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BRITTLE FRACTURE IN FILAMENT-REINFORCED MATERIALS

Gui lleume Robert Kerhuel

Inorganic Materia.ls Research Division, Lawrence Berkeley Laboratory and
.. Department of ‘Materials. Science and Engineering, College of Englneer:mg,

Un1ver51ty of Callfornia. Berkeley, Ca.liforma o

ABSTRACT -

. Tl;e fre.cture behe‘{ior of‘ boron-eluminum was investigated.
Monola.y& tapes of boron fibers imbedded insn aliminum matrix by a
liquid infiltra.tion pi-oees's were tested in simple tensiom at room
temperature It was repeatedly observed that the. entire gage length
of the specimen shatters at fre.ctu.re, and a series of para.nel frac-
»tures was obta.ined.

The number of broken fibers within the composite was measured
at different etress levels and in the broken parts of the specimen.
In all cases this numbe_r was found to be very smell. The fracture
dis'tribution along the gage length did not show any .symm‘etry.but -was
not ranc_lom.n In all cases long and short broken partsﬁ vere‘obtained.
Examinafioh of the fraetu;-e surfaces showed typical featﬁres related
bto_the length of the broken pert exsmined. Though few experimental
results are ava.ilable at‘ the present time, it is believed that

"secondary" fractures result from local compression due to dispersion

of stress-waves emitted furing the fii'st or "initial" fracture. The

phenomenon observed depends not only on the material 1nvestigated but

also on the geometry of the tensile specimen. It is 51mler to
Hopkineon multiple fractures phenomenon and should be observable with

other brittle elastic and dispersive material.

-vi -

LIST OF NOTATION

adjustable parameters in the approximation of ‘Weibuu's dis-

tribution function.

subsbcri'pt’, refer to the composite

- bar velocity, also phase velocity for infinite wavelength

~~

coefﬁcienﬁ of variation

fiber diameter

'Ymmg's modulus

subseript, refers to the fi;bers
moment of inertis

stress‘ concentration. eoetficieet '
strength coefficient of the matrix
composite thickness .

composite width

length submitted to compressive stresses

adjustable Weibull's coefficient

- subscript, refers to the matrix

number of’fibers in the composite

_strain hardening coefficient ‘of the matrix. .

number of breaks per unit length for the composite.

"step-pressure load at compressive wave emission.

rﬁ}uler's load for instability in compression

stendard deviation
cross-section of the composite
subscript, refers to ultimate tensile strength

particle velocity
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"volume fraction

. .subscript, refers to yieldipg

upperline,'refefvto mean value

strain
strain rate
.density .

“stress

adjustable Weibull's coefficient

_étress in the fibers within the composite when no fibers are
broken.

vstiéss in the fibers distamt from the only broken fiber within

the'composite..

st;eés‘iﬁvthe_two fiber neighboring the only broken fiber within.

A thé composite

bundle strength.

_adjustable Weibull's coefficient
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I. INTRODUCTION
" The study and development of composite materials has been largely
motivated bf struqtural'gpplicétions. Current developments are pointed

towards comﬁinations‘of'uhusually strong, high-modulus fibers and .

- -orgenic, ceramic or metal matrices. The successful development of glass- '

epoxy and boron—epoxy‘CQmposites_has vérified_approximate theoriestand

“provided the technology from which composite structures can be designed

that show high strength-to-weight ratio. and high modulus-to-weight

ratio. Aerospace technology requirements for high'strength at slightly

elevated fempérature for a'fiteridl of“lov demeity stggested the i
use of aluminum or an aluminﬁm'alloy_as matrix material. As a result
aiyminum_matrices reinforced with boron fibers are now,available on the
market. ‘ 7 |

_ In order to utilize fully the strength of these materials,
consideration of their fracture behavior is necessary. H. T. Corteﬁl

presented a survey of fracture mechanisms and provided an abundant

bibliography. Also T_etélmann2 has given'a general review of fracture

- in fiber compoeite materials which'presents'somé theoretical,concepfs

for cra¢k propagation. However, the fracture behavior of the material
investigéted in this study differs from that usually observed in E

that the éntire gagé length éf the specimen shatters at fracture.. The
'ﬁntefial contains boron fibers as will be described later. It hag

been sbserved that boron fibérs tested in simple tension shatter
fréqueﬁtly,bthis‘beipg characterisfic of high strength brittle materials
_réleasing stored elastic enérgy‘at frécture.3 No éxperimental'data
‘could be.obt#ined.on such frachure behavior, and the méchanism of

secohdaxy ffactures'is still-uaglgar. In the course of thig study,

-2~

it vas.déqned désirable to investigate the reason why this particular
cémposite tape‘éhows the séme fracture behaviof‘as that of boron fibers.
This study is composed of thfee parts. In the first one, the .
stress-strain curves of the fiberé and of the ﬁatefigl‘weie v
iﬁ§estigated. In the second part, the mechanism_of "secéndary"

fractures was analysed. A tentative explahation is then given.



