ettt Journal of

7
s Composites Science @

Article

The Unstable Fracture of Multifilament Tows

Jacques Lamon

check for
updates

Citation: Lamon, J. The Unstable
Fracture of Multifilament Tows. J.
Compos. Sci. 2024, 8,52. https://
doi.org/10.3390/ jcs8020052

Academic Editor: Francesco

Tornabene

Received: 7 November 2023
Revised: 18 December 2023
Accepted: 15 January 2024

Published: 30 January 2024

Copyright: © 2024 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

LMPS-ENS, Université Paris-Saclay, 4, Avenue des Sciences, CS 30008, 91192 Gif-sur-Yvette, France;
jacques.lamon@ens-paris-saclay.fr

Abstract: The present paper investigates the unexpected unstable failure observed commonly on
fiber tows tensile-tested under strain-controlled loading, although the force on the fibers should
theoretically be relaxed under controlled strain. A model of the reaction of the load train when the
fibers break under strain-controlled conditions is proposed. The criterion for instability is based on
the comparison of the filament strength gradient and the overstress induced by the reaction of the
load train when the fibers fail. The contribution of multiplet filament failures attributed to the fiber
inter-friction and stress waves was taken into account. The compliance of the load train for the test
results considered in the present paper was measured. It is shown that, depending on the number of
filaments sharing the overload, the values of the structural parameters, and the fiber characteristics,
the condition of unstable failure may have been fulfilled by the SiC fiber tows that were tested in
house, as discussed in the present paper. The critical parameters that were identified and quantified
include the load train compliance, gauge length, fiber stiffness, and bonding of the tow ends. This
should allow the proper conditions for stable failure. Important implications for the validity and an
analysis of the strengths derived from the unstable fracture of the tows are discussed.
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1. Introduction

In composites, fibers are fundamental constituents, as they carry nearly all the load in
polymer matrix composites, as well as in ceramic matrix composites after the saturation of
matrix damage. In multi-directionally reinforced composites, such as woven composites,
fiber tows are the pertinent length scale for fracture analysis. For these reasons, the features
of fiber tow fracture warrant much consideration with a view to composite failure analysis
and prediction.

The fracture of a variety of materials is induced by inherent flaws that have random
locations and severity [1-3]. The tensile strength of brittle fibers is a variate. As such,
it is characterized by a statistical distribution. Reliable determination of the strength
distribution requires a statistically representative set of measured strengths. The sample
size effect is well documented in the literature (see, for instance, [4-9]). Testing on a bundle
is a powerful approach to the determination of the filament strength statistical distribution,
as it can provide as many data points as the number of filaments in the tow, i.e., hundreds
or thousands of data points. Alternative determination of such a dataset on single filaments
tested individually would require hundreds or thousands of tests, which would take weeks
to months of careful test specimen preparation, testing, and analysis. For these reasons,
testing a bundle of filaments as a whole is an attractive goal for many researchers [9-25],
with a view to determining the fiber strength and lifetime at high temperatures.

The force-strain behavior of fiber tows is influenced by the testing conditions and the
loading mode. Under the condition of a constant load, the load that was carried by the
filament that breaks is shared by the surviving filaments (equal load sharing). Ultimate
failure occurs when the surviving filaments are unable to carry the load increase.

Under quasi-static strain-controlled loading conditions (the strain rate is smaller than
the damage kinetics), there is theoretically no overloading of the surviving fibers when a
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fiber fails. The strain on the filaments is kept constant owing to the boundary conditions
during the fiber break, and the force on the broken filament is relaxed according to the frac-
ture mechanics. This effect is well illustrated by the experimental force—strain curves shown
in Figure 1 [9], and by the typical force relaxation that was obtained experimentally on
glass fibers under constant strain when the fiber failure was caused by stress corrosion [20].
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Figure 1. Typical force-strain curves with stable failure measured on various fiber tows [9].

Most laboratory tests are carried out under quasi-static mode and controlled strain. The

following various types of force-strain behavior were commonly obtained on multifilament
tows tested under strain-controlled loading:

(@)

(b)

Stable failure associated with damageable elastic behavior resulting from the succes-
sive individual failure of filaments. The force-strain curve exhibits a remarkably stable
and smooth load decrease beyond the maximum force to 0 (Figure 1). This behavior is
well predicted by theory. It has been observed experimentally on several brittle fiber
types, and it was shown that the corresponding filament strength distributions agree
with the results of single-filament tensile tests [9].

