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This paper investigates the effect of finite specimen size upon the tensile failure of a
tridirectional carbon-carbon composite along each reinforcement axis. Asymmetry in the
position of load-bearing axial yarns across the cross-section is generated randomly by
machining. This yields parasitic bending of the specimen, and thereby premature failure of
the yarns subjected to the maximum bending stress. However, bending effects become
negligible at final failure. Additionally, the composite failure strength or is determined from
the cross-sectional area of the actually load-bearing axial yarns, using both symmetrical
and asymmetrical specimens. Results are in good agreement with previous work, and we
show that the variability of or is small. © 2003 Kluwer Academic Publishers

1. Introduction

Tridirectional carbon-carbon composites (3D C-C) are
especially designed for high temperatures applications
[1, 2]: they keep their mechanical properties at tempera-
tures above 3000°C, outperforming any other material.
Early experimental studies on 3D C-Cs have focused
on processing effects upon composite microstructure
and thermomechanical behaviour [3-9]. Various dam-
age and failure models are also available [10-15]. 3D
C-Cs damage up to failure under tensile off-axis or
shear loading and under compressive loading [13, 15].
On the contrary, under tension along one or several
reinforcement axes, failure prediction is based on the
following Rankine-type criterion: a brittle-type failure
occurs when ultimate strength is reached along any
reinforcement axis [13, 15]. However, regarding ten-
sile failure along a reinforcement axis, previous studies
have not provided satisfactory answers to several key
questions, as follows. 3D C-Cs are not notch sensi-
tive: crack propagation due to an artificial notch does
not induce failure [15]. So what is the cause of 3D
C-Cs tensile failure along a reinforcement axis? Can
an initial (as opposed to machined) microcrack or mi-
crovoid propagate through the entire composite and in-
duce failure? Or does it rather correspond to the failure
of load-bearing axial yarns? These composites are used
in small structures (regarding their unit cell size) such
as bolts and rivets [10]. Hence it is vital to ensure that
3D C-Cs are not sensitive to machining defects such as
the partial cutting of load-bearing yarns. In small 3D
C-C structures, can premature failure be induced by
the reduction of some yarns cross-sectional area (due
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to their partial machining along their axis)? Moreover,
brittle materials usually exhibit noticeable variability
of their failure strength [16]: what is its extent for a 3D
C-C? 3D C-C yarns are usually made of several thou-
sand fibers, each exhibiting a noticeable variability of
its failure strength [17]. In that case, Hild et al. [18]
predict a deterministic axial tensile strength for each
yarn, hence for the 3D C-C. Can this be experimentally
proven? This paper addresses all of these questions as
follows.

A description of the 3D C-C composite and the ten-
sile test method is outlined in Section 2. In partic-
ular, the specimen cross-sectional area is equivalent
to that of a bolt. Random machining of the speci-
men gives asymmetry in the position of axial yarns
across the cross-section. This corresponds to a re-
duction of the cross-sectional area of several periph-
eral axial yarns. A total of 30 specimens is brought
to failure so as to evaluate the failure strength vari-
ability. In Section 3, axial yarns breakage is identi-
fied as the main failure cause. Machining of yarns
induces parasitic bending and premature breakage of
greatly machined yarns. However, final failure is due
to pure tensile loading for all specimens. A scheme
is proposed to evaluate the composite failure strength
or along each reinforcement axis from symmetrical
as well as asymmetrical specimens: of is set by the
cross-sectional area of all the actually resisting axial
yarns. This allows to use all of our 30 tests to de-
termine the associated scatter on oy, which is proven
to be negligible. Concluding remarks are proposed in
Section 4.
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2. Experimental
This section details the 3D C-C architecture. Testing
precautions and methodology follow.

