Cycles

Number Static (103 psi)  to Failure to Runout Remarks
238-1 67 65.0 3,900 - split at 3400 cycles
238-2 64 62.1 13,600 - split at 12,000 cycles
238-3 74 71.0 163,700 -
238-4 64 62.0 1,196,500 -
238-5 74 71.0 100 -
238-6 63 61.5 - 6,030,000

" 84 81.1 50 -

238-7 62 60.2 - 9,404,000 to residual testing
238-8 65 62.5 - 3,210,000 to residual testing
238-9 65 62.5 + 5,490,000 to residual testing
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Specimen No.
237-10
237-2
237-9
237-6
237-5
237-4
237-11
237-1

261-1
261-2
261-4
258-1

258-2

258-4

265-1
265-3

265-4
265-6
265-7
265-8
265-10
265-11

e SNSRI S
e W S EREREEEETET T 265-15

Figure 9. Appearance of Fatigue-Tested Specimens.
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few of the specimens broke at several places at fatigue failure, resulting in loss

of fragments in the middle. The whiskerized specimens generally exhibited cleaner,
more brittle appearing breaks than the un-whiskerized specimens, which tended to
break with a good deal of axial splitting and fraying. Some of these latter specimens
were noted to have split longitudinally at a number of cycles far short of load release.
These are noted in the results. No whiskerized specimen exhibited this low-cycle
splitting.

COMPOSITE ANALYSIS AND MICROSTRUCTURE

The composite laminates used in the physical properties testing of this program were
sampled for analysis of composition. With the honeycomb beam plates, samples of
about one square inch were taken within the gage sections. Pieces were cut from
the shear beams, torsion rods, shear modulus plates, or fatigue specimen laminates.
The details of the analytical technique are given later in the Experimental Tech-
niques section, but they consisted of digestion of the resin matrix with hot nitric
acid to determine total fiber content, ignition of the residue of acid digestion to
determine percentage of whiskerizing, and ignition of undigested composite samples
to verify percentage of whiskerizing. The results of these analyses are given in
Tables XII and X111, together with the values estimated from the amounts of material
used in the lamination process that were used for initial evaluation of the suitability
of the laminates.

The fiber contents derived from these analyses helped in general to resolve some

of the apparently anomalous properties, such as calculated void cuntents signifi-
cantly less than 0%, which is of course impossible. Most of these instances were
resolved by use of the analytical data to determine the calculated values of fiber
volume % (v/0) and void content. Five of the instances of fiber v/o calcula-

ted to be over 60 v,/o by means of the materia! balance data were found to be in the
range of 55-59 v/o, thus reducing the apparent scatter of compositions. The
nominal value of 55 v/o fiber aimed for on this program is equivalent to 57 weight
% in a void-free composite. The extent to which this was adhered to can be

seen in Table XII. The laminates with numbers in the range of 60-133 were not
fabricated during this program, so they are not to be compared for v/o consistency.
They were fabricated to be 60 v/o composites. The average analytical fiber content
of the laminations made in this program was 66.6 weight %, which is very close

to the target value. The differences found in Table XII between the material balance
and the analytical values are probably due to both difficulty in keeping a material
balance and difference between overall laminate composition and the sample com-
position. However, on an average, the 48 laminations Nos. 148-265 were 66.8
weight % by material balar.ce, which is extremely close to the 66.6-weight-%
average analytical value.

An unexpected result was found in the analysis for percentage of whiskerizing, in that
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TABLE XI!. RESULTS OF COMPOSITE FIBER CONTENT ANALYSIS

Total Fiber Content Total Fiber Content
Laminate Specimen (Weight %) by Materiot (Weight %) by Nitric
Number Type \° Balance on Lamination ) Acid Ana|ysis(c)
60 SBS, TR 74.0 75.9
130 SBS, TR 69.8 2l
131 SBS, TR 74.9 74.9, 73.8
133 SBS, TR 69.5 72.3, 66.1
148 HBP 65.3 70.7
149 HBP 66.7 67.9
150 HBP 68.6 73.0, 71.7
152 SBS 74.6 66.4
154 HBP 65.9 66.8
155 HBP 68.9 67.2
156 HBP 68.6 69.1
157 SBS 68.6 69.5
158 HBP 64.5 66.1
159 HBP 68.9 67.2
160 HBP 72.9 67.3
161 HBP 67.3 65.5
162 SBS 72.3 70.9
165 HBP 65.2 65.8
166 SBS 71.5 62.2
167 SBS 69.3 67.9
168 HBP 64.2 63.6
169 HBP 65.0 68.5
170 HBP 66.9 66.7
171 HBP 61.2 63.5
172 HBP 62.0 58.2
i76 SMP 62.8 65.0
180 SMP 63.1 61.1
182 TR 62.1 68.3
188 SBS 61.7 62.3, 61.2
(o) SBS = Short beam shear specimen.

TR Torsion rod.
HBP = Honeycomb sandwich beam plate.
SMP = Shear modulus plate.
(b) Fiber weight in layup + laminate weight.
(c) Digestion of resin matrix in nitric acid: weight fiber recidue < weight specimen.