Stable premature tensile behavior with a progressive force decrease to 0. The fila-
ments break successively under a lower applied force. This behavior has been re-
ported by several authors on various fiber tow types (E-glass, carbon, SiC, Hi Nicalon
S, and Kevlar) [15,21,23]. It was attributed to the damage induced by inter-fiber
friction [15,21] and dynamic failure during breaking [11]. Numerical simulations of
random fiber contacts showed that the force—strain behavior was affected by increasing
fiber contacts, but the entire curve was retained [16]. Tests on lubricated and/or sized
tows showed that the load-carrying capacity of tows was increased when compared
with dry tows [15,21,22,25]. The lubricant and sizing reduce the lateral interactions
between filaments. The friction between fibers was also evidenced on histograms
of the amplitudes of acoustic emission signals [15]. When a filament breaks, it gets
shorter and moves against the fibers that are touching it. Depending on the filament
surface roughness, the induced tensile stresses may cause the failure of additional
filaments. The related additional acoustic emission increases with gauge length [15,21].
Acoustic emission histograms also revealed that for short gauge lengths, the breaks
are located near the bundle ends [15]. For larger gauge lengths, the end effect was
reduced [15]. The end effects in carbon single-filament fiber tests have been examined
in [26]. The contribution of end effects in the case of fiber tows has not been extensively
studied in the literature.
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(¢) The unstable failure of tows is frequently observed. It occurs in an unpredictable man-
ner close to the maximum load, although the force on the fibers should theoretically
be relaxed under controlled strain. This fracture behavior requires an extra load that
may result from structural effects such as inter-fiber friction, stress waves, and load
train deformation in tows without slack.

The force-strain behavior is influenced by the testing conditions. Dry tows tested
using the RMili technique [14] showed stable fracture behavior along with a smooth
controlled load decrease beyond the maximum, as shown in Figure 1 [20]. The test specimen
elongation was measured using a contact extensometer that was clamped to the specimen
using two 4 mm long thermoretractable rings [14]. The other authors referred to above in
(b) and (c) did not use this technique. The regions outside the fiber specimen gauge length
were bonded to plates (aluminum or epoxy [21,22]) or tubes (this study) using adhesive.

The present paper investigates the paradoxical unstable failure of SiC fiber tows
(described in section (c)) that were tested in-house under strain-controlled loading. A
model of reloading involving the load train reaction when the fibers break and the inter-
fiber friction is proposed. It allowed us to identify and quantify the parameters that
controlled this phenomenon with a view to determining the proper conditions for stable
failure and the determination of a pertinent tow strength.

2. Theory
2.1. Unstable Failure of Dry Tows

The bundle models are based upon the following hypotheses [10,12,16,24]: the bundle
contains Ny identical and parallel fibers that are equally loaded (equal load sharing). The
loading conditions affect significantly the tensile behavior of dry tows.

(@) Under load-controlled conditions, the force on the tow is kept constant during filament
breakage so that the force operating on the breaking filament is shared equally by
the surviving filaments. The failure of a filament thus induces overloading on the
surviving fibers by an increment

Ui
No —i
where i designates the fiber that failed (according to ascending strength order) and o; is
the stress that operated on this fiber before failure. i designates also the corresponding
number of broken fibers.

Unstable failure occurs when Ac,; > 0,1 — 0; whatever the value of i is. ¢y is the
strength of the fiber with a rank i + 1 in the cumulative distribution of strengths. This
condition is expressed as:

1)

A(Tm' =

do, do

TP = ap (2)
where 0, is the stress operating on the filaments under force-controlled load and ¢ is the
filament strength. P is the failure probability. It has been shown in previous papers [9] that
the cumulative distribution of SiC filament tensile strengths can be described using the
Weibull distribution function [27]:

Py(Z <o) :1—exp{—v<>m] forc >0 3)

where m is the shape parameter (Weibull modulus) and oy isthe scale factor, V is the stressed
volume, and Vy =1 m?.
The filament strength is derived from Equation (3):

o=0p [“//()Ln(llpﬂm 4)
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The filament strength gradient in a tow is Ao = ;T”AP. From the derivation of

Equation (4) comes:

Ao = 7 AP )

m(1— P)Ln(ﬁ)

When AP =1/Ny, Ny being the initial number of filaments carrying the load, Ac measures
the difference between two successive filament strengths of the cumulative distribution. The
critical fiber in a tow for which Condition (2) is met is defined by the particular value of
probability («.) in the cumulative distribution of the filament strengths. «. corresponds to the
maximum force of the tensile curve obtained under strain-controlled conditions.

