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Application of the Griffith criterion
to fracture of boron fibres
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Tensile tests were performed on boron fibres and the resulting fracture stresses o, re-
corded. The fracture surfaces were investigated by SEM, with emphasis on the type of
flaw nucleating the fracture. It was found that pre-existing, so-called proximate voids,

in the boron mantle near the core—mantle interface, have transverse irregularities, large
enough to create stress concentrations. The radial extensions, 2¢, of fracture initiating
proximate voids in mirror zones were measured from the micrographs. The obtained 2c—
o¢ relation was found to be in good agreement with the Griffith criterion for brittle
fracture. in addition, the experimental log 2c—log o; plot gives some information on the

value of the surface energy, -, of boron.

1. Introduction

1.1. Fracture types in boron fibres

Boron fibres fracture in tension in a brittle man-
ner. The fracture surfaces are very similar to those
of glass rods, and can even be divided into mirror,
mist and hackle zones, with the aid of which the
crack nucleation site can be traced [1—4]. Frac-
ture is experimentally known to nucleate at impez-
fections (“flaws™) of different types, some of
which can be controlled by the manufacturing
conditions.

With some generalization, fracture types are
classified in relation to the type of initiating flaw,
namely [4] (i) surface flaws, (ii) radial cracks, or
(iif) “proximate voids™ (pores near the core-mantle
interface). In addition, transverse cracks can nu-
cleate homogeneously within the apparently per-
fect core.

There is a strong correlation between the tensile
strength and the type of fracture, expressed by
Line and Henderson [1] as an inverse proportion-
ality between the fracture stress, op, and the
“severity” of the triggering flaw. They also sug-
gested the possibility of crack nucleation at pre-
existing internal flaws, according to the Griffith
criterion for fracture of glasses [2]. As far as we
know, however, no attempt has been made to
check this idea. The present work is an investi-
gation of the possibility of applying the Griffith
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model to the fracture of boron fibres, tested in
tension.

1.2. The Griffith criterion

In his now classical work on brittle fracture,
Griffith [2] suggested that an apparently homo-
geneous tensile test specimen might contain small
defects. causing stress concentrations high enough
for the ideal fracture stress to be attained in
localized regions. If the defect is a flat, elliptical
void in a plane normal to the direction of the
applied stress, with the major axis 2¢, fracture will
occur for the applied stress

(2E’)’)1/2
o = | —
(4

where £ is Young’s modulus and +y is the surface
energy of the failing material.

The Griffith criterion is based on the two
requirements that (i) the material is truly brittle,
ie. fractures in a glass-like manner, and (ii) the
material contains pre-existing imperfections of the
geometry of a Griffith crack.

)

2. Experimental

2.1. Material

Continous fibres, laboratory-produced in multi-
stage processes by two manufacturers (A and B)
under highly varied conditions, were investigated.
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The outer diameters were roughly the same,
106 um (A) and 90 um (B) respectively.

2.2. Tensile testing

30 tensile specimens from an A spool, 30 speci-
mens from a B spool and 100 specimens from a
second B spool were tested in a Lorentzen and
Wettres (ALLWETRON) micro-tensile test ma-
chine. The specimens had a gauge length of 25 mm
and were mounted between a sheet of paper and
adhesive tape in order to retain the debris after
fracture. The contact between the grips and the
fibres was improved by the use of emery paper.
The fibre diameters were determined with a
Mikrokator.

2.3. Morphology

Fractured fibres were mounted in a specially
made, rotatable and tiltable holder for SEM speci-
mens. The specimens were washed successively in
trichlorethylene, acetone and alcohol, given a thin
gold coating by sputtering and studied in a JSM-
U3 scanning electron microscope, operated at
20kV. Ten additional specimens of 50 mm length
were cut at random from each spool, and given an
electrolytical coating of nickel. The resulting
composite was polished, ion-etched and studied
in longitudinal sections in a JEM 200 B scanning
transmission electron microscope, operated at
200kV.

Figure 1 200kV SEM micrograph of longitudinal section.
(along the line indicated in Fig. 2) showing two axially
elongated voids at A and B (B fibre).

Figure 2 20kV SEM micrograph of proximate void initi-
ated fracture (B fibre, of=36.4 X 10’Nmm™?). The
line gives approximately the plane of the longitudinal
section of Fig. 1.

3. Proximate voids

3.1. Definition

Proximate voids are defined as pores in the boron
mantle, in the immediate vicinity of the core—
mantle interface. They may be the result of
vacancy condensation according to a diffusion
mechanism, discussed qualitatively by Wawner
[5], and supported quantitatively in an experi-
ment by Vega Boggio and Vingsbo [4].

These voids have been observed in fracture
surfaces as well as in sections of non-tested fibres,
which indicates that this type of imperfection can
exist before a mechanical test.

3.2. Morphology
SEM studies of transverse and axial (Fig. 1) sec-

Mantle

Proximate
void

Figure 3 The general morphology of a proximate void.
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Figure 4 Schematic representation of shape irregularities
in proximate voids: bend (A), bulge (B) and surface
steps (C and D).

tions, and of essentially transverse fracture sur-
faces (Fig. 2), give the general three-dimensional
shape of proximate voids schematically shown in
Fig. 3, with a radial dimension of the order of
1 um and, often, a considerably longer axial exten-
sion.

Two types of shape irregularities may be large
enough for creating stress concentrations, (see
Figs. 4 and 5):

(i) local radial surface curvature, giving rise to
bends or bulges (A and B in Fig. 4);
(ii) surface steps (C and D in Figs. 4, 5a and b)

3.3. Application of the Griffith model

The void morphology described above suggests the
possibility of Griffith crack formation under a
normal stress along the fibre axis at (i) bulges or
(ii) surface steps. Therefore, fracture surface pairs
were chosen, on which hackle marks and mirror
zones indicated crack nucleation just outside the
core—mantle interface. It generally proved possible
to find a proximate void in at least one of the two
fracture surfaces. Sometimes the latter coincided
with a step, as in Fig. 5. If not, it was assumed
that the fracture surfaces corresponded to a bulge.
The critical parameter 2c¢, the major axis of the
Griffith crack, was measured as the extension of
the bulge, or of the stepped void, in the plane of
crack propagation.

Proximate voids were first identified in SEM
under the best imaging conditions, i.e. with a tilted
specimen. In order to perform accurate measure-
ments, the specimen was then brought to a normal
position, and 2¢ was measured either directly on
the CRT or on recorded photographs. Images from
untilted specimen surfaces, however, had a rela-
tively poor contrast. Therefore, the micrographs
presented here, mainly having a demonstrative
purpose, were taken at relatively high tilt angles,
while the apparent dimensions of the voids do not

Figure 5 20kV SEM micrographs of proximate void initiated fracture (B fibre, ¢ = 31.5 X 102N mm™?). Fracture was
nucleated at a surface step of the D type in Fig. 4. It is clearly seen that part of the void in one of the fracture surfaces
(b) terminates at the arrow and does not continue across the other fracture surface (a).
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Figure 6 Histograms of the fracture stresses for spools A,
B, and B,. Above the histograms, the crack nucleation
mechanisms have been grouped in relation to fracture
stress intervals. The following abreviations are used. R:
radial crack, S: surface flaws, CM: proximate void and C:
core.

necessarily correspond to the measured values.

A second important factor, taken into account
for the measurements, was the variation of magni-
fication with deviation from the pre-calibrated
working distance. Because the pieces of fractured
fibres, mounted in the specimen holders, varied in
length, individual magnification corrections were
made.

4, Results
A histogram of the obtained fracture stresses is
reproduced in Fig, 6. The fracture mechanisms
were grouped and related to fracture stress inter-
vals as shown in the figure.

Table I shows the results of the 2¢ measure-
ments. For comparison, proximate void type

TABLE I Proximate void transverse length 2¢ (um) as a
function of oy (10°Nmm ?). The values marked * are
from Layden [3].

of 2c of 2c of 2c of 2c
16.8 2.8* 27.0 16 291 1.5 319 1.2
246 20 272 1.8 296 14 319 1.1
246 1.8 274 1.7 296 1.2 327 1.2
253 22 278 18 297 1.3 330 1.1
253 21 278 16 297 14 330 11
255 1.6* 281 2.0 304 1.5 339 1.2
25.7 21 281 14 313 14 342 1.1
261 19 281 1.7 314 1.2 351 1.2
262 1.7 286 16 315 13 353 1.0
263 1.8 289 15 315 1.0 364 1.3
26.9 1.9  29.0 1.4 317 1.3 36.5 1.0

2c(um)

[
o S S —
6

2 3 4
o; (103N mm=2)

Figure 7 Logarithmic 2c—o¢ plot. The points represent
the experimental values of Table I. The line corresponds
toy=22Im™? (for E=4.4 X 10°Nmm™2).

flaws, appearing in a paper by Layden [3], have
been measured and included in Table I. The
measurements were made directly on images in
[3}, and corrected for the tilt angle, which could
be estimated from the ellipticity of the core image.
2¢ has been plotted versus o in the log—log
diagram of Fig. 7. It can be seen that the points fit
reasonably well to the straight line.

5. Discussion
The characteristics of the Griffith law are that it
yields a straight line in a log—log plot, the slope
of which is —2. Undoubtedly, the Griffith cri-
terion is in good agreement with the present
experimental results, which indicates that proxi-
mate void irregularities can act as Griffith cracks.
The relatively good agreement with the points
derived from Laydens work [3], further supports
this idea. In addition, an extrapolation to 2¢ =
100 um (the whole fibre diameter) gives the
corresponding minimum fracture stress g¢ = 300N
mm™2, which is definitely lower than any observed
fracture stress.

The position of the Griffith line directly
depends on the £ and 7 values. With experimental
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Young’s moduli it is then possible to calculate the
surface energy.

The generally accepted £ value for boron fibres,
4 x 105N mm™2, corresponds to measurements on
whole fibres, including the tungsten boride core.
In the present case, however, the crack being
nucleated in the mantle, this value is not necess-
arily relevant.

An approach to improve £ measurements is to
increase the fibre-to-core diameter ratio, which in
commercial fibres is fixed to approximately 5:1.
By growing a fibre of 1000 um o.d. on a tungsten
wire of 25 um diameter, Talley [6] minimized the
effect of the core. No value was given of the final
diameter (after diffusional growth) of the core,
but Talley’s result £ ~4.4 x 10°Nmm ? seems to
be the most accurate value available.

The corresponding surface energy then is v =
22Jm 2, which is around 3 to 7 times higher than
available literature values for bulk tungsten {7, 8].
Considering the known differences in 7y values
obtained by bulk and fibre measurements, this
seems quite reasonable.
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