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ABSTRACT 

The history of high strength filamentary materials is traced 

and it is seen that their use has been widespread. It is shown that 

today's demands upon these materials require a better understanding 

of their behavior than is presently available. Current theories for 

both the static and fatigue strength of filamentary materials are 

reviewed. An analysis of static strength tests on short filaments 

is presented that explains seemingly anomalous test behavior which 

has been reported in tha literature. The proposed approach is sup

ported by experiment* and computer analysis. 

A new machine for the fatigue testing of filaments or wires 

was designed and is described in detail. Results are presented for 

fatigue tests on tungsten wire, graphite filaments and glass fila

ments. Graphite filaments showed an unexpected deterioration in 

strength after very many cycles ( 10 ). An explanation of this 

effect is offered and supported by scanning electron microscope 

observations. The work concludes with some suggestions for further 

research. 
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I INTRODUCTION 

An increasing number of high strength, filaments are 

becoming available to the engineer. Glass filaments and steel 

wires have been produced for some time, tftw, the recently 

developed graphite and boron filaments with their high strength 

and modulus but low density offer opportunities for dramatic 

Improvements in design. In addition, filaments of many other 

materialr such as tungsten and beryllium are available and these 

open up the possibility of novel designs for situations in which 

the monolithic material is inadequate. 

There is a vast and rapidly growing literature on the 

use of these high strength elements either alone, or more often 

with a matrix to form a composite material. Because of the 

structural complexity of composites, the immediate practical 

problem of how the composite behaves has invariably been the topic 

studied. Much less attention has been paid to the individual 

behavior of Che filaments and the matrix and how they behave in 

conjunction with each other. The approach of testing the fin

ished composite while yielding immediately useful engineering 

data does not provide fundamental understanding as to what is 

the critical component in tension or fatigue. 

For this reason this work focuses on the filament as 

distinct from the composite. The results show that filaments, 
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other than glass, tuy be the weak link in composite fatigue. It 

is also shown that current statistical theories for the static 

strength of brittle solids apply to filaments of even a very 

short length, 

Much of the current interest in filamentary materials 

was generated by the aero-space industry. It Is in this field, 

where minimum weight design is essential, that the very high 

strength/weight and stiffness/weight ratios of filamentary 

materials make them very attractive. For example, a conventional 

graphite reinforced plastic may have a stiffness/weight ratic 

higher than that of 2024 aluminum by a factor of 6.5 and of 4340 

steel by a factor of 7. In another example S-glasa reinforced 

epoxy may have a strength/weight ratio 2.5 times that of the 

aluminum and 2 times that of the steel. A comparison of a 

number of materials on a strength/weight and stiffness/weight 

basis is shown In Fig. 1. As a result of the values shown in 

Fig. 1 graphite filaments are in wide use as reinforcement for 

rocket nozzles, pressure vessels, aero-space structural ribs and 

panels, and sporting goods. .Glasa-reinforced plastics have been 

In use for over three decades in industrial containers, aircraft 

structures, body armor, boat hulls and ether marine applications. 

Use of newer filaments, such as boron, will expand as long as 

the need for structural materials with specialized and improved 

properties grows. 

He have already used the terms fiber, filament and wire. 

Before proceeding further it may be worthwhile attempt to define 

these terms and explain the usage that will be followed in this 

work. 
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Originally the term fiber referred to structures occur

ring in nature with high slenderness ratios and small diameters 

such as plant tissue, animal hair, nerve tissue and muscle tissue. 

For threadlike materials that are synthetic and available in con

tinuous lengths the term filament is generally used. In this 

sense the term fiberglass is actually a misnomer. If the fila

ment is of metal then irrespective of its diameter it is usually 

referred to as a wire. The tungsten element in an incandescent 

light bulb is called a filament because the original elements were 

carbon filaments. The term whisker is usually applied to short 

discontinuous elements of microscopic dimensions, usually of 

ceramic, such as silicon carbide and sapphire. 

Filaments, while generally more expensive than fibers, 

have far superior mechanical properties and about the same ease 

of fabrication. Whiskers, while superior to filaments in mechan

ical properties, pose manufacturing difficulties and at the present 

time are prohibitive in practical designs because of their very 

high cost. 
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II BACKGROUND 

A. A short history of filamentary materials 

Here, for brevity, the discussion vilL deal only with man-

made filaments. Although speculative, it is likely that glass 

filaments have been produced for as long as man has used glasf. 

Probably, glass workers, whether deliberately or not, produced 

glass filaments while bloving or drawing glass for other reasons. 

This places the probable birth of glass filaments six thousand 

years ago in Egypt. It is particularly likely that glass fila

ments were drawn in the highly developed glass industries of '.he 

Renaissance. However, the first written record of glass fila

ments was not made until 1713. It was in that year that 
1* 

Reaumur reported to the Paris Academy of Science about glass 

fabric woven by the Venetian artisan RIva. Riva used the simple 

but tedious rod-drawing technique for glass filament pre1-., Lion. 

He took a cylindrical section of glass, heated the center scticr. 

until soft, then pulled the ends apart. The remit was a fire 

glass thread attached to t'/o solid end'i. The ends w.re cut and 

the filament kes ready for use in yarns or fabrics. For 130 years 

after Riva, glass filaments remained a curiosity with negligible 
Numbers refer to the references at the end of this work. 

References 1-4 describe the early work and the present discussion 
is \a$$6 on th*s mrterial rather than on the original references 
which are largely unavailable. 
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practical application. In 1842 the English silk weaver Schwabe 

tried to produce glass silk by extruding glass through very fine 

orifices. His process was wrought with problems and his fila

ments were irregular. 

Deciding to avoid the problems associated with glass 

extrusion, Libby in the United States began, in the 1880s, to 

update Riva's rod-drawing technique. At the 1893 Columbian 

Exposition he exhibited neckties, evening gowns and lampshades, 

all made from glass filaments. The technique used currently to 

produce continuous glass filaments was patented in 1908 by 
2 Pacinsky. His method was to drum wind a number of filaments 

drawn simultaneously from orifices in the bottom plate of a 

ceramic melting chamber. Another process, still in use for the 

production of relatively short glass filaments used in insula-
2 tion, was devised in 1929 by Rosengarth. His machine utilized 

a hollow spinning disk with fine holes in the periphery. When 

molten glass was placed in the center it extruded through the 

bcie: After attaining a short length aerodynamic drag forces 

vould cause breakage of the glass. 

Tn the 1930s, with the realization of the strength/weight 

ratio of glass filaments and the concurrent development of 

plastics, glass-reinforced plastics (GRP) were born. To meet the 

demand for filamentary glass Owens Illinois and Corning Glass 

jointly set up the first large scale "fiber glass" plant in 1935. 

Glass is not the only material whose production, ia fila

mentary form, has long been of interest. Hooke in 1664 visualized 

in his Micro^raphia the production of numerous filaments by 

processes similar to silk worm spinning.3 
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In 1844 Hughes actually spun an elastic silklike substance 
4 

from starch, gelatin, resin, tannins and fats. Rayon was produced 
4 as early as 1855 by a process patented by Andermans, His process 

was simply to pull, with a needle, filaments from liquified mul

berry bark. In the 1880s and 1890s numerous other processes were 

developed for the manufacture of rayon. 

Carbon filaments were produced in ch* 1830s by Swan for 

use as experimental light bulb filaments. It is even possible 

that without realizing it he graphitized some of these co product 

graphite filaments. The production of graphite filaments in 

quantity came about as .1 result of the Royal Aircraft Establish

ment's experiments with polyacrylonitrile (PAH) in the early 

1960s. With suitable heat treating and stretching PAN is now 

converted easily co high strength, high modulus graphic*-.. In 

the Inited States a s'mila;: process has evolved utilizing rayon 

as a precursor. Japanese workers have more ;ceotly reported on 

a process based on petroleum pitch. 

Since 1959 a number of ceramics have been produced in fila* 
7 

mentary form using Talley's process. In Taliey's process material 

is deposited from either halide or hydride systems on hot ( > 1200C*) 

tungsten substrates. Filaments such as B, B,C, SIC, and TiB 2 are 

produced by this vapor deposition method on fine tungsten wires. 

B. Static strength 

While engineers like to describe engineering materials as 

either ductile or brittle, the observed rapture may not always cor-
a 

respond to these classes. Bridgman showed conclusively that by 

auperinposing a state of hydrostatic pressure of sufficient intensity 
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upon a iiormal stress state, many nominally brittle materials can 

undergo considerable plastic deformation befort rupture. CJ>I' 

versely, many ductile materials will rupture in a brittle manner 

when subjected to high triaxial tensile stresses. Thus rather 

than trying to class materials as ductile or brittle ve may be 

mare correct in thinking of them as bein? in the brittle or plastic 

state. As high strength i'ilaments are in practice loaded in ten

sion, with relative^ snail transverse compression, the above point 

will not be belabored. 

Over the years many workers have attempted to explain the 

strength of materials and structures. Ihu older uork is largely 

of a descriptive nature. This is because experiments were performed 

to find critical quantities in certain tests. Based on (iata obtained 

from tests such as tension or compression, empirical fotmu'id-- were 

proposed to predict material failure. These approaches, while not 

attempting to explain the mechanism of fracture, were useful for 

designing with brittle solids. Some of these criteria, such as 

Rankine's maximum stress criteria, Saint Venant's maximum elastic 

strain criteria and Mohr's internal friction theory are being used 
9 today for designing With brittle solids. These criteria were 

proposed for the failure of brittle irateridls ana then later adopted 

as yield vi-lteria for ductile materials. 

