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We study the dynamic fracture of thin layers of suspensidnsoa-Brownian rigid particles. The impact
of a projectile triggers a liquid-to-solid transition andhale opens in the layer. We show that the occurrence
of fracture and the spatial and dynamic features of the srdelpend mostly on the thickness of the layer and
the particle volume fraction. In contrast, the propertiéthe fractured material seem independent of volume
fraction. Finally, we measure the velocity of the crack fipm which we estimate an effective value of the
shear modulus of the fractured material.

A solid responds to stress in a different way than does ®.7 x 10-3 m, lengthL, = 0.127 m) was released through
fluid: a simple solid will deform by a finite amount under a a guide from a height 1¢ < H < 1 m onto the surface of
constant stress while a simple fluid will deform continugusl a layer of suspension (Fig. 1a). The square layar=€
Despite this fundamental difference, both condensedsstdte 14 x 102 m) had a thickness 8 h < 35x 103 m and rested
matter will fracture if the applied stress becomes too highon a substrate made of steel (thicknegs= 12.5 x 103 m)
cracks will grow in solid materials [1, 2] whereas cavitatio or plexiglas (s = 51x 103 m, used to record views from
bubbles will appear in liquids [3, 4]. below the layer). After each experiment, we checked that the

Most real materials are neither ideal liquids noridealdsli  substrate remained undamaged. High-speed cameras (Vision
Their response to stress depends on the rate at which they @Research Phantom v7.3 and v9.1) recorded impact events at
deformed [5]. These complex materials also experience fraaates between 1 000 and 20 000 frames per second.
ture. For example, polymer liquids [6-8], bridged emulsion  We used aqueous suspensions of corn starch (CS; Sigma-
[9, 10], micellar fluids [11] and suspensions of hard paeticl Aldrich, densityp ~ 1 590 kg.n13). Until dispersion, corn
[12-16] can fail under various conditions. The latter syste starch was stored in a humidity-controlled vacuum chamber
have attracted significant attention recently since thesjgy to minimize moisture contamination. Before each experimen
supporting their elastic response and their failure unalegyed ~ we dispersed the particles (average diameterl5 um)in a
stresses is still poorly understood. density-matched aqueous solution of cesium chloride (CsCl

The response of suspensions of rigid particles is soliel-lik [CSCl] = 55 wt%) [24]. The particle volume fraction was in
in at least two cases. In the first situation, a suspensioquait e  the range 0.3% [CS] <0.42. Higher volume fractions proved
librium reaches a glassy state when its particle volume- fracdifficult to handle. These suspensions had a yield stress in
tion is increased above a critical valgg [17]. An example shearge < 1 Pa (Fig. S1in [25]). For stresses> g, the
of the second situation, far from equilibrium, is shearkkit-  shear viscosity of the suspensions first decreased as the she
ing, which has been related to a dynamic jamming transitiorstress increased, and increased continuously above eatriti
[18, 19], resulting from a difference in the relative motion shear stress. To begin an experiment, the suspension was
of the particles and the solvent [20]. Particle rearranggme poured in the container and allowed to relax for a few min-
and accompanying solidification occur also under pure exterutes before impact events were recorded. We prepared a new
sion and compression. As a result, threads of suspensians ckayer every 20 minutes to minimize the effect of evaporation
buckle [16, 21], and layers of suspension rigidify after@n i Using a tungsten carbide rod (dengity= 15 800 kg.n3,
pact [22]. Fracture was reported both in extension [15, 16massmy = (303+ 1) x 10-2kg), we observed cracks for sus-
and in shear [23], but not characterized. pensions with volume fractiorf€ > 0.39. A top-view im-

Here we document the dynamic fracture of thin layers ofage sequence (Fig. 1b and movie M1 in [25]) shows that a
suspensions of non-Brownian particles that experiencman i wave propagated across the surface of the layer just after im
pact. These suspensions have a small yield stress and shgact { =0to 11 x 103 s). Then, a hole opened around the
thicken continuously. We characterize fracture by qugimtif  rod ¢ = 1.9 x 102 s), in an area where the texture of the sus-
the spatial and dynamic properties of the crack pattern #s wepension had changed from glossy to matt. We associate this
as crack propagation as a function of the energy delivered bghange of texture to an impact-induced solidification of sus
the projectile and the properties of the layer of suspendim  pensions that was identified recently [22] in layers thicked
show that the number of cracks per impact and their length dewith higher initial particle volume fractions than the lageve
pend mostly on the thickness of the layer and on the particleised here.
volume fraction. From a study of the conditions under which Cracks appeared on the contour of the hole (Fig. 1b,
cracks nucleate and the velocity at which cracks propagate, t =3.0x 10-3s). The cracks opened in the plane of the layer
extract insights on the nature of the transient materiahémt  of the suspension, as in mode-1 fracture [1]. These crack pat
by suspensions under large stresses. terns were similar to those observed after the impact of non-

