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Abstract Cellulose nanopaper (CNP) made of cel-
lulose nanofibrils has gained extensive attention in
recent years for its lightweight and superior mechan-
ical properties alongside sustainable and green
attributes. The mechanical characterization studies
on CNP at the moment have generally been limited to
tension tests. In fact, thus far there has not been any
report on crack initiation and growth behavior,
especially under dynamic loading conditions. In this
work, crack initiation and growth in self-assembled
CNP, made from filtration of CNF suspension, are
studied using a full-field optical method. Dynamic
crack initiation and growth behaviors and time-
resolved fracture parameters are quantified using
Digital Image Correlation technique. The challenge
associated with dynamic loading of a thin strip of CNP
has been overcome by an acrylic holder with a wide
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pre-cut slot bridged by edge-cracked CNP. The
ultrahigh-speed digital photography is implemented
to map in-plane deformations during pre- and post-
crack initiation regimes including dynamic crack
growth. Under stress wave loading conditions, macro-
scale crack growth occurs at surprisingly high-speed
(600-700 m/s) in this microscopically fibrous mate-
rial. The measured displacement fields from dynamic
loading conditions are analyzed to extract stress
intensity factors (SIF) and energy release rate (G) his-
tories. The results show that the SIF at crack initiation
is in the range of 6-7 MPa m'’?, far superior to many
engineering plastics. Furthermore, the measured val-
ues increase during crack propagation under both low-
and high-strain rates, demonstrating superior fracture
resistance of CNP valuable for many structural
applications.
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Introduction

Cellulose nanofibrils (CNFs), an advanced bio-nano-
material produced from lignocellulosic biomass, offer
outstanding properties such as high elastic modulus
(29-36 GPa), high specific surface area (up to several
hundreds of m?g), high thermal stability (being
stable against temperatures up to 300 °C), as well as
biocompatibility, biodegradability and lightweight
characteristics (Xie et al. 2018; Du et al. 2020).
Therefore, CNFs possess great engineering potential
in the fields of biomedical implants (Du et al. 2019;
Liu et al. 2020), reinforcing nanofillers for structural
composites (Lee et al. 2014; Kargarzadeh et al. 2018;
Chen et al. 2020), packaging materials (Wu et al.
2020b; Du et al. 2021), energy storage devices (Liu
et al. 2021; Du et al. 2022), optical and electro-
conductive materials (Parit et al. 2020; Wu et al.
2020a), and so forth. Due to large specific surface area,
high aspect ratio and semi-crystalline structure, CNFs
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exhibit remarkable tendency to entangle and form
flexible and mechanically stable film or sheet, often
referred to as cellulose nanopaper (CNP) (Benitez and
Walther 2017). In addition to excellent mechanical
properties, CNP also offers high thermal durability,
tunable optical properties, as well as low thermal
expansion coefficient (Wang et al. 2018). These make
it a promising lightweight material for various mul-
tifunctional and high-end applications such as visual
display substrates (Jung et al. 2015), organic solar
cells (Nogi et al. 2015), and electrodes for energy
storage (Xing et al. 2019).

A few results on the fracture behavior of CNP are
reported in recent years. Zhu et al. (Zhu et al. 2015)
found that the crack initiation toughness of CNP
increased with the tensile strength. Using atomistic
simulation, they attributed this to breaking and re-
formation of hydrogen bonds among CNFs at crack
initiation. Mao et al. (Mao et al. 2017) performed a
comparative investigation of the fracture mechanisms
of CNP, conventional printing paper, and Bucky paper
and showed that both fiber pull-out and inter-fiber
interactions play an important role in CNP behavior.
Meng et al. (Meng et al. 2017, 2018) studied the
effects of bridging of nanofibrils on the macroscale
fracture toughness of CNP. Miao et al. (Miao et al.
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2020) comparatively evaluated crack initiation and
growth behaviors of CNP made by two methods
namely casting and filtration, and observed increasing
crack growth resistance during the entire fracture
process starting from crack initiation to significant
growth. Their results also showed that the CNP made
by the filtration method outperformed the cast coun-
terpart in terms of mechanical properties. All the
reported works on fracture of CNP to date, however,
have primarily focused on quasi-static fracture. The
possibility of re-formation of hydrogen bonds as well
as observed craze-like features along the crack flanks
due to crack growth in this three-dimensionally
entangled nanofibrous material rises the possibility
of loading rate dependent fracture behavior. Thus, a
comprehensive fracture performance assessment of
CNP, however, should include evaluation of both
static and dynamic fracture characteristics. In fact, it is
well-known that fracture of polymer-based compos-
ites with fibrous constituents such as the conventional
fiber reinforced polymer composites (Lee et al. 2010;
Miao and Tippur 2019) and CNF hydrogel composites
(Yang et al. 2019) are strain rate dependent. Accord-
ingly, the rate dependence of filtered CNP is explored
in this work to bridge this gap.

