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Dynamics of quasistatic directional crack growth
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We report extended experimental results on the dynamics of quasistatic directional crack growth in a brittle
material. Straight propagation, characterized by both the propagation threshold and the crack tip equilibrium
position, enables, within the Griffith energy balance framework, the extraction of the fracture energy and its
dependencies with temperature and crack velocity. It is shown that the apparent variations of the fracture
energy with crack velocity are an effect of the local temperature at the crack tip, which controls the relative
humidity. The oscillating instability of the propagation is described and the results are compared with recent
theoretical work, showing that the sensitivity to details of the experimental conditions implies special care for
quantitative comparisoiS1063-651X98)02102-3

PACS numbd(s): 46.30.Nz, 62.20.Mk

[. INTRODUCTION into a cold bath at constant velocity (Fig. 1). The samples
are thin soda-lime glass plates of thicknesdess than a
The study of crack growth has recently been subject to anillimeter, length of about 1 m, and width between 3 and
renewal of interest among physicists. This is essentially dud0 mm. The plates are driven through two temperature baths:
to the nonlinear properties of this moving boundaries probthey first pass through an oven at temperafiye AT, made
lem, which the various tools developed to study dynamicabf two parallel heating elements, separated by a 1.1 mm gap
systems may help one to understand. Recent studies of cratk enable the translation of the glass plate without friction
growth systems have focused on the formation of patternsyhile ensuring good thermalization; then the plates dip into a
either by fragmentatiofil], dessicatiorf2], or crack interac- large basin of about 30 liters of water at ambient temperature
tion [3,4], and the dynamical instabilities observed duringT,. A circulation of water maintains a constant level of the
crack propagation. This last point has received much attersurface and increases the efficiency of the cooling of the
tion, both from experimentdl5—8] and theoretica[9-13  plate. The dynamic meniscus present at the contact between
points of view. Though the nature of some instabilities hashe glass and the water is controlled by preparation of the
been described, their mechanisms are not yet well undeglass surfaces with a hydrophobic solutid], which im-
stood. poses a roughly constant contact angle of 90°. These precau-
Recent experimen{s$,7] have shown, because of the lo- tions enable a control over the distaritéetween the heater
calization of the growth frontthe crack tip as in directional  and the cooling bath to within 0.5 mm, for values between 5
solidification, the ability to control the propagation over aand 10 mm. The driving of the glass plates at constant ve-
wide range of quasistatic velocities. In this paper, we preseripcity V is ensured by a stepping motor, paced by a TTL
results on the dynamics of a single crack in a directionaklock signal, within the range 0.01 to 10 mm’s
growth experiment, extending previous wdiK. The stationary thermal field thus induced inside the glass
After describing the experimental setup, we will show in
Sec. Il that this system exhibits various propagation states, stepping motor,
depending on the amount of elastic energy stored in the iv
samples, which enables the experimental investigation of
fundamental problems in brittle fracture, while controlling glass plate
the crack front velocity. Among these states, we will focus in '
Sec. lll on straight propagation, by studying both the propa- oven To+AT
gation threshold and the equilibrium crack tip position dur- trapped k't
ing propagation. Confrontation with an elastic model gives appec ctac 1p-——>2 h
hing

access to the fracture energy of glass, as well as its depen-
dencies with the control parameters of the experiment. We
will then assess in Sec. IV the problem of the stability of
straight crack, and using the results obtained on the fracture
energy, we will quantitatively confront our experimental data
with models of quasistatic crack stability.

water bath Ty

FIG. 1. Schematic setup of the directional crack growth experi-
ment: a thin glass plate of thickness=0.9 mm and widthL is
driven at constant velocity from a heateftemperaturel,+AT),

Il. PROPAGATION STATES into a water bathtemperaturel), at a distancdr=5 mm lower.
The resulting thermal field induces stress in the plate that can trap

The experiment is analogous to directional crystal growthihe crack tip in the region between the two temperature baths. Then,
a crack front is spatially localized within a thermal gradient, as the plate moves within the thermal field, the crack front grows
and propagation is achieved by driving hot glass sampleghrough the glass at the controlled velocity
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does not induce stress. The stress only comes from the variations of
FIG. 2. In situmeasurement of the thermal field is achieved with the gradienthere atz=0 andz=h), and extend over a region of
a typeT thermocouple, made of 0.05 mm diameter wires, and in-characteristic size, the width of the plate.