II. MATERTAL DESCRIPTION

The mé,térial_ vyose fracture behavior was investigated is a
monolayer tape made c:f an slunifmm mé.trix reinforced with boron fibers
( “Niﬁfoﬁorai'-'). Fig;urés 1 and 2 show polished cross-sections of such a

‘ tape; " The fib‘e_r‘.dviamejt:,er ivs. df = 1hop-= 5.5 mils. ﬁe width of the
tape is L =85 inilé_ and its thickness r=9 mils. The s;urfé.ce of the
mate‘rvial was hoi plane but p‘re‘vsexf:ted several waves due to the fibers.
Therefore. the rc_:z/'oss—_s_eéfionsb Sc of:a s’;’;ccimenkvaé le;‘s;'s‘ than<9: X 1073 x

A2

85 x»’lo—v3 =.7.65 X 107".in°. Furthermore it was not constant slong the

-gage 'iength of & tensile ~spec:‘unen.' Fortunately the aluminmum matrix
" carried only a}.> small fraction of the load at fracture and variations
in thg cross-section area of the metrix did not affect the fracture

' b

_behavior significantly. An average value of sc'= 7.2 x 107" in® was

-found to be in agreement with most results, the éta.ndard’ deviation
being 0.4 x 107" in®, |

The tape conteined n = 16 parallel fivers. Since 16 ds
(=88 ﬁils) is greater than the width of the tape L = 85 mils it is
seen that gll fiberé are not exactly in the same plane, as cé.ﬁ be seen
on Fig. 2. . The average distance between neighbofiné fibers is about

3u. The fiber volume fraction v is very close to 50% and is considered

f
'equal to that value in the following calculation.
| r;l'he maetrix was .a.n allminﬁm alloy vwhose nominal composition, as
stated by the manufacturer was _
| | 3.7/5.5 Cu.
0.4/1.2 Ag>
0.2/0.8 ¥n

0.2/0.6 Mg

e

0.03/0.035 Ti
0.15 si

0.15 Fe

e

Accordihg- to .the manufaqtu.rer its Young's modulu_s is 10 x 106 psi, its
tensile strength 72,000 psi. . Thé boron fibers were made by »vaéor
deposition of boron on a fungsfe'n wire. The composite tape was maxie . ) v.,
by a continuous liquid infiltration pi-ocess; A submicron boron »nitr.ide
coating of the fibers applied just préor to the metal inﬁltr;,tion

N :
process but also as part of the continuous fabrication prevented
chemical degradation of the fibers during liquid infiltration’*> and
provides an excellent mechanical bonding at the ﬁlameﬁt-m;trix
intez;fa.ce. This composite material was ma.nui’a.cturea by the Monjoe

Scientific Corporetion (Palo Alto).
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III. STRESS-STRAIN CURVES AND INITIAL FRACTURE

A. Medhanical Properties 6f the Fibers
Fiﬁers obtained through etething awsy the Al alloy matrix of the
composite.in 10% NaOH were tested in simple tension. Nébtest was
made with»as produced fibers. It is claimed6’7 that 15e25% reductions
in fiber tensilg strength result from this etehing process. This

was attributed to defects introduced on the surface of the fibers

during etching rather than to degradation of the fibé;s during fabrica-

tion. In the present case; such reductions were limited since the
fibersvtested showved highbtensileistrengths, only slightly lower than
those of asfproduced‘bordn fibers as réported by the manufactﬁrér.‘
‘Their'Young's mbdulus was, howgver, 22% lowér than what was expected,
“but was coisistent_vithvthe Young's modulus measured for the composite,
and predicted by the rﬁle_of mixtures. ‘
Testing was performed by epoxy-bonding grooved aluminum:tabs

to the»filament_ends; A standard‘gage.length of 2 inches was used.
" Fig. 3 shovs a tipical stress-strain curve. Figuré L.shows the
v cumulative frequency'distribution of strength and the Weibull's _

distribﬁtion that has been associated:

F(o) = 1 - exp ( - (255322 3°%)

~

o 1n 103 psi.

#(0) is the probability that & value less than o will be obi;ained.g' _
:The number of test cénducted was nof sufficient for a x2 test of
significancé tbrbe dgné but expéfimental and theoretical curﬁes

coincide and,ihe experimental values are found in agreement with those

—6-

calculated according to the following formula:

Weibull's function:

N F(o) =1 - exp ( - (——az—g ™) » (1)
average fﬁiﬁe::
§ =0, TA) + o (2)
stanard deviation: |
amo, yrES (3)

coefficient of variation: weov = §

where I' is the tabulated gamma function.
The Weibull's function was introduced experimentally based on

comparisén with extensive experimental data. Thus while physieal

-interpretation can be assigned to 00 and Gu’ no theoretical foundation

can be provided for these interpretations; In fact, they are extra-

polations of an empirical function from a region that can be investi~

~ gated experimentally into & region that cannot be investigated experi- -

mentally. Thus further speculation concerning physical interpretation

of Uo and Ou appears unwarranted. The following results were

obtained:
experimental caleulated
g 440,000 psi 432,000 psi
sp v 40,000 psi 39,500 psi
cov 9% 9.1% -
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For as-produced fibers, only 10% of the fibers have tensile strength .