The full-field optical techniques are particularly
suitable for investigating fracture mechanics of CNP.
Among the various options available in this regard,
Digital Image Correlation (DIC) technique offers
many advantages such as non-contact full-field quan-
tification of deformations in the region-of-interest
(ROI) and simplicity of implementation using
recorded intensities/gray scales to quantify deforma-
tions (Chu et al. 1985). Some researchers have applied
DIC to measure thermal expansion of cellulose
nanocrystal (CNC) films (Diaz et al. 2013), the in-
plane strain fields on CNP under tension (Zhao et al.
2018), and fracture strength of CNF hydrogel com-
posite subjected to cyclic loading (Wyss et al. 2018).

This paper is aimed at exploring the dynamic
fracture mechanics of CNP. The steps for preparing
CNP is described first. The details about the experi-
ments pertaining to mapping crack tip fields in single
edge notched CNP specimens subjected to dynamic
loadings by DIC are discussed next. This is followed
by calculating fracture mechanics parameters (crack
velocity, stress intensity factors and energy release
rates) from the DIC measurements. Finally, fracture

mechanics parameters are qualitatively correlated
with fractographic features and summarized.

Experimental details
Preparation of CNP

The CNF aqueous gel at a concentration of around
3 wt.% was obtained from University of Maine, USA.
As noted earlier, the CNP produced for this work was
made by a standard filtration method (Parit et al. 2018)
and the resulting material was accordingly termed
F-CNP. The detailed procedures for the preparation of
the F-CNP can be found in the previous work (Miao
et al. 2020). The final F-CNP had a thickness of
40 =+ 3 um, and density of 1225 kg/m>. As shown in
Fig. 1, the morphology of the cross-section of the
F-CNPs indicates that highly fibrous CNFs tightly
entangled with each other due to strong hydrogen
bonding. These abundant hydrogen bonds could
contribute to mechanical strength and fracture char-
acteristics of as-prepared F-CNP. The Young’s mod-
ulus was 10.8 £ 0.3 GPa and Poisson’s ratio was
0.23 £ 0.04; both these elastic properties were mea-
sured separately by performing uniaxial tension tests
on F-CNP strips discussed elsewhere (Miao et al.
2020).

Fig. 1 SEM image showing typical cross-section of F-CNP
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Dynamic fracture

The dynamic fracture behavior of F-CNP was inves-
tigated using DIC along with ultrahigh-speed photog-
raphy. Single edge notched (SEN) specimens of
dimensions 110 mm x 20 mm were prepared, and
an initial notch of 5 mm length was cut into each of the
samples using a sharp razor blade. The resulting crack
tip had a root radius of 20-30 pum. To enable high-
strain rate loading of F-CNP in mode-I conditions, a
special specimen holder was devised. The holder
consisted of a large acrylic (PMMA) support fixture
(150 mm x 70 mm x 8.6 mm), as shown in Fig. 2,
to which the specimen was adhered. The acrylic holder
had a symmetric 40°V-notch cut into the middle of the
edge of the holder and the V-notch flanks were
extended into the holder as a relatively wide slot
(approx. 10 mm wide) with a semicircular tip, as
shown. To this holder, the F-CNP specimen was glued
directly. The specimen was sprayed lightly with
random black and white speckles to implement DIC
(Chu et al. 1985) and map surface deformations. (The
details of the method are intentionally avoided for
brevity and can be found in a number of recent articles
and monographs Yoneyama et al. 2006; Kirugulige
et al. 2007; Sutton et al. 2009; Pan et al. 2009). The