I
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TABLE XII - Continued

Total Fiber Content Total Fiber Content
Laminate Specimen (Weight %) by Material (Weight %) by Nitric
Number Type(o) Balance on Lamination Acid Analysis(c)
205 SBS 67.5 64.5
208 HBP 66.0 61.9
209 SMP 68.8 72.8
213 HBP 71.7 66.4
214 HBP 49.9 67.5
217 SMP 67.5 65.1
224 HBP 69.2 67.2
225 HBP 69.0 68.7
226 HBP 65.0 68.9
227 TR 63.0 59.5
228 TR 65.4 64.1
230 SMP 70.7 75.2
231 TR 68.1 65.3
232 TR 67.2 70.6
233 SMP 70.4 70.4
234 HBP 66.0 59.2
235 HBP 74.9 73.8
236 TR 66.7 66.0
237 FS 64.8 64.1
238 FS 65.5 64.5
258 FS 64.7 65.1
261 FS 66.5 67.3
265 FS 67.9 67.1
(@) sBs = Short beam shear specimen.
TR = Torsion rod.
HBP = Honeycomb sandwich beam plate.

SMP = Shear modulus plate.
FS Fatigue specimen laminatc.
(b) Fiber weight in layup = laminate weight.
(¢) Digestion of resin matrix in nitric acid: weight fiber residue = weight specimen.

11
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TABLE X111, RESULTS OF WHISKERIZING ANALYSIS

Percent Percent Percent
Whiskerizing Whiskerizing Whiskerizing
Laminate Specimen of Component of Acid by Composite
Number Typela) Fiber Batch(b) Anal ysis Residue(©) Ignition(d)

130 SBS, TR 5.7 4.4 7.1

131 SBS, TR 4,6 3.8,4.2 5.5,6.5
133 SBS, TR 3.8 5.0,2.4 5.7,4.9
148 HBP 2.4 2e9 3.6

149 HBP 2.6 2.1 3.8

150 HBP 2.3 1.6,1.6 2.2,2.4
152 SBS 10.6 1.7 2.6,2.9
154 HRP 1.6 1.0 1.2

155 HBP 1.4 2.7 2.2

156 HBP 1.2 0.9 1.6

157 SBS 1.4 0.9 1.9

158 HBP 3.4 2.9 4.6

159 HBP 9.9 2.6 7e9

160 HBP 3.4 6.5 5.8

161 HBP 3.6 3.8 5.3

162 SBS 2.3 2.4 2.7,4.3
165 HBP 6.2 5.2 6.2

167 SBS 3.3 2.0 2.9,2.9
180 SMP 1.8 2.8 1.8

182 TR 1.8 1.4 1.8

208 HBP 4.1 2.5 4.0

209 SMP 7.4 7.3 A

213 HBP 2.4 4.0 6.7

214 HBP 1.6 1.5 2.0

217 SMP 2.4 4.3 4,2

224 HBP 9.3 8.1 11.2

() $BS = Short beam shear specimen.

TR = Torsion rod.

HBP = Honeycomb sandwich beam plate.

SMP = Shear modulus plate.

Weight % of whiskers in as-received fiber batch.

Weight % of ignition residue of the fiber left after nitric acid analysis.
Weight % of ignition residue of composite sample divided by weight %
of total fiber in composite sampie (times 100).
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TABLE X1l - Continued

Percent Percent Percent
Whiskerizing Whiskerizing Whiskerizing

Laminate Specimen of Component of Acid by Composite
Number Typela) Fiber Batch(b) Analysis Residue(©) Ignition(9d)

225 HBP 8.3 2.0 1.4

226 HBP 11.8 6.1 10.9

230 SMP 4.0 3.4 4.4

231 TR 4.0 3.6 5.4

232 TR 10.9 1.8 7:3

233 SMP 4.8 4.2 6.7

234 HBP 9.8 10.0 8.3

235 HBP 4.6 4.2 6.5

258 FS 4.7 5.1 5.0

261 FS 4.9 D8 5.1

265 FS 2.7 2.7 72°)

(@ TR = Torsion rod.

HBP = Honeycomb sandwich beam plate.
SMP Shear modulus plate.
FS = Fatigue specimen laminate.
(b) Weight % of whiskers in as-received fiber batch.
(c) Weight % of ignition residue of the fiber left after nitric acid analysis.
(d) Weight % of ignition residue of composite sample divided by weight %
of total fiber in composite sample (times 100).
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the values obtained by ignition of the fiber residue left cfter acid analysis were, in
general, significantly lower than those obtained in the quality control analyses of
the fiber batches used to make up the laminates. |t was decided that there was the
possiblity of significant whisker loss in transferring the fiber residue from the fritted
disc crucible to the ignition crucible, so a parallel set of anclyses was carried out
using ignition of the composite itself. The residue of the analyses was related to
percentage of whiskerizing (fiber basis) by using the value of total fiber content
obtained from the acid digestion analysis. These values were generally more con-
sistent with the fiber batch QC analyses and were higher, in general, than the
earlier test of fiber residue ignition.