Sone of these theories give any insight into what is actu

ally happening within a material, They are particularly deficient 

when applied t brittle materials as they disregard the large size 

effects experimentally observed and offer no explanation for tjeir 

characteristically wide variability in strength. These phenomeno-

logical criteria were of necessity replaced, for brittle materials, 
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under tensile states of stress by the mechanistic theories of 

Griffith and Weibull. The most basic model for the strength 

of solids considers the cohesive force or stress between two inter

atomic planes. By using various assumptions for the change in cohe

sive stress, between tuo interatomic plants, with displacement, 

rough estimates of Che theoretical strength of crystals have been 
12 obtained. Tne strength results are generally about one-tenth 

the Young's modulus of the material. The actual strengths of 

engineering materials are far below this. Ductile materials have 

strengths of ahout one-hundredth their modulus. Brittle materials 

have strengths of about one-thousandth their modulus with a great 

decrease in strength as their size is increased. The lower than 

expected strength of ductile materials is due to dislocation 

motion allowing plastic deformation to occur Ofcfore the theoreti

cal strength is reached. The explanation for the behavior of 

brittle materials was given in 1920 by Griffith. For very 

brittle materials, such as glass, Griffith suggested the strength 

would be limited by the largest of a distribution of tiny cracks 

inherently present in the material. He reasoned chat, in brittle 

materials, these cracks would act as very large stress concentrators. 

At the tips of these concentrators plastic flow cannot reduce the 

stress because the material is brittle; thus the cohesive strength 

is realized only at the root of the severest crack and not over 

the entire solid. To calculate the conditions under which a crack 

would propagate Griffith those an energy approach. He hypothesized 

that a crack will propagate when the decrease in elastic strain 

energy and decrease i- .ractive potential due to an increment of 
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crack length is equal to or greater than the surface energy 

required for the- creation of new surface- By utilizing the 
13 Inglis crack solution for stresses and strains arouna a crack, 

of length 2a, in an infinite plate, he was able to calculate the 

strain energy due to the presence of the crack.* For the plane 

stress two-dimensional case this energy equals, 

Z 2 
E, | 

The surface enei'gy required for the information of the crack sur

face is, 

Griffith then used the well-known principle of elasticity that 

when a linear elastic budy is strained by tractive fcices the 

strain energy of the body increases by one-half the decrease in 

potential energy of the forces. That is, 

E t — « , 

The potential energy of the system is, 

For crack growth, 

3<> 
0 r > 0-, =kr 

U f J va 

The symbols used in this work are defined in the section 
on Nomenclature on page 58. 
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Griffith verified, by pressurizing pre-cracked glass tubes and 

globes, that strength did vary as crack length to the minus one 

half power. He also, fortuitously, found the surface energy value 

in his equation to be very near the accepted thermodynamic value. 
14 Orowan in 1945 showed from an X-ray investigation that plastic 

deformation was extensive on the cracked surfaces of brittle 

solids and that the actual f value for fracture would be many 

times the thermodynamic value. 

Irwin in 1948 showed that a plastic work modified f 

value, now termed Q in honor of Griffith, would yield useful 

predictions for metals and other brittle solids when used in 

conjunction with Griffith's equation. If the largest flaw in a 

specimen or part could be determined, then a straightforward 

application of Griffith's theory would predict the fracture 

strength. However, the inherent flaws in glass and other brittle 

solids are generally too small to be detectable. The problem can 

be looked at in the inverse and this has been done. From values 

of fracture strength, sizes of the critical flaw have been 

calculated. The variability shown by such an approach soon makes 

It clear that a statistical analysis is needed. 

As this dissertation deals with the properties of single 

filaments the statistical theories of fiber bundle failures will 

not be discussed. 

In 1939 Weibull made the assumption that flaws are 

random in size and are distributed at random through a body with 

& characteristic number per unit volume. Ee also made the assump

tion that if any one flaw started to propagate it would initiate 
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failure of the cross section. As the largest flaw would be 

expected from Griffith's work to be the first to propagate, 

the largest flaw governs the strength of the specimen. This con

cept in which the failure of any part promotes the failure of the 

whole is similar to a chain whose strength is given by its 

weakest link. As a result Weibull.'s assumptions as presented to 

this point are often called the chain model. 

Weibull visualized that each elemental volume of a body, 

dV, has a probability of failure, P., that is proportional to its 

volume vhen under tenBile stress. 

P - n(o-)dV 

The function n{ff) is characteristic of a material and only a func

tion of tensile stress. If a specimen of N eleraental volumes were 

subjected to uniaxial tension the probability of them all surviv

ing is, 

s=M-N H) 

-3h) 
Here II denotes the product of the N terms and S the probability 

they all survive. Taking logarithms of both sides of the equation 

gives, 

L n S ^ L n j l - F j ) 

If F, is small then, 



12 

and, 

L n s i i h 
By substituting the functional form for F. we eliminate the sum

mation and replace it with an integral over the volume. 

Ln S s Jn(o)dV 

Toe integral, labeled B by WeibuII, is usually called tbe^risk of 

rupture'' Taking antilogarithms gives, 

-Jn(<r)dv 
$=9J* 

The probability that a specimen fails is oca minus the probability 

it survives. 

-Jn(cr)dV 
-e 

At this point it is necessary to determine the form of n(<r;. 

WeibuII suggested from limited experimental data that good agree

ment could be had with, 

n(o>k<r m 

He then offered f simplification with, 

thus, 
r 4« 

Ji 



13 

and Jsr-
This distribution is known as the primitive or two-parameter 

Welbull distribution. For a volume V = 1 and 0" =<£, G can be 

shown to equal 0.63. From this it follows thatm , the scaling 

parameter, is the stress for which the probability of failure 

for a unit .'olume is 0.63. m , the flaw densitj parameter, is 

an indication of a material's flaw distribution, tfher. m has a 

low value the material has flaws that are distributed non-

homogeneously or flaws of widely variable sizes. A3 m increases 

the variability in strength decreases. For ductile materials 

m=fuoo , Typical m values are, 5 for graphite filaments, 5 to 8 
1 £ 

for glass filaments, 3 to 6 for boron filaments, 15 for 

sapphire, and approximately infinity for fine tungsten wires. 

A weak point of the two-parameter distribution is that it 

predicts a finite probability of fracture at vanishing low 

stresses. Weibull realizing that many naterials have a finite 

probability of fracture at low stresses suggested a zero strength 

term, oj, , be incorporated into his equation. The result, 

' -feaftv 
5-l-aJJ 0 I 

describes materials with a zero strength. This form, however, 

cannot yield closed form solutions except in trivial cases and is 
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often not a great improvement over the two-parameter distribu

tion in describing material behavior. As a result, in this work, 

only the two-parameter font will be used. 

As the Weibull parameters cannot yet be determined from 

fundamental considerations, but oust be obtained from experiment, 

the type of experiment used Kill determine the approach taken to 

obtain the parameters. Most experimenters, while recognizing 

the tension test to be simple in principle, avoid using it be

cause of the high degree of precision required tP achieve true 

uniaxial tension. The Weibull equation is easily modified for 

stress variation and the three- or four-point bending test is 

widely used for parameter determination. It will be shown is the 

chapter on experimental technique that the problems in testing 

filaments in tension can be overcome. The present experimental 

work is done in tension and the procedure for parameter estima

tion in that case will now be presented. 

At first the simple approach, thought convenient by 

Weibull, is taken of plotting the distribution in a form which 

yields a linear relation. The graphical results may be confirmed 

by a computer program which provides a least squares best fit 

equation for the data. For filaments of a given diameter both 

the volume and surface area are proportional to the length. Thus 

for simplicity the risk of rupture nil! be integrated over the 

length rather than surface or volume. A length integration also 

avoids the question of whether the flaws are surface or volume 

distributed. Weibull's equation, 
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G-l-e1 

may be expressed, 

The probability of failure of the J specimen where the specimens 

are ranked from 1 to N is, using the arithmetic mean, 

G"TR 
Thus 

&-W Ln 
"N+f 

or 

* # - ( # 

Agala taking logarithms, 

LOG L n — S ! i ! _ = m L 0 G < r - m L O G < r Q + LOG L 

Aa the Logffiand LogL terms are constant a straight line should 
N + l be obtained if Ln „ „ — is plotted against <T on Log-Log 

paper. It can be shown that this line will have a slope of m . 

a- can be found on a unit length plot as the value of IT for which 0 
G or - T ~ equals 0.63. N+l 

With a little manipulation Weibull's distribution can 

predict the effect of size on median strength. At the median 

strength <7'=crrne<j and G= 0,5. 
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0.5=1-6 

may be rearranged to give, 
1 I 

Proa tbis it is expected, if the flaws follow a Weibull distribu

tion! that a plot of Cmed 7 5* L o n l^S-Lofc paper would yield a 

straight line of slope -f-j-. A similar plot is expected for the 

mean strength as it can be shown that, 

These relations hold well for brittle solids of a size easily 

tested. Because Weibull assumed a large number of flaws per 

elemental volume, there is some question as to the distribution's 

validity when applied to extremely small volumes such as associated 

with segments of filament. Apart from Griffith's early work, on 

the effect of diameter, there have been few attempts to apply 

statistical theories to the failure of filaments. While Griffith 

found the strength of glass filaments to increase with decreasing 

diameter, more recent work by Thomaa showed that there is 

apparently no size effect for glass over the diameter range of 20 
•5 18 

to 60 x 10 inches. Anderegg found mean strength to increase 
with deeraasing diameter and length, in Che hope of resolving 

19 these conflicting studies Metcalfe and Schmitz commenced, in 

1964, an a.nbitious program for the study of glass filaments. 

After testing over two thousand samples they concluded chat, with 

[Cmedl . 
1*1 
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regard to their work, the Weibull distribution was inadequate. 

For example, thsy found the flaw density parameter to increase 

from 6.4 at long lengths to nearly 100 at short lengths. If the 

Weibull was the governing distribution this value should have 

remained constant. They Observed mean strength to increase 

logarithmically with decreasing length until short lengths wore 

tested. Then progressively shorter lengths had mean strengths 

that increase much more slowly than expected. To explain this 

behavior they hypothesized the existence of two separate flaw 

distributions. One, they argued, was set up by the de-stranding 

process and was responsible for weakness in longer filaments. 

The othei flaw distribution was visualized as being caused by 

the drawing operation. This distribution, with the flaws close 

together, supposedly would govern strength at short gage lengUs. 

These two distributions, each assumed to be Gaussian, together 

formed what Metcalfe and Schauta called the bimodal flaw distri

bution. This distribution has recently been assumed for fila-
20 ments in finite element analyses of fibrous composite materials. 

