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Mechanical characterisation of glass fibres
as an indirect analysis of the effect
of surface treatment
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Tensile strength of E-glass fibres have been analysed using a bimodal Weibull two
parameter cumulative distribution function. The bimodal character were associated to
surface and internal flaws, respectively. Influence of silane coating as well as industrial
sizing on the flaws distribution was quantitatively characterised. A gualitative interpretation
of their effect based on a combination of probabilistic and deterministic approaches were
proposed in terms of crack healing. It was demonstrated there that mechanical testing of
fibres can be used as an indirect observation technique of the consequences of the surface
treatment. An analogy is proposed between the sizing treatment of glass fibres and the
strengthening of silica glass by means of hybrid organic-inorganic coatings. © 7999
Kluwer Academic Publishers

1. Introduction e a hydrolytically resistant grafted “interfacial” layer
Glass fibre based composite materials became very which remains grafted after a hot water or toluene
attractive materials in many areas of industrial applica- ~ extraction

tions because of their excellent mechanical perfor- e a chemisorbed tridimensional layer of polysilox-
mances/cost ratio. Many studies have been performed ane

inrecentyears on the role of the interface/interphase re- ® @ physisorbed layer of-APS oligomers

gion in determining the mechanical properties of these

materials. The structure of this region depends mostly The physical and mechanical properties of this net-

onthe coating applied on the fibre surface before associ¥ork depends on the nature of the silane deposited from
ation with a polymer matrix [1]. the aqueous solution; i.e. amount of coupling agent, pH,

The sizing has to protect the fibre during handling,rate of hydrolysis and condensation, drying and the con-

and toimprove the wettability of the fiber surface by thed'tflf)hn; :tfjgtl];?(ratgftﬁélrs]igzitrzzalgn;g?to[gt]éine d from the
liquid resm..lt genera_lly consists of a water-based mlx_industrial processing is not wellknown, although it is
ture containingalubricant, afilm former, and aCOUpIIngassumed that the silane migratesto the ’interface rovid-
agent. In most cases, the latter one is an organofunc- . . . grates to P!
: i " ing aninterfacial region which is similar to that obtained
tional alkoxysilane which can react at the glass surfac?rom the pure coupling agents solutions [1]

with the silanol groups and favour the chemical coup '

i ith the sizi I ith th | " The effect of the coupling agent and the other
ing wi € Sizing as well as wi € polymer ma- components of the sizing, and as a consequence

trix in order to promote the interfacial adhesion. They,o o cture of the interfacial zones on the interfa-
sizing formulation is applied from an aqueous emul-cja| shear stress of the glass fibre/matrix interface
sion (e.g. epoxy, poly(vinyl acetate), etc.) or a solution, o« peen reported in numerous papers. The inter-
[1]. ) ] ] face was studied by the means of micromechanical
It is generally assumed that the interaction betyggts (fragmentation test [5-7], pull-out [8, 9] mi-
ween organosilane coupling agents and glass fibres rerobond [10], indentation [11]) as well as macro-
sults in a three-dimensional graded network on thescopic mechanical testings such as torsion [12], off-
glass surface [2, 3]. A study on a deposit pf  axis tension test [13, 14], an-situ studies [15] per-
aminopropyltriethoxysilane (o-APS) using ToF- formed on unidirectional composite materials. The
SIMS and XPS by Wang and Jones [2] confirmed afragmentation test which is widely used in the lit-
structure based on three layers from the glass surerature requires the knowledge of the tensile strength
face: at the critical length of the fibre fragments. Since
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mechanical testing at such small length (typically fromwhere P is the cumulative probability of failure of a