serted inside a hole drilled on the side of a 0.9 mm thick glass plate

(insed. The plate is driven through the temperature baths at constarde(EEd by the thermal expansion of the.glass. Here, the
velocity V, and the temperature is recorded as a function of timePlate’s edges are free to deform, and a uniform temperature

giving the spatial distribution of the temperature inside the glas@radient leads to no stregk5], only gradient variations; i.e.,

plate, here plotted for three different values of the driving velocitythe second spatial derivatives of the thermal field induce

V. We clearly see the two distinct regimes, of pure diffusion at lowstress inside the plate. For example, in the case of a pure

velocities] V=0.05 mm s ! (a)], and advection at higher velocities diffusive thermal field ¥=0), the stress comes from the

[V=0.3(b), and 0.5 mm §? (0)]. boundaries =0 and z=h) between the three regions of
uniform gradient(Fig. 3), but an assumption of perfect ther-

samples depends on the difference of temperaiifethe =~ mal baths then leads to a discontinuity of the gradient, which

distanceh between the baths, and on the driving veloaity — overestimates the stress figld]. According to the Saint-

which advects the temperature field from the heater toward¥enant principle[15], the stress field induced by these gra-

the cold bath and concentrates the thermal gradient above tigkent variations will extend over a characteristic distance of

water level, over a characteristic distardie=D/V, where the order of the plate’s width. This parametet thus en-

D is the thermal diffusion coefficient of the glas®40.5 ables the control of the amount of elastic energy stored in-

mm? s~ 1). We have measured the temperature field insidé&ide the plate.

the glass plates by inserting a tyflethermocouple, made

with 0.05 mm diameter wires, inside a hole 5 mm deep with (a) ¢

a 0.3 mm diameter drilled on the side of a 0.9 mm thick glass

plate (inset of Fig. 2. Driving this plate within the baths at

constant velocity/, and recording the temperature as a func- b) i

tion of time t, gives the spatial longitudinal thermal field

T(z=1zy— V1) inside the plate. The initial positior, of the

thermocouple was chosen high enough within the hot batt I

—
<

for the thermal field to be in a stationary state when the ) < =
probe approaches the gapFigure 2 presents the measured :
temperature fields for different values of the driving velocity
V. Within the region between the baths, we recover the ex-
pected variations of the temperature field as a functiox:of

at low velocities, the advection is negligible and the thermal (@

s

gradient is uniform, but at higher velocities, we observe the
manifestation of advection through the localization of the
thermal gradient near the cold bath, and the higher the ve:
locity, the stronger the effect. Let us note, however, that the
temperature baths are imperfect, as the transitions betwee
the three zones, the hot thermostat, the gapnd the cold (e
thermostat occur over a distance of order 1 mm. These mea
surements are reproducible, and for fixed value¥ aindh,
the temperature profile scales with the temperature difference
AT. This temperature measurement setup also enabled US 10 fi_ 4. The various propagation states in the directional crack
check that the stationary temperature field is effectivelygrowth experiment. According to the plate’s width which con-
reached after a characteristic time-h?/D=50 s. The glass trols the amount of elastic energy available, three states are ob-
samples thus need to be translated over a distdrcérin served, no propagation fdr<L (a), straight propagation fok
order to reach the stationary state of the temperature field. <L <L . (b), and oscillating propagation fdr>L . (c). Further

The thermal stress field in the interior of the glass plate iSncrease oL leads to irregular behavior of the cra and (e).

