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On the effects of surface treatments on the
mechanical strength of carbon fibres
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TiBy, pyrolytic carbon (Cpyr) and Cpyr + TiB, double layer coatings have been envisaged as
potential protective coatings to prevent the deleterious interface reactions between the
carbon fibre and the aluminium matrix during composite manufacturing. These coatings
have been obtained by low pressure chemical vapour deposition on T800H carbon fibre
yarns. In spite of a 20% increase in the coated monofilaments tensile strength observed for
very thin C,y, coatings, a strength decrease as a function of the coating thickness is
recorded for single C,y, or TiB, layers. For the TiB, coatings, this decrease fits well with
Ochiai’s model which simulates the notch effect induced by a cracked brittle layer.
Concerning the C,y, coatings, a lower damaging effect is observed as compared to TiB,, it
may be explained by the difference between the Young’s moduli of both layers. Although
the initial fibre properties are not perfectly maintained in the case of the double layer, the
crack deviation role of the C,y, coating succeeds in preserving the coated fibres from the
TiB, notch effect, thus leading to a noticeable strength increase. © 1998 Kluwer Academic
Publishers

1. Introduction strength is generally reduced [7, 8]. This effect is at-
Carbon fibre reinforced aluminium composites are exiributed to the propagation of the cracks initiated by
pected to make progress in the application as light strugeremature failure of the coating layer. Consequently,
tural materials owing mainly to the advantage of a goodn order to avoid this degradation of the fibre prop-
dimensional stability at high temperatures in additionerties which would be detrimental to the mechanical
to their mechanical properties such as high specifibehaviour of the composite, we envisaged to deposit
strength and modulus. a double layer consisting of a pyrolytic carbon,¢G
However, manufacturing problems have slowedinner layer and a TiBouter layer. It is expected that
down their industrial development. For instance, interthe G, coating, according to its microstructure based
face chemical reactions between fibre and matrix ofteron units having their graphite basal planes parallel to
take place during composite manufacturing. This is esthe interface, would not lead to a decrease in the coated
pecially serious when using poly-acrylonitrile (PAN)- fibre strength because of its crack deviation function.
based high strength type carbon fibres produced at Bloreover, the use of the double layer should thus per-
relatively low temperature [1, 2]. The reaction which mit to fulfil both the physicochemical role (chemical
leads to the formation of aluminium carbides,84,  barrier and wetting agent) and the mechanical role (me-
is known as one of the causes reducing the compositehanical fuse) required by the interphase in a composite
strength because these brittle crystals can act as streagplication.
concentration sites possibly leading to crack initiation In the present work, we have focused our attention
and propagation [3]. on the effect of the TiB and double layer gy + TiB>
One approach to overcome these deleterious fibreoatings on the strength of the coated Toray T800H fi-
matrix interface reactions is to develop an inert barriere (high strength type carbon fibre, diameteés um,
coating on the fibre [4]. The titanium diboride coat- axial Young’s modulus 300 GPa, 6000 filaments yarn).
ing (TiB,), which is used as a cathode material in theln the case of the TiBcoatings, the main objective is
electrolytical production of aluminium owing toits high to determine if a single TiBlayer could be used as a
chemical inertness at high temperature [5, 6], could be @rotective film without introducing any degradation of
good candidate for aluminium metal matrix compositesthe fibre mechanical properties. Concerning the dou-
(MMC) applications. It could both promote wettability ble layer investigation, it was firstly aimed at verifying
between the carbon fibre and the aluminium matrix andvhether the G, coating, through its crack deviation
confer an adequate protection against the formation dfunction, could reduce the damaging effect provoked
the aluminium carbides (chemical barrier). by TiB,. Furthermore, different thickness combinations
Nevertheless, different studies have shown that wheare taken into consideration in order to determine the
a fibre is coated with a brittle material, the coated fibreinfluence of each layer on the coated fibre strength.
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2. Experimental Regarding the TiB coating, the reactants and reac-

