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CHAPTER 3

MECHANISM AND FRACTURE OF HIGHLY STRETCHABLE DOUBLE NETWORK
COMPOSITE

3.1 Design and fabrication of double network composite
The DN composite samples were prepared by stacking fabric mesh with hexagonal grids
alternatingly with VHB acrylic tape 4910 [42], as shown in Fig. 3.1a. The fabric mesh is cut
from a roll of Nylon Mandel Fabrics Tulle [43], which is 100 percent Nylon. Owing to the high
stickiness of VHB tape, the fabric mesh sticks into the interlayer of two cohesive VHB tapes.
The interlayer bonding is due entirely to the adhesion of the VHB tape.

a b

Figure 3.1. (a) The process of fabricate the DN composite. Stacking nylon fabric mesh with
hexagonal grids alternatingly with varying ratios of VHB acrylic tape 4910. (b) Image of a test

sample of DN composites.

The mechanical tests were carried out over an Instron 5960 dual column testing system.

Plastic frames are the used to mount the samples before testing, as shown by Fig.1b. Before any
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tests on samples, the test methods were run sans sample to check for any vibrations. Since
faster extension rates inherently resulted in larger “noise” in the data, several loading rates
were tested. By running the same sample type at 15, 30, 60, and 120mm/min, the rate-
dependent effect was found to be trivial. The primary test method used was a constant
extension rate of 30mm/min and extension distance of 700mm to minimize data noise and
have a relatively quick test for different samples while assuring all the samples would break.
For the initial tests, a high-speed camera setup was used to capture the predicted “island”

formation of the matrix and the fracture behaviors of each sample.

3.2 Experimental results

Tensile tests. In this work, each sample was cut into rectangular shapes of width 25mm
and height 50mm (gauge length between grips). As the mesh has negligible thickness compared
to the tapes, the sample thickness is approximately the total thickness of the VHB tapes. To get
the optimal structure, mesh to VHB tapes ratios of 1:1, 2:3, 1:2, 1:3, 1:4, and 1:5 were
fabricated and tested. Here, we use a % thinner VHB tape to manufacture the 1:1 sample. The
base material: fabric mesh and VHB tape have been also tested.

Figure 3.2 shows typical nominal tensile stress — overall stretch curves of DN
composite samples with different composition ratios. The nominal stress was calculated by
dividing the force by the original cross-sectional area of the sample. The overall stretch is the
deformed sample length divided by initial length. The trend is obvious that the peak nominal
stress decreases as the VHB tapes composition increase, while the extension limit increase as

the VHB tapes composition increase. The extension limit reaches a plateau when we increase
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the VHB tapes from 1:4 sample to 1:5 sample, which is comparable to the extension limit of

VHB tape.
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Figure 3.2. Nominal stress-stretch curve of the DN composite at various compositions, from

2:3to 1:5.

Figure 3.3 show a comparison force and overall stretch curve for the representative
1:2 DN composite sample. The DN composite shows excellent extensibility comparable to
the VHB tape, which is much larger than that of fabric mesh. As shown by the snapshots C-F
in Fig.3a, the DN composite exhibits stable necking during uniaxial tension, just as the DN
hydrogels [6]. The necking zone corresponds to the area of partially damaged fabric mesh, as
shown by the enlarged picture in Fig.3b. After partial damage in the mesh, the load is carried
locally by the much softer tape with large deformation. Due to the ductility of the tape, the

subsequent step is the fracture of the mesh in other areas, instead of the rupture of the tape.
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Similar as DN hydrogel, the propagation of the partial damage zone (necking) corresponds to

the stress plateau on the loading curve, as shown by Fig.3.3a.
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Figure 3.3. (a) Force-stretch curves of a VHB tape, a fabric mesh, and the DN composite
with 1 layer of mesh and 2 layers of VHB tape. For comparison, the force of the VHB tape is
multiplied by 2 due to DN composite contains 2 VHB tape layers. The insets A-F are
snapshots of the sample correspond to the specific points along the loading curves. The
damage zone in C-F stage are marked by the black shaded area. At G stage, the sample is
almost damaged everywhere. (b) Comparison between the undamaged and partially damage

zones in the DN composite, and a similar mechanism in DN gels.