0.1 to few milimeters) is very difficult, the tests are per-fibre at the applied stregs m is a shape parameter or

formed at higher gauge lengths and extrapolation techthe Weibull modulusey ando, are a scaling parameter

niques based on the “weakest link” concept are considand a treshold stress below which the failure probability

ered [16-18]. is zero, respectively. To apply this equation to the failure
Organosilane and sizing treatments are known to bef glass fibres, several assumptions have to be made

efficient to protect the fibre surface against moisturd16]:

attack and as a consequence to enhance fibre prop-

erties as well as the hydrothermal resistance of glass e fracture is governed by a single flaw population

fibre reinforced-composites [19]. Surprisingly, al- e the strength is assumed as not time-dependent

though the structure of the deposit and the improve- e compressive strength does not contribute to frac-

ment of the interfacial stress transfer capacity have ture

been of great interest in the litterature, only few stud-

ies have been devoted to the effect of the sizing layer The probability density associated with Equation 1

on the statistics of glass fibre strengths. By using thés given by

double-box distribution, Gomez and Kilgour [20] stud-

ied the effect of the chemical structure of alkoxysilane m [o—o,\™* o —oy\™

coupling agents on the glass fibres tensile strength. 1P(0) = o < ) exp[—( ) ] (2)

was reported that an increase in the functionality of the

alkoxysilane (i.e. the number of alkoxy groups) resultsthe narametes, is used to obtain the best correlation
inanincrease in the tensile strength and a better proteggiih, the fitting of the experimental data. However, in

tion of the glass surface from the most severe surfacg,tice, the use of the threshold parameter can hide a
flaws. This effect was attributed to a better bonding to

X i multimodal distribution and leads to non realistic re-
the glass surface and by favouring the siloxane network iis [24]. Moreover, values obtained far are some-

formation. In a previous work [18], we reported the ef- i ag physically meaningless [5]. Therefore, a two-

fect of an elastomer-type interphase on the statistic oﬁarameter Weibull statistic is generally used [25-28]
glass fibre exhibiting single distribution. Fibre strength by statingo, =0 as recommended by Trustum and
were found to be well described by a Weibull cumula- 33, 4tilaka [29] for brittle materials.

tive distribution function. It appears from the reported |1 has been shown [25, 26] that glass fibres exhibit

papers that statist.ics studies can be usgq as an i”direﬁﬁhltiple populations of defects with varying gauge
observation technique of the effect of a sizing treatmenpength_ In this case, single two-parameter Weibull CDF
on fibre flaws. is inappropriate and one must use multimodal distribu-

Properties of fibre-reinforced composites dependsjon The two-parameter bimodal Weibull CDF, applied
not only on the interfacial stress transfer capacity, buby Beetz [28] on carbon fibres is given by:
also on the mechanical properties of the fibre, which

00 00

in turn depends on the applied surface treatment. Oxy- o \™

dation treatments in the case of carbon fibres produces Pe)=1-0p exp[—(—) ]

different effects [21], i.e. smoothening of the surface, oo1

micro-etch pit formation, and introduction of surface o \™
functional groups. While the latter provides interfacial +(1-1p) exp[—(—) ] 3)

stress transfer capacity, the formation of pit can lead to

a drastic decrease of fibre te_nsile str_eng_th. As a CONyheremy, my, o1, andos are the shape and scale para-
séquence, a Io_ng treatment time, wh|c_h Increases thr%eters of the corresponding population of defects re-
chemical pondmg of the_ resin to th_e fibre leads to aspectively.p is the mixing parameter, i.e. the fraction of
plecrease_ in the mec_hanlcal properties of the COMPOYilures due to the most severe (type 1) defects. In such
ite material due to fibre surfgce damage [22]. lt. ap-5 description, it is assumed that no interaction occurs
pears from the reported studies that when applying & ., veen type 1 and type 2 defects.

surface treatment in order to improve the interfacial  Hitcarant estimators are generally used to calculate
stress transfer capacity, the mechanical properties qf,o probability of failureP, of theith strength. This
the surface-modified fibre are of great importance. Inproblem was discussed irll other papers [29-31] as re-
this paper, we attempt to show the effect of organosiy orted by Aslouret al. [16] and it can be assumed that

lane cogpllng agent and_ co_mmermal Sizing as well a he following estimator leads to the less biased m values
processing on the flaw distribution of multimodal glassfor number of specimens less than 50:

fibres.
_ i —0.5
- N

R (4)

