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Abstract

We report detailed measurements of the rate-dependent fracture energy I'
of poroelastic gelatin gels for two distinct boundary conditions on the crack
faces. When the crack tip is in contact with a reservoir of solvent, I' increases
linearly with the crack velocity V. When the tip is exposed to air, I'(V)
exhibits a marked departure from linearity at low enough velocities. We show
that viscous dissipation associated with poroelastic flow in the tip vicinity
plays a minor role in this phenomenon. We interpret the dry crack peculiar
behavior as resulting from the rate-dependent hydration state of the gelatin
chains in the cohesive zone, where they are pulled-out. At large velocities, the
cohesive zone is fully dry and I" is larger than in the wet tip case. At velocities
low enough for solvent to flow from the bulk of the gel, partial rehydration
occurs and reduces the difference between the dry and wet fracture energies.
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1. Introduction

Hydrogels, made of self-assembled biopolymer networks in aqueous sol-
vents, are increasingly involved in load-bearing structures, such as implantable
scaffolds for tissue engineering or patches for active wound dressings and
drug delivery. In such applications, their interface with physiological fluids is
clearly an issue since, with such highly stretchable materials, even subcritical
surface flaws may widely open, their blunted tips being exposed to aggressive
solutes. The extreme environmental sensitivity of crack growth in physical
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(non-covalently crosslinked) hydrogels has been revealed through several ex-
perimental studies [4, 6, 7]. It has been shown that water-soluble species can
diffuse from the crack-tip opening into the process zone where they modify
e.g. the solvent viscosity or the strength of the solvent/polymer interaction.
Consequently, they can strongly affect (usually weaken) stationary or slowly
propagating cracks.

The complex role of solvent flow on the mode I fracture toughness of a
polymer gel containing a semi-infinite growing or stationary crack has re-
cently motivated several theoretical and numerical studies [19, 11, 8, 14, 15]
accounting for the poroelastic nature of the soft solids. It has been predicted
that the fracture energy could be modified by (i) the time-dependent load
transfer between the pore pressure and the network tension, and (ii) the rate-
dependent viscous dissipation associated with solvent flow. Interestingly, the
poroelastic effect is found to depend on whether the sample, hence the crack
tip, is in contact either with air or with a solvent bath. It has also been
pointed out [15] that the existence of a finite size cohesive zone driving sol-
vent flow in the near-tip region has profound consequences on the calculated
toughness. The emerging picture is that of a rich and complex issue with
lacking connections between experiments and theory.

In this paper, we revisit and extend previous experimental results on
gelatin gels [4, 3]. These physical networks are known to fracture without
chain scission. Chains are entirely pulled-out in the cohesive zone and ex-
posed either to air (dry crack) or to a drop of the gel solvent itself (wet crack).
Extracting chains into air, rather than into their aqueous solvent, is known
to induce an extra energy cost. We find that at low enough velocities, the
corresponding excess of fracture energy for nominally dry cracks decreases
and tends to vanish. We provide experimental evidence in favor of a simple
picture where the cohesive zone of dry cracks is partially rehydrated by the
poroelastic flow from the bulk of the sample, while for wet cracks, imbibition
of the chains from the tip reservoir is complete, showing no measurable delay
with respect to the crack advance.

2. A reminder on the fracture energy of single network, physical
hydrogels.

The low velocity (strongly subsonic) fracture dynamics in hydrogels for
which physical, non-covalent crosslinks act as mechanical fuses preventing
chain scission has been extensively described [4, 3, 2]. To a first approx-



Figure 1: Right: Fracture setup. The gel sample of length L, initial height h and thickness
e (not shown) is loaded (displacement Ah) in pure shear configuration. The crack tip
propagates at a velocity V' along the x direction. Left : Schematic blow-up representation
of the gel tip. In the cohesive zone of extension d along the fracture plane, the triple helix
crosslinks (meshsize £) are unzipped and the chains are extracted taut (contour lenth A).
In the “dry tip” configuration (upper half) the chains are exposed to air while in the wet
tip” one (lower half) they remain hydrated by a solvent drop wetting the crack opening.
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imation, the fracture energy I'(V') of a mode I crack steadily propagating
at a velocity V' in a gelatin gel is well described by a linear law: T'(V) =
'Y + AT©® 4+ 'V, where the shift factor AL® is a constant, positive when
the crack is “dry” i.e. in contact with air and null when the crack is “wet”
i.e. in contact with a reservoir of the gel solvent. A cohesive zone model has
been proposed to account for this expression. In brief, F,El?gt corresponds to
the energy paid for unzipping the extended crosslinks (triple helices in the
gelatin case). The velocity-dependent term, featuring the solvent viscosity 7,
stems from the viscous dissipation cost of chain pull-out. [ is a dimensionless
geometrical factor. The shift AI'®) was attributed [4] to the extra energy
cost for exposing the extracted chains to air — a poor solvent for hydrophilic
polymers. In this picture, owing to the scissionless rupture mechanism, the
maximum crack-tip opening is the contour length A < 1 um of the polymer
chains which are stretched taut upon extraction. The depth d of the cohesive
zone (Fig. 1) has been estimated experimentally [4] to be typically d ~ 100
nm. It is important to emphasize that d < A, i.e. that the cohesive zone
extends perpendicular to the crack plane. This behavior is characteristic of
elastically blunted cracks [10] in soft solids for which the rupture stress is
much larger than the elastic modulus, hence where non-linear elasticity is at
work far beyond the cohesive zone [12, 13, 2].