This latter fest for percentage of whiskerizing is judged to give the most accurate
values; hence, these values are cited throughout this report for correlation purposes.

Samples of all laminates evaluated during this program for mechanical properties were
subjected to microscopic examination of structure. The samples were mounted and
examined petrographically; i.e., embedded in a hard potting compound, polished
through 0.3 micron alumina grit on a vibratory polisher, cnd examined by reflected
light. The various types of layups were sectioned as follows:

a. 0°and 90° beam plates, shear beams, shear modulus plates, torsion rods,
and fatigue specimens—perpendicular to the graphite tow fibers

b 990/900—00 beam plates—perpendicular to the 0° lamina

¢. .2¥-135°/45°-135° beam plates—perpendicular to the beam plate axis
(all tibers sectinned at 45° therefore)

The typical microscopic appearance of the cross-ply laminates is shown in Figures

10 and 11. The microscopic observation of these sections verified in general the
results of the conipesition analyses with regard to fiber content, appaient whisker
content, and void content. For example, no significant void content could be found
in those specimens having calculated void contents below 1%. The few specimens
with void contents above 2% had obvious void content under microscopic examina-
tion, and these voids tended to be concentrated in the interlaminar regions. Figures
12 and 13 provide comparisons of typical exampies.

Two types of nonuniformity could be found in o few laminates: regions of much
higher than average whisker content and regions of grossly maldistributed graphite
fiber. Figures 14 and 15 show these anomalies in typical views. The very high
whisker concentration anomaly tended to be in the interlaminar regions of the
relatively highly whiskerized leminates. This appears to be due to overgrowth of
whiskers on the monolayer layup. The gross variations in fiber distribution within
a laminat: are probably due to differences in resin advancement (viscosity) from
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Figure 10. Section of 0°-909/90°-0° Cross-Ply Laminate,
No. 224 (100X).
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Figure 11. Section of 45°-135%/45°-135° Cross-Ply
Laminate, No. 150 (100X).
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Figure 12. Cross Section of Void-Free Composite,
No. 230 (100X).

Figure 13. Cross Section of Compasite Showing Voids,
No. 232 (100X).
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Figure 14. High Interlaminar Whisker Concentration,
No. 234 (100X, dark field).

Figure 15. Maldistributions of Graphite Fiber, No. 167
(100X, dark field).
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layer to layer and the resultant differences in local resin flow under compaction.
The interstitial region between graphite fibrils is shown in high magnification in
Figure 16 for un-whiskerized fiber and in Figure 17 for a region of about 3% whisk-
erizing. Regions of graphite fibril contact can be found, but they tend to be less
frequent in the whiskerized composites, presumably because of the tendency of the
whiskers to keep fibrils apart under compaction. The appearance of the whiskers as
regards size and configuration is typical, the more highly whiskerized specimens
having more and, to a degree, longer whiskers. Undoubtedly, submicron whiskers
that cannot be resolved are also present.
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RESULTS OF FILAMENT-WOUND STRUCTURE
PROPERTIES EVALUATIONS

NOI RINGS

The results of the testing of the NOL rings cut from the filament-wound cylinders
are given in Table XIV. The procedure consisted of testing all of the four rings for
ring flexure modulus (nondestructive), testing two rings to failure in split-disc
tensile, and cutting the other two rings into segments for shear testing and flexure
strength. The appearance of failures in these NOL rings is shown in Figure 18.

The composition of the rings was determined by analysis after testing. Digestion by
nitric acid yielded fiber weight content, and ignition in air yielded whiskerizing
level.

The whiskerizing process was carried out at the standard conditions generally used
to yield 3% whiskers by weight on the fiber. The analysis of the samples of com-
posite yielded a value for the treatment level of 3.3% with a standard deviat ion
of 0.3%. Thus the actual degree of whiskerizing was very close to the nominal for
which process conditions were selected. The total fiber content of the composites
as analyzed is given in Table |.

TORSION TUBES

The torsion tubes were tested for torsion modulus by loading and unloading stepwise
while recording load and strain gage output. The shear strength was then determined
by loading at constant rate to failure. The results of these tests together with the
physical characteristics of the specimens are given in Table XV.

The whiskerizing process was carried out at the standard conditions used to yield
3% whiskers on the fiber, identical on the continuous fiber to that used in the NOL
ring winding phase and on the batch layups to that used in the optimized laminates
for tensile fatigue testing. Fiber and void content were analyzed by the same
technique as used with the NOL rings.

In certain of the tests, shear of the fiber glass torsion grip from the tube was the
mechanism of failure, as noted in the data. In these cases, new grips were applied
until specimen gage failure was obtained.

The visual appearance of the fractures obtained in typical torsion tube specimens is

shown in Figure 19. The extent of frecture is far beyond that obtained at maximum
load in order to allow maximum visualization of the fracture.
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a. Split-Disc Tensile.

b. Interlaminar Shear Segment, 80X .

