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The formation of fibrils at the growing craze-tip is a sequential process which 
should act as a sound source. In the article the mechanism of meniscus instability 
is applied for estimating the characteristic frequency and amplitude of the cm res­
ponding acoustic emission signal. The estimated value of frequency (typically 
about 1 Hz in mild environmental conditions)Hes far below the frequency band 
of commercial acoustic emission monitors, while the estimated wave amplitude 
(typically of the order 10- 1 3  m) together with the broad spectral width indicate 
that con·esponding signals are normally bidder. in environmental and instrumental 
noise. This explains the absence of AE signals during the smooth development of 
crazes and at the same time leaves the mechanism of detectable acoustic emission 
in polymers to be explained on the grounds of cracking. 

1. Introduction

The strenght of various glassy polymers in normal and agressive environ­
mental �onditions is mainly limited by the development and growth of crazes. 
Extensive research work has therefore been done on this phenomenon including 
studies of morphology, fracture mechanics, kinetics and most recently also dy­
namics 1 • 2 • 3>, Due to the submicroscopic size of the craze tip region, information 
about the dynamic mechanism of craze development was obtained by morphologi­
cal comparisons of electron microscope records of advancing craze-tip with similar 
images of discontinuities macroscopically developing in viscoplastic materials4 • 5 • 6>. 
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The corresponding theoretical model of developing craze is based on the assumption that the structure of microvoids and fibrils develops due to meniscus instability caused by the stress gradient in viscoplastic polymer. Taking into account the ma­terial parameters of monodisperse polystyrene, Donald and Kramer4> indeed suc­ceeded in calculating the characteristic distance between microfibrils in a craze-tip, which closely corresponds to experimental observation. This agreement indicates that not only morphological but also true dynamic parameters, such as the frequency of fibril formation etc., could be predicted from the same model, which is the aim of this article. Changes in stress distribution caused by development of a craze are accom­panied by emission of stress waves (acoustic emission AE). By the detection and analysis of AE signals information about source properties are obtained. Until now crazing or cracking of polymers was mainly characterized by the rate of AE events which can be correlated with the growth kinetics 7 • 8 • 9> . Only recently the author attempted to determine forces released on a developing defect in a polymer by the deconvolution of the AE signal 1 0> . Perhaps the most interesting result of all these studies is that acoustic emission is often not detectable in spite of evident crazing or even cracking. Until now only a plausible explanation of this observation has been forwarded by Peterlin 1 1  > . It is one of the tasks of this paper to give a quantitative basis for this explanation on the grounds of the mechanism mentioned of craze-tip advancement. For this purpose we try to estimate the characteristic frequency and amplitude of the AE signal generated by developing craze. 
2. The mechanism of craze-tip ad,vancemen,t

Meniscus instability and its inclusion in models of propagating-discontinuities in solids and liquids has been explained by various authors and is here only shortly reviewed4• 5 • 6> . They assumed that a close similarity exists between a craze-tip and the meniscus of a liquid between two rigid plates as shown in Fig. 1. A charac-

.. 

- dp/dx 

Fig. J .  
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teristic parameter of discontinuity is the spacing h between the plates at the distance
from the tip where meniscus curvature is already negligible. The liquid is sucked 
by a negative pressure gradient - dp/dx with constant velocity v0 in the direction
of growing discontinuity. Let us assume that in a steady state the meniscus is
straight and has a curvature R at the head. If its straight form is penurbed from
the coordinate x0 to 

x = x0 + s cos 2nz/),, 

the head curvature is changed for

1/R = d2x/dz2 = -s (2n/l)2 cos 2nz/i.. 