L >> Lo
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FIG. 6. Variations of the propagation threshaldas a function
of the temperature differenc®T between the baths, for two fixed
driving velocitiesV=0.2 mm s ! (®) andV=0.4 mm s ! (O).
The lines correspond to the best fit of these data ta\d Kcaling,
which is better at higher velocities, the discrepancy being attributed
to the finite extension of the stress sources.

driving Qelocity V (mm/s)

FIG. 5. As a function of the driving velocity, the bifurcation
curvesL (V) andL (V) reflect the variations of the thermal field
with V: they are controlled by the distanbebetween the baths at
low velocities, the thermal lengtty, in their decreasing part, and
the thickness of the plate at higher velocities, leading to a three- . . ) .
dimensional problem. The crack surfaces shown in the inset illus@’y thermal field withV. The low velocity regime corre-

trate well this transition from two-dimensional to three-dimensionalSPonds to a pure diffusive, velocity independent field, when
fracture process. the thermal lengthty, is greater than the distanbebetween

the baths. At higher velocities, the advection process results

Crack nucleation often requires much more energy thaf the decrease of the critical widths with and lasts as long
its propagation, as it occurs essentially from microscopic sur@Sdin remains bigger than the half thicknes of the glass
face defect$16,17), which have a lower stress concentration Plate, for which the temperature is no longer homogeneous
factor than a propagating crack tip, because of their smafnside the plate, leading to increasing critical widths with
size. The creation of a new crack will thus depend on thelhis last transition from a two-dimensional to a three-
surface state of the glass plate, which is difficult to control.dimensional process is clearly visible on the crack surfaces,
The glass plates are therefore seeded by scratching the leaibich are smooth at low velocities and rough at high veloci-
ing edge, and the elastic energy is only used for crack propétes(mset of Fig. 9. The following analysis will be restricted

gation. to the two first two-dimensional regimes.
In a given thermal field 4T, h andV fixed), the growth
state erends on the plate’s widlh[?]: for low values .of IIl. STRAIGHT CRACK PROPAGATION
the width, the crack does not groffig. 4a@)]; whenL is S o
greater than a critical valuke., the crack grows straight, The energetic difficulty of crack nucleation implies that

cutting the plate in two equal parfig. 4(b)]. This straight the curvel (V) (Fig. 5 only reflects the transition from the
propagation is stable as long as the plate’s width remainBropagating state to the nonpropagating one. The critical
below a second critical valuk,,, above which the crack Width L. is thus measured by using plates of slowly decreas-
path becomes wavy, making regular oscillations near the ining width. Starting with a widthL>L, the seeded crack
stability threshold[Fig. 4(c)]. Regular oscillations become first propagates through the plate at the constant driving ve-
less and less regular asis further increasefFigs. 4d) and  locity V, and stops wheh =L, its tip sinking with the plate
4(e)]. These propagation states were always observed, whafito the water bath. The rate of width variation is chosen to
ever the thermal fieldi.e., AT, V, andh). A phase diagram be less than 1% so that the error on the steady temperature
can thus be drawn in the parameter spac@/], with the  field matches the width within 1%. In such conditions, the
width L controlling the available elastic energy, and the driv-measurement of the critical width. is reproducible with
ing velocity V controlling both the longitudinal crack veloc- less than 5% dispersion.
ity (which is the absolute velocity for straight propagajion  Another interesting dependencelqfis its variations with
and the advection of the thermal field. the temperature differenc®eT at fixed driving velocityV. In

Let us recall the main result concerning the propagatiorFig. 6, we show such a dependence for two fixed values of
states, obtained in Reff7]. A typical phase diagram is plot- the driving velocity inside the advective regime of the tem-
ted in Fig. 5 in semilogorithmic scale, showing the threeperature field ¥Y=0.2 andV=0.4 mm s ). L. decreases
states of propagation with the transition lineg(V) separat-  With AT, showing the increase in elastic energy density with
ing the no-propagation state from straight propagation, and T, so that for larger values & T, less width is needed for
Los{V) separating the straight from the wavy propagation.crack propagation. The figure also shows the best fit of these
These two curves are roughly parallel and clearly show thredata with the scalind. .= 1/AT, which is better at high ve-
different regimes as a function of the driving spaédThese locities. This scaling can be writteri?(A T)?= const, corre-
regimes have been relatgd| to the variations of the station- sponding to onset of propagation when the elastic energy
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FIG. 7. Evolution of the equilibrium crack tip positian, as a s
function of the plate’s width. for fixed values of the driving ve- b .
locity V=0.125 mm st temperature differencaT=135°C, and :
the distancén=5 mm between the temperature baths. The crack tip
matches its position toward the high stress region near the cold bath
to compensate the decrease in plate’s widtlvhen approaching
the propagation threshold (-L.).
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([volume =L?]x[energy density=(AT)?]) released by L E
crack propagation reaches a threshold level, as stated by the ; L N
Griffith criterion for crack growtt 16]. The discrepancy be- 0.01 o1 » 1
tween this scaling and the experimental observation can be (b) crack velocity V' (mm 57
attributed to the finite extension of the stress sourtks
temperature gradient variationsvhich decreases with ve- : ]
locity and results in a lower effective affected volume, whose [ . -‘”\\ ]
effect is stronger at low values @f; . 3