less than‘hS0,000 psi. - o - The first fwo stages of the composite stress-strain curve,-as suggested
_ihe avé:age Young's modulus is 48.1 X 106 psi,vcompafe&‘to ﬁﬁ - by McDanels, Jech and Weeton9 were observed, nahelyé,

60 x 106'P913¢ia*medﬁbyhﬁhe manugactures, with & standard devistion of o I)hElastic:defoﬁmntion-of'both fibers and matrix: from o, =0to

1.2.% 106.p5i (cov = 2.5%). A,change in slope is ﬁsually obserye@ at - - o o, = 91;000,p§i (ecz= 0.33%). . .
' a stress 1eve11abdut‘3h0;ooo psi_(éf =.o.7%).' The:stressfsfrain curve ' ' II) Mastie fiber defornation but -plestic deforma@idn of the ma-

is then almos# lineer, but the velues of the slope (average value 7 - trix from gc.=,91,ood psi to 0, = 157,000 ési (ec = 0.585), »s

b1 x 106 psi) Afe>mb}é‘éca£tered'(standard deviation 3.6 X 106 psi, The average Young's modulus for stage I is Ec = 27.6 x 106 psi (standard ‘

cov =.9%). Finally it was found that fibers ébtéined from the broken deviation 0.7 X 106 psi,éof = 2.6%).

pa:ts of.specimen tested at_fractufe show the higher tensile strength : According to a popular,cempeical, and;naive rule of mixtures

and the lower values-of the Young' '$ modulus. At fracture, the speci- 7 .
: .Ec = I%vi + Emv
-mens shatter 1nto many pleces m

: ' _ 6 _ 6 - _
B. Composite Stress—Strain Curve: vhere E = 10 X 10" psi, E, = 48.1 x 10" psi and v, =v, = 0.5,

N

Thus. in this cae-E 29 X lﬂé .psi

“Figure 5 shows tensile test speciméns; Tabs have not been

) . - This rule impltes a very good bonding between the matrix and the fibers
epoxied at one end of one of these specimens. In the middle .

. . so that a plane cross-section of the specimen remains plane during
of the picture are broken parts of a specimen tested at fracture. ‘

: loading.' Elongétions are thus the same for all points on the cross-
Figure 3 shows a typical stress-strain curve obtained. Figure L 5 ‘ .

' o A _ : section. It assumes furthermore & uniform distribution of stresses
‘shows the cumulative frequency distribution of strength and the ' , _ o .

S . T B in the fiber material as well as in the matrix material. This
Weibull's distribution. that has been associated: .
' ) ' ' assumption is not vaiid at the ends of the specimen and in cross- »
. g - 85 3 - o . . ’ ?
- Flo) =1l -exp (- =) ) sections where the fiber modulus is not the same for all fibers.

: : 3 ’ : : ) : : - Rigorous calculatien of the modulus involves consideration of the .
o in 10 psi T L . o . .
. L i statistical distribution of elastic modulus of the fibers and of the
The following results were obtalned _ _ . .
geometry of the composite which is critical in the present case of

experimental calculated a monolayer tape, the fule of mixtures providing only an upper bound
ac : 157,000 psi - 154,000 psi for the modulus of the composite.l Experimental results are found in
8. , - 23,000 psi 22}850 psi agreement with the above considerations.

cov - 5% 14.8%
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For stage II, the rule of mixtures gives:

- NN
9, o fv et chvm: _
since v, = 0.5, and assuming ;c“= em = sf.and .
n, o B o nm-l
= : = . + B
Oy = Kafp o E, = 0.5 (.Ef "Kmem )

Km being the strength coefficient fabout 50,000 psi) and oo the strain

Rardening coefficient (about 0.1). With these values, E = 25.5 x

l0-6,‘ psie.

Cqmpbsite stress-strain curves were not determined with enough
accuracy to allow calculstion of Km and n . Sﬁch calcﬁaltions must be
méde on the matrix material itself. In the present case, stage II
is #séimilate&ﬁjﬁ a straigﬁt line with an average slope of 26.1
IO6 psi, ip;égreement with the'valhe,calculaﬁed,ahove,,the coefficient

of -verigtion Velng about BF.. -

C._ Initial Fracture:

Rosen in “The.Sfrehgth and Stiffness of Fibrous Composites"lo

fresents a general anelysis of failure mechanisms, and provides an
abundant_bibliogfaphy. The statistical model, based on an accu-~
mulationiof fiber'failureéll is an analytical method ﬁhich has many
advantages over the popular rule of mixtures approach. In connection
with thé_coupled failure-mode problem, it is interésting to note that
the stétistital tehsilé-failure model can be used to provide ihsight

into the stress-concentration effect; that is, it is possible to

~account for a’nbnuniform redistribution of the load which has been

carried in the filament béfore it has broken. For example it is

assumed that for every broken fiber, there are two adjacent fibers

-10-

vhich carry a stress equal to a multiple K, the stress-concentration

coefficient, of the stress carried in the other fibers.12’13’lhﬁ E

Assuming a linear cumulative distribution funetion for the fiber

strength, a computation was made that shows the effects-of the i -

* -stress-concentration coefficient on the fractioh of fibers fractured

before failure of the composite and.on thewaverage failure stiress. -
Results of this. calculation are. reported in;%o on
In the present case, the distribéition function for fiber strength

can be represented by:

Pos

| Fylo) = (%)

b ~-a

where b = 485,000 psi

a

390,000 psi
If o is the average stress in the composite,ol the stress carried by

the fibers within the'composite when no fiber is broken (cl =

o= air(l #v)) i
- s f ot
i t“ ) N G

A 2
ofr .
the only broken fiber within the composite,and cz'the stress carried

the stress carried by the two fibers Hext: to

. . ]
by the other fibers when only one fiber has failed (02 =K 02):

After the first fiber has failed, tlie stress distribution is given by:
no, = 2o, + (n-1-2) o, 7 (5)

n being the nunber of fibers (16 fibers) in the composite.

- '
%2 +n-3 % 6)

The probability for failure of a fiber next to the only broken fiber

is:
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_.__lgl__;_ C. - :
2K +n - 31 %
b -a T . (1)

Fpulo) =

and the probability for failure of afiother fiber is:

.FQ(G) = &7 b;-ﬂé' KR o . - '(9).

Since K is always greater than 1, F,,(0) is always greater than Fl(c).

The probability for at least one secondary failure is:

n - 3 . 2
a1 Fol0) * ;=7 Fy,(0)

Figure 6 represents Fl(o), Fg(o) and F2,(U) for K= 1.2 and

K = 1.4,. For example for K = ;.ZIand 0= hOQ;OQO‘psi:

0.105

“A:Fl(o)
Fa(G) = 0.27

FQ,(G) = 1.1k, greater than 1.

In these circumstances, failure of the first fiber leads to failure

of the neighboring fiberé since Fg,(c) is greater thén 1 and therefore

leads to failure of the composite. In general foré
Kn b -
2K +n -3 > a
or : . : ' o (10)
g>-2=3
' %-n -2

' this failure mode always occurs:

(10) leeds to: —=d 5,3 (11)

=12-

"since the first failure occurs at Gl > a,

(11)and (7). 1leads to~F2,(c) >1

In the present case, n = 16, a = 390,000 psi and b = 485,000 psi.

n -3

. a - =1.2 ’ .‘ﬂ-.
~ } B'n -2 : -
It is seen at the same time that the number of fibers fractured before -

failure of the composite is theoretically zero.

- The scafter in strength of the fibers, measured by the Weibull
m;parﬁmeter, gives. a ratio of bﬁndle strength to average fiber strength
of 0.6, the bundle strength being then about 265,000 psi. This matio

is determined according to the bundie theory where assumipg cu =0,

i

Ub -1/m : (12)
— = - - 12
Op retd

This value is to be. used in the rule df mixtures. The rule of mixture

can be applied in the present case of fracture according to a crack

-

' propegation mode rather than to a statistical accumulation of fiber

failures.-'

Oeurs = %"r ¥ Omy'm -

(265,000 + 60,000) 0.5

162,000 psi _ : >
This value is in agreement with the experimental result:

Oyypg = 1575000 psi



13-

D. Conclusion

The -stress-strain curve of the material and the fracture mode of

’the initial fracture have been‘investigated..'Results areifound in.

) agreement with. recent theories. Due to the geometry of the material,

and the.small number of_reinfofcing fibers, 'a high stress-conceﬁtratioh

coefficient causes crack propagation and failure of the composite as

.soon as one fibér breaks.  This is also evidenced by the very small

number of fibers fractured prior to composife failure. This will be

discussed in the next section.

1k

Iv. 'SECONDARY FRACTURES RELATION WITH STRESS WAVES:

Secondary fractures were not observed with a specimen made of the

same méterial, but three times as wide; they are therefore related

‘to the geometry of. the specimen and not only to its ‘nature. Such

secondary fractures should be obtainable with another similar material,

"if the geometry of the tensile specimen is the proper one.

The phenomenon of one secoﬁdary fracture was describedvby

15

Micklowitz ° in terms of elastic wave propagation. Phillips developed

this concept and associated flexural pulses with Timoshenko beam

theoryfl6

.Achenbach and Nuismer provided a tﬁeory relating ins-
tantaneous crack propagation to energy balance.l7 In i&%ﬁ;

Bertram Hopkinson18 discovered the phenoménon known as "spalling" or
"scabbing" that prodﬁces a serie of parallel Hopkimson fractures.
However, to the author's knowledge, no papef was published dealihg with

fracture denéity as high as' 4.5 fractures per inch.

In order to estimate the effect of wave propagation, tests were

' run that allowed invéstigation of the distributibn of fractures»along

the gage length of the tensile épecimens. Such tests, however, would
not have been significant without prior annalysis of fiber Sreakage

before failurée of the composite.