entire F-CNP specimen and the acrylic holder assem-
bly was subjected to dynamic stress-wave loading
along the flanks of the V-notch using a precisely
matching wedge of a modified Hopkinson bar setup.
The V-notch and the wide slot in the holder facilitated
rapid tensile loading of the pre-notched F-CNP
specimen causing it to fracture well before the failure
of the holder.

The schematic of the experimental setup is shown
in Fig. 3. A modified Hopkinson pressure bar was used
to impact the acrylic holder to indirectly load the edge
notched CNP specimen attached to the holder. The
long-bar was 1.83 m long and 25.4 mm in diameter
aluminum rod. The tip of the long-bar was machined
and polished to be of a wedge-shape to match the
V-notch in the acrylic holder. A 305 mm long,
25.4 mm diameter aluminum striker placed in the
barrel of a gas-gun was launched towards the long-bar
at a velocity of approx. 13 m/s during fracture tests.
The compressive stress wave generated by the impact
between the striker and the long-bar propagated the
length of the long-bar before loading the specimen
holder and then the F-CNP specimen. A close-up view
of the optical setup is also shown in Fig. 3. Initially,
the long-bar tip was kept in contact with the holder
such that the V-notch flanks touched the long-bar. The

70 mm
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PP 20 mm I_
End-tab |15 mm
10 mm
o 20 mm
40° = § ¢
/ 8
Initial crack
(5 mm) | v

End-tab
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Fig. 2 Specimen geometry and loading configuration used for dynamic fracture tests: (left) schematic of specially designed PMMA
support; (right) specimen assembly coated with random black and white speckles
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Fig. 3 Schematic (top) and close-up photograph (bottom) of the experimental setup used to study dynamic fracture of F-CNP

specimen holder was placed over a ~ 1.5 mm thick
rectangular soft putty strip on a platform with another
identical putty strip pressed onto the top edge of the
holder to achieve symmetry in terms of the acoustic
impedance relative to the loading axis. The speckle
images of the specimen illuminated by a pair of high
energy flash lamps were recorded by a Kirana-05 M
ultrahigh-speed digital camera at 500,000 frames per
second (inter frame period 2 ps). When the striker
impacted the long-bar, a trigger pulse was generated to
start the recording of the speckle images by the camera
with an adjustable/preset delay. The speckle images
were subsequently analyzed using ARAMIS® image
analysis software to extract in-plane displacement
components, u(x, y) and v(x, y) in the x- and y-
directions, respectively. During analysis, the speckle
images were segmented into facets of size of 30 x 30

pixels (1 pixel = ~44 pm on the specimen plane) with
25 pixels overlap which resulted in approx.
20 x 35 mm? region-of-interest (ROI).

The time-resolved speckle images along with the
corresponding crack-opening displacements around a
dynamically loaded mode-I crack in the F-CNP
specimen are shown in Fig. 4 at a few select time
instants (please see “Supplementary materials” for
video). In these plots, #+ = Ous corresponds to one
frame just before crack initiation at the original crack-
tip, and color bars represent displacements in mil-
limeters. It can be observed that, due to the symmetric
nature of mode-I fracture, the crack propagated self-
similarly along a horizontal path (from left to right in
these images) and hence the contours of the two
orthogonal displacements are highly symmetric in
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Fig. 4 Speckle images (top row) with corresponding measured
crack-opening displacement contours (middle row) and crack-
sliding displacement contours (bottom row) for dynamic

shape in case of the u-field and magnitude in case of
the v-field relative to the initial crack.

