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FOREWORD

The work described in this report was performed by Hughes Aircraft

Company, Equipment Engineering Divisions, Culver City, California
_ under Contract N00019-73-C-0288 under the technical management of 1
i Mr. Maxwell Stander, Materials and Processes Branch, Code AIR-52032D, ,
Naval Air Systems Command, Washingtun, D.C. 20360 and by Materials
Sciences Corporation, Blue Bell, Pennsylvania under subcontract to
Hughes Aircraft Company.

This report covers work from | February 1973 to 31 May 1974. Pre-
vious work on this program was performed under Contracts N00019-70-C-0315,
N00019-71-C-0167 and N00019-72-C-0257 covering the period from 1 April
1970 to 31 December 1972, -

The assistanc~ to Mr. A. A, Castillo in preparing the composite
moldings is gratefully acknowledged,
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' ABSTRACT

This report describes the continued investigation of composite
constructions with iniproved rain erosion resistar. “.», The studies included
the effect on the rain ¢rosion rosistance, as determined by whirling arm
tests, of such variables as fiber angle, impact angie, matrix, rei dorcement,
and reinforcement configuration. Matrices evaluated included a rigid epoxy,
a polysulfonc and a phenoxy. Reinforcements included Nomex, Kevlar, Dacron
and combinations of BCG or SCG glass with Dacron and Nomex, respectively.
Much of the work involved the effect of fiber angle and impact angle on the
rain crosion cesistance of end-oricnted Nomex/epoxy compogites. Based on
tiese tost resulis, composite constructions fabricated from several malti-
dimensionai Nomex-3lass fabrics were evaluated for rain erosion resistance,
The test results show that, with respect to rain crosion resisiance, the
multidimensional constructions are superior to the conventional glass fabric.

reinforced laminated composites but inferior to the unidirectionally-reinforced,

end-oriented composites,




SUMMARY

This technical rcport covers the fourth year's cffort in the development
of fiber-reinforced composites with improved resistance to rain erosion at
ncar-sonic speeds. The development of improved composite constructions
and their successful application in ajrcraft radome structures will allow
substantial cost savings through less frequent repair and replacement.

The program copsisted of the determination of the relative rain erosion
resistance of a large number of {iber-reinforced plastics composites by
whirling arm tests conducted at Dornier System GmbH, West Germany. The
variables evaluated included fiber angle, impact angle, matrix, reinforcement
and reinforcement configuration. The following types of specimens were
cvaluated:

° A unidirecticnally-reinforced, end-oriented Nomex/epoxy at ,

various fiber angles and impact angles.

® Various multidimensional constructions combined with a standard
CpoxXy matrix.

® Various matrices including a rigid epoxy, polysulfone and
phenoxy reinforced with either glass fabric or graphite fibers.

In addition, the dielectric constant and loss tangent at X-band were
calculated from clectrical measurements made on two typical multidimensionally-
reinfourced composites.

The results of the rain crosion tests showed that the rain erosion
resistance of the multidimensional constructions, though superior to that of .
the conventior}al glass fabric-reinforced laminated composites, is inferior _
to that of the,unidircectionally-reinforced, end-oriented composites. The b
Nomvx/'glas/’a compaosites were found to be far superior, with respect to ‘

)

rain erosioh resistance, to the Kevlar composites evaluated, 3

Preceding page blank 3




INTRODUCTION

Previous studies of reinforced plastic composite constructions with
improved rain erosion resistance (Contracts N00019-70-C-0315, NO00019..71 -
C-0l67 and NODO19-72-C-0257) allow the following conclusions to be drawn

regarding rain erosion resistance:

unidirectional, fiber-reinforced, end-oriented composites are
far superior to other constructions

polymeric fibers such as Nomex (a polyaromatic nylon) and
Dacron (polyethylene terephtahalate) are superior to glass
fibers (composites containing polymeric fibers are not subject
to spallation as are composites containing glass fibers)

high fiber loadings are essential in glass composites

high fiber loadings are superior to low fiber loadings in polymeric
fiber composites, though lower fiber loadings are acceptable

flexibilized matrices are somewhat superior to rigid matrices
when reinforced with glass fibers, although polymeric fibers

such as Nomex give good erosion resistance with a variety of
cpoxy matrices from rigid to flexibilized

erosion r-sistance is dependent on fiber angle (where fiber
angle impact angle) for glass composites

a 4-D Omniweave construction woven from Nomex was found 1o
have moderavely good erosion resistance and to be far more

rain crosion resistant than a similar Omniweave material
woven from S glass . .

The foregoing test results coupled with the requirement for relatively
thin-walled radome structures for most military aircraft antennas dictated
that much of the future activities be concentrated on multidimensional
vonstructions. Such ceonstructions will likely be woven from polymeric

tibers and wi'l contain a high volume fraction of tightly packed fibers.

Preceding page blank
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Constructions will be consnidered which contain polymeric fibers at and near
the outer surface for rain erosion resistance and some type of structural
reinforcing fibers (probably glass) in the sub-structure to impart structural

strength.

Composite constructions will be considered for two types of radome
structure;

I. Relatively thin-walled, with broadband capability
2. Thick-walled, with thickness and dielectric properties adjusted
to operate efficiently aver a specified narrow frequency range.
Emphasis will be placed on the development and evaluation of relatively thin
composite constructions meeting the broadband requirement, since a thicker
version of such constructions would be expected to meet the requirements
for rain erosion resistance and structural strength.

Specific const” ctions will be based on the results of analytical
studie»é. Rain erosion test results accumulated thus far will serve as a
basiq’for these studies involving the choice of a suitable compromise between
rain,'lerosion resistance and in-plane structural properties.

Plastic composites based on these constructions will be fabricated
and evaluated for both rain erosion resistance and structural properties. :
These test regults will be used as required in continued analyticai studies
to develop composite constructions embodying the optimum combination of

rain erosion resistance and structural strength.
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RAIN EROSION TESTING

All of the rain erosion tests were run in the whirling arm facility
operated by Dornier System GmbH, Friedrichshafen, West Germany.

Dornler's apparatus consists essentially of a rotor driven by a power-
ful electric motor., The .otor is contained inside a chamber which may be
partially evacuated as required for high testing speeds, Water drops of the

r2quired size and quantity are injected into the chamber at eight points

around the perinhery, The specimen holder can be adjusted to allow impact
angles ranging from 15 to 90 degrees,

The specimens congist of circular discs 16,75 mm (0.660 inch) in
dian?eter by 5.08 mm (0,200 inch) maxirmum thickness, The specimen is
secyred to a specimen holder at the end of the rotor by means of a retaining
ring. During the test, one face of the specimen is subjected to simulated
ra.ir; erosion under controlled test conditions. All of the specimens evaluated

during this reporting period were tested under the following conditions:

Velocity — 333 meters/second
Droplet diameter — 1,2 mm
Impact angle — 30 to 90 degrees
Exposure time — 15 to 120 seconds

Raindensity - 1.2 x 10-3 (equivalent to a rainfall rate of
7.5 inches per hour)
Prior to testing, the weight and thickness of each specimen were
measured and recorded, The responses measured for a given exposure time

were weight Jose and erosion depth. In addition, the specimens were examined
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visually, with specimens of particular interest also being photographed.
Repeated weight loss measurements of the same specimen were not madc for
various exposura times. Instead, one or morae sets of specimens machined
from the same composite were subjected to different exposure times.

SPECIMEN PREPARATION

Impregnation of Reinforcements

The multidimensional fabrics (except for the Dacron/glass fabric)

were impregnated with an epoxy resin system consisting of 100 PBW Epon 828

and 22 PBW of menthane diamine. Prior to impregnation, the resin system

was degassed under vacuum at room temperature and the fabric was oven-
dried at 225°F for one hour. The fabric was placed in the impregnation
apparatus and a vacuum applied. While maintaining the vacuum, the fabric

was covered with the resin mixture. After all bubbling stopped, the vacuum
ot
was released.

The Dacron/glass fabric was impregnated with a mixture of 100 PBW
of Epon 828 and 14.3 PBW MPDA by the same general procedure,

The roving or yarn used in preparing the unidirectionally-reinforced,
end-oriented specimens was impregnated with the resin system, Epon 828/

MPDA, after winding on a series of frames, A specified number of turns of

the roving was wound on each of several frames as shown in Figure 1. During
winding, the portions of the fibers nearest the frame spools were coated with

a catalyzed polyurethane elastomer, leaving a 4-inch long uncoated center
section, After curing the polyurethane, the fiber loops were removed from
the frames and vacuum-pressure impregnated with the resia system.

practice, the fiber loops were bent into a U-shape and placed, with the

uncoated portion of the fibers downward, in a small beaker,.