2.1. Coating procedure tion used, are as follows:

Coyrand TiB; coatings have been deposited on unidirec-

tional carbon fibre yarns using low pressure chemical TiCl4 (9) + 2 BCl (g) + 5 H2 (Q)
vapour deposition (LPCVD), this process being one of ]

the most convenient infiltration mode permitting to at- — TiB2(s)+ 10 HCI(9)

tain a homogeneous coating on each filament of a yarn.
Then, the coated monofilaments have been submittehe operating conditionsT(= 1073 K, P =400 Pa,
to tensile tests in order to follow the fibre strength evo-Ti/B = 0.5, H/Cl=10) were selected in order to de-
lution. posit pure TiB without a boron co-deposit and with
Details of the experimental apparatus used and tha growth rate consistent with a continuous infiltration
complete kinetics and morphological studies performedreatment of the yarn [10].
to optimize the infiltration process, are described else- One of the main difficulties encountered during this
where [9, 10]. Abrief summary of the coating procedureinvestigation was to estimate, in order to analyse the
will however be reported here. thickness effect on the fibre strength, coating thick-
Firstly, the fibre yarns are continuously heat-treatechesses as thin as a few tens of nanometers and their
through a hot wall reactor to thermally remove thehomogeneity throughout the yarn. Ideally, it requires
polymer sizing. This procedure is performed at 1073 Kto determine, on a significant number of filaments, the
under reduced pressure (100 Pa). The coatings are suéeating thickness both in the core and in the peripheric
sequently carried out in two low pressure hot wall re-zones of the yarns. This investigation was performed in
actors [9, 10]. The reactor used for BiBoatings is  a high resolution scanning electron microscope (SEM)
represented in Fig. 1. on nickel infiltrated polished cross-sections of the yarns
Concerning the pyrolytic carbon deposition, ethylene[10]; however, this procedure has proved to be too
is used as a hydrocarbon precursor with argon as a cakengthy for obtaining statistically significant results.
rier gas. Temperature and pressure were varied abo®o, the quality and measurement of the infiltration was
the values of 1398 K and 3 kPa to optimize the infiltra-checked on thicker coatings, easier to observe, obtained
tion process, the growth rate and the morphology of théyy lower spooling speeds. The required thickness is
coatings. A typical laminar microstructure, exhibiting then derived by an adjustment of this speed, assuming
the characteristic Maltese cross under polarized lighthat the growth rate is a linear function of time in the
optical microscopy, is obtained thereby indicating thatreactive zone which seems to be confirmed by the mass
Cpyr forms with its basal planes parallel to the fibre sur-evolution of the coated yarn as a function of this pa-
face [11]. Furthermore, the turbostratic structure of therameter [13]. For every measurement carried out with
Cpyr Ccoating has been evidenced through transmissiogonditions corresponding to the low thicknesses under
electron microscope (TEM) observations [12]. investigation, the observed values were in good agree-
ment with the expected values-10%), nevertheless
their precision and homogeneity must be considered
with care.

Motorized upper spool G

2.2. Tensile strength characterization
Gas exhaust to In order to evaluate the mechanical properties of the car-
pumping line bon fibre as a function of the treatments, we measured
] - the strength evolution of the coated monofilaments.

' ,{ For that, tensile tests were performed with a micro-
) / ' tensile testing machine designed at ONERA [14]. The
Protecting tube ™ fibre, taken at random within the coated yarn, is stuck
, Three-zone on a polyester holder, previously cutin accordance with
e «  furnace the effective test length envisaged. A centering device
Carbon yarn a7 allows to realize the satisfactory alignment which is es-
' sential for a good precision of the results. Fifty tests are
1 carried out for each experiment with an effective gauge
! length of 10 mm and a crosshead rate of 0.07 mm/min.
- = Due to the brittle behaviour of the fibre fracture, the

J

failure strength statistics may be represented by a three-
parameter Weibull distribution based on the “weakest
link hypothesis” where the strength is controlled by
Q failure at the most serious defect. The probability of

e

Gas entrance
TiCl,,BCl,
H,, Ar

failure at stress is given by [15-17]

m
o — Uu
Figure 1 Schematic diagram of the low pressure chemical vapour de- R (‘7) =1- exp |:_ L < B ) :| (2)
position reactor used for TiBcoatings.
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where m is the Weibull modulus representing the 23
strength dispersiomwy, the threshold stress below which || |
the failure probability is zerg3 the scaling parameter =T

| ||:| [ 2000w Cpyr |
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andL the fixed gauge length, assuming a constant di- £ NES | l r400+ ju"....;_l;.:,r |
ameter cylindrical geometry. = 1