For each experiment, a cylindrical metal rod (radaus deformable projectiles on brittle materials [26, 27]. Sitau
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FIG. 1. (a) Schematic of the experimental set-up. (b) Tintrieace, extracted from a top view of a layer of corn starcpession [CS =
0.40), after the impact of a tungsten carbide rétl= (774 1) x 1072 m,h= (1+0.1)102 m. Scale bar: 16 m. (c) Timeline of facture
after impact, with definitions of the time at which the holéatded from the surface of the rdg, and the time at which fracture initiatetd,

neous top and bottom views of the set-up (movie M2 in [25])nessh. Figure 2b shows that the average number of cracks
show that the formation of cracks occured during the peneper impactN; increases abl is increased to reach a plateau
tration of the rod, before the rod reached the bottom of thevalue aboveH ~ 0.5 m. For a giverH, N; does not depend
layer and the surface of the substrate. The angle at the tip @in [CS. In Fig. 2c, the average length of cracks per impact
the cracks was on the order of°1Cracks propagated along L. is seen to depend dt in a fashion qualitatively similar to
straight trajectories until they reached their maximuneaxt N.. From Fig. 2b-c and by changing the density of the rod
sionLc (Fig. 1b,t = 6.7 x 10~3's). The same picture indicates (2 700 kg.n3 < p; < 15 800 kg.n3), we estimated that the
that the suspension yielded under shear in the plane of theotential energ¥s = Ep, rack required to trigger fracture was
layer, in a fashion similar to plastic deformation (Fig. $2 i Ef ~ 0.1 J. We could not estimate the critical stress at fracture
[25]). Crack extension was limited by the size of the drieraar as it depended on energy dissipation during the penetration
(which depended weakly on the potential eneigy=mygH,  the rod before fracture, which was difficult to quantify.
with g the acceleration of gravity (Fig. S3 in [25])), and the Crack propagation in solids is known to depend on the
cracks that nucleated first were longer than cracks appearirthickness of the sample [29]. Ford® < [CY < 0.42, we ob-
later. Then cracks widened until their contours becametblurserved cracks when the thicknds&as below a critical value
and glossy. Eventually, the solvent returned towards the-fr h; < 2 ><_10*2 m (Fig. 2d). The average number of cracks per
tured region (Fig. 1kt,=36.9—247x 10 3s). Recoverytook impactN, appeared to be inversely proportionaltiavhile
a few hundred milliseconds, but structures similar to aggrebeing independent €Y. The average crack length also
gates obtained by granulation [14] with relaxation timéssa increased a& decreased (Fig. 2e). These observations are
of several tens of minutes were observed after impact for tha consequence of the finite rate of solidification of layers of
most concentrated suspensiof@y = 0.42). We prepared a suspension experiencing an impact [22]: the time to sglidif
new layer every time these structures were observed. Figuig layer across its entire thickness decreases as the tegkne
1c summarizes the time sequence of fracture. decreases. Hence, for a given particle volume fraction-a de
Fracture is one way for the stressed material to dissipaterease of the thickness of the layer increases the amount of
the potential energf, that the projectile delivers at impact. energy remaining to be released after solidification. This o
Therefore, the properties of the crack pattern are likelgao  servation establishes the thickness as a critical paranete
pend onEp. As a preliminary test, we measured the proba-understand fracture in suspensions.
bility density function (PDF) of the number of crackig per ~_ We observed a decrease in the average length of the cracks
impact obtained for fixet, h and[CS (Fig. 2a). The PDF is L. for both release heightd > 0.6 m (Fig. 2c),i.e. increas-
peaked around a well defined value, in a fashion similar to théng potential energie,, and for thicknesses< 10x 103m
PDF reported for thin, initially crack-free, sheets ofaloom  (Fig. 2e). In these experiments, the cylinder touched tpe to
[28]. Therefore, reproducibility of the properties of theck  surface of the substrate and bounced back, dissipatingpart
pattern at a given potential energy is good. the energy in the supporting plate. Moreover, in contrast to
Taking into account the PDF &, we investigated the re- N, both the studies with release heighand layer thickness
lation between the crack pattern and both the release heightshowed that the average crack lengglincreased withCS|.
H and the particle volume fractiof€S| for a constant thick- We interpret the relation betweén and[CS as follow. For
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FIG. 2. (a) Normalized probability density function (PDF)tbe number of crackdl.. The plot summarizes 30 experimen{€S = 0.42,
h=(1+£01)102 m, H = (77+1) x 102 m. (b) The average number of cradks and (c) the average crack lendth per impact as a
function of the release height. h = (1+0.1)1072 m, [CS =0.40 @) and[CS = 0.42 (). (d) Average number of cracké: and (e) average
crack length_¢ (bottom) per impact as a function of the thicknégsf the layer.[CS = 0.40 (o) and 042 @); H = (77+1) x 1072 m