21 In 1972 Phoenix and Sexsmith suggested it was poor sampling 

technique for Metcalfe and Scbmitz to disregard tests where the 

filaments broke in the wax grips. Phoenix and Sexsmith at the 

same time offered rigorous statistical corrections to Metcalfe's 

and Schmitz's data to bring it more in line with Weibull's pre

dictions. The work of Phoenix and Sexsmith was, however, unneces

sarily cumbersome and required computer numerical analysis. 

Intuitively one could imagine that if a short gage section 

were quite strong, the probability would increase for failure in 
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the relatively long grip regions. Thus a good many of the short 

Strong specimens would be disregarded. For longer specimens the 

region loaded in the grips is small compared to the gage length, 

thus failure in the grips is less likely. Longer lengths, even 

without grip corrections, therefore follow Weibull's predictions 

fairly well for size effect and variation. The short lengths, as 

described above, show a truncated distribution with many strong 

values missing. This would explain why Metcalfe and Schmitz 

observed strength to increase less rapidly at short lengths than 

expected. Those missing strong values would also decrease the 

coefficient of variation of the probability distribution. This 

makes it not surprising tliCm , an inverse indicator of variation, 

apparently increases for short gage lengths. This simple argument, 

just presented, arouses strong doubts as to Metcalfe's aid 

Schoitz's conclusions, 
22 It was found from preliminary testing, and other sources, 

that upon fracturing, a compressive pulse travels the length of a 

filament causing local buckling and as a result multiple fracture. 

As the amount of strain energy stored is high the amount of frac

ture surface generated is considerable. The term "filament shat

tering" is far more descriptive than "filament fracture." Shatter

ing occurs also in cement grips as was confirmed by microscopic 

observation. This leads to the conclusion that it is not possible 

to determine whether initial fracture occurs in the gage length 

or clamping medium. Therefore, it seems Metcalfe and Schmitz 

probably included a number of grip failures in their data. In 

spite of this their results can be explained from probabilistic 
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considerations. Consider a strong short gage length to be tested 

and a grip failure to occur. The effect is to lower the mean 

strength whether this low grip value is recorded or whether it is 

thrown out and tests resumed. It is felt that it would be useful 

to have a mathematical description of tensile test series that 

would allow for both grip and gage length failures. Such a 

formula will now be derived. 

Filaments cannot be made with reduced sections or with spe-

ially prepared ends. Thus the usual means for gripping tensile 

specimens, such as jaws or threaded connections, are useless for 

filament testing. Most researchers have resorted to using cements 

of various types although limited success has been reported with 

rubber or tantalum lined jaws. Successful cements have included 

sealing wax, caranuba wax, shellac, epoxy, cryonolic, colloidal 

graphite and diphenyl carbazide. When dry none of these cements 

can transfer stress to a filament abruptly at the edge of the grip. 

For a ductile grip, such as Tantaluo, the length of grip required 

to transfer a given load will depend upon the grip's shear 

strength. Consider a filament loaded to its ultimate strength. 

The load it carries is, 

2 

This load must be transmitted to it through shear tractions in 

the grip. If the matrix is plastic over the grip length, c, the 

transmitted load is, 

P= T y A s 

= T UITOC 
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Equating the load transmitted to the load carried and rearrang

ing gives, 

°iits _ A _c_ 
- 1 5 — * 0 

Ls~— is often about 1000 we find the loading ramps on eitner 

side of the gage lengths to extend into the grip about 250 

diameters. While Kelly finds this approach useful for ductile 
23 materials or cements, Outwater argued that a modification is 

necessary for most fiber reinforced plastic composites. 

Ou^ater supposes that under tension the bond between the matrix 

and filament ind breaks when the adhesive strength is reached. 

Once the end de-adhesion begins, further loading results in a 

shear line traveling from the filament end, detaching the filament 

from the resin. Outwater likened this to the case of a rubber 

sheet being stretched with a spot of rigid glue upon it. The glue 

progressively debonded from the sheet without effectively alter

ing the sheet's strain pattern. A similar detaching to that which 

occurs in composites at filament ends could be argued to begin 

wtiere test filaments enter cement Mips. After tbi debonding 

occurs shear tractions can be transmitted through a frlctional 

process. Both epoxy and polyester resins shrink on curing and as 

a result subject 'ilaments to a radial pressure, ty . By assuming 

a coefficient of friction, V , we have a situation very similar to 

that for a ductile clamp with ty replaced by^fv, 
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24 Daniel and Durelli, in 1961, experimentally determined 

the interfacial pressure, i/r , of polyester on glass inclusions. 

The value they found was 700 Psi. They used a value of v* 0.4 to 

find, 

tyv » 280 Psi 

In the present work it became necessary to obtain values 

of^yfor glass in epoxy and graphite in epoxy. It was observed, 

during preliminary testing, that filaments would pull out of the 

cement when an insufficient length was bonded. While tullout was 

in progress, the load displacement curve, recorded on a chart 

recorder, would be a series of characteristic saw teeth. This is 

illustrated in Fig. 2. This saw-tooth information can be utilized 

to obtain values for^y. The filament is visualized as being 

loaded elastically to a value %jt which is larger than can be 

supported by the shear tractions but less than that required lor 

breakage. At this point the filament rapidly slides in the cement 

and shortens, as a spring would, by an amount &Z . The critical 

force is, 

F c r i t ^ A s 

= ^ VTTZTD 

As the only variables here are F c r j j and c, 

A F c r I t = V»"2rAc 



from which, 

T £ c 2irr 

While^Fcrjj can be obtained directly from the chart,^ c , cannot. 

If a long filament is used, with perhaps only 57. of its length In 

the cement, then its spring constant is within 2-1/2% of that of 

its length. If ue assume the filament to unload elsstically, then 

the amount of unloading.^R. , aust be equal to its spring constant 

tiaes the amount it shortens A c • 

Or, 
i 

~~EA Ac — 

Substituting into the equation iottyv yields, 

A F U ^ 

Using the AE.JI and Afj, values obtained from several developed saw

tooth outputs determined tyv to be, for the epoxy and glass, about 

250 Prsi. Note that this is comparable to Taniel and Durelli's 

value of 280 Psi for polyester and glass. The same value was 

assumed for the graphite in epoxy tests as the same epoxy was 

used and as the graphite, like the glass, had an epoxy sizing. 

The stress in the filament builds up from the ends of the 

clamp length c at a rate, 
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where x is the position relative to the end of the clamped region. 
After exiting the clamp the stress remains constant until it 
enters the second clamp and starts to decrease. This is illustrated 
in Fig. 3. The probability of filament survival is dependent upon 
its survival in each of its clamped regions and its gage section. 
Since these events are independent, the probability of survival 
of the filament, S is equal to the product of the probabilities 
of survival in each grip, S. £ S,.| , and the gage length, $. . 

If we assume grip failure to be equally likely in either grip, 

SI = SII 

And 

s=s, s(l 

The probability of survival in the gage length is , 

V E X P l&<* 
li« J 

As there is no variation of Stress in the gage length this form 

becomes, 

V -«OT 
The calculation for probability of survival in the grips is not 
as straightforward because of stress variation with lengtv. 
Remembering that, 
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ff= 4ff» 

This is put into the equation, 

s,=exp :JKT* 
Jo J 

to give, 

S,= EXP 
U 

Evaluation of the Integral gives for a risk of rupture, 

But, 

C 4̂ jr 

So, 

S,= EXP 
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Which becomes, 

S,= EXP wip/rc|n—/r^J 

We can now find the form for 5 , 

^-(W^IW 
H9 (S+^TSV, 

= EXP 

= EXP-

The cumulative failure distribution function is I — S . s o » 

G=I-£XP-

This is seen to be the regular Weibull distribution with the 

gage lengths also variable and longer by The Z\hV Tfi+T 
end result, the equation for G, cannot be used in a straightforward 

way to determine m or CL . A computer solution seemed to be Che 

best attack and a Fortran program, utilizing an iterative least 

squares best fit approach, was written. This program is presented 

in Appendix 1. 

The equation for G can be rearranged to predict median 

strengths at short lengths. Bringing out the gage length term g , 

gives, 
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At the median strength G • 0.5 and (j~(j , thus, 
L me a 

Ifm and e. values are obtained from long gage length tests, these 

values may be used In the equation to find g values corresponding 

to various (En.J values. The result may fee presented graphically 

and for an example has been done in Fig. 4, using the data for 

long S-glass filaments from Metcalfe and Schraitz. The validity 

en" t' ts approach was confirmed ales by experiments on Air 

Force quality S-glass and graphite filaments. These experiments 

will bi described later. 

C. Fatigue strength 

Fatigue crack propagation In filament reinforced materials 

is rapidly evolving into an important aspect of materials research. 

This is because many of the structural applications for these 

materials involve conditions of cyclic loading. It has been 

observed that this type of loading may cause subcritical crack 

growth in many filamentary composites. While this area has been 

veil documented for metals, recent investigations on composites 

show their mechanisms to be more complex and less well understood, 
25 In 1948 Gurney and Pearson compared the static and 

fatigue strengths of glass over periods extending to several 

hours. They found that glass does not have a damaging mechanism 
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related to cyclic loading. Only the time of application was 

important for both static and fatigue strength. This, most workers 

agree, indicates the important mechanism to be stress corrosion. 

Although almost no work has been done on the fatigue properties 

of filaments, most researchers have assumed tnat high strength 

brittle filaments will not be degraded by fatigue loading. Fatigue 

research dealing with composites, has thus focused on the matrix 

and considered the effects of the filaments to be minor except so 

far as they influence matrix behavior. 

At least five opinions hold as to the mechanism of fatigue 

in filament reinforced composites. It has bean observed that at 

low loads the matrix often fatigues with the cracks going around 

the filaments to leave a number of separate pieces held together 

by filaments. At higher cyclic loads the fatigue cracks set 

up stress concentrations of sufficient intensity to break the 
27 filament? and cause specimen separation. Measurements of 

composite hysteresis and frequency effects have caused others 

to propose that the dominant mechanism in fatigue is the thermal 

degradation of the matrix and matrix-filament bond. Still 

others have found that filament ends, because of their stress 

concentrating effect, cause fatigue crack nucleation in the 
29 matrix. It is also held that early filament breakage, on the 

first cycle of loading, causes voids from which fatigue cracks may 

nucleate. 