A. TFiber Breakege Prior to Composite Failure:

Fbur inchés long specimené vere‘loaded at stress levels reported

'in Table I. The load was kept for five minutes and removed at the -

same strain rate-



‘_15_

‘Table I. Stress levels

number;of tests strain rate st;ess.level .

o s : (el

2 S 3.3 X 19'5 sec™t -.99§DOQ:ﬁSi |
e 3.3x1075 120,000
o ax107Y 150,000
e . 3.3x 107 90,000
1 3.3 x 1o+h 120,000
1 3.3 % 10‘h 150,000

voﬁe additlonal’speclmen was loaded up to 180,000 psi.- Amonéball the

_speeiﬁens-tested at fracture, none failed at stresses lower than

90,000 psi, 8% at stresses lower_than 120,000 psi, 38% at stresses

love;.than lS0,000-psi and 85% at stresses lower than 180,000 psi.
The accoustlc waves emitted during the tests were recorded

19

u51ng the’ method suggested by Mehan and Mullin. The speclmens_wepe'

then submitted to hlgh.resolutlon radiographlc lnspection bFinally
the matrlx was etched away. so that the fibers could be seen Wlth
the naked eye. Whlle deteils of the flrst two experlmental methods of
investigation are questlonable, the later is quite reliable.
V.Aceoustie waves are emitted during the lbading phase, dufing the4

static phase and also during the untoading phase.b In some cases, ac-

coustic wave emission was also detected on the stress-strain curve. As’

was seen later, these waves were not related to fiber failures. They
might be due to other factors such as failure of the epoxy ‘bond between

the composite tape and the tabs used to transfer the dpad, or to =:ii

~

~16~
ﬁibrations)in the Instron testing unit. Thus this method did not
prov1de any definitive information.
Radlographlc 1nspect10n did not- show any break in any.of the
fibers.

Some bresks were, however; discovered later. The reason that

these were not observable on. the photographlc film is that the two
fracture surfaces remain too close.for a gap to be detected. (Only
tde tungsten core of the fibers is seen on the fllm). |

Dissolution of the matrix provided better results since the -
fibers-could be seen with the naked eye. Out‘of 160 fibers.investi~
gated;epnly: 5 were found broken. Detailed examination showed that:
1) Dissolution of the‘matrix_in as~produced material did not
shew any break in any of the fibers.

2) 1In & specimen stressed at 150,000 psi (¢ = -k sec_l)

3.3 x 10 R
‘one fiber, on the edge of the taﬁe showed 5 fractures. The
‘length of the broken parts of this fiber were, in mm: 2h.5,
37.5, 10.0, 12.0 and 7.0. These broken parts'vere tested sepa-
rately. A.tensiléhstrength of 275,000 psi ﬁas measured {only
63% ef the average:fiber‘strength)ﬁ 'It'is likely that the ‘

meehanical propefties.of thlsvfiber have Been degreded'during

somefstep-of the fabrication Or production processes.

-5 secly, 'z"

3) Ina spec1men tested at 90,000 psi (e = 3.3-X% 10
two  fibers,~in the—mﬁdﬁie;of'the tape, were broken. One .
exhibited a fracture at 34 mm from one end, the other two
frectures at 33.8 and 35.9 mm respectively from the same end.

Figures 7 and 8 are scanning electron fractographs of the first

-and the second fiber respectively.
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k) The same type of results was obtained with a specimen stressed

at 120,000 psi (¢ = 3.3 x 107" sec™?)

. ‘Fiéures 9 and 10 ére
fchtographé‘of thébsingle fracfhred fiver and tﬁe double frac-
tured fiber respectively.‘

5) No féilu;e was observed in the specimen stresséd at';G0,00Q
psi.

Once one fiber_is br¢ken, the neighboring fibers are overloaded

: in_the plene of that break. - Using the notation of III1.-C. the stresses

after failure of these fibers are, for K = 1.2:

05 Ul = Gf .02 02'

case 1 150,000 psi 258,000 psi 268,000 psi 322,000 psi

case 2 90,000 155,000 161,000 193,000
, , : and
172,000 206,000
case 3 120,000 206,000 214,000 255,000
. and : .
306,000

237.000

Since the first‘fiber failure occﬁred at anreffective fiber étress-cf;
mucg smailér than a = 390,000 psi, the eriterion suggested above
caﬁnot be applied. The present measurements are concerned with a very
small number éf fibers (3%) that fail at very low stresses due fo
defects of fabrication. Theérefore they do not lead to failure of the
composite as would do 97% of the fibers that would have failed at
stresses higﬁér than 3§0,000 psi.

Figure 2.shows,‘hoﬁever,‘that a stress 0y = a’is not achiéved,
‘evén at failu;e of the composite. Suéh a result-emphasisesbthe--

iﬁportance of fiber failure at low stresses, causing composite

failure, this being due to-the small number of reinforcing fibers

. and to the high'stress-eoncehtratipn-céefficieht;

" length of specimen
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"a" was determined'so‘that the.straightvliné chosen for F(c)‘represented
as closely as possible the fiber strengthvdistribution, for the highest
possible number of fibe;s,:regardless of the drastic effect of a weak
fiber on the composite strength. ~ A value 6¢f "a"-determined by extra-
polation of‘experimental results should ﬁe preferred iﬁ order to apply
thié criterion. In the present case, a value of s 5,306,000 psi is
found (Fig. 4). Equation (10) leads then to X = 1.65.