This threshold_.. is clearly linked to the minimal amount 4 T
of energy required for crack propagation. For larger width,
i.e., inside the straight propagation regibp<<L <L .., the
system adapts to the excess of available elastic energy
through another parameter: the crack tip positgn

Directin situimages of the crack tip are obtained using a el
video camera, with a spatial resolution of 0.1 mm and a time 3 ) W\ 1
sampling between images of 1/50 s. This is only possible : ]
when the equilibrium position lies between the temperature 00 o E— 'O'J E— "1
baths, where reflection of light on the crack surface enables crack velocity V (mm s)
the visualization of the crack tip.

We have measured the tip equilibrium positipg when
traveling through thel(,V) phase diagram. The matching of FIG. 8. Evolution of the measured equilibrium crack tip position
the system to the available elastic energy via the crack tigip With respect to the driving velocity for two different values of
position is clearly illustrated in Fig. 7, where we have stud-the plate’s widthL (triangles, with AT=135 °C, anch=7.5 mm.
ied the equilibrium tip positiorz;, as a function of the WhenL is higher than the propagation threshdld in the whole

plate’s widthL (>L.) for a fixed temperature fieldYT, h, ~ '#"9¢ of \.'til/o?t:fs l@'}ﬁ“ax) ' dthe t.tip p]f)fritiot?] CON;TTS?IV de&
and V fixed). For L>L,., the available elastic energy is S'¢2°€s WiV, loflowing the advection of In€ therma Tield towards

greater than what is needed for propagation, the crack tithe cold bath(b). Smaller values ol can place the system in
position stabilizes near the hot bath, i.e., in a lower stresse fferent propagation states depending bric). Approaching the

. ] . on-propagation regiofiV;,V.], the crack tip goes closer to the
region. As the widthL decreases towartd,, the available propag giopVi V] P g

. o i‘ilgd bath, but recovers the general trend far from it, the thick lines
energy decreases, and the tip position goes closer to the co guides for the eyeb) and(c) also show the predicted crack tip

bath, in a higher stressed region. Finally, whereaches its  ositions, first with an ideal thermal fieldlashed lines and with
critical valueL ., the propagation stops and the tip falls with the measured onesquares

the plate into the cold bath.

For fixed values of the plate’'s width above its critical Let us note that the (V) curve presents a maximum
valuel, the crack tip position depends on the driving ve-L®[see Fig. 5 and Fig.(&]. ForL>L"®, the equilibrium
locity V and approximately follows the evolution of the ther- position of the crack tip above the cold bath is observed to be
mal field with V. a continuously decreasing function of the veloc[tyig.
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FIG. 9. The use, in the model,
of the measured thermal field, ei-
ther directly (a) or by fitting it
with analytical functiongb), leads
to similar quantitative results for
the energy release ratg(z) as a

(a-2) (b-2) function of the crack tip position
L B R B B R o ] z. The Griffith energy balance di-
b rectly gives the stable equilibrium
] tip positionzy, by the intersection
] of the energy release raté(z)

3 and the fracture energl.
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8(b)], and illustrates the advection of the thermal field to-its limiting value V=2D/e (cf. Sec. I). At such velocities,
wards the cold bath. Fdr (V=0)<L<LI®[Fig. 8c)], the  of order 1 mm s, much lower than the sound speed in
crack cannot propagate in a given rangeVgl, <V<V,). glass(hundreds of meters per seconthe crack growth is in
ApproachingV;(Vs) from low (high) velocity, the equilib- quasistatic conditions, and the effect of the driving velocity
rium position of the crack tig;, is markedly decreasing: the V only accounts via the thermal profilgz). Recall that the
tip sinks and “dies” into water when entering the nonpropa- stress comes from the second spatial derivative of the profile,
gating region. therefore quantitative comparison with the experimental re-
We can analyze these results within the Griffith energysults requires special care in the determination of the profile.
balance framework16]: the crack tip is at an equilibrium We use the measured thermal field in order to make the
position when the amount of elastic energy released for @omputed energy release rate match most precisely the ex-
crack growth of a unit length equals the amount of energyperimental conditions. To include this thermal profile into
needed to create the corresponding surfaces. Per unit surfage elastic stress computation, two distinct methods have