(1 )

(2)

The surface tension T tends to diminish this disturbance by the equivalent
pressure difference Lip" . T/R while the pressure gradient amplifies it by Lip,,

= 

= -s dp/dx. The disturbance is therefore unstable if the condition 

(3)

is fulfilled. By assuming just unstable disturbance we get the expression for the
lower limit of wavelength: 

A = 2n VT/ Jdp/dx J . (4)

More detailed analysis of meniscus instability showed5> that the wavelength
of disturbance with maximal increment is given by 

lo = Vf.t = 2n J/3T/ Jdp/dx l. (5)

Although possible in principle, it is difficult to measure the pressure gradient,
therefore it is better to express it by velocity v0 of meniscus propagation. In the 
case of viscous flow between two plates we can apply the standard formula for me­
niscus head · velocity: 

'Vo = - h2 

(dp)
811 dx (6)

in which 11 denotes liquid viscosity. This velocity is greater by a factor 8/ 12  than
the average flow velocity usually taken into account by other authors. Inserting
Eq. 6 into (5) we get 

lo = 2n V3Th2/8 'Vo?J·

Taking into account a more general flow law of type:

B = Bo (a/<10)n 

(7)

(8)
Fields and Ashby 6> derived an equivalent expression applicable also for plastic
flow : 

Ao = 2n Y 3 )/3 Th/2<10 • 
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Here n, a0 and e0 are material parameters, which for the Newtonian liquid aregiven by : n = 1 and 17 = O'o/3so.  Donald and Kramer4> used the following data for the monodisperse poly­styrene : T = 0.04 J/m2 ; s0 = 1 .7 10- ss- 1 ; <10 = 35 MPa, n = 17, ·v0 = 10- sms - 1 that give for the craze thickness of the order h = l O nm the characteristic wavelength Ao = 20 nm, which is in good agreement with the experimental results. 

3. The properties of AE generated by developing craze-tip

Due to meniscus instability a sinusoidal disturbance first develops which,under favourable conditions, is then further transformed into a fingerlike strUcture6>.Images of craze-tips show that fingers are also unstable and decay into seriesof microfibrils between both sides of a craze. They are spaced approximately thesame distance apart as the fingers themselves4> .  A detailed physical descriptionof filament evolution is at present still outside our scope, but we can suppose thatthe same mechanism that governs the development of fingers is also responsiblefor their further decay. Although both phenomena are physically similar thereexists a marked difference caused by geometrical properties. Formation of a finger­like structure in the longitudinal direction of flow velocity is a smooth continuousprocess, while the transversal decay of fingers into fibrils must take place sequen­tially with a certain characteristic frequency f. This frequency is determined by the ratio of meniscus head velocity v0 and characteristic distance between fibrils, which approximately equals Ao : 
f = v /A = _!_l/ 2v!ao ( IO)0 0 2n 3 f3 hT . 

From the quoted data for monodisperse polystyrene we get an estimation f == 0.5 Hz. It is interesting that characteristic frequency f can be assessed directly fromexperimentally determined l0 and v0 without any assumption about the mechanismof craze development. Experiments on different materials (PMMA, PS, polycarbo­nate etc.) show that the craze velocity in mild environmental conditions rangesfrom zero to the values a few orders of magnitude above or below 10- 8 ms- 1 , while the fibril spacing at the craze tip is of the order I O nm O• A typical frequencyis therefore of the order 1 Hz or below. If the stepwise fibril formation is accompanied by stress fluctuation, th� thefrequency of the corresponding acoustic signal lies far below the frequency band0.1-1 MHz in which acoustic emission is usually monitored. This great discre­pancy indicates that by the currently available AE instrumentation the develop­ment of crazes under normal environmental conditions practically cannot be detected.The same conclusion stems also from energy or amplitude considerations. Let us assume that the craze proceeds for }.0 in a typical time t0 = 1/f = l0/v0 • The volume of a polymer transformed into microvoid and fibril in this step is ofthe order V0 = l!. Experimental investigations of Lauterwasser and Kramer3> 
showed that the stress on the craze is only sJjghtly different from the applied stress 
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in uncreased material. We can therefore suppose that in the assumed step of micro­transformation only elastic energy contained in the volume V0 is released. It isequal to 
(1 1) 

Here E is the modulus of elasticity and e is the strain at the craze..:tip which is ofthe same or�er as the average value in the. sample. The order of magnitude of W ismost simply .assessed if for .e, the yield or the critical value for the craze developmell,tis taken into . account 1>� . I ) . 
' .  . 

; .  

·. . The released elastic energy is partly spent for plastic defo�niation relatedwith fibril formation and partly emitted by elastic wave. In the mo�� . favourable situation the latter part is approximately of the same order as the released energy 
W. Due to wave propagation the energy liberated in the time interval of span t0 is spread into the volume of the order V = (ct0)3 where c is the speed of sound. If the distance Cto is grea�er than specimen dimensfons then wave reflections 011 the boundary complicate the' situation but we can still · expect 'that the· energy den-sity in the emitted wave is of the order . . 

(12) 
Expressing thi$ d�sity by the w�ve amplitude and frequency we get the equation 

W _  q A2 (2nf)2 ..:._ Ee2 (v0 )

3 

v - --2-- - �  c ( IJ) 

in which q denotes the polymer density. By introducing the relation c2 = E/q wederive for the wave amplitude the expression 

. A = �1 (":) 
31 2

• ( 14) 

Applying the following values for the ·monodisperse polystyrene : e = 0.5 ; 'Vo =
= 10- s  ms- 1 , f = O�S s- 1 , · c  == 2.5 10 3ms"" '1 we0 obtaih A �  10- 1 4  m. This va­lue represents an overestimated amplitude of acoustic wave corresponding to asingle fibril-void formation. The craze developmel\t js composed of . a  series of such single events whichare more or less synchronous. Electron microscope images indicate that typicalcorrelation length of . fibriL spacing is of the order ,of a few l0• This means thatthe number 'of synchronously . cooperating microevents is of . the · order 10. Thewave amplitude is therefore raised by an order of magnitude. As a consequencethe emission process is expected to be represented by a signal of effective amplitudebelow 1 o- 1 3 m and typical ,frequency about 1 Hz. The characteristic : correlationtime should be approximately an order of magnitude greater than t0 which showsthat the signal has a · broad frequency. spectrum. Such a signal corresponds to arandom noise w�ch is. practically impossible to- differentiate from the ba�groundnoise �f currently available instrumentation. 
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4. Conclusion
The aim of the article was to assess some characteristic properties of acousticsignal emitted during the smooth developiµent of crazes. The estimated parametersindicate that the corresponding signals fall into a freqeuency band which is severalorders of magnitude below that of normal acoustic emission monitoring systems.Beside .. this the amplitude estimated by the consideration of craze developmentmechanism falls outside the region of det�ctability. These estimations explainwhy acoustic emission is so often· absent during the smooth advancement of crazesbut at the same time indicate that there must be a concurrent mechanism whichis responsible for detectable acoustic emission in several cases, especittlly underaggressive environmental conditions 7 • 8• 9>. Pressumably only cracking of crazedpolymer could be considered for the explanation of this phenomenon. 
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RAZVOJ VLAKNASTIH RAZPOK V POLIMERU IN AKUSTICNAEMISIJA 
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Tvorba vlaken v konici vlaknaste razpoke je postopni proces, ki naj bi deloval kotizvor zvoka. V clanku je · uporabljen mehanizem meniskusne nestabilnosti za oce-:­njevanje karakteristicne frekvence in amplitude ustreznega signala akusticne emisi­je. Ocenjena vrednost frekvence (tipicno okoli I Hz v blagih pogojih okolja) ldidalec pod frekvencnim pasom komercialnih detektorjev akusticne emisije. Ocenjenavalovna amplituda (tipicno reda velikosti 10- 14 m) nakazuje skupaj s siroko spek­tt;alno sirino, da so ustrezni signali akusticne ·emisije normalno skriti· v sumu okoljain inst\lrmentarija. To pojasnjuje nezaznavnost akusticne emisije med pocasnimrazvojem vlaknastih razpok in hkrati nakazuje, da je  potrebno zaznavno akusticnoemisijo jevati na osnovi .skokovitega pokanja polimera, ki s�edi razvoju vlak­nastih  
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