P:aczl—exp<—;) (6)

Figure 2 compares the stress increase Ao, (Equation (1)) under a constant load with
the strength gradient Ac in tow. It shows that under such a loading condition, Ao, > Ac for
filament failure probabilities P > 0.17. It is worth pointing out that this value of P was also
obtained using Equation (6) of a. for a value of m = 4.8.

20
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Figure 2. Gradient Ac of filament strengths in SiC Nicalon fiber tows vs. filament failure probability
in strength distribution. Also shown is the stress increase in the surviving fibers Ao, caused by the
failure of a filament under constant force.

(b) Under strain-controlled conditions, there is theoretically no overloading of the surviving
fibers from the failure of a filament since the strain on the filaments is kept constant by
the boundary conditions during fiber breakage. This effect is well illustrated by the
experimental results obtained on fiber tows (Figure 1): the tensile force—strain curves
do not exhibit unstability until complete failure of the tow and show load relaxation.
Load relaxation when a filament fails under constant deformation is demonstrated in
the subsequent section.

Thus, Ao, = 0, and the condition of unstable failure is not fulfilled unless an extra
load operates. It can be generated by an artifact such as the contribution of the load train
deformation and inter-fiber friction.

2.2. Model of Reaction of the Load Train When Fibers Break under Strain-Controlled Conditions

Figure 3 describes the steps of the respective deformations of the tow and load train
resulting from a filament failure under contant displacement. Under controlled displace-
ment u of the cross-head of the testing machine, the elongations of the load train and tow
are ur; and w0y, respectively, such that u = upr + u0w. The compliance of the tow increases
with the decreasing number of filaments carrying the load, according to the equation:

u Loe
Ctow(”) = % = ﬁ (7)
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where # is the number of filaments carrying the load, F is the force operating on the test
specimen, L is the gauge length, €1y, is the tow strain, o is the stress on the filaments, and
Sf is the filament’s cross-sectional area.

A
Fi F, F,

1 2
Ultow # ultow 4 Utow L; u
4

(@) (b) (c)

Figure 3. Sketch showing the steps of respective deformations of tow and load train resulting from
filament failure under constant displacement u: (a) failure of a multifilament; (b) load relaxation at
constant tow deformation u!4,y; () reloading of tow from reaction of load train. The deformations
defined in Equations (9) and (10) W, u?r, 1 4o, U240 are not represented in the sketch.

Replacing f with Ef €tow, Equation (7) reduces to:

Coult) = g ®

When p filaments fail at constant deformation u (Figure 3),
U= ULy + Uiy = Ulr + Uigry ©9)
w=CurF+ 22— cppp 4 0B (10)

Efon Efo(nfp)
where the subscripts 1 and 2 refer to the values before and after the failure of the p filaments,
respectively. p > 1 when a multiplet is created due to the inter-fiber friction. Cyr is the
compliance of the load train.

From the system of Equation (10), the force decrease (Figure 3) resulting from the
p-filament failure (AF) at constant deformation is obtained as:

FiLo
AF=F1—-FK= 11
! 2 n(n—p)CLTSfEf—i-Lon (11)
The resulting force on the tow is:
— nCrrS¢Ef +L
E=F n—p Lrofby+ Lo (12)

n (1’1 — p)CLTSfEf + Ly
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Equation (12) shows that F, depends essentially on the number of filaments and
the parameter A defined by Equation (13), which characterizes the contribution of the

load train:

Lo

Introducing the equation of A into Equation (12) gives the following equation of F.

(13)

1+ An
14+ A(n—p)

n_
F=F np (14)

In the case of an undeformable load train (u;7 = 0), the true force operating on the tow
(F}) (Figure 3) is determined from Equation (15), derived from Equations (9) and (10):

LoF LoF;
U = Uty = = (15)
tow EfoTl Efo(l’l — p)
B=R"F (16)

where F] is the value of the force on the tow after the fracture of the p filaments at constant
deformation.
Introducing Equation (16) of F}, the following equation of F; is derived from Equation (14):

E—F 1+ An
2

=B Ay 17)

Equation (17) shows that F, > F}, which indicates that the force operating after the
failure of the p filaments is larger than the true force on tow F}, which would operate in the
absence of the deformation of the load train (Figure 3). The resulting overload that operates
on the tow, F;7, is a tensile force.