given particle size, layer thickness and release heigtreas-  the projectile was transformed through processes suclsas vi
ing the particle volume fractiori.6. decreasing interparticle cous dissipation, solidification and elastic energy dubinth
distance) leads to faster solidification of the suspens2@h[ the penetration of the rod in the suspension and crack ogenin

More energy remained to be dissipated after solidificat®n a Now we characterize the conditions for crack nucleation
the particle volume fraction increases, resulting in theéase  with a study of the dynamics of the hole that opened around
of Lc with [Cq We also tested the influence of the size of thethe Cy||nder between |mpact and fracture (F|g 111 4t <
projectile and its shape. Only varies with the radius of the 2 4103 s). Using custom MatLab code [30] to compute the
projectile and increases (Fig. S4 in [25]). We note that thefirst derivative of spline fits to the trajectory of the holeneo
geometry of the crack pattern depend on the shape of the pregyrr(t) (Fig. S6 in [25]), we observed that the veloaikyof
jectile (Fig. S5in [25]). the contour increased just after detachment (Fig. 3). The ti
The importance of the different processes underlying enat whichu, peaked, on the order of 1 ms corresponded to
ergy dissipation in the suspension can be deduced from th@e crack opening timeg. The maximum speed did not appear
results presented in figure 2 and the previous discussion. W depend significantly on the particle volume fraction. iThe
compare the capillary surface eneiyrequired to open the  the contour slowed down, and stopped well before the cracks
cracks toE¢. The opening of one crack created two inter- reached their maximum length4 8 x 103 s, Fig 1b).
faces with air. For this discussion, we estimiitgor a 10 - The opening of the hole induced a tensile strain on the sus-

m thick layer with a volume fractiofC§ = 0.42, for which  yension in the vicinity of the cavity. From the opening dy-
Ne =8 andL; = 12x 103 m (Fig. 2e). For all of the sus- rh(t=t;)—a

pensions, this estimate captured the order of magnituég, of hamics, we measured theluc:':lmate strayn= a and
which is given by: the ultimate strain ratey = ;- 5 at the timet at which frac-
ture occurred (inset in Fig. §) Cracks opened whery 0.12,
Es = 2NcLchy (1) avaluewhichis comparable to the ultimate strain before-fra

ture observed in a study of similar suspensions under exten-
wherey is the interfacial tension between air and the suspension [15]. We measured ultimate strain raggs~ 150 s *,
sion that we had measured previsouly [2¢] 73x 103  Which are much higher than the value reported for strain-hard
N.m L. Hence, we findEs ~ 1.4 x 104 J, which is three ening to happerg > 0.3 s [15]. Both&; andé; depended
orders of magnitude smaller than the threshold potential erPnly weakly on [CS].
ergy Es ~ 0.1 J. Therefore most of the energy delivered by After nucleation, we followed the trajectory of the tip o&th
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FIG. 3. (a) Velocity of the hole contowr, as a function of time  FIG. 4. Velocity of the tip of the cracksip as a function of time
t —tq, with ty the time at which the hole detaches from the rod, for for [CS = 0.4 (A, h= 10x10"3 m) and 0.42 @ h= 5x10"3m,
volume fractions|CS = 0.39(H), 0.40(M), 0.41(M) and 042(M). Bh=10x10°m, M h=15x10"°m). H = (77£1) x 1072 m.
Inset: Ultimate straitgs (W) and ultimate strain ratey (/) atwhich  Inset: Crack tip velocity for two first cracks created by iropfiom
cracks nucleated on the contour as a functiofC&f. H = (40+ 1) x different heights.[CY = 0.42,h = 15x10~3 m, 0 H = (20+ 1) x
102m,h=15x10"3m. 102mandlH = (77+1) x 102 m.

