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H I G H L I G H T S

• Crack propagation under a dynamic boundary condition is systematically studied.

• Dynamic test allows the observation of velocity jump for semi-crystalline polymers.

• Dynamic test is timesaving and cost-effective for identifying the velocity jump.

• Dynamic test may probe into of the rubbery state of semi-crystalline polymers.
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A B S T R A C T

It has long been known for elastomers that the velocity of crack propagation jumps as a function of strain. On the
other hand, such a jump has not been reported in the literature for polymers which do not exhibit a rubbery
plateau in the storage-modulus plot. Here, we report observation of jumps in crack propagation for semi-crys-
talline polymer sheets without the rubbery plateau, as a result of pulling the sheets at a constant speed. We
discuss the advantages of this crack-propagation test under constant-speed stretching and provide physical in-
terpretation of the velocity jump observed for non-elastomer sheets on the basis of a recently proposed theory for
the velocity jump in crack propagation.

1. Introduction

Toughening of polymer materials is an important current problem.
Tough polymers could even replace glass and metal used in automobiles
to reduce their weight, which should greatly contribute to the reduction
of energy consumption. For developing tough polymers, one of the re-
levant issues is the velocity-dependent properties of fracture and, in
fact, this issue has been explored for various forms of polymers, which
include adhesive [1–5], laminar [6] and viscoelastic polymers [7,8],
weakly cross-linked gels [9,10], biopolymer gels [11], and biological
composites [12].

In the rubber industry, the so-called pure shear test has long been
performed for sheet samples of rubbers to estimate their toughness
[13]. This test is performed in the following manner under a static
boundary condition: (1) Firstly, a sheet is given a fixed strain through
the top and bottom grips. (2) Secondly, the sheet is cut at one of the free
side-edges with keeping the distance between the grips fixed. (3)
Thirdly, the propagation speed of the crack is measured when it reaches
a constant. (The constant speed is attained when the crack propagation

length is long enough compared with the distance between the grips.)
When this measurement is repeated numerous times at different given
strains, the crack-propagation velocity is given as a function of the
strain (or the energy release rate, which is identical to the fracture
energy in this case).

It has long been known that the velocity of crack-propagation jumps
as a function of the strain and that the jump is used to control tough-
ness. This velocity jump observed in elastomers has actively been stu-
died experimentally [14–17] and numerically [18]. Recently, an ana-
lytical model has been proposed to clarify the physical origin of the
velocity jump [19], and the model is semi-quantitatively compared
with experiments [20].

Although the velocity jump in the crack propagation under the static
boundary condition is useful for evaluating toughness in developing
new polymer-based materials in a sense that such a dangerous jump is
better to avoid for tough materials, the static crack-propagation test has
been limited due to two factors: (1) No previous studies reported such
jumps for resins other than elastomers. (2) Test requires numerous
numbers of sample sheets and repetition of crack-propagation
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experiments to determine the velocity at jump.
In this study, we report the velocity jump for sheets of non-elas-

tomer semi-crystalline polymers by performing crack-propagation test
under a dynamic boundary condition, i.e., under constant-speed
stretching, in which case the velocity at jump is determined by per-
forming a single crack-propagation test. We demonstrate that this type
of crack propagation test is much more sensitive to detect the jump and
discuss the physical interpretation of the jump on the basis of the
analytical theory [19]. Our study paves the way for a wide use of the
velocity jump in developing tough polymer-based materials in the in-
dustry.

2. Results and discussions

2.1. Materials

In this study, we used sheets of a porous polypropylene provided by
Mitsubishi Chemical Corporation. The thickness is =h 23 μm, the ty-
pical size of pore is on the order of submicrons to several microns (see
Fig. 1 (a)), and the volume fraction is 0.44. The real and imaginary
parts of the complex modulus are shown in Fig. 1 (b). The viscoelastic
measurement is performed for a sample of width 4mm and length
35mm by giving a pre-stretching force of 0.2 N under a strain oscilla-
tion of amplitude 0.1% with frequency 1 Hz. The melting point ob-
tained by DSC performed under the temperature-increase rate 2 °C/min.
in the range from 30 to 200 °C is 172 °C (The endothermic peak cor-
responding to the melting of crystalline domains is relatively sharp).
The crystalline degree of the polypropylene is approximately 54%. This
estimation is based on the melting enthalpy of the porous film
ΔH=112 J/g and the equilibrium melting enthalpy of bulk poly-
propylene ΔH0= 209 J/g ( H HΔ /Δ 0 =0.54). We show the stress re-
laxation curve in Fig. 1 (c), which suggests that the stress relaxes sig-
nificantly within 30min (see Sec. 2.4 and 2.5). In Fig. 1 (d), a result of
the previous study [21] is shown for later convenience.