3. Materials and methods

Gel samples are prepared as described previously[4, 3] by dissolving gelatin
powder (type A, from porcine skin, Sigma) in either a mixture containing
¢ = 60 wt.% glycerol in deionized water or pure deionized water (¢ = 0),
under continuous stirring at 60° C for 30 min. The hot pre-gel solution is
then poured into a mold made of a rectangular metallic frame sandwiched
between Mylar films covered by hard flat plates. The inner faces of the long
sides of the frame are covered with Velcro tape which ensures good gripping
of the gelled sample. The mold is then kept at 5° C during 15 h for gelation
to proceed, before being clamped to the mechanical testing setup and left for
2 h at room temperature (20 + 0.5° C). The Mylar films are removed just
before running the experiments to avoid solvent evaporation.

The resulting gel sample (length L = 300 mm, height A~ = 30 mm, thick-
ness e = 10 mm) is first stretched by moving one of the gripping bars along
the sample height direction up to Ahma.x = 8 mm at a rate of 12 mm.s™?,
then immediately unloaded. The corresponding loading force F'(Ah) is mea-
sured by a stiff dynanometer made of a double spring cantilever, coupled
with a capacitive displacement gauge. This enables us to measure the small
strain shear modulus G as well as the total elastic energy £(Ah) stored in
the sample [3].

The sample is then notched in the middle of one of its edges with a
razor blade and loaded by a displacement Ah < Ahy., such that a crack
grows from the notch in the middle of the sample (see figure 1). Wet crack
experiments are performed by adding a drop (=~ 50 pL) of the gel solvent
into the crack tip with a micropipette.

The sample aspect ratio (L > h) is such that the loading configuration
is the “pure shear test” one [16]. Accordingly, the energy release rate of the
crack is uniform in a large region, away from the sample edges, where it can
be approximated by G(Ah) = £/Le. Note that, although physical hydrogels
are known to relax stress, this expression assumes that no dissipation occurs
in the bulk of the gel during crack growth. However, it has been shown[17]
that, in gelatin gels, stress relaxation slows down as aging proceeds, with a
characteristic time which scales with the aging time itself. As our samples
are aged for a total of 17 h, keeping them loaded for durations shorter than
a few minutes ensures that no significant stress relaxation occurs.

The loading Ah is decreased or increased stepwise in order to scan dif-
ferent values of G. The crack is followed by recording its propagation with a



video camera. From the tracking of the crack tip position x(¢) at constant Ah
from the video record, we check that the crack grows at a constant velocity
V' = dx/dt and we thus have access to the gel fracture energy I'(V') = G(Ah)
for dry and wet cracks on the same sample.

The collective diffusion coefficients D, of the gels were measured by dy-
namic light scattering[5] on samples having experienced the very same ther-
mal history as the corresponding fractured ones. The physical characteristics
of the different samples used in this study are shown in Table 1.

Table 1: Characteristics of the samples used in this study. Gels contain a weight fraction
c of gelatin. A solvent with a volume fraction ¢ of glycerol in water has a viscosity 7.
The shear modulus of the gel at T = 20°C is G from which the mesh size £ is estimated
according to G = kpT&~3 with kp the Boltzmann constant. The characteristic poroelastic
velocity is Vporo = Deotr/§ with Deoy the collective diffusion coefficient.