Experimental observations also suggested significant sliding between the mesh and
the VHB tape in the partially damaged area, as shown in Fig. 3b. The following simple 1D
model will demonstrate that such sliding and the consequent non-affine deformation are the

keys to the damage-distribution mechanism of the DN composite. It is believed that such a
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damage-distribution mechanism is the key to the toughness of the DN composite as well as
the DN gels [2].

Loading-unloading test. We also perform the tension loading and unloading test for
the sample with the same sample size in tensile test. Here, we use a 1:2 (mesh to VHB tapes
ratio) sample as a representative sample. We observed a significant hysteresis during the first
loading cycle and second loading cycle. Fig. 3.4 shows subsequent cycles of nominal tensile
stress- stretch curves. For 1% cycle, the stress increased strongly at first and reaches the peak
stress. While for 2" cycle, the stress increases slowly compared with the 1% cycle, which is
corresponding to softening effect of DN composite due to the partial damage of mesh in the
sample. Finally, the sample breaks in the 3" cycle. Here the difference between the stress of
unloading region and that of loading region in the following cycle also serves as an evidence

for the sliding behavior between the mesh and the VHB tape.
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Figure 3.4. Loading and unloading curves for one 1:2 DN composite.
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Preset crack test. To test the crack tolerance behavior of DN composite, a preset
30mm crack is cut on one side of the specimen with the dimension of 100 mm x 100 mm.
The fabric mesh, VHB tape and DN composites with different composition ratios from 1:2 to

1:6 were fabricated and tested.

VHB

1:2

14

Figure 3.5. Illustration of local damage zone at damage zone at the crack front of DN
composites. Three different samples are selected, which are VHB sample, 1:2 and 1:4 DN
composites. The process zone for each DN composite is marked by the black dash line. For
each sample, the 1st snapshot is the initial stage under the same stretch. The 2nd snapshot is
the moment after which the crack starts to propagate. The 3rd snhapshot is captured during

the crack propagation.

From experimental observations in Fig. 3.5, the crack propagation process can be

divided into two stages. First, the fabric mesh failure at very small stretch, and it break into
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many small pieces at crack tip before the VHB tape crack propagated. Several damaged
zones around the crack tip are bridged by the VHB tape and the DN composite remains
continuous. The second stage of failure involves crack propagation in the VHB tape. The
damaged region around crack tip is the process zone where the fabric mesh has been broken
up. As the number of VHB layers increase, the process zone size increases, which can be
seen in Fig.3.5b. The process zone size in 1:4 sample is much larger than that in 1:2 sample.
In addition, the 1:4, 1:5 and 1:6 DN composite samples almost have whole region before the
crack tip damaged.

The force-stretch curve and nominal stress-stretch curve are plotted in Fig. 3.6. From
the force-stretch curve in Fig. 3.6a we can clearly see the extension limit of the DN
composite with one layer of fabric mesh increase significantly compared with the fabric
mesh. In addition, the nominal stress-stretch curve in Fig. 3.6b shows the strength of the
VHB tape can be enhanced by making it to the DN composites. To compare the toughness
for all the samples with different layer ratio, we calculate the fracture work for each sample
and plotted it in Fig. 3.7. The results show the DN composites are much tougher than the

VVHB tapes and also the optimal layer ratio is 1 fabric mesh with 4 layer of VHB tapes.
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Figure 3.6. (a) Force-stretch curve for crack tolerance test of the DN composite at various
compositions and mesh only. (b) Nominal stress-stretch curve for crack tolerance test of the

DN composite at various compositions and VHB tapes only.
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Figure 3.7. Fracture work of VHB tape and DN composites with different ratios.
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By comparing the nominal stress-stretch curves of preset crack samples and those of
intact samples, we found the damage tolerance behavior of DN composites is very good. For
the optimal layer ratio 1:4 sample, the peak stress for preset crack sample is almost the same
with the intact sample, which gives equal strength for damaged sample. In addition, the

optimal layer ratio agrees with the best one in tensile test.