2. Theoretical background
The three parameter Weibull cumulative distribution3 E : tal
function (CDF) is given by the following equation [23]: 3'_1 _ xgg;?;rt‘)r?as

m E-glass fibres have been supplied by VETROTEX Int.
P(o)=1— exp[— (‘7 - a“) } (1)  Three different types of fibres differing by their surface
00 treatments have been considered:
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TABLE | Average value and standard deviation of fibre diameter ofthat is, at a temperature of 22 and Y%RH=50 since it
the considered E-glass fibres (weight loss was also used to compute tqg known that these parameters can influence the tensile
thick f the sizing | )

ickness of the sizing layer) strength of glass fibres [33, 34].

Standard ~ Weight  Sizing Samples were mounted in a rectangular paper-box
Diameter  deviation lods  thicknes8  and fixed with an epoxy adhesive. Special care has been
Fibre @m) () (wt%)  (nm) taken during handling in order to avoid creation of ad-
Water-based sizing ~ 18.1 14 . . ditiona! defects and changes on flaw'distribution. Sam-
A1100 treated 18.3 1.7 0.17 21 ple which broke close to the adhesive have not been
P122 1200 Tex 19.1 1.4 0.77 86 considered. All tests were conducted at a gauge length
P122 2400 Tex 26.6 2.0 0.55 86 of 20 mm.

aDetermined from TGA analysis.
bCalculated assuming a continuous sizing layer.

4. Results

4.1. Sample size

+ vt basedsising” (WS)reatmentcorresponcIe 12 e en it avises wih s mode ofest
ing to the deposition of an aqueous solution of an 9

antistatic agent. the sample size. In a study dealing with carbon fibres,

e asilane based treatment corresponding to the dep6§§ 'lgili\nfe;[s?}l t[sl(\j\}r: %%ngr;hgaztigstsigz;nllplszlge'l?hnuosuchsttos
sition of y-aminopropyltriethoxysilane (denoted y ' '

o : : were performed on E-glass fibres by varying the sample
. éi?gggg; ggiig;/\?eérargge; ijészsg;u\t}gtr: ;Li”gge size from 10to 77. The P122 2400 Tex fibres have been

known as a “universal sizing”, i.e. suitable for selected for that purpose, since this fibre exhibits the

epoxy as well as polyester matrices. The Cou_greater volume tested for the same gauge length. The

pling agentincluded in this sizing formulation was sample size required to have representative data will

e A1100 (concentation of 1 wt39). Other con- 22 STTcent or e aier ype of foere, The average
stituents such as a lubricant and a film former 9 p

were also included. Two different P122 references,t0 sample size are given n F.'g' l'_ .
namely 1200 Tex and 2400 Tex, with different Values of standard dev[atlon amd remain nearly
fibres diameter have been considered _constant up toa sample_3|_ze of 3.5_40' For the pres_ent
) investigations on the statistics of fibre breaks and the in-
. i fluence of the surface treatments, the variation of stand-
The average diameter were measured by optical Miz 4 geviation andr; can be considered as sufficient

) bl h  the sizing (b has b Lriteria. As a consequence, the sample size will be con-
in Table I. The amount of the sizing (by wt.) has beeng;jared as equal to about 40.

determined by thermogravimetric analysis under inert
atmosphere (heating rate: 5 K mit) and the thickness
of the deposit layer was estimated assuming a continuA—r

2. Tensile strength
ous layer.

Average tensile strength for a sample size of 40 and
a gauge length of 20 mm are given for each type of
fibre in Table 1I. A1100 and WS-treated fibres have
uite the same value of tensile strength whereas the ten-
ile strength of P122 1200 Tex fibres is slightly lower
althoughin the standard deviation range. The values ob-
Yained forthe P122 2400 Tex fibres demonstrate the well
known size effect, i.e. a decrease in material strength is

3.2. Processing

Details of glass fibres processing are well known an
can be found in the literature [32]. As reported by
Schmitz and Metcalfe [25], the glass fibre processin
can modify the distribution of flaws. According to
this work, flaws on a filament extracted from strands
are “considerably more severe” than those on a virgin
filament.