To date the only fatigue study on individual filaments 
30 is that of Salkind and Patarini. They tested, in rotating 

bending, samples of 0.0048" and 0.0032" diameter boron filaments. 
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The filanents were made by Talley's process of hydrogen-reducing 

boron trichloride 0n a hot one-half mil tungsten wire. The life 

was about 10 cycles at reversed stressing 0 f 2,0 GPa. and about 

10 cy.'les at 4.0 GPa, The fatigue data shoved considerable 

scatter but this was not unexpected as the filament had a tensile 

strength stmdard deviation of 15 percent. For a "U"-shaped 

rotating bending test, 

M-^-jEy^A 

: T E« y 2 < i A + E b y 2dA 

-w ,w + £b('fir ,w)J 

Also, 

Thus, 

cr=^-Ey 

E ^ M 

" m o x E w l w + E b l l f i , - I w ] 

and, 

_ : b R b M 

X<*- EJ w+E b [ l f j r l w ] 

Dividing one by the other gives, 

"max b b 

which could have been derived from strain considerations. 
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In Salkind's and ?aterini's paper, R •• 0.0005", Rfa = 0.0032, 

E. « 58 x 10 6 Psi, and E - 50 x 10 Psi. Thus the ratio of 
D w 

maximum stress on the surface of the tungsten core to the stress 

on the boron surface is about one-sixth. As the tests were con

ducted at surface stresses as high as 4.15 GPa. (600 K s i ) , the 

tungsten may have been exposed to stresses of 700 HPa. (100 Ksi.). 

Added to this would be a residual tensile stress as the boron is 

deposited in compression. Thus it is suspected that at the high 

stress levels used, the fatigue effect may have been hastened by 

fatigue of the tungsten core. 

The rotating bending approach to fatigue testing is of 

somewhat limited value because there are compounds of boron and 

tungsten formed at their interface which complicate stress cal

culations. Also, in practice, the filaments are loaded in ten

sion. In the tensile case a two-component filament may be thought 

of as two parallel springs. As parallel springs share load In 

proportion to their respective stiffnesses, 
fy _ K w ^uftw/*-

In terms of s tress, 

J5J__ _W/_W__. 3 . 
°b P b / A b Eb 

As the moduli are similar so would be the cyclic pulsating stresses, 

lo check whether the tungsten core would set minimum fatigue prop

erties for those filaments which use it as a core, a series of 

fatigue experiments were made on fine tungsten wirs. These 
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experiments which relate to B, B^C, SiC, and TiBj, will be described 

latex. 

Graphite filaments in terms of quantity usage are far 

more important than boron. Fatigue data on them would be cor

respondingly more of interest to industry, consequently much of 

the experimental work will be devoted to graphite filament. Also, 

a few S-glass filaments will be cycled at low stresses to confirm 

their reported fatigue resistance. If the graphite and tungsten 

do exhibit a fatigue effect then another mechanism for composite 

fatigue may be presented. For low modulus and low load carrying 

matrixes, the filaments may fatigue and break first causing cracks 

to propagate from them into the matrix. 
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H I MATERIALS AND SPECIMENS 

A. Graphite 

Five types of graphite filament were obtained for the 

experiments. Their selection was based on their widespread 

acceptance in industry and availability in yarn form. Three 

filiH°.nt types were of Hercules manufacture. These were: HT-S, 
* 

a polymer-sized filament designed for use where high strength 

is desired; HM-S, a polymer-sized filament used where high stiff

ness is required; Type A, an unsized filament of intermediate 

properties. All of the Hercules filaments were made from a poly-

acrylonitrile (PAN) precursor. To investigate a filament manu

factured from a rayon precursor, an industrial sample of Du Font's 

Thornel 50 tras obtained. Finally, to further investigate the 

difference between suppliers, a number of experimental Celanese 

filaments were acquired. 

B. S-Glass 

S-glass filaments were chosen for testing as much experi

mental work has been done with them and because their quality is 

generally better than other commercial glass filaments. Approxi

mately one kilogram of freshly drawn Air Force quality S-glass 
i, 
A filament is "sized" by coating it with a material that 

improves the filament-matrix bond. 
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filaments were obtained through the courtesy of Owens-Corning 

Fiberglas, Inc., in San Jose. Immediately after drawing and 

sizing the filaments were placed in a desiccant jar, transported 

to the laboratory and static tested. 

C. Tungsten wire 

Approximately three meters each of high purity (99.957.) 

tungsten wire Were obtained in diameters of 0.001", 0.002" and 

0.005". The wire was supplied through the Lawrence Livermore 

Laboratories of the University of California, 
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IV METHOD FOR STATIC TESTING FILAMENTS 

A. Test Machine 

The test machine used for the S-glass and graphite tests 

was a model TT-D Instron Universal Testing Instrument. The 

tungsten wire was tested in a metric model TM-S Instron. In all 

te6ts, load was measured by a full bridge metric load cell of 

Instron make. With the Instron's sensitivity switch in use the 

model B load cell gave ten inches cf pen deflection for a twenty 

gram load. For the tungsten tests the signal vas attenuated to 

give ten inches of deflection for five kilograms of load. Mount

ing tabs were affixed directly to the Instron's cross head and by 

universal joints to the load cell. (See Fig. 5.) Dark paper 

vas supported behind the tabs during the S-glass tests to increase 

the filament's visibility. Likewise white paper was mounted for 

the graphite tests. Transformer controlled spot lights were 

trained on the tab area. 

B. Calibration 

Before each testing session the testing machine was allowed 

to warm up for a period of one-half hour. This was done as a pre

caution against drift caused by resistance heating of the strain 

gages and circuit instabilities. After warm-up the chart 

recorder was balanced, zerced and then calibrated using dead 



24 

veights. Several weights were applied to cheek linearity. 

After every thirty tests the calibration and linearity were 

rechecked. 

C, Operation 

Specimens were obtained by cutting bundles of filament 

from the S-glass or graphite yarns. These bundles wi "e cut 

about two centimeters longer than the required gage length. 

Separation of single filaments was done as follows: First, 

one end of Che bundle would be taped to clean paper of contrast

ing color. A thin sharp needle would then I? used to pull an 

individual filament's end from the bundle. With the aid of 

bright lights and a hand lens this end would be gently grasped 

in the fingers. A slight pull sideways would cause tht tjament 

to spring out from the bundle. This was accompanied by minimal 

sliding. It would then be broken off near the tape with the 

needle's point. At no time would the needle or fingers be 

allowed to come in contact with the test portion of the filament. 

If this accidentally occurred the specimen would be discarded. 

After removal from t h a . bundle the filament would be held up to a 

bright light and the end gently stroked. This would insure that 

only one filament had been obtained, as two or more filaments 

When stroked spring out separately. 

The tabs would be brought 5% less than one gage length 

apart by moving the cross head. The distance between them was 

checked with a machine-divided rule and a strong hand lens. The 

filament would then be laid along the lower tab and a spot of 

quick drying epoxy applied above the point held in the fingers. 
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It was found easier to bond the lower end first as the natural 

convection current raising above the hand would cause the 

filament to stand straight up. Next a spot of epoxy would be 

applied to the filament where it contacted the upper tab. To 

insure filament alignment with the pr.il axis the tab would be 

moved apart slightly with the epoxy still wet. This 57. of the 

gage length movement while aligning the filament also formed 

fillets where the filament left the epoxy. After this movement 

the gage length would be rechecked with the rule and lens. Before 

testing, the epoxy, rated to dry in five minutes, was allowed to 

dry under the lights for fifteen minutes. Ibe strain rate, rfhich 

was controlled by cross head motion, was adjusted so as to pro

duce fracture in about thirty seconds. Strain rate was kept 

constant for tests of varying lengths t>y varying the cross head 

speed accordingly. Some very short specimens, however, required 

a higher strain rate Co compensate for the risco-elistic proper

ties of the epoxy. Paper speed on the chart recorder was chosen 

to present the loading ramps at near 45°. After failure occurred 

the chart would be stopped and the tabs moved back to their 

original positions. The epoxy would then be scraped off the tabs 

and the surfaces cleaned with acetone. The test procedure would 

then be repeated for the next specimen. 

Procedures for the tungsten wire tests were slightly 

different. Here the specimens were cemented to thin aluminum tabs 

while outside the machine. The tabs were later gripped in the 

model TM-S Instron testing machine by standard sheet metal jaws. 

Alignment was assumed to be good for the wire tests as none of the 

specimens failed near the grips. 

http://pr.il
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V A KEW MACHINE FOR THE HIGH FREQUENCY 

FATIGUE TESTING OF FILAMENTS 

A. Basic concept 

As mentioned earlier it was desired to have a fatigue 

testing machine capable of cycling filaments at low loads for 

very large numbers of cycles. Stress versus number of cycles 

to failure curves were wanted for a variety of filaments. 

Because of the time factor, the requirement of high frequency 

loading became paramount. It was decided that no test should 

require more than two days* duration. If, in thts period, fatigue 
Q 

were to be investigated to 5 x 10 cycles then one machine charac

teristic would be the capacity to load cyclically at about 2500 Hz. 

A second characteristic would be, ofveourse, the ability to apply 

the loading at a high percentage of a filament's strength. This 

would be as little as twenty grams for the graphite filaments and 

as much as one hundred fifty grams for the tungsten wires. 

A study of commercially available machines found none 

satisfactory. Glass, for simple, with an ultimate tensile 
l 

strength of 500,000 psi and a modulus of 10,000 psi would have | 
associated with it an elastic strain to failure of 57.. Thus the 

small displacements produced by magnetostrlctive or piezoelectric 

devices would limit them to the testing of extremely short fila

ments. Stacks of piezoelectrics were rejected as too costly. 
I 
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It was decided from considerations of cost, ruggedness, per
formance and versatility that an electro-dynamic system should 
be used. 