C ¢ n G 5 Dcoll ‘/poro
[wt.%] | [%)] | [mPa.s] | [kPa] | [nm] | [107" m%s™!] | [mm.s™!]
) 0 1 2.5 12 2.5 2.1
) 60 11 4.5 9.7 0.4 0.4
10 0 1 9.4 7.6 2.7 3.6
15 0 1 15 6.4 2.9 4.4

4. Experimental results

Figure 2 displays the I'(V') characteristics of mode I cracks for ¢ = 5 wt.%
gelatin gels in pure water (¢ = 0). For each sample, the crack dynamics was
assessed under dry and wet crack tip conditions. The high reproducibility of
the data over n = 5 samples firmly establishes the main result of this study,
namely the striking qualitative difference between the I'(V') curve for dry and
wet cracks. First of all, at high enough crack velocities one recovers the pre-
viously reported behavior, namely both I'(V') characteristics are linear with
identical slopes, the dry crack curve being merely shifted upwards from the
wet crack one by a constant amount AT'® ~ 1.6 J.m—2. However, whereas
the data for wet cracks remain remarkably aligned over the whole experi-
mental velocity range 0.01 < V < 10 mm.s™!, a systematic deviation from

linearity is observed for dry cracks at low velocities V' < V* ~ 1 mm.s™!.



Figure 2: Fracture energy I' with respect to the steady crack tip velocity V for five,
nominally identical samples (different colors on line) in both the dry (squares) and wet
(circles) crack tip configurations in a ¢ =5 wt.% ¢ = 0 gel. The velocity V* corresponds
to the departure from linearity of the I'gr, (V) curve. For V > V* data are aligned on
parallel straight lines shifted by AT,
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This can be described conveniently by a velocity-dependent hydration shift
factor AT(V) = Tgpy (V) — Tyer (V) with 0 < AT < AT®. Dry cracks are
therefore weaker and weaker as their velocity decreases, their toughness ap-
proaching that of wet crack ones as V' — 0. This suggests that nominally
dry cohesive zones get partially rehydrated at low enough velocities. Since
the only available source of hydration for a dry crack is the solvent con-
tained inside the sample itself, this naturally points to a poroelastic draining
phenomenon.

Let us make a few scaling remarks. Poroelastic transport is controlled
by the collective diffusion coefficient Dy, which scales as kgT'/(n€), where
¢ is the network mesh size. In the frame of the crack tip moving at ve-
locity V/, solvent diffusion affects a skin of depth dporo ~ Deou/V. For
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Figure 3: Shift function AI' = I'g,, — I'yye; plotted with respect to the reduced velocity
V/Vporo for two gels with ¢ = 5 wt.% differing by their glycerol content ¢. Dashed lines
correspond to AT (see Fig.2).
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V> Vioro = Deonr/€, the skin depth is smaller than the mesh size €. Cer-
tainly, for V' > V., the poroelastic flow becomes irrelevant and the crack
tip remains undrained. It is therefore legitimate to expect that the velocity
V* above which AT'(V') saturates is on the order of V.

In order to test this guess we have taken advantage of the ability of gelatin
to form gels in water-glycerol mixtures. Increasing the fraction ¢ of glycerol
results in a decrease of V., due to the increase of 77, mitigated by a decrease
of & which depends on the solvent composition [18] (see Table 1). Using a
water-glycerol (¢ = 60 %) solvent, V., is decreased by a factor of 5 with
respect to the pure water gel with the same gelatin content (¢ = 5 wt.%).
Fig.3 displays the corresponding shifts Al as a function of V/V,,,. It is clear
that both factors reach their large velocity values AT© for V/V,,,, = O(1)
which lends strong support to our claim that the qualitative difference be-
tween the dry and wet cracks is of poroelastic origin. The remaining vertical
shift between both curves in Fig.3 is reasonably attributable to the difference
between the areal densities (~ £72) of chain crossing the fracture plane, and
thus exposed to air, for the networks in their respective preparation states.

5. Discussion

5.1. The wet crack case

First of all, let us stress that ['ye (V) showing no measurable departure
from linearity for V' < Vo, deserves attention in itself. Many authors
[19, 8, 15] have shown that for free draining boundary conditions, solvent
is pumped from the crack faces so as to swell a zone centered around a point
located about d,, ahead of the crack tip. The viscous dissipation associated
with this flow contributes an amount AT'5s! to the effective fracture energy
et (V) (defined so as to match the energy release rate G during quasistatic
crack propagation). For V > V., draining is irrelevant, AT should tend
to zero in this limit, therefore preserving the linearity of Iy (V). Since this
remains so even for V' < V., we are led to conclude that within experimen-
tal accuracy AI’;”;:O(V) is negligible with respect to the contribution from
chain/solvent friction in the cohesive zone. Noselli et al. [15] have computed
ATwet /T e and found that it depends essentially on the drained poisson
ratio v. The ratio naturally vanishes for v = 1/2 but can becomes of order
unity for osmotically compliant networks (v < 1/2). Nevertheless, this anal-
ysis was performed within the linear poroelasticity framework and we will

argue that in our experiments non-linear elasticity is at work, even outside
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the cohesive zone. Thus, we cannot make use of the quantitative result of
[15] and rather consider our experimental result as a strong indication that
the fracture energy of a wet crack in gelatin gels is dominated by the pull-
out of chains in a thin cohesive zone, extending along the crack front, and
remaining imbibated by solvent flowing readily from the reservoir-drop.