2.1. Description of the material

We focus on a tridirectional carbon-carbon compos-
ite, see Fig. la. It is made of PAN-based carbon yarns
impregnated with pitch-based carbon matrix. Its ar-
chitecture is identical to Aérolor 32 manufactured by
Aérospatiale (now part of EADS) [13], Fig. 1b. Con-
tinuous yarns are periodically disposed along three
orthogonal directions of space denoted x, y and z, with
the two yarn directions x and y being equivalent. Each
x-axis (or y-axis) yarn is made of 6000 carbon fibres,
whereas each z-axis yarn is made of 12000 carbon
fibres. Reinforcement axes x, y and z are orthotropy
axes for the material. Its unit cell is represented Fig. 2.

2.2. Experimental method

Several experimental difficulties arise when testing brit-
tle materials. In particular, premature failure frequently
occurs because of parasitic bending effects generated
by, e.g., misalignments in the fastening heads [19]. To
avoid this, we use a special set-up [20] equipped with
Cardan joints that allow for rotation of each fastening
head about two orthogonal axes, see Fig. 3a. In order

z-axis
carbon yarn

X-axis
carbon yarn

matrix block

(b)

Figure 1 (a) The composite is made of continuous carbon yarns and car-
bon matrix. (b) Yarns are aligned in three orthogonal directions denoted
x, y and z. Carbon matrix fills up the gaps, which are called matrix blocks
[13].
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Figure 2 The composite unit cell: the composite entire architecture can
be periodically reproduced in the 3D space by translating an elementary
cellof 1.6 x 1.6 x 0.8 mm? [13]. The orthotropy (or reinforcement) axes
x and y are equivalent: their yarns are of identical constitution and ge-
ometry, whereas those along the z-axis are twice the size of those along
x or y. Two (1/8) portions of the cell are matrix-filled blocks.

Figure 3 (a) Set-up [20] for brittle materials: a Cardan joint (4) allows
rotation of the fastening head (2), thus limiting parasitic bending effects
on the specimen (1). The specimen (1) is attached to the fastening head
(2) using half-shells (3). (b) The geometry of a z-axis specimen (x-axis
specimens are similar). Its cross-section represents 3 x 3 unit cells (resp.
3 X 6 unit cells for the x-axis geometry).

to validate the set-up, a 2017A specimen is tested and
we show that it is actually subjected to a uniaxial pure
tensile loading [21]. For all x- and z-axis specimens,
Fig. 3b, the cross-sectional area is of similar size to a
bolt and represents a few composite unit cells. More
precisely, it is a multiple of the surface of that unit
cell, displayed Fig. 2. Hence the specimen response is
representative of the average response of the mesocon-
stituents (yarns and matrix blocks) [13]. For the same
reason, the strain gauges size is a multiple of the ele-
mentary cell surface [22], and special care is taken for
the gauges placement, as explained in [23]. Each speci-
men is equipped with four axial gauges, see Fig. 4. Be-
sides, the axial yarns distribution is randomised by ma-
chining, see Fig. 5: specimens can have intact as well as
randomly machined yarns, as displayed in Figs 4, 6a and
b. The cross-sectional area of each deteriorated axial
yarn is reduced to a given constant amount all along the
specimen useful part. A total of 30 specimens is tested,
with 20 specimens designed to test the z yarn direction
(denoted A1, ..., A20), and 10 specimens designed to
test the x (or equivalently y) yarn direction (denoted
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Figure 4 Location of axial gauges on a typical specimen. An asymmetri-
cal axial yarns distribution is also shown: machined and intact axial yarns
(in grey) are visible either at the edge or in the bulk of the specimen.
Their distribution is similar to that of z-axis specimen Al.
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Figure 5 Random machining of z-axis tensile specimens (the technique
is similar for x-axis specimens). The cross-sectional area is of fixed
dimensions but its position in the (x,y) plane varies randomly from one
specimen to another.
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Figure 6 (a) Cross-section of a typical symmetrical specimen, named
A18, and location of its strain gauges. (b) Cross-section of a typical
asymmetrical specimen, named A1 and location of its strain gauges.

XAl,...,XA10). Apart from A7, Al6, ..., A20, all
other specimens have an asymmetrical yarns distribu-
tion, which is associated to machined axial yarns, see
Table I. During each test, series of loadings and un-
loadings are performed every 1000 N until specimen
failure.