In

T. e vacuum-
pressure impregnation consisted of covering the fiber loops v 'th the resin

while under vacuum and then increasing the pressure to 90-100 psig.
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Figure 1. Roving wound on {rame.

Plasma Etching

The effect of plasma-etching Nomex fibers on the rain erosion
resistance of a Nomex/epoxy composite was investigated. It was felt that
plasma etching would result in improved adhesion between the fibers and
the epoxy matrix. The apparatus consists essentially of a smail glass
chamber through which is flowing continuously a low pressure gas which is
subjected to radio frequency electromagnetic radiation by electrodes located
outside the vacuum chamber. The resulting plasma reacts with the surface
layers of the material being treated, usually resulting in improved bonda-
bility of typical organic polymers. The Nomex fibers werz etched for
10 minutes with an air plasma at a pressure of 2 torr. The Nomex was

etched immediately after winding and shortly before impregnation with the
epoxy resin,

Molding Procedure

The impregnated fabric, covered with excess resin, wa: placed
betweer, two 1 /8-inch thick aluminum plates. This assembly waza placed in
a laboratory press and cured at a pressure of 50 psi. The cure conditions

were one hour at 250°9F and 3 hours at 350°F for tne 828/menth.ane diamine

9
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aystem and one hour at 225%F and one hour at 325°F (plus 16 hours postcure
at 325°F) for the Epon 828 /MPDA system,

The locops of impregnated fibers are secured by wire hooks in a frame
assembly as shown in Figure 2. Tension is applied by a spring on the stem
of the eye loop on the outside of the frame. The tension is adjusted by the
nut on the stem to approximately 40 pounds.

After the impregnated roving is centered in the mold cavity, the
frame is unclamped from the press, The punch is positioned in the cavity
and the press closed to apply pressure to the layup as shown in Figure 3,
Usually, shims are placed between the cavity and the punch to allow the
molding of a composite of closely controlled thickness and compositicon.

A ty.plcal molded composite bar is shown immediately after being
removed from the mold (Figure 4), The center molded portion is nominally

3 inches long with a cross section approximately three-quarters of an inch
square, /

¢

/
Machiding of Specimens
!

The excess material is cut away from the molded composite leaving
an oblong bar approximately 3 inches long., After cutting a quarter-inch
section from each end and discarding, the remaining material is chucked.
in a lathe and ground to a diameter of 0.660 inch, Individual specimens are
cut off with a diamond saw mounted in a tool post grinder, Finally, one sur-
face ol each apecimen is surface ground to obtain the final thickness of
0.290 inch., Profilometer inspection has shown the surface roughress to
vary from 11l to 14 microinches,

Specimens are machined from coraposites prepared from multidimen-
sional {abrics with the specimen face parallel to the original surface of the
tape, The surface of these specimens is left undisturbed,

Prior to submission for rain erosion testing, the thickness and weight
of cach specimen arc measured and recorded,

Specimens for dielectric measurements of the multidimensional
composites were made by bonding together four layers of the cured composite
to give a block approximately 0,400 inch thick and machining this block to fit
an X-band waveguide, norninally 0400 inch by 0,900 inch,

10
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Frame assembly with impregnated roving in place.
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Determination of Cbmpcsition

The composition of each molded, unidirectional composite is controlled
i
_ closely to the desired valye by mclding to a fixed volume impregnated roving

or yarn with a known weight per unit length for the unimpregnated
{ . reinforcement, :
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ANALYTICAL STUDIES

Analytical studies leading to the choice of optimum composite

constructions were performed by Materials Sciences Corporation,
Blue Bell, Pennsylvania. The MSC investigation, under the supervision

of Dr. B, Walter Rosen, consisted of the following specific tasks:
1.

S

§
The available rain erosion data irom tests conducted {or Hughes 4
by Dornier were organized and classified to allow the determina-
tion of the relative effects of the various material parameters.

2, A test program was defined to asseas the effects of parameters
for which data was not previously available,
3 .

Compoasite constructions were defined which would combine good
resistance to rain erosion and sufficient in-plan: structural

properties to function as a structural material for radome
applications,

. RN

The final report by MSC covering this investigation is attached a0 an
Appendix,
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RAIN EROSION TEST RESU LTS

The results of the rain ercsion tests pe~formed by Dornlier are
summarized in Tables 1 through 8. The figure references in the table titles
or in the tables refer to photographs of exposed test specimens, The test
results are discussed briefly in the following sectlons,

Ef[ec}/of Fiber Angle for 90° Impact Angle

; Four specimens were machined from each of four similar Nomex/
epo"xy composite bare with a nominal fiber content of 50 volume-percent,
The specimens were machined from each composite bar with fiber angles

with respect to the specimen surface of 90, 60, 45 and 30 degrees, respec-

tively, The specimenas were tested under standard conditions for times of

30, 60, 90 and 120 seconds, Table 1 tabulates the weight loss for the vari-

ous fiber angles and test times while Table 2 tabulates the corresponding
change in specimen thickness,

1t is evident from Table 1 that raln ercsion resistance increases

markedly with increasing fiber angle., The thickness change data in Table 2,

though not too informative, show the 90° specimens to change in thickness

only slightly compared with the other specimens for an exposure time of
120 seconds,

TABLE 1. EFFECT OF FIBER ANGLE (90° IMPACT ANGLE) ON WEIGHT
LOSS OF END-ORIENTED NOMEX/EPOXY (FIGURE 5)

Weight Loss, Milligrams

Fiber Angle, Degrees

Exposure Time,

Seconds 30 45 60 90

30 212 64 32 23

60 . a1 112 46 3]

90 153 101 62 3o

120 208 122 74 38

1
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TABLE 2, EFFECT OF FIBER ANGLE (90° IMPACT ANGLE) ON
SPECIMEN THICKNESS OF END-ORIENTED NOMEX/EPOXY

Decrease in Thickneas, Mils:

Fiber Angle, Degrees

Exposure Time,

Seconds 30 45 60 90
R R R SR S Sy
30 -3.2 -4,7 -2.7 -0.1
60 -3.2 -3.2 -1.3 1,0
90 2.0 2.0 0.4 -0,1
/ 120 3.8 8.0 4.8 -0,

d
,‘ ‘A negative value indicates a meagured increase in thickness due to
i

Effect of Impact Angle for 90 Fiber Angle

Eight specimens were machined from each o two similar Nomex/
epoxy composite bars with a nominal fiber content of 50 volume-percent,
All of the specimene were machined with the fibers perpendicular to the
specimen face. The specimens were tested under standard conditions {or
times of 30 and 60 ssconds, The weight loss data is tabulated in Table 3,
while Figure 6 shows the effect of the exposure tc the test conditions on
specimens machined from one of the two compoasites,

As expected, the amount of weight loss is seen to increase with
increasing lmipact angle, The specimen thickness changed very litile for

all of the specimens and these changes, therefore, are not tabulated,

Effect of Fiber Angle and Impact Angle

Four specimens were machined from each of four similar Nomex/

. ¢poxy composite bars with a nominal fiber content of 50 volume-percent,

The four specimens were machined from each camposite bar with fiber
angles with respect to the specimen surface of 90, 60, 45 and 30 d -grecs,
respectively, The spezimens were tested under standard conditions for

times of 30, 60, 90 and 120 seconds at impact angles of 90, 60, 45 and

15
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Figure 5. Effect of fiber angle on rain erosion
resistance of end-oriented Nomex/epoxy.
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TABLE 3. EFFECT OF IMPACT ANGLE (90° FIBER ANGLE) ON
WEIGHT LOSS OF END-ORIENTED NOMEX/EPOXY (FIGURE 6)

Weight l.oss, Milligrams
Exposure Time, Seconds
30 60
Impact
Angle, Composite Composite Composite Composite
Degrees N-25 N-26 N-25 N-26
30 .3 5 5 6
45 5 4 8 6
60 12 11 12 12
90 15 11 27 20

30 degrees, respectively. Each specimen was aligned in the specimen
holder at the specified angle so that the rain drop velocity vector was parallel
to the fiber direction. The fiber direction with respect tothe specimen sur-

face for these specimens corresponded, in all cases, to the required impact

. angle. The effect of the exposure on weight loss of the specimens is sum-

marized in Table 4.

The results, despite some apparently anomalous data, indicate that
greater weight losses are to be expected for the lower fiber/impact angles.,
Most of the specimens were apparently slightly thicker after rain erosion

testing due to surface irregularities and protruding fibers and the thickness
data are therefore, not included.