Not only must the filament be loaded, these loads must 
also be measured. A design problem arose here as the loads to 
be measured were small. Most measuring systems become of neces
sity more compliant as greater sensitivity is achieved. Unfor
tunately low compliance also means low natural frequency. If 
accurate readings are desired, the transmission ratio)I ~ | 

\ wnV should be near unity. This requires the measuring device 
have a resonant frequency sever." 1 times that at which it is 
being excited. No resistance transducer could be purchased or 
fabricated with sufficient sensitivity and at the same time 
minimum resonant frequency. A low tine constant piezoelectric 
was found with adequate sensitivity and high natural frequency. 
As loading was to occur at about 2500 Hz. the lou time constant 
was not considered detrimental. 

The machine was thus visualized as a commercial electro-
dynamic shaker, mounted to some framework, pulling one end of a 
filament the other end of which would be attached to a piezo
electric force transducer. The shaker could be driven by the 
amplified output of sine wave, ramp or square wave generators. 
The piezoelectric transducer^ output could be observed on an 
oscilloscope. Time could be recorded by a clock that wojld be 
shut off automatically upon cessation of piezoelectric output or 
by observation. 
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B. Construction 

A model 203 LTV Ling Altec shaker was chosen for the 

electro-dynamic driver. This particular model has a force 

rating of 4.4 pounds and a maximum peak to peak excursion of 

0.2 inches. It is also quite compact, has a frequency range of 

5 to 10,000 Hz., and handles up to 14 Watts continuous from any 

number of inputs, A simple but rugged framework, shown in Fig. 6, 

was designed to hold the shaker and position, by means of a 

special fine thread, a transducer mount. The framework was pur

posely designed to be very open for ease of manipulating samples 

and for ease of observation. Observation was done through a 

Bausch and Lomb zoom binocular microscope. Filaments may be 

tested vertically uith the frame upright or horizontally with 

the frame being on its side. The frame was built to test fila

ments from zero to four inches in length. To prevent the trans

ducer mount from haing accelerated the shaker was isolated by 

rubber pads and bushings. A preliminary vibration analysis was 

made of the frame prior to construction to insure adequate stiff

ness. As oil or grease would affect filamenc bonding the machine 

was designed to run dry. To prevent corrosion due to perspiration 

the machine was constructed entirely of stainless steel, aluminum 

and brass. 

After considering a number of high impedance, charge 

amplified, piezoelectric transducer systems, it was decided that 

ICP (integrated circuit piezoelectric) should be used. A PCB 

Piezotronics model 208 transducer and model 482A power supply 

were purchased. This compact transducer has a resonant frequency 

e 
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of 70,000 Hz. and a time constant of SO seconds. Linearity is a 

guaranteed 1% full scale of any calibrated range. Its sensitivity 

is {[%•*— with a resolution of 0.0001 N. This system eliminates 

the need for an external charge amplifier as one is built into 

the piezoelectric in the form of an integrated circuit chip. This 

design eliminates high impedance cables and their irritations by 

providing low impedance output, 

The piezoelectric output was fed into ,i model 535 Tektronix 

oscilloscope. Light-weight threaded aluminum mounting tabs were 

made for the shaker and the piezoelectric. These are shown in 

Fig. 7. These tabs, while being of low mass to ainimize dynamic 

effects, had a high coefficient of thermal cciiduction to sink heat 

should there be any filament hysteresis. Input for the shaker 

was provided by a model 200C Hewlett Packard audio oscillator 

fed through a Heath model W5M Ho. 1 25-WaLt amplifier. Leads 

from an AC voltmeter were shunted across the shaker terminals. 

This voltmeter, used in conjunction with a plot showing shaker 

impedance as a function of frequency, was used to check that the 

shaker was not driven past its power capacity. A diagram of the 

system's electronics is shown in Fig. 8. 

C. Calibration 

It was requested that the piezoelectric be factory--

calibrated before shipping. This calibration was assumed to be 

valid and was used in the work. The oscilloscope was calibrated, 

every week, using a square wave generator. The vernier on the 

audio oscillator was checked with a digital output frequency 

counter and found accurate. The AC synchronous motor time clock 

was assumed accurate. 
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D. Operation 

The electronic equipment was allowed one hour to warm up 

to steady state. The equipment would then, if necessary, be 

calibrated. Single filament specimens were obtained with a needle 

exactly as was done for the static tests. The specimen would 

then be bonded to the shaker tab with alpha cyanoacrylate contact 

cement. Tungsten,it was found.bonded better with epoxy. The 

transducer tab would then be positioned a gage length away from 

the shaker tab and the filament and cemented to it. Gage length 

was checked with the same machine-divided rule used in the static 

tests. All bonding and gaging was done under the microscope at 

60x« If the specimen were visibly mis-aligned, or if it were 

thought the filament may have been touched in the gage length, 

it was discarded and a new one bonded. In the fatigue tests the 

filaments were allowed to dry 45 minutes, regardless of the 

cement used. Before loading the filament to a ,jiven cyclic stress, 

a starting frequency was picked. This frequency was not neces

sarily used in the test. This was because, for electro-dynamic 

shakers, there exists an inverse relationship between frequency 

and displacement. This is expected as a saturated core device 

produces a force proportional to the current through the coil. 

At higher frequencies this force is applied to the armature-tab 

assembly for a shorter period of time; thus from simple dynamic 

considerations the excursion must be less. 

While this problem could be attacked in advance mathe

matically, it was thought easier to adjust the frequency during 

the experiment to the highest value, for the given load, 
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compatible with the shaker's power and voltage licitatior^. 

When the shaker begins operation it oscillates about the start

ing position causing filament buckling on the compressive half 

cycles. To remedy this the transducer tab woul,4 he moved, using 

the extra fine thread hand wheel, a small distance away frou the 

shaker. When moved the proper amount the transducer displace

ment would cause the plastic armature suspension spiders to 

sup.riirpose a mean load upon the cyclic load. The mean load was 

adjusted, while watching the oscilloscope, to be equal to the 

alternating, to produce pulsating loading (i.e., zero to maximum). 

When the oscilloscope showed the proper loading was 

obtained, the clock was started, When the filament failed, the 

clock was stopped and the time elapsed and frequency were noted. 

The tabs were then scraped and cleaned with acetone. After this 

a new test sequence would be started. 
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VI EXPERIMENTAL PROGRAM 

A. Static strength 

1. Graphite 

To determine the effect of length on strength and vari

ability, the following tests were made on the Hercules HT-S 

filaments: thirty each at 4", 2", 1", 1/2", 1/4", 1/8". It was 

found impracticable, with the available equipment, to test 

samples of length less than 1/8". 

2. S-Glass 

As this material has been well tested, twenty-three 1" 

specimens and twenty-three 1/8" tests were run. 

3. Tungsten 

As little size effect and no variability was expected, 

five tests were made for each of the three wire diameters. 

4. Static fatigue tests on graphite 

A simple device, utilizing a rack and pinion, to raise 

one filament end with the . jr attached to a ten gram dead 

weight was constructed. At first stray air currents were a 

problem. Later the device was enclosed in a cabinet and each 

weight and filament was surrounded by a copper tube. With this 

precaution taken the device worked satisfactorily. For n sketch 

of the test fixture see Fig. 9. As the longest fatigue test 

lasted three days it was decided to hang the weights for a period 
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of five days. Four HT-S, one HM-S, and three Thornel 50 fila

ments were hung for this period. 

B. Fatigue 

1. Craphite 

ten fatigue tests at various loads were run on both the 

Thornel 50 and HM-S filaments. Twelve tests were made on the 

HT-S and three on the experimental Celanese. The test specimens 

were all one-half millimeter in length. 

2. S-Glass 

Two long-term fatigue tests were made at 257. of the mean 

static breaking strength. Specimen lengths were one millimeter. 

3. Tungsten 

Because of the high loads required to fatigue the wires, 

only the 0.001" diameter wire could be tested. Ten tests at a 

number of loads were performed. The samples were two and one-half 

millimeters long. 
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VII RESULTS AND DISCUSSION 

A. Static 

1. Graphite 

Although the author subscribes fully to the spirit of 

metrificaDion a few words are required about the units used in 

this section. When the computer programs to determine the grip-

modified Weibull parameters were written the trend toward the 

System International was not as evident as today. As a result 

the computer inputs must be in pounds-force and inches. To 

eliminate the round-off error present in going froa si units to 

the British system, the experimental data was in British units. 

Because of this, whenever information provided by the computer 

is discussed, the units will be British. In all other cases the 

original data has been converted to SI and those results not 

dependent upon computer manipulation are presented in SI. Other 

units such as coefficient of variation and the Weibull parameter 

are independent of the system of units. 

Of special interest during the graphite te^ts was whether 

the material obeyed the grip modified distribution to the extent 

of S-glass. To determine the initial Weibull parameters a four-

inch gage length test series was performed. The resulting data 

was run through the computer to determine the true m and o~0 

values. The data for this and all subsequent series are presented 
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in Table 1. In Table 2 the Weibull parameter values are shown 

for both the traditional and grip modified distributions. 

Using the Weibull parameters obtained from the four-inch series 

the grip modified equation, 

^27000,1 

was plotted to give Fig. 10. The curve gives the predicted 

values of median strength for given gage lengths. Superimposed 

on this plot sre values obtained by experiment. It appears the 

material's median strengths increase with decreasing length 

less rapidly than expected. At first it was thought this may be 

due to graphite following a three- ratuer than a two-parameter 

Weibull distribution. To check this Weibull plots for each 

individual length were prepared. The lack of convexity or con

cavity in Figs. 11, 12, 13, 14, 15 and 16 make it evident a two-

parameter distribution is sufficient. The m value calculated 

for the traditional distribution is observed to diverge from the 

value calculated iteratively for the grip modified distribution. 