2.2. Stress-strain relation

The stress-strain relation shown in Fig. 2 (a) was measured at three
different pulling speeds in the range from =U 0.03 mm/s to 0.4 mm/s.
The measurements were performed for the sheet samples of width

=W 50 mm and height =L 125 mm by clamping the top and bottom
edge of the sample in a configuration similar to the one shown in Fig. 2
(b) but without the initial crack of length a. (See the text below for
further details.) For convenience, the stress is here defined as the force
divided by the (initial) cross-section of the sheet sample Wh.

At each velocity U, three measurements were performed, which are
well superposed with each other. However, the breaking point in-
dicated by the symbol marks that abruptly drop from the smooth curves
is weakly dependent on sample inhomogeneity. The breaking strain
tends to be larger when U is small. The yielding stress is around
20–25MPa and decreases with U, while the yielding stress around

=ε 0.2 is almost U-independent. These trends are intuitively natural,
because as U becomes small polymer chains have longer time for re-
laxation.

2.3. Crack-propagation test under a constant-speed stretching

The experiment is schematically explained in Fig. 2 (b). We clamped
the top and bottom edges of a sample sheet of width =W 500 mm and
of initial height =L 100 mm and introduced an initial crack of length

=a 100 mm at one of the side edges. We then observed crack propa-
gation from the initially introduced crack tip to the other side edge with
pulling the top clamps at a fixed speed U in the range from 0.01 to
0.1 mm/s. The movement of the clamps is controlled by a slider system
(EZSM6D040 K, Oriental Motor). The quantity ΔL is the increase in the
height at each moment after stretching starts.

As a result, we found that the crack-propagation velocity jumps
dramatically at a certain point. To analyze the dynamics before and
after the jump, we set two cameras with significantly different frame
rates. To capture the dynamics before the jump, we used a digital
camera with a video function (D800E, Nikon) and acquired snapshots
with the rate of 60 fps. For the dynamics after the jump, we used a high-
speed camera (FASTCAM Mini UX100, Photoron) with a lens (AF-S
NIKKOR 20mm 1:1.8G ED, Nikon). The areas covered by the two
cameras are indicated in Fig. 2 (b). The snapshot obtained with the 60-
fps camera just after the jump records the moment after the crack
reaches the opposite sample end. On the contrary, before the jump, no
movements of the crack tip are recorded by the 40000-fps camera be-
cause of the limited memory storage of the high-speed camera.

In the following, we explain the results shown in Fig. 3. The data

Fig. 1. (a) An SEM image of the porous
polypropylene sheet used in the experiment.
(b) Complex moduli as a function of tem-
perature obtained at 1 Hz. (c) Stress re-
laxation curve obtained at the fixed strain of
approximately 0.1 for a sample of width W
= 500mm and of height L=100mm. The
stress is renormalized by the maximum
stress σ0. (d) Crack-propagation velocity vs.
a measure of energy release rate ε L2 under a
fixed strain ε reported in the previous study
[21]. (a) and (b): Copyright 2018 by Mit-
subishi Chemical Corporation. (d) Rep-
rinted from Ref. [21] (CC BY 4.0).
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shown in the figure seem to exhibit strong sample dependence. How-
ever, considering experimental artifacts (difficulty in determining the
stress-zero state in the case of Fig. 3(a) and an edge effect in the case of
Fig. 3 (b)), sample dependence is in fact less strong than its appearance,
as explained below. This is reasonable considering that bulk properties
characterized in Figs. 1 and 2 by the rheology measurements and the
stress-strain curve do not show strong sample dependence, although, in
principle, the local distribution of pore size could affect the crack
propagation.