Strands used were based on several hundred tg . %
several thousand filaments assembled after sizingZ > T J/Wf‘ T B
Additional steps include drying and curing of the sized & 4 | loe &
fiber. In the case of the WS and A1100 fibres, strands & z
were directly wound to form a package. A Roving ; BT //\,./«V++._. % z
process has been applied to the P122 one: severig 12 | 104 -’-;‘
strands are mechanically gathered together to form thi g, 8
final strand which is assembled in a bobbin (suitable £ LT % =
for filament winding). Z 1 , 0,2

0 20 40 60 80 100
3.3. Mechanical testing Sample size

Tensile strengths were measured using an Adam?’—'igurel Influence of the sample sizN, on the average tensile strength,

Lhomarghy DY22 r_nac_hine, operating with @ Cross-, () and the standard deviatiom) of P122 2400 Tex fibres (gauge
speed of 0.5 mmmirt, in a “controlled atmosphere”  length of 20 mm).
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TABLE Il Averagetensile strength and standard deviation of differentTABLE 111 V alues of the shape, scale, and mixing parameter of the
types of E-glass fibres at a gauge length of 20 mm bimodal Weibull two parameters cumulative distribution function of dif-
ferent types of E-glass fibres differing from their surface treatments

Average tensile Standard
Fibre strength (GPa) deviation (GPa) Fibre my S1 my 57 p
Water-based sizing 1.92 0.64 Water-based sizing 99.88 0.77 4.03 9.44 0.10
A1100 treated 2.02 0.53 A1100 treated 163.24 1.37 5.12 7.46 0.09
P122 1200 Tex 1.75 0.34 P122 1200 Tex 175.50 1.49 5.53 5.02 0.12
P122 2400 Tex 1.42 0.47 P122 2400 Tex 97.07 0.68 4.04 6.58 0.09

observed with increasing the size or the volume of theare given in Table Il and the ability of the Weibull
specimens. function to fit the experimental data can be evaluated
graphically in Fig. 3 (Weibull probability paper). It can
be noticed that the cumulative bimodal Weibull two
4.3. Weibull treatment parameters distribution function is suitable for the de-
4.3.1. General statements scription of the failure of the E-glass fibres considered
In order to check if the Weibull statistics is appro- in this study at 20 mm gauge length.
priate to describe the reported tensile strength val-
ues, a modified form of the Equation 1 fef =0 is
used: 5. Discussion
5.1. General statements
1 As reported by Schmitz and Metcalfe [25, 26], the
In[ln(l — P(o’))] = min(o) —min(oo)  (5) failure of glass fibres is governed by several types of
flaws with varying gauge length. Failure modes have

Inthat case, In¢In(1— P)) varies linearly with In¢) ~ been attributed to three populations of defects in the
and the Weibull modulus is given by the slope,Such  range 0.5-500 mm. The third category appears at a
a Weibull function supposes that the failure is governedyauge length smaller than 1 mm. Rosen [36] performed
by one type of defects. When considering several catetensile strength measurements at three different gauge
gories of defects, rearrangement of Equation 1 can stillengths and proposed the “double box distribution”,
be used, although it does not result in a straight line ase. the glass fibre can be described in terms of a frac-
Equation 5. The extreme values should represent twtion with minor flaws and a fraction with severe flaws.
straight lines with different slopes, and the slope changé&auge lengths vary from 5 to 130 mm. The results re-
is indicative of multimodal distribution. Such types of ported in this study showing two populations of flaws
dependence are given in Fig. 2 for the different kinds offor a 20 mm gauge length are in agreement with those
surface treatments and sizing considered in this studystudies.