The force F;7 resulting from the contribution of the load train is derived from
Equation (17).

Ap
14+ A(n—p)

Equation (18) shows that F;r depends essentially on the number of filaments n and
p and the parameter A defined by Equation (13) that characterizes the contribution of the
load train. A depends also on the following filament characteristics: E, Sy, and Lo.

Thus, it has been established that an extra tensile load due to the contribution of the
deformable load train can operate. This overload may be shared by one or several filaments:
1 <k < n. The next step is to show whether this overload is able to induce unstable fracture
of the tow.

n_
Fir=R-FE=F nP (18)

2.3. Criterion for Unstability under Constant Deformation

The failure of the filaments occurs when the overstress increase Ac (k) on k filaments
exceeds the stress gradient between filament 7 that failed and filament i + 1. According to
the above Condition (2) comes:

Ac(k) = II;L; > Ac(AP) (19)
B pA(n—p) S OAP 20)

nSpk(1+A(n—p)) = 11 - P)Ln(ﬁ)
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Knowing that o, = o = %, it comes from Condition (20) the following requirement

for A to avoid the failure of filaments by the overloading from the load train reaction:

kT
B —
ENCERICELY D
AP
m(1-P)Ln(2p)"
Note that Condition (21) depends on 7, p, and k. The critical value A* of A below which
there is no contribution of the load train deformation whatever the values of 1, p and k is
given by the following equation:

where I’ =

d(Ac(k))  d(Ac(AP))
dpP o dP (22)

3. Experimental Procedure

The tensile tests on the SiC fiber tows were carried out as follows. The test specimens
were prepared according to the protocol described in [28,29]. Care was taken during the
specimen preparation and tests to avoid specific drawbacks, such as fiber slack [12,16] and
friction [15,21]. The bundles were extracted from a spool of fiber. Then, a special support
was used for the test specimen preparation. It possessed alignment grooves into which the
cylindrical tubes were placed. An untwisted multifilament tow was then introduced into
the tubes and stretched and the tow ends were sealed into small-diameter tubes using an
adhesive. The tubes were then gripped into the jaws of the testing machine. The gauge
length is the inner distance between the tubes.

The tensile tests were carried out at constant cross-head displacement rate of 7.5 mm/min
(strain rate 0.1/min). The total elongation was measured by the displacement of the mobile
grip (cross-head displacement). The deformation of the load train was subtracted from the
total deformation to determine the tow deformation. It was derived from the load train
compliance, which was measured on tow specimens with gauges as long as 25, 50, 75, and
100 mm for the tests. Three tests per gauge length were carried out for this purpose.

4. Results
4.1. Load Train Compliance

Figure 4 shows typical examples of the unstable fracture observed on the SiC fiber
tows. Note that it occurred close to the theoretical value of maximum force at 1% strain.
Figure 5 shows an example of partially stable tensile behavior for a SiC Hi Nicalon fiber tow
that displays significant load drop features that reflect multiplet failures. However, it can
be noted that the first load drop was the most significant, and it happened at 0.8% strain,
as above; see in Figure 4a.

The elastic compliance was measured as the reciprocal of the slope of the force—
displacement curves in the linear elastic regime of deformation. Figure 6 shows a typ-
ical plot of compliance values as a function of the gauge length. The load train compli-
ance is given by the coordinate of the intercept of the curve with the y-axis. A value of
Crr = 0.3 um/N was obtained on the SiC Nicalon, Hi Nicalon, and Hi Nicalon S fiber tows
on the same testing machine for the same specimen preparation protocol.

4.2. Influence of Dominant Factors

The behavior is governed by the competition between the overstress and strength
gradient according to Equation (20). The strength gradient is an intrinsic characteristic
of the fiber type, which is depicted by the diagram Ac(AP)/c vs. n/Nj. In contrast, the
overstress depends on the factors A, 1, k, and p. Unstable failure depends on the respective
positions of both diagrams of the strength gradient and overstress. Figures 7-9 show
diagrams of overstress vs. the strength gradient as a function of the failure probability of
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the filaments (P = n/Ny). It is worth pointing out that the failure probability allows the
identification of filaments using the cumulative strength distribution.