Effect of Plasma Treatment of Nornex Fibers

Eight specimens were machined from each of four Nomex/epuxy com-

posite bars with a nominal fiber content of 50 volume-percent, with one

composite having been prepared from Nomex yarn which had been et:hed
in an air plasma, The specimens, all of which were 90 degree end-

oriented, were tested under standard conditions at an impact angle of 900
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TABLE 4‘. EFFECT OF FIBER ANGLE AND IMPACT ANGLE ON
WEIGHT LOSS OF END-ORIENTED NOMEX/EPOXY (FIGURE 7)

Weight Loss, Milligrams

Fiber Angle/Impact Angle, Degrees

Exposure Time,
Seconds 30 45 60
e
30 60 36 38
60 58 42 36
90 86 68 43
120 96 104 72

30

29
31
73
66

for times of 30, 60, 90 and 120 seconds, In Table 5, the weight loss values

for the specimens from the four composites are compared,

From an examination of the above data and the exposed specimens

(Figures 8 and 9), it is apparent that a small but significant increase in rain

erosion resistance is realized by plasma etching of the Nomex.

TABLE 5, EFFECT OF PLASMA TREATMENT OF NOMEX FIBERS
ON WEIGHT LOSS OF NOMEX/EPOXY

Weight Loss, Milligrams
Non-Plasma-Treated Nomex
Exposure Time, | Plasma-Treated | Composite | Composite | Composite
Seconds Nomex N-28 N-29 N-30
30 8 12 18 21
13 11 19 17
60 18 18 30 29
15 22 32 33
90 30 3¢ 39 32
23 29 47 39
120 36 39 45 60
33 40 56 70
14
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Figure 7, Effect of fiber angle and impact angle on
rain erosgion resiatance of end-oriented
Nomex/epoxy
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End-oriented Nomex/epoxy fabricated from

plasma-etched Nomex yarn,
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Multidimensional Cem onifcu
—_'-'-—————-._.L___

A total of six multidimensional fabric constructions were evaluated in
the form of €PoXy composites as follows;

3D-12: Angle-interlock, through-the-thickness interlock, Dacron/

glass (see Figure 10) (Woven Structures, Inc,),

3D-13: Orthogonal construction consisting of 15 volume-percent
glass fibera (based on total volume-percent fibers) in the X and Y

3D-14: Angle-interlock, layer-to-layer interlock, Nomex/glass
(see Figure 11) (Fabric Development, Ine,). -

3D-15: Angle-interlock, through-the-thickneaa, high angle interlock,
Nomex/glass (see Figure 12) (Fabric Development, Inc,).

3D-16: Angle-interlock, through-the-thicknesa, 45°© interlock,
Nomex/glass (see Figure 13) (Fabric Development, Ine,).

3D.17: Angle-interlock, layer-to-layer interlock, Kevlar 29
{Fabric Development, Inc,),

4 INCH WIDTH —
ANGLE INTERLOCK WITH STUFFER YARNS DACRON
SOTIOM LAYER STUFFER - GLASS 75 1,72 3 85 104 ENOS o
ALL OTHER YARNS 1100 DN DACRON H4B ENDS WARP
TOTAL MNUMBER OF ENDS/INCH 288 157 TO1AL /
~FILLNG
STUFFER

L.

Figure 10, Construction details dacron/glass
angle-interlock fabric 3D-12,
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N = 1000/300 NOMEX YARN

G = 190 1/2, 2 ALY GLASS
Wit 483 BINDER

GLASS STUHFER
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Figure 11, Construction details Nomex/glass 4
layer-to-layer angle-interlock fabric 3D-14,
N = 1000/500 NOMEX

G =150 1/2, 2 MY $CG GLASS
YARN WITH 493 HINDER

v
: 1O} (
N
/
NOMEX
i — GUASs |
G

Figure 12, Construction details - Nomex/glass,
the-thickness, high angle,

through-
angle-interlack fabric iD-15,
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N - 1000/500 NOMEX YARN
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YARN WITH 493 BINDER

Figure 13, Construction details - Nomex/glass, through-
thé-thickness, 45° angle-interlock fabric 3D-16,

The Dat¢ron/glass angle-interlock fabric was the first fabric woven

with the goa) ¢f combining good rain erosion resistance and adequate struc-

tural properties, The next four Nomex/glass [abrics were chosen for eval-

uation based on recommendations made by Materials Sciences Corporation,
The Kevlar 29 fabric was evaluated since it was available at no cost and was

uf interest due to the unusual structural properties of Kevlar fibers.

A total of nine tests was run on each composite made from these
fabrics, three each at respective exposure times of 15, 30 and 60 seconds

at an impact angle of 90 degrees under standard conditions. Table ¢, which

summarizes the data, indicates that all of the fabrics (with the exception of
the Kevlar 29), while superior to glass fabric lan:iinated epoxjes or muiti-

dimensional composites containing all glass are inferior in rain erosian

resisfance to end-oriented composites containing cither Nomex or Dacron

fibers, For the sake of comparison, previous rain erosion data or a conven-

tionall 18] E zlass-epoxy laminate and an end-oriented glass-epoxy also are

included, Surprisingly, the high-angle angle-interlock Nomex/glass was
25




TABLE 6, RELATIVE RAIN ERCSION RESISTANCE OF EPOXY :
. COMPOSITES FABRICATED FROM VARIOUS Y
MULTIDIMENSTIONAL FABRICS :
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somewhat inferior to the Nomex/glass 45-degree, angle-interlock., It had
been felt that increasing the angle warp yarns to a high angle ‘with respect
to the surface could result jn improved rain erosion resistance, This
. unexpected result is likely due to the increased fiber content in the 45-degree
angle interlock (58.5 weight-percent fibers versus 49,8 weight-percent
fibers for the high angle fabric), "
The Kevlar 29 coml’)osite, as expected, had very poor rain erasion
resistance, Similar results obtained previously on unidirectionally rein-
forceéd, end-oriented Kev}q;‘i-/epoxy composites indicated that Kevlar fibers

do not yield rain erosion resistant composites,

’ ]

Combined End-Oriented Structural Specimens

Rain erosion specimens were fabricated which consisted of an end-

oriented, rain erosion-resistant surface layer of Dacron/epoxy (52 volume-

. e e

percent fibers) bonded to a structural substrate of laminated fiberglass

anbtt AN . o A BRSSO 7 Ll s o AR .

€poxXy. Three types of specimen were fabricated;

Ah

1, Specimen Code: DAG-1
End-oriented Dacron - 0,150 inch
Fiberglass substrate - 0,050 inch

2. Specimen Code: DAG-2
End-oriented Dacron - 0,100 inch
Fiberglass substrate - 0,100 inch

i 3. Spegimen Code: DAG-3
End-oriented Dacron - 0,050 inch
! Fiberglass substrate - 0,150 inch

e wr g——r e

‘ Thetest results, summarized in Table 7, show that this type of
* specimen erodes very severely with the failure consisting of failure at the
; interfarce between the end-oriented composite layer and the structural

substrate, Figure 20 shows typical specimens after only 30 seconds exposurc

under standard conditions,

Composites From Boeing ;
L

Test specimens were prepared from four laminated composites ;
received frorn Boeing, identified as fcllows: 3

1. Polysulfone - 181 E glass laminate (Hughes Specimen 3
C\)de L‘3)'

-
-
o o
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Figure 20. End-oriented Dacron/epoxy with laminated
fiberglass epoxy substrate (exposed 30 seconds
- under standard conditions),
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2, Polysulfone - AS graphite laminate (Hughes Specimen Code L.-4)

3., Epoxy-181 glass laminate (Hughes Specimen Code L-5)

PKHS-1 (Phenoxy)-181 E glass laminate (Hughes Specimen
Code L-6)

Three specimens of each material were tested for 30 seconds each
at an impact angle of 90° under standard conditions.

The results, summarized in Table 8, show the polyaulfon'e-AS
graphite composite and the phenoxy-181 glass composite to be fairly rain
erosion resistant, while the polysulfone-glass laminate and epoxy-glass
laminate to have relatively poor rain erosion resistance comparable to that

of epoxy-glass laminates tested previously.

TABLE 8. RELATIVE RAIN EROSION RESISTANCE OF
LAMINATED COMPOSITES FROM BOEING (30
seconds cxposure, 90° impact angle)

Weight | Erosion
Specimen Material Loss, Depth,
Code Description Mg Mils Appearance
L-3A Polysulfone-181 E 244 26 Extremely eroded
L-3B Glass Laminate 282 21
L-3C 225 19
L-4A Polysulfone -AS 117 6 Moderately eroded
L-4B Graphite Laminate #4
1.-4C 124 5
L-5A Epoxy-181 Glass 314 28 Extremely eroded
L-5B Laminate 334 36
L-5C 318 28
L-6A PKHS-1 (Phenoxy) 106 3 Moderately eroded -
L-6B 181 E Glass 95 3
L-6C Laminate 106 11 3
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Figure 22, Polysulfone-AS graphite (Boeing). :
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Figure 23, Epoxy-181 glass laminate {Boeing). i
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Figure 24, PKHS-1 (phenoxy)-181 E
glass laminate (Boeing).