5.2. The dry crack case

Let us now focus on the dry crack case for which solvent is merely redis-
tributed inside the bulk of the sample, in the crack tip region. The effective
fracture energy now reads ['ye (V) = I‘g)gt +IpV + AT 4 AFZZ;{O where
AT is the hydration term and AT%Y stems from the dissipation associ-
ated with the internal solvent flow. In order to gain some feeling about the
importance of this term, we have extended the analysis of Noselli et al. [15]
to the dry case. We show (Appendix) that, within the linear poroelasticity
limit, AT%Y ~ AT'2e" - We take it as a hint that, in the dry case as well,
viscous dissipation out of the cohesive zone has negligible effect on I'y,, (V).
We propose that the decrease of the fracture energy of the dry crack below
Vporo Originates from partial rehydration of the extracted chains by solvent
flowing into the cohesive zone from the bulk of the gel.

In order to test this hypothesis, we have computed ® = 1 —AT'(V)/AT'®
as an estimate of the volume fraction of the cohesive zone which has been
rehydrated by the poroelastic flow. Fig.4 shows a plot of ® with respect to
V/Viporo for the two gels ¢ = 5 wt.% with ¢ = 0 and 60 % (data of Fig.3) and
two gels ¢ = 10 and 15 wt.% with ¢ = 0. All data reasonably collapse onto
a single curve meaning that, in full agreement with our scenario: (i) it is the
hydration contribution AI'®, rather than viscous dissipation which controls
the dry/wet fracture energy shift; (ii) the partial rehydration dynamics is of

poroelastic origin.

5.8. Ezxtension of the draining basin and relevance of non-linear elasticity

Figure 4 shows clearly that for V/V,,., < 1, and over at least two decades
in reduced velocity, ® decreases quasi-logarithmically. Extrapolating this
singular behavior to ® = 1 would predict full rehydration to occur for
V/Vioro = 2 X 1072 corresponding to a draining basin of extension ~ 500€.
This lengthscale, of order 5 um, is larger than the extension d x A of the
cohesive zone. Also important is the extension of the zone ahead of the
crack where the network behaves as a strongly non-linear elastic medium.
A conservative estimate of this length is Ly, = I'/E with E the Young

9



Figure 4: Reduced shift fonction ® = 1 — AT'/AT'(®) with respect to the reduced velocity
V/Vioro- Closed circles: ¢ = 5%, ¢ = 0%; open circles: ¢ = 5%, ¢ = 60%; closed squares:
c = 10%, ¢ = 0%; open squares: ¢ = 15%, ¢ = 0%. The dashed line ® = 0 corresponds to
the high velocity, undrained tip limit.
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modulus, corresponding to the distance from the crack tip where LEFM
would predict stresses to become of order the Young modulus [10]. For this
study, Ly 2= 100 um. Consequently, the whole draining bassin lies within
the strongly non-linear elastic zone, so that, as already mentioned, a linear
poroelastic analysis cannot be expected to be quantitatively relevant.

6. Concluding remarks

The experimental results described in this study turn out to be simple
and robust enough to serve as a touchstone for theoretical and numerical
models of cracks in poroelastic soft solids. As mentioned in the discussion,
none of the existing studies [8, 15, 19, 11] accounts for all the basic require-
ments of our system, e.g. steady crack growth and non-linear elasticity. As
noted by several authors [10, 12, 6, 13], the need for resorting to non-linear
elastic fracture mechanics is a general requirement for hydrogels as highly
stretchable materials. Expressions for the elastic energy density accounting
for the strong strain hardening encountered in polymer gels have been given
and studied in [12]. How to take into account the effect of large strain on the
poroelastic characteristics is less clear and we are not aware of any model
or measurements which describe the anisotropic mobility tensor relating the
fluxes to the gradients of chemical potential [8, 9].