3. Results and discussion

In this section, the major influence of axial yarns on
specimen tensile failure is shown. This helps under-
stand the different failure mechanisms of either sym-

TABLE I Main results and characteristics of the 20 tests performed
along axis z (those for the 10 specimens along axis x are similar)

Nb. of Nb. of

Specimen Failure intact machined Nb. x percentage of

name load (N) yarns yarns machined yarns (%)

Al 3646 4 12 [4 x 40,4 x 60, 1 x 64,
2 x 76,1 x 84]

A2 5382 6 6 [3 x 17.5,3 x 92.5]

A3 3949 4 12 [2 x 18.7,2 x 37.5,1 x 49.2,
2 x 56,1 x 64.5,2 x 87.5,
1 x92.2,1 x 94.5]

A4 4623 4 8 [2x94,2x31.3,1x37.7,
2 x 81.3,1 x 83]

AS 3853 4 12 [2 x 37.5,2 x 50,2 x 56,
1 x68.7,2x75,1x78.1,
1 x844,1 x 89.1]

A6 4903 6 6 [3 x 21.9,3 x 75]

A7 5340 9 0 -

A8 4568 4 [2x 63,2 x 3751 x 41,
2 x 56.3,1 x 59]

A9 4840 6 6 [3 x 44,3 x 69]

A10 5344 [§ 3 [3 x 6.3]

All 4664 6 6 [3 x 44,3 x 56]

Al2 5978 9 0 -

Al3 3942 6 6 [3 x 43.8,3 x 66.3]

Al4 5277 [§ 0 -

Al5 4693 6 6 [3 x3.8,3 x 98.8]

Al6 6209 9 0 -

Al7 5979 9 0 -

Al8 6268 9 0 -

A19 6327 9 0 -

A20 6264 9 0 -

metrical or asymmetrical specimens. From this analy-
sis, we evaluate the composite tensile strength o along
each orthotropy axis. Being a material characteristic, o
has to be independent of machining defects: a scheme
to deduce o from both symmetrical and asymmetri-
cal specimens is proposed. Since a large number of
specimens is brought to failure, see Table I (20 z-axis
specimens), the variability of o is also determined.

3.1. Influence of axial yarns upon failure

The stiffness of a 3D C-C composite along each
orthotropy axis is mainly that of the yarns lo-
cated along that direction (Voigt approximation) [11]:
E ~ f X E  axis yams» Where E__yis yams 1S the z-axis
yarns Young’s modulus and f is the portion of cross-
section occupied by the yarns (yarns surface fraction).
In other words, axial yarns sustain the main part of
the load. Moreover, our post-mortem analyses show
that tensile failure is also dictated by axial yarns. In
Fig. 7, light microscopy and scanning electron mi-
croscopy photographs of specimen A1l are displayed.
An uneven failure profile is clearly visible for each ax-
ial yarn, as well as a flat failure surface of the transverse
part. This is typical of a yarn-dominated failure at the
macroscopic specimen scale [24]: no crack from the
transverse part has induced failure of the yarn (other-
wise the failure surface would be continuing its pro-
gression inside the yarns). Instead, each carbon fibre
has broken at its weakest point (thus explaining the un-
even fibre-dominated profile of each yarn), yielding the
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Figure 7 Specimen Al. (a) A post mortem photographs show significant pull-out of axial yarns. (b) SEM photograph of the failure surface shows the
uneven failure of each axial yarn along with the flat failure profile of the transverse part.

overall specimen failure. These elements are essential
for the understanding of the two failure mechanisms of
typical intact yarns and machined yarns specimens.

3.2. Observed failure mechanisms
We mainly report on z-axis testing, as failure mecha-
nisms are similar for x- (and y-) axis. Two main mech-
anisms are observed: they are described through the
example of two typical specimens, symmetrical speci-
men A18 and asymmetrical specimen Al.

