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Transverse failure in composite materials is a mechanism in the ultimate failure of the
engineering composite. It is controlled by the strength of the fibre/matrix interface and
improvement in the strength of this interface will improve the overall transverse strength.
Transverse fibre bundle composites (TFBC) have been tested to failure, where the condition
of the composite and the fibre/matrix interface have been modified. Progression to failure
has been monitored using acoustic emission with the AE data analysed in a novel way using
Weibull statistics. Although Weibull statistics have previously been used to characterise
fibre bundle failure, where the concept of weakest link applies, this work extends this
approach in an empirical way using an acoustic emission form of Weibull equations. The
AE profile, when compared to stress/strain data, showed a “quiet-then-noisy” profile for
room cured resin, which changed to “noisy-then-quiet” when the resin was post cured.
Kevlar reinforced TFBC showed regular AE from low strains. The pattern of AE changed
when specimens had been post cured and when the Kevlar fibres had been subjected to
ultrasound treatment. Although individual AE events were highly variable, Weibull analysis
of the AE parameters derived from a glass reinforced composite proved highly robust, with
the AE ringdown count distributions moving to higher values for the more brittle, stronger
post-cured resin. Measuring interfacial failure stress via the onset of AE, suggested the
interface was weakened, but in a selective way, which did not necessarily show in the final
failure stress of the composite. © 7999 Kluwer Academic Publishers

1. Introduction the resin/fibre interface. When localised damage oc-
The testing of composite materials with the use ofcurs during tensile testing of advanced composites, an
acoustic emission (AE) has been undertaken for somacoustic emission system can be used to detect this low
decades. The main objectives when using acoustistrain, transverse damage. Part of the strain energy in-
emission are such things as the detection of microvolved in loading will be liberated in the form of elastic
damage propagation, understanding the causes of daiwaves which travel through the material and are de-
age by an indirect measurement, prediction of thelected as AE at ultrasonic frequencies. This AE may be
serviceability and service life of materials and compo-detected by means of resonant piezoelectric transducers
nents, prediction of failure loads and strains and identiattached to the specimen.
fication of failure mechanisms and the sequence of fail- It is well known that the fibre/matrix interface plays
ure mechanisms.These aims have been achieved witn important role in achieving superior tensile prop-
varying degrees of success. All these objectives conerties of a composite [1]. The tensile strength of the
tribute to a main aim which is the quality control of the composite is dependent on the ability of the compos-
material. ite to transfer the tensile load from the broken fibres
The work reported here relates to the developmento the surviving ones through the shear stresses at the
and propagation of micro-damage during transverséibre/matrix interface [2]. An AE event is indicative of
failure of continuous fibre composites i.e. failure of some degradation in this system and an associated loss
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of material strength and this may be associated wittAssociated with the stress/strain Weibull equation
effects such as fracture at the fibre/matrix interface. (Equation 1), is the fracture of the fibre population
The advantages of using an AE system to study mawithin the fibre bundle. The fracture of this popula-
terials degradation are significant in that AE is sensitiveion can be monitored using acoustic emission, with the
to all impulsive defect growth in brittle materials pro- number of fibres surviving, given by the expression:
viding a real time, continuous, monitoring technique.
Structural composite materials fabricated from poly-
ester resins and reinforced with glass or Kevlar fibres
have become increasingly important because of their
excellent performance characteristics in terms of theiwvhere L is the normalised length of the fibre bundle
high specific strength, and high modulus. This studyunder test (in the case of a range of constant length
considers the evolution and characteristics of AE astestsL = 1).
sociated with the microfracture occurring at the inter- Inthe case of atransverse bundle composite, acoustic
face of transverse resin-fibore samples as they proceegmission monitors the evolution of damage within the
to failure. region of the transverse bundle. The origin, nature and
propagation of the damage is likely to be highly vari-
able, due to the variability of the manufacture of such
a sample and the defect structure likely to be present

Ns = No exp[—L(¢/e0)™] 2

2. Previous work and aims of this work ithin this t .
Our previous work has considered the evolution of damW/I!IN IS transverse region.

age and failure in anumber of mechanical systems assoisTthf(iersdt?feoi‘taslg?Céur:Sn:v&(r:gfi\ggllleS;elc":seIzvﬁi)czoaﬁ_e
ciate with finished composite materials, using acoustic > Y, 9 ’

emission to supplement and interpret failure data. Pre; arely detectable using acoustic emission, with the de-

vious studies have been undertaken by us,studyingfibi§Ct population extending upwards in size with larger

failure using acoustic emission, both during quasi-stati efects being progressively fewer in number. The in-

testing [3] and during slow speed continuous testing [4] creasing size (cross-sectional area) of any active defect