first propagating crackyip(t) (Fig. S7 in [25]), from which
we (_:omputed the velocitg_lﬁp, for dif_ferent concen_trations of terial. Knowing the density of our suspensiops— 1 590
parUcIes[Cﬂ_as well as different th|ckn§sses, using our.Mat- kg.m 3, we equates with g, in the definition ofcs, and we
Lab code (Fig. 4). We found that the tip p“?pagated with ind G > putzi = 8x10* Pa. This lower limit forG is much
initial constant velocity 8 tip < 10 m.s *, which is 3 orders greater than ihe storage modul&smeasured during oscilla-

of magnitude greater than the velocity of cracks propagatinyq shear tests with a rheometer [33]. The latter were per-

in drying suspensions [31], and slowed down until the maXi-to ey ynder the assumption of linear viscoelasticity,athi

mal extension of the crack was reached. The velocity of theg o+ valid for the rapid and large straigs~ 0.12 we mea-
tip was almost an order of magnitude greater tharanduip g req (insetin Fig. 3, and Fig. S7in[25]). Our effectivanal

remained approximately the same for all particle volume-fra ¢ & shou1d be compared to the value of the shear modulus ex-
tions while depending weakly on the thickness of the ldyer 5 ted from large-amplitude oscillatory shear testscwis a

The quctuatlg)ns in velocity of thg crack tip at later times fo topic of current research [34]. Our estimate does not adcoun
h=15x10"m at[CS = 0.42 (Fig. 4) seem to be related to for the occurrence of strain hardening [15] and the possible

a supplementary opening of the crack because of crack widef,nancement of fracture due to the reflection of stress waves
ing. A decrease in the release height led to a decrease in thg e houndaries of the layer

initial velocity (inset in Fig. 4). The observations repeittin . . .
Fig. 2-4 suggest that solidification of the suspensions unde In conclu_smn, we have desc_:rlbed the response of thin layers
large stresses created an elastic material whose prapddie of suslperfl|5|_(()jns of dnon-Br(;Ivv_rget[n parlﬂ;:ltes to_?n Impg;t]. &hes
not depend on the initial particle volume fraction for thega compiexfiulds undergo a fiuld-to-solid transition and then €

of [CS] we investigated. We also note that the crack tip veloc perience mode-1 fracture accompanied by plastic flow. The

ity has the same order of magnitude as the velocity of the Soqumber of cracks per impact and their size depend mostly on

lidification front, Veron — (/&)U [22], with & ~ 6um the in- the thickness of the layer and t_he particle vqumt_a fre_lctixmd, _
terstitial spacing between the particle surfaces (eséhiom pnly weakly on the energy delivered by the projectile, which
the particle volume fraction and the average size of thei-partIS shown to be much higher than the surface energy of the

cles assuming they are spherical) ahe- /2gH the velocity crack_s. The conditions for crack nucleation and the.veyomt
of the rod at impact. at which the cracks propagate suggest that suspensions expe

. . . riencing large stresses rapidly form a material whose prope
The elastic properties of the fractured material can be est glarg picly wFop

. . . ties depend only weakly on the initial particle volume frac-
”?"?“.ed from the _magnltude Giip and.the obseryatlon qflnsta- tion, over the range of concentrations we probed. We have
bilities early during crack propagation. For brittle salidrac-

. . . . ._also given a lower limit for the shear modulus of the fracture
ture after an impact is a catastrophic process, during whlcﬁ]

cracks propagate at velocities that are a significant fracif aterial, which we found to be much greater than values re-
propag . 9 ported in the literature for the storage modulus measured in
the velocity of Rayleigh wavesg = Acs, with A ~ 0.9 for

oscillatory shear experiments. We believe this discrepac
Poisson ratios & v < 0.5, ¢s = \/% the velocity of shear  related to the difference in the amplitude and the rate atwhi
waves ands the shear modulus of the material [2, 32]. We the suspensions are deformed in our experiments compared to
use the relation between the velocity of the crack tip and theéhose typically used in small amplitude oscillatory shesig.
velocities of Rayleigh and shear waves to estimate a lowefFhis work opens questions regarding the fracture mechanics

limit for the effective shear modulus of the fractured ma-
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