Finally on a theoretical basis it is quite possible to find
breaks in the same fiber within 2mm since the nominal stress is sheér
transmitted in a discontipuo#s fiber within 0.5mm.

ﬁesults obkained by Prewo3gcoinc$§e with'tﬁe present resilts in
that ;ery few fibefs'aré broken during thé loading phasgrin this
type of composite. Therefére a distribution of fiber breaks cannot -

account for multiple fractures over the entire gage length;i

B. Broken Fibers After Composite Fallure:

The matrix was dissolved in seven broken parts of several

_specimens tested at fracture. The length of fheée,broken parts varied

from 38 to 51 mm. The same etching procéss as described above was

used.

Cut of the 112 fibers investigated, only 5 were found broken.

This result is reported in Table II.

‘Table II. Broken Fibers.

number of bresks - distenée from one end

3em 1 _ " 1l.5cm
5em _ -2 2.5 and 3 cm
5.1 cm 2 in nei¥hboring fibers 15 cm
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Some fibsrs were also found bfokeh adjacent to the fracture sufface of
" the compos1te. A

~ This very small number of ‘broken flbers in broken parts of
specimens tested_at fracture shows that the phenomenon of multiple
: frgcfsres is not'a’conseqﬁencebof a’statistical aécumulﬁtion‘offfiber-
Breaks; F1gures 1l and 12 are fractographs of these broken fibers.
v They show the effect of the etching process on the tungsten core of
- the fibers. Thls effect is seen to be limited. TFigures T to 12 show
fractures 1n1t1ated at the fiber—matrlx interface. TFigure 7 to 10 show
unusual aspects of the tungsten core. _They.are interpreted as defects
leadlng to weak points of the fibers that break at stresses lower than

the nominal fiber fracture stress.

C. TFracture Distribution Along Gage Length:

Twelve specimens L, 8 and 12 inches long were tested at fracture.

A color spectrum was painted on the specimens so that the broken parts

could be brought together in their proper order after composite failure.

Figure 13 shows some'typical fractufe distributions'obtainsd.' The
.qnly characteristic common to these fracture patterﬁs was that s small
part wsszjufﬂy isolated between longer parts and that the lenéth of
small parts in a group showed little variations. Figure lhvShOwS the
number of breaks per.unitslength versus the load at frasture. Further
experiments are necessary to qpantlfy this relatlon, nevertheless, it
13 seen that the number of breaks per unit length increases with the
b

load at fracture. If N, is the numbercdf bresks per unit end ¢ the

load &t fracture,“

- -20-
N, =0.0230-0.9 (0in 103 psi)
Extrapolating, N =1for ¢ = 80,000 psi
' N, =0for o= 40,000 psi .
D. Fractography:

After hav1ng studled mlcromechanlsms of deformatlon and fracture

of the: components of the composite, R. C. Jones2 formulated m;cro-

‘mechanical models to expiain the mechanical behavior of such composites.

His analyses provided intérpretations for different aspeeks of the h
fracture surfaces.

Figures 15, 16 and 17 are scanning eiestr;n fractographs.that
correspond to broken parte 6, 5 and 5.7 cm long respectively. Figures
18 and 19 are fractographs that correspond to broken parts 2 and 5 mm
long respectively. Figures. 20 to 22 are fractographs that co?respond
to fractures produced by behdisg the specimens by hand. In the latter
tests, the moment of flexion st constant slong the gage length and
two or three fractures were usually obtained (in ‘four points bending
tests): two fractures were obtained repeatedly; they were located at
the .inner points of applicatisn of_tﬁe load and therefore were not
considered as representative of the materials fracture behavior).

Such pictures were obtained repeatedly, regardless of the longitudinal
position of the fracstre,~thé changes in appearance beﬁng-only related
to the length of the broken part examined.

Anelysis of the fracture surfaces (as to point of initiation,
etec.) was difficult since the fracture'surfacss.observed may Just be
shattered regions wit%in severai microns of the initial fracture plane
of the fibers.3 This difficulty is seen.in Figs. 20 and 22, However,:

Figs. 15 to 17 show many analogles with péctures published in the .
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literature for‘fracture surfaces of boron-alumimm composites that
fail only at one place. It is therefore believed that the first frac-

ture occurred between two long parts. No distinction could be detected

between fracture surfaces of long broken parts of the same specimen.

'Thus the first fracture could not be located deflnltlvely

Figures 23 to 26 show that creacks can propagate longitudinaly
in the fibers, Such cracks were observed only in few cases, and cor-
responded always to short broken parts (less than 1 cm) of a tensile
specimen.’ Usually they were propagatlng in 3 to 6 neighboring fibers.