If the threshold stress, is assumed to be equalto 0 2 10 !__'
[18], then E |
= oL
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P(o)=1—exp [—(—) } whereoo = gL~/ . :
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Tensile strength (MPa)
A linear regression method is used to determine th%lgure 2 Tensile strength of the coated monofilaments as a function of
Weibull parameters m angh. The mean value is the Gy coating thickness.

o =ool'(1+1/m) (4)  in each case), the slight differences in Weibull moduli
and mean tensile strengths do not seem to be significant.
whererl is the gamma function.
Due to the high number of testhl] taken into con-
S|derat_|qn m_each case, the choice of th_e estimator ig 1 Cpyr Coated fibres and TiB, coated
less critical; in the present case, the estimator used is  fjpres

Pi(o)=1/N+1. Concerning the g coating, we first observe an in-
crease in the tensile strength for a thickness of 50 nm as
compared to the uncoated fibre (Fig. 2). This behaviour

3. Results and discussion which has already been reported by Hoajal.[19] on

The results concerning each step of the treatmenf[300 fibres with 30 nm and 80 nm thick carbon coatings

i.e., unsizing, Gy deposition, TiB deposition and seems to result from the fibre surface defects removal

Coyr + TiB, double layer deposition, are summarizedby the carbon coating. In fact, carbon could be likely to

in Table I. Different thicknesses are considered in eacliill in the pores located at the fibre surface, thus inhibit-

case, they all seem to present a unimodal distributioiing the effects of stress concentrations due to this kind
of the defects except for the double layer with a 125 nof rugosity (Fig. 3). However, when they§; coating
thick Gy, coating. In order to determine the coatings in-thickness increases, the coated fibre strength decreases
fluence onthe fibre properties, the mean tensile strengtto 3750 MPa for a 200 nm thick coating. This trend may
is calculated for a given mean cross section of the unbe related to the evolution reported by Helnagral.
coated fibre (diametet 5 um). [20], from tensile tests performed on the whole T800H
Onefirstremark may be deduced fromthis table. Tenbundle, who notice an improvement of the coated fibre
sile tests performed on as-received and unsized T800Hroperties for a thickness of 16 nm and a degradation
fibres reveal practically no effect of the thermal treat-as soon as a thickness of 40 nm is attained. The origin
ment. Despite the large number of filaments tested (100f these discrepancies concerning the effect of the coat-
ing thickness cannot be clearly explained. They could
have their origin either in the procedure of the mechan-

TABLE | Weibull modulus and mean strength of monofilaments after ical tests (individual fibre or bundle tests and coating

different treatments thickness measurement) or in the specific microstruc-

ture of the coatings.

Mean tensile . . . .
Fibre T800 Weibull modulus  strength (MPa) We also remark a noticeable increase in the Weibull
modulus with thicker G, coatings (Table I). This result

Sized fibre 6.6 5250 corresponds to a fibre strength dispersion sharpening
an!zeg I!Efe B, (75 5.5 5g‘200 about a mean value, which could derive from a change

nsized fibret TiB, (75nm) 4.4 1625 in the kind of defect leading to failure. Consequently,
Unsized fibret TiB, (56 nm) 6.3 1975 . . .
Unsized fibret TiB> (45 nm) 53 2150 this failure could possibly be no more controlled by
Unsized fibret TiB (28 nm) 5.6 3450 fibre surface defects but only by the presence of the
Unsized fibret Cpyr (50 nm) 4.4 6000 Cpyr coating. However, in the case of a 50 nm thick
3”5!233 I!E“* gpyf (;gg nm) 183 ‘;ég film, both effects are supposed to coexist, given the

nsized fibre+ Cpyr (200nm) - 10. observed fibre strength dispersion. This could mean that
Unsized fibre+ Cpyr (50 nm) 6.9 4250 . . .