this equilibrium can be written as been used. First the measured profile was fitted with an ana-
_s 1 Iytical function. To account for the finite extension of the
G(zip) =27, oy transitions between the three distinct regions of the tempera-

ure field[Fig. Ya)], we chose the second derivative of the

itting function to be a sum of two or three Gaussians, whose
Parameters were adjusted so that the function fits the mea-
Ered thermal field. In the second method, we directly used
e measured thermal field. The high frequency noisy mea-

wherey is the surface energy of the fractured material, anﬁ
G is the amount of elastic energy released by the creatio
during crack growth, of a unit surfac& is the energy re-
lease rate, and only depends, apart from the elastic properti

of the material, on the sample geometwidth L and crack sured signal has large local second derivatives, but each of

tip positionz;,), and the loading conditionghermal field. ; X
A usual extension of this equation, in order to account forthese induces stress over a spatial length of the order of the

dissipation processes other than pure surface energy, consiE@te § width. The Saint-Venant principle thus acts as a low-

in introducing the fracture enerdy, which contains the sur- P33 filter, with a characteristic size, the widitfof the plate
o energyg& d othera priogyunknown terms, such as [Fig. 9(b)]. Furthermore, the sampling step of the spatial

plastic dissipation, chemical effects, dtt7] Equation(1) is therma_ll field measurement was chosen small enough for.the
then numeric calculation, performed with the use of fast Fourier

transformdg10], to provide good accuracy. The similarity of
G(zgp)=T. (2) the energy release rate functioBgz), obtained with both
methods, is presented in Fig.[8a-2 and (b-2)], showing
Using linear elastic fracture mechanics, one can calculatéhat they both are relevant. Because it is more straightfor-
the energy release ra@ as a function of the straight crack ward and requires less computation time, we essentially used
tip position z within the thermal field. This has been per- the second method to obtain the energy release rate from a
formed, under plane stress conditions, in Rdf0] for an  measured thermal profile.
infinite strip of width L, containing a semi-infinite static The propagation state of a straight crack in the plate is
crack, submitted to a thermal fielf(z). These conditions given by the comparison between the energy release rate and
apply as long as the thermal field is homogeneous inside thine fracture energy. Depending on the maximum vabg,
plate, that is, as long as the driving velocityis lower than  of G(z), there can be either none, one, or two intersections
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FIG. 10. Measured fracture enerflyas a function of the crack is a guide for the eye

velocity V for three different values aAT [135 (O), 96 (@), and

36 °C ()], showing a clear dependence wilfT. The error bar is .
in the lower right corner. Gnax Of the energy release rat®(z) at the propagation

thresholdL., we can thus obtain the positiary, of this

betweenG(z) and the fracture energy [Fig. Ab-2)]. The  maximum, which is the crack tip position at the propagation
maximum G, scales as4T)?, but has no simple depen- threshold. The temperature fiel{z) inside the plate being
dence withL, though, as expected by applying the Saint-known, we can obtain the local temperature in the plate at
Venant principle, it increases with the plate widthshow-  this positionT,=T(zp).
ing that for low enough values df, there is no intersection, Figure 11 shows the dependence of the fracture enérgy
and thus no propagation. Additionally, for large valued. of  with this temperatureTy,, for fracture energies measured
there are two solutions for the equati@(z)=1I", corre- both at variousAT and crack velocitie¥. They all group on
sponding to two possible equilibrium positions for the crackthe same curve, indicating that variations with batfi and
tip, though only the solution in the decreasing parGg¢k) at Vv are due to the dependence ©f) . A decrease of with
z=1zy, is stable. As the plate is translated at constant velocityT;,, with a saturation at high temperatures, is clearly ob-
V through the thermal field, the crack propagates inside theerved.
plate. The propagation threshdld corresponds to merging This dependence of the fracture energy on the local tem-
the two intersections into one, at which pofB,,,=1I". perature at the crack tip is probably related to the well-