The first failure scenario concerns specimens with
a symmetrical axial yarns distribution (i.e., specimens
with symmetrical intact yarns only), such as AlS,
Fig. 6a. A typical elastic, linear and brittle behaviour is
identified [13, 15]. More precisely, no parasitic bend-
ing effect is noticed on the gauge responses, see Fig. 8,

0 0.05 0.1
strain (%)

Figure 8 Typical gauge response for symmetrical specimen A18. Its
behaviour is elastic, linear and its failure is brittle as shown in the case of
gauges 1 and 3. Series of loadings and unloadings are performed every
1000 N until specimen failure.

1234

which confirms that failure is caused by pure tensile
loading and, as seen above, it corresponds to the failure
of axial yarns.

On the contrary, specimens with an asymmetrical
yarns distribution, such as Al, Fig. 6b, have a much
different and unpredicted failure mode: they usually
get damaged before final failure occurs (second fail-
ure scenario). This damage is attributed to the pre-
mature failure of greatly machined axial yarns. In
Figs 9a and b, load remains constant (at 3300 N
and 3500 N) whereas strain responses of gauges 1
and 2 decrease abruptly. This does not happen for
gauges 3 and 4. We explain this phenomenon as fol-
lows. Gauges 1 and 2 are glued on greatly machined
yarns (as opposed to gauges 3 and 4) which break
at loads 3300 N and 3500 N. The load formerly sus-
tained by those yarns is redistributed among the re-
maining axial yarns, whereas the deformation of broken
yarns drops dramatically. Among all the specimens,
this phenomenon is observed for every gauge glued
on greatly machined yarns, which confirms the above
explaination. Final failure of the specimen occurs
when intact and slightly machined axial yarns break
simultaneously at each fiber weakest point.

We now explain why greatly machined yarns break
prematurely. Since the axial yarns distribution is not
symmetrical, the specimen neutral axis does not coin-
cide with its geometrical axis, thus causing bending.
(Note that this parasitic bending effect is not caused by
experimental artifacts, but rather by the specimen itself:
it does not occur with 2017A or symmetrical composite
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Figure 9 Typical gauge response for asymmetrical specimen Al. (a)
Load vs. strain for gauges 1 and 3. A1 exhibits damage long before its
overall failure, which is due to the failure of greatly machined axial yarns
under gauge 1 (at 3300 N and 3500 N respectively). The arrows are along
the direction of the initial elastic response. (b) Load vs. strain for gauges
2 and 4. Damage is also noticed on gauge 2 response at 3500 N. The
arrows are along the direction of the initial elastic response.

greatly machined
z-axis yarns

specimens.) More precisely, the specimen dimensions
being multiple of the elementary cell, when yarns on
one side are machined at @ %, with « > 50%, yarns lo-
cated on the opposite side are machined at (100 — )%
< 50%. The cross-section bending centre is closer to
the less machined yarns, see Fig. 10a. As a conse-
quence, the most machined yarns are the most elon-
gated, and they break before all the other yarns break.

For asymmetrical specimens, the set-up Cardan
joints are generally not sufficient to fully eliminate
bending until premature yarns breakage. In order to
evaluate that bending effect, a specimen is modelled as
an homogenised beam made of juxtaposed axial yarns.
The bending effect is the semi-difference between the
responses of gauges located on parallel sides of the
specimen, see Fig. 10b. Although the bending effect
between gauges 1 and 3 is of 5% only when machined
yarns first break under gauge 1 at load 3300 N, it repre-
sents more than 15% between gauges 2 and 4 until load
3500 N is reached, when machined yarns located under
gauges 1 and 2 break. The response of gauges located
on greatly machined yarns can no more be considered
valid after those yarns prematurely break. Yet their re-
sponse is not zero: they mainly account for frictional
effects between carbon fibres composing the broken
yarns. Gauges 1 and 2 on specimen Al, see Fig. 9a
and b, have indeed an hysteretical response after pre-
mature yarns breakage when the specimen is unloaded
and then reloaded, which is attributed to friction be-
tween carbon fibres [18]. On the contrary, gauges 3 and
4 are valid up to global failure: they give an image of
the behaviour of the yarns below them, and those do
not break prematurely.
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Figure 10 (a) Simple example of a specimen cross-section with asymmetrical yarn distribution along x-axis only. Due to the asymmetrical yarns
distribution, the cross-section bending centre does not coincide with its geometrical centre, which causes parasitic bending. The specimen dimensions
are chosen so that the less machined yarns are closer to the neutral axis. The most machined yarns are therefore the most elongated, and they break
prematurely. After failure of greatly machined yarns, the specimen loading tends to reequilibrate and gets close to a tensile loading (cross-section
normal to axis z). (b) Bending effect for specimen Al evaluated as the semi-difference in gauges 1 and 3 response, and gauges 2 and 4 response