STRENGTH PROPERTIES OF END-ORIENTED NOMEX/EPOXY

As requested by Materials Sciences Corporation, the shecr strength
and compressive strength properties of end-oriented Nomex/epoxy compos-

ites were measured,

Shear Strength

The shear strength in the fiber direction of an end-oriented Nomex/
cpoxy bar with a fiber content of 50 volume-percent was determined by means
of a special shear test fixture., This shear fixture consisted of a quarter-inch
diameter hardened steel pin aligned with a corresponding hole in a base plate
by means of a auit‘ablo bushing. In practice, a disc of the end-oriented epoxy
(fibers parallel to axis) 0. 70 inch in diameter by 0. 200 inch thick is placed on
the base plate, the busring is put in place and the pin inserted in the bushing.
The asscmbly is then placed in a standard test machine and the load is
increcased until sneav failure occurs,

The average value obtained for shear strength was 5,71 x 103 psi
with 3 standard deviation of 0 29 x 103 psi,

Compressive Strength

Compressive strength meacurements were made 01 an end-oriented
Nomex/epoxy with a fiber content of 50 volume-percent, The tests were
run in accordance with ASTM D695 on «sylindrical specimens 0,375 Inch in
chameter by 0,750 inch long with the fibers parallel to the specimen axis,
The results showed the Nomex/epoxy to have a compressive strength in the

fiber direction of 31,9 x 103 psi with a standard deviation of 0,28 x 103 psi.

EILECTRICAL PROPERTIES OF MULTIDIMENSIONAL COMPOSITES

Twa muliidimensional composites were taken for dielectric

meuasurementy;

1. No, 3D-14: Nomex/glass iayer-to-layer angle-interlock -
Fpon 828 /menthane diamine,

2. No, 3ID-17: Kevlar 29 layer-to-layer angle-interlock -
Epun 828/menthane diamine,

G 0



The dielectric constant and loss tangent of the two compousites were
caleuiated from shorted waveguide measurements made at a frequency of
10.0 gHe. The procedure involves measuring the posjtion of a voltage mini-
mum in a shorted waveguide with and without the dielectric specimen con-
tacting the short, This difference in voltage minimum position, the guide
wavelength and specimen thicknese are used to calculate the dielectric
constant and ioss tangent of thedielectric material, A full delc‘rlptlon of

this measurement technique is given in section 10,06 of '""Handbook of
Microwave Measurements, ' Volume I, Wind and Rapaport, Polytechnic

Press, 1954,
The test results were very close for the two materials: the Nomex/

glass/epoxy composite No. 3D-14 had a dielectric constant of 3,45 and a
loas tangent of 0,019, while the Kevlar 29/epoxy composite has & dielectric
constant of 3,50 and a loss tangent of 0,022,

S Y
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Several main conclusions may be drawn from the test reaults:

.  Multidimensional fabrics, consisting of combinations of polymeric
fiters such as Nomex and Dacron and in-plane structural fibers
such as glass, yicld composites which are far superior in rain
crosion resistance to fiberglass laminated plastics, For example,
after an exposure of 310 seconds under standard conditions, the
rain crosion specimens made from the Dacron-glass angle- e
interlock fabric suffered less than 20 percent of the weight loss
of a typical 181 E glass fabric reinforced laminate, while the
vuriesponding surface recession was only 12 percent,

-
AY

2, End-oriented composites are far superior to those made from the
multidimensiona! fabrics, even those containing polymeric fibers.
For example, typical end-oriented glass-epoxy composites
erode, s evidenced by weight loss, only 23 percent as fast as
cven the best multidimensional composite,

}, Composites consisting of an end-oriented surface layer bonded
to a structural substrate fail during rain erosion testing at the
interface between the two layers,

Future activities should be concentrated in several principal arca:

1. Further development of thin-walled, multidimenrsional construc-
tfons embodying both superior rain erusion resistance and
adequate structural properties, in which emphasis will be placed
on obtaining improved propertics by mathematical analysis.

2. Military aircraft radome applications, present and future, will he
reviewed for structural and electrical performance requirements
tu establish the feasibility of using optimized, thin-walled, multi-
dimensional constructions,
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4.

Military aircraft radar requirernents will also be reviewed to
determine the feasibility of using thick-walled, end-oriented

constructions in selected applicationa in which extreme rain
erosion resistance is desirable.

Additional screening of newly available matrices and reinforce-
ments will be continued by rain erosion testing, measurement of

structural properties and by the performance of appropriate
analytical studies,

Fabrication and testing of a small, conical or ogival radome

structure with the optimum combination of rain erosion resistance
and structural properties.
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INTRODUCTION
!

{ The primary objectives of this program have been to organice
gxisting erosion data on composite materials, recommend additional
éesting required, and then define crosion resistant material
designs which --ill be both resistant to weight loss due to erosion,
and possess sufficient in-plane material properties to allow

use as a structural material for radome applications.

The work described herein consisted of several interrelated
tasks. Initially the erosion data obtained by Hughes \ircraft
Co. since 1971 was assembled and organized to ascertain the

various parameters which affect the erosion resistance of composite

materials. Several areas were discovered which required additional

data, and an initial testing program was outlined and recommended

to Hughes Aircraft. sSoume additional tests were recommended for

some different test configurations to aid in developing an under-
standing of the relative merits and/or pcnalties of having fibers
at various angles to the specimen surface.

The program was originally to have had a second test series

to further classify assumptions being made in the analysis. However,

test =zcheduling did not permit time for an interim test series.

Consequently the specimen configurations recommended at the end

of this report must serve a two-fold purpose. Namely, several

basic specimen configurations are recommended to determine the
effects of having pocitive and negative angle fiber placements, re-
sulting in greatly enhanced shear capability for the material.
In addition, the woven specimens recommended are those which appear
best suited for a structural, rain erosion resistant material,

and will also fill several information caps regarding behavior of

varaous 3-D [fiber systems. After the tests recommended in this

phase of the program are completed, the data should be analyzed and

iinal recommendations made for improved radome material. That is,

a final material recommendation is not possible until some further
tests are corducted.
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SUMMARY OF TEST DATA

The initial task was one of studying the large amount of erosion
test data available from the Hughes Aircraft final reports, Reference
1-3. The pertinant data have been reduced to several weight loss
graphs which are useful in determining the effect of some of the
controllable parameters affecting the erosion resistance of com- i
posite materials. One must be cautioned however in that photographs ' |
of the specimens must be studied along with the weight loss data. 3
This is true since in some cases large cracks and deep .vcal pitting :

occurred on the specimen surfaces while seemingly little specimen
weight was lost.

Fiber Volume Fraction

When considering a sufficiently erosion resistant composite
for structural applications, several questions arise. Since
E through-the-thickness fibers improve erousion resistance, one needs
) to know the sensitivity of the crosion resistance to the through-
the-thickness fiber volume fraction. In addition, since in-plane
structural properties will be increased primarily by reducing the
] ‘ through-the-thickness volume fraction so that in-plane fibers may
: ‘ be added, one needs to know how low the through-the-thickness
fiber volume fraction may be reduced and still yield a material
with sufficient erosion resistance.

The data pleotted in Figure 1 for EPON 828/MPDA Nomex with
different fiver lcadings shows the data available for answering 4
the above questions. At first appearance, the data for non plasma ;
treated material indicates a substantial reduction in weight loss
as the fiber volume fraction increases above 50%. However, photo-
graphs of the specimens after test showed deep iocal pitting, and
cracking occurred in most of the specimens with fiber volume fraction
over 50%. The data for the plasma treated fibers shows little or
no cffect of fiber volume fraction on the erosion resistance. Very

R P izt e o it i
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little data cxists for fiber volume fractions around 50% for both
plasma treated and untrcated fibers. Consequently more test data
in the 50% volume fraction area was recommended. To determine if

the high fiboer volume fractions do or do not significantly improve
erosion resistance, A2
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The recommended tests for both plasma treated and untreated
Ncmex fibers in an EPON 828/MPDA matrix with a fiber volume fraction
around 50% were completed. The data, added to previous data, are
shown in Figure 2. As can be seen, the apparent significant im-
provement in erosion performance at fiber volume fraction 50% does
not exist when the latest data are included.