+ TiBj (56 nm) such a‘ghln Gyr co_atmg (posgbl_y further reduped by the
Unsized fibre+ Cpyr (125nm) 4 472% 10% thickness dispersion inside the yarn) is unable to

+ TiB2 (75nm) eliminate all fibre surface defects.
Unsized fibre+- Cpyr (125nm) 5.6 4600 In the case of the TiBcoated fibres, an even more

+ TiB2 (150nm) noticeable tensile strength decrease is observed as a

avalues calculated considering a unimodal distribution to compare Withfu_r]Ction of the TiB-deposited thickness (Table | and
the other results. Fig. 4). In fact, approximately the same fibre strengths
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C,.. coating

Figure 3 Cpyr coating filling the pores on the fibre surface and showing a stratified failure surface (section approximately perpendicular to the fibre
axis).

are obtained with 28 nm thick TiBand 200 nm thick

r PSR Cpyr coatings. The relatively wide results dispersion,

el L ' L 11| | |Oe=75om | most probably due to thickness inhomogeneities, does
st L] | | | |Ce=Stnm not seem to depend, contrary tg(films, on the coat-

i | |Me=d4snm|  ing thickness.

o | || Mes2Snm | In order to analyse these evolutions, the experi-

T mental results have been compared to the Ochiai’'s
model which established an analytical relation describ-
ing the strength damage of a composite consisting of a
fibre coated with a cracked brittle layer, as a function
of the coating thickness (Fig. 5a) [8]. In this model, the
brittle layer is supposed to have the same mechanical
2600 3003 properties (Young’s modulus) as the fibre. According
L ] to the linear elastic fracture mechanics, the strength of
the fibre ¢) and the fracture toughneds() are related
Figure 4 Tensile strength of the coated monofilaments as a function ofPY the critical defect sizeef and a geometry-dependent

Mumber of 1esis
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Figure 5 Ochiai’s model of the coated fibre strength: (a) the circumferential crack in the brittle layer, (b) the fibre strength as a function of the brittle
layer thickness [8].
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and homogeneous cylindrical bar with an external cir-experimental data with the analytical relation (6) leads

cular notch (crack) [21]. to a calculated value of the critical strain energy release
rate of the fibrés. of about 3 Jm? which is comparable
a to the values 2—-3 J/mt and 1.8 J/m? reported, respec-
Ke = "V”CF<5> (5 tively, by Ochiaiet al.[22] and Helmeet al.[20]. This

observation confirms that the fibre failure mechanism
Ochiai et al. distinguished three zones in the coatedcould be due to a notch effect and associated with the
fibre strength plot as a function of the coating thicknesgropagation of a crack initiated in the coating. Although
(Fig. 5b): a circumferential crack was never observed experimen-
tally by scanning electron microscopy (SEM) on the
« a first plateau which coincides with small thick- s-deposited films, it is likely that, as a result of the
nesses and where the presence of the brittle laydfnSile stresses exerted on thefi@er due to the mis-
does not affect the fibre characteristics. In that caseatch between thermal expansion coefficients (CTE),
the coated fibre failure most frequently results from@ crack could appear under a weak load during the ten-
the intrinsic defects of the fibre itself. sile test. A calculation of the internal thermal residual
e when the thickness increases, the coated fibrétresses in the ceramic sheath, using a long perfectly
strength decreases. The failure is attributed to th&onded coaxial composite cylinder as a model (clas-
propagation in the fibre of the crack initiated in Sical Lan€’s solution), leads to high values. Accord-
the brittle coating. In this zone, the coated fibreiNg t0 thermomechanical data and calculations which
strength is a decreasing function of the brittle layerar® discussed elsewhere [13], values of the axial ten-

thicknessc. sile stresses in the TiBcoating in the range 2000 to
3000 MPa for thicknesses between 300 and 50 nm have
Vi EG. been pbtained. These valqes are of the same or_der of
o= a C (6)  magnitude as the mechanical strength reported in the

F(B) literature for thick TiB coatings deposited by CVD

[23], thereby justifying the possibility of a crack initia-
. ) tion when a tensile load is applied. The assumption put
The transition between the two previous zones corfonyard to explain the absence of cracks in the present
responds to a critical thickness defined by as-deposited films is that the small size of the defects
contained in very thin coatings leads to higher strengths
Cc 5 (7)  thanthose reported in the literature. _
) a The comparison with this model gives an estimate of
mer By [F (5)} the coating thickness above which a degradation of the
fibre mechanical properties is likely to be recorded, i.e.
whereEs, Vi, et andG, = K 2/ Et, respectively, rep- about 10_nm f_or TiB coatings (Fig. 6)_. Unfortunate_ly,
resent the fibre modulus, the fibre volume fraction,SUch @ TiE thickness cannot be envisaged as a single
the fracture strain of the uncoated fibre and theProtection of the fibre because of the practical difficul-
critical strain energy release rate of the fibre. ties en_co_untered for pleposﬂmg uniform very thin coat-
« finally, in the third zone, the layer is sufficiently "9S Within a yarn given the fibre roughness and the
thick so that the crack initiated by its failure im- unavoidable thickness dispersion during the infiltration
mediately leads to the failure of the fibre. process. : . ”
Concerning the g, coating, we notice that fitting
We observe that, in the case of the Jibatings, the Fhe expe_rimental tensile strength data_ with the analyt-
experimental results reported in Fig. 6 show a depen'—c"."tl. rellailor) (6) leads tlo a mucih t?fhh'fgh vall;e Ot the
dence of the fibre strength with the coatings thicknesg!Hca! Strain energy release rate otthe IBg). How