160 LI B |

Hi-Nicalon

140 . .
Simulations

120

100

NLM 202
80

Force (N)

60

40

AL LA L L L L LB L
)

20

"~

Cl L I SO
0,5 1 1,5 2
Strain (%)

(@)

Hi-Nicalon S

o g

120 1~
110 A
100 A
90
80 1
70 1
60
50 1
40 A
30 1
20 A
10 A
0 +——rF—————————————————,

0 0,1 0,2 0,3 0,4

Deformation (mm)
(b)

Figure 4. Force-strain curves showing unstable failure of (a) SiC Nicalon and Hi Nicalon fiber tows
and (b) Hi Nicalon S-type fiber tows (Ly = 25 mm), under strain-controlled loading condition.
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Figure 5. Force—strain curve of Hi Nicalon fiber tow showing features of multiplet failures beyond
maximum load.
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Figure 6. Total compliance versus gauge length measured on Hi Nicalon fiber tow test specimens.
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Nicalon
0,07 1
0,06 1
0,05
g 0,04 E @=gradient
<0,03 - “=k=n
] =]
0,02 - —_—
0,01
0 :_m

o

0,2 0,4 0,6 0,8 1
Probability P

Figure 7. Nicalon: Comparison of overstressing against strength gradient as a function of filament
failure probability for various values of k. Gauge length Ly =75 mm and Ayp = 1.11 X 10~* (Table 1).
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Figure 8. Hi Nicalon: Comparison of overstressing against strength gradient as a function of the
filament failure probability for various values of k. Gauge length Ly = 75 mm and Ay = 1.66 x 1074
(Table 1).
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Figure 9. Hi-Nicalon S: Comparison of overstressing against strength gradient as a function of
filament failure probability for various values of k. Gauge length Ly = 75 mm and Aexp =2.18 X 104
(Table 1).

Table 1. Characteristics of the loading train and the fibers for the tested SiC tows. r is the filament radius.

CLT (m/N) Ef (GPa) r (pm) L() (mm) Aexp N()
) 75 1.11 x 10~
-7
Nicalon 3x10 180 7 115 7923 % 10-5 500
. 75 1.66 x 1074
~ -7
Hi-Nicalon 3x10 270 7 25 499 x 104 500
Hi-Nicalon S 3x 1077 408 7 75 2.17 x 1074 500

4.2.1. Influence of the Number of Filaments Sharing the Overload k

Figures 7-9 show the sensitivity of overstress to k, the number of filaments subjected
to overloading. First of all, a comparison of the diagrams indicates that the overstress was
smaller for the SiC Nicalon and higher for the Hi Nicalon S fiber tows, whatever k. Then,
the strength gradient diagram of Nicalon fiber tows was above that of Hi Nicalon and Hi
Nicalon S fiber tows.

It appears from the figures that the intersection of the overstressing and strength
gradient curves occurs for k < n. The criterion of instability (Equation (2)) is satisfied. For
k = n, there was no intersection, so the criterion was not satisfied. Thus, large values of k are
favorable parameters to avoid unstable failure. Figures 7-9 show that the unstable fracture
of the SiC fiber tows is possible for k < n and for the current experimental value A¢yy, which
agrees with the observed experimental behavior of the dry tows. Furthermore, potential
instability requires that the critical filaments are located in the vicinity of the broken fiber.
From this point of view, the occurrence of critical overstressing is erratic.

k¢ is the minimum number k of filaments for which unstable failure does not occur. Its
expression was derived from Equation (21):

__Ap(n—p)
S e ) >

The values of the Weibull modulus for the calculation of I' are given in Table 2.
Figure 10 compares the values of k. obtained when p = 1 (no inter-fiber friction) for various
SiC fiber types. At a given probability, larger values of k. were obtained for the Hi Nicalon
S tows and smaller values for the Nicalon, compared to the Hi Nicalon. This indicates that
the Nicalon tows are less sensitive to the phenomenon of overloading from the load train
since fewer filaments sharing the overload are necessary to prevent unstability.

The current values of k. for the failures observed experimentally were estimated for the
strain eg = 1%. This value was mostly observed on the SiC fiber tows at unstable fracture,
as indicated above. It was generally in the area of the maximum of the force-strain curve.
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Table 2. Experimental values of k., the minimum number of filaments required to prevent instability.

er (%) m oo (MPa) Probability P k¢
Nicalon 1 4.8 16 0.49 23
Hi Nicalon 1 6.8 61 0.45 49
Hi Nicalon S 1 7.1 99 04 63
70 7
60 -
50 -
.40 -
=~ . @===Nijcalon
30 -
] em==Hi-Nicalon
20 -
E o 1
10 : Hi Nicalon S
0 T i A e e e e e e B o o e o B S

0 0,2 0,4 0,6 0,8 1
Probability

Figure 10. Values of k. versus filament failure probability, for p = 1 filament. Also indicated are
the experimental values estimated at a strain of about 1%, close to maximum force. Gauge length
Lo =75mm, A = A¢yp (Table 1).