Figure 18. Typical Fracture of Graphite Fiber NOL Rings.
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Orthotropic (90°-0°/0°-90°)

P

Orthotropic (45°-1359/45°-135°) Isotropic (30°-150°-90°)

Figure 19. Typical Modes of Failure of Torsion Tubes.
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DISCUSSION OF RESULTS

The whiskerized fiber used in most of these studies was high-modulus PAN-precursor-
type fiber, which was obtained from the manufacturer in an untreated condition prior
to whiskerizing. In the honeycomb sandwich beam test series, the un-whiskerized
comparison composites were all fabricated from manufacturer surface-treated fiber.

In the shear strength test series, the un-whiskerized comparison composites consisted
of both untreated and manufacturer surface-treated fiber. The discussion presented
here delineates the major effects found due to whiskerizing and compares and
contrasts them where possible with the effect of simple surface treatment.

TENSILE AND COMPRESSIVE STRENGTH

The strength data obtained by tensile and compressive testing in the honeycomb
sandwich beam configuration are plotted versus percentage of whiskerizing in Figures
20 through 23. Whiskerizing is the major correlating parameter since fiber content
and void content were held to within narrow limits. The data from the fatigue static
tensile testing are superimposed in Figure 20 for comparison.

Figures 20 and 21 show a decrease in tensile strength with increasing percentage of
whiskerizing in the 0° and 0°-90° composites, presumably due to fiber degradation
accumulation in the whiskerizing process. There is no such clear-cut effect to be
seen on compressive strength, partially as a result of the difficulty found in obtaining
a complete set of compression failures. It was not possible to test any of the un-
whiskerized 0°-90° composites to compression failure because of the persistent shear
failure in the composite-to-adhesive bond. This tendency was also found to a lesser
extent in the whiskerized composites, but several compressive failures were obtained
with them.

The effect of whiskerizing on both the tensile and compressive strength of the
45°-135°/45°-135° composites was a pronounced increase. The exception to this
was the very highly whiskerized (14.9%) specimen which also had a very high void
content (7.4%), so it cannot be compared. The strengths at the 2.0-2.2% whisker-
izing level were equivalent to those obtained with the manufacturer surface-treated
fiber, indicating that this is the percentage of whiskerizing equivalent to that
treatment in bonding capability. Since the breaks obtained in this test configuration
involved shear and no appreciable fiber breakage, any fiber strength effect would

not show up.

The use of narrow, straight-sided specimens to measure the strength of 45° or other
off-axis cross-ply laminates is subject to criticism because of the discontinuous
nature of some or all of the fibers in the gage section. This can lead to strength
values that are markedly lower than those measured with "wide" specimens having
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Figure 20. Strength of 0° Composites.
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Figure 22. Strength of 45°-135°/45°-135° Composites .
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their edges cut along the angles of the fibers so that minimum width is in the
middle of the gage section and all fibers are continuous into the tab ends, as has
been found by other workers in tensile coupon testing with boron laminates(29,30),
In this work, the +45° tensile coupons were cut to a minimum gage width of 3-3/8
inches with 459 cuts meeting in a fillet radius. The strength measured was over
twice that of the straight-sided tensile coupon of normal dimensions, leading to a
value that was 80% of the strength of the 0°-90° crossply laminates in the "wide"
specimen configuration versus 36% in the normal specimen. Since the +45°
sandwich beam laminates measured from about 20% to about 67% of the 0°-90°
values of tension or compression, depending directly on the degree of whitkerizing,
the inference is that significantly higher values could have been measured with a
suitably designed, nonstandard face place configuration similar to the "wide" tensile
coupon in the gage section.

The 90° composites of whiskerized fiber showed tensile strengths approximately
equivalent to the manufacturer surface-treated fiber at all levels of whiskerizing
tested. The effect on compressive strength was one of decreasing strength with
increasing whiskerizing, as seen in Figure 23. The values in the 1-2% whiskerizing
range are equivalent to those obtained with the surface-treated fiber.

TENSILE AND COMPRESSIVE MODULUS

The modulus data from the sandwich beam tensile and compressive testing and fatigue
static tensile testing were analyzed statistically, and there was no significant
difference in modulus between the tensile and the compressive modes for any of the
layup configurations. The data are plotted in Figure 24 as functions of percentage
cf whiskerizing. No effect on modulus due to whiskerizing can be seen, with the
possible exception of the $45°, where there is an apparent increase in modulus due
to whiskerizing in the 2% to 6% range.

The average modulus of 33.7 x 106 psi for the 0° composites was obtained with
average total fiber content in these composites of 54.3 v/o0. This corresponds to a
fiber modulus of 62 x 10° psi. The 0°-90°/90°-0° composites had an average
modulus of 18,5 x 10° psi at an average fiber content of 55.6 v/o. Allowing for

the 1.64 x 100 psi modulus obtained in the 90° composites for half of the content of
the 0°-90°/90°-0° composites, this computes to a 0° fiber modulus of 64 x 108 psi in
the 0°~90°/90°-0° composites, a reasonably close correspondence with the 0°
composite results.