Adjusting the fracture energy on the measured propagaknown effects of water on crack propagatiph8]. Water
tion threshold at low velocities, this model has shown to bemolecules are known to chemically react with the highly
in good qualitative agreement with the whole dependence ddtressed Si-O-Si bonds of the glass at the crack tip, which
L. with V [7], even with an ideal thermal field, only con- results in a diminution of the fracture energy with the rela-
trolled with the two characteristic lengths, the distafce tive humidity. We expect the pressure of water vapor at the
between the temperature baths at low velocities, and the thecrack tip to increase with the local temperature at the crack
mal diffusion lengthdy, at high velocities. tip, with a saturation at high temperatures, and thus to appar-

Quantitative comparison can only be achieved by extractently depend oA T andV, as they both modify the equilib-
ing the unknown fracture enerdy, the only adjustable pa- rium tip position within the thermal field. It should be noted
rameter of the model, the energy release rate being calculatedrough, that the link between the local temperature and the
with the measured thermal field. It was shown in Réf.that  relative humidity at the crack tip is not clear. Furthermore,
for high values ofAT, the so derived fracture energy had adirect comparison with classical fracture experiments under
weak dependence with the velocity within experimental controlled environment is not straightforward as such experi-
precision.

For a better characterization of this result, we have stud- L = Lo
ied the dependence of the fracture enefgyith the tem- ¢
perature difference to account for lower value\df. Figure A
10 shows the fracture enerdy as a function of the crack s AR

velocity V for three values of the temperature differerce.
The velocity dependence is not so cldaspecially within
the experimental precisignbut we can see a clear decrease ﬁ_‘
of I' with AT.
These apparent variations of the fracture energy Wwith FIG. 12. Scanned image of a glass sample showing the progres-
and AT can be expressed as a dependence with a singlgve transition from straight to oscillating propagation as a function

parameter, the local temperaturg, of the glass at the crack of the plate’s widthL. The glass plate has here a high relative
tip. As the fracture energy was measured as the maximurimcrease in width for demonstrative purposes.
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plates larger than this threshold, the crack path is no longer

L B B straight. Near the threshold.., the crack grows, forming
2 ° o, & ] regular oscillations with a well-defined wavelengthAs the
7‘056 ) XX e ] width L is increased further, these oscillations become less
-8 ¢ . ] and less regulafFig. 4(c)]. One can eventually observe, in

these last regimes, the nucleation of a new crack from the
] crack surface where the curvature is high, thus forming a
- . stress concentrator.
] The oscillation threshold ,s(V) is measured, as for the
] propagation threshold, by slowly varying the plate’s witth
1E E (Fig. 12. This can be achieved either by an increase or a
] decrease oL, as there is, here, no nucleation problem. The
rate of variation of the width. is chosen as for the measure-
ment ofL., i.e., lower than 1%. The measurementlLgf.
€= (L'LOSC)/LOSC consists in the determination of the point at which the path
followed by the crack is not straight but oscillating, and is
FIG. 13. Oscillation wavelength as a function of the relative g procedure dependent. This has been achieved by various
distance to the instability threshole=(L ~Losg/Lose, for AT — methods, by touching the cracked surfaces, or by sight in
=135°C,h=5mm andv=0.2 mm s°*, showing the finite value 5,inq incidence, leading to the localization of the threshold
of the wavelength ,s.at the threshold and the low dependence W'thwithin a region of about 1 cm along the crack path. With
€ such a procedure, we found no significant differencé jg.
ments usually measure the velocity response to an increase heasured with either increasing or decreasing plate’s widths.
energy release rate and here, we impose the stationary crack The other characteristic quantity of this instability is its
velocity V and extract the fracture energy at a stable equilib-oscillation wavelengthh. Figure 12 shows a numerized
rium position of the crack tip. (scanneflimage of a cracked glass plate, which shows the
We have checked these measurements of the fracture eprogressive transition from straight to oscillating propaga-
ergy I’ from the equilibrium crack tip positions. Above the tion. Following the path, we can draw the evolution of the
propagation thresholtl;, the evolution of the crack tip po- wavelengthn as a function of the relative distance to the
sition zy, with V is qualitatively well reproduced by the elas- instability thresholde= (L — L y)/L s, @s shown in Fig. 13.
tic model, as shown in Figs.(8 and 8c), but the quantita-  The wavelength has a finite valug. at the threshold and