The values of probability corresponding to er required for the computation of I' were
obtained using the Weibull Equation (3), for the statistical parameters given in Table 2.
A = Aexp (Table 1) and Ly = 75 mm were considered for the analysis.

The current experimental values of k. are smaller for the SiC Nicalon fiber tows:
23 against 48 and 63 for Hi Nicalon and Hi Nicalon S, respectively (Table 2). They re-
flect lesser sensitivity to unstable failure, whereas the Hi Nicalon fiber tows displayed
intermediate sensitivity, and the Hi-Nicalon S fiber tows displayed higher sensitivity.

4.2.2. Influence of the Size of Multiplets p

Figure 11 shows the influence of the size of the multiplets (p) on k, as a function of n,
the number of fibers carrying the load. n was derived from the failure probabilities P as
P = (Np-n)/Ny. As expected, it can be seen that k, increases with the size of the multiplets
p. This result reflects that a larger number of filaments is required to share the overload
in the presence of bigger multiplets. Table 3 summarizes the particular values of # and k.
extracted from Figure 11 for the SiC Nicalon tows. It shows that there is a critical value of p
above which k. exceeds the number of intact filaments (1-p). In this case, the number of
surviving filaments is ineffective to prevent unstable failure of the tows. This critical value
of p is 10 filaments.

Table 3. Influence of the size of multiplets p on k. and the number of surviving filaments (n-p) for
Nicalon fiber tows.

eR (%) n 7 k¢ n-p (n-p)lk; Unstability
1 255 1 23 254 >1 probable
1 255 5 111 250 >1 probable
1 255 10 225 245 >1 probable
1 255 11 255 244 <1 certain
1 255 20 419 235 <1 certain
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A similar trend was obtained on Hi Nicalon and Hi Nicalon S. The results show that
Hi Nicalon S is particularly sensitive to the contribution of multiplet failure to the unstable
failure (Figure 12). It is worth pointing out that the critical multiplet size (p = 3; Table 4) is
quite small compared to that for SiC Nicalon tows.

Nicalon
400
350
300
250
200 e
—@=5
150
p=10
100 S

50

0 100 200 300 400 500
n

Figure 11. Influence of the size of multiplets (p) on k. for Nicalon filaments. The vertical dotted line
indicates the value of the number of fibers carrying the force (1) at unstable fracture (eg = 1%).

Hi Nicalon S

400
350
300

250

kc

200
150
100

50

Figure 12. Influence of the size of multiplets (p) on k. for Hi Nicalon filaments. The vertical dotted
line indicates the value of the number of fibers carrying the force (1) at unstable fracture (eg = 1%).

Table 4. Influence of the size of multiplets p on k., the number of surviving filaments (n-p), for Hi
Nicalon S fiber tows.

eR (%) n p ke n-p (n-p)/k. Unstability
1 250 1 63 249 >1 probable
1 250 2 128 248 >1 probable
1 250 3 190 247 >1 probable
1 250 4 254 246 <1 certain
1 250 20 848 230 <1 certain

4.2.3. Influence of A and Gauge Length L

Figure 13 shows that the overstressing decreases with A whatever the gauge length,
and that it is smaller than the stress gradient for A; < A, (Table 5). Small values of A are
appropriate parameters to avoid unstable failure.
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Figure 13. Comparison of overstressing against strength gradient for k =1, A1 <A, (Table 5), p =1
and gauge lengths of 75 and 115 mm. Also shown is the tangent critical overstressing curve for the
critical value A*.

Table 5. Values of A used for the predictions shown on Figure 13 for SiC Nicalon.

Crr (m/N) A (Ly =75 mm) A (Lp =115 mm)
M 3.0 x 1077 1.11 x 1074 7.23 x 107
Ay 105 3.69 x 1073 241 x 1073

The same trend was obtained on the Hi Nicalon and the Hi Nicalon S fiber tows.