C o . : : ever, comparing the internal thermal axial stress esti-
which fits well with zone 2 of this model. The fit of these mate of about 25 MPa in theyg coating, with the

tensile strength of g, in the direction parallel to the

C =

7000 T interface (30 MPa [24]), a crack could possibly initiate
6000 4  calodlaed with durin_g t_he early stage of thg tensile_ test and a notch ef-
£ so00] Ochiai’s model fect similar to that observed in the TiBase would then
§ ! W cxperimental values be expected. In fact, the observed discrepancy between
2 40007 the experimental data and the Ochiai’'s model may have
7 3000 4 several origins.
Z o0l First of all, the fact that the Ochiai's model is
= . . . .
ool restricted to cases where the elastic properties of
; the coating layer are similar to those of the fibre
0 ) f 2’0 4‘0 6‘0 8’0 1(‘)0 (Efinre = 300 GPa), may be considered as a severe lim-
on 1B, coating thickness um) itation in the case of a g coating Ecpyr=30 GPa).

However, with a calculation method based on the con-
Figure 6 Tensile strength of the TiBcoated fibre as a function of the CEPL Of strain energy rel?a_se rate using the shear lag
layer thickness compared to the Ochiai’s model. analysis technique, Ochiat al. [22] described the
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Ef=300GPa observed in the g, microstructure (crystallites size
Ge=3T/m? along the c-axis of about 3 nm from both X-ray diffrac-
tion analysis [10] and TEM observations). However,
due to the fact that the extended Ochiai's model includ-
ing the effect of Young’s modulus ratio already explains
the observed behaviour (Fig. 7), these microstructural
Ec=300GPa aspects of the crack propagation may be considered as
ancillary effects.

5000 +

L J
Ec=100GPa

Fibre strength (MPa)
o~
=)
IS]
S

0 . [ . Ec=SIOOGPa
0 50 100 150 200
Coating thickness (nm) 3.2. TiB, + Cpyr coated fibres
Figure 7 Experimental fibre strength evolution as a function of the coat- In the three mvespgated Cases of double layer coated
ing thickness for TiB (m Eraz — 500 GPa)and g, (¢ Ecpyr — 30GPa)  fI0res (Tablel), anincrease in the mean strength as com-
single layers (present work) compared to calculated values from the expared to the only TiB coated fibres is observed, even
tended Ochiai’s model with different coating Young’s moduli [22]. for 150 nm thick TiB coatings. The first two cases, with
50 nm and 125 nm &, thick layers, and for which the
TiB, thicknesses are similar, clearly indicate that the
influence on the coated fibre strength of a layer havpresence of even a very thin layer of,Cis sufficient
ing a different Young’s modulus as compared to that ofto markedly improve the double coated fibre strength.
the fibre. According to their estimates, a higher Young'sAlthough this is further increased with a thickep/€
modulus of the layer implies a further decrease in thecoating, the higher mean tensile strength does not at-
strength of the coated fibre and vice-versa which is contain the values measured on uncoated fibres, i.e. about
sistent with the G, experimental values (Fig. 7). Inthe 5400 MPa.
specific case of TiBcoatings, the difference between In the last two cases, with 125 nmy&thick layers,
the moduli Erig2 =500 GPa) only leads to an approx- and TiB; coatings which are about 75nm and 150 nm
imately 10% decrease in the coated fibre strength fothick, both tensile strength distributions seem to reveal
small thicknesses, thereby justifying the use of Ochiai'she presence of essentially two populations of defects
first model [8]. (Fig. 8). In both cases, the higher strength populations
Moreover, microstructural aspects of the crack prop-approximately coincide with the level observed for the
agation in the Gy, coating may introduce a non negligi- uncoated fibres. Nevertheless, the presence of a second
ble deviation with respect to the perfect circumferentialpopulation of defects, located towards weaker strengths
cleavage crack model in a brittle layer (Fig. 5a). Forand which seems to be influenced by theifickness,
instance, a series of small axial debondings observethay explain the decrease in the mean tensile strength
within the Gy, coating thickness and which occur dur- determined using a unimodal description of the whole
ing the radial crack propagation (Fig. 3), could affectdistribution (Table ). In fact, for the 125 nmy; thick-
the crack geometry and stress state at the interface ofless, the most damaging population of defects with
the fibre through a crack blunting phenomenon. Thesa 75 nm thick TiB layer is centred about 4300 MPa
debondings do not seem to be able to propagate too favhereas for a 150 nm thick TiBlayer, this popula-
in the axial direction as shown in Fig. 3 and the distanceion is located about 2800 MPa. It is worth noting that
between each of them, approximately 10 nm, seems tthis last population of defects does not coincide with
be of the order of the size of the small graphite domainghat observed with monofilaments only coated with