More specific to gelatin gels is the fact that they are underswollen in
their preparation state. Since physical gelation is basically an arrested phase
separation, many hydrogels tend to expel solvent out of the network during
the polymer self-assembly process. This so-called syneresis results in gel
surfaces covered with a layer of solvent which may play the role of a reservoir
for the crack cohesive zone. This is presumably the case for calcium alginate
gels which we found to show [7] no hydration effect (AT'® = 0). In the case
of gelatin, the cohesive zone of a dry crack tends to remain dry; i.e. the chains
are exposed to air. The menisci at the solvent/air interface in the dry pores
generates a negative Laplace pressure of order —AI'(®) /A [2]. Tt is the balance
between the average negative pressure p ~ —AT'/A = —(1 — ®)AT@ /A
over the cohesive zone and the pore pressure in the bulk of the gel which
controls partial rehydration. It is therefore important to control the chemical
potential of solvent in a reference state which is the preparation one (as usual
in experimental studies) rather that the swelling equilibrium one (as usual
in numerical studies).
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A final remark concerns an unexpected implication of a such qualitative
signature as a diagnosis of the dry/wet state of the crack. When the tip
opening is wet by a solution of particles small enough to be brownian but
too large to diffuse into the gel network, it is likely that the poroelastic flow
which drains solvent into the gel will leave a layer of nanoparticles clogging
the crack tip. If the hydraulic resistance of such a porous layer is large
enough, it will prevent the cohesive zone of the nominally wet crack to be
fully hydrated. The fracture energy of such a clogged crack should therefore
exhibit the specific signature studied in this paper. Such a phenomenon has
actually been observed and will be published elsewhere.
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Appendix

In this appendix, we evaluate the contribution to dissipation of the poroe-
lastic solvent flow for a mode I crack, steadily propagating at velocity V' in
a linear poroelastic material. We extend the calculation of Noselli et al.
[15] performed for a wet crack, to the case of a dry crack. For simplicity, we
chose to characterize the poroelastic material properties in terms of the shear
modulus G, the (drained) Poisson coefficient v and the collective diffusion
coefficient D.y;.

The derivation is based on the assumption that solvent flow is confined
to a region surrounding the crack tip, on the order of dy,, that remains
small as compared to the size fo the specimen. So, outside this region r >
dporo, the gel behaves as an elastic (undrained) material and there exists
an enclosing domain where the linear elastic fracture mechanics asymptotic
stress field is dominant. For r < dp,0, the stress field and chemical potential
are given by the linear poroelastic asymptotic expressions given by Atkinson
and Craster[1].

With these assumptions, the dissipation resulting from solvent flow through
the gel network reads (eq. (35) of [15], rewritten with our notations)

_ [ noe
AT, = /Rw £ (1)
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with g the chemical potential, 2 the solvent molar volume (u/€Q is the pore
pressure), € the dilation and R, a region where dissipation essentially occurs,
which is taken as a disk of radius yd,.r, With v a number of order unity.

In order to evaluate (1), [15] derived the asymptotic solutions of € and u
from the equations of poroelasticity with the boundary conditions imposed
by the absence of normal and shear stress on the crack faces. To leading
order, this gives in polar coordinates (eq. (17) of [15])

1—2v Ktip 0
€= cos —

G \2nr 2

where Ky, is the stress intensity factor at the crack tip, and (eq. (18) of [15],
with a corrected typo)

.

Oe _ 1—2v (aKﬂp 0 N v ﬁ) 1 )

o G 2 V2rr

ot 2 o 7
The chemical potential p is then found by solving, with the appropriate
boundary conditions, equation (13.2) of [15], which in steady state reduces
to
1
Q

where Ap is the laplacian of u.

2G(1 —v) V@e

A'u - _Dcoll(l - 21/) G_x

Wet case

and (ii) , which, for the wet case reduces to

In the wet case, the thermodynamic equilibrium of solvent across the
crack faces imposes = po for 8 = +m, with py = 0 the chemical potential
of the reservoir of solvent (the drop of solvent in our experiments) and the
solution is to leading order [15, 1]

VEup(1—v) 72 30 0
- ;3)( p I/)\T/%cos?—i-l(grl/2 cos 5 (3)

Inserting (2) and (3) into (1) gives

ﬁ:
Q

1—2v
AT = K2 y—— 4

poro
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Dry case

In the dry case, the boundary conditions require that there is no solvent
flux across the crack faces, that is du/dy = 0 for § = £x. The solution now

reads [1]
n_ VEgp(l-v) /2 30 g
o= Doy cos < + 3 cos 5 (5)
which gives
1—-2v
dry 2
AFWZ{O = Ktipvﬁ (6)

Note that, in (4) and (6), K4, and v have no reason to be the same for both
cases. They however are on the same order, so that, eventually

ALYY ~ ATt

poro poro
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