(gauges on parallel opposite sides).
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Figure 11 (a)Specimen A1l cross-section: its machined axial yarns (in-
dicated in grey) are under gauges 1 and 3 only. The cross indicates the
cross-section bending centre, which is not located on the dashed geomet-
rical axes. (b) Close-up of A1l strain gauges response corresponding to
yarns breakage under gauge 3. The loading direction is indicated by an
arrow on each gauge response. The load corresponding to yarns breakage
is indicated by a black dot on each gauge response.

After premature yarns breakages, the Cardan joints
allow the specimen to reequilibrate and get under an al-
most pure tensile loading up to its global failure. Indeed,
at final failure of A1, see Fig. 9a and b, gauges 3 and
4 which account for no damage have close responses
(their difference represents 10% of their mean value and
their slope is identical). Specimen A11 brings a better
insight into this phenomenon. Its gauge responses are
plotted Fig. 11b. This specimen has machined yarns on
two sides only (under gauges 1 and 3), see Fig. 11a, and
the specimen reequilibration is therefore more obvi-
ous than with A1: when yarns break prematurely under
gauge 3, just below 4000 N, gauges 2 and 4 reequilibrate
so as to give the same response. Simultaneously, gauge
1 increases its deformation. This shows that the spec-
imen cross-section tends to get normal to the loading
direction. Another convincing argument will arise in
Subsection 3.4, where failure strength definition only
takes pure tension into account. The variability char-
acterising the failure strength is shown to be small:
this would not be the case in the presence of parasitic
bending.

3.3. Tensile failure strength along each
orthotropy axis

Under pure uniaxial tension, failure strength is usually

defined as the ratio of the failure load to the resisting
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cross-sectional area of the specimen [25]. This is not
directly valid for 3D C-Cs because their main resisting
constituents are the sole axial yarns. Here again, one
can identify two cases.

e For symmetrical specimens, o is simply defined

as f x Si fn - where Fp, is the failure load, Syamg the

intact axial yarns area and f is the yarns surface
fraction (here equal to 25%). SF & is indeed the av-

yarns

erage yarn failure strength, and is homogenised to
the macroscopic scale using f [13]. This definition
of o is equivalent to % where S is the specimen
cross-sectional area.

e For asymmetrical specimens though, parasitic
bending cannot be neglected during a great part
of the test. In Subsection 3.2, we have explained
that the specimen is very likely under pure ten-
sion after failure of greatly machined yarns. The
above definition applies, with the greatly machined
yarns being excluded however: Sy, is the area of
the intact and slightly machined yarns (also called
resisting yarns).

Hence for asymmetrical specimens, one has to de-
fine precisely the resisting yarns cross-sectional area
Syams. This comes down to determining which yarns
actually resist, and which break prematurely. Recall
that due to the choice of the specimen cross-section
dimensions, when axial yarns are machined at @1 % on
side 1 (resp. ;% on side 2), then yarns located on
the opposite side 3 (resp. on side 4) are machined at
a3 =100 — o1 % (resp. aq = 100 — a%). This results
in bending, with the most machined yarns (i.e., those
corresponding to the maximum value of either «; or
«3) being more elongated. The equilibrium situation
corresponds to @] = a3 = 50%, therefore the edge value
alim = 50% determines which yarns break prematurely:
if o7 < oy (the yarns are slightly machined on side
1), then the yarns located on side 3 break prematurely.
If @1 > ayim (the yarns are greatly machined on side 1),
then the yarns located on side 1 break prematurely. The
area Syams is then the total cross-section of intact yarns
plus the total cross-section of yarns machined less than
Alim = 50%.