Previous work has also sought to use acoustic emissio%nd the associated strain is likely to be reflected in the

to characterise damage growth in composite type ma"f"zeen(t)slc tge Iefl?c(:)miideﬁ)r?'g:!gﬂoen g;tch(;grsntlfraer?;lsélgg
terials around single fibre bundles and transverse fibr v [6]. ustl ISSion events from transv
racture are arranged as a statistical distribution, then a

bundles [5]. ; ; ;
: ' ; orm of the Weibull equation might be expected to de-
In this study, transverse fibre bundle composites havgcribe this population. The shape of the Weibull func-

been tested, the test specimens consisting of a single i

bre bundle placed transverse in the centre of the waistedP" 1S controlled by the variablesn (t.he shape pa-
section of a dog-bone shaped specimen. Use has be meter) and a second parameter which at this stage is

e - labelledxo.
made of a more sophisticated AE data acquisition sys If a distribution appears as a plot oagainsly, then

tem including the capture of full AE waveforms to en- . PN ; . .
able microfracture related AE events to be characterisewe V_\/g|bU|I distribution which expresses this relation-

more effectively. The aim of the work has been to Iookshlp IS:

at the effect of both post-curing of composites, ultra-

sonic surface treatment and associated modification of y = Npexp[—(x/Xo)™] 3)
material properties and adhesion, on the microfracture,

stress-strain and AE response of the specimens. Tnﬁhere No is the total number of acoustic emission

work has also included the use of Weibull statistics toevents and associated microcrack movements.

characterise the fracturing material, where application The Weibull function, in the form shown in Equa-

of these statistical methods would be useful but P€Mion 3, has the possibility to be linearised, using loga-

hap; I_ess well justified from the view point of the baSICrithmic functions, to determinm andxg, while, at the
stafistics of fracture. same time, having a form capable of approximating a
range of likely distributions.
Fig. 1 shows the effect on the distribution of varying

2.1. Weibull statistics and the parameters, for a specific value om = 1.5. If

micro-fracture-general comments x = e andNg = Ese, then the distribution can represent
Weibull statistics takes account of such features as thghe mechanical behaviour of a fibre bundle, where the
spread of fracture strengths for arange of material spegipre bundle strength has a Weibull distributionN§,
imens under test. In the case of testing bundles of fiis the total number of fibres and= ¢, then the distri-
bres used to reinforce composites, the spread of fibrgytion represents the diminution of the intact fibre pop-
strength can be monitored continuously, as the fibrgjjation as strain increases (Equation 2 ). The value of

bundle fracture proceeds, using acoustic emission tQ, controls the position of the distribution along the
monitor the time of fracture of each individual fibre in X axiS, and it may be useful to move this distribution

the bundle. In this case, the stress and strain in the flbr§|ong thex axis to low values, as shown in F|g 1, to
bundle sample may be related via the stressdnd  characterise a distribution typical of AE events derived

strain €) equation [4], of the form: from the fracture of transverse fibre bundle compos-
ites. The value ofn controls the statistical spread of
o = Eje exp[—L(e/e0)™ (1) thedistribution about thgy value.
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Figure 1 Weibull Equation 3 plotted as an example, f&§ = 603,m = 1.5

3. Experimental procedure—testing of
transverse fibre bundle composites

Composite reinforcements used in this study include]

E-Glass (Fibre Glass (UK) Ltd, Equerove, Silane sized
ECB, 600 tex) of nominal diameter 10-%#m and
Kevlar-49 (Du Pont (UK) Ltd, tex 2400, 1000 filaments,
finish free) of nominal diameter 14m. The matrix ma-
terial used was Crystic Polyester 272 resin, supplied b
Scott Bader (UK) Ltd.

3.1. Preparation of test specimens
The material preparation followed the recommendet

procedure: 100 parts Crystic Polyester 272 resin, 2 parts

of Catalyst M (methyl ethyl ketone peroxide), 0.4-1.2
parts of cobalt Accelerator E in styrene. This resin wa:
poured into a dog bone shaped mould of silicon rubbe
In this study, two types of specimen were investigate:
using either glass or Kevlar fibre reinforcement. The
test specimens fall into two batches. In the first batcl
are specimens which were cured for 7 days at roor
temperature and in the second, the specimens whic
were subjected to a further post-cure for periods of fron
2—-4 h at 80C in an oven.
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Figure 2 Schematic diagram of the experimental system and a typical

) The fibre bundle CompOSiteS_ had a bundle of ei'[I’]etfepresentation of atransverse bundle fibre composite specimen (TBFC).
fibre system centrally located with respect to the mouldsauge dimensions 40 5 x 2.5 mm.

but oriented transversely to the longitudinal axis of the
mould. All specimen gauge dimensions were-db x
2.5 mm (Fig. 2).

3.2. Experimental test system

chine. The specimen were loaded at a constant speed
of 0.5%/min (0.2 mm/min'), at a room temperature
range of 20+ 5°C. The AE technique was employed
during the tests for detecting material damage. The AE

A schematic diagram of the experimental test systechnique has previously been used by Eiilal.[3-5]
tem is shown in Fig. 2. Mechanical tensile tests wereto monitor fibre failures and their mode (singlets, dou-

performed using a LLOYD-6000R tensile testing ma-

blets, triplets, etc.) during tensile testing of fibre bundles
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in air, yielding the combined stress-strain response andimost entirely by a single factor (the fibre strength),
AE data. The previous work also considered testing othe transverse strength is governed by many factors in-
longitudinal and transverse bundle composites [5].  cluding the properties of the fibre matrix, the interfacial
In this study, a commercial AE transducer (AC375L, bond strength, the presence and distribution of voids,
resonant frequency 375 kHz, supplied by Acousticand the internal stress and strain distribution due to the
Emission Technology Corporation) was utilised. Theinteraction between fibres and voids.
sensor was clamped in the middle of the specimen Typical mechanical and AE test information for
which was mounted in the bottom grip of the tensile E-Glass cured and post-cured specimens embedded in
machine. Silicon grease was used as a couplant to olpolyester resin matrix are presented in Figs 3-6. These
tain acoustic coupling between the test material and thégures show the stress-strain response of the speci-
sensor. men and the AE ringdown counts per AE event respec-
The AE signals from the transducer, were preampli-tively. In this study the AE amplitude was also acquired,
fied by 60 dB (AECL 2100/PA, 208-530 kHz bandpass)which with ringdown counts, is ultimately related to the
and than processed using the AECL 2100 M Acous-acoustic energy released by the transverse microfrac-
tic Emission system. The amplified/filtered signal wasture events.
then sampled by an integral analogue to digital (A-D) Figs 3 and 4 show the characteristics of ringdown
DAS 50 board. This board, installed in a PC, acceptsounts per event acquired from two similar E-glass re-
data from up to 4 single-ended channels, can operate imforced samples where the resin is cured only (no post
unipolar or bipolar mode with software selected inputcuring). These samples show a few early AE events
ranges of+2.5 V, £5 V, £10 V, and has a maximum (widely spaced peaks) with a second region of more
sample rate of 10samples/s. Data was processed un+apid AE occurring beyond 2.75% strain. It should be
der the control of VIEWDAC software package which noted that this strain value is not the true specimen
acquires data from the DAS board. strain since it needs correcting by 0.4% to allow for the
The system settings were signal threshold 0.2 V anearly grip slip section. This grip slip data has been left
electronic dead time 0.2 msec. The former was choseim the data record to confirm the lack of AE from grip
to minimise electronic background noise from the gripsslip, since no attempt has been made to filter any grip
and from the tensile machine, thus ensuring that renoise (which experience has shown does not occur). In
ceived signals were from the damage growth occurringhe case of post-cured transverse glass samples (Figs 5
in the composite being tested. There was no evidencand 6), the stress strain curve is more linear in shape,
of grip noise affecting the data. and AE occurs throughout the full strain range. The ini-
tial high level of AE activity during the early part of the
test, drops toward failure, until the time just prior to fail-

4. Stress-strain and acoustic ure, when itrises again. The two types of behaviour for
emission—testing of composite material the cured and post cured samples can be characterised
4.1. E-glass transverse fibre as “quiet-then-noisy” and “noisy-then-quiet” respec-
bundle composite tively.

There is no simple relationship for predicting the trans- Table | shows the maximum stress, extension (%),
verse strength of a continuous fibre composite. Unlikeand number of AE events for the cured (c) and post-
the longitudinal tensile strength, which is determinedcured (pc) E-Glass transverse fibre bundle composites.
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Figure 3 Test data for stress-strain and acoustic emission ringdown counts per event for an E-Glass TBFC specimen subject to room temperature
curing (example 1).
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Figure 4 Test data for stress-strain and acoustic emission ringdown counts per event for an E-Glass TBFC specimen subject to room temperature
curing (example 2).
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Figure 5 Test data for stress-strain and acoustic emission ringdown counts per event for an E-Glass TBFC specimen subject to room temperature
curing followed by post-curing (example 3).

It can be seen, from the maximum stress valaggy,  that little defect activity is occurring in this case during
that the effect of post-curing is to increase the maxi-the early part of the test, with late defect activity leading
mum sustainable stress. Large fluctuations in the total transverse failure within the fibre bundle region. This
number of AE events are seen, but with a clear higheresponse may arise as a result of a ductile matrix giving
AE average number of events for the post-cured samiittle matrix cracking at low strains and resin cracking
ples. The elastic modulus for the specimens rises byr fibre/matrix debonding at high strains.
some 17% on average for the post cured samples (1.5— The post cured samples show linear type stress-strain
1.77 GPa) with this value being largely dominated byresponse with some fluctuations. The majority of the
the elastic response of the resin. AE is generated at low strains. The decrease in AE
Comparing Figs 3, 4 and Figs 5, 6, the effect of post-event rate in the middle of the test, shown by the greater
cure can also be seen to increase the maximum strespread of the peaks, suggests that limited defect growth
values. It is worth noting that the stress-strain curves occurring. AE suggests some early fibre debonding
for the cured sample is dominated by the polymericor interfibre cracking has occurred with the transverse
deformation, with a strong curvature. AE data suggesté§ibre bundle then held by the intact surrounding resin
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Figure 6 Test data for stress-strain and acoustic emission ringdown counts per event for an E-Glass TBFC specimen subject to room temperature
curing followed by post-curing (example 4).

TABLE | Tensile properties and acoustic emission events for trans- The post-cured specimens have a higher failure stress
verse g_Iass fibre reinforced composites-cured (c) and post-cured (pcénd greater resistance to final failure. From the AE and
respectively (batches E1 and E2) the stress-strain data, we assume that the initial stage of
Max stress Max extension Noof AE AE indicates that resin cracking or resin/fibre debond-
Specimen no MPa (%) events  ing is ocurring. In the case of the cured-only samples,
the AE arising at the end of the test is assumed to be

Eig:zzz 2 ;2'52 g'gf 1;? due to the propagation of larger microcracks. A factor
E2-Glass ‘¢’ 26.42 282 118 in the_quality ofthe ad_hesion may also be thermal com-
E2-Glass ‘¢’ 28.86 4.02 75 pressive stresses which act on fibres due to postcuring,
E2-Glass ‘¢’ 28.88 3.34 121 and which may have a role in improving interfacial ad-
E1-Glass ‘pc’ 40.01 3.42 31 hesion. AE seems to identify better adhesion between
El-Glass ‘pc’ 41.44 1.90 89 polyester resin and glass fibres due to postcuring butin
E;‘g:ass pc jg-g; 2-8‘3‘ 22(1) this case, this evidence has to be deduced not from the
~=2858 Pe ' ' onset of AE as previously proposed [5], but from the
E2-Glass ‘pc 30.00 4.03 370 . .
E2-Glass ‘pc’ 42.40 297 271 different pattern of AE and jche_flnal fracture Ioaq. In
E2-Glass ‘pc’ 40.41 4.27 97 the case of postcured material, it may be appropriate to

ignore early AE and use the onset of rapid AE prior to

fracture as a measure of adhesion quality.

(possibly due to regions of strong matrix/fibre adhe- Clearly the use of AE to charac_terise_ adhesion via

sion) until final failure is approached. The AE Suggeststrans_,verse sampl_es _nee_ds further mvestlgatlon, but AE
y rovides a useful insight into the progression of fracture

that '”te”"bfe cracking does occur in the early sta_ge.n these transverse fibre bundle composites, and shows
of deformation, but that post cure has created regiong’ - ed change in response due to post-curing

of resin which havg the effect Of. either reslst'lng fur- Since the AE techniques cannot differentiate between
ther crack propagation and/or acting as resin IIgamen%terfibre resin cracking and resin/fibre debonding a

Q;T;yb?gggeli ;?jr:ge :éblﬁslj{;a;% dﬂ?ﬁ;ﬁ;ﬁj@?ﬁg definitive int_erpretation is not pqssible. _Conclusions
’ can only be inferred from known information.

transverse sample.

Transverse matrix cracking is of much interest and
importance because it is the first mode of damage that
occurs in fibre composites under monotonic loading4.2. Kevlar 49 transverse fibre
The cracksin cross-ply composite cause stiffnessdegra-  bundle composite
dation, which can be a lifetime limiting mechanism andFurther studies were carried out using Kevlar fibres in
which may lead to initiation of delamination [7]. It is transverse samples, in order to compare the resin/fibre
clear from the data in Figs 3-6 that AE occurs earlierinteraction for cured and post-cured specimens and
in the test (at lower strains) from transverse polyesteralso the effects of treating the surface of the Kevlar
glass specimens which have been postcured, as corfibres with ultrasound prior to manufacture. Fibre
pared to those without post-curing, although the absosurface treatment was considered since adhesion be-
lute stress for AE onset, is roughly the same in eachween Kevlar and polyester resin is known to be rela-
case {10 MPa). tively poor, but the treatment was primarily aimed at
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investigating if the mode of specimen failure (andprepared as described in Section 3.1. The specimens
the AE) was sensitive to this treatment. The stresswere cured for 7 days at room temperature. Post-cured
strain and AE data for these specimens is presented samples were subjected to a further post cure 4C30
Figs 7-10. The specimens were dog-bone shaped and an oven for 2 h and fibre bundles subjected to
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Figure 7 Test data for stress-strain and acoustic emission ringdown counts per event for a Kevlar TBFC specimen subject to room temperature curing
(Kevlar, “as received”).
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Figure 8 Test data for stress-strain and acoustic emission ringdown counts per event for a Kevlar TBFC specimen subject to room temperature curing
(Kevlar, subjected to ultrasound treatment prior to manufacture of the TBFC specimen).
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Figure 9 Test data for stress-strain and acoustic emission ringdown counts per event for a Kevlar TBFC specimen subject to room temperature curing
followed by post-curing (Kevlar, “as received”).
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Figure 10 Test data for stress-strain and acoustic emission ringdown counts per event for a Kevlar TBFC specimen subject to room temperature
curing followed by post-curing (Kevlar, subjected to ultrasound treatment prior to manufacture of the TBFC specimen).

ultrasound, were treated for 15 min in an ultrasoundand at the end of the initial linear section of the stress-
bath containing distilled water prior to specimen prepa-strain curve. Curvature is clearly, intimately associated
ration.The AE and stress-strain data shown in Fig. 7 isvith acoustic emission and microcrack growth within
typical of a Kevlar transverse fibre bundle sample. Thethe transverse fibre bundle. The rate of AE activity ap-
AE commences at approximately 0.7% specimen straipears a little higher at commencement, but then appears
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relatively constant right up to specimen failure. Adhe-TABLE IIA  Macroscopic measurements of the maximum stress and
sion between Kevlar and polyester resin is known to béo:jrespondingdstrain, ma>(<imun; strgin, igtferfaciﬁl failure stress (IFFS?
. corresponding strain (IFFE) deduced from the macroscopic sample
weaker than between gIaSS and p0|yeSter’ from prQVIOLg:ess giving initial AE events, and total number of events emitted for
work [5 ] and this accounts for the early and relatively o different types of Kevlar Fibre Reinforced Composites. c—room
continuous AE throughout the test. cured; pc—room cured and post-cured; cu—room cured, fibres exposed
The AE events have lower ringdown count valuesto ultrasound prior to specimen preparation; pcu—room cured and post
than those from a glass fibre reinforced transverse Com:_ured with fibres exposed to ultrasound prior to specimen preparation

posite (e.g. Fig. 3): i.e. less than 15 as opposed to thos\goecimen Max(MPa)/ Max strain IFFS (MPa)/ No of AE

from glass being in the 50—60 range. This is partly assonumber Maxe (%) (%) IFFE (%)  events
ciated with the higher applied stress for the glass fibre
specimens. However, it is worth noting that the AE agﬁigz:zg ig-giﬁj-gg i-gg ;-2‘2‘%-325 322
nals from Kevlar have a relatively constant value o, o orc 2524203 276 8.91/0.71 723
rlngdown count as stress rises in Flg 7 Suggestlng It IR1-Kevlarc' 13.35/5.40 5.40 7.09/1.10 522
more a question of localised adhesion failure. The AEc2-Keviarpc: 23.30/0.93  0.94 11.94/0.67 81
events appear to be associated with smaller, less engf2-Kevlar'pc’ 24.34/0.90  0.91 2.88/0.28 87
getic source fracture events, due to adhesion failure. Kgi:z:z:gﬁ ?g-gggﬁ g-é‘?‘ 12;;;8-2; igg
TheseT characterls_tlcs change dramatically wh_en thes ceviarew 1078389 412 3560072 222
Kevlar fibre bundle is exposed to ultrasound prior tOxa keviarcy® 18.13/3.22  3.22 473/092 332
specimen manufacture (Fig. 8). It appears that ultraka-kevipcw 24.23/0.93  0.94 1.35/0.12 59
sound has reduced fibre resin adhesion even furthef4-Kevipcu' 34.73/1.13  1.14 2.80/0.35 213
providing a population of “defects” within the fibre K4-Kevipcu' 28.93/1.01  1.02 455039 99

bundle. AE commences almost immediately loading

starts and the strain at failure is reduced. Several higher

r.mgdown CQU”t_ AE events a_Lre alsoseento OCC'UI‘. ReSInI’AB LE IIB Average values for the maximum stress (MPa), corre-
fibre adhesion is not arresting crack propagation in th@ponding strain«), interfacial failure stress and corresponding failure

same way as for the specimen shown in Fig. 7, whichstrain for all the four type of transverse Kevlar-49 fibre bundle compos-

had no ultrasound treatment. ite materials. ‘c’ signifies room temperature curing, ‘pc’ post-cured, and

An example of the AE and stress-strain data for a‘u‘ultrasound treatment of the fibre bundle in distilled water for 15 min
rior to specimen manufacture

post-cured sample using “as-received” fibres is shown

in Fig. 9. As discussed earlier, the resin is strengthenedample Maxo /e IFFS IFFE
and embrittled with the final fracture load enhancedlype (MPg%) (MPa) (%)

Early AE is not apparent, but thls_ is in part an .effectKl_Kevlar‘C, 16.46/3.98 770 Lo4
on the upward turning stress-strain curve causing thﬁz-KeWar‘pc’ 27.47/0.99 8.00 052
stress to rise less rapidly. Toward the end of the test, thgs-keviarcu’ 16.19/3.27 4.30 0.74
AE appears to gather pace accompanied by the steeg4-Keviarpcu’ 29.30/1.02 2.90 0.28

ening stress-strain curve. It appears that the resin fibre
interface has been improved by post-curing although

this may be due to resin shrinkage and associated fibre

clamping as mentioned earlier. The enhanced propegen initial damage generation, producing a reduction in
ties of the resin and improved adhesion appear to workhe IFFS value. However, this reduction is not reflected
together to keep the specimen intact until final failurein a dramatic reduction in the overall value of failure
occurs. stress.

Transverse fibre composites using Kevlar fibres with  The strength of the specimens in terms of final failure
the fibres subject to ultrasound treatment and post-curgiress has been improved by post-curing with this being
show a suprising effect (Fig. 10). The stress-strain curv@n effect due primarily to modification of resin prop-
and AE show a similar pattern except, for afew early AEerties. Some enhancement of adhesion is suggested,
events. This must be interpreted as localised reduceeither by direct improvement of adhesion or by resin
resin-fibre adhesion due to ultrasound treatment of thehrinkage and clamping of the fibre surface. Ultrasound
fibore bundle. The relatively large AE amplitude, for surface treatment of the fibres has a dramatic effect on
these early AE events suggest a large debond area we IFFS without any dramatic reflection of this adhe-
produced. sion loss in the final failure stress values, in this case. In

Tables I1A and B summarise the test data for the transpractical terms, interfacial failure might generate a sit-
verse Kevlar fibre bundle composite specimens testediation of delamination, or a path for fluid penetration
The test specimens fall into batches which have beemto the composite material, which would then, indi-
cured only (c), cured and post-cure (pc), cured withrectly promote modification of material propeties and
ultrasound treatment of the fibre bundle prior to manu-behaviour.
facture (cu) and cured and post-cured with ultrasound It can be seen that the total number of AE events
treatment prior to manufacture (pcu). varies for similar materials (Table 11A) and no attempt

Again it is clear that post-curing raises the failure is made to interpret this information except to suggest
stress significantly (Table IIB). Average values of in- that a large number of small AE events is equivalent to
terfacial failure stress (IFFS) deduced from the onset ot small number of large events creating a similar final
AE [5] suggest that ultrasound has had a dramatic effedailure surface area.
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5. Weibull statistics applied to the failure of TABLE Il11A Weibull strength distribution parameters for transverse-
glass fibre reinforced transverse E_-glass fibre remfon_:ed_composnes-obtamed from AE amplltude and
it . ringdown count distributions for batches 1 and 2 together with the per-
compositie specimens . L . centage regression for each of the specimen when undertaking a straight
The shape and nature of the Weibull distribution func-jine it to data
tion has been described in general terms in Section 2.1

Here the distribution function is used in an empirical SPecimen m  Regression m  Regression

way to describe the distribution of acoustic emission™ AMP (%) RDC (%) AMR RDCo
parameters for each acoustic emission event in an agy.¢ 0.627 85.2 141 858 0581 23.47
tempt to quantify changes in material condition via theei-c 0.528 69.1 0.484 47.0 0524 6.84
use of acoustic emission measurements. El-pc 0.276 64.6 164 825 0.100 28.96
Statistical techniques are often resorted to when deak1-pc 0.727 76.7 1.81 99.2 0.730 26.09
ing with materials that exhibit wide scatter in test data.E1-pc 0.739 673 161 917 0.773 23.46
One such techniques is the two parameter Weibull cugz2-c 0.566 64.0 1.46  89.9 0.495 22.10
mulative distribution function. Based upon theoreticalE2-c 0531 613 0.985 78.7 0.408 16.10
and empirical justifications, ithas become a popular staf%¢ 0398 48.0 - - 0215 —
tistical model in engineering applications. In the pastE2-pc 0.699 718 171 989 0.612 23.66
the fibre strength distribution has been described usinéz‘pC 0774 84.8 1.28 946 0710 17.45
a two parameter Weibull distribution function [3,8,9]. Z2P¢ 0813 746 Ll 95 0773 23.94
1 & 91 Eope 0.723 56.1 1.96 985 0.667 27.14

In the present experiments the distribution of acoustic

emission parameters was considered using a two pés” signifies room cured and “pc” signifies postcured specimens for

rameter Weibull distribution function in the hope that batches E1 and E2.

this function would provide an adequate description of

the Changing nature of the microfracture mechanism3ABLE IIIB Av eragevaluesderivedfromtheWeibuIIstatistigaldata

within the transverse fibre bundle composite materiaI.I?;;“th :Eda?;h;fj‘éfgsj’:ﬁéﬁswci);?Pg;;‘?o'fg ;(;ﬁé’iig‘l’yed
The Weibull equations have been modified to char-

acterise the global distribution of acoustic emission paType of Regression Regression

rameters derived from each acoustic emission event, asample m-AMP (%) m-RDC (%) AMP, RDGp

sociated with each microfracture source active within

the region of the tranverse fibre bundle. EGe 056 70 128 848 050 2055

_ E-Gpc 075 72 1.68  96.3 0.71 2454

Suppose that an AE event has a ringdown count value

(RDC) and avoltage amplitude value (AMP), then num-

ber of eventdN associate with this parametric value is

given by the equations: fracture data below maximum stress, after which sat-
uration of the acoustic emission data can occur which

N+ = Neexpl—(RDC/RDG)™ 4 wogld have distorted Weibull parameters obtained. The

! 0eXpl=( @)™ “) Weibull parameters for transverse fibre bundle glass

N = Noexp[—(AMP/AMP)™] (5)  fibre composites are summarised in Table IlI for the

specimens tested. Since the AE distributions extend

wherem, AMPy and RDG are the Weibull shape pa- from a peak at low AE parameter values, the Weibull
rameter and scale parameter respectively for each parparameters obtained have low values. Thevalue
metric distribution,Ng is the total number of events for the ringdown count distribution is (Table 11IB),
for each distribution of the appropriate acoustic emis-on average 1.28 with an RR&alue of 20.55 counts.
sion parameter, and shape parameat&ris important  Postcuring has the expected effect of moving the AMP
for determining the breadth of the AE parameter dis-and RDG values higher since the fracture sites are ex-
tribution. A large value fom signifies a narrow dis- pected to be acoustically more energetic for the more
tribution. The value ofn is obtained from the slopes brittle post-cured material. The brittle post-cured speci-
of the logarithmic Weibull plots produced in the form mens also show a narrower spread of the AE parameters
In In(No/N) vs. In(RDC) or In InfNo/N) vs. In(AMP)  as signified by the increase in the Weilhmlparameter
derived from the acoustic emission data for a particu{from 1.28 to 1.68 for ringdown counts).
lar specimen under test. The intersection between the Fig. 11 shows an example using the Weibull param-
straightline from the graph and tNeaxis is represented eters derived from the logarithmic plots, with the pa-
by y1 = —m In(RDCp) when analysing AE ringdown rameters used to fit the Weibull distribution equation
counts andy, = —m In(AMPgp) when analysing AE to a real AE parametric distribution. The fit between
amplitude. It should be noted that in describing the ring-experimental data and the theoretical curve can be seen
down count and amplitude distributions using Weibullto be good.
parameters, no direct equivalence is expected between|t is not self evident that Weibull statistical meth-
the Weibull parameters for each sample. ods are applicable to transverse cracking. However the

