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Abstract 15 

Cellulose nanopaper (CNP) made of cellulose nanofibrils (CNF) has gained extensive 16 

attention in recent years for its lightweight and superior mechanical properties alongside 17 

sustainable and green attributes. The mechanical characterization studies on CNP at the moment 18 

have generally been limited to tension tests. In fact, thus far there has not been any report on crack 19 

initiation and growth behavior, especially under dynamic loading conditions. In this work, crack 20 

initiation and growth in self-assembled CNP, made from filtration of CNF suspension, are studied 21 

using a full-field optical method. Dynamic crack initiation and growth behaviors and time-resolved 22 

fracture parameters are quantified using Digital Image Correlation (DIC) technique. The challenge 23 

associated with dynamic loading of a thin strip of CNP has been overcome by an acrylic holder 24 

with a wide pre-cut slot bridged by edge-cracked CNP. The ultrahigh-speed digital photography 25 

is implemented to map in-plane deformations during pre- and post-crack initiation regimes 26 

including dynamic crack growth. Under stress wave loading conditions, macroscale crack growth 27 

occurs at surprisingly high-speed (600-700 m/s) in this microscopically fibrous material. The 28 

measured displacement fields from dynamic loading conditions are analyzed to extract stress 29 

intensity factors (SIF) and energy release rate (G) histories. The results show that the SIF at crack 30 

initiation is in the range of 6-7 MPa(m)1/2, far superior to many engineering plastics. Furthermore, 31 

the measured values increase during crack propagation under both low- and high-strain rates, 32 

demonstrating superior fracture resistance of CNP valuable for many structural applications.  33 
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1. Introduction  36 

Cellulose nanofibrils (CNF), an advanced bio-nano-material produced from lignocellulosic 37 

biomass, offers outstanding properties such as high elastic modulus, high specific surface area, 38 

high thermal stability, as well as biocompatibility, biodegradability and lightweight characteristics 39 

(Du et al., 2020; Xie et al., 2018). Therefore, CNFs possess great engineering potential in the fields 40 

of biomedical implants (Du et al., 2019; Liu et al., 2020) and reinforcing nanofillers for structural 41 

composites (Chen et al., 2020; Kargarzadeh et al., 2018; K. Y. Lee et al., 2014). Due to large 42 

specific surface area, high aspect ratio and semi-crystalline structure, CNFs exhibit remarkable 43 

tendency to entangle and form flexible and mechanically stable film or sheet, often referred to as 44 

cellulose nanopaper (CNP) (Benítez & Walