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SECTION 1

INTRODUCTION AND} SUMMARY

The ohbjective of this program was to perform a research study to inves-
tigate iiigh intensity electrical current flow and resulting degradation

in advanced composites and to investigate means of providing internal
protection from such damage. The approach followed in the the program °
essentially involved the selection of representative high modulus boron
and graphite filaments and composites and the exposure of those filaments
and composites to precisely controlled electrical current flow. Necessary
electrical, physical, chemical, microstructure, and mechanical analyses
and tests were performed to permit modeling of electrical current flow
processes and damage mechanisms. The laboratory analyses and tests
performed included photomicrographic analysis, electron microprobe,
scanning electron microscope, X-ray diffraction, tensile tests; and physical
aroperty measurements. The electrical properties measured included re-
siscivity, dielectric strength, and impedance.

In the performance of this program specimen fabrication, physical testing,
mechanism testing, specimen inspection and degradat{on mechanism analyses
were performed by Philco-Ford Corporation. Current injection tests,
electrical property measurements and current flow process analyses were
performed by the General Electric Company High Voltage Laboratory

~.
In this program, filamernts and epoxy resin composites of boron and graphite,
filaments were studied. The boron filaments were of the 0.004 inch diameter
variety that are manufactured by the chemical vapor deposition of boron onto
a 0.0005 inch diameter tungsten wire. Such filaments typically have a 55 x
10 psi modulus of elasticity. Two vavieties of graphite filaments
were included. One was a 55 x 10 psi modulus graphite filament tow as
manufactured from\gfpolyacrylonitrile precursor and the other was a

\
\
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precursor. The filaments included were manufactured by:

50 x 10° psi{ modulus graphite filament yarn as manufactured from a rayon

United Afrcraft Corp.: Boron filament
Courtaulds, Ltd.: HM-S 55 x 106 psi modulus graphite tow
Hitco: HMG-50 50 x 106 psi modulus graphite yarn

In the composites evaluated, the epoxy resin matrices were Whittaker
Corp. 2387 for the boron composites and DEN 438/MNA for the graphite compo-
sites. Each composite was of 50-55% by volume filament content.

In the investigations performed to date by Philco-Ford Corporation and
General Electric Company, the approach used was shown in Figure 1i~l. This
figure shows that a complete understanding of degradation processes and
possible methods for improving composite material response requires the
1nvestigat15h\?f the following interrelated areas:

(1) The résulcanc degradation mechanisms..

(2) The electric current flow process within tha filaments
and composites.

To date it has been determined that boron epoxy composites degrade at
current levels where the boron filaments themselves begin to crack
radially and transversely. For the standard waveform used in the degra-
dation studies, this occurred at crest current injection levels of above
3.7 - 5.7 x 10& amps per cm” of filament. Above these levels, degradation
increases in severity until total loss in filament integrity occurs, The
mechanism of the filament degradation has been determined to be due to the .
fact that the tungsten boride core is much less resistive than boron and,
as a result, carries the electric current that is injected into the
filaments., The energy dissipated in the core in the form of heat causes ..
the core to expand and stress the boron. This eventually causes the .
boron to crack. ‘

The graphite filamenz epoxy compogites begin to degrade at crest current

levels of 20-25 x 10" amps per cm“ of filament for the standard waveform.

Their mechanism of degradation is based on the resin rather than the

filaments. Current flows in the filaments and is dissipated partially -
into heat. At the damaging levels the heat initiates pyrolysis of the

epoxy resin matrix. The pyrolysis gases cause 4 pressure build-up

within the laminate until cracking and delamination occurs. At this

point the air comes in contact with the hot filaments and gases and the

composite bursts into flames. .
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It is believed that the most viable approach for Iimproving the resistance
of boron and graphite epoxy composites to degration due to current flow
will be improving the conductance of the composites through incorporation
of secondary conductive paths. These paths must be less resistive than
the filaments and not cause significant reduction of either the strength

or modulus of the composite or cause serious weight penalties. The wutility

of this general approach was demonstrated by incorporating fine tungsten
wires in one case, and graphite filamentas 1in another case, within boron-
epoxy laminates. Both graphite filaments and tungsten wire are less
resistive than the boron filaments. As the result, tests proved that
current was diverted away from the boron filaments and the threshold of
degradation of the composite increased. ‘

Current flow processes within advanced composites are quite complex and
difficult to analyze. Essentially though, a composite acts as a complex
array of conductive paths (filaments) imbedded within and separated by
films of electrically insulatfve resin. This model of current flow is
complicated by the fact that the dynamic impedances of the composite
specimens are constantly changing during current flow. Also, the fnsula-
tive resin fiims between filaments and layers or plies of filaments are
not continuous and uniform in thickness. Adjacent filaments vary in their
spacing and often are in contact with each other. As a result, current
flow 18 not restricted only to the filaments or plies of filaments into
which the current was injected and degradation can occur in separate layers
or plies of filaments.

All experimental results and analyses are discussed in Section 2.

1-4
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SECTION 2

INVESTIGATIONS OF CURRE&T FLOW PROCESSES, DAMAGE MECHANISMS,
AND INTERNAL PROTECTTON TECHNIQUES

2.1 APPROACH

The overall objective of this program was to perform research into the
effects of high intensity electric currents on advanced filament reinforced
plastic composites. Specifically, the work was to be directed toward

those current high strength and modulus filament types that have been
developed for use in structural composites for advanced aircraft. Also,
the electric currents to be used in the study was to be representative of
those that might occur as the result of a lightning strike to the surface
of an aircraft. Following this overall approach, the program was oriented
to study the processes involved in electric flow through filaments and
composites and in the determination of the mechanisms of any damage resulting
from the current flow. Introductory to this, however, was the materials
selections and characterizations that were made preparatory to the current
flow and damage mechanisms research. Also, during this program, certain
approaches toward minimizing damage due to current flow were conceived and

evaluated.
2.1.1 FILAMENTS AND COMPOSITES SELECTED

a. Filaments. In order to select materials for use in this effort
a survey was made to determine those types of filaments and resins that
are in use for advanced composites so that materials that might be expected
to have unique electrical characteristics could be included for investigation.

Two types of graphite filaments and one type of boron filament were selected
as representative of commercially available advanced high modulus reinforce-
ments. One type is Hitco's HMG-50, a continuous filament high jmodulus




graphite yarn :\th a proprietary surface finfish (E-8095) for the achievement

of optimum composite properties. Yarn construction for HMG-50 utilizes two

plizs of yarn with 720 filaments per ply with a filament diameter of 2.7 x
inches, a twist of four _turms per inch and a calculated yarn cross

aectiongl area of 82.8 x 1077 square anhss Typical yarn properties are

50 x 107 psi tensile modulus and 287 x 10~ pst ultimate tenslle atrength.

The second type of graphite filament sclected is manufactured by Courtaulds
(Type HM-S) and is a continuous twist-free high modulus roving tow with a
proprietary surface treatment for the Llmprovement of fnterlaminar shear
strength Ln the composite. The tzw strand of the HM-S contains 10,000
filaments, each typically 3 x 107" inches in diameter. The calculated
cross-sectional area of the tow {s 785 x 1076 square inches. Typfcal
filament properties are 55 x 10Y psi tensile modulus and 275 x 10~ psi
ultimate tensile strength.

Boron filaments were obtained from the Hamilton Standard Division of United
Aircraft Corporation. At the present time only one type of boron filament
'is in current use (a pyrolytic boron coating deposited over a 0.0005 inch
diameter tungsten wire substrate). During the process of deposition of
boron:on the substrate, a chemical reaction occurs and portions of the
substrate change from tungsten to tungsten boride,

A typical boron filament is 4 x 1073 inches in diameter, with a 5 x 10°%
inch diameter tungsten or tungsten boride core. The filament typically
has one twist per rgn feet of length and has a calculated cross sectional
area of 12.57 x 10 square inches.

b. Resin Matrices. Two epoxy resin systems were chosen as typical
of those presently in use for high modulus composites. Dow Chemical's DEN
438/MNA resin system is typical of the unfilled epoxy resins used in
graphite composites for environments up to 350°7.

Whittaker Corporation's 2387 resin system is typical of those modified
epoxy resins used with boron reinforcement for potential usage up to 350 F.

c. Composite Preparation. The filaments and resins to be used in the
program were fabricated into composite test specimens. For this program,
the most simple filament orientation pattern was used; one in which all
filaments are unidirectionally oriented parallel tc one another. The
composite laminates of each filament type were fabricated of precollimated
and preimpregnated filament layers usxng conventional 100 psi vacuum bag
autoclave curing techniques with 350°F maximum cure temperatures. The
compositions of the unidirectional test laminate aﬁé summarized in Table
2-1.

b~ bew e OB BN W O




TABLE 2-1

COMPOSITE LAMINATE COMPOSYTION

— bt b ooy Gew ) N N e e

Hitco Courtaulds Hamilton
HMG-50 HMS Standard
Filament Graphite Graphite Boron
Number of plies 2 2 5
Filament Volume
Content, 7% 50-55 50-55 48-54
Resin Matrix DEN438/MNA _ DEN438/MNA Whittaker
2387
>
i
- Resin Content,
% by weight 30-37 30-37 27-32
-

-
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2.1.2 PHYSICAL, CHEMICAL AND MECHANICAL TESTS

“Four basic types of tests were performed on exposed as ‘vell as non~exposed
specimens in order to investigate the degree as well as mechanisms of
damqge in the filaments and composites through which current had been
passed. These were:

(i)‘ Breaking strength of filaments and tensile strength

" of composites.
\
(2) Oisual and photomicrographic inspection of filaments and
copposites.

\
(3) Electron microprobes of selected iilaments.
3

AY -
(4) Scanning electron microscope inspection of relected filaments.

As shown in Figute 2-1, individual specimens of grapnite yarn and tow as
well as boron filaments were positioned on 1" x 15" pileces of artboard

end adhesively bonded at points 1% finches from eacl end. These filament
mounts were utilized to prevent filament damage tc and from the electrical
exposures and for purposes of breaking strength testing. Forx the breaking
strength tests, aluminum tabs were bonded to the filament ends. After
each specimen was wounted in the test machine, the artboard strip was cut
with a razor bladeji0 The specimen was tested to failure at 0.05 in/win of

machine head travel.

Each of the composite laminates fabricated were of 0.020-0.025 in. in
thickness. For theé electrical exposure tests, as well as the tensile strength
tests, a specimen size of 0.5" x 7.0" (filaments in 7.0" direction) was
selected. Prior to the tensile tests, glass reinforced plastic tabs were
bonded to the ends of each specimen. The tabbed specimen ends were then
clamped in the test machine and loaded to failure at 0.95 in/min. of

hand travel.

2.1.3 ELECTRICAL CURRENT INJECTION TEST PROCEDURE FPOR MATERIAL DEGRADATION
STUDIES

Electrical testing was conducted at the General Electric High Voltage
Test Laboratory. The impulse generator and peripheral measuring equipment
utilized are presented in Figure 2-2. " Figure 2-3 illustrates an actual
specimen during testing and Figure 2~4 is a photograph of the different
types of current prcbes which were used.

End contacts for the graphite yarns and tow were achieved by painting the
ends of the filaments with a silver paint which penetrated and wet each
fiber thus allowing good electrical contact. The boron filament ends were

-
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placed between two aluminum foil pads and wetted with silver paint. Each
end of the [ilament along with its pool of conducting paint was then com-
pressed between iliese two pads. Ozcillograms were taken during the tests
and included a voltage measurement across the test sample in addition to
a measurement of the current through the sample. Typical oscillograms of
a boron filament, graphite yurn and graphite tow are represented by
Figure 2-5. The top line represents voltage across the sample and the
bottom line represents injected current. The sweep was 5 microseconds

per division.

For these initial tests a standard waveform shape was established, as

showp in Figure 2-6. Natural lightning comes in many different configura-
tions; therefore, when conducting electrical exposures that are intended

to simulate currxent flow as might result from lightning, it is necessary

to define and control waveform shape. One IEEE recognized standard(1) for
lightning simulation recognizes the following impulse waves: an 8 x 20
microsecond wave for lightning discharge currents and a 1.2 x 50 microsecond
voltage waveform. The meaning of this can be seen in Figure 2-6. The
virtual value for the duration of the wavefront is as follows: for current
waves, 1.25 times the time taken by the current to increase from 107 to
..90% of the crest value; for voltage waves, 1.67 times the time taken by

the voltage to increase from 307% to 907 of its crest value,

The standard current wave appiied in the exposure was somewhat of a
compromise between the standard voltage wave and the standard current

wave as just defined.

The sgchematic set-up for the current injection tests at high current levels
is shown in Figure 2-7. The impulse or lightning current generator depicted
is larger, in all respects, than the one shown in Figure 2-2. It not only
possesses larger dimensions, but also higher voltage and energy capabilities.
Since it is desirable to maintain a large resistance in series with the test
specimen in order to prevent fluctuations in the current flowing through

the specimens, it became necessary to go to this unit for the higher energy

tests.

The primary difference to be ncted in the set-~up pictured in Figure 2-2
and 2-7 is the technique used for measuring the injected current. Pre-
viously these measurements were made by using a current pulse transformer.
During testing these transformers were found to fall off slightly at low
frequeuncies which required a small correction factor to be introduced
when reading values out on the tail of the wave (a necessity when deter-
mining the dynamic impedance of the specimen). The technique employed

in measuring the current is to measure the voltage across a linear (non-
inductive) resistance shunt in series with the test specimen. By using

a shunt resistance value which is much smaller than the test specimen
resistance, there is an insignificant amount of error in the voltage signal

2-9
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FIGURE 2-6. WAVESHAPE DEFINITIONS
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measured by the divider circuit. As the shunt resistance is a known
value, this error can, {f desired, be eliminated entirely.

The unidirectional composite specimen electric current injections were
performed in the same manner as were the injections of the filaments

with the exception of the electric contact. For the composites, each
specimen was bevebﬁd on each end to 45°, The specimen ends were then
vapor honed to insure expgsure of the filament ends. One-half inch on
each specimen end was then plated with a 0.001-0.0015 inch thick nickel
coating. In the case of the filaments, as previously noted, silver filled
epoxy paint was used on the specimen ends. Both the filament and composite
specimens were clasped into the test fixture for current injection as

shown in Figure 2-7,

The resistivity of each filament and composite specimen was measured
prior and subsequent to electric current injection. Also, "Thermopapers"
were used to provide a gross indication of the peak temperature of the
composite specimens as the result of current injection.

Other spectalielectric injection test procedures, such as dielectric
breakdown strength, were provided in the discussions of those results.

2.2 CURRENT FLOW PROCESSES

In studying the effects of high intensity electric current flow on advanced
composite materials it is essential that more than just damage studies be
performed. In other words, the quantity of current flowing through a
damaged element of a composite must be established. To do this, it is then
imperative that the processes whereby current flows into and through the
composite be understood. This then results, hopefully, in an approach
toward mathematically modeling ©f and analytical techniques for predicting
current flow. Since a composite is composed of an array of conductive
filaments within a dielectric matrix of epoxy resin, certain electrical
properties such as dielectric strength and dynamic impedance must be
measured as related to the current flow processes involved. Therefore, the
following is a summary of the electrical property characterization results
and the understanding of the electric current flow processes that has to
date been developed.

2.2.1 lDIELECTRIC STRENGTH TEST RESULTS--EPOXY RESIN MATRICES

Since epoxy resins are known to be non-conductive, it is essential that
their dielectric breakdown strength be determined on films of resin that
are typical of the thickness of the resin film layers that exist between
layers or plies of filaments “in composites. Such resin films act as
electrical insulation and tencd to confine the current flow to the filaments




into which the current was injected. At a sufficlent energy level the
resin would breakdown thereby permitting current flow from one filament
to another.

The resin films tested for dielectric strength were as follows:
Four sets of specimens were tested.
1. Pure DEN 438 film (2-6 mil thickness range)

~2. DEN 438/104 glass cloth (3-3.5 mil thickness range)

-1

3. DEN 438/104 glass cloth (2-2.5 mil thickness range)

4. Whittaker 2387/104 glass cloth (1-2.5 mil thickness range)

The resin films of interest were tested with 104 glass scrim cloth

included because it is standard practice in industry that filaments be
collimated onto the very thin (<0.2012 inch) glass scrim cloth. The .
scrim then becomes an integral part of the interply resin film and occuples
a small fraction of the total volume of the composite.

The volt-time curves of Figure 2-8 through 2-11 were determined by exposing
samples of each material toc three different voltage waveforms, one with a
fast rise time, a moderate rise time, and a slow rise time. The volt-time
curves then were constructed by plotting the voltage and times where
breakdown occurred with each waveform shape.

2.2.2 DIELECTRIC STRENGIH TEST RESULTS~--BORON SURROUNDING SUBSTRATE CORE

It had originally been suggested that the boron sheath which surrounds the
tungsten core might act as a dielectric material because of-1its high resis-
tivity. Testing (conducted as shown in Figure 2-12) resulted in data which
indicates that measurable conduction occurs as low as 1.0 volt and that the
material behaves as a conductor and not as a dielectric as originally
suggested. From other data sources, it appears that the boron is a poor
conductor.

During these tests, voltages were held for fixed periods of time and
current flow recorded. The resulting data did show considerable variation,
and for this reason additional tests were conducted under more controlled
conditions. The results of these tests made eon the boron, show it to have
a high value of resistance as would be expected from calculations. Of
interest, however, 1is the fact that with a voltage (V) of 35 to 50 volts
an avalanche phenomenon occurs and the boron does, in fact, breakdown.

\’\ 2-14
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Initfally, at low voltages, the resistance of the approximarely 5-inch
long filament {s measured at 1 wegohm (as determined from voltage and
current measurements)., If the voltage is {ncreased, however, a value {s
reached (somewhere between 35 to 50 volts) where the resistance drcps
instantaneously to approximately 500 ohms (again determined from the
voltags and current measurements).

Consider now what one would expect, as determined by calculations. From
earlier current injection tests it was found that mercury (because of
surface tension) made poor contact with the substrates of the filaments.
It may, therefore, be assumed that the test piece under consideration here
is depicted by Figure 2-13. That is to say, electrical comntact is not
made by the mercury, with the substrate, at either end.

Boron in contact Substrate

A
o -

. _1:;L(thicknoss of boron)

L

FIGURE 2-13. EQUIVALENT MODEL OF DIELECTRIC TEST SPECIMEN

For boron surrounding substrate (one end only):

mean radius of boron = 1.125 x 10-3 inch

A= 2g (1.125 x 1077)(2.54)(0.635) = 11.4 x 107> cu’
0.25 (2.54) = 0.635 cm

L= (2 - 0.25)(10°%)(2.54) = 4.45 x 10°cm

1.2 x 10§/L- cm

-3
. L (1.2 x 1089 (6.65x 1877) _ 6
Rg = og & BB 0.515 x 101

E]
(]

»N

-20




or for both ends

RB = 1.03 megohms

Thus, agreenment 18 obtained between the calculated and measured.

If the boron does, in fact, breakdown completely, then the final value
of resistance should be that of the substrate.

For an approximately 5 inch leagth of speccimen (pure tungsten substrat?):
o, ™ 5.5 x lGQYL- cm
A= 1.265 x 107° cn®

L =5 (2.56) = 12,7 cm

-6
Ry = pu 423X 10 DUZD 555 )
1.265 x 10

It is known that the substrstes are not pure tungsten, but are borides of
tungsten. Meazurements at test and dynamic impedance plots have shown
these substrates to have an impedance value approximateiy 10 times that
of pure tungsten. Therefore, this 5 inch length of substrate shculd
measure about 550 ohms. Since the measured values were in the order of
500 ohms, close agreement between measured, and anticipated, is observed,

2.2.3 DYNAMIC IMPEDANCE OF FILAMENTS

The dynamic impedance of boron filaments subjected to 2 amp, 5 amp and

7 amp current levels (4.3 x 22ys wave) have been obtained from the oscilio-
grams taken during current irjection for the degradation studies. The
median values are plotted in Figure 2-14. Algo shown are the maximum and
minimum value measured at each time increment. It will be noted that 1if
each of the curves obtained is extended back to t = 0, they all converge
at 1300 - 1350 ohms, 'indicating that the median value of this specimen
type before test is in order of 1300 ohms. The iowest value measured at
the time of test was 1396 bhms, but it has been cstablished that good
electrical contacts have not been achieved. A first look at thase curves
raises the question that perhaps the negative temperature coefficient of
resistivity for boren is more significant than first thought. Also,
preliminary analysis indicates that the substrate is not pure tungstuh,
as previously known, so the magnitude of the spread between resistivities
of the boron and substrate core becomes a question of prime importance.

A similar set of dynamic impedance curves for the HMG-50 graphite yarn

for exposures of 13 amp, 132 amp, and 163 amp (3.12 x 22ysec); and 300 amp
(3.5 -33”sec); and of 500amp (2.4-25ysec) are given in Figure 2-15. The

2-21
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1 median values are plotted, but also shown are the maximum and minimum

i values measured at each time increment.

The dynamic Lmpedance curves for graphite tows subjected to 625 amp, 3000
amp, and 5000 amp current levels ia‘given on Figure 2~16. Dynamic impedances
for boron unidirectional laminates subjected to 2600 amp, 3900 amp, and 5200
amp current levels are plotted on Figure 2-17. At the 3900 amp level half
of the samples exhibited a partial breakdown in impedance. Therefore,
Figure 2~17 shows three plots at the 3900 amp current level: the upper
plot is of those specimens showing no breakdown effect, the lower plot is
of those specimens showing breakdown effects, while the center plot is a
median of all specimens at this level.

2.2.4 CURRENT FLOW TRANSVERSE TO BORON FILAMENT DIRECTION

Some testing has been done on boron unidirectional transverse specimens
(fiber direction 90° to that of specimen length). The specimens were
supported in a test jig in the same manner as all previously tested
specimens.

e

The 90° boron filament orientation will not provide a conductive path
until a resin breakdown or 3 flashover occurs. This breakdown voltage,
therefore, becomes a determining factor.

©

The test circuit used {s shown in Figure 2-18. This circuilt allows a
controlled voltage wave to be applied to the specimen. In order to
establish a conductive path through one of these 6-inch long specimen in
this configuration, it is estimated that approximately 1.5 inches of resin
must be broken down. _

e il o

[

From the dielectric strength curves just presented, it can be seen that
300V/mil would be a reasonable figure to work with for resin dielectric
strength. ‘

-
v

The required voltage for breakdown would, therefore, be (1500 mils) x

GOo0V/mil) = 450 kV. A voltage of this magnitude could be expected to >
breakdown a &6-inch air gap. Therefore, with the specimen present in the

gap, flashover could be expected at voltages considerably below this 450 kV .
value. This expectation became reality when flashover of the test piece { !
occurred at 100 kV. ' oo §
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FIGURE 2-1&. TEST SET-UP FOR CURRENT FLOW
TRANSVERSE TO BORON FILAMENTS.
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2.2.5 BASIC ELECTRICAL CURRENT FLOW MODELS

As reported in Reference 2 by Philco-Ford and Ceneral flectric, a mdel was
envisioned for the case of an electrical current impulse introduced ianto
one uide of a composite, or imto one ply. This model is reported below:

curxent flow
bs R}
Point of O AN - ey
lightning striks

R; Rs
RF = yesistance of nr RB
resin matrix e R AN ANt e

R = resistances of filaments
1,2,3
in succeseive layers

[ 3

FIGURE 2-19. INITIAL MODZL OF CURREWT FLOW TN
A UNIDIRECTIONAL COMPSTLE.

o

Results of this program to date now allow for mcdifications to this model
and for the introduction of octhers.

—t et Pt Pumd G mnd  Boend B P d

Observation of current flow during impulse tests have shown that the -
filaments do not fail at the current crest. That is to say, the current i_
waveform is centinuous. ,

As discussed in Section 2.3, boron filament fzilure probably results from
the differences in thermal expansion between the substrate and the surroun- bt
ding boron. Furthermore, the severe transverse and axlal cracking of boron

filaments has been observed to occur sometime after the current impulse has
ceased. @

It has also been observed durtng this program rhat the resin matrices
exhibit a definite voltage breakdown level. With this much information
the initial model may be modified as Figure 2-20.

The zener diodes represent the breakdown strength of the resin matrix and
Rl, R2, and R3 are again the filament substrate resistances. This model, -
however, ouly applies tc the case of an electrical current impulse intro-
duced into cone side of the outermost ply of a boron/epoxy unidirectional

$- -




L]

ST -

Point of qurrent flow Ry

lightning sG:um
‘ZF ~ 300v/mil
R
4 A\Mzﬁ" »

:
'

~ 300v/mil

AN - -

FIGURE 2-20., FIRST MODIFICATION OF INITIAL CURRENT FLOW MODEL
OF FIGURE 2-19.

. \, //
laminate.. It assumes that the first stroke or pulse of cuﬁtrﬂt is carried
by the outer ply of filaments. When the thresheld curremt of degradation of
that ply has been exceeded, the filaments fail by transverse or axial
cracking, which interrupts the current flow path by increasing the resis-
tance of that ply. As the resistance increases so does the voltage drop
along the ply until the breakdown level of the resin film between plies of
filaments is reached. After this interply resin punctures, the current

goes to the next, or deeper, filament or layer of filaments. This process
is assumed to be progressive if multiple strokes are applied.

More basic than this composite current flow model is that of a single
boron filament. Shown Iin Figure 2-21 is a unit length model of such a
filament.

If contact is made directly with the filament substrate, then predominately
all of the current flows in the substrate {Rg). This results from the fact
that the conductivity of the substrate is much greater than that of the
boron (R; << R;). If contact is made with the boron only, then current
flows in the horomn (RB) until a sufficient voltage appears at some point

te cause the avalanche effect noted and reported in Section 2.2.2. This
avalanche breakdown effect is represented, in the model, by the zener

diode and shunt resistor. This model is incorporated im the initial modei
presented, but is reduced simply to R;. The reduction is valid since the
20~25 volts required to breakdown the boron would surely be present once
the interply resin punctured.

If this simplified model of the filament is again employed, a general

model of a boron/epoxy unidirectional laminate can now be developed. This
model comsiders the laminate on a per unit length basis, and allows current
entry from any point. (Figure 2-22).

In this general model all filaments are represented simply by kg for

reasons just explained; all interply resim layers are repre%ented as
zener diodes, which effectively model their breakdown strength; and all

2-29
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outer resin layers are modeled completely in order to allow current entry
from any point on the surface. A current flowing at the specimen surface
would cause a voltage rise across AR_ (resin resistance), in parallel
with the zener diode. Once the resin breakdown voltage s reached, as
represented by the diode, a direct low resistance current path to the

fitament {s formed.

It should be noted that the model delineated here is that of a finite
portion of the whole specimen. Although construction of a model of the
entire speclmen is possible, it would be extremely complex.

2.2.6 INITIAL CONSIDERATION OF CURRERT FLOW PARAMETERS THAT AFFECT
BORON FILAMENT DEGRADAT IOh

‘For further discussion it will be assumed that current is injected directly
into the filament substrate core and that the current i3 carried uniformly
by all filaments within the specimen. Consider now any two filaments
within a laminate (based on the general model presedted in Figure 2-22),

as shown in Figure 2-23.

FIGURE-2-23, SCHEMATIC OF IWO FILAMENTS
WITHIN LAMINATE.

it will be noted that the filament is made up of incremental sectioms.
That is the total filament resistances are:

(The subscripts m and n are used only to
facilitate the discussion, by generating
a means of differentiating between the two
substrates.) Recall also that the zener
diodes represent the breakdown strength of
the epoxy resin separating the filaments.




The curremt flow process for the particular case when current was {njected
into the outer ply has already been presented. In addition to that singular
condition, it now becomes desirable tuv explain the current flow processes in
general. An explanation of the reduction in impedance seen when higher
level current pulses are injected is also desired.

Until now all discussions have considered the substrates of boron filaments
to be homogeneous, and thus behaving as uniformly distributed resistors as
shown in Figure 2-24, Most investigations, however, have shown that the
substrates are not pure tungnten, but borides of tungsten. 1In fact iIn
nearly all cases there is no free tungsten at all within the substrate. It
may, therefore, be assumed that the resistance per unit length of each
filament will be inconsistent resulting in a non-uniform vesistor, and the
overall effect will vary from filament to filament. ,
Return now to filaments m and n of Figure 2-23. Since these are two
typlcal filaments, it is entirely possible and probable that their makeups
are different with respect to substrate composition and that neither omne is
uniform. This situation is shown in Figure 2-25.

There are two distinct possibilities as to how the specimen initially fails.
The first of which is depicted in Figure 2-26. Here it can be seen that
between points A and B of the curves for filament n, 25% of the total voltage
is supported by approximately 7% of the specimen length. This amount of
stress could possibly cause a breakdown (flashover) within the filament and
thus initiate a "spowball" effect. Just what results after this imitial
failure is unclear, mainly bec..use of the complexity of the situation. The
breakdown would result in a 25% reduction in resistance, with a simultaneous
increase in current through the filament and voltage rise across it. At

the same time, only 937 of the initiz) specimen length is supporting the
voltage. "

It must be pointed out that the failure need not occur at the filament cnd,
the stressed region of other filaments might be internal from the ends.
Thus, simultaneously and continuously the current magnitudes and voltage
stresses are changing within a laminate, resulting in an extremely compli-
cated situation.

The sacond possibility for initiation of failure is depicted in Figure
2-27. Here it is seen that the twe filaments under consideration have a
difference in potential between them, at one point, which is equal to 45%
of the voltage across the entirs specimen. Once this potential difference
exceeds the breakdown strength of the epoxy resin (approximately 300V/mil)
the resin will puncture.
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Once again, the sequence of events after inftial failuve ave complex
and unclear. The two filaments at the point of puncture seek the same
potential which {s determined by the parallel resistance combinations
of their two halves, and again the currents through the filaments and
the voltage stresses across them change.

It also becomes evident that combinations of these two mechapisms can
occur simultanecously, and to varying degrees, adding further complications
after failure initiation. Clearly these initiation factors are of prime
importance for this study.

2.2.7- FORCES ON SPECIMENS CAUSED BY INJECTED CURRENTS

High currents, injected into some graphite fiber composite specimens
during this dnvestigation have caused a separation of fibers. This has
been witnessed as varying degrees of "ballooning" and exfolfation of
fibers. A question which now arises is how the 'ballooning" relates to
the current.

Inside of a conductor itself is a mechanical force exerted between the
magnetic flux and the current-carrying conductor. The force between the
0.0003 inch diameter graphite filaments of the conductor is an attraction,
so that current in a conductor tends to contract or "pinch" the conductor.
This being the case, the resulting ''ballooning"” which is8 observed would

not result directly from the current flow, but is due perhaps to a secondary

effect such as gas vapors escaping from the pyrolyzing resin materials
at an extremely rapid rate, as discussed in Section 2.3.
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2.3 DEGRADATION OF FILAMENTS AND COMPOSITES

In accordance with the test procedures discussed in Section 2.1, several
series of tests were performed whereby electric current of varying crest
amplitudes and waveforms was injected into filament and composite specimens.
The filament specimens included boron monofilaments, HMG-50 graphite yarn
and HM~-S graphite tow. Also, as previously discussed, unidirectional epoxy
resin matrix specimens of each filament type were similarly exposed. Crest
amplitude and waveform as well as resistivity before and after test were
recorded. Visual observations during and after current injection were
noted. Also, current applied per unit cross-seﬁFional area of the specimen
as well as per unit cross-sectional arca of filament in the composites

were calculated. From each set of typically six specimens, two were used
for photomicrographic inspection and four were tested for strength sub-
sequent to the current Injections. All such data is tabulated in the

appendix of this document. Following is a discusSion of the degradation
observed and Linterpretation of the degradation mechanisms involved.

L

2.3.1 BORON FILAMENT AND COMPOSITE DEGRADATION

In order to determine the limiting factors relative to boron-epoxy composite
degradation, both the composites and filaments were subjected to electric
current injection. The tests and inspections to determine degree of
degradation, causes of degradacion, and mechanics of degradation as well

as degradation models developed are summarized as follows: ‘

a. Strength Degradation of Boron ‘Filaments and Composites. The
tensfle strength of exposed boron filaments was determined subsequent to
electric current injection. The results were compared to the tensile
strength of non-exposed filaments from the same lot and roil of filament.
The typical results for the standard waveform are illustrated in Figure 2-28.
Typically the tensile strength of the filaments was unaffected until a
cugrent crest. amplitude in excess of approximately 3.7 x 10" amperes per
cem“ of filament cross-section was injected. The strength degradation then
was ragiz,with tota&~dis§ntegration occurring when crest currents of 7.5 -
8.0 x 10 amperes(ber cm” were injected. These filaments disintegrated
into varying lengéhs of segments that were often split axially.

Similarly, the typical degradation of boron-epoxy composites as the result
of current flow per the standard waveform is illustrated in Figure 2-29. The

r i fa
threshold for degradation of the compositgs appears to be,in excess o )
crest current injection level of 5.7 x IOE amperes per cm? of filament cross

gection. The current densities were computed by dividing Fhe.crest current
level by the total cross-sectional area of the filaments within the composite.
As noted, the strengths dropped rapidly until a crest current density ?f'

7.85 x 10% amperes ver cm“ was achieved. Attempts to test at current injec-
tion levels of greater than 12.3 x 10" amperes per cm® (where the composite
was degraded to 39% of its original strength) resulted in flash-over
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across the specimen. It is noted, however, that the composites
did not degrade as severly at the same average current densities as was
noted in the results of the sipgle filament tests. This can be explained
by conside ‘ation of two points. First, even though the filaments within
the compouite may be splir and cracked, they still will reinforce the epoxy
resin to a degree and the composite will have some (but reduced) structural
integrity. Secondly, the current is not distributed equally among each
of the boron filaments within the composite. The filaments do tarry the
current because of the highly non-conductive dielectric nature of the epoxy
resir ggtrix. The boroa filaments typically have a resistivity of 4 -
8 x 10 ~ ohm~cm. As v1l1l] be noted later, degraded boron-epoxy composites
show evidence that only a portion of the filaments were degraded. It is
pcesently thought that the degraded fraction carries the majority of the
current and that some of the filaments carry little or no current. The
degraded filaments over the 0.025 inch x .50 inch cross-section of the
composite specimens occurred at random. This occurred evem though the
composite ends were scarfed, vapor honed to expose all filament ends and
over plated with nickel for‘nl?ctricyl contact.

~ ; A
In addition to the fact that thg\glectrlc curtgéi is not uniformly dis-
persed throughout all filaments within a compcsite, it also appears that
the waveform may be a more important factor in degree uf damage than is
the crest amplitude of current injected. 1In the majority of the tests
performed, a typical injected current waveform shape was utilized and the
exposure levels were changed by varying the crest amplitude of the current.
This can be a misleading approach. The degree of degradation is not solely
dependent on the crest amplitude. Imnstead, it is dependent on the total
energy dissipated within the specimen, which in turn is proportional to
the total energy injected and the particular wave shape or wave form.
The total energy injected is varied by lengthening or shortening the
current waveform in addition to varying the crest amplitude. To demon-
strate this, currernt injections of boron filaments were accomplished at
the same crest but with different waveshapes. To accomplish this, the
front time and tail times of the waveshapes were varied. When the waveform
was varied from the standard tg = 2.5 - 4.3ysec and t, = 22 - 25ysec, the
degree of degradation varied from the typical valueso% Figures 2-28 and
2-29, Typical examples of the influence of waveform on degree of degrada-
tion are as follows:

Percent
Curreunt Crest, Strength
Ainperes per_cm Front Time/Tail Time Degradation
(1) 8.88 x 10% 1.2/13.5 71
(2) 7.40 x 10% 4.0/24.0 100
(3) 7.40 x 10% “4r0/12.0 13
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% OF ORIGINAL FILAMENT TENSILE STRENGTH
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(104 AMPERES/CM2)

FIGURE 2-28. BORON FILAMENT TYPICAL STRENGTH DEGRADATION VERSUS
CREST CURRENT DENSITY (FOR STANDARD WAVEFORM)
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CREST CURRENT PER UNIT CROSS-SLCTION AREA OF FILAMENT CONTENT
(10* AMPERESACM?) '

FIGURE 2-29. BORON/EPOXY TYPICAL STRENGTH DEGRADATION VERSUS CREST
CURRENT DENSITY (FOR STANDARD WAVEFORM) *
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per cm produced total disintegration (100% degrgdatlon) while a higher
crest current density (8.88 x 10” amperes per cm”) produced only 71% loss
in strength because a shorter wavegshape was used, which represented a lower
energy ipput. Also, as can be seen in (3), the same current density of
7.4 x 10" amperes per cm? produced only a 137 loss in strength with 'a
shorter waveform. Because of these and similar expetﬂmental results, it
appears that the most meaningful relationship between ielectric current flow
and boron degradation is one waich is based on energyiinput and resulting
’ energy disgipation, and not solely on crest current aqplitude. Furthermore,
it was noted during the current injection of boron £ilaments that distinte-
gration did not occur at crest but an interval of time later.

' Co As can,be seen in (1) and (2), a crest current density of 7.4 x 104 amperes

To further illustrate the dependarce of degree of degradation of boron
.. filaments and composites or total energy, Figures 2-30 and 2-31 were
drawn. . In these, percent degradation versus energy dissipatior per urnit
resistance was plotted for all waveforms and current a@plitudes. On this
energy basis, all data points fall within bouunded regions regardiess of
waveshape, ﬂ s
b. Photomicrographic Ingpection of Deg;aded Boron Filaments and
Composites. A series of photomicrographs were taken of boron filaments
and composites that showed a marked decrease in strength. The photo-
micrographs were taken in order to better understand- the changes and/or
damage that occurred within the filaments as the result of electric current
icjection. Standard techniques were used in taking these photomicrographs.

For referemnce purposes in examining the photomicrographs of damaged fila-
ments, Figures 2-32 and 2-33 are cross-sections of f:laments that have not
been exposed to current injection. In both of these pictures the 0.0005
inch diameter substrate core is readily distinguishalle within the 0.004
inch diameter boron filament.

Figure 2-34 (Specimen B-20) is a longitudinal view of an actual boron
fi{lament which represents a six specimen set of boron filaments which lost
547 of their tensile strength, after exposure to 4 amperes current injec-
tion. Note the longitudinal and axial cracks and compare with the unde-
graded control specimen in Figure 2-33. Figure 2-35 and 2-36 show a
burned spot or hole between the core and boron sheath, correspending to
the line in Figure 2-34. Also note the irregular cross-section in

Figure 2-35. ‘

Figures 2-37, 2-38 and 2-39 illustrate three types of damage occurring in
boron filament #50, which had a current injection level of 7.2 amperes.
The specimen from which the piece was taken was mechanically tested and
yielded a breaking strength 707 lower than unexposed filaments. Surface
spallation from the filament {s indicated because of its irregular outer
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FIGURE 2-52.

FIGURE 2-33,

(800X) VIEW OF UNEXPOSED BORON FILAMENT
CROSS SECTION.

(250X) VIEW OF UNEXPOSED BORON FILAMEPFT
LONGITUDINAL CROSS SECTION.

2-46

. ‘ P . .

$-—

L]




FIGURE 2-34, (125X) VIEW OF LONGITUD]NAL CROSS SECTION %F BORON
FILAMENT #20 (4.93 x 10" Crest Amps per cm" of Filament.)

a4

FIGURE 2-35.

| e —

(1000X) VIEW OF CROSS SECTION 20F BORON FILAMENT #20
(4.93 x 10" Crest Amps per cm” of Filament.)
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FIGURE 2-36.

FIGURE 2-37.

(2000X) VIEW OF CROSS SECTION OF BORON FILAMENT #20

(Core Region)

(8G0OX) VIEW OF BORCN FILAMENT #50'CROSS SECTIOA

(8.88 x 10% Crest Amps per cm
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FIGURE 2-38. (800X) VIEW OF BORON FILAMENT #50 CROSS
SECTION (8.88 x 104 Crest Amps per cm®
of Filament)

FIGURE 2-39. (800X) VIEW OF BORON FILAMENT #50 CROSS
SECT ION
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surface. The internal damage ranges from burned holes to cracks, as can
be seen.

Figure 2-40 is a photomicrograph of the surface condition of an unexposed

filament using the replica technique. Figure 2-41 and 2-42 are, respectively,

replicas of the surface condition of two exposed boron filaments, B-55

and B-50., As noted above, B-50 had been exposed to a crest current injec-
tion of 7.2 amperes. Both show evidence of surface cracks. The B-55
ftlament shattered into many >0.08 inch long pieces as a result of a

6.5 ampere current injection. The replica is of one of the pieces.

Figure 2-43 is a 100X picture of the surface of an unexposed unidirectional
boron filament composite. Please note that only a portion of each boron
filament is visible because of the surrounding epoxy resin. Figure 2-44

is a 100X view of a boron epoxy composite that has been exposed to a
damaging level of current injection. As can be seen, considerable trans-
verse and longitudinal cracking is present in the surface boron filaments.
Based on the total number of filaments, the current injection level averaged
approximately 7 amperes per filament, a level previously determined to cause
damage in single filament tests.

Figures 2-45 and 2-46 are cross sections, respectively of one unexposed
and one exposed boron filament composite.. The complete 1/2 inch cross-
sectional width cf three exposed composite specimens is shown in Figure
2-47. Examination of these figures yields the observation that specimen
BU #26 has the greatest number of damaged filaments and BU #17 has the
least. This is in proportion to their strength degradation as reported
in Table A-5 of the appendix. The tensile strengths of BU #26, #13, and

#]17 after current injection were degraded by 75%, 67%, and 10%, respectively.

Since the number of filaments degraded in each specimen varies, and caused

a variation in strength retention, it is probably safe to assume that

fewer numbers of filaments carried more current in the core of the specimens
showing less degradation. This phenomena is no doubt caused by the electri-
cal contact to the specimen ends, wherein the nickel coatiug is probably

not in uniform contact with all filament ends.

Figure 2-48 shows a cracked boron filament just under the nickel plated
contact on boron epoxy specimen #26. Figures 2-49 and 2-50 of damaged
boron filaments in the came composite show tlic typical radial cracking as
a result of current injection, as previously reported by Philco-Ford and
General Electric (Ref. 2). Again within damaged composite sU #26,

Figure 2-51 shows a damaged boron filament that was etched with Murikamis
reagent to indicate that the core was melted and resolidified. Figure 2-52
shows another damaged filament that was etched in the same manner but does
not show evidence of having been melted due to current flow. Figure 2-53
is a view of the core of a boron filament in BU #26. The core has been
lost either due to melting or vaporization as a result of the current
injection.
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FIGURE 2-40. (%00X) VIEW CF UNEXPOSED BORON
FILAMENT SURFACE REPLICA,
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FIGURE 2-41. (500X) VIEW OF BORQN FILAMENT #55 SURFACE ' -*
REPLICA (8.01 x 10™ Crest Amps per cm
of Filament) '

FIGURE 2-42. (250X) VTEW OF BORQN FILAMENT #50 sumZ?Acr:
REPLICA (8.88 x 10* Crest Amps per cm
of Filament)
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FIGURE 2-45,  (100X) CROSS SECTION VIEW Of UNEXPOSED BORON EPOXY
COMPOSITE, .
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FIGURE 2-46 . (100\) CROSS SECTION VIEW OF EXPOSED BORON EPOXY
SPECIMEN #26 (9,18 x 104 Crest Amps per cm? of
Filaments)
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FIGURE 2-47. POLISHED TRANSVERSE VIEW OVER
ENTIRE 1/2" WIDTH OF BORON/EFOXY TENSILE
SPECTMENS AFTER ELECTRICAL CURRENT INJECTION,
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FIGURE 2-48. (800X) VIEW OF DAMAGED BORON FILAMENT IN BU #26 COMPOSITE--
AT POINT OF CONTACT WITH NICKEL PLATING.

FIGURE 2-49. (-‘800)() VIEW OF ELECTRICALLY DAMAGED BORON FILAMENT IN
COMPOSITE SPECIMEN BU #26.
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FIGURE 2-50. (800X) VIEW OF ELECTRICALLY DAMAGED BORON FILAMENT IN
COMPOSITE SPECIMEN BU #26.

FIGURE 2-51, (2000X) VIEW OF CORE OF DAMAGED BORON FILAMENT (BU #26)
‘ THAT HAS BEEN ETCHED TO SHOW EVIDENCE OF MELTING.
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FIGURE 2-52 ,

(2000X) VIEW OF DAMAGED BORON FILAMENT (BU #26) THAT
HAS BEEN ETCHED BUT DOES NOT SHOW EVIDENCE OF MELTING

FIGURE 2-53,

(2000X) VIEW OF BORON FILAMENT IN BU #26 COMPOSITE WHERE
MAJOR PORTION OF THE CORE HAS BEEMN LOST DUE TO MELTING

OR VAPORIZATION.
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Figures 2-54 and 2-55 show 800X views of the cross sections of clectri-
cally damaged boron filaments in composite specimen BU #13. Figure 2-55
is of specizl interest because it shows evidence of diffusion of some

of the core material into the surrounding boron.

Figures 2-56 and 2-57 are of electrically damaged boron filaments in com-
posite BU #17. Figure 2-57 has been etched to show that the portiom of
the 1/2 mil core remaining was melted and has resolidified. As can bhe
seen, the remainder of the core ran into the radial cracks where it
resolidified.

For one set of unidirectional bornn :poxy composites current was purposely
injected into the outer plies only, in order to determine whether damage
would be restricted to the filaments in those plies. Instead of nickel
plating the specimen ends, aluminum foil tabs were bonded to 1/2 inch of
the ends of each specimen to the surface plies only. Conductive silver
filled epoxy paint was used for bonding the tabs to the specimen. The
electrical contacts for current injection were wade to the tabs. Ome
specimen each then was injected with the standard waveform at crest
current amplitudes of 2500, 3220 and 4370 amperes as tabulated in Appendix A.
In the previous tests of specimemswith nickel plated endg, it had been
demonstrated that the 2500 amp crest was at the threshold above which
degradation initiated. In this case it had been speculated that if
current were restricted to the outer plies that the much higher current
load per filament would result in severe degradatiom in those plies.
Instead, however, the 2500 ampere test resulted im no apparent filament
degradation thereby indicating that the current must have been distributed
throughout the filaments in the specimen and not restricted to the surface
plies. Photomicrographs of the specimens injected with the 3220 and 437)
ampere waveforms are shown in Figures 2-58 and 2-59. As can be seen, the
specimen injected at the 4370 ampere crest perhaps has a higher incidence
of filament degradation in the outer plies, however, both specimens have
filament damage i the {ntevicr two plies. This migration of current,

as evidenced by the damage, from the exterior plies to the interior plies
is probably because of close proximity and random contact points of fila-
ments. In other words, the dielectric resin barrier between plies of
filaments does not appear to be uniform to a degree that will result im
current being restricted to the plies in which it was injected.

c. Scamning Electron Microscope Inspection of Degraded Boron
Filament. Boron filament B-13 was selected for scamning electron micro-
scope (SEM) inspection because it was one of a group of filaments that
exhibited 50-75 percent degradation as the result of current injection.
The filaments had not segmented or split even though gheir strengths had been
reduced. It was thought that the SEM might show some micro-crack or fault
initiation that at higher current levels results in gplitting and segmen-

tation of the filaments. : In a similar manner, the replica technique
|
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FIGURE 2-54. (800X) VIEW OF ELECTRICALLY DAMAGED BORON FILAMENT 'IN
COMPOSITE SPECIMEN BU #13
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FIGURE 2-55. (800X) VIEW O¥ ELECI’RICKLLY DAMAGED BORON FILAMENI‘ IN
(,O‘IPOSITE SPECIHEI\ By 1f13 \
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FIGURE 2-56, .(800)() VIEW OF ELECTRICALLY DAMAGED BORON FILAMENT IN
COMPOSITE SPECIMEN BU #17.

FIGURE 2-57 ., (2000X) VIEW OF BORON FILAMENT IK BU #17 COMPOSITE WHERE
THE CORE HAS MELTED AND RESOLIDIFIED.
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" FLGURE 2-58

FIGURE 2-33,

(100X) BOROM/EPOXY BUN~2 SPECIMEN IN WHICH A 3220
AMPERE CREST IMPULSE WAS INJECTED INTO OUTER PLIES.
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(100X) BO2ON/EPOXY BUN-1 SPECIMEN IN WHICH A 4370
AMPERE CREST IMPULSE WAS INJECTED INTO OUTER PLIES,
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photomicrographs of totally degraded ffilaments, Figures 2-41 and 2-42,

had shown surface cracks. Figure 2-60 shows a non-degraded mon-injected
boron filament surface at 1700X by the SEM., Figure 2-61 {s a boron
filament that has been exposed to a 6.1 ampere crest waveform. Four other
identically exposed specimens from the same group exhibited a 50- 75% degra-
dation in tensile strength., If this strength decrease i{s caused by the
initiatfon of faults they are apparently mot in the form of surface cracks.
The identity of the pretrusious (white spots) is not known, however, they
are in evidence in both the non-Lnquted and injected filaments. Further
SEM scans of filaments exposed to higher current injection levels should
be performed. o .

.
o

d. Electron Microprobe X-ray Analysis of Degraded Boron Filament. An

eiectron microprobe X-ray analysis was performed on two boron filaments
from vnidivectional boron composite specimen BU~-26. Both of these filaments
exhibited evidence of having had a molten phase fu their core as the
result of current injection. This was manifest in photomicrographs of
cross sections of the filaments wvhere the presence of the substrate core
material in adjoining cracks in the boron phase was suspected. Electron
besm traverses were performed across the 0.0005 inch diameter substrate
cores and permeated cracks of two filaments to confirm location and con-
centration of boron and tungsten. The core composition and profile wvere
compared with similar travesses on a control--unexposed boron filament.
_Electron aficroprobe X-ray images were also made of the respective cross
sections to give a visual fresentation of the locatlon of boron and
tungsten in ihe filament cross section.

Electron beam traverses were performed-with‘an electron beam energy of
15 KV and 250 nano-amps. Beam diameter was 1l micron with a stepping
interval of 1 micron. That is, the beam was stepped across the sample in
intervals of 1 micron steps. At each step the relative intensity of

and radiation were simultaneously integrated and priated out on a

rt recorder. Through the use of standards of tungsten and boron and
radiation absorption corrections, the recorded intensity data were reduced
and calculated as concentratioms of the respective elements. Theytraverse
across a sample then making a concentration profile of the desired elements.

Electron microprobe X-ray images were made by scanning an electron bezm
across an area of the filament and displaying the relacive intensity of the
Wy and radiaticn on an coscilloscope. Pictures of the oscilloscope
display, then depict, in a qualitative manner, the location of W and B

in the filament cross secticn. Thefe X-ray images were made using a

1 micron diameter beam operating at 15 KV and 500 na. A beam sweep rate
0of 25 sec/cm was used to generate a picture approximately 1000X magnifica-
tion.
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FIGURE 2-60. (1700X) ELECTRON -~
MICROSCOPE SCAN OF UNEXPOSED
BORON FILAMENT SURFACE
(40 second scan)

FIGURE 2-6L. (1700X) ELECTRON MICROSCOPE
SCAN OF BORON FILAMENT #13 SURFACE
(7.52 x 10" CREST AMPS PER C OF
FILAMENT) (40 second scan)
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Shown in Figures 2-6%Z, 2-63 and 2-64 arve photomicrographs and X-ray images
of the control and the two degraded fllaments from BU-26, respectively.
The photomicrograph in Figure 0~63 clearly shows the core material in a
boron crack adjacent to the core. & similar condition, although not as
clear, was seen In Filgure 2-64 in the crack designated by the arrow.

The sample current images shown in Figures 2~63 and 2-64 confirm the
filament orientatfion in relation to the cracks. The respective X-ray
images in Figure 2-63 d and e and Figure 2-64 d and e indicate the
presence of tungsten in the cracks shown in photomicrographs.

The path and direction of the electron beawm traverdes are also shown iIn
Figures 2~62, 2-63 and 2-64 on photomicrographs taken after the electron
microprobe study. In both traverses across the criock, s'wirn spikes of
tungsten were recorded with corresponding decreases In boron concentration.
The tungsten in the crack had a composition similar to that of the core
near the boron interface, e.g., WB)3 or WBy, + B. No differences in con-
centration gradients or composition were detected in traverses across the
three cores. or 72-45. The diffusion zone associated with the tungsten
core was 18 to 20 microns in diameter. The outer 2 to 3 microns of the
core having a high boron composition in excess of WBy7. A narrow region of
composition corresponding to WB; 5 adjoins this outer area. The major
composition of the cores was confined te a diameter of 10 to 12 microns

and corresponded to WyBg. No pure tungsten nor compositions corresponding
to WB or W,B were detected in or near the center of the core. A schematic
of the core analysis is shown in Figure 2-65.

Shown in Fisure 2-66 {s the phase diagram for W-B recently reported by

Rudy aund co-workers (Ref. 3). In this diagram the boron filament core
composition is designated to exist from W,Bg to WB& + B. The melting point
range of tiils compositional zone lies between 21509 and 1970°C.

The”tungsten boride composition of substrate core material located in
adjoining cracks of boron was found to be equivalent to WB,, or WBj, + B.
This compcsition closely corresponds to the outer composition of the core
adjacent to the boron phase. The major composition of the core corresponds
to W,B The melting point of the core compositions are between 2150°

and i9;0 C.
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a. PHOTOMICROGRAPH OF ELECTRON
BEAM PATH

c. TUNGSTEN M. X-RAY IMAGE d. BORON K_ X~RAY IMAGE
z @ gEC-1

FIGURE 2-62. (100X) PHOTOMICROGRAPHS AND X-RAY IMAGES OF
CONTROL SAMPLE CF NON-EXPOSED BORON FILAMENT.
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&. PHOTOMICROGRAPH, 000X b. PHOTOMICROGRAPH OF TRAVERSE

FIGURE 2-63. (1000X) PHOTOMICROGRAPHS
AND MICROPROBE X-RAY IMAGES OF
BORON FILAMENT FROM SPECIMEN
BU-26 (9.18 x 10* CREST AMPS PER
cM? OF FILAMENTS)
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C.

e.

S
X

SAMPLE CURRENRT

4

d. TUNGSTEN M, IMAGE

FIGURE 2-64. (1000X) PHOTOMICROGRAPHS
AND MICROPROBE X-RAY IMAGES OF
BORON FILAEEN'I‘ FROM SPECIMEN BU-26
(9.18 x 10" CREST AMPS PER CM“ OF
FILAMENTS)
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e. Degradation Model for Electric Current Impulsed Boron Filament
Epoxy Composites. The degradation of the boron filament epoxy composite
due to electric current impulses is controlled by the response of the
boron filaments to current flow. It now appears that the concept involved
in the {nitial boron filament degradation model is corxrrect. That model, as
discussed in Reference 2, is based on the fact that the core of the fila-
ment (tungsten boride) has a much lower resistivity than does the boron
surrounding {t. The electric current then flows predominately through the
core. Some electric energy then s dissipated within the core as heat.

The heat build-up causes a thermal expansion of the core both radially and
axially. The outer boron sheath then acts to restrain the expansion of

the core, which results in a build-up in hoop and axial tensile stresses
within the boron. These tensile stresses are additive to the residual
stresses that are, in all probability, present as the result of the manu-
facture of the filament. At such a point when the internal stresses

exceed the strength of the boron, the borun sheath cracks either radially
or transversely, whichever the case may be. Efforts have been made to
improve mathematical interpretation of the degradation model. The evidence
of melting, vaporization, and diffusion In the core region appears to be in
support of the probabllity of intense thermal energy bufld-up within the
core.

Assuming this failure model, the degree of correlation with failures noted

in experimental tests can be determined by calculating railure stresses at

different current levels. In calculating the relationships of current flow
and failure stress in the boron using this analytical model, the following

assumptions were made:

(1) That virtually all of the current flows through the core,

(2) That the time duration is sufficiently short to preclude
heat transfer between the core and the boron,

(3) That all energy dissipated in the core 18 in the forw of heat,
(4) That both the boron and the core are homogeneous.

As the current passes through the core, resistance heating causes the

core to expand against the sheath material creating excessive radial,
tangential and axial stresses. (There are already present in the fflament
residual stresses that formed upon cooling the filament to room temperature
after its growth at elevated temperature. These stresses are discussed in
the Appendix.

The following is an estimate of the maximum temperature rise which can be

expected in the core when subjected to current input in the form of a pulse
with a froot time, t, = 3.12y sec. and a tail time t, = 22y sec.
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An expression for the rate of development of heat in conductor requires
an expression f?§ the powec input to the circuit., The energy given by
the charge 1s:(%

dw = dq (voltage drop) = idtdv

k\yand the rate at which energh is given up, or the power input P, is

.
N
"

P’hkgf ~ 1AV.

\
N

1t théﬂcurrent ts in amperes and the potentfal difference {s in volts then
the power {s in joules/sec or watts.

\
In the spicial csse in which the conductor under consideration is a pure

resistance\ R, all of the energy supplied is converted to heat, and then

4V = iR, anx

P = {4V = 12§ (1)

For most materials including tungsten and tungsten boride, (Ref. 5) the

value of elecﬁrical resistance, and therefore the rate of heat production
increases with increasi?&)temperature. For some materials, notably boron,(é)
carbon and fused silica; it is negative. The temperature dependency of
the various constituents of the boron filament are presented in Figure 2-67.
As an initial approximation we shall assume R is constant for the core and

equal to
pL/A where p = 21.0 x 10—6 ohm-cm.
Equation (1) is derived for a constant current level. For a varying

current, such as a pulse, the heat dH developed in time dt {is

¢H = Rizdt

and in a finite tiwme interval from 0 to t the heat is

£
y="= Ri%dt

o
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A\
or since R i3 assumed constant H = R " izdt .
o

This integration was performed graphicalily for a unit peak ampere current
pulse of Table L, Reference 6 with the result:

== 1°de = 14.8 (Imax)2 ampz-usec

Consider a single filament apecimen 15 in. in length (38.1 cm) as used in
degradation testing, then R = 632 ohms.

The specific heatoof the tungsten-boride is given in Reference 2 as
0.06-0.09 cal/gm/ C and so using a value of 0L075 the maximum temperature
rise of the core material weighing 6.27 x 107" grams can .be calculated
from ‘

2 “ 2
H=R (14.8) (I_ )" = 9359 (I__ )

and from 2 -6

K 9539 (Imax) x 10

AT weight x specific heat - (6.27 % 10'4) (0.075)

2 o, _ 2 o0
198.9 (Imax) C = 358 (Imax) F

at

This temperature chan%e in the core alone will give rise to axial stress
in the boron sheath o

jB = (Acore/Asheath) Ecore Fcore ATcore

or

2y = (19.6 x 1078/1256.6 x 1078) 60.0 x 10° 4.1 x 107% (358) Iiax
_ 1a7e 2

op © 1376 (Imax)
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This temperature induced axpal stress is additive to the residual axial
stress of 1686 psi (calculated in the Appendix). Therefore,

\ 2
OB(axial) = 1374 (lmax) + 1686 (2)

Similarly, the radial and tangential stresses at the filament-core interface
which result from the electrical current may be calculated from:

6K
o_ = 55,900 + 255
r core (1 - )
Ucore
core
and
oxcore - xcoreacoreATcore
giving
o, = 55,900 + 125,800 (I__ > (3)

while the tangential stress at the filament-core finterface is expressed by

o, = 57,670 + 129,800 (I__ )7 W

The stresses expressed by equations 2, 3 and 4 are plotted in Figure 2-68
for values of maximun current.

In summary then, from Figure 2-68, it is predicted that for the standard
wvaveshape, bcron filaments would crack radially due to the high tangential
gtresses at a current flow of 1.5 to 2 amperes. Also, the predicted current
flow where axial stresses would cause segmentation i{s 15-20 amperes crest.
In other words, radial cracking should occur at lower levels of current

flow than would axful segmentation due to transverse cracks. The predicted
current levels where these cracks will cccur does not correspond directly
to the experimental evidence reported for single boron filament tests;
however, this is probabiy due to the following: ’

(1) Uncertainty in the values of resistivity used, particularly
under conditons of high current loading rates.
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{2) Uncertainty as to the strengths of the boron and core, under
the conditions of heat vrise noted.

(3) Thermal shock effects not accounted for in mathematical model.

It has been xreported previously that filument splitting (due to axial
cracks) and filament segmentation both began to occur at approximately the
samr crest current amplitudes. It has been observed though that segmented
filaments always also have radfal cracks, but there have been some instances
of radlally cracked or split boron filaments that are not segmented or
otherwise cracked transversely. This then is a probable indication that
radial cracks occur at lower {mpulse levels thapn do transverse cracks.

The differences in the impulse levels, however, is probably not as signifi-
cant as calculated and reported in Figure 2-68.

Further details of the mathematics of the boron failure model development
are given in Appendix B.

2.3.2 GRAPHUITE FILAHEyT AND COMPOSYTES DEGRADATION

In the same manner as for the boron filaments and composites and according
to the previously discuased test procedures, specimens of HMG-50C graphite
yarn, HM-S graphite tow and epoxy matrix unidirectional composites of each
reinforcement were injected with differeat levels of crest current awplitude
using the standard waveform. These cuvrent injection tests are tabulated

in the appendix. Following are discussions of the respective tests and
analyses performed to determine degree of degradation and mechanisms

invol-ed.

a. _Strength Degradation of Craphite Filaments and Composites. As the
result of current injection it was found that the breaking strength of
HMG-50 yarps and HM-S tgw bundles was reduced at crest currgnt ampliitudea
of 19 x 10" amps per cm” of HMG~50 and 86 x 104 amps per cm of HM-S. Two
factors are balieved to contribute to this strength reduction. The first,
and protably the most important is the considerable excitation and movement
that occurred at the higher current injection levels. This excitation and
movement is bLellicved te have caused physical abrasion and damage to the
filaments. In the case of the HMG-5) yarn, the excitation and movement
was obvious at the 19 x 10% amp per cm” level, which also corresponded to
the point at which strength degradatiom occurred. The excitation became
more violent ar higher current injection levels. At crest current injec-
tion levels of 45 - 56 x 10* amps per cun? the breaking strength was
reduced by approximetely 40%. In the case of the HM-S tow hundles excitation
and movement was obvious at crest current injectiom levels of 29 x 10% amps
per cm? of filament and higher; however, a reduction in break&ng strength
did not occur until crest current injection levels of 86 x 10 amps per
cm® were used. This is thought to be due to the loosely bound nature of
the tow bundles within which the filaments are free to move. The filaments
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in the HMG-50 varm are, however, twisted and plied together tightly. As

such, then, very little movement could causze filament damage In the yarn.
The filament damage in the HMC-50 yarn as the result of current injection
ia obvious in Figure 2-69.

The other contributing factor to the HMG-50 yaru and HM-S tow degradation
could be filament oxidatlon and heat build-up within the filaments due to
the dissipation of electric current. Example of weight loss in the HMG-50
yarn teats are shown in Table 2-2. Since graphite yarns often have a
plastic gizing (and such sizings cam burn off to create a weight loss), the
thermogravimetric analysis (TGA) curve of Figure 2-70 was measured. A
weight loss of only 0.8 - 0.92 was noted at temperatures to 1000°C. Under
such inert atwosphere heating, plastic coatings would have reduced to a
residual carbon ceating on the filaments with typlclly a 507 weight loss
in the form of effluent “2’ HZO’ and CO. The 7.5% weight loss of the yarn
apecimens then exceeds the amount that could result from loss of sizing,
thereby indicating a true loss in weight of the graphite filaments.

TABLE 2-2

WEIGHT LOSS OF GRAPHITFE YARN AFTER ELECTRICAL
CURRENT INJECTTION

SPECIMEN CREST CERRENT INJECTED, WEIGHT CF 8" SECTION, WEIGHT

NO. 10" AMPS/CM° GRAMS LOSS, %

HMG-1 Control (none) 0.0146

-2 Control (none) 0.0145

-3 Control (none) 0.0146

-4 Control (none) 0.0149

-5 Control (none) 0.0146

-6 Control (none) 0.0146

-7 Control (none) 0.0146

-8 Control (none) 0.0145

-9 Control (none} ¢.0148

-10 Control (noune) 0.0146
0.0146 AVG 0

HMG-80 45 0.013¢6

-83 46.7 0.0134
0.0135 AVG 7.5

HMG-~70 59.9 0.0134

-78 « 54.2 0.0136
0.0135 AVG 7.5
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FIGURE 2-6Y. FRAYING OF GRAPHITE FIBERS AS A RESULT OF

WHIPPING ACTION DURING CURRENT INJECTION.
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In the same manner as for the boron composites, unidirectional HMG-50/epoxy
and HM-S/epoxy graphite filament composites were exposed to series of
electric current injection at increasing crest amplitudes, but with the
standard waveform shape. In the case of the HMG-50 composite specimens,
no strength degfadation was obsirved at crest current density levels as
high as 13 x qu amperes per cm of filament cross-section. At an
injected crest current density level of 20.4 x 104 amperes per cm‘ of
filament the specimens burst into flames. The resulting specimens
exhibited a 437 reduction in tensile strength. The specimens immediately
after exposure are shown in Figure 2-71., The HMG—SO/epogy unidirectional
composite specimens exposed to 24.2 x 10 amperes per cm~ of filament
delaminated in addition to burning,,as shown in Figure 2-72. The HMG-50
epoxy specimen exposed to 55.8 x 10 amperes per cm“ of filament crest
current burned even more violently and delaminated more extensively, as

shown in Figure 2-73.

Graphite HM-S tow/epoxy unidirectional comgosite specimens_exposed at
crest current densities as high as 21 x 10" amperes per cm, were not
degraded. However, identical specimens exposed at 25 x 10 amperes per
cm burned and charred, as shown in Figure 2-74. The specimens exhibited
a 467 redugtion in tensile strength. The HM-S epoxy specimens exposed

to 52 x 10* amperes per cm- burned and exfoliated severely, as shown in

Figure 2-75.

b. Photomicrographic Inspection of Degraded Filament Composites,
The Figure 2-79 photomicrograph shows an HMG~50 specimen after 13 x 10"
ampere  per cm~ of filament injection. No damage occurred. Figures 2-77,
2-78 and 2-79 are, respectively, photomicrographs of cross-sections of
specimens shown in Figures 2-71, 2-72 and 2-73, Thz increasingaseverity
of damage, for current injgction levels of 20.4 x 107, 24.2 x 10" and
55.8 x 10" amperes per cm" of filament cross-section is obvious.

Figure 2-80 shows a non-damaged HM-S/epoxy Epecimen cross-section that
has been exposed to 21 x 104 amperes per cm- of filament crest current.
Figures 2-81 and 2-82, respectively, show the damaged cross-section of
specimens from Figure 2-74 and 2-75.

c. Scanmning Electron Microscope Inspection of Degraded Graphite
Filaments. In an attempt to determine if the surface of graphite filaments
was changed in any way due to current injection, some scanning election
microscope scans were made. Figure 2-83 and 2-84 are scans of the surface
of an unexposed HM-~S filament and a filament from an HM-S tow that had
been injected with 98.71 crest amps per cm“ of filament. Considerable
decrease in breaking strength had been measured for tow specimens from the
same group as the filament in Figure 2-84. As can be seen, it appears
that the surface of the filament in Figure 2-84 has been altered. The
two scans, which were taken under identical conditions, show much less




FIGURE 2-71. HMG-50/FPOXY SPECIMENS AFTER 20.4 x 10

FIGURE 2-72.

AMPERES PER CM OF FILAMENT CREST CURRENT
INJECTION~~showing charring.

HMG-SOéEPOXY SPFECIMENS AFTER 24.4 x IOAAMPERES
PER CM~™ OF FILAMERNT CREST CURRENT INJECTTION--
charred and delaminated.
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FIGURE Z2-73. HMG-50/EPOXY SPECIMENS AFTER 55.8 x 104
AMPERES PER C OF FILAMENT CREST
CURRENRT INJECT[ON--extensively charved

and delaminated.

4
FIGURE 2-74. HM-S/EROXY SPECIMENS AFTER 25 x 10°' AMPERES
PER C OF FILAMENT CREST CURRENT INJECTION--

showinrg charring.
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FIGURE 2~75 HM-S/EPUXY SPECIMEN AFTER 52 x 10* AMPERES PER CM2
CREST CURRENT INJECTION-~charred and exfoliated.
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FIGUREk2-76. (100X) HMGZSOIEPOXY SPECIMEN AFTER
13.04 x 10" AMPERES PER CM”~ OF FILAMENT CREST

CURRENT INJECTION--NO DAMAGE.

FIGURE 2-77. (100X) HMG-50/EPOXY SPECIMEN AFTER
20.4 x 10"AMPERES PER CM° OF FILAMENT CREST
CURRENT INJECTION--BURNED AND DELAMINATED.
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FIGURE 2-78.

(100X) HMG-50/EPOXY SPECIMEN AFTER ‘
. 24.2 x 10" AMPERES PER CMz OF FILAMENT CREST
CURRENT INJECTION~-SEVERELY BURNED AND DELAMINATED.

FIGURE 2-79.

(100X) HMG-50/EPOXY SPECIMEN AFTER
55.8 x 10% AMPERES PER CM° OF FILAMENT CREST
CURRENT INJECT ION--SEVERELY BURNED AND DELAMINATED.
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FIGURE 2-80. (100X) HM-S/EPQXY SPECIMEN AFTER 21 x 107
AMPERES PER OF FILAMENT CREST CUKRENT INJECTION
--NO DAMAGE.

FIGURE 2-81. {100X) HM-S/EPQXY SPECIMEN AFTER 25 x 10%
AMPERES PER CM° OF FILAMENT CREST CURRENT INJECTION--
SOME BURNING AND DELAMINATION.
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FIGURE 2-82. (100X) HM—S/EPQXY SPECIMEN AFTER 52 x 104
AMPERES PER CM° OF FILAMENT CREST CURRENT
INJECTION~-SEVERELY BUKNED AND EXFOL{ATED.
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FIGURE 2-83. {16,000} ELLCTRON
MICROSCOPE ¢ CAN OF UNEXPOSED HM-S
CRAPHITE FILAMENT SURFACE (40 sec scan)

T FIGURE 2-84. (16,000X) ELECTRON MICROSCOPE
SCAN OF SURFACE OF GRAPHITE FII AMENT FROM
HM-S TOW #74 (98.71 x 10  CREST CURRENT
AMPS PFR CM2 OF FILAMENT) (40 sec. scan)




ridping in the case of Che exposed ({lament..  This could posxibly be due to
loss of material froe the surface of the filament as the result of oxida-
tiop. Further work with the scauning elertcon microscope would be required
before these observations could be taken as coonclusive. Also, scang of
fitaments from differevt exposare levels snould add furtter evidence if,

in fact, surface Yoss due Lo oxidation has vcecurred.

d.  Degradation Model for Eleetrvic Current _Impnlsed Graphite Filament
Epoxy Composites. The degradation wecnanisms of electrically {mpuised
HMG=5%0 graphite yarn or HM-5 graphite tow reinforced comvosites appears to
be quite simple ({n comparison to the failure rmodel of boron filament
teinforced composites. Tn the case of the graphite fider reinflerced
composites the degradatiov is not due to a breakdown of the filaments.

Lestead, the degradation of the composites, when impulsed at damagiog levels,

is due ro pyrolyzation ol the resin and wmechanical separation or delamina-
tion of the fibers one from.another. The sequence for this is presently
believed to be as follows:

(1) Llectric energy flows tnrovgh the filaments and cnergy is
dissipated i1 the form of an alwost instantaneous hest bduild-~up
within the graphite filamerts.

(2) Av damaging currenc levels the aimost instantaneous build-up
of heat causes theimal decomposition (pyrolysis) of the epoxy
resin that is in !ntimate contact with the filamentz. This
decomposition forms gaseous species.

{3) The rapid decomposition of the resin surrounding the fildments
into gaseous species causes a very rapid increase in pressure
within the composite.

(4) At a poirt where the internal pressure exceeds the dynamic ten-
site strength of the remaining resin matrix, the composite
exfoliates or delaminates.

(5) As air tuen come< ir contact with the very hot filaments and
decomnosing resin, the whnle mass bursts into flames. The
flames continue until the temperature of the mass is reduced
to below the peint where the epoxv resin stops burning.

An estimate of the temperature rise which can be experted in a graphite
yarn and a granhite tow material subjected to ar electrical current pulse
is shown ic Figure 2-85. A current pulse shape with a front time of tg =
3.12ysec and a tail time, t, = 22ysec was used. An gnalytical expression
for the current as a function of tiwme was derived for this pulse shape.
This expression was squared and integrated to provide an expression for
the intezral of i“dt. Assuming the varn and tow resistance remained
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CROSS SECTION
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L.84 ¢M/jom3
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2 35.6 35.6 (M
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FIGURE 2-85.

AS A FUNCTION OF PEAK APPLIED CURRENT
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constant and that all energy was converted to heat, the temperature
increase was culculated from

i (5)

where R = test sample resistance
W = test sample weight
C = material specific heat

An actual current-tiew pulse from an oscillograph record was plotted and
integrated graphically as a check of the analytical expression. This
analysis also assumes no heat energy 1ls lost by radiation or conduction
to the surroundings and assumes the entire energy of the pulse is
deposited within 45ysec.

From Figure 2-85 it can be seen that the HMG-50) yarn calculated tempera-
ture rise at 300 amperes injection was 3000°C. For the HM-S tow at a
3000 amp current injection, the calculated temperature rise was 8000 C.
Because of heat losses that would have occurred, these temperature rises
would not have been realized.

From Figure 2-85 it can be seen that the build-up in heat within the graphite

filaments is rapid with increasing levels of current injection. Also, the

rate of heat loss or dissipation is expected to be low because of the highly

thermal insulative characteristics of the epoxy resin matriceés. The

Whittaker 2387 resin and the DEN 438/MNA resin ware Eested and exhibited
thermal conductivities of 1.99 and 1.€6 Btu-in/hr-ft“-°F. 'Because of the
low thermal condictivity of the epoxy resin, heat is dissipated into the

resin slowly and the resin in immediate contact with the graphite filaments
‘is exposed to a temperature that causes pyrolysis.

As previousiy discussed, burning of HMG-50 graphite unidzrectional conp-
posites initiated at a crest current level of 19-20 x 107 amps per cm” of
HMG-50 yarn. That current level corresponds to a crest amplitude of
approximatcly 100 amps per HMG-50 yarn. From Figure 2-85 it can be seen
that the resulting peak temperature would be 330”C for HMG-50 filaments.
This is typical of the temperature where epoxy resins begin to pyrolyze.

2-92

G0 OE W fun Sun bow b Peee e P e Sws e S0 OB G E W o

4

W5 i, 55 e

s D B it




s oy GE B e

2.4 DEVELOPMENT OF INTERNAL PROTECTION TECHNIQUES FOR ADVANCED COMPOSITES

A direct approach to improving the resistance of boron epoxy and graphite
epoxy composites to damage from electric currents would be to fmprove the
electrical conductivity of the composites. This then would result in

less energy dissipatiop and heat build-up. In the case of the boron epoxy
composites the heat build-up within the filaments causes filament degrada-
tion and in the case of gtaphite epoxy composites the heat build-up causes
resin pyrolysis. Since the basic electric conductivity of the filaments
cannot be improved without altérgng this make-up, and probably their
structural properties, a viable appgoach would involve establishing
alternate and more conductive paths within the composites. Obviously,
these alternate paths must occupy a miniﬁﬁm\golume g0 that the filament
volume content and structural properties of the composite are not com-
promised. Two such approaches have been 1nveut1gaE§d~ag§\are discussed as

follows: ~— ..

a. Hybrid Boron~-Graphite Filament Epoxy Composites. As previoﬁgly““-xm__‘

discussed, the impulsive electric current degradation threshold for
unidirectional graphite epoxy composites {s apparently 4-5 times greater
than for unidirectional boron epoxy composites. Therefore, it was con-
ceived that dispersions of graphite filaments between the plies of boron
filaments could well serve to Iimprove the resistance of the boron com-
posite to damage. Furthermore, the resistivity of the HM-S tow graphite
filaments is typically 0.825 x 1077 ohp-cm, whereas the resistivity of the
boron filaments is typically 4-8 x 10"“ohm-cm. The order of magnitude
lower resistivity of the graphite filaments should result in primary
current flow in the interply graphite filaments instead of in the boron
filaments. Also, the diameter of the graphite filaments is typically
0.0003 inches or less as compared to 0 .004 inches for the boron filaments.
This should make possible the incorporation of very thin layers of
graphite filaments without significantly decreasing the boron filament

vo lume.

The specimens described in Table 2-3 were provided to this program from
an intermal devolopment project in progress. As noted in Table A-6 of
the Appendix, no severe strength degradations were measured for either
Hybrid-1 or Hybrid-2 specimens at %njected crest current densities of
9.84 or 10.40 x 10" amperes per cm“ of filament cross-section, :
respectively. One each of the two Hybrid-l and Hybrid-2 specimens showed
a somewhat lower tensile strength than did their respective unexposed
control specimens (114:143 and 140:176, respectively); however, the other
specimens of each Hybrid had virtually the same strength as the control.
Apparently, this approach toward improving the electrical current damage
resistance of boron composites has some merit because the crest current
density (based on total filament cross-sectional area) was approximately
tvice the level that would have produced significant strength reduction
in boron epoxy composites.
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TABLE 2-3

COMPOSITION OF HYBRID #1 AND HYBRID #2 BORON-
GRAPHITE FILAMENT UNIDIRECTIONAL COMPOSITE

SPECIMENS

COMPOSITION VOLUME 1
Hybrid-1:

Boron filaments 34

HM-S Tow Graphite

Filaments 15

Epoxy resin 51
Hybrid-2:

Boron Filaments 49

HM-S Graphite Tow 11

Epoxy Resin 40

Photomicrographs of one each of the exposed hybrid epecimens are shown
in Figures 2-86 and 2-87. The fincorporation of graphite filaments
between layers of boron filaments is shown. There 18 no evidence of any
of the star shaped boron filament cracks that are produced by current
injection. The few cracks shown are of the type sowmetimes produced when
the specimens are polished in order to take the photomicrographs.

b. Boron Composites With Imbedded Conductive Wires. This approach
was conceived based on a concept of imbedding an array of fine conductive
wires within a composite to direct electric current flow away from the
filaments. To be a practical approach to lmproving the resistance of
composites to damage from high intensity electric currents, certain
objectives must be met:

L) The wires must be of a metal with good electric conductance
and, as such, be of superior conductance to the boron and
graphite filaments. )

(2) The wires must be of fine diameter so that they can be incor-
porated to a snfficient degree as to direct current flow without
displacing a significant volume of filaments or adding severe
weight penalties. 1f either happened the advantage of using a
composite material could be reduced or eliminated.
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FIGURE 2-86. (100X) HYBRID-7 SPECIMEN AFTER 10.4 x 10%

AMPERES PER CM” OF FILAMENT AVERAGE CREST
CURRENT INJECTION--NO DAMAGE.

FIGURE 2-87. (100X} HYBRID-& SPECIMEN AFTER 9.84 x 104
l AMPERE> PER CM” OF FILAMENT AVERAGE CREST

CJRRENT INJECTION--NO DAMACE.
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(3) The conductive wires must not cause any adverse effects
on the composite, either thermally or mechanically.

A survey was made of the availubliity of fine wires or thin woven fabtrics
of conductive mctals. The finest wire and thinnest fabric avatlable was of
tungsten. The material chosen was az supplied by the Newark Wire Cloth
Company of Newark, New Jersey. It is a 140 x 140 meeh cloth that {s woven
from 0.0012-0.0013 inch diameter tungsten wire. Tungsten has a resistivity
at room temperature of 5.5 x 107" olm-cm, considerably lower than for
either the boron or graphite filaments.

Two unidirectional laminates were fabricated of boron filaments and 2387
epoxy resin with the tungsten cloth incorporated. The fabrication process
was identical to that used for all other boron epoxy laminates. In one
laminate (BUTCM), one layer of the tungsten cloth was incorporated between
the center two plies of the four ply laminate. In the other laminate
(BULC), ome layer of the tumgsten cioth was laminated onto both faces of
the four ply laminate. TIn both lamivates one of the two wire directions
in the tungsten cloth was parallel to the boron filament direction. In
exactly the same munner as for the boron test specimens, 1/2 inch wide
specimens of both the BUTC and BUYCM laminates were prepared for current
injection by nickel plating of the specimen ends.

The electric exposure test data and mechanical property data for the BUTC
and BUTC spevimens {8 in Table A-7 of the Appendix. As can be seen, the
non-exposed BUTC and BUTCM specimens, respectively, had tensile strengths
of 144,000 psi and 155,860 psi. Both were as strong or stronger than
unexposed boron control specimens tested in the program, which indicated
that the addition of the tungsten cloth did not significantly reduce the
boron filament content or otherwise decrease the strength of the boron
composite. As also noted in Table A-7, the BUTC specimens that were
exposed tc an average crest current injection of 7.88 x 107 amps per cm
of filament Rad no decreage In strength. At a current injection level

of 13.5 x 10" amps per cao:“ omly a 247 strength reduction occurred. For
boron epoxy composites with no tungsten cloth inforporated, a 507 strength
reduction regulted from a 7.85 x 107 amps per cm” injection.

The BUTCM specimens exposed to 8.5 x 10% crest amps per cm2 injection
exhibited « 2% average deﬁrease in strength. The BUTCM specimens exposed
to 13.5 x 10" amps per cm” of current injection delaminated down the
center adjacent to the layer of tungsten cioth. This resulted in a 46%
decrease in tensile strength. .

The bglk densities of the BUTC and BUTCM laminates were 1.93 and 1.82
gm/cm”, respectively. The tygical densities cf boron-epoxy composites
rangc from 1.83 - 1.915 gm/cm™. Therefore, the incorporation of tHe
tungsten wire on both sides of a four ply boron laminate (BUTC) resulted
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in & >100% incrcase in resistance to gradatjion with only 0.8% increase

in bulk density (weight penalty)}. The incovporation of the tungsten wire
between the center two plies of a four ply boron epoxy laminate resulted
fn > 507% in resistance to degradation with no measurable weight penalty.

Figure 2-88 is a photomicrograph of one ¢f the BUICM specimen  that was
exposed to Gross current Lnjection of 13.08 x 107 anps per cm® of filament.
The fact that the tungsten wire, between the two center boron plies,
carried a high current load is evidenced by the fact that some of the
wires hdve melted. Also, none of the typical star shaped cracks in boron
filamentws, as vypically caused by current flow in the boron filaments, are
present, except for the one filament in contact with tungsten that has
been melted. This further indicates that the tungstcn wire carried
sufficient current to keep current flow in the boron filaments to below

a damaging level. All specimens but BUTCM #1 in this group delaminated.
The delamination was probably the result of the hotr tungsten wire causing
resin pyrolysis and gaseous biowing.
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FIGJRE 2-88. BUTCM #1 SPECIMEN, SUBJECTED WITH 12.08 x 10"
CREST AMPS PER CM2 OF BORON FILAMENTS.
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Figure 2-89 and 2-90 are, respeétlvely, BYTC specimens which have been

~ Iinjectgd with current levels of 7.64 x .107 and 13.96 x 10" crest amps

per cm of boron fl{lament cross-section. Specimens of the same group as
BUTC #2, Figure 2-89, showed no loss in temsile strength. Speci{mens of
the same group as BUTC #3, Figure 2-90, showed an average loss in tensfle
strength of 24%. There are indications of the star shaped boron filament
crack , as typically caused by current injection, in specimen BUTC #3. In
both BUTC #2 and #3 it appears that some of the surface tungsten wires -
have shattered. This type of tungsten wire damage probably occurs at
lowar current levels than would cause the tungsten melting evidenced in
Figure 2-89.
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FIGURE 2-89 BUIC #2 SPECIMENS IEJECTED WiThH /.64 x 104

CREST AMPS FER cM2 OF BORON FILAMENTS.

FIGURE 2-90.

BUTC #3 SPECIMFN INJECTED WITH 13.96 x 10
CREST AMPS PER cM? OF BORON F1LAMENTS.
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SECTTION 3

CONCLUSTONS

Electric current flow processes within epoxy resin composites of

both boron and graphite filaments is analogous to a complex array of
resistors (filaments) with the epoxy resin serving as a dielectric
barrier between filaments. The processes, however, that determine

the proportions of current flowing in each tilament or layers of
filaments are very ccmplicated and difficult to mathematically model.
Many factors such as why current flow tends to concentrate at random

in a fraction of the total bo¥on filaments in a composite are not fully
understood at present.