:
i
:
%
{

However, a general
decrease in weight loss with increasing fiber content does exist,

and the plasma treated material appears to show a slight iﬁprovement
in performance over the non plasma treated material. Figure 2
indicates that a reasonable trade-off exists between fiber volume
fraction through-the-thickness and erosion performance.

CECPpIm 3 N

Weight Loss Versus Exposure Time

be. e it

Examining Figure 2 one sees that weight loss does not appear
to Le a linear function of time. Since a large body of data
- vx18ts with a non common exposure time base, it is difficult to
make comparisons without normalizing the weight losses to a common

e ol s o et

E " time base. 1Initially, a linear normalization was assumed, but

; it was recommended that tests be conducted with weight losses
measured as a function of exposure time to provide a means of
rormalizing the data for comparison purposes. The results of that
series of tests are plotted in Figure 3. A3 shown in Figure 3, the
erosion weight loss can indeed be approximated as a linear function
of exposure time for the exposure times considered, at least for
the EPON $28/MPDA Nomex material. Non linear effects should be

expected for very short and perhaps for very long test exposure
times. -

KA kAL DM s N Gl 1 i, . . .

Impact and Fiber Angle Effects

e

| The angle of the rain drop velocity vector to the specimen
surface, and the angle oifi the through-the-thickness fibers to the

specimen surface could prcduce significant erosion performance
"effects.

e et s

Fiyure 4 shows the data on the effect of impact angle on the
crosion resantance of IPON 828/MPDA Nomex. For the data of Figure
4 the raindrop velocity vector was parallel to the fibers at all times,
while the anqglc of the surface of the specimen to the raindrop

velocity vector was varied. Several interesting conclusions can be
o3 '
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drawn from these data. For a given composite material there

was very little effect of the angle of impact on the erosion

weight loss. However, the material to material variation was
significant.

Examining the data for V. = 35.2% and 35.4% in Figure 4,
one finds a factor of 4 to 5 difference in weight loss. This
difference may be attributed to possibly two factors. Testing
conditions may have varied and affected the results, ' If tests
of 35.2% and 35.4% materials were run during the same testing
series, one would have expected the test conditions to be fairly
consistent. However, if a significant amount of time lapsed
between each series of tests, the test conditions may have
altered slightly and could significantly affect the results.

A more likely source of variability is the batch to batch
variability of the material properties. If this latter effect
dominated the data, then one must be extremely cautious when
comparing test results., Ideally the test results should only

be compared for specimens originating from the same initial billet
of material. 1t is recognized, however, that for large testing
programs it is not always possible for one billet uf material

to supply the required number of specimens. As an indicator of
possible billet to billet variations, it is recommended that a

few mechanical property tests be performed for each billet of
material. For example, differences in short beam shear test results
or compression test results could indicate mechanical progerty
variations between different materials which may indicate dif-
fereﬁt erosion weight loss behavior for the two materials,

Figure 5 shows the effect of impact angle on the erosion weight
loss for IPDN S3IR/MPOA-ICC Glass. For these data the filters wsTe
TNETTAL IO TUC oSspooimon suriace while the iTDalst o angle was varocd,
As can be secen, there is littlie effect of impact angle in an
adverse sensc. Tie data appear to indicate an increase in erosion
resistance with increasing angles, Duc to the apparently good
performance of Nomex tibers, it was recommended that the series of
tests be repecated with 1-D specimens of Nomex fibers. 1In addition,
tests were rccommended with configurations of impact surface normal

to the raindrop velocity vecior, but varying fiber angles to the
LRI &
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specimen surface. Figurea 6 thru 8 present the rcsults of those
tests. -

For impact on a specimen with fibers oriented at 90° to the
surface, Figure 6, the erosion resistance improves as the angle of
impact docroasas. MHowover if the angle of impact is held at 90° to
the specimen surface and the fiber angle varied, Figure 7, one finds
a definite dccrease in crosion performance for fiber angles below
roughly 70°. Thus it is desirable to maintain the fiber orientation
to the surface over 70°. The test results in Figure 8 were for
specimens which had the fibers oriented parallel to the raindrop
velocity vector but the surface cut at various angles. These

results indicate that one could tolerate a surface angle down to
perhaps 60°.

Unfortunately throughout the above tests, the angle of the

centrifugal force vector to the specimen surface was not defined.

Orientation of the specimen surface, and hence fibers,
the centrifugal flow of the

influence damage mechanisms

relative to
raindrop during and after impact could

and hence affect erosion resistance.

Future tests should include contrxolled specimen orientation to deter-

mine the magnitude of this variable.

One rccommended series of tests were not performed, namely the

+8 laminate tests. 1In attempting to generate fiber configurations

which provide both erosion resistance and in-plane properties, most
configurations considered have a balanced symmetric pattern. Feor
balanced materials with fibers at an angle to the surface, the shear

strength is greatly improved, and the microstructure is significantly

different from an aligned or 1-D composite. Thus, tests of specimens

made up ofs laminae of fibers in +6° configurations with raindrop im-

pact normol to the surface are required to assess microstructure and

styructural property effects on the crosion weight loss.
tests were not conducted,

Since these

futurce test programs of fundamental property
ctfects should include a scries of +6° laminat2 spccimen tests.

¢ne can dJdraw the follewing conclusions from the existing uni-

dircctional composite test data:  Namely the best erosion resistance

was obtained {or material configurations with the fibers oricnted be-

tween 70 and 90 deycseee to the specimen surface, Fibers oriented at

90 deywrees to the surface offcr the benefit of further weight loss do-

creases for raindrop impacts at an angle to the surface different than
%0 degrees. r5
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IN~PLANE MECHANICAL PROPERTIES

The introduction of in-plane fibers and/or diagonal fibers 3
are required in order to develop in-plane properties which are
sufficient to prevent failure from structural loads. A trade-
off thus exists betwecn erosion perZormance and in-plane structural
properties. The primary variables available for controlling in-
; plane properties are the volume fraction and type of fibers placed !
in~plane for 3-D material, and the weaving angle and.fiber volume
| fractions for 4-D omniweave and angle incerlock material. ’
The MSC - X-CAP computer code, described in Appendix A,
= has been used to estimate in-plane properties for several different
“ fiber sygtems: all Nomex fibers ir a 4-D weave configuration, all i
Nomex fibers in a4 3-D weave, a 3-D weave with Nomex fibers in the
throug@Lthe-thicﬁness direction and E-glass fibers in the two in-
plane directions; an ancle interlock material with Nomex fibers

in the diagonal directions, the warp direction, and E-glass fibers
in the two in-plane directions, the stuffer and fill dir: ctions, ’

and finally an angle interlock material with Kevlar 49
(Formerly PRD-49),

fibers.

In plane property estimates during this study were confined
to a fixed range of fiber volume fractions. Thus, in one sense,

a direct comparison between the different material configurations
3 could be made.

As described in the geometry sectiocn, the theoretical
maximum prism volume fractions can be determined.

However, a unit
cell model must assume a prism packing density, which is & function

of the weaving process itself. Consideration of the actual fiber 3

volume fractions obtainable must wait until several weave con- j

figurations are manufactured and fiber volume fractions determined.

——

: For the 4-D material the in-plane p:opcrties were determined
: parametirally by varing the total fiber volume fraction from 0.30

to 0.60, and also varing the projected fiber angle on the face of
the unit cell from 35 to 75 deygrcees.

Thus both total fiber content i
and weaving angle were variced.

The propertics for the two 3-D configurations werc deter-

mined for the following conditions. The total fiber volume

fraction was held constant at 6U%. The through-the-thickncss

) fiber volume fraction was varied from 30% to 60% with the
5 =
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remaining fiber content baing equally distributed in the two in- |
plane directions. That is, for a through-the-thickness fiber .
ve .ume fraction of 40%, there was a total of 20% fibers in the
in-plane directions, 10% in the "X" and 10% in the "Y" directions
(the Z dircction being through-the-thickness).
For the angle interlock material the total fiber volume
fraction was again held at €0%. The stuffer and filler yarns were
agsumed to pe E-glass with fiber volume fractions in each direction

of 5-15%., ‘The remaining fibers werc Nomex fiber bundles oriented ,

at varing/angles from 45 to 85 degrees. In addition, an all ]
; Kevlar=-49 angle interlock material was examined. Fiber and matrix
propertics used in the analysis arc listed in table 1.