The fact that the plots exhibit different slopes im- Nevertheless, glass fibres have not been studied so
plies that failure of the E-glass fibres considered in thisnuch since these early works and the other studies re-
study is governed by different types of defects. Devi-ported in the literature are devoted to the environment
ation from a linear dependence indicates a mixed diseuring testing [33], the theoretical consideration on the
tribution [25, 26], that is, stress concentrations factorsstatistic of failure [35, 37] or the evaluation of the sta-
(SCF) distribution of type 1 and type 2 defects are sudistical parameters of a Weibull distribution [38]. In a
perimposed. In the region of slope change, a mixegrevious study [18], the effect of an elastomer-based in-
distribution based on both type of defects is observedterphase on glass fibre strength was reported. Fraction
whereas at the extreme parts of the curve, the distriof severe defects were too weak to be taken into account
bution is only based on one type of defect. Such efand mathematically treated. As reported by Beetz [28],
fect has been discussed in the studies devoted on & the mixing parameter is greater than 0.9 or smaller
and E-glass fibres by Schmitz and Metcalfe [25, 26]than 0.1, one of the modes is clearly dominant and a
They used Gaussian and Weibull probability functionsunimodal approximation is reasonable. Even if a uni-
and concluded that the fibres exhibit multiple modesmodal distribution is considered, the effect of surface
of failure with varying gauge length. More recent stud-treatment can be appreciated. By taking both modes into
ies [5, 17, 18, 35] showed that Weibull CDF can alsoaccount (even ip is about 0.1), the effect of the surface
be appropriated for describing the failure of E-glasstreatment of the glass fibres, i.e. the physicochemical
fibres. interactions between the sizing components and glass

In our case, failure at a gauge length of 20 mm issurface as well as the possible effect of processing of
governed by two type of defects, as indicated by thdibres can be evaluated.
two-slope curves given in Fig. 2 and a Weibull bimodal
CDF can be used.

5.2. On the scale and shape parameters

Before discussing the origin of the two populations of
4.3.2. Mathematical treatment defects, the significance of the variation of the shape
Parameters of the Weibull bimodal distribution are de-parameter or Weibull modulusyn, and the scale pa-
termined by a classical least-squares method. Resultametergg need to be precised. According to Schmitz
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Figure 2 Weibull plot of differents types of E-glass fibre strengths (gauge length of 20 mm): (a) water-sized fibres; (b) A1100 treated; (c) P122 1200
Tex; (d) P122 2400 Tex.

and Metcalfe, two parameters are required in ordecannot be a parameter for fibre strength. Shape and
to describe a population of defects, namely “severityscale parameters possess a kinetic interpretation and
of defect and separation”, which are, considering amore details are given in reference [39]. In this study,
Gaussian distribution, the mean of the distribution ancbur attempt is only to give some trends for the in-
the standard deviation respectively. Weibull formal-terpretation of the variations aoh andog reported in

ism is different, and the authors already stated that Table III.

2125



(d) .

In(-in(1-P))

-5 f i f ‘
-1.0 -0.5 0.0 0.5 1.0 1.5
In(fibre strength)

Figure 2 (Continued.
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Figure 3 Fitting of the experimental data with a bimodal Weibull two parameters cumulative distribution function: (a) water-sized fibres; (b) A1100
treated; (c) P122 1200 Tex; (d) P122 2400 T&oiftinued

Figs 4 and 5 display the theoretical probability den-Severity decreases with increasimgat low values and
sity (Equation 2) in the case of a unimodal distributionthen remains at the, value. As a consequence the scale
with varying shape and scale parameters. The influenggarameter should be representative of the mean stress
of mis quite similar in both cases:=1 andog=7.  concentration factor fom values greater than 4-5. In
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Figure 3 (Continued.