ULTIMATE ELONGATION

The ultimate elongation data from the honeycomb sandwich beam tensile and
compressive tests versus percent whiskerizing are plotted in Figures 25 through 27.
These values are similar for the 0° and 0°-90°/90°-0° layup configurations
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Figure 26. Effect of Whiskerizing in Ultimate Strain of
45°-135°/45°-135° Composites.

54

—
O Tension
A Compression
A
//’—~ -~ ~ <
/ A
| A
— /
/
/
/
g/
5/
Q.
S
— /
/
/
/ (@)
L / Tension
/ e
/ /s il
A, o o)
/
= 7
@)
| 1 1 | |
0 2 4 6 8



Ultimate Strain (Percent)

1.2

1.0

0.8

0.6

0.4

0.2

O Tension

A Compression

Percentage of Whiskerizing

Figure 27. Effect of Whiskerizing on Ultimate Strain, 90°.

35

A
fa
- T — =4 \o-mpLeSSiOn A
A o~
A
o——oo——_TTici______ o
| OO
L | | | ] 1
0 2 4 6 8 10



(see Figure 25), apparently because the effect of the 0° fibers predominates. There
is a continual decrease in ultimate strain with degree of whiskerizing, which reflects
the similar effect found with tensile strengih, apparently due to graphite fiber degra-
dation. The exception to this is the compression elongation at the very high 11.2%
whiskerizing, which shows an increase over the intermediate whiskerizing levels, as
did its compressive strength.

The results obtained in the £45° layups of whiskerized fiber showed remarkable
elongations, as seen in Figure 26. [n most instances, they exceed by two- to fourfold
the elongations of the treated, un-whiskerized fiber composite. This is obviously

due directly or indirectly to the presence of the whiskers, and this is therefore ar
unexpected finding. |t amounts to a large increase in toughness of this type of

layup, in the sense that the area under the stress-strain curve is increased severalfold
by whiskerizing. For comparison stress-strain curves, see Figure 28. The ultimate
elongations measured on the +45° laminates are probably subject to the same effect in
straight-sided specimens due to fiber discontinuity, as was discussed earlier in the
Tensile and Compressive Strength section. In this respect, the values presented here
are presented as comparative rather than absolute or maximum values obtainable by
modified techniques.

The ultimate elongations of the 90° composites, as seen in Figure 27, seem to be

indistinguishable between the whiskerized and the surface-treated fiber. The
compressive ultimate strains are two- to threefold those of the tensile mode.

POISSON'S RATIO

The Poisson's ratio data from the sandwich beam tensile and compression testing have
been analyzed statistically for correlation with percentage of whiskerizing and

tensile or compression mode. No correlation with percentage of whiskerizing is justi-
fied, but there were somewhat significant differences due to tensile or compression
mode. This can be seen graphically in Figure 29 for the 0° and +45° composites.

The data cross-analyzed for composite layup contiguration and testing rode are

as follows:

Poisson's Ratio

Layup Configuration Tension Compression

0° 0.57 +0.04 0.67 +0.06
0°-90°/90°-0° 0.036 +0.008 0.022 +0.014

45°-135°/45°-135° 0.83 £0.18 0.94 £+0.13
90° 0.007 +0.002 0.008 +0.002

The values for all the configurations do not differ significantly beyond the one-sigma
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level due to tension or compression mode. The 0° configuration differs at the one-
sigma (70% confidence) level. These are not high levels statistically. On the
other hand, the differences due to layup configuration were highly significant, as
would be expected.

PLATE SHEAR MODULUS

The use of plate twisting to determine laminate shear modulus is justified so long as
the laminate is unidirectional or symmetrically bidirectional, as has been discussed
in detail by Whitney and coworkers(24,25) | |n this program, only unidirectional
laminates have been tested by the plate twisting raethod. With this technique the
diagonal corners are loaded, and the specimen assumes a "saddle" configuration in
which the diagonal sections are parabolas. Another test has been used with the
laminates in which the twisting modulus of shear is obtained - the rod torsicn test.
Similar tests have been used by several workers(25,26)

The laminate shear modulus data presented in this section were obtained not only

from the diagonal loading of square plates but also from the twisting of rod specimens.
The values from these two types of tests show a general consistency, with greater
apparent scatter in the torsion rod data than in the plate data. The results are
plotted in Figure 30 as functions of the degree of whiskerizing. In both sets of data,
an increase in shear medulus with increase in percentage of whiskerizing was found.
Also, the surface-treated fiber yielded composites of higher shear modulus (torsion)
than the untreated fiber. The mechanistic explanation for the increase in shear
modulus with whiskerizing is relatively straightforward; i.e., the whisker content

of the matrix region increases the effective shear modulus of the matrix. It is diffi-
cult to rationalize the higher shear modulus due to surface treatment which apparently
aoffects only the strength of the fiber-matrix bond. Because of the small dimensions
of the rod torsion specimens and the high powe: to which diameter is carried in the
shear modulus calculation, no conclusive difference can be justified between treated
and untreated. However, the differences due to whiskerizing in the plate shear tests
are quite significant.