Figure 9.shows the variation of in-planc modulus with fiber

volume fraction and weaving angle for a 4-D Nomex composite. As
% can be scen, for the practical range of fiber angles the in-plane ;
! modulus is relatively insensitive to weaving angle, but is very
: sensitive to the fiber volume fraction. Figure 10 gives the
corresponding results for the two 3-D weave configurations. Note
that the all Nomex weaves result in roughly the same in~plane stif=-
rness for fiber volume fractions of 60%, and that the Nomex in-
plane volume fraction affccts the in-plane modulus only slightly.
Tﬁe E-glass fibcrs in-planc offer the most significant increase
ih in-planc modulus and, hence, offers a stiffer shell materjial.

e TS P ——

' Figure 1) shows the in-plane and through-the-thickness moduli
of angle intecrxluck material as functions of the interlocking fiber
angles. Again the in-plane moduii are insensitive to the weaving
angles, *indicating that the best control of in-plane modulus may
be simply the quantity of in-planc E-glass fiber content. 1
Kevliar-49 angle interlock was examincd, figure 12, with much .
the: same result. The very hich tensile modulus of Kevlar-49 inter-
lockiny fibers could not contribute significantly to the in-planec
properties since the fiber is very anisotropic, with a very low
shecar modulus,
Stiffness, however, doverns buckling modes of failure, and
noet strength moues of failure. Thus, some estimates of the

in-plane strength of the different materials are required.

A1
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The MSC ~ X-CAP computer code computes average fiber bundle and
interstitial matrix stress states for any given applied loading
conditions, as well as compute effective elastic constants for

a given unit cell of material. Thus, given fiber bundle tensile
and shear strengths, as well as matrix strength, it is possible

to predict the composite strength,

Due to the probable thin sections which will be required,
only scveral unit cells will be present through the thick-
ness of the material. The strength estimates must therefore
be viewed as approximate since edge effacts will affect measured
strength values. The results are nevertheless significant since
trends in strength with the fiber volume fractions and fiber
orientations will be predictable.

Figure 13 shows the in-plane strength of 4-D all Nomex
weave with EPON 828/MPDA matrix as a function of fiber volume
fraction and weave angle. A combined strcss failure criteria
(fiber bundle axial stress and shear stress) was used to predict
strength, The assumed fiber bundle shear strength of 5600 psi
was found to dominate the failure stress prediction., As expected,
orienting fibers in the through-the-thickness circuction decreases
the in-plane strength. Although the in-plane strength is not
exceptionally large, the 4-D weave offers several advantages over
3-D weaves, see Appendix B,

Figure 14 has been constructed to show the in-plane strength
of 3-D all Nomex material, assuming that, due to curvature or
manufacturing errors, the in-plane fibers are at some angle to
the plane of the material. These results are quite significant
since the ultimate material use will be in curved shells. 1t is
reasonable to expect that the in-plane fibers will not be truly
in-plane throughout significant regions of material. As can be
scen ir Figure 14, the attractive fiber direction properties of the
3~D weaves drop off rapidly with increcasing fiber orientations,
Thus, if high strength is a scvere requirement, manufacturing
processes must be very carcfully controlled.

Figure 15 gives similar results for a 3-D material with
E-glass in thc plane of the material, showing a similar drop-
off in strength with incrcasing fiber orientation.

VAR 4

s o L AR L s




i
s

Figure 16 presents the effect of orienting a 4-D weave
material slightly out of the plane of material. As can be seen
the 4-D material showa little change in strength as compared

to the 3-D fiber systems, which can be advantageous in many
design configurations. It has been shown, Reference 1, that

the largest tensile strcength of the 4-D wecaves is in the direction
of any one of the 4 fiber orientations.

The various merits of
X-D weaves are explancd in Appendix B.

The in-plane strength of the Nomex/E~glass angle interlock
material is shown in Figure 17. Note that there is a small but

not asignificant dependence of in-plane strength upon weaving anglae.
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MATERIAL DESIGN FOR STRUCTURAL AND EROSION REQUIREMENTS

The objective of this phase of the study is to plan an
expaerimental program to obtain the information required for the
design of a fiber reinforced plastic material for aircraft radome
applications. Structural requirements for this application re-
quire that some of the fibers used must be oriented in the local
plane of the shell wall. Evaluation of tho experimental results
obtained during this program indicates that throuéh-the-thickness
fiber orientations are highly desirable for erosion resistance.
Thus a logical material configuration would have an orchogonal
planar array of good structural fibers such as glass, integrated
with through-the-thickness fibers of Nomex, or perhaps Dacron.
This coﬁbinatxon can, in concept, be obtained by bonding an
outcr layer of unidirectional normal fibers to an inner, structur:
layer of glass reinforced plastic. This configuration would
appear to be susceptible to serious delamination problems as a
result of the dynamic loading imparted by the impacting drouplets,
and of the necessarily small laycr thicknesses. Although a test
of such a configuration may be desirable, it appears likely that a
three directional orthogonal woven reinforcement will yield
improved overall performance. The question of the types of fibers
to be used and the relative amounts of each in the three different
directions is discussed clsewherce. The question treated here is
that ¢of defining the available range of proj ...es as limited
by tyé maximum possible fiber volume fractions for different
weaves.

" The unit cell for a threce-directional, orthogonal weave is
shown in Figure 18. The unit cell is the basic repeating volume
clement in any weave of regular geometry. For this 3-D case it
may be divided into prismatic regions which are cylinders paral-
lel to each of the three orthogonal directions. Unidirectional
fibers can then be oricented along cach of these prisms without any
interference problems. Such a gcometry defines the potential fiber:
volume fractions which can be achieved with straight fiber arrays.
Of course in a wcaving process, fiber crimping or bending‘can
occur, causing fibers to be located in regions outside the prism

volume regions shown in Figure ES'IO
i
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Thus, scveral volume fractions are of interest, First, \
the maximum prism volume fractions. Thasc are plotted in Figuro
19, showing the through-the-thicknass value as a fraction of
the in-plane value, assuming equal fiber amounts in eagh of two
in-plane orthogonal directions. The maximum total fibexr volume
fraction is found from this by recognizing that a fibeyr bundle
can pack as circular cylinders in an hexagonal array for grcatest

volumetric efficiency. 1In practice the actual number for a sct

of straight fibers will be recduced because both the actﬁal prisms
and the actual bundles within the prisms will pack at ~ome 60% ;
to 75% of thcoretical values. Mcasurements on 3-D carbon and 1

qraphite wcaves has shown a practical total fiber volume fraction
qual to about 50% Of theorctical, The curvature effect will in-
creasc this last number. Thus, as an cxample, a curve is prescnted
foxr o case in which the actuval prism volume fraction is 70% of

the theorctical maximum. The local fiber volume fraction is 75%

of the theoretical maximum and the fiber volume increase due to
curvature s represented by a factor of 1.2.

The 3-D orthogonal wecaves do little to improve the shear
resistance along the principol elastic planes. For this rcason an
angle weavs of some sort is considerad to be a desirable possibility,
This cannot be cstablished at this point because of the lack of
cxperimontal crosion data for materials having fibers inclined in
two directions making equal and opvosite angular dircctions with
the surfaczce. Several possiizle anqle weave constructions are shown
in Figure 20. The unit cell for a full depth angle interlock
wirave is shownin Figure 21, For this type of weave the prism
volume f;acrion of the angled prisms has beea computed and is shown

Prouge 22 as a fuanction of the desired in-plane volume fraction,
Aiain thes lattev quantity is assunced to be composed of equal
volume tractions in cach of two orthogonal directions. The angle
vollume fractions arce independent of the angle of oricntation (with

(e eaception ot 0° and 90°) 1f the ratios of prism sizes in the
ditterent diroctions are not constrained, hut are permitted to
tak: on oony valuces,  This wmplics the availability of continuous
roeclectron of yarn deniecrs.  In practice discrete angles will be
todquired to attain these values because of the limits on and the

Jiscrete number of filamc?ts in a commercial yarn which is Lo be
£-1
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used in this woaving. Here howaver the initial choice will be 7
made for the purpose of designing experiments to obtain the erosion i;-
data required,
The samplo of angle interlock supplied to MSC was examined
X . to determine the fiber content. As an approximation, all fibers
, were asgsumad to be 1100 denier dacron, neglecting the small con-
{ tent of glass, Based on 288 ends/inch, one finds that the warp
fiber volume fraction is S51% and the stuffer and filler volume
fractions are roughly 13% each, resuliring in a total fiber volume
fraction of 77%, To check this figure, the weight of the piece
of material was calculated, knowing the density of dacron and
asguming 77% fiber volume fraction. The theoretical weight was
found to be 1,67 ouncas, which compares very wall with the measured

weight of 1.6 ounces. Thu3, the sample of angle interlock appears t
be a good quality weave and should be included in the testing
program.