The crack tip position from crack-opening dis-
placement contours were identified from each of the
images. Subsequently, the crack velocity histories for
F-CNP samples were obtained via the finite difference
scheme and are shown in Fig. 5 for two separate tests.
It can be observed that the velocity histories essen-
tially overlap on each other, indicating rather good
repeatability of these experimental results. The crack
velocities increase from 0 to ~550 m/s in ~ 10 ps
after crack initiation and then become relatively steady
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fracture of F-CNP. Contours are shown in 10 pm increments
and the color bar scale is in mm. See “Supplementary materials”

at ~660 m/s, which is equal to ~35% Cy (Rayleigh
wave speed based on the measured elastic modulus,
Poisson’s ratio and mass density).

The surface features of F-CNP were examined
during fracture in real-time with the aid of ultrahigh-
speed photography on a third specimen without
decorating it speckles. That is, the dynamic fracture
on a F-CNP sample without speckles was repeated by
focusing the camera on the surface directly to see
details near the crack tip vicinity during dynamic
crack propagation. Three selected real-time images
are shown in the top row of Fig. 6 (please see
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Fig. 5 Measured crack velocities for two dynamically loaded
F-CNP specimens

“Supplementary materials” for video). In these
images, t = —30us corresponds to the state before
the specimen experiences dynamic loading, hence, no
deformation at the original crack tip can be discerned.
The t = Ous image corresponds to the time instant one
frame before crack initiation at the original crack tip.
In this image, a whitened zone ahead and around the
crack tip can be clearly observed. During crack
propagation, the whitened zone also appears along
the two crack flanks seen at the time instant t = 14 us.

~ t=-30 ps

Fig. 6 (Top-row) Images of dynamic crack tip (denoted by the
red arrow) propagation in F-CNP sample showing whitened
zone. (Bottom) Micrograph of fractured specimen edges

It can be also found that the whitened zone at t = Ous
appears wider than that the one at ¢ = 14us,
attributable to the development of an inelastic defor-
mation zone within which CNFs are pulled apart prior
to crack initiation. The whitened zone ahead of the
crack tip during the crack propagation is relatively
long and narrow, potentially due to the combined
effects of bridged fibers behind the crack tip and
stretched fibers ahead of crack tip. These could
contribute to the enhancement of crack growth resis-
tance. The edges of this fractured specimen were
observed using a Keyence VHX-6000 series digital
microscope, and a representative image is shown in
bottom row of Fig. 6. It is evident that the whitened
zone appears along the crack path. This craze-like
appearance, similar to the one often seen in many
engineering polymers, could contribute to resistance
of the material to crack growth through inelastic
deformations. A similar phenomenon is also observed
during fracture of CNF reinforced hydrogels (Yang
et al. 2019).

Extraction of stress intensity factors (SIFs)

The stress intensity factor (SIF) histories were calcu-
lated using an over-deterministic least-squares

Whitened
(craze-like)
crack-flanks
g ]

showing whitened crack flanks (blue arrow indicates the crack
growth direction). See “Supplementary materials”
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Fig.7 Dynamic fracture parameters for two F-CNP specimens:
(a) Measured stress intensity factor (SIF) histories, =0
corresponds to crack initiation; (b) Variation of dynamic strain
energy release rates with crack velocity

analysis of crack-opening displacement contours, v(x,
y), measured by DIC. The asymptotic expression for
the v-field around the dynamically propagating crack-
tip can be expressed as (Nishioka and Atluri 1983;
Jajam et al. 2013):

N (K)), B,V
Z (V)

( +1)
n=1 n
v on h(n) 1R * (Ku),Bu(V)
{—ﬁlrﬁ sm§91 —i—ﬂ—zri sm§92} + ;T

0+ 1) pirt cosho, + 2 A cos 0,
s ofpton )
(1)

where v is the crack-opening displacement, (r, 0)
denotes the crack-tip polar coordinates as shown in
Fig. 4. The discrete v-field data in the region around
the crack-tip, 3 mm <r <6 mm, —120°<46
< 120°, was used in the analysis to minimize the
uncertainty associated with the precise crack-tip
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location yet sufficiently close to the crack-tip. In
Eq. (1), (K;),= K; and (K;),= Kj; denote the mode-I

and mode-11 SIFs, respectively, r, = {/x% + ﬁmy ,

= -1 M = = _ (X ?
0,, = tan s m=1,2, B 1 G)