BEAM AND ROD SHEAR STRENGTH

The shear strength data as obtained from horizontal beam, torsion rod, and |-beam
data are plotted in Figure 31 in correlation with percentage of whiskerizing. Several
effects are apparent:

a. Whiskerizing progressively increases shear strength at least in the
region of 0-5% whiskerizing.

b. Void contents of 1% and higher cause significantly lower shear strength
than essentially void-free composites.

59



12

10—

(o]

Shear Modulus (100 psi)
o

O Diagonally Loaded Plate

O Torsion Rod
. ' ®  Manufacturer Surface-Treated

QY

| | | |

2 4 6 8
Percentage of Whiskerizing

Figure 30. Effect of Whiskerizing on Shear Modulus.
60



Shear Strength (]03 psi)

12 i~

10 |

O Torsion Rod

[0 Horizontal Beam @ 5/1

X | Beam

&] Tensile Failure in Horizontal Beam

@, B Monufacturer Surface-Treated

O 1.0% Voids

’ I'E] Iﬁl EE
6 I O  2.2% Voids
@
||
1.1% Void
o= > /Y mveigs O 1% Voids
&/
Q
= E
8
2 -
o L | \ n | ]
0 2 4 6 8

Percentage of Whiskerizing

Figure 31. Effect of Whiskerizing on Shear Strength.

61

10



c. Manufacturer surface-treated fiber yields composites of about twice the
shear strength of untreated fiber.

d. A 1.5-3% whiskerizing treatment is required to give shear strength
equal to that of the surface-treated fiber, depending on which
type of test is used for comparison.

The tests on un-whiskerized fiber composites yielded another pair of interesting
correlations, which are shown in Figure 32. The untreated fiber showed decreasing
shear strength with high fiber contents, an effect similar to that seen by many
observers on other composite systems, such as glass fiber in epoxy. The surface-
treated fiber, however, showed a strongly opposite effect, and this was unexpected.
The apparent rationalization of these differing effects is that the untreated fiber is
sufficiently unbonded to the matrix to act as voids, whereas the treated fiber is well
bonded and acts to reinforce the matrix in the shear mode, if only by forcing a
progressively more tortuous shear path as fiber content increases. Unfortunately,

a completely consistent set of whiskerized shear data for such a correlation cannot be
taken from the results for comparison. This would require a constant percentage of
whiskerizing, low void content, and significantly varying fiber content. However,
the somewhat inconsistent sets of points at 2.6-2.9% whiskerizing (Nos. 152, 162,
and 167) have indications of showing increased shear strength with total fiber content.
Since it was not an objective of this program to study a wide range of graphite
contents, these data were accumulated in a manner that tends to defeat this sort of
correlation.

In summation, it was conclusively demonstrated that whiskerizing increases shear
strength of the high-modulus PAN-precursor graphite fiber, and treatment at a

level of 3% or higher whiskerizing yields results superior to those obtained from a
good non-whiskerizing surface treatment. The very significant effect of void content
in reducing shear strength is probably due to the concentration of voids in the inter-
laminar regions, as was found in the microstructure studies.

It is apparent that the positive correlations found between percentage of whiskerizing
and shear strength and modulus are directly related to those found with £45° strength,
modulus, and ultimate elongation. The £45° composites failed with a shear failure
without exception. This was both interlaminar and interfiber, as seen by inspection
after testing. It is therefore logical that the whiskerizing effects should be positively
correlated in both situations. This points out that the foremost advantage to whisker-
izing is reinforcement in the shear mode, and not simply an increase in bonding
between the fiber and matrix.
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TENSILE FATIGUE

The results of the fatigue testing and static tensile testing are summarized in

Figures 33, 34, 35, and 36, corresponding to the 5% whiskerized, 3% whiskerized,
manufacturer surface-treated and untreated fiber laminates. The effect of the
whiskerizing appears to be twofold:

a. The strength level is reduced with increasing percentage of whiskerizing.

b. The S-N curves are markedly flatter for the whiskerized than for the
un-whiskerized laminates.

In effect, this means that the strength decrease due to whiskerizing is significantly
less under cyclic conditions than at static, and at the 3% whiskerizing level the
fatigue strength is essentially identical to that of the composites of the virgin fiber
from which the whiskerized fiber was produced.

Examination of the static tensile testing data of Table 1X in Section |V shows that
even the static strength decrease due to whiskerizing may not be as great as is

inferred from the sandwich beam tensile data and the treated, un-whiskerized vs
whiskerized data of Table IX, because the untreated fiber used in the whiskerizing
appears to be considerably lower in as-received strength than that of the treated fiber,
although both are of the same type. The difference is 96,500 psi for the untreated

vs 121,300 psi for the treated lot in the 52 v/o composite form. Based on 96,500 psi
strength, the whiskerizing reduced static strength by 18% and 39% at the 3% and

5% whiskerizing levels, respectively.

The untreated fiber used in the whiskerizing work was obtained from the manufacturer
as a several -pound batch before the initiation of this program, whereas the treated
fiber consisted of a fractional-pound gratis sample. The difference in strength seen
therefore may not be due to the treatment used by the manufacturer, but either to the
selectivity exercised in selecting samples, to randorn chance variation in batch
properties, or to process improvement between the times of manufacture of the two
batches. In any event, the strength effects seen in this study should probably be
interpreted as percentages of virgin strength of the fiber rather than strictly on the
basis of absolute numbers.