tive discrepancy is high. Using both the fracture energysiowly increases with the plate’s width=L
extracted from the propagation thresholdsand the mea-

sured thermal field, the predicted crack tip positions com
closer to the measured ongBigs. §b) and &c)], though
there still remains a large uncertainty, mainly due to the erro
caused by the high slope of the energy release &t®
around the equilibrium positiorg,, inside the straight
propagation state.

oscillation wavelength A (mm)

L N " N 1 " ) " " 1 " L " " | "
0 0.005 0.01 0.015

osc*
To determine the nature of this instability, we have stud-

Sed the spatiotemporal dynamics of the crack tip, and mea-
sured by video means both its longitudinal and transversal
[)ositions as a function of time just above the on&ag. 14):
the instability only consists in a transversal oscillation of the
crack tip and the longitudinal propagation speed remains, as
in the straight regime, the driving velocity. The oscillation
frequencyf is thus linked to the wavelength measured along
V. OSCILLATING INSTABILITY the path bya =V/f, and checked the result obtained by di-
Straight crack propagation remains stable as long as theect measurement.

plate’s width remains below the critical value,s.. For The variation of the two characteristic quantities,. and
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?ﬁ - ] 2 C {'(/ ] FIG. 14. The time evolution of both longitu-
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o e T T I T S T P dinal and transversal crack tip positions just

time (s) time (s) above the onset of the oscillating instability
shows that the instability only consists in a trans-
versal oscillation of the crack tip.
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FIG. 16. Dimensionless oscillation wavelength./L . at the
instability threshold as a function of the dimensionless thermal dif-
fusion lengthd, /L 4s. for different values of the temperature differ-

. . . i ence AT. Within the advective regimed(,<h), all the values
A oscWith the driving velocityV for fixed values oA T andh,  gaiher in a unique straight line, departing from this universal be-

are drawn in Fig. 15. They manifest the same variation repayior in the low velocity diffusive regimedg,>h). This shows
gimes withV as the critical distance., meaning that they that the scaling between the oscillation wavelenytg, and the

are related to the corresponding evolution of the thermal fielGscillation threshold. .. is completely controlled by the extension
through the distanch between the temperature baths at low of the thermal gradient.

velocities and the thermal diffusion lengtly, at high veloci-

ties. In Fig. 16 we have reported the variations of the wavenonsingular component of the stress field has been computed
length \ .. with the thermal lengthdy,, both normalized in  from the elastic model using the measured thermal field, as
units of L., for three values of the temperature differencedone in Ref[10] but using the measured thermal field, and
AT between the two baths. The striking result is the gatherthe fracture energy’ deduced from propagation thresholds.
ing of all values\ ,./Los in the thermal advection regime The Cotterell-Rice criterion predicts a destabilization of the
over a straight line, whatever the valuedT. This universal  straight crack much soonet {s~=1.09_.) than what is ac-
behavior clearly indicates that,.is controlled by the ther- tually observed I ,s=1.7L.) [7]. This discrepancy can be
mal diffusion lengthdy,. Whenh controls the thermal field understood, recalling that this criterion considers straight
(din>h), N osc/ L oscdeviates from this universal behavior, be- propagation in an infinite medium. In our finite geometry,
coming velocity independent, confirming that the oscillationwhen escaping from straight path, the tip is no longer in the
wavelength is controlled by the spatial extension of the temmiddle of the plate and should feel a stabiliziggometric
perature gradient. shear stress, due to the rupture of symmetry.