The linearity of such Weibull plots over the strain use of these methods in an empirical way shows that
range indicate that a Weibull treatment is applicable. the Weibull analysis of the statistical distributions of

From Equations 4 and 5 the values for Weibull pa-AE parameters is sensitive to changes in the microme-
rameters were obtained for the 7 days cured and 2 bhanics and mechanisms of fracture. Weibull analysis
post cured transverse glass fibre bundle compositegields two parameters which describe the distribution
The Weibull parameters were obtained using compositand indirectly describe the changes in the evolution
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Figure 11 Fit of a Weibull acoustic emission equation (in RDC form) to AE data from a glass fibre transverse fibre bundle composite.

of microscopic damage in the material. Since the sigiments or other features suggesting improved resin/fibre
nature of individual acoustic emission events carriesadhesion.
highly specific information related to a point of emis- Adhesion between Kevlar and polyester resin is
sion within the sample, and these point events are highlknown to be less effective. AE shows a pattern which
variable, it is pleasing to find that movements of thestarts early and is distributed throughout the time of
value of Weibull parameters are sensitive to materiathe transverse test. The lower amplitude of AE events
condition, even in the light of this localised variability. suggests the growth of smaller cracks with each AE
Under normal circumstances, when testing composevent, on average, having lower acoustic energy. Post-
ite materials, some variability is inherent in acousticcuring of the Kevlar reinforced transverse bundle com-
path from AE source to the transducer, but in the cas@osites results in a change in the stress-strain curve,
of these transverse bundle tests, since the fracture owvith increased resin failure stress. The pattern of AE
curs in the localised area of the single fibre bundle, thidsecomes more concentrated towards the end of the
variability is minimised. test, but now with higher ringdown-count values. Treat-
ing the surface of Kevlar fibres in an ultrasound bath
clearly modifies the adhesion with, for instance, a few
6. Conclusions early large AE events (in the case of post-cured speci-
Acoustic emission has been used to monitor the evomens) suggesting adhesion has been made worse by the
lution of damage in E-Glass and Kevlar-49 transversdreatment.
fibre bundle composite materials during tensile testing, Weibull statistics have previously been used by us to
using instrumentation which captures the full AE wave-characterise fibre systems used in composite materials
form. Results have been compared for 7 days cured angith AE used to identify the pattern of fibre failure [4].
2-4 h further post-cured composite using stress-strairin this work, the Weibull equations have been modified,
AE amplitude and AE ringdown count information.  in an empirical way, to describe the distribution of AE
AE provides a useful insight into the microfracture parameters associated with each AE event. The method
processes occurring during transverse microfracturbas been applied to damage evolution in the glass re-
damage growth and allows indirect interpretation ofinforced transverse fibre bundle composites. The dis-
damage evolution in terms of changes in adhesion anttibution of AE ringdown counts adopts a right-hand
resin mechanical characteristics. tail form (Fig. 11) and the Weibull parameters have
Itis clear that specimens made from post-cured resinvalues which reflect this. Although the AE data shows
can sustain much higher stress levels associated wittmuch higher statistical spread, due to the more complex
improved resin strength and improved resin/fibre adhenature of crack propagation in a transverse fibre bun-
sion. dle composite, (as compared to a fracturing fibre bun-
Transverse fibre bundle composites reinforced withdle), the Weibull parameters still change, reflecting the
glass show a characteristic “quiet-then-noisy” AE pat-changing failure mechanisms within post-cured speci-
tern associated with approaching failure. Post curing ofnens, in comparison to those without any post-curing.
these specimens results in enhanced resin elastic modihis is encouraging and suggests the Weibull statisti-
ulus and failure stress. For these specimens AE adoptsl methods can be combined with acoustic emission,
a pattern which is “noisy-then-quiet” suggesting thatused in an empirical way, to characterise changes in the
initial microcrack generation is arrested by resin liga-mechanisms of microcrack growth within a material
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system, which may or may not be reflected in the shorReferences

term fracture behaviour of the material. 1
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