(k+1)p U
\/ - _ Cl \/ (k=1)p \/7 l+\

for plane stress, V, U, p, v are the crack velocity, shear
modulus, mass density and Poisson’s ratio of F-CNP,
respectively. The remaining functions in Eq. (1) are
defined as,

h(n) = 21/1;;2 for n=odd, h(n)= 1+2ﬁ§ for n =

even and k() = h(n + 1);

Bi(V) = “Dﬁ% Bu(V) = 2[;3 D =48, — (1 +ﬂ%)2-

In the above equation, the effect of non-singular
far-field deformations, if any, on the measured K; and
K;; was offset by using four higher order terms (N = 4)
while performing least-squares analysis. It should also
be noted that the crack-tip displacements were forced
to be zero during the analysis.

The measured crack velocities, V and SIFs were
used to calculate the dynamic energy release rates for
dynamically growing cracks using (Ravi-Chandar
2004):

1
G = 5 [A/(V)K} + An(V)K;] (2)
2
where A;(V) = m, Ap(V) = (l—Vv)/}Cz‘_fD'

Results and discussion
Dynamic fracture

The dynamic SIFs calculated from Eq. (1) are plotted
for two specimens in Fig. 7a. The time axis of these
plots was shifted so that # = 0 corresponds to crack
initiation at the original edge crack-tip. The solid and
open symbols represent SIFs, K; and Kj;, respectively.
The K; histories increase monotonically for both
specimens, almost linearly in the beginning, until
crack initiation. The dynamic fracture toughness (K; at
¢ = 0) was recorded at 6.3 & 0.3 MPa m'. The time
rate of change of K, or dt’,was ~(@4.3 £ 1.6) x 10° -
MPa m'?%/s at crack initiation based on a few data
points in the K; history just prior to initiation. It can be
observed that there is a drop in the K; histories
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Fig. 8 Speckle images (top row) with corresponding measured crack-opening displacement contours (bottom row) for quasi-static
fracture of F-CNP. Contours are shown in 10 pm increments and the color bar scale is in mm

immediately after crack initiation to ~5.6 MPa m”z,
which is due to dynamic unloading following crack
initiation from the stationary tip. Microscale fiber
bridging and blunting' at the stationary notch tip also
contribute to this behavior. Subsequently, the K
histories increase monotonically again due to velocity
effects as well as craze-like crack flank whitening
behavior until the end of the observation window, as
shown in Fig. 6. The fiber bridging and tortuous crack
path effectively increases the resistance to crack
growth. The Kj; histories throughout the observation
window are nearly zero, in both the pre- and post-
crack initiation regimes, due to the occurrence of a
nominally mode-I fracture. The nonzero values of Kj;
are useful to assess potential errors in the least-squares
analysis and/or crack tip location errors during data
analysis. The two sets of experimental results for two

! Based on the nominal values of critical stress intensity factor
(~6.3 MPam), yield stress (~50 MPa) and elastic modulus
(~10.5 GPa), the estimated critical crack tip opening displace-
ment under plane stress conditions is ~90 pm, higher than the
initial notch tip root radius suggesting blunting.

different specimens agree with each other very well
indicating good reproducibility of these experiments.

The dynamic SIFs are a function of crack velocity
and loading rate (‘A1) (Ravi-Chandar 2004). Accord-
ingly, using measured crack velocities V in Fig. 5 and
post-initiation stress intensity factors K; and Kj; in
Fig. 7a, the dynamic energy release rates (G%) for
growing cracks were evaluated from Eq. (2). The
results are plotted in Fig. 7b. It can be observed that
the measured value of G is ~3.7 kN/m at crack
initiation. After crack initiation, Gd(V) is nearly a
constant initially, ranging between ~3.4 and ~4.4
kN/m, until crack velocity reaches ~ 620 m/s. Later
on, the G values dramatically increase (to ~7 kN/m
within the observation window) in what appears to be
a narrow terminal velocity range of 620670 m/s for
this material.