It can be secn from a comparison of Figures 19 and 22, that
higher total fiber volume fraction is to be obtained in the 3-D
weaves, However the improvement in material performance obtained
by placing fibers in additional directions suggests that ex- '
periments with some representative angle interlock weaves are
desirable, An illustration of the possible effect is provided
by the simple comparison between a unidirectional layer subjected
to a static compressive force at an angle to the fiber direction
and the same load applied to a symmetric biaxial material in which i
half of the fibers are oriented at each of two equal but opposite
angles to the applied load direction. This result is shown in
Figﬁre 6 for a Kevlar-49* epoxy composite.

It should also be remarked that the off-axis test data obtain-
ed for crosion of other fiber composites may not be applicable to
Kevlar 49, since this fiber is highly anisotropic. It may well
behave in a better fashion for off-axis impact because the fiber
anisotropy will result in additional energy absorbing failure modes.

* Formerly PRD-49

A-ia
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CONCLUSIONS 3
An initial analytical evaluation of the available erosion .
data for fiber reinforced plastics has been performed. Tha 5
aim of this analysis was to obtain an understandina <I materials -
which are both crosion resistant and useful for structural ap-
plication. Obviously, the mechanics it erosion arc complex and
beyond the scope of this study. [n this first phase cf the ..
analytical program, the objective was to evaluate and corrclate . -
available experimental data and recommend necessary additional
tests, A series of recommended materials, having multi-directional
fiber orientation, are described in the following section of
this report,

The fésulcs of the experimental and analytical studies -
to date Ggan be summarized as follows. The erosion test data . -
indicatelthat for 1~D composites the bhest orientation of the
fiber is at 30 degrpes to the material surface. Plasma treated
Nomex fibers offer a slightly improved erosion resistance :
over untreated fibers. There is a small effect of fiber .
volume fraction on the erosion resistance for fiber volume '
fractions between 40 and 8C%. Thus the through the thickness
fibexr volume t{raction can be reduced below 70-80% to allow
placement of in-planc fibers for in-plane properties, without
a severe sacrifice in erosion performance.

Angle interlock materials have not been tested to date.
The placement of fibers at positive and regative angles to the
s#rface greatly increases the through the trickness material i
qropertfes. Hence there is reason to believe that there will h
e a significant improvement in erosion performance for these
materials, In addition, fibers such as Kevlar 49, which are
highly anisotrowig may actually exhibit higher erosion re-
sjistance wiien used in a +9 configuration as opposed to an all
90° configuration,

In-planc property predictions indicate that for a 3-D
orthogonal material the only significant improvements in in-
planc properties occur if glass fibers are placed in-plane,

with Nomex fibers placed through-the~thickness. The 4-D

materials such as omniwecave do not appear to offer significant

A-1?




structural property improvements over 3~D orthogonal materials,
particularly when one considers the additional costs involved in
fabricating an omniweavec mat.

It was found that the in-plane propcrties of the angie
interlock material are not sensitive to the angle of the
interlocking fibers. For Nomex warp fibers and glass stufter
and filler fibers, the Nomex does not contribute significantly
to the in-plane propeixties. For an all Kevlar-49 material,
the low shecar modulus of the Kevlar-49 fibers results in little
contribution of the warp fibers to in-plane properties. Con-
sequently, one would conclude that the best angl==-interlock
configuration would be to place the fiber in the direction o“
best erosion resistance. In-plane properties would be ob-
tained simply through the adaition of a sufficient quantity
of stuffer and filler fibers to obtain the required properties.

The above conclusicons were based upon the analysis and
evaluation of erosion test data obtained by Hughes Aircraft Co.
over the past several years. <The question of the possible merits
of material configurations using other fiber or matrix materials
has not been treated. Treatment of other possible configurations
would require thc formulat.on of an analytical model interrelating
material structure and properties. A model of this tyre would
address the problem of determining which material configuration
could best meet all of the structural design reguirements, as
opposcd to determining simply the strongest or stiffest material

configuration.

-
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RECOMMENDATIONS

r . At this point in the program, it is highly desirable to
|} obtain erosion test data on a serics of specimeng which system-

LSRN

Selial

atically evaluate several of the important parameters in the

P

design c¢f multi-dircctional fiber recinforced materials. However, g
the present Hughes program does not have the time or the resources
for such a test series. Hence it is desired to define a limited

] : series of tests which represent the b2st engineering estimate

4

£k

g v
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of configurations which will possess good in-plane me~hanical

properties, along with good crosion resistance. A second serics

i B GARI AT Sk

F L

of specimen configurations are alsn described. These are materials
3 % which should offer good erosinn resistance, and perhaps superior
' i resistance, but insufficient data currently exists to categorize
these material as prime canc dates for this test series.

It should also be pnted that the X-D materials which are woven

arc expected to be more readily, and cconomically, adapted to

structural configurations, than the 3~D orthogonal materials.

- T~

(An exception to this case would result if unidirectional matcerials
can be pbondeu “o a . bstructure as discussed earlier.) Because

of the des! acle feature of tha woven recinforcements, tests are

) . recommer. .ecd to improve our understanding ¢f the behavior of such
- materials.

E In a.l cases, erosion testing should include, as before,

K several specimens al cach test conditions. Testing should in-
clude weight loss at 3u, 60 and 120 sccond exposure times with

tko raindrop velocity vector oriented at several angles to the

specimen surface. Thus the cffect of employinag the given material

throughout a radomc surface will be determined.

If we draw upon the available test data, the most promising
specimen configurations appcar to be the 3-D orthogonal weaves,
ntili:ing NOMEX fibers through the thickness. A 3-D orthogonal
matcerial should be woven for test. E-glass fibers should be used

in the two in-plane dircctions, and NOMEX fibers in the through-

ey rrm—— -

the-thickness dicections, the number of fibers should be controlled

such that the in-plane {iber volume fractions, LE~glass, are ap-

proximately 100 cach.  The NOMEX fiber volume fraction should be

maximized Lo the best nva%}aglo weaving capability. Thus, a high
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through-the-thickness fiber volume fraction will be obtained.

The second material recommended for testing is an angle
interlock material similar to the existing sample utilizing
Dacron. NOMEX fibars should be used for the warp fibers and
E-glass used as the stuffer and filler fibers, except for the
two upper layers of stuffers and filler fibers, wnich should be
NOMEX. Since fibers nearly normal to the surface appear to
offer the best crosion resistance, the warp angle shpould be
controlled to yield a final weave with a warp angle of 60 to 80
degrees (90 degrces being through-the-~thickness).

The third test configuration is a through-the-thickness angle
interlock material with the same fibers as the second material.
Since optimum fiber packing may not be achieved in the second
material, due to trying to control the warp angle, the third
material compromises the warp angle to achieve maximum fiber
packing. Namely, the warp angle will be 45 degrees, similar to
the existing dacron angle interlock material which has excellent
fiber packing densities.

The fourth material recommended for testing is a laver-to-
layer angiz interlock material, again utilizing the same fiber
choices as in material two. Weave manufacturers feel that the layer
to layer angle interlock material can be woven with higher fiber
volume fractions than the through-the-thickness angle interlock
matecials. In addition, interlocking each layer of material could
potentially produce better erosion resistance of the exposed
stuffer and filler yarns and hence result in better material erosion
resistance.

The fifth and last matecrial recommencded for testing at this time
is a chrough-the-thickness angle interlock material with a warp angile
similar tc material two. lowever, the fibers in all directions
should be KEVLAR-49. The high degrce of anisotropy of the Kevlar
fibers indicates that this material may show improved erosion
resistance when utilized at some angle to the specimen surface.

The above materials recnmmended for rtesting are described in
Table 2. An additional series of tests is described in Table 3 four
possible futurc considcration. The purposc of the second series of
tests 2s to examine the effects of some of the controllable proper-
ties of the 3-D wcaves on the material crosion resistance. A7 /¢
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Naturally some refinements to the second series of tests could
be made once the results of the first series become available.
The results of thase recommended tests may identify an
effective material for the radome application. In any event,
the data obtained should be valuable in establishing criteria

for choosing among the variables considered and designing the
[ best possible materials of this class.

It is recommended that
this subseqhent evaluation of data be performed to complete

the program initiated hercin. It must be emphasized, however,

that the humber of variables are large (only a limited number
E have been treated herein) and our understanding of the mechanics
of erosion is inadeguate. The capability to design structural

i materials for resistance to increasingly severe erosion en-

vironments does not exist. Further basic studies which combine

practical objectives with a rational understanding of the basic
factors involved are strongly recommended.

e —— T —r P T T T LT Y

“u, T
A R 2 " DR ¢ e isaln o it R B KA

Ao

i ———

fus. - on s MIRLER




REFLRENCE

*Davelopment of Composite Construction With Improved Rain
Erosion Resistance®, B.G. Kimmel, NASC Final Report - g 71-76.
March, 1971.