3.3 Modeling results and discussion
We propose a simple shear-lag model to measure the strength of the DN composite.
Consider a partially damaged state of the composite, which corresponds to a point on the

plateau of the stress-strain curve. The mesh is fragmented into discontinuous islands, while
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the underlying VHB tape is still one piece, with the sliding indicated by the sliding traces in
Fig.8. The interaction between the mesh and the tape, as well as the stress and force
distribution in each layer, are illustrated in Fig. 3.8. A relatively large island of the
fragmented mesh can be divided into three regions along the direction of the load. On both
sides, two relatively large regions (B and D on Fig. 3.8) exhibiting interlayer sliding are
present, and a center region (C on Fig.3.8) where the mesh and the tape deform coherently.
The characteristic sizes of the two regions are denoted by L and r in the deformed
configuration. In general, there should be a transition zone between the two regions which
scales with the thickness of the tape. In the current research, the effect of the transition zone
will be neglected and the deformation in both layers will be assumed to be uniaxial. It is

noteworthy that the membrane force f is defined as a homogenized quantity in the mesh

layer, averaged over a region larger than the mesh grid.
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Figure 3.8. The interaction between the mesh and the tape. The force distribution in the mesh

and stress distribution in the tape.
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Due to the sliding, a shear stress is present between the mesh and the tape, which
transfers the axial load gradually between the two layers, as sketched in Fig. 8. Here for
simplicity, we approximate this interaction by a shear-lag model with constant shear stress ¢
in the deformed configuration. Under such an assumption, the resulting axial stress and force
distributions in the mesh and the tape are qualitatively shown by Fig. 8. The stress in the
tape maximizes in zone A where bare tape is exposed due to sliding, and the membrane force
in the mesh is maximized in the middle of each island, zone C. For effective energy
dissipation, it is essential to have the partially damaged mesh (the 1% network) to fragment
further rather than the tape (the 2" network) fracture right under an existing crack of the
mesh. Therefore, the force in the mesh at zone C should reach the tensile strength f*, while

that in the tape at zone A should be below the strength of the tape o <s,,,. Such a

requirement sets the size of the sliding zone (B and D) in a steady state,

L~—. (3.1)

The fragmentation will continue until the size of the middle zone r becomes comparable or
smaller than the intrinsic fracture process zone size, r, below which the rupture of the
material is insensitive to stress concentration and the effective strength significantly
increases. Here, the intrinsic fracture process zone is approximately the mesh size.

Let us first consider the deformation in the mesh layer. From the testing results on
the bare mesh, we assume it to be linearly elastic, with the membrane force f proportional
to the strain ¢:

f =ke, (3.2)
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where Kk is the effective tensile stiffness of the mesh. In zone C, when the mesh is in a

critical state and the island is about to further fragment into smaller ones, f = f", the

deformed width r is related to the undeformed one r, by r = r0(1+ f*/k).
In the sliding zone B, the lateral force balance of the mesh layer dictates a linear
distribution of the membrane force:

f ==x. (3.3)

Utilizing (3.2) and (3.3) and considering (3.1), we obtain the relation between the deformed

length L and the corresponding length before deformation L, :

Now let us turn to the deformation in the VHB tape. Due to the finite sliding, the part
of the tape that was beneath the mesh island becomes much longer. Denote the total
deformed length of the sliding segment by |. The horizontal equilibrium of the tape gives

the stress distribution

o0+ (L-1<x<0)
o= H , (3.5)
a°+%(L—x) (0<x<L)

where @° is the stress in the non-sliding segment C, and H the original thickness of the

tape. In the absence of relative sliding, the strain in the VHB tape in zone C matches with
that in the mesh, and " is the corresponding axial stress. When a certain constitutive model

for the VHB tape selected, and the stress-stretch relation 0(’1) is prescribed, Eq. (3.5) can be