This is illustrated in Fig. 17 and is similar to the behavior 

observed in S-glass. Other than the diversion of '.he corrected 

and uncorrected m values no trend, for m, with decreasing length 

could be found. Apparently the departure from prediction of the 

experimental points in Fig. 10 is due to variation in the scale 

parameter o". . Note in Table 2 the trend for decreasing scale 

parameter with decreasing length. If a scale parameter smaller 

than trat obtained from the four-inch series were substituted 
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into the grip modified equation the prediction curve, because 

of smaller first terms, will fall over more rapidly. While this 

explains the difference between prediction and experiment, the 

problem remains of why the scale parameter, supposedly a constant, 

varies. 

At the British Atomic Energy Research Establishment at 
31 Harwell, Sharp and Burnay made a high voltage transmission 

electron microscope study of graphite filaments, in 8 micron 

filaments from an acrylic precursor they found numerous bubbles 

and voids. These defects alon; with hard inclusions were reported 

to have an average frequency of 1 mm. and typical size of 1 micron. 

For filaments with strengths less than 2.4 Gpa they found about 

907. of the fractured ends to have bubble defects. To determlns 

if such defects were present in the filaments tested in this 

study scanning electron micrographs were made of typical fractured 

ends. None of the sixty fractographs made at magnifications up 

to 60,000x showed evidence of voids or inclusions. Typical 

fractographs are shown in Figs. 18, 19, 20, and 21. This result 

seems to indicate commercial filaments fail because of undetectable 

Inherent flaws. The filaments scrutinized at Harwell were manu

factured there and it is possible the voids and Inclusions were 

caused by poor process procedures. 

To get a feeling for the size of the inherent flaws a 

calculation for the critical crack size at the failure stress 

was made. It was assumed that K.- for the filament is the same 
i 

as for reactor quality graphite (1.2 Ksi-in e). This gave a 

critical surface crack depth of about 0.1 micron for loads of 
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300 Ksi. While a feature this small may be resolved with the 

scanning electron microscope, the surface roughness makes it 

impossible to locate. Under the microscope no crack initiation 

sites were found. 

2. S-Glass 

Twenty-three one-inch (25.4 mm.) samples were tested 

using the procedure described in Chapter IV. The data generated 

by this series is given in Table 3. This information was manipu

lated to give the Weibull plot shown in Fig. 22. Using meters as 

units of length the scale parameter was determined to be 2.46 GPa. 

The Weibull parameter, m, was found from a least squares bast fit 

analysis to be 5.35. These values, along with values for D a n d y ^ 

were then substituted into the grip modified iterative g vs.cr 

equation, 

fl = .693. _ f D \(Vms4\ k 
to yield, 

'[CHiedf \2v^J\m+\ J 

1246 J 

The function of a . against g is shown in Fig. 23. From this 

plot it is expected an epoxy bonded 1/8" (3.17 mm.) gage length 

test series would have a cr .. value of 5.88 GPa. Weibull's 
median 

unmodified equation for median strength, 
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predicts a 3.17 mm test series to have a median strength of 6.75 

GPa. To compare the validity of these predictions the 3,17 mm 

test series was performed. The 3.17 mm data is presented ill 

Table 3 a.id its W'.ibull plot in Fig. 22. As expected, the n 

value was elevated and the strength levels were greater than in 

the 25.4 mm series. Of mere importance is the observed median 

strength value of 5.66 GPa. This value while being only 84'A of 

the value predicted by a traditional Weibull calculation is very 

close to the prediction given by the grip modified Weibull dis

tribution. The grip modified Weibull distribution in this case, 

overestimated the strength by only 4%. 

3. Tungsten 

As was expected, for each wire diameter, there was very 

little variability in strength. Actually considering the 

inherent inaccuracies of testing and the small n&xple size it 

cannot be said with assurance that there was any variability. 

The data is given in Table 4. The wires failed in a t'uctile man

ner with observable necKing and strains to failure of typically 

VL over a one-inch gage length. (Tone of the samples failed in 

the cement giips. There was no size effect trend that could be 

observed. See Fig. 24 for a plot of strength vs. diameter. 

Because of this it may be argued that £ mil wire, used as fila

ment cores, would be expected to have about the same static prop

erties as the 1 mil wire. If the fatigue strength shows a 

similarly small size effect then the 1 mil fatigue tests would 

also be repres?ntative of the -g mil wire. As size effect on 

fatigue increases fatigue strength with decreasing diameter the 

dbove assumption is conservative. 
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4. Static fatigue 

In the past vhen brittle materials, such as glass, have 

failed in fatigue, the cause was attributed to stress corrosion. 

As this weakening also occurs under static loads, the behavior 

is commonly called static fatigue. To determine if static 

fntigue weakening is the important factor in graphite filament 

fatigue, a number of static fatigue tests were run. The tests 

were performed by subjecting graphite filaments to static stresses 

higher than the highest pulsating stresses for 1.66 times the 

longest period of time. Hone of the filaments failed. For 

brittle solids, as an absence of stress corrosion damage in the 

static case is indicative of its absence in the fatigue case, it 

is assumed the fatigue behavior observed in graphite filaments is 

due entirely to soae fatigue mechanism and not to atmospheric 

corrosion cracking. 

B. Fatigue 

1, Graphite 

The thirty-five fatigue tests on the fiur types of graphite 

filament were performed at frequencies between 940 and 2000 Hertz. 

At these frequencies each test required up to three days for com

pletion. This, because of a fixed total test time, unfortunately 

limited the amount of data that could be generated. Peak pulsat

ing stresses rangid from .34 to 2.02 GPa. Stresses in this region 

generally encompassed 13 to 917. of the filament mean strength. 

The experimental data showing pulsating stress, frequency and 

life is tabulated in Tables 5, 6, 7 and 8. These data were 

plotted on log-log paper to ^ive the S-N (stress vs. n-wber of 
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cycles to failure) plot shown in Fig. 25. This plot displays 

that all the types of filament tested exhibited a fatigue effect. 

For example, at pulsating stresses equal to one half the mean 
a 

strength, the filaments would fail in about 10 cycles. Due to 

the small f.ample sizes and large variabilities it is not possible 

to say with assurance that any one filament type is superior, in 

fatigue, to any other. Actually the data points seem to fall 

pretty much in the same pattern. As the four filament types have 

comparable mean strengths (#2-1 GPa) the S-B curve presented is 

similar to an S-N curve normalized by mean strengths. As a con

sequence there may exist a master fatigue curve for graphite 

filaments that is independent of precursor or make. 

In the static graphite section a calculation was made for 

the critical crack size in graphite filaments at high stress 

levels. At the peak pulsating stress levels used in the experi

ments the fatigue crack would only have to be of the order of a 

tenth of a micron to cause catastrophic fracture. As a fatigue 

crack this small is of the same size as a freshly nucleated 

fatigue crack it might, be expected that the fatigue mechanism in 

graphite filaments is nucleation controlled. To investigate this 

suspicion a number of fatigue-failed filaments, of each type, 

were observed at magnifications up to 60,000x in a Ccates and 

Welter scanning electron microscope. Representative photographs 

of the fatigue fracture surfaces of each type of filament are 

shown in Figs. 26, 27, 28 and 29. As expected, the fatigue 

fractographs for a given filament resembled its static fracto-

graphs. At no magnification could small regions be located and 
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identified as nucleation site nor could significant differences 

in surface topology for a specific filament be found. Inclusions, 

gas bubbles and external damage were not associated with the 

fatigued surfaces. From these photographs three conclusions may 

be drawn. First, the fracture toughness of the graphite filament 

may be much less than reactor graphite and thus have a critical 

crack length so small that it is not easily detected. Next, it 

seems that if the fracture toughness is not low then the fracture 

surface during fatigue crack propagation is identical to the 

fracture surface topology for static fracture. Last, it appears 

that striving tn reduce filament impurities may not greatly 

improve fatigue properties. 

The fact that the fatigue crack nuclcition sites cannot 

be observed leaves the understanding of the nucleation process 

open for conjecture. For ductile materials the dislocation 
*\ts ^1 If 

theories of Brown, Cottrelland Hull, and Mott have provided 

an adequate understanding of fatigue-crack nucleation. In light 

of these theories, materials other than ductile metals have often 

been assumed not to fatigue as dislocation motion is absent. That 

the mechanisms of fatigue are not this simple and not transfer* 

able from material to material is shown by the fact that concrete, 
bone, cast iron, plastic, wood and graphite filaments all fatigue. 

35 Also Benson, Grosskreutz and Shaw have observed slipless fatigue 

crack initiation in a Ti-6Al-4V titanium alloy. Similar slipless 

fatigue cracks were found in commercially pure titanium by 
'if. Q"7 

MacDonald and Wood. Grosskreutz found cracks to appear sud

denly, without benefit of observable slip, at inclusions in 7075-

T6 aluminum under long-life fatigue conditions. 
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Graphite filaments have a structure such that the basal 

planes are nearly parallel to the filament axis. These planes 

will see vanishingly small shear stresses when the filamemts are 

loaded in tension. As dislocation motion is driven by shear 

stresses, little motion is expected on these plane.-. Dislocation 

motion on secondary slip systems is unlikely due to graphite's 

high crystalographic - ratio. Motion transverse to the filament 

will be unlikely as "he Burger's vector in the "c" direction is 

38 

very large. Brydges et al, suggest these retardants to disloca

tion motion are supplemented by the restriction of dislocation 

motion imposed by the small crystallite size. These hindrances to 

dislocation give graphite filament thair high strength and brittle 

nature. However, the basal planes are not all perfectly parallel to 

the filament axis and some are undoubtedly subjected to very slight 

shear stresses. If these shear stresses cause even a very small 

amount of dislocation motion then over an extremely large number of 

cycles a dislocation fatigue mechanism similar to those mentioned 

earlier may cause crack nucleation. It is possiblej due to the large 

number of cycles involved, that a chemical or the thermal process aids 

the mechanism. 

The possibility that filaments were being broken by temporary 

equipment instabilities was also considered. This was checked by 

observing the transducer output while having an assistant switch on 

pieces of equipment fed from the same mains, Melding machines, 

testing machines and lights had minimal effect on the shaker output. 