Critical Value of A*

The critical value A* below which there is no contribution of the load train deformation
whatever the values of 71, p and k is that value at which the overstressing curve is tangent to
the gradient curve, as depicted in Figures 13 and 14. It was determined from Equations
(19) and (22) for the worst case defined by k =1, i.e., the overload being concentrated on a
single filament, and for p = 1 filament (no multiplet). Table 6 shows that A* decreases when
p increases. The values of A* for the SiC fibers in this study are given in Table 6. Note that
Hi Nicalon and Hi Nicalon S are quite close, whereas Nicalon appears to be less sensitive
to overstressing owing to a higher strength gradient. Note that A¢y, > A* (Table 6), which
indicates that the probability of unstable failure of the SiC tows in this paper was >0.

Figure 15 shows the decrease in A with an increasing gauge length, according to
Equation (13). The Hi Nicalon S tows display the largest values of A whatever the gauge
length. The theoretical critical gauge lengths at which one would not observe unstable
failure were derived from the critical values A* (Table 6). Note that they are quite large
(Table 6): >2 m for Nicalon, >5 m for Hi Nicalon, and 8 m for Hi Nicalon S. As expected
from the previous results, all these results confirm the ranking of sensitivity to unstable
failure due to overstressing: Nicalon tows are the least sensitive while the Hi Nicalon
S tows are the most sensitive. This is related to the difference in the filaments’ Young's
modulus. It can be anticipated that at such large gauge lengths, the inter-fiber friction
would be enhanced if an appropriate lubricant were not used. Furthermore, testing tows of
such sizes will present practical difficulties.
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Figure 14. Overstressing against strength gradient for k =1, p = 1, A* (Table 6), and gauge length of 75 mm.

Table 6. Values of A* for k =1, Ly = 75 mm, and various values of p. Also indicated are the values of
Aexp and the values of critical gauge length Ly*.

P Nicalon Hi Nicalon S Hi Nicalon
1 3.23 x 107° 2.18 x 10~° 2.3 x107°
2 1.60 x 1076 1.10 x 10
3 7.50 x 10~7
4 550 x 1077
5 6.50 x 1077
10 3.30 x 1077
Aexp 111 x 1074 217 x 107* 1.66 x 1074
Lo* (m) 257 8.65 5.41
10"3;
104
===Nicalon

< 10

1 Lol

10®

1 Lol

107 +—

===Hi Nicalon

===Hi Nicalon S

10

Gauge length (m)

Figure 15. Influence of gauge length on A for the Crr value of the present study (3 x 10~7 m/N).
Also shown are the critical values of gauge lengths corresponding to A*.
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5. Discussion

The analysis of the influence of the main parameters A, n, k, p, and Ly converge
toward the conclusion that unstable fracture from overstressing was possible under the
experimental conditions characterized by the value of Ay in this paper. The main condition
of stability Ay, < A* was not fulfilled. The second one, k > k*, is erratic, as well as the third
one, p > p*.

It appears that the Hi Nicalon S fiber tows present the greatest sensitivity to over-
loading compared to Hi Nicalon and then to Nicalon. This agrees with the common
observations of unstable failure, which was frequent for Hi Nicalon S and to a lesser extent
for Hi Nicalon, in contrast to Nicalon.

The reduction in sensitivity to overloading requires A < A*, k > k* (for sharing of
overload), p =1 (no multiplet failure). Small values of A require small values of load train
compliance (high stiffness) and the large gauge length of the tow. Stiff fibers like Hi Nicalon
Slead to large A, so a large gauge length Ly should be selected for these fibers. Whether Cyr
can be adjusted is not certain, as it depends on the adhesive properties and bonding of the
tow ends to the tabs. The displacement within the adhesive that had been used to attach the
bundles to the tabs should be reduced. p can be reduced to 1 filament by using a lubricant
to prevent friction due to inter-fiber contact. It seems that the same requirements as before
for C;r should be met to control k the number of filaments that share the overload. A sound
solution seems to be the technique using long thermoretractable rings that are threaded
onto the bundle ends [14] close to the grips. As exemplified by Figure 1, a great number of
force-strain curves obtained with this technique show a smooth controlled load decrease
beyond the maximum (Figure 1) [9]. It may be thought that the load train compliance was
comparable to the present paper because the tow ends were also bonded to the tubes using
resin [14]. Therefore, it can be inferred that the thermoretractable rings allowed a large
number of filaments (k > k¥) to share the extra load generated by the elastic deformation of
the load train. This would reduce, if any, the overstress on the filaments.