this range, the changes of are more representative and a mixed distribution is observed between the two
of the separation than the severity.< 3.44 gives a values. The main difference between the two types of
positively skewed distributionnf > 3.44 gives a neg- glass fibres is the type 1 distribution which is shifted
atively skewed one). Fan= 3.44, the distribution is to higher tensile stresses, and the slope which is more
normal. An increase of the value of the scale parametepronounced as revealed by the valuenof. If we
is representative of a slight increase of the separatioassume that the coating layer does notinfluence the vol-
whenm remains constant. ume flaw distribution (or in a weaker way than the sur-
m andaog are both related to separation and severityface flaws), the type 1 defects are localised on the sur-
However, if one of the parameters remain constant, oface, whereas the second population are some types of
if the changes are important, a qualitative interpretatiorinternal defects or surface defects which are not influ-
is possible. As a consequence, according to the range ehced by the coating. This will be developed hereatfter.
our experimental results, the Weibull modulus is moreThe difference between WS and the A1100-treated
representative of the separation thus of the homogeneitijbres in the 0.5 GPa range is the transition zone be-
of the flaws, whereas the scale parameter is related tioveen type 1 and type 2 defects.
the severity of the distribution.

5.4. Effect of the deposition
5.3. ldentification of the distributions We assume that, after the spinning process from the
Fig. 6 displays the Weibull plot of the different type of molten state and before the sizing deposition, the flaw
fibres. A1100 and WS treated fibres have been fabridistribution can be assumed to be similar for fibres
cated without using the Roving process. The behaviouof the same diameter. Separation of type 1 defect for
for stresses greater than 2 GPa is quite similar. For thA1100-treated fibres is narrower than that of the WS fi-
A1100-treated fibres, type 1 is dominant up to 1.2 GPdres and flaws are less severe as revealed by the values
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Tensile strength (GPa)
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Figure 4 Effect of the changes of the shape parametegn the unimodal Weibull two-parameter probability density for values of the scale parameter
oo equaltol(a)and 7 (b). —): m=15; (-M-): m=2.5; (-A—): m=3.44; (—x-):m=5; (=k-):m=7; (—-e—-): m=10.

of the shape and scale parameters. This effect can B&hereas at high stress level, when reaching the value
associated with the following mechanisms: of the CSIF, the network should already be deformed
or broken. As a consequence, apparent and real SCF
1. If we assume that new flaws can not be createghould be equal. This phenomenon should also affect
even while handling, then the sizing layer should presub-critical crack growth.
vent deterioration of pre-existing defects due to han-
dling and/or fibres/fibres contacts in contrast with WS This can be also viewed as a disappearance of the
fibres which are more sensitive to moisture. This degrasevere surface flaws by the three-dimensional graded
dation should affect severity as well as separation. network issued from the interaction between the
2. Considering a fracture mechanics approach, andrganosilane and the glass fibre surface. This heal-
assuming a SCF distribution, the presence of sizing ining can be understood as an increase of the crack
creases the mean “apparent” SCF and favours the mokg radius, the flaw after surface treatment being ei-
homogeneous flaws. Indeed, before reaching the valuder elliptical than sharp. Severe surface flaws could
of critical stress intensity factor (CSIF), one as first tobe “filled” by the aminosilane, as shown in Fig. 7.
deform or to break the crosslink, i.e. a siloxane bondThe resulting SCF distribution (in both cases A1100
Then only break issued from surface flaws occurs. Thand P122 1200 Tex) is very sharp and it appears
fact that the low stress part of the type 1 distributionsome kind of threshold phenomenon. It is more
is more shifted than the highest one provides anothelikely to attribute this threshold to defects which
argument. The network deformation (or fracture) will are not affected by the surface treatment rather than
play an important role for low stress defect, by giving to healed defects which should show a larger SCF dis-
an “apparent” SCF which is greater than the real onetribution. This is analytically discussed in Appendix A.
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Figure 5 Effect of the changes of the scale parameigron the unimodal Weibull two-parameter probability density for values of the shape parameter
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2

-5 i f f 1
-1,0 -0,5 0,0 0,5 1,0 1,5
In(strength (GPa))

Figure 6 Weibull plots for E-glass fibres with differents surface treatments in a comparative way.
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Figure 7 Schematical representation of flaws; effect of a surface treatment.

By using the relationship between the toughness oThis effect can be due to the Roving process, since the
the material (taken as 0.7 MNTH? for soda lime sizing does not largely affect type 2 defects as revealed
glass), the fracture stress and the crack dimension forly the comparison between A1100 treated and WS-
single-edge notch specimen (see Appendix A), the sizeized glass fibres. That means that industrial process
of the surface defect on a WS fibre ranges approxiaffects the flaw distribution and that the sized fibres,
mately from 0.5 to 0.0%m. A value of 0.1um is ob-  which are more protected against handling and envi-
tained for the threshold after a surface treatment. Thugpnmental moisture are also weaker after processing.
flaws of dimensions less than 100 nm are not healed by The value of the mixing parameter remains quite con-
the surface treatment and lead to the observed threshosant. That means that the amount of type 1 surface de-
phenomenon. fects is not affected by neither the sizing process nor
This is to relate with the structure of aminosilane the roving one. Thus, new surface defects are not cre-
coupling agents in the deposit solution, generally arated during processing, only the pre-existing ones are
aqueous solution. Ishidd al. [40] measured the hydro- modified.
dynamic radii of hydrolysed/-APS at various con- It is there demonstrated that the use of statistics is a
centrations by quasielastic laser light scattering spegpowerful tool for the understanding of the fibre failure
troscopy. Measured dimensions were in the 150 nnmechanisms and the reinforcement by a surface treat-
order for a solution of 1% -APS by weight and were ment. The combination of this approach with the more
attributed to aggregates of small molecules rather thadeterministic LEFM one enable to “observe” inherent
unseparable molecular species. Thus, healing should Blws which often can not be systematically detected
efficient for flaws whose dimensions enable sufficientoy non destructive methods. Both approaches should
interactions with the coupling agent aggregates in thehus be considered asmplementarnthe probabilistic
agueous solution. Thus we can introduce the concept afcheme is able to describe the size effect, but avoid any
acritical dimensiorup to which defects are not healed, physical consideration about the flaws. This is possible
i.e. interactions between the flaw and the aggregates axéa the LEFM theory, which in turn does not explain
not sufficient. The value of this critical dimension de- the decrease in strength associated with an increase of
rived from LEFM considerations (in the 100 nm range) specimen size.
is in good agreement with the measured dimensions of An analogy can be done between the effect of siz-
they-APS molecular species in a 1wt% aqueous soluing treatment and the glass strengthening of silica glass
tion (150 nm) [40]. by thin gel-derived coatings [41]. In fact, the radius
Unexpected behaviour is observed for the P122 1200f the cracks on silicate glass surfaces generated dur-
Texfibres at high stresses. Indeed, volume flaws seeming glass processing can be increased by the attack
be more severe than those from A1100 and WS fibresof acidic solutions [42] or by healing using a sol-gel
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Figure 8 Schematic diagram gf-aminopropyltriethoxysilane layer on an E-glass fibre: (---) hydrogen bonds; R iqGlHp).

deposit [41, 43—-45]. It was demonstrated that such lay-
ers synthesised from alkoxysilanes can fill the cracks
leading increase the radius of the curvature at the defect
tip. Such phenomenon can be evoked for the healing of
glassfibres surface flaws by the sizing layer. In addition,
according to the chemical components from the sizing
formulation, i.e. the film former—a polymer—and the
coupling agent—the -aminopropyltriethoxysilane—,
the resulting layer is very similar to those obtained
from the sol-gel chemistry of hybrids [46]. In fact, it
is well known that a continuum exists from the glass
surfaces—reacted silanols—to the polysiloxane net-
work resulting from the condensation of hydrolyzed
ethoxy species of the silane [2] as shown in Fig. 8.
Thus, such a kind of molecular architecture is close to
that of hybrid organic—inorganic coatings on glass.

e Coupling agent and sizing treatments recover sur-
face defects, by diminishing separation as well as
severity. This effect can be associated to the cre-
ation of polysiloxane network on the glass surface,
and has been interpreted in terms of flaw healing
via a combination of probabilistic and determini-
stic theories. An analogy has been proposed be-
tween the sizing treatment of glass fibres and the
strengthening of silica glass by means of hybrid
organic-inorganic coatings.