Here "c" denotes the distance between basal planes and 
"a" the distance between atoms within each plane. 
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As a further check several filaments were tested simultaneously. If 

the shaker would have "burped" due to amplifier or oscillator tran

sients, then all filaments should have failed at the same time. In 

actuality the filaments broke individually with considerable time 

lapses between failures, 

2. S-Glass 

To check the widely held hypothesis that "Griffith " cracks 

in glass are nonpropagatirig when subjected to tensile or cyclic 

stresses less than about one third the mean strength, two long-term 

fatigue tests on S-glass were performed. 1'hese tests were run at one 

third their mean strength. One millimeter gage length specimens were 

decided to be convenient for test. Figure 26 predicts the .1 median 

Strength to be 6.125 GPa. Again assuming the mean strength for glass 

to be about the median strength, we find the required pulsating stress 

to be 1.84 GPa. This corresponds to a pulsating load of 0,134 Newtons. 

For a period of slightly over a week each, this load was applied to 

the samples at a frequency of 800 Hertr.. This means that each sample 
g 

suffered the effects of 5 X 10 load cycles. Neither sample failed. 

While the significance of this may be questioned because of the small 

number of samples it does seem S-glass filaments do not suffer stress 

corrosion cracking at pulsating stresses less than one third the main 

strength. 

3. Tungsten 

Data for the ten fatigue tests on 2.5 mm one mil tungsten 

wire are given in Table 9. The experimental S-H curve for tungsten 
g 

wire to 10 cycles is shown in Fig. 30. One important aspect of 

the curve is the large variation in number of cycles to failure 

for a given pulsating stress and the small variation in pulsating 

stress for a given life. This is rather typical for metf.ls. Also 

typical of many metals, and observed here, is the absence of an 
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endurace limit. At 1.06 GPa (154 Ksi), 40 percent of the ultimate 

strength, the wire fails in about 10 cycles. Boron filaments, 

it is remembered, are multicamponent systems of boron deposite;! 

on fine tungsten wires, Stress in a multicomponent system is 
g 

carried proportionally to modulus. Thus for a 10 cycle life, 
58 boron in a boron filament can only carry -rx the pulsating stress 

allowed in the tungsten. This would mean the boron could be 
58 cyclically stressed to T J X 1.06 GPa, which equals 1.23 GPa or 

45% of boron's ultimate strength. Likewise boron carbide for a 
8 70 

10 life can be stressed at most to — x 1.C6 Gpa ct 1.48 GPa 

which is 65% of its ultimate. Silicon carbide also has a Young's 

modulus of 70,000,000 Psi and can be cycled at 1.48 GPa, about 43% 

of its ultimate- In the above calculations it was assumed the 

fatigue behavior of tungsten in a filament core is the same as 

when an individual wire. This will be true if the fatigue cracks 

nucleate from inclusions or other internal sources. More likely, 

though, the cracks start at surface imperfections. If this is 

the case, then the fatigue behavior in a filament, where the sur

face is modified by diffusion and compound formation, will be 

different than that observed in the wire fatigue tests. As the 

fatigue behavior of these modified surfaces has not been investi

gated, it is not Known whether they will be stronger or weaker in 
g 

fatigue. Because of this, in designing for a 10 cycle life, 
large factors of safety should be used and in no case should the 

pulsating stress in the tungsten be allowed to exceed 1.06 GPa. 

It should be noted that even after large factors of safety a 

pulsating stress value of 1.06 GPa for a 10 life far surpasses 

any monolithic material. When incorporated into a composite the 
allowable pulsating composite stresses must, of course, be less. 
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VIII CONCLUSIONS 

At decreasing test volumes the increase in the flaw density 

parameter and the lower than expected rate of increase of mean 

strength can be explained by the statistical method of Weibull. 

Thus test results which were previously thought to Impose a 

limitation on the Weibull distribution actually confirm the gen

era] applicability of the method. Because of this the Weibull 

distribution should be used for filamoni: in preference to more 

complicated distributions such as the bimodal. 

It S-glass and graphite, test volumes as small as 

1,6 x 10 ™> show well-developed flat; distributions. It is 

not possible to test extremely small volumes in tension because 

of limitations of the clamping medium which alloy long loading 

ramps on either side of the gage section. 

Scanning electron fractographs show that graphite fila

ments do not necessarily fail at large inclusions or gas bubbles 

as has been previously reported. The fractographic study also 

shows it is impossible from surface examination to determine 

whether a graphite filament failed statically or in fatigue. 

The fatigue behavior of graphite filaments is of a long 

term type with failures being observed after more than 5 x 10 

cycles. Due to this behavior graphite composites should be fatigue 

tested to 10 or 10 cycles rather than the customary 10 or D 

cycles. Even with data from an extended test series a designer 
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Bhould be judicious in specifying graphite reinforcement for 

parts such as turbine compressor blades, aircraft structural 

panelsi helicopter rotors or other applications where a great many 

load cycles are to be encountered. 

Graphite filaments do not appear to suffer "static 

fatigue" damage under room conditions. This was expected consid

ering the low reactivity of graphite at room temperature. S-glass 

filaments were found not to fail under cyclic loading when the peak 

load was less than one third the mean strength. This confirms the 

work of others that for S-glass a threshold stress exists vhich 

must be exceeded before stress corrosion cracking can cause 

fatigue damage. 

Pine tungsten wires fail in a reproducible manner with 

ultimate strengths over 2.5 GPa. Their fatigue resistance is such 

that at one half their ultimate strength they can endure 10 load 

cycles. They may be recommended for situations where a high 

nuclear cross section wire reinforcement is required. The f3tigue 

properties of tungsten wire may limit the fatigue strength of 

filaments which use it as a substrate. 
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IX RECOMMENDATIONS 

Due to the shaker being controlled by an electrical 

rather than mechanical input, the effects of different types of 

load waveforms may be investigated. Waveforms such as sinusoidal, 

sawtooth and square could be profitably compared in terms of 

effect on fatigue for fine mrtallic wire as well as high strength 

filaments. In conjunction with these tests the machine, as it 

is compact, could be placed in an environmental chamber to investi

gate the belief that waveform effects are largely caused by the 

environment. The effects of frequency on fatigue life could also 

be studied. 

It would be worthwhile to run fatigue test series on 

boron and silicon carbide filaments to see if their fatigue 

properties are comparable to that of tungsten. If the prop

erties are found to be comparable, then the tungsten core is most 

likely the critical link in fatigue. Research should then be 

directed toward improving the fatigue resistance of the metal 

substrate rather than that of the ceramic jacket. 
39 

By using recently developed techniques, one could con
ceivably deduce the size and distribution of the strertgth-Mmiting 
flaws in filaments through manipulation of the probability dis
tributions for fracture. If these flaw size distributions could 
then be related to filamentary fatigue behavior, knowledge of 
slipless fatigue should be advanced. 
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X NOMENCLATURE 

A Surface area of filament in contact with cement 
8 

a One-half the crack length in a center cracked plate 
B Weibull's risk of rupture 
c Length of filament in cement 
D Filament diameter 
E Young's modulus 
E B Modulus of boron 
E Strain energy 
E Surface energy from crack advance 
8 

E T Energy from tractive system 
E Modulus of tungsten 
e Base for Haperian logarithms, 2.7183 
F i t Critical force for filament slippage 
F, Probability of failure of elemental volume 
F Force relaxed upon filament slippage 
G Probability of failure 
g Cage length 
I Second area moment of inertia 
I„„ Value of 1 for filament 
I Value of 1 for tungsten wire 
j Rank of failed specimen 
K- Stiffness of boron coating on filament 



1 
K- c Fracture toughness KSI-IN2 

k Parameter used inWeibull's early stress equat 
L Length 
M Bending moment 
m Weibull flaw density parameter 
N Number of elemental volumes 
n(ff) Weibull's fundamental stress function 
P„ Load carried by boron 
D P Load carried by tungsten w 

P.E. Potential energy 
R„ Radius of boron filament Ji 
R Radius of tungsten wire w 
S Probability of survival 
S Probability of survival in left grip 
S n Probability of survival in gage length 
S m Probability of survival in right grip 
y Ordinate 
Y Surface energy 
V Coefficient of friction 
H A product of terms 
2 A summation of terms 
D Radius of curvature 

Mi Maximum stress carried by boron 
max J 

(J Griffith's stress at fracture 
T£ Stress in gage length 

O Mean stress 
mean 

(T .. Median stress "median 
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0 " tfeibull scaling parameter 

0 " Weibuil zero strength 
0\ Ultimate tensile stress 
0~ Maximum stress carried by tungsten 

max 
* y Yield stress in shear 

Y Interfacial pressure on filament in grip 
Oi Frequency 
CD Natural frequency 
G Fracture toughness, — ~ 
v IN 
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XI T A B L E S 



TABLE 1 

HT-S GKAPHITE 
STATIC TEST DATA 

3.17 mm 6.35 mm 12.7 mm 25.4 mm 50.8 mm 101,6 mm 

m •0 gs 
.J 

d 
o 

• < - l 0 K 
a 
O 

* i 

"0 
• n 

a 
O 

«-l 
i-l 

8> •*-> 

"0 « 
Hi 

o 
i - J 

1 .119 1.96 3 .108 1.78 8 .142 2.33 18 .141 2.32 22 .118 1.94 16 .098 1.61 17 

2 .164 2.70 23 .134 2.20 16 .096 1.58 2 .123 2.02 13 .026 .43 1 .132 2.17 29 

3 .123 2.02 10 .119 1.96 12 .131 2.15 14 .161 2.65 28 .089 1,46 7 .082 1.35 7 

4 .149 2.45 20 .127 2.09 15 .129 2.12 13 .112 1.84 8 .206 3.39 30 .073 1.20 3 

5 .141 2.32 15 .095 1.56 2 .102 1.68 4 .133 2.1/ 16 .124 2.04 20 .139 2.28 30 
6 .144 2.37 17 .100 1.64 4 .100 1.64 3 .141 2.32 23 .149 2.45 26 .089 1.46 12 