The three graphs in the top panel of Fig. 3 show the results for the
dynamics before the jump obtained by the 60-fps camera at different
stretching velocities U. We see that there is a rather strong sample
dependence. However, the dependence might be enhanced because of
the difficulty in determining the zero-strain state, which corresponds to

=t 0. For example, at =U 0.1 mm/s, the three plots are well superposed
with each other if we allow time-shifts on the order of a few seconds,
which implies that the sample dependence is in fact relatively small.
This order of time-shifts suggests a rough estimate for the magnitude of
error in the increase in height ΔL, which is about 0.1 mm (i.e., U times a
few seconds). This corresponds to the error in the strain ≃ 0.001 because

=L 100 mm. Similar estimates for the errors in ΔL and the strain are
obtained from the two remaining values of U. For example, at =U 0.01
mm, the time-shifts of 10 s would decrease the sample dependence
significantly (i.e., it would make the three plots well superposed).

The three graphs shown in the bottom panel of Fig. 3 show the

results for the dynamics after the jump obtained by the 40000-fps
camera at different stretching velocities U. Just after the jump, the
sample dependence of the data is fairly small. On the contrary, the
speed (the slope) tends to decrease as the crack tip approaches the side
edge opposite to the one at which the initial crack is introduced. Such a
decrease in velocity would not be observed if the sample is long enough
in the direction of crack propagation. This is called the edge effect and
we try to avoid this effect in our velocity analysis presented below.
(Since a slight error in identifying the zero-strain state leads to a sig-
nificant difference in the position of the jump, apparent sample de-
pendence due to the edge effect will be enhanced compared with real
sample dependence.)

The crack-propagation velocity obtained from the data shown in
Fig. 3 is given in Fig. 4. The velocity before the jump is obtained from
the data shown in the top panel of Fig. 3. (The ith velocity Vi is obtained
as the backward difference = − −V X X δt( )/i i i 1 (with =δt 1/60 sec) from
the smoothed ith position Xi given as + +⋯+− −x x x( )/5i i i1 4 where xj is
the jth position of the raw data.) The velocity after the jump is obtained
from the data shown in the bottom panel of Fig. 3 by using the initial
region in which the sample dependence is small to avoid the edge ef-
fect. (The velocity is obtained as the forward difference

= − +V x x δt( )/i i i 1 (with =δt 1/40000 sec) of the raw −X tΔ Δ data in
the ranges =tΔ 0 to 0.4ms and =tΔ 0 to 0.2 ms for =U 0.01 and 0.1m/
s and for =U 0.02 m/s, respectively.)

Although there exists the sample dependence probably originating

Fig. 2. (a) Stress vs. strain at three different pulling velocities. (b) Schematic illustration of the velocity jump experiment, where the areas covered by two cameras
with different frame rates are indicated.

Fig. 3. Crack-tip position as a function of elapsed time at three different stretching velocities U. (Top) Results obtained from a 60-fps camera before the velocity jump.
The position =X 0 and the time =t 0 correspond the tip position of the initial crack and the starting time of stretching, respectively. (Bottom) Results obtained from
a 40000-fps camera after the velocity jump. The position =XΔ 0 and the time =tΔ 0 correspond the crack-tip position and the moment at the jump, respectively.
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from inhomogeneous porous structures, which tends to be enhanced
because of experimental artifacts, some robust features are visible in
Fig. 4. (1) The velocity changes nearly four orders of magnitude at the
jump. (2) Before the jump the crack-propagation velocity is in the range
around from 0.0001 to 0.01m/s, which corresponds to the strain-rate
range from 0.001 to 0.1 s−1. (3) After the jump, the velocity reaches
around a few hundreds m/s. (4) The strain at the jump tends to decrease
as the pulling velocity U increases. (5) Before the jump, the crack-
propagating velocity V as a function of ε is significantly large for high U.
(6) After the jump, V tends to be small for high U and V seems to be on a
straight line as a function of ε on the log-log plot. (7) The size of the
jump tends to decrease as U increases.

The strain range for the data in Fig. 4 is around 0.01 to 0.04. In the
corresponding strain range, the stress-strain relation is practically linear
and free from the effect of plastic flow as seen in Fig. 2(a). This implies
that the strain ε and fracture energy G (i.e., energy release rate) satisfy a
simple linear relation on a log-log scale (logG = const.+ 2logε). Ac-
cordingly, we here used the strain ε (instead of fracture energy G) for
the horizontal axis.