Let us now focus on the mechanism of this oscillating Other models have been proposed to explain this instabil-
instability. The stability of straight crack propagation is aity. By means of finite element method, Babt al. [12]
fundamental problem of fracture mechanics but not yet welsimulated the crack growth, using a discrete formulation of
understood. It is related to the problem of the direction ofthe criterion of local symmetry, i.e., at each time step, the
propagation of a crack as a function of the external loadingcrack direction is changed to suppress any shear stress at its
In our case, straight propagation in the middle of the plate istip. The main difference with the Cotterell-Rice analysis is
according to the symmetries, a pure mode | fracture problenthe account for the finite width of the system. Because of the
The fundamental question is: how a perturbation changes tharge computation time needed to achieve stationary state,
stress fieldapparition of shear stress, or modg Bnd how they analyzed the stability of the straight crack growth by
the crack reacts to that new field. This requires a propagatiostudying the relaxation of an oscillating crack towards its
condition in mixed-mode fracturémode | + mode II). stationary state, through the time evolution of the oscilla-
Crack initiation observations show that the presence of shedion’s amplitude. The latter increases above the instability
stress at the tip of the crack leads to a direction of growtrthreshold, and decreases below. This analysis led to an insta-
making a finite angle with the initial crack direction. Assum- bility threshold compatible with the experimental observa-
ing a generalization to growing cracks, this suggests thations, though quantitative comparison cannot be performed
smooth propagation occurs along a path where the crack ti@s the used thermal field is only characterized by the thermal
never feels shear stress, thatk§,=0. This is usually re- diffusion lengthdy,. On the other hand, the dependence of
ferred to as the criterion of local symmetry. Using this crite-the oscillation wavelength agrees quantitatively with our
rion, Cotterell and Ric¢19] derived a stability condition for measurement. They found a dependence of the wavelength
straight crack propagation, which states that straight crackesc Well fitted by Nggc/Lose=a+ B0y /Loge With a=0.14
growth becomes unstable when the nonsingular longitudinend 8=2.1, to be compared with the experimental values of
tensile stresg¢called T in Ref.[19]) at the crack tip is posi- «=0.15 andB=2.5 (Fig. 16. The oscillation wavelength
tive. With such a stress, a perturbation of the direction of\ys.Seems far less sensitive to the details of the thermal field
propagation will place the crack in an additional openingthan the critical widthd . andL .., but is controlled by the
tensile stress, leading to an increase of the perturbation. Thipatial scaledy,.

FIG. 15. Variations oL 5. and\ s With the driving velocityV
for AT=135 °C andh=5 mm, showing their similar behavior.
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A recent model, due to Adda-Bedat al. [13] analyzes  could be understood as an effect of local temperaliggeat
the bifurcation with an original stability criterion. Assuming the crack tip. This result is compatible with, through not
a perturbation of the crack path as a sine function of a smaljiirectly comparable to, the effect of water vapor on surface
amplitude, with the crack tip located in the middle of the energy of glass.
plate, they calculate the resulting shear stress at the tip to first The stability of the straight crack propagation has been
order in the amplitude. They state that the future evolution oktudied through the critical widtt .. and the oscillation
the growth will tend to reduce that shear stress, leading eithegavelength\ ... Confrontation with recent theories shows
to an increase or a decrease of the perturbation. This diffethat quantitative comparison requires the use of the real ther-
ent approach leads to results quantitatively similar to thenal field, because of the high sensitivity of the instability
preceding mode(12], and confrontation with the experi- thresholdL .. to the details of the thermal field, though they
ment, by using the measured thermal field is under progresgecover the scaling of the wavelengtf,, with the thermal
diffusion lengthdy,. Here again, the systematic analysis of
V. CONCLUSION the dynamical characteristics of a system in the vicinity of

. S . . the instability proves to be a powerful analysis tool as well as
We have studied the quasistatic propagation of a direc: fine test for the theory.

tional crack. The straight propagation has been described
through two characteristic quantities, the critical width
required for propagation, and the equilibrium crack tip posi-
tion z;,. These quantities enabled, by use of an elastic cal- We would like to thank F. Heslot, Y. Forterre, and J.Y.
culation of the energy release rate in the same thermal corBechler for fruitful discussions and helpful comments. The
ditions, the extraction of the fracture ener§y We have Laboratoire de Physique de la MateCondense is “asso-
shown that the apparent dependence of the fracture energye au Centre National de la Recherche Scientifi@&RS),
with the crack velocityv and the temperature differendd et aux Universite Paris 6 et Paris 7.”
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