7 .194 3.19 27 .143 2.35 20 .132 2.17 15 .147 2.42 25 .107 1.76 12 .099 1.63 18 

8 .103 1.69 3 .103 1.69 5 .172 2.83 26 .118 1.94 12 .156 2.56 27 .092 1.51 14 

9 .192 3.16 26 .204 3.35 30 .143 2.35 20 .128 2.10 15 .147 2.42 25 .073 1.20 2 

10 .204 3.35 It .148 2.43 22 .123 " 2 10 .101 1.66 3 .161 2.65 28 .083 1.36 8 

11 .206 3.39 29 .120 1.97 13 .122 2.01 9 .113 1.86 9 .097 1.59 10 .107 1.76 22 

12 .120 1.97 9 . iW 2.33 18 .149 2.45 22 .133 2.19 17 .091 1.50 9 .093 1.53 15 

13 .15C 2.47 21 .110 1.81 10 .180 2.96 29 .162 2.66 29 .083 1.36 6 .116 1.91 24 

14 .178 2.93 25 .142 2.33 19 .117 1.92 7 .133 2.19 18 .128 2.10 22 .075 1.23 4 

15 .085 1.41 2 .104 1,71 6 .174 2.86 28 .08] 1.33 2 .122 ...01J18 
1 

.083 1.36 9 

16 .131 2.15 11 .152 2.50 24 .112 1.84 5 ,V,J 2.45 26 .111 1.82J14 .076 1.25 5 

17 .113 1.86 4 .181 2.98 28 .187 3.07 30 .115 1.89 10 .074 1.22 4 .116 1.91 25 

18 .163 2.68 22 .151 2.48 23 .165 2. ' t 24 .104 1.71 4 .072 1.18 2 .091 1,50 13 

19 .149 2.45 19 .156 2.56 25 .173 2,84 27 .145 2.38 24 .133 2.19 24 .103 1.69 20 

20 .138 2.27 13 .135 2.22 17 .142 2.33 19 .112 1.84 7 .091 1.50 8 ,096 1.58 16 

21 .114 1.87 5 .126 2.07 14 .055 .90 1 ,135 2.22 19 .073 1.20 3 ,076 1,25 6 

22 .114 1.87 6 .158 2.60 26 .137 2.25 17 .140 2.30 21 .110 1.81 13 ,120 1.97 27 

23 .146 2.40 18 .098 1.61 3 .169 2.78 25 .139 2.28 20 .114 1.87 15 .084 1.38 10 

24 .134 2.20 12 .093 1.53 1 .114 1.87 6 .110 1,81 5 .077 1.27 5 .111 1.82 23 

25 .143 2.35 16 .110 1.81 9 .119 1.96 8 .110 1.81 6 .123 2.02 19 .116 1.91 26 

.6 .141 2.32 14 .162 2.66 27 .147 2.42 21 .158 2.60 27 .184 3.02 29 .101 1.66 19 

27 .083 1.40 1 .108 1.78 7 .129 2.12 12 .173 2.84 30 .100 1.64 11 .087 1.43 11 

28 .169 2.78 24 .112 1.84 11 .124 2.04 i . .078 1.28 1 .127 2.09 21 .058 .951 1 
1 

29 .208 3.42 30 .198 3.26 29 .151 2.48 23 .115 1.89 11 .122 2.01 17 .104 1.71121 

30 .116 1 .9 l | 7 .146 2.40 21 .13312.19 16 .124 2.04 14 .132 2.17 23 .124 2.04128 
rmean 2.38 2.18 2.23 2.10 1.89 1.59 
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TABLE 2 

SUMMARY OF STATIC TEST DATA AND CA*"ULATED PARAMETERS 

FIBER DIA. (n) CEMENT 
ALLOWANCE 

FOR 
CLAMPING 

MEAN 
(PSI) 

1 
ST. DEV. 
(PSI) 

GAGE j m 

LENGTH LEAST 
(IN.) SQUARES V = LENGTH 

1 

Graphite 
Hercules 
HT-S 

8.8 Epoxy 
<= 250 PSI 

NO 353,000 80,900 .125 4.67 24 7,000 
i 

35?,O0O | 
1 

YES .125 4.53 253,00O 
NO 323,000 69,500 .250 5.02 267,000 323,000 
YES .250 4.95 270,000 

NO 337,000 60,000 .500 6.08 323,000 336,000 
YES .500 6.05 325,000 

NO 311,000 54,200 1.00 5.97 335,000 311,000 
YES 1.00 5.96 336,000 
NO 290,000 79,700 2.00 3.97 330,000 283,000 
YES 2.00 3.96 382,000 1 1 
NO 235,000 45,900 4.00 5.55 327,000 236,000 
YES 4.00 5.55 327,COO 1 1 

H ' a v e N o - 5 . 2 1 M> N O - 314,000 

m e v e Y E s " 5 ' 1 7 ^ Y E S " 3 1 5 » 0 0 0 



TABLE 3 
S-GLASS 

STATIC TEST DATA 
9.2 MICRON DIAMETER 

25.4 mm - 1 Inch 3.17 mm - 1/8 inch 

j Grams-Force GPA Grams-Force GPA 

1 19.8 2.68 28.3 3.83 
2 22.5 3.05 32.0 4.33 

3 24.0 3.25 33.1 4.48 

4 25.6 3.47 34.1 4.62 

5 27.1 3.67 35.6 4.82 

6 28.6 3.88 35.9 4.86 
7 29.4 3.99 37.9 5.13 

8 29.B 4.04 39.3 5.32 

9 30.1 4.08 39.9 5.41 

10 32.0 i.33 41.1 5.57 
11 32.5 4.41 41.7 5.65 

12 33.6 4.56 41.8 5.66 

13 34.2 4.64 42.9 5.81 

14 34.8 4.71 44.5 6.03 
IS 35.0 4.74 44.8 6.07 

16 36.2 4.90 46.1 6.25 

17 38.2 5.18 46.3 6.27 

18 38.4 5.21 46.5 6.30 

19 38.8 5.25 47.0 6.37 

20 38.9 5.27 47.3 6.41 

21 44.5 6.02 47.8 6.48 

22 45.5 6.16 51.3 6.95 

23 45.5 6,16 54.8 7.42 
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TABLE 4 

TUNGSTEN WIRE 

STATIC TEST DATA 

DIAMETER BREAKING STRESS STRESS 
INCHES LOAD BRITISH METRIC 

0.001 136 G 382 KSI 2.63 GPa 

135 379 2.61 

133 374 2.58 

137 385 2.65 

137 385 2.65 

AVE. 2.62 

0.002 500 G 351 2.42 
515 362 2.50 

514 361 2.49 
510 358 2.47 

LOST - AVE. 2.47 

0.005 8.2 LBS. 420 2.90 

AVE. 2 .90 



TABLE 5 

FATIGUE DATA THORNEL 50 6.6n DIA. 

LOAD STRESS HERTZ TIME CYCLES 

1 G £ . 3 4 GPa 2000 1653 MIN 198 X 1 0 6 

2 .67 2000 325 390 

2 .67 2000-1660 220-1550 180 

3 1.01 1410 1245 105 

3 1.01 1480-1340 435-515 80 

4 1.34 1500 1374 124 
5 1.68 1300-1200 95-355 33 
5 1.68 1250 360 27 

6 2.02 1050 23 1.45 

6 2.02 1180 43 3.04 

TABLE 6 

FATIGUE DATA HERCULES HM-S 

LOAD STRESS HERTZ TIME CYCLES 

4 G f . 7 4 GPa 2000 5 MIN .6 x 1 0 6 

4 .74 2000-1790 464-1921 262 
5 .93 1500 2240 202 
b 1.Z2 1500 290 2 5 . 1 

7 1.30 1500-1400 330-345 58,8 
7 1.30 1420 77 6,6 
8 1.49 1100 261 17,2 
9 1.67 1400-1370 35-90 10.3 

10 1.86 1000 1 .06 
10 1.36 1300 4.5 .35 



TABLE 7 

FATIGUE DATA HERCULES HT-S 8.8n DIA. 

LOAD STRESS HERTZ TIME CYCLES 

U f .64 GPa 2100 4000 505 x 10 6 

5 .81 1080 3926 254 

5 .81 1730 1171 122 

7 1 .13 1090 190 12.4 

8 1.29 1000 NO 0 

8 1.29 1000-1100 67-113 11.5 

8 1.29 1080-1020 246-382 54.9 

9 1.45 940 16 .90 

10 1.61 1500 2 .18 

10 1.61 1000 485 29.1 

10 1.61 1110 476 31.8 

11 1.77 1095 259 17.0 

TABLE 8 

FATIGUE DATA CELANSSE EXPERIMENTAL 8.On DIA. 

LOAD STRESS HERTZ TIME CYCLES 

3 G f . 5 8 GPa 1500 478 43 x 10 6 

5 .97 1500 224 22 

10 1.95 1000 13 .78 

I 
i 
i 
I 
I 



TABLE 9 
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TUNGSTEN HIRE 

FATIGUE DATA 

Diameter 0.001" 

Gage length 2.5 mm 

Mean tensile strength 2.62 GPa 

LOAD CPS H STRESS STRESS 
2.62 GPa 

125 G 500 2.7 X 10 6 2.43 GPa .93 
;o 1000 16.2 1.36 .52 

18 800 21,6 .36 .14 
100 500 18.1 1.93 .74 
125 SOO 1.23 2.43 .93 
100 500 36.9 1.93 .74 

90 490 53.0 1.74 .66 
130 400 .21 2.51 .96 
110 490 3.1 2.10 .81 
55 1000 105 1.06 .40 
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XII F I G U R E S 
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S-GLASS 
— IN 

RESIN 

BORON 
IN — 

RESIN 

GRAPHITE 
IN 

RESIN 

BERYLLIUM 
IN > 

ALUMIMUM 

BERYLLIUM 

B«-5TEEL 

B*-ALUMINUM 

J I L_L 

SPECIFIC MODULUS, 10 s INCHES 
8 9 0 

COMPARISON OF A NUMBER OF MATERIALS WITH RESAROTO 

SPECIFIC STRENGTH AND SPECIFIC MODULUS 

FIGURE i 
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LOAD 

TIME 

TYPICAL OUTPUT OBTAi.VEO DURING FILAMENT PULL OUT 

FIGURE 2 
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