2.4. Crack propagation test under a fixed-grip condition

We now discuss the previous results shown in Fig. 1 (c) [21], which
is obtained by observing a constant-velocity crack propagation under a
fixed strain. By repeating crack-propagation experiments with changing
the value of the fixed strain, one obtains the crack-propagation velocity
as a function of the given strain. (We need at least one sample sheet to
obtain a single point on the V−ε plot.) Here, the velocity is given as a
quantity ε2L, where L is the height of the sample. This quantity is
proportional to the so-called energy release rate and the velocity is
expected to be a universal function of this quantity for a certain ma-
terial although L are different. The experimental geometry is similar to
the one given in Fig. 2 (b). The differences are that the mobile pair of
clamps is fixed to give a certain value of LΔ and that the small initiating
crack is introduced at one of the side edges after ΔL is given. We note
here for later convenience that this process of preparation, i.e., giving a
fixed strain to the sheet before introducing a small cut to initiate crack

propagation, requires a finite amount of time.
In this previous experiment, we failed to observe the velocity jump.

Instead, we found that the crack propagates nearly at a constant speed
around 500m/s for ε larger than around 0.07 ( ≃ε L 0.52 ) and that the
crack does not propagate at all for ε smaller than around 0.03
( ≃ε L 0.12 ).

2.5. Comparison of the results under the dynamic and static boundary
conditions

We find clearly that the velocity jump is observed in the present
experiment performed under the dynamic boundary condition, whereas
the jump is not observed in the previous experiment performed under
the static condition. The high-velocity regime after the jump in the
present study is fairly consistent with the high-speed crack propagation
observed in the previous study. (In the present study the high-velocity
regime after the jump is “short,” i.e., observed in a small strain range at
a given U. This does not suggest difference but is merely because the
sample length is not enough: after the jump, the crack soon reaches the
opposite side end of the sample.) However, the low-velocity regime
before the jump in the present study is absent in the previous study,
which marks the significant difference between the two experiments.

We consider that the principal reason for not observing this regime
under the static boundary condition is that the stress relaxation oc-
curred in the above-mentioned preparation time for the fixed-grip ex-
periment. In the previous experiment, the preparation time was on the
order of 30min, during which the stress is significantly relaxed (be-
cause this material is a linear viscoelastic material for small strains) as
suggested in Fig. 1 (c) to suppress the crack propagation. On the con-
trary, when the given strain is relatively high, because this material
exhibits yielding behavior (see Fig. 2 (a)), the induced plastic de-
formation tends to suppress relaxation, and thus the crack-propagation
behavior under the static condition becomes similar to that under the
dynamic condition.

Note that under the dynamic boundary condition in the present
study, there is no preparation time and the effect of stress relaxation is
practically suppressed. By definition, the preparation time is the time

Fig. 4. Crack-propagation velocity vs strain at three different stretching velocity.
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duration from the moment one starts to give a fixed strain to the sample
to the moment one introduces a cut at one of the free side edges after
one finished giving the fixed strain. In the experiment under the dy-
namic boundary condition, crack keeps propagating with the given
strain simultaneously increasing. This means that the dynamic test is
free from preparation time and the effect of stress relaxation (during the
preparation time) is by definition absent in the dynamic test.

2.6. Plausible physical pictures emerging from the previous theory

In our previous study [19], we showed that the glass transition that
occurs near the very localized vicinity of the crack tip can trigger the
velocity jump. This theory suggests that the velocity jump could be
observed if the storage modulus possesses the glassy regime in the high
frequency range and the rubbery regime in the low frequency range.
The high-velocity regime after the jump reflects the glassy dynamics,
whereas the low-velocity regime before the jump corresponds to the
rubbery dynamics.