used to determine the deformation field in the tape layer. Here by referring to the test result
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of the VHB tape, we select the incompressible neo-Hookean model. The uniaxial stress is

related to stretch as

, (3.6)

where # is the initial shear modulus. When the mesh in zone C reaches the critical point,

f = ", the stress in the underlying tape layer is

o’ = ,u(/l* - {2 J , (3.7)
A

where 4 =r/r, =1+ f"/k.
By integrating the inverse of stretch over the deformed length of the sliding zone on
the tape, a relation between its original length L, and the deformed length | can be obtained:

L dx

L, :LT. (3.8)

The integral can be evaluated numerically with the stretch values obtained from Egs. (3.5-

3.7). The system has two dimensionless parameters: the stretch at fracture of the

mesh A" =1+ f*/k, and the ratio between the strength of the mesh and the stiffness of the

tape f*/uH . Just as the first network in the DN gel, the mesh provides the overall stiffness
of the composite and acts as the sacrificial component. With limited stretchability, the range

of the critical stretch A is relatively small and is thus not a major contributor to the

toughness of the composite. Here we take the representative value from the experimental
measurements (Fig. 3), ' =1.1. On the other hand, the strength-stiffness ratio f*/uH plays

an important role in the stretchability and toughness of the composite. Here through
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integrating (3.8) numerically, we plot the average stretch I/L, in the sliding zone of the VHB

tape as a function of the dimensionless parameter f*/uH in Fig. 3.9.
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Figure 3.9. The average stretch in the sliding segment of the tape, plotted as a function of

the ratio between the strength of the mesh and the stiffness of the tape, - /.H .

Over the stress plateau, subdivide larger islands into smaller ones will take place until

each island is too small to be subdivided, i.e. the half-size of the island becomes smaller than

f*/z. For a smaller island, the axial force accumulated from the shear lag can no longer
reach f™. In those islands, the non-sliding zone r shrinks to 0, and thus the stretches in the

two layers do not need to match. The stress in the tape o is no longer determined by Eq.
(3.7) and would keep increasing until the tape layer ruptures. The cessation of the island-
fragmentation mechanism corresponds to the end point of the plateau on the stress-strain

curve. In the absence of the non-sliding zones, the overall stretch of this point is given by
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Zim ~1/L, . As shown by Fig. 3.10, for relatively large f*/uH , 1/L, simply scales linearly

with it. We thus arrive at the approximate scaling law for the limiting stretch of the plateau:

i & ——. (3.9)

By using the model presented above, the effective stress-stretch curve of the
composite can be reconstructed theoretically. The deformation and damage process of the
DN composite can be divided into three stages. In stage I, before any damage, the behavior

of the composite is close to linear elastic, with the effective stress

O'z[%+3,uj(l—l). (3.10)

By writing Eq. (3.10), the thickness of the mesh layer is neglected and the thickness of the
composite is assumed to be identical to that of the constituting VHB tapes. At a critical
stretch, 1, the partial damage in the mesh initiates. Upon further stretch, the deformation is
manifested through the further fragmentation of the mesh (or the propagation of the damage
to the undamaged region when necking is present). In stage Il, the stress is maintained at a

level close to that of fracturing the mesh:

Szf—(1+3ﬂ—Hj. (3.11a)

The stress plateau extends all the way to a stretch A, ~ f*/uH , beyond which the stress

lim
will increase again. The monotonic increasing curve in stage 11l is mainly governed by the
behavior of the tape layer, and the stress is bounded by a value set by the strength of the tape:

S,na- While the accurate stress-stretch relation can be obtained by numerically solve Egs.

(3.5) and (3.6) and integrating Eq. (3.7), for relatively small range of deformation, the
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behavior is close to linear. The behavior in stage 11l can be approximately characterized by
shifting the stress-stretch curve of the VHB tape up to the point (4, ,s).