Flg. 26 show that such creacks, when in a longltudlnal plane, perpendi-

cular to the plane of the tape, could lead to longltudlnal splitting

of the tape without failure at the fiber-matrix interface.
E. Conclusion:

The reia&tion between the number of breaks'per unit length and the
load at fracture supports the gene}&l theory of several fractures due

to the release of stored elastic energy Unfortunately, the fracture

- _surfaces being badly shattered, makes it dlfflcult to. quantify surface

energles Furthermore, it was observed thet some broken parts (in

' general short parts) flew off with s high velocity. A certain amount

of forward momentum has been trapped between two fractures. Thus &
fraction of the stored elastic energy is transferred into kinetic
energy.’ .The:fracture distribution along .the gage length is not

random...Theeefare several characteristics related to elastic wave

‘propégatioﬁ.‘

V. CALCULATIONS STRESS WAVES PROPAGATION AND DISPERSION

A. Bibliography
Rychnovsky presented a general survey of stress waves in

so0lids and provided an.abundant'bibliography relative to stress waves

“in composites. He eummexized the foilowing concept of wave dispersiou:

To find the elementary solution of the wave equetion, two as-
sumptions must be ﬁade: that each plane cross section of.a bar remains
plane during its motion, and that the stresses over a'crOSS-seetion
are uniform. Both assumtions are consistent with & long wavelength

sinusoidal excitation. The ™bar velocity" is then given by ey = iVE?p

-where E is the Young'e modulus and p the material density. Caleulation-

of the longitudinel vibrational mode of the bar may then be assimilated
to ; Sturm-Iiouville problem that can be solved in terms of & Fourier
series once the boundary conditions are defined. But for shorter
wavelengths, lateral motion of the bar will result in violation of botﬁ
‘assumptlons necessary for this solutlon. | » .
Poehhammerzz'and-Chree23 investigated 1ndependently the pro-
pagetion ef sinusoidal waves in Cylindrical bars.» Their'solution show
a decrease 'in longitudinal wave velocity as ihe wavelength becomes
small in comparisén to the bar diemeter, tending to the Rayleigh_
surface wave velocity. Nonsinusoi@al waves can be studiee by
deﬁeruiuing the Fourier components of the wave, analysing the components
separately and superimposing the separate solutions because of the
iinearity‘of the governing differential equations. Short waveléngth
components have lower phase velotities then the long wavelength

Fourier componentseh thus resulting in a lenghtening tf the total
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wave and a reduction ofbits amplitude. The lengthening of the wave is
terﬁéd "diSpersion". ‘After the wave has propagated along the bar,
the major wéve which is changed to a general sinusoidal shépe is
_followed.by:a,sefieé of lower amplitude, high frequency waves which
_v‘are'also sinusoidal in shape.. »

_Effécts'of elasfic wavés impringing on figid immovable paréllel
cylinders. yerg‘considefed'by Cheng.25 Equations for multiple bars
were defgloped using acoustic theory of multipie'scattering.
Conétf&ints on the bars make this analysis of limited use $6r practical
problems. >Peék and Gurtmann26 éonsidered the transient analysis of
s laminated cqmposité in which gebmetrié diSye;sion in a step pulse
was considerea._‘The low ffequency part of the wave gave the dominant
contribution to the long time far field solution. An analysis using ‘
: this‘wéve is called the "hea& of the pulse” approximation. Tt is
characterized by & dispérsign fime parameter T and depends on the
"two leading terms in the Taylor series expansion of the phase velocity

versus frequency for the first longitudinal wave propagation mode:

Coﬁparison of -experimental results with the head of the pulse
27

approximation were made by Whittier and Peck. Timing,;amplitude
. and wave shapé vere prediéﬁed within a few percent. .

Wﬁittier and Peck used laminated composites made from alternating
1ayeré of high and low modulu; material, whichbcauseé a high degreeiof
geometric diépersion of wave prbpagating in the composite. They '

conducted experiments in which waveé propagated parsllel to the lamina-

tion. A step-pressure load (p = 70 psi; rising time sbout a few

E

the secondary fractures observed in this study.28

. 85 X 10-

) .

nanoseconds) was uniforﬁely applied over the front face of a flat-
plate composite {0.25 inch thick) so that the central portion of the
plate reéponded, for a short time, as if the plate were laterally

unbounded. Curves representiné a nondimensionnal normalized velocity

ape

parameter versus time after pulse arrivael were measured for

- thornel-reinforced carbén'phenolic and boron-reinforeed carbon phenolic

composites. They show timing and emplitude of the oscillations in

normalized velocity.

B. Application
‘The shape of these curves suggested a tentdtive explanation for

Since no experi-
mental data is available for the coefficient o of the Taylor expansion,
only a semiquantitative explanstion can be given.