In the common technique [28,29], the regions outside the fiber specimen gauge length
are bonded to plates (aluminum or epoxy) or tubes. It seems highly probable that the load
train deformation was not uniform and that the overload was concentrated on a few fila-
ments, leading to small k. This agrees with the high frequency of occurrence of tow unstable
failures. The number of filaments that carry the overload is erratic. There is no closed-form
equation to predict the criticality of the reaction of the load train. The solution to reduce
the chances of unstable fracture is to use the technique with thermoretractable rings [14]
together with controlling A, which implies adjustment of the load train compliance and
gauge length.

When non-critical, the extra load may lead to an underestimation of strength. This
effect was not estimated in the present paper due to space and time constraints, and it was
thought that it fell out of scope. However, a lower bound of the possible strength can be
calculated using the model of overloading, and the strength gradient. Underestimated
strengths are prudent estimates but they lead to a higher value of the Weibull modulus.

It is worth pointing out that the force—strain curve of SiC Nicalon shown in Figure 1
was found to agree with the results of the single-filament tensile tests [9]. Thus, the
cumulative distribution function of the filament strengths derived from the tests on the
tows fitted well with that derived from the single-filament tensile tests [9]. This suggests
that the effect of the load train was negligible when thermoretractable rings were used.

The meaning of the stress at the unstable fracture of tows and the distribution that
might be associated is an issue under strain-controlled load conditions. This failure is
caused by the uncontrolled overload from the reaction of the load train. It is governed by
extraneous factors such as the number of filaments that carry the overload (k) and the size
of possible multiplets (p) instead of the flaw population. The occurrences of k and p are
erratic events. Therefore, the corresponding stress on the tow does not measure the tow’s
strength, and the variability cannot be characterized using the Weibull distribution. These
results agree with previous results that show that the value of maximum force should not
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be scattered when the number of filaments in the tow is large [16,24,30,31]. The true tow
strength under strain-controlled conditions is given by the strength of the strongest filament.
Under force-controlled conditions, it is given by the critical filament at the maximum force.

6. Conclusions

A quantitative approach to evaluating the quality of tensile tests on dry tows and to
designing the proper test conditions was proposed in the present paper. The critical factors
that govern the unstable failure of tows were identified and quantified. The phenomenon
of overloading from the reaction of the load train when a filament fails was assessed.
Unstable failure is governed by the balance between overstress and the filament strength
gradient. This phenomenon allows us to solve the apparent inconsistency in the unstable
failure under strain-controlled conditions of loading when force relaxation operates. Under
strain-controlled conditions, there is theoretically no overloading from the failure of a
filament. Ultimate failure should result from the failure of the strongest filament in the tow.
The contribution of inter-fiber friction stress, which may enhance the phenomenon, was
introduced into the model.

The unstable failure of tows was shown to depend on the following factors: the
intrinsic sensitivity coefficient A that characterizes the load train—test specimen couple, the
number of filaments carrying the applied load (1), the number of filaments sharing the
overstress (k), and the number of filaments failing from the overstress due to inter-fiber
friction (p). To avoid unstable failure, A should be smaller than the critical value A*, k should
be larger than the critical value k., and the gauge length should be larger than the critical
length Ly*. Critical values of these factors were determined for the SiC fiber tows and
for the tow—load train couple in this paper. This approach allows us to design the proper
conditions for other systems. The Hi Nicalon S was the most sensitive to overloading. In
contrast, the Hi Nicalon fiber tows exhibited intermediate sensitivity, and the Nicalon the
lowest sensitivity. This ranking was consistent with the experimental observations reported
by various experimenters.

The technique devised in [15] affords a sound way to avoid unstable failure. It used
an extensometer clamped to the specimen using two 4 mm long thermoretractable rings
positioned at the end of the test specimen, close to the grips. This system is thought to
generate global sharing of the overload (k close to 1), which reduced the probability of
unstable failure. Unstable failure was not observed when using the technique, except on Hi
Nicalon S fiber tows.

Unstable failure of the dry tows does not correspond the tow strength. Fracture does
not result only from the boundary conditions of loading and the population of fracture-
inducing flaws but also from an extra load. The tow strength is dictated by the critical
filament, which depends on the loading mode (balance between force and strain control)
and local stress state. This variability results from the variability in n, k, and p. The variation
in these parameters is erratic but not stochastic. As such, it cannot be described by a formal
law. Therefore, the corresponding stress cannot be mixed up with the tow strength, and
variability cannot be characterized using the Weibull distribution.
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