The limiting fartossin the degradation of boron/epoxy composites are
the boron filaments themselves. The filaments begin to crack ,and break
up at crest current deusities of 3.7-5.7 x 10"amperes per cm? for the
standard waveform used in the tests reported. Above that point, loss
in strength is rapid with increasing current levels.

The limiting factor in the degradation of graphite/epoxy filaments

is the resin matrix. For the HMG-50/epoxy and HM-S/epoxy composites
tested with the standard waveform, degradation by burning of the resi
was initiated at crest current densities of 20-25 x 10“ amperes per cm‘of
filament cross-section, for the standard waveform used. At that point
the temperature of the filaments was sufficiently high (600~800°F) to
cause pvyvrolyzation of the epoxy resin. At increasing current levels

the build-up of pyrolysis gases within the composite is so'rapid as to
cause delamination.
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(4)

(5)

The controlling factors in the degree of degradation of the filaments
and composites tested are the total electric energy fnput and the
fraction thereof dissipated in the form of heat. To demonsivate this
crest current amplitude as well as waveform duration was varied. As
such, crest current amplitude {8 less important then the waveform or

or total energy.

It appears feasible that the resistance of boron-epoxy composites o
degradation by electric currents can be improved through the incorpor-
ation of altermate and mere conductive paths. Fine wiresg of conduc-
tive metals can be used to provide >50-100% fmprovement without

decreasing the strength of the composite.
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APPENDIX B

/

RESIDUAL AND INDUCED STRESS
PRESET IN BORON FILAMENTS

Boron monofilaments are produced commercially by cgemical vapor depcsition
(CVD) procesa in which boren ferms on a hot (NQQ?Q F) tungsten wire by
hydrogen reduction of boron trichloride vapor.(’

F. E. Wawner, Jr., on pages 254-256 of Reference 7 states that during the
deposition of the boron onto the tungstep substrate the core Lncreases in
diameter from {ts original diameter of 0.0005 in. to 0.00065 in. placing
. the deposited boron layer in tensfon. We can calculate an equivalent

internal pressure to replace the core that will produce the same expansfon
of the internal diameter. Using the material properties of Reference 7 and
Equation (27) of Reference 8 (uniform internal radial pressure p 1b.

per 8q. in. with longitudinal pressure zero or externally balanced)

- internal pressure (psi)
= modulus of elasticity for boron (psi)
inner radius (in.)
= outer radius (iq.)

Poisson's ratio

thegerefer to referenced material listed oo

*
Superscripted numbers in paren

page 79.




which for gk = 0.00015/2 = 0.000075 = 7.5 x 10 in. becomes i
-5 f
T —— Lax 12 = = 1.46 x 107 psi
, 2.5 x 10 ( 4.0 x 10 "+ 6.25 x 10 _ .2)
£0.0 x 10° 4.0 x 10°® - 6725 x 107®

By using Equation 29 of Reference 8 (uniforw internal pressure p lb.
per sq. in. in akl directions) which 13 probably the most reasonable
approximation, we obtain:

. MR X
ap =g [ 535 -v C -] 2)
L A 2 2
2 "8
or
_ 7.5 x 107>
P 4 -6 8 8

6.25 x 10~
6

2.5 x 10~ [a.o x 10°° + 6.25 x 10~

— -2 ¢ -0 ]
60.0 x 10° 4.0 x 107 - 6.25 x 1078 4.0 x 108 - 6.25 x 1074

N
—
ee en Smun G OB

and p = 2.16 x 10”7 psi.

P

An internal pressure of this magnitude would result in a circumferential
or tangential stress, g _, at the inner surface of the boron core of

t
3
2
R; + R:i 2 7
0, =P r 5 5 ] = 2,16 x 107 (1.0317) = 2.23 x 10" psi
R, - RY <+
2 L
Now the boron case is.obviously incapable of supporting tensile stresses of J

this magnitude and therefore core growth must take place at the expense

of shecath material. This conclusion is supported by statements on page 254
of Reference 7 which states,''Small voids have been observed along the inter-
face and are tentatively attributed to rapid diffusion of boron into tungsten
and subsequent vacancy condensation along the interface between the two
wmaterials {Kirkendall effect}."

B-2




For the moment assume that the boron sheath depesition and the core
transformation from tungsten te tungsten-boride with its accompanying

core growth can all be accomplished without the tweation of residual
stresses existing at the deposition temperature of 2000°F. Residual
stresses existing at room Cemperature wikl then be the result of cooling
the composite filament from the stress free deposition temperature to room

temperature.

Using a core diameter of 0.000% in. (using the larger value of 0.00065 in.
changes the final result by only LO00 psi), a filament diameter of 0.004 in.,
a coefriclent of thermal expansion for the boron sheath of 5.0 x 10~
in./in./°F for the core we Loan calculate the resultant longitudinal thermal
stress. Upon cooling 2000°F the boron sheath by itself would shrink an

amount

_E

= (5.0 x 10°%) (2000°F) = 0.010 ix./in.

while the core would shrink only

€, " QuAT = (4.1 x 107 )(2000 F) = 0.0082 in./in.

a difference of 0.0018 ix./in. But siuce the core and the sheath are
intimately bunded togetlier '

EB must = tw

and so the beron sheath must be strefched some amount by the core (resulting
in a residual tensile stress in the sheath) and the core must be compressed
by the outer boron sheath. From static considerations the total fcrce acting
on a unit length of the sheath must be balanced by an equal force acting over
the area of the core, or

= g A ‘ (3

P =P,or0BAB— o

B w

where g, 18 the stress level in the boron sheath and Oy is the stress level
in the core. AB and Aw are the respective cross sectional areas where

1256.6 x 1078 in.2, and

>
|

. 2
T (0p)

19:6 x 1078 {n.2

il

>
W

2
I
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Now assuming that the coefficients of thermal expansion and the modulus
of elasticity of bogh the boron sheath and the tungsaten core are constant
throughout the 2000 F temperature range, then (3) becomes

I"BQ'BAB = Ew(wAw

or solving for

€ Ew Aw
B, €, = T X T X ¢ (4)
B EB AB w

And aiso since the total amount of strain from a zero stress room tempera-~
ture conditinn must be 0.0018 in/in. because the sheath and core are in
intimate contact, we can also write,

€p + €, = 0018 in/in (5)

e eem aw e BB BR B B

Substituting (4) into (5) ylelds,

F S—

EHAV
EBAB Y w ,

P

or € = .001772 in/in.
?
and the average compressive stress in the tungsten core is -
= - 00 - :
oy = Ewew = 60.0 x 107(0.001722) 106,310 psi | .
and the average tensile stress in the boron sheath is
5. = E.e. = 60.0 x 102(0.0018 - 0.001772) = 1686 psi. ;
B B"B -

This value for the compressive stress in the corg is somewhat lower than the
experimentally megsured valuc of 150 tc 200 x 10 psi and the theoretical
value of 211 x 10~ psi cited on page 254 of Reference 7. However, this

B-4
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analysis assumes linear material properties over a large temperature ramnge,
uses for the coefficient of thermal expansion of the boron sheath the
coefficient measured in the Aeronutronic Research Laboratories for a single
filament and uses a coefficient of thermal expansion of tungsten—bo%ide for
the core. Any, or all, of these assumptions or measurements are subject

to some adjustment. Ir any event, the resultant longitudinal tensile stress
in the boron sheath is quite small (i686 psi) while the resultant longitudinal
compressive stress in the core (100 to 200 x 103 psi) is large. These
stresses are oriented along the axis of the filament and are not directly
additive to the stresses calculated and reported.

We can now, however, consider the temperature-induced radial stresses.

Again, assuming that the deposition process results in a stress free com-
posite filament formed at ZOOOOF, residual stresses are developed as the
boron sheath shrinks around the slower shrinking core., These stresses can
be calcuiated in a manner similar to that of the Philco-Ford paper in
Reference 2, Except here there is a thermal contraction in both the sheath

and the core, rather than a thermal expansion of the core alone as assumed
by Philco-Ford in Reference 2.

Proceeding as in the longitudinal anaiysis, the free thermal contraction of
the sheath inner radius alore would be:

SRy = R ay AT = (.00025)(5.0 x 1079y (2000) = 2.5 x 107% in.

while that of core alone would be:
-6 -6 .
ﬁRH = RﬂywAT = (.00025) (4.1 »x 10 7) (2000) = 2.05 x 10 in.
7
a differerce in radial deflection of .45 x 10_6 in. EFut since the core
and the sheath must each shrink the same amount

5RB must = 6Rw (shrinkage from depositioﬁ téﬁperature)

or

SR, + 8, = .45 x 1070 in. . (6)

(deflection from free thermal contraction of zero stress condition.)

e

B-5
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and so the boron sheath must be expanded some amount from the free or zero
stress condition, resulting in & tensile radial stress and the sheath acting
on the core will compress the covxe. Again from a consideration of a static
force balance, the pressure at the interface between the sheath and the -
core must act equally on the sheath and core. For the core:

R

1 .
AR = p - (1 - p) v _
W

or the internal pressure, p, equals

5
R
1
g (- vw) .
v

and for the sheath

R, R’ + R? ,
R = -—1-(2 1+ )
B PE, 2 _ 27 Vs
2 " M1
oY
p= &Ry
R, RZ 4+ g2
E—(Z 1+y)
B 2 _ 2 Us
2 "N

6%, 8k,
R = 72 (N
2 a-yy B Ry R
E TV =2 ()
v E 2 2 B
B Rz - Rl

Substituting equation (6) into (7} gives

-6
45 x 1077 - BRy BR
R - 2 2
1 . R R, + R
g -y Lo 2 Ly
W EB R2 . RZ B
2 1
B-6
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and using v, = .3 along with the previous conatants we get

6“8 = 2.869 x "10—,111.,

or the inner radius of the boron sheath is forced by the slower shrinking
core to be this amount larger than the stress free condition, resulting in
a residual radial stress at the inner surface of the sheath, equivalent

to an internal pressure of:

-7
2.86; X 12 = 5.59 x 10“ poi
R R, + R
1 2 1
B R -Ry

This Lnternal pressure gives rise to tangential and radial stresses fn the
boron sheath. The maximum values ofor and Ot occur at the inner surface
and are expressed by i

Ro + RS
o_=P,0g =P —5——7=1.0317P
r t R2 _ R2
2 1
or
o, = 55,900 psi, o, = 57,670 psi

These stresses ave in the planeof the filament and are directly additive
to the stresses produced by an electrical current passing through the core.

The tensile radial stress o is a maximum at the inner surface of the sheath
and decreases to zero at the outer surface, while the tangential stress

o, 1s a tensile maximum at the inner surface and decreases, but not to zero,
wfth increasing radius. A plot of the radial and tangential stresses is
shown in Figure A-l. Within the core the radial stress is equal to the tan-
gential stress and this stress is a constant compressive stress equal to P
or 55,900 psi.

¢

F. E. Wawner, on page 256 of Reference 7 attibutes the often observed radial
cracks in the boron sheath to the stresses calculated from the radius of
curvature assumed by split and longitudinally polished filaments. These

e
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stresses, however, are the axial or jongitudinael stresses and act in the
plane of the radial cracks and are not the cause of radial cracking. Radial
cracks are the result of rthe tangential (or hoop) stresses calculated above,
and this stress does not go from tenslion to compression with increasing
radial position as does the axlal strvess, and thevefore, the only reason
cracks might be observed to terminate @ some radial distance is because the
tangential stress level drops below the level requirod to propagate the
crack.

The actuwal amplitude of the stresses calculated in this study are subject
to the sheath and core si%es used aund the physical piroperiy data used. The
shape of the stress-location curves, however, is fundamental to the assump-
tion that the boron sheath tends to shrink onto the core material as the
composite filament cools frow the high temperature of the deposition

~

process. ‘ |

The equation develuped in Reference 9 and referred to in Reference 7 was
developed for intermal stresses in a spherical thick walled mediuvum and may
not be directly applicable“to the cylindrical case of the boron filament.

N