The apparent fatigue limits found in this program (107 cycles runout) are compared

in several ways in Table XVI, among themselves and with composite fatigue data
found in the literature, and interpreted in a standardized way. The parameters
compared are stress at runout as psi, as percentage of static strength, and as strength-
to-density ratio. This shows that the whiskerized fiber gives the highest retention

of static strength to runout of any of the composites. On this basis, all the graphite
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composites are superior to the boron, glass, or beryllium composites. The only
parameter in which boron composite is superior to the 3% whiskerized high modulus
graphite composite is in absolute strength.

The retesting of the runout specimens in fatigue at higher stress levels generally
yielded failure points that were indistinguishable from those brought directly to
failure at that stress level without runout at a lower stress. The static testing of
runouts for residual strength yielded values that were for the most part slightly higher
than the average of the static strengths of random, uncycled specimens. It is
believed that this is due to the combined effect of selectivity of the fatigue testing
in eliminating those lower than average in strength before runout together with very
tittle accumulated damage to specimens during cycling.

FILAMENT WINDING OF NOL RINGS

The filament-winding characteristics of the treated, un-whiskerized fiber and the
3% whiskerized fiber were found to be quite similar, and the filament-winding
process was dominated by the very large tow bundle and its peculiar packing diffi-
culties. Slightly higher winding tension was required with the 3% whiskerized fiber
(3000 grams versus 2500), presumably due to the resistance to compaction provided
by the interstitial whisker growths. The difference, however, was much less than
expected. The maximum tension that could be applied without fiber tow failure was
less with the whiskerized fiber. Tensions up to 6600 grams could be used on the
un-whiskerized fiber, whereas substantial fraying would take place beyond about
3500 grams with the whiskerized. The higher possible tensions did not result in
higher fiber contents in the composite. The only pertinent literature that could

be found on this point was a paper by Desai and Kalnin(9), in which a maximum fiber
content of 42 v/o was obtained with treated high-modulus fiber at a tension that
was not specifically stated but was in the range of 3-10 pounds. It was stated that
the winding tension was as close as practicable to the breaking strength of the yam.
At 5-1/2 to 7 pounds tension, we achieved 50 v/o composites, presumably because
we formed 1-inch-wide rings rather than winding into a 1/4-inch mandrel slot.

NOL RING PROPERTILS

a. Shear Strength

Average shear strengths up to 7,750 psi were obtained with treated, un-whiskerized
fiber and up to 8, 900 psi with 3% whiskerized fiber. The average of windings
160716-160718 was 7,200 psi and of windings 160724-160728 was 8, 300 psi. This
compares to about 6,000 psi for the treated, un-whiskerized laminates and an
estimated 7,800 psi for 3.3% whiskerized laminates. These results in filament
winding are therefore at least as good as those obtained by laminating. The shear
strength of treated high-modulus fiber NOL rings found in the work of Desai and
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Kalnin(? was 8,100 psi in ERLA 2256 - ZZL 082C resin, which checks reasonably
well with the results in this program, considering the difference in resin.

The only major trend in shear strengths that could be found in the data was the
adverse effect of void content. This is shown in Figure 37. The trend for the treated,
un-whiskerized fiber is quite pronounced, but the whiskerized data cover too small

a range of void contents to draw a significant correlation.

b. Modulus

The modulus of the NOL rings was taken in two ways: (1) by split-disc tensile
testing* and by ring flexure using load and crosshead travel. The results by these
two methods were strikingly different. The ring flexure moduli were about 70% of
the split-disc moduli. These latter values were 90 - 100% of rul e-of -mixtures
using 60 million psi as the fiber modulus. The reason for the difference is not
known, but the ring flexure test is believed to be a very poor one because of the
marked nonlinearity of the load-deflection curves and the "hysteresis" looping of
these curves upon cycling. The modulus results using strain-gage-equipped rings
on split disc fixture check well with the laminate moduli measured on tensile and
compressive unidirectional sandwich beam plates and in static tensile testing during
the fatigue testing phase.

c. Strength

Composite strength was measured two ways in this effort: split-disc tensile and
segment flexure. The flexure strengths were consistently higher than the split-disc
tensile. The treated, un-whiskerized rings averaged 27% higher by flexure, and
the whiskerized averaged 40% higher by flexure. This is believed to be due to the
very pronounced bending stresses superimposed on ilie tensile stress in the split-disc
test. The peculiar fracture often found at two locations about 11° away from the
split-disc separation (see Figure 18) is evidence of this. The strain gage mounting
on NOL rings was used to study this effect. It was found that the maximum strain
on the inner ring surface was at the disc split, whereas this was the location of the
minimum outer surface strain. Moving away from the split, the inner surface strain
rapidly decreased and the outer surface strain rapidly increased to relatively
constant values in the range from 22° to 90° (158° to 90°). In this region of rapidly
changing local strains, the averaged local strain peaked at about 11° from the
split. This infers an inconstant average section stress in the ring which depends on
distance from the split. Such a condition cannot be supported in static equil ibrium
unless friction effects are also operating. Since the rings were lubricated, it is

*Using strain gages, detaiied in Section VIII.
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hard to believe that this can be so.