*Development of Composite Constructions With Improved Rain
Erosion Resistance”, B.G. Kimmel, NASC Final Report - p
1972
4

"Development of Composite Construction With Improved Rain
Erosion Resistance", B,G. Kimmel, NASC Final RIport - p 73-43,
Jan, 1973,

"Advanced llardened Antenra Window Materials Study III"
Edited by J.P. Brazel, AMMRC - CTR - 73 - 26, July 1973.

Haghin, Z., "Theory of Fiber Reinforced Materials," NASA CR-
1974, March, 1972.

Hashig, Z. Rosen, B.W., "The Elastic Moduli of Fiber Reinfcrced
Materials," Journal of Applied Mechanics, Vol. 31, p. 223, 15%64.




TABLE 1

Constituent Material Properties Used In Aralysis

NOMEX* E-GLASS* KEVLAR-49 EPON 828/MPDA*

Modulus x106 PS1

Axial 10.5 19.0 .46

0
Transverse 0.46

Poisson's Ratio
Vur
Vor

Shear Modulus x106 PS1

GLT

Strength
Axial - KSI
Shear - KSI

* Isotropic
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TABLE 3

o are e e)

RECOMMENDED MATERIALS FOR FUTURL TESTING

TIIROUGH
: WEAVE THICKNESS IN-PLANE COMMENTS
' FIBERS FIBERS
EZ-D + 0 NOMEX NONE +6 Laminates
. 3-D Orthogonal KEVLAR KEVLAR Vg Ratio 5:l:l
Hi-Anglc Interlock NOMEX E-GLASS Tested at various im-
pact angles
.45° Angle Interlock NOMEX E-GLASS " " " "
} 'lli-Angle Angle Interlock NOMEX E-GLASS Tested as above, with

optimized stuffer &
filler yarns to max-
imize total fiber con-
tent.

A1 21
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FiGure 11
ELASTIC MODUL! FOR ANGLE INTERLOCK MATERIAL
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FIiGURE 19 3-D ZRTHGGONAL UNIT CELL VOLUME FRACTIONS
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Figure 20 - Multiple Warp Con=-
' structions
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APPENDIX A \

X-D PROPERTIES VIA MSC'S X-CAP PROGRAM }

!

The MSC X-CAP (X-Directional Composite Analysis Program) p

has baon devaloped for the analysis of composite unit cells. The

unit cell is modeled as a rectangular parallelopiped composed '

of fiber bundles oriented in various directions {the three edge,
for' body diagonal, and/or six face diagenal directions) and having
a matrix material in the interstices between fiber bundleé. The
amount, or existance, of fiber bundles in any given direction

is controlled by specifying the fiber bundle volume fraction

in cach direction. Each of the edge fiber materials can be
specificd as different material, and the diagonal fiber

materials is spetified, thus allowing treatment of hybrid,
composites. The constjituent materials may have transversely

1sotropic clastic constants as well a- thermal expansion co-
B L]
efficients.

: Material porosity and configurations of matcrial at less
; than maximum theoretical density can be treated. The matrix

g o —

matcrial i1s assuined to behave like a material with dispersed !
computed for the given porosity, and the effective constants j

t

k_ voidés throughout., Reduced effective e ustic constants are
t

?

- are utilized in the program. The program has the flexibility
to treat different matrix properties in the fiker bundle and
L interstitial matrix regions, thus the effects of different

void contents in the fiber bundle and interstitiel regions may
be trecated.

Solution for unit cell elastic properties is accomplished i
in the f0110win? manncr: TIropecrties are first computed for i
unidircectional f1-D) impregnatcu fiber bundles using the theoretical L

‘ developments ih refercnce 5. The 1-D fiber bundles are assembled -

; to form a unit cell, with given fiber bundle orientation and

volume fraction information, along with interstitial matrix

description.,  Then the unit cell mechanical properties are computed.

Tihe governing cquations cmploycd for clastic constants were developed !
in refceoence 6.

T
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APTENDIX B
OFF~AXIS LOAD CAPABILITY OF 3~D, 4-D, and 5-D WEAVES

| The often stateu attracctivness of multi-direcitional com-
, positos is the ability of thase mats.ials to handle loading

B ot o ek ad
.

4 in directi~-ns other thar in the 1.0er uirection and in shear.

To examine the st tements lit*~ie more closely and to de-

.

texmine th  amount: f improvei.cnt which might be obtained

with a 4-~D -0 compoasit ver the more conventional 3-D

composite, an analy is of these materjals was made in a ﬁ
separavC rogre Pef. 4, and the results are directly appli-

cabae.

Tr—g—p

Fuir all three materials it was assumed that the total N

{ fiber volume fraction was 50 percent, with fiber and matrix
pr »merties being the same in all cases. The 3-D material
‘.« “.sumed to be balanced in that one-third of the total
number ot fibers were placed in cach of the three fiber

T EFPENITAST W TV W) SEEITEPWT MRS T TTWR W e e e P

T Te—
RPN et L asd

directions. The 4-D material was also assumed balanced to

g -

be in a1l x 1 x 1 weave yielding a projected fiber angle of
. For the S5-D material, cne-fifth ¢f the fibers
were placed in each of the five fiber directions, resulting
in 80 percent of the fibers being in diagonal directions
and 20 percent being in one of the three edge directions.
The 5-D material was additionally assumed to have a 1 x 1 x 1 f
configuration, which resulted in projected fiber angles of

45 degyrees.

The results are summarized in table B-l. The fiber

e G A TR TR S TR, P ¢
]

strengths were assumed to be 100 ksi in tension and 4.5 ksi P«

in shear. 1In all cases, fiber shear strength governed failure,

thus the choice of fiber shear strength would modiry ail

results in Table 2 proportionally. The inherent axial strength .
of the 3-D materials is apparent in Table B-1. =

Note that for face diagonal loading and body diagonal
loading relative to the unit cell, the 3-D strength drops to
30 and 37 percent of the axial strength, respectively.

46 ' !
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This clearly illustrates a '-ary signifi~ant strength re-
duction for off axis loading of 3-pD. .or 4-D material the
axial load cane 1s the weakest loading direction with faz«
daaeenal oand Sody dhagonal Lo g aleng one faber) re-

sulting 1n 34 and 132 percent .,

axial strenglh.  The 5-D spnows ar increase in strength of

41 a.d 100 percent of the axial load capability for face

diagonal and body diagonal loading, respectively, and a 6%

percent inc¢rcase i stre » for transvei.c loading in the
fifth fiber direciton (sce Table B-1).

The obvious conclusion from the tensile load cases is

that there is conside...ble strength variation in all cases

with the least va- . cilon occurring in 5-D and the most in

3-D material. Note, however, that when the axial strength

of 4-D material is safficient for a given application,
off{~-axis strength will be greater.
may be adcguate for axial loads,

dcesign critical for any off-axis

the
A 3-D compor:ent which
on the other hand, may be
loading.

Consider next the strengths

indicated by the analyses. The advantage of 4-D material

over 3-D 1s obvious when one considers that the 4-D material

will exhibit roughly four times the strength in shear of
corrusponding 3-D material.
1s in fact roughly equal to the tensile strength.

From the previous results it 15 obvious that one must

consider the stress state which will be applied to a material

before passipg judgemen.

on the fiber configuration most
sultable.

Naturally cost must also be considered since 4-D
weaves will generally cost moxe than 3-D weaves to fabricate,

47

.seases in strength over the

due to applied shear stresses

The shear strength of 4-D material
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TABLE B-1 <Comparison of 3-D, 4-D, and 5-D Eilica/Silicone
Material under various loading conditions

|
|
'a;
i

Fiber UTS=100 kis

]

1

:

ﬁ . :

& ! Strength Assumptions: ... shear Strength = 4.5 ksi

E ‘ Material Loading 3-D 4-D S-D
, Axial Tension 20,880 7,715 7,500

- Face [iag. Load 6,080 10,350 10,635

- Body Diag. Load 7,715 17,940 15,050 :
) Face Shear 3,040 11,960 8,440 i

E . Diag. Shear 3,635 16,915 $,830 :
1

i Note: TFor transverse loading the 3-D and 4-D strengths
- are the same as for axial loading, but for 5-D loaded %
in the direction of the fifth fiber, results show a {
65 percent increase in strength to 12,480 psi. }
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