We consider the velocity jump observed in the present study is
understood on the basis of this previous theory. As shown in Fig. 1 (c),
this material clearly has the glassy regime and shows the glass transi-
tion temperature around at 0 ∘C. But, it starts to melt around at 170 ∘C,
showing no rubbery plateau (or it melts before showing the rubbery
plateau). This implies that we cannot access the rubbery regime of this
material by raising temperature. However, on the basis of the time-
temperature correspondence, we may access the rubbery regime by
increasing the time scale without facing melting of the sample, which
we consider is realized by the present crack-propagation experiment.
Because of the slow dynamics induced by the slow crack propagation,
the material near the crack starts to behave like a rubber. This is our
physical interpretation of the slow-velocity regime before the velocity
jump. In other words, the present result is consistent with and even
expected from the previous theory, if we assume that our previous
theory is applicable to the present case.

2.7. Advantages of the dynamic crack-propagation test

We here discuss the advantages of the dynamic crack-propagation
test. As seen above, the dynamic test could be much sensitive to the
velocity jump because it is less subject to the effect of strain relaxation.
In addition, the velocity at the jump at each pulling velocity U is pre-
cisely detected because the strain value is dynamically and con-
tinuously changed with time. In other words, a fine tuning of strain is
possible to obtain the precise value of strain at the jump. An important
practical advantage is that the dynamic test is much more timesaving
and needs much less number of samples. This is because in the case of
the static test we need one sample to obtain a single point on the ve-
locity-strain plot. On the contrary, one entire curve for the velocity-
strain relation is obtained from a single sample sheet. Note, however,
that, as already mentioned, the dynamic test may not be practical if one
would like to obtain the high-velocity regime over a wide range: we
would need to have nearly an infinite sample widthW in order to obtain
a wide rage of the high velocity range in the dynamic test.

2.8. Comparison of our results with results obtained from rubbers

We here compare our results with results obtained from rubbers. In
the case of rubber, the velocity jump occurs typically from 10−1 mm/s
to 1m/s at a critical energy release rate. The ratio of the velocity just
after the jump Va to the velocity just before the jump Vb is about 104,
which is comparable to the value obtained the present case. As for Va
and Vb, both are about 100 times as large as those of rubbers. According
to the previous theory [19],Va andVb both scale with the factor l τ/ R, i.e.,
the length scale l below which the continuum description breaks down
divided by the characteristic time τR for the rubbery regime (see Eq.
(16) and (17) in Ref. [20]). Compared with rubbers, τR tends to be

larger because the plots of the complex elastic moduli tend to be shifted
in the high temperature side in the present case. However, the length l
may be much larger in the present case because of the porous structure,
which may explain at least qualitatively why Va and Vb are shifted to the
higher side.

In the slow mode regime, in which the propagation velocity V is
smaller than Vb, the velocity V seems to scale with some power of the
fracture energy G (∼ ε2 in the present case) as in the case of rubbers: the
plot V vs G (or ε) on a log-log scale appears to be on a straight line.
However, the slope of the straight line is much larger in the present
case. This tendency is qualitatively in accord with the experimentally
known fact (for rubbers) that the slope becomes large with the char-
acteristic length scale l (i.e., cross-linking distance) [15]. As stressed
above, l is expected to be much larger in the present case and, thus,
from the experimentally known fact, the slope on a log-log scale in the
slow mode regime is expected to be very large, which is supported by
Fig. 4.

As for the fast mode, in which V is larger than Va, comparison is
generally difficult. This is because as explained in Sec. 2.5 below, the
crack propagation experiment under the dynamic boundary condition
as in the present case, it is difficult to obtain the data in the fast mode
regime in a wide range because of the limitation of the sample length
(after the jump V is extremely fast).

3. Conclusion

We observed a jump in the crack-propagation speed as a function of
applied strain for a polymer sheet which is not elastomer, i.e., whose
storage modulus does not exhibit the rubbery plateau. The jump was
not observed in the previous study in which the experiment is done
under the static boundary condition. In the present study, by employing
the dynamic boundary condition, we succeeded in observing the jump.
The dynamic test demonstrated in the present study is promising be-
cause of a number of advantages, which include the sensitivity to the
velocity jump, and timesaving and cost-effective features. If we assume
that the previous theory [19] is applicable to the present results,
plausible physical pictures emerge: (1) The velocity jump in the present
study results from the glass transition that occurs in the vicinity of the
crack tip. (2) The low-velocity regime before the jump may probe into
the rubbery dynamics, which is usually hidden by melting and cannot
be accessible by raising temperature. We note here that the relation
between the static and dynamic test is explored in a recent numerical
study [22].
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