The rings in split-disc testing therefore failed in one or the other of two configu-
rations: directly at the split (0°) or at 11° on either side of the split. Both types of
failure can be attributed directly to the bending stresses superimposed on the tensile
stress due to the peculiarity of the split-disc separation.

The comparison of strengths measured in this NOL ring phase and in the earlier
laminate phases is shown in Table XVII.

TABLE XVIT. COMPARISON OF STRE
COMPOSITES BY SEVERAL TESTS

Specimen Strength
Construction Treatment Test (103 psi)
laminate treated sandwich beam 107.4

¢ 3% whiskerized* " ! 75.0*

" treated static tensile, 121.3
tab end

° 3% whiskerized as above 79.2

OL ring treated** split disc 106.4

u s 3% whiskerized*** oo 77.1

" " treated** flexure 113.7

" " 3% whiskerized*** " 96.4

* |nterpolated

** Average of 160717 and 160718
*** Average of 160727 and 160728

In this regard, a strength reduction due to whiskerizing can be found, and the results
in filament winding appear to be at least as high as those found in laminates.

TORSION TUBES

The winding tensions and in-line, hot-resin impregnation technique developed in
NOL ring winding were found to be suitable for forming tubes for torsion testing
when the outer layer, at least, was hoop-wound (909, as in the 90° unidirectional,
90°-0°/0°-90° orthotropic, and +30°-90° isotropic configurations. The degrees of
compaction, fiber contents, and void contents were all similar to those obtained in
NOL rirgs. On the other hand, the completely laid up orthotropic tubes (45°-
135°/45°-135% compacted solely by polyethylene shrink tubing were of lower
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degrees of compaction, as shown by lower densities and fiber contents; the best such
tubes were above 38 v/o fiber as compared to 45-54 v/o for the tubes with hoop-
wound compaction.

The use of thin-walled hollow cylinders in torsion to measure in-plane shear modul us
requires that the composite be either unidirectional or symmetrically bidirectional (25).
This requirement is satisfied in the composite tubes used in this program. In the
testing of these tubes in torsion, it is important that they be unrestrained axially,
since the coupling effects do cause varying degrees of axial strain during torsion(27)
The testing fixture loading clamp was designed to be free to displace axially in
response to the induced axial strain in the tubes.

The shear strengths and moduli measured on the tubes vary markedly from configura-
tion to configuration. The test measures the in-plane (xy) shear properties as opposed
to interlaminar shear, as measured by short beams. In a fully uniform, unidirectional
composite the difference is trivial; but in complex laminar configurations, the
difference is profound. The highest shear strengths and moduli by far were found in
the £45° orthotropic tubes, with the isotropic tubes being somewhat less, but greater
in both regards than the unidirectional or 0°-90° orthotropic tubes. The comparison
of the values measured on this program with some found with other fibers as reported
in the literature is given in Table XVill.

The comparison shows that the unidirectional (30° or 0% tubes give torsional shear
strengths that are generally consistent with interlaminar shear strengths for laminates
of the same fibers. Thus the treated intermediute-modulus  PAN-precursor graphite
fiber and whiskerized high-modulus PAN-precursor graphite fiber gave higher shear
strengths than the treated high-modulus PAN-precursor graphite fiber, which in turn
were higher by significant amounts than those of the rayon-precursor graphite fiber
composites and somewhat lower than the best glass fiber composites. The shear
modulus of 0.68 x 10° psi measured for both the treated and the whiskerized 90°
high-modulus PAN-precursor graphite fiber tubes is similar to the values measured on
the plate shear tests earlier in this program, giving allowance for the fact that the
plates were slightly higher in fiber content:

Fiber Treatment Fiber Content (v/0) Test G (IO‘S psi)
Manufacturer treated 57 Plate 0.75

L " 54 90° tube 0.68
4% Whiskerized 52 Plate 0.78
3% Whiskerized 45 90° tube 0.68

The effect of increased fiber content increasing the shear modulus has been demon-
strated, as for example in work by Noyes and Jones(18) and Adams et al(20) with
glass fiber. If the fiber content effect is normalized in these results, the presence

74



91 G €T 0L ssp|6 1) " "
£°G 74 0S  @41ydoib 195in231d-UuoA D1 ‘snjnpow uol|lw OG (91) " "
vz Z°Sl 6z 941ydoub
LOﬂ..DUO..QlZ(«& sNn _DUOEILO_—._ —..vON._._Ov_m_r_; - m 0
L'y T4 9€ Shidwib
Josanoaud-NVYd sn|npow-ybiy paziiadsiym - o N
0 .N N .0 _. QN " 1] n n 1l - n n
o'y £°/2 8¢ a41ydoib 10sind9ud-NVYyd sn|npow-ybiy - (oSp=) 2idoyjoyno
96°0 - ly mmo_m &—v " n
06°0 - 8y ss<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>