The phase velocity for infinite wavelengths is Cy = 4% =

0.35 in/usec. The averége velocity for crack propagation is approxi-

mated by 0.4 ¢y = 0.1k in/usec. Assuming that the first fracture is

initisted at one edge of the taﬁe, the first fracture occurs in
3

0.1
wave has travelled over 0.08 inch along the gage length (only 2% of the

= 0.6 psec. During that time the unloading (compression)

total gage length) and is therefore considered as a Heaviside step-

]

pulse with a nominal value D= Ec = 157,000 psi (average tensile stréng
strength of the composite). The stresses produced by this wave are

related to the particle velocity by the momentum equation: consider a

dx
c

small element.dx, the elastic wave passes through it in time 4t =
: b

bl

" the momentum equation being then:

oscdt = (pscdx)u >0 =iped

or ¢ = (normalized velocity)xp

Y

>

-
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The shape of ‘the stress pulse is modified in the same way as the
shape of the normalized yeloéity pulse in Whittier and Peck's

experiments. The os¢illations due to dispersion are reported to reach

1.4, the period of the oscillations being about 0.3 sec. These values

correspond to.a peak cémpressiyé stress of 1.4 50 =v220,000 psi and
a length 10’=-0.3cb = 0.1 inch along the éage length. Thus at é
certain distanée»froﬁ the first fracture, the tensile specimen is not
only unloaded but "Overunloaded".and & length ofrlo = 0.1 inch is in
a state of éompression of 1.3 ac - Ec = 47,000 psi.

Euler'svformnla fbr,instability of a compressed bar with one

built in and one free end gives the critical load:
P szI Pcr

=~ - and =g
-er hlg _ cr- 8

- where E is the Young's modulus of the material and I the moment of

inertia (I =“L¢§. =5.2 x'lo_glinh), is measured in inches and P, in
pounds. For 1 = 0,1 inch, 0__ = 149,000 psi. This criticel value (ue

-;-te#the low inertia of the tape). is of the same order of magnitude than

the average,local, instaﬁﬁaneeus>compression stress. Thus it is seen

that this‘compreasion‘mﬁy'be responglble ‘for secondary fractures.

C. Disgcusgion

The'réSults.:epprted by Peck and Gurtmnpn2§ are obteined
through éeve}alaapproximations;'an& no physical interpretation is

given for the peak disfurhance. These results are supporte@ by the

27

éxperiments made by Whittier and Peck. - The physical interpretation

of the normalized velocity being higher than unity is still unclear.

=26~

Approximate calculation of buckiing of prismatical'bars under the

action of distributed axial loads can be formd in Tinoshenko (theory

of elastic stability). But it is necessary to consider first the time

required for the compressed Euler's column to fracture and compare
ihiS'time with the'time auring’which'this column is compressed.

Furtﬁer experimental data a¥e ngcesséry to support the apélicaﬁility

of this failure mode. Furthermore flexural waves héve not been
considered in‘the present approximation to the first order. Considera-

tion of the interferences between these and 1ongitudinallwaves_makes

the analysis very complicated, and requires computer calculations.
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VI. SUMMARY AND CONCLUSION

_:Tensile tests were mede with a material that presenfed sevéral‘
»distincf fractures at failure. This phenqmenon was ;pproached in
: terms‘of eiastic wave bfépggation and dispersioni‘_A model - was proposed
gccordiﬁg to which secondar& fréctﬁrésrnﬁght bé due:to instability in
_compression.-,If requiresbthe material to fe brittle, elastic ana‘ »
dispeféi&e; and thé geometfy of the tensile specimens. to allow fracture
unﬁef }ow compressive stresses. Several exp;riméntal data sre still
necessary to éupport.this theory. It is believed that the same .
»fraéturevbehavior cén be abser&ed ﬁith other brittle, elastic and
dispe;sive material, pioviding that the geometry of_the tensile

specimen is .appropriste.:
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FIGURE CAPTIONS

Fig. 1 and 2. Polished cross-sections of the material studied.

:Fig. 3. Stress-strain.curve of fiber and of composite.

Fig. 4., Cumulative frequency distribution of strength for thevfibers
and for the matrlx.‘f ‘ |

Fig. 5. Tens11e test specimens and broken parts.

Fig. 6. Effect of the stress-concentration coeffioient on -the

- probability of f{ber failures.

Fig. 7.to 10 Fiber failure within the composite and without composite

failure:
T. = 90,000 psi, one failure
8. = 90,000 psi, two failure, 2.1 mmrapart in the same fiber
9. = 120,000 psi, one failure
10. = 120,000 psi, two failures, 2 mn apart in the same fiber

Fig. 11 and 12. Fiber failures within the composite in brokeh parts

resulting froﬁ composite failure. These fractographs show the
effect ;} the. etching process on the tungsten core.

Fig. 13. Typica; fracture disttibutions along the gage length.

fig. 14, Number of bfeaks per upit length vefsus.load at fracture.

Fig. 15.%to 17'. Fractograpﬁs corresponding to long broken p&rts (6, 5
and 5.7'cm”respectivei§) »

Fig. 18 and 19. Fractographs correspondlng to short broken parts s
(2 and 5 mm respectively)

Fig. 20 to 22; Fractures produced by bendlng the specimens by hand.

Fig. 23 to 26. Fractogrephs showing 1ongitudinal crack propagation

along the fibers.
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