Comparison with quasi-static fracture behavior
The quasi-static fracture of F-CNP single edge-

notched (SEN) specimens subjected to uniaxial
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Fig. 9 Fracture parameters for F-CNP subjected to quasi-static
fracture: (a) Measured stress intensity factor (SIF) histories at
different loads levels; (b) Strain energy release rates in the post-
crack initiation regime. Solid line indicates values before crack
initiation, dotted line indicates unstable crack growth

tension was investigated by the authors in a previous
study (Miao et al. 2020). Those results are compared
with the dynamic counterparts to infer the loading rate
effects. The experimental details are intentionally not

Back surface

included here for the sake of brevity and the readers
can find those details in Ref. (Miao et al. 2020).

The speckle images and the related crack-opening
displacement contours (v-field) for a few select time
instants are shown in Fig. 8. In these plots, r =0 s
corresponds to the recorded image just before crack
initiation. The specimen here was also subjected to
mode-I loading conditions and hence contours in v-
field displacements are nominally symmetric in shape
and magnitude relative to the crack. However, when
compared to the v-field contours for the dynamic
fracture cases shown in Fig. 4, there is more noise in
these contours due to the rigid body motions that are
essentially negligible during dynamic fracture event
due to the short observation window of approx. 80
microseconds. Furthermore, the displacement con-
tours behind the crack-tip show asymmetry; that is,
more contours on the lower half of the specimen
relative to the upper half. Tests on other specimens
have also produced similar results despite exercising
care to eliminate misalignment. This suggests a failure
mechanism unique to F-CNP that produces an out-of-
plane deflection of crack flanks due to fiber entangle-
ment. This in turn causes antisymmetric but pseudo
crack opening displacements in addition to the actual
mode-I deformations. The crack opening displace-
ment contours ahead of the crack, however, remain
unaffected and follow expected trends of a mode-I
crack and hence can be analyzed (Miao et al. 2020).

The measured v-field results from DIC for one
representative specimen (#S3) subjected to quasi-
static loading were used to calculate the SIFs in both

Whitened (craze-like) zone

Fiber
bridges

/

<>
Whitened

strip

Fig. 10 Quasi-static crack growth features for F-CNP: (a) Image of back surface of F-CNP. (b) Micrographs of fractured specimen
edges close to the crack tip. The blue arrow indicates the crack growth direction, and the red dot is the initial notch tip
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the pre- and post-crack initiation regimes. The mode-I
SIFs in the pre-crack initiation regime were compar-
atively examined relative to the theoretical counter-
parts based on the measured load history at 3 N
intervals until crack initiation. The comparison
between these two is shown in Fig. 9a. The solid and
open symbols represent K; and Kj;, respectively. The
solid line corresponds to the theoretical values. It can
be observed from the plot that the quasi-static fracture
toughness for F-CNP is ~5.9 MPa m"?. The loading
rate assessed in terms of time rate of change of K, or
%, is ~(6 £ 0.5) x 107" MPa m"%/s at crack initi-
ation based on a few data points in the K; history
leading up to initiation. It is evident in Fig. 9a that
there is a good agreement between the experimental
and theoretical values of mode-I SIF from linear
elastic fracture mechanics. It should be noted here that
the fracture toughness value of F-CNP is at least 50%
higher than that for polycarbonate (PC), a tough
engineering polymer known for its superior ductility
and fracture toughness. The mode-I SIFs in the post-
crack initiation regime are also plotted in Fig. 9a and
they increase dramatically, up to 12 MPa m'?, sug-
gesting that F-CNP, a natural biopolymer, is capable
of offering highly desirable crack growth resistance
during crack growth. The mode-II SIF values are also
plotted for completeness even though the loading was
nominally mode-I. The non-zero and negligibly small
values of K;; help provide error estimates due to least-
squares analysis approach of extracting SIFs.

To quantify the crack growth resistance character-
istic of F-CNP noted above, the strain energy release
rate (G) was evaluated using the SIFs in the post-crack
initiation regime. Knowing the crack length at each
load level, plots of G vs. a (crack length), or the so-
called crack growth resistance curve, was obtained and
is shown in Fig. 9b. It can be observed that values of
G for F-CNP increase from ~ 3.2 kN/m at initiation to
~23.3 kN/m towards the end of the observation
window. Again, this increasing trend of G displays a
desirable resistance to crack growth of F-CNP.