Sizing influence neither internal flaws directly, nor
amount of surface defects.

e Industrial process can affect internal flaw distribu-

tion.
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6. Conclusion
This work on the characterisation of coatings on E-glas
fibres has shown that:

o Failure of E-glass fibre at a gauge length of 20 mmA. Appendix A: Linear elastic fracture
is governed by two types of defects and Weibull bi-  mechanics and glass fibres flaws
modal cumulative distribution function is suitable A.1. Representation of the flaws
for the description of experimental data. To obtain information about dimensions of the flaws,

e The most severe flaw population is localised at thewe have assumed the general shape of a surface de-
glass fibre surface, whereas type 2 defect are sugect according to the presence of a surface treatment or
posed to be internal ones. not:
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Unsized fibre

Vv

In other words, to explain the presence of the thresh-
old value, it is assumed that the effect of the sizing is
to increase the crack tip radius. Based on this assump-
tion, WS fibres were treated in the LEFM frame as a,_ . . . L
single-edge notch specimen (SEN) and A1100/P122 b is determined for various values &b which in turn

Sized fibre whereE; is a complete elliptic integral of the 2nd kind.

Values of E; are tabulated in [41] for various radii of
b/a. There is no bending effect as for SEN specimen
and finite width effects can be approximated by scaling
the factorz/E2 by the double edge notc? given in
Equation A3. Thus we have for the critical flaw size of
an sized fibre:

\ /

K?r - E3

3.94022D) (A6)

2D
b= —arctan(

T

as.
elliptical cracks (scale is not respected). §‘|ves the value 0.

i

a

Uta

A.2. Analytical treatment
The following is taken from the works of Williams [47].

A.2.1. Unsized fibres
For an infinite plate containing a crack of length, 2

K| =o+/ra (A1)

For our purpose which deals with finite dimensions,b (nm) 97
a length factor appears. If we define a width factor as

D, the diameter of the fibre, we have

K2 = YZ(%) 2

An approximation ofY? for SEN and DEN (double

(A2)

edge notch specimen) issued from the analytical resu
obtained for a periodic array of collinear cracks is given

by [48]:

2D a
Y2 =394( =) tan( 22 (A3)
Ta 2D
Combination of Equation A2 with Equation A3 gives
for the critical flaw size of an unsized fibre:

2D K?
a=— arctan( i (A4)

e 3.94022D>

It should be noticed there that bending effects due to®6.
the lack of symmetry (SEN specimen) are not taken7

into account.

A.2.2. Sized fibres

For an elliptical surface flaw under uniform tension, we10. L.

have:

1
Ki = =o+/b (A5)
2
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A.2.3. Numerical treatment

For unsized fibre, failure stress of distributibivaries
from 0.5 GPa to approximately 1.2 to 1.4 GPa. Up to
this range, the distributions are mixed. This leads to
flaws size varying from 63 nm to 497 nm, thus in the
range 0.05-0.pm.

For A1100 fibres, the threshold is in the 1.15 GPa
order. If we attribute this value to defects which are
not affected by the surface treatment, the size obtained
according to Equation A4 is 94 nm. If the threshold is
attributed to healed defects of distributibnthen we
have different combination according to v radius.

a(nm) 971 519 377 311 276 256 243 236 233 232
104 113 125 138 153 170 189 210 232

Using the argument of the sharpness of the SCF dis-
tribution in the threshold range which is not in agree-
ment with the SCF distribution which would result
from the healing of the typé defects owing to their
size variability (distributionl of WS), as well as the

ypothetical values o andb obtained in the table,

e more realistic physical interpretation of the thresh-
old is that those defects are not affected by the surface
treatment.
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