In order to ascertain this reasoning, we investigate
statistical issues: the adequate value ojjm =50% is
proven to correspond to the minimum variance on o .
For each specimen, the measured tensile failure strength
O F measured 18 €valuated as

Fr

= X —m
7 F measured f Syarns (A1im)
where f is the surface fraction of axial yarns, Fg is
the failure load and Syms(oim) is the cross-sectional
area of intact yarns plus that of yarns machined less
than oy, %. Let oy, vary from 0% (intact yarns only)
to 100% (all intact and machined yarns are taken into
account). Therefore o measured depends on the intrin-
sic material failure strength o inginsic (that can be ran-
dom), and it also depends on errors due to an incorrect
estimation of the resisting yarns cross-sectional area
Syams (and it depends for a minor part on measurement
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Figure 12 Standard deviation vs. o} percentage of machined yarns
taken into account to evaluate the average tensile failure strength of
along axis z.

errors). All of these errors are denoted &area error- MOTE
specifically, for each specimen,

O F measured = OF intrinsic 1 Earea error

The variance composition theorem [26] yields (where
Var(-) denotes the variance)

Var(o r measured) = Var(or intrinsic) + Var(€area error)

The most likely value of oy, is the one which min-
imises Var(&yrea error)- The above relationship shows that
it also corresponds to a minimum of Var(or measured):
the most likely value for aip, corresponds to a minimum
value of the overall variance Var(o r measured)- In Fig. 12,
the standard deviation (square root of the variance
Var(oF measured)) 18 clearly minimum for o, =50%.
This result is a statistical confirmation of the above
physical explanation.

3.4. Variability of the tensile failure strength
Evaluation of the failure strength o is performed for
z-axis tests, as well as for x- (or equivalently y-) axis
tests, and so is its variability. Scatter on failure strength
is usually determined by either the standard deviation or
the parameters of a two parameter Weibull law [16, 17,
27-29]. For typically dispersive materials, the first
Weibull parameter m varies between 3 and 15, and the
greater m, the less dispersive the material. The second
Weibull parameter Sy is interpreted as the failure stress
corresponding to a failure probability of 63%.

Table II gives the average o, its standard deviation
and m for each orthotropy axis of our 3D C-C. In each
case, the failure stress is computed as op = f X Sf £
where Syams is the cross-sectional area taking into ac-
count all the yarns such that « < 50%.

For axis z, scatter is evaluated either with symmetri-
cal specimens only (m = 27), or with symmetrical and
asymmetrical specimens (m = 12): the composite has a
deterministic behaviour only when symmetrical spec-
imens are considered (m > 15). The difference is that
when considering asymmetrical specimens, of takes
into account resisting but slightly machined yarns
which induce an additional scatter. Indeed, though these
yarns are only partially machined and resist up to the
specimen overall failure, machining has made them

>

TABLE II Evaluation of tensile failure strengths of 3D C-C and
associated scatter along axes x (or equivalently y) and z

Failure Weibull
Type of stress parameter  Standard
specimen or (MPa) m (nounit) deviation (%)
z-axis (20 symmetrical and 241 12 8.8
asymmetrical specimens)
z-axis (6 symmetrical 268 27 2.5
specimens)
x-axis (10 asymmetrical 217 20 5
specimens)

more fragile and has randomised their actual strength.
This phenomenon has a much smaller effect on x-axis
scatter. All x-axis specimens have machined yarns, but
their proportion is much lower than for z-axis speci-
mens (this is due to the fact that x-axis yarns are two
times smaller that-z axis yarns). For example, the typ-
ical asymmetrical z-axis specimen A1 has 4 machined
yarns with ¢ < 50% and 4 intact yarns, see Fig. 6b. On
the contrary, the typical asymmetrical x-axis specimen
X A1 has only 7 machined yarns with o <50% and
10 intact yarns, see Fig. 13. As a consequence of this
difference, the effect of slightly machined yarns on fail-
ure strength variability is smaller, yielding a negligible
scatter (m = 20).