We take the values measured from independent experiments on the mesh and tape
individually: k =1170 Nm™, f" =420 Nm™, and x=38kPa, calculate the stress-stretch

relation numerically from the model, and plotted in Fig. 3.10. Comparing to the experiment
results in Fig. 3.2, the agreement between the shear lag model and experiments is reasonably

well.
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Figure 3.10. Theoretical prediction by considering the interaction in the sliding zone with a
shear-lag model. The five curves have the same mesh to VHB tape ration as Fig. 3.2, which
are 2:3 to 1:5. Material parameters are extracted from independent experiments on base

materials.
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We can reconstruct Eq.11a to the following equation,

s 3 (3.11B)

H K

The peak stress and plateau stress during the tensile test of DN composites is plotted versus
1/H as in Fig. 3.11. The agreement in peak stress between the shear lag model and

experiments is also very well comparing to the experiment results.
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Figure 3.11. Theoretical peak stress, experimental peak stress and experimental plateau

stress versus 1/H.

If the sample is unloaded from a point in Stage Il, the unloading curve is
approximately the weighted average between the undamaged and damaged behavior. If the
effect of the sliding stress 7 is negligible, the behavior of the fully damaged material will be

close to that of the tape. The unloading stress is thus given by
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o= ¢(% +3yj(;t ~1)+ (1—¢)y(/1 —%) (3.12)

where ¢ is the volume fraction of the undamaged phase, and can be easily determined from

the stretch at the onset of the unloading, where the stress equals the plateau value S. Without
the friction from sliding, the unloading and reloading curves coincide with each other.
However, testing results show a small hysteresis between the unloading and reloading curves,
as in Fig. 3.4. This, in turn, could serve as the evidence of the sliding, and the size of the
hysteresis may be used to estimate the sliding stress 7. Such a practice, however, is beyond
the scope of the current study.

While the presence of the sliding between the mesh and the tape is essential to the
energy dissipation in the damage process, according to the simple model, the actual value of
the sliding stress 7 does not affect the ultimate stretch or the resulting toughness of the
composite. However, a smaller sliding stress will lead to a larger sliding area, and thus the

approximate which corresponds to the extreme case when r, << L, will be more accurate.
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CHAPTER IV

CONCLUSIONS

Drawing an analogy between the compliant ligaments in a soft elastic foam and the
polymer chains in an elastomer, chapter 2 proposes a polymer-network-like toughening
mechanism and derives the scaling relation between the macroscopic fracture energy and the
structural characteristics of soft foam structures. Different from the energy absorbing
mechanism of rigid foams which is mainly effective at compression, the polymer-network-
like toughening mechanism allows a soft foam to effectively dissipate energy when the
structure is subject to tension. Through a phase-field model developed specifically for the
fracture of elastomers, the toughening mechanism as well as the scaling relation is then
verified on soft foam structures of various geometries. In addition to the scaling law, it is
found that the geometric parameters such as the ligament density and the network
connectivity will also affect the fracture energy of soft foams. Finally, to increase the
volume fraction of the solid phase without affecting the thickness or slenderness of each
ligament, a type of soft foam structures of serpentine ligaments is proposed. Numerical study
suggests that such structures may reach an effective fracture energy much higher than that of
the corresponding bulk material. In other words, one may toughen a soft material just by
cutting slots or holes in it. In chapter 3, using a fabric mesh and a VHB acrylic tape, a soft
but highly stretchable DN composite is manufactured. The DN composite follows the same
damage-distribution and toughening mechanisms as in the well-known DN hydrogels. The
DN composite exhibits stable necking as the DN gel, possesses large hysteresis during tensile

loading-unloading test and shows good crack tolerance. The DN composite is as strong as the



47

mesh, as stretchable as the tape, and much tougher than both materials. By using a simple
shear lag model to capture the finite interlayer sliding, a theory is developed and its
prediction in the stress-strain behavior agrees well with the experiments. On the other hand,
the DN composite itself may be regarded as a macroscopic model for the study of DN
hydrogels. It also provides another kind of macro-structure composite which can lead to great

enhancement of strength and toughness.
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