TiB, {75nm) Ch, {12 %5mm) Ulpsized fiker
l&
14 + Sl0mPa .J.-:||:||:'!-.-111;+ S4MIMPs OTE00+Cp (12 5nm i+ TiB2
.'4 {150nm
|_'_\I - ’ .l
. f \ B TEM+Cp (1 25nm)+-TiR2
o4+ | Tanmij
_ L\
(] ” \
/ \
y /
4 & -
] ’ h.
i Fi "\
i +

D300 2000 2500 3 100 3600 4100 4600 3 100 5600 & 100 G600 7 100 700 £ 100
Fibre strength (MPa)

Figure 8 Tensile strength distribution for T800 fibres coated by, €125 nmK-TiB2 (150 nm) or Gy (125 nmK-TiB2 (75 nm).
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Figure 9 Schematic description of the crack propagation modes in the double coatings: (a) debonding at thgfinterface, (b) crack blunting,
(c) debonding at the &-TiB> interface.

(@) (b)

Figure 10 Failure surfaces of Al 10% wt Mg composite showing debondings at gh¢fiBre interface (a) and at the TiBCp, interface (b).

TiB, (about 1500 MPa) thus excluding a defectiyg,C suggested in Section 3.1, could be further promoted
infiltration. by the tensile and shear thermal stresses resulting from
The above-mentioned populations may be related téhe presence of the TiBlayer (Fig. 9b). The double
the specific propagation modes of a circumferentialayer may thus be assimilated to a thicker medium, in
crack in a double layer coating under the combined efa reduced thermal stress field, having the properties of
fectofinternal thermal stresses and of the applied stres€,,y so far as the crack propagation is concerned.
Forinstance, theinitiation of debonding cracks atthein- Consequently, the fact that some of the tested fibres
terfaces between the various phases is facilitated by theoated with the double layer keep the uncoated fibre
shear stress component resulting from the introductioproperties could be explained by a possible debonding
of afree surface (crack propagation) in aninternal stresat the interface between the, coating and the fi-
field (Fig. 9a and c). These debonding phenomena, difbre thus eliminating the notch effect due to the cracked
ficult to observe on the tested coated monofilamentdayer (Fig. 9a). This debonding mechanism is not ob-
have been evidenced in an Al-10 wt% Mg composite aserved in the case of a singlg/Jayer and this supports
the interfaces between either thg,Ccoating and the the explanation relative to the influence of the thermal
fibre, or the TiB and the Gy, coatings (Fig. 10a and stresses resulting from the presence of the, Te§er
b). Although the internal thermal stresses cannot easn crack propagation modes.
ily be compared to those in the coated monofilaments, Concerning the lower strength population of de-
the weak interface bondings thus evidenced may leatects observed with 125 nm thickyg+ 75 nm thick
to the same debondings in the monofilaments. MoreTiB, coatings, the fact that the mean strength (about
over, the possible crack blunting inside thg,dayer, 4300 MPa) coincides with that of onlyy(, coated fi-
due to the typical g, microstructure as already bres suggests that the failure of the double coated fibre
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is governed by the effect of thepfs coating itself. It
may correspond to debonding between the,TéBd
the G,y layers (Fig. 9c).
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