The fractography of F-CNP subjected to quasi-
static fracture performed using an optical microscope
and is shown in Fig. 10a. A narrow strip of whitened
region relative to the surroundings, marked by yellow
braces in the figure, was observed along the two crack
flanks on the specimens. These fractured edges were
also observed using Keyence VHX-6000 series digital

microscope and is shown in Fig. 10b. A highly
tortuous crack path among the entangled fibers in the
whitened region suggest fracture toughening. The
similar whitened zone was also observed in the
dynamic fracture counterpart shown in Fig. 6. How-
ever, it should be noted here that fractography in the
quasi-static counterpart revealed the occurrence of the
whitened zone only in the wake of the crack.

The measured fracture toughness of ~6.3 MPa m'’?

under dynamic loading conditions ((%) ~43 x 10° -
MPa m'/?/s) is slightly higher than ~5.9 MPa m'?
from quasi-static ((%) ~6 x 107! MPa m'?/s)
experiments. It should be noted that this increase for
a low density (1225 kg/m®) fibrous biodegradable
natural material with a relatively high elastic modulus
(10 GPa) is unlike those evident in conventional
composites. (That is, the behavior is contrary to fiber
reinforced composites which often show lower frac-
ture toughness under dynamic loading conditions
relative to the quasi-static counterparts (Miao and
Tippur 2019) in matrix dominant orientations.) Fur-
thermore, the crack initiation toughness of F-CNP is
significantly higher than tough engineering polymers
such as polycarbonate, for which the reported fracture
toughness is in the range 3-4 MPa m'? with a
significantly lower elastic modulus of ~2.5 GPa
under quasi-static conditions and ~2.0 MPa m'?
under dynamic conditions (Sundaram and Tippur
2017). These suggest a clear superiority of F-CNP in
terms of fracture behavior under both quasi-static and
dynamic loading conditions.

In the post-crack initiation regime, the increase of
strain energy release rate is approximately seven-fold,
starting from ~ 3.2 to ~23.3 kN/m, in the observation
window under quasi-static conditions. Under dynamic
conditions, the energy release rates also show a rapid
increase from ~3.4 to > 7 kN/m as the crack speed
reaches terminal speed in the 620-670 m/s range.
Thus, F-CNP shows increasing crack growth resis-
tance in both quasi-static and dynamic loading con-
ditions and at two vastly different loading rates,
indicating superior fracture behavior during crack
growth. The postmortem examination and fractogra-
phy of crack flanks suggest that the crack growth
resistance is primarily due to the formation of
whitened strips evident all along the crack path. The
synergistic effects of bridged fibers across the crack
faces, microscale tortuosity in the crack path and fiber
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pull-outs ahead of the crack tip increase the resistance
of F-CNP to crack growth. It is well-known that under
dynamic conditions, material ductility in case of
polymers (Sundaram and Tippur 2017) and microc-
racking ahead of crack tip in case of brittle materials
(Miao and V Tippur 2020), are common sources of
crack growth resistance. Thus, the observed toughen-
ing in F-CNP is in some ways different from these
well-known situations, which indicates the uniqueness
of crack growth characteristics in F-CNP.

Concluding remarks

Dynamic fracture behaviors of filtered cellulose
nanopaper (F-CNP) are experimentally studied in this
work using 2D-DIC along with ultrahigh-speed pho-
tography. The dynamic loading of F-CNP is achieved
by a specially devised acrylic holder with a wide pre-
cut slot bridged by a CNP strip with an edge crack. The
crack opening displacements measured from DIC are
used to calculate the fracture parameters in the entire
fracture process. The results of quasi-static fracture
behavior of F-CNP are also included here to compar-
atively show the loading rate effects. The high fracture
toughness and the increasing crack growth resistance
during crack propagation suggest the superior fracture
characteristics of F-CNP for promising engineering
applications.
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