Finally, for z-axis specimens, the evaluation of of is
really representative of the sole composite behaviour
when only symmetrical specimens are taken into ac-
count (specimen machining does not affect it), and we
find o jim =268 MPa. For x-axis (and equivalently
y-axis) specimens, machining effect is small enough
so that all asymmetrical specimens are taken into ac-
count for the evaluation of the failure stress, and we
find Oyxx lim =217 MPa. For both Oz lim and Oxx lims
the maximum standard deviation is 5% only. Note that
our estimations of o, jjn and oy, iy are in good agree-
ment with those in [13] for Aérolor 32. Moreover, we
show that the associated scatter is small. This feature is
explained as follows. 3D C-C failure is governed by
axial yarns, which are themselves governed by fibres
failure, see Subsection 3.1. At the microscopic scale,
each fibre breaks at its weakest point, and studies have
proven that its failure stress has a noticeable variability
[17]. However, due to the great number of fibres a yarn
comprises (between 6 and 12 thousands), the law of
large numbers levels this dispersive behaviour, as pre-
dicted by [18]. We therefore identify a negligible scatter

machined intact
X-axis X-axis
yarn _yarn
I — —
[ — ]
z A = —
Al == —
1 = ]

%
>y
Figure 13 A typical x-axis specimen cross-section: X Al cross-section

comprises 11 axial yarns machined more than 50%, 7 axial yarns ma-
chined less than 50% and 10 intact yarns.

1237



at the macroscopic scale of the specimen, though it is
made of a tenth yarns only. In practice, this result means
that even when considering small symmetrical 3D C-C
structures, their tensile failure strength along a rein-
forcement axis is deterministic, and directly represents
the material intrinsic failure strength. For small asym-
metrical parts though, an additional scatter affects the
structure tensile failure strength along a reinforcement
axis, and this should be avoided. It is a direct conse-
quence of the yarns machining, which affects even the
very partially deteriorated ones.

4. Concluding remarks

A structure made of 3D C-C is typically designed to
sustain tensile loadings along one (or several) of the
composite reinforcement axes. This experimental study
has brought better knowledge of 3D C-Cs failure mech-
anisms under tensile loading along a single reinforce-
ment axis: stiffness as well as failure are both governed
by the axial yarns. For completeness, the case of off-
axis tensile failure or compressive failure have been
tackled in [13, 15].

When a 3D C-C is used in small structures (of size
similar to that of its unit cell), any machining defect af-
fecting its yarns dramatically changes the tensile failure
scenario. Without any machining defect (symmetrical
structures), failure is tensile and brittle. On the contrary,
an asymmetrical distribution of axial yarns generates
parasitic bending. This causes premature damage (at-
tributed to premature yarn failures) prior to final tensile
failure. Additionally, a scheme evaluates the compos-
ite ultimate tensile strength o using both symmetrical
and asymmetrical specimens: of is set by the cross-
sectional area of all the actually resisting axial yarns
(cross-sectional area machined less than oy, = 50%).
This result is valid only when the proportion of slightly
machined yarns does not induce scatter on or: for our
3D C-C, it is only valid for axes x and y. The values for
or are in good agreement with previous work, and its
variability is proven to be minor. It is concluded that,
for small symmetrical 3D C-C structures subjected to
a tensile loading along a reinforcement axis, the failure
strength (and its corresponding negligible variability)
is directly that of the composite. On the contrary, small
asymmetrical parts should be avoided as machining de-
fects cause additional scatter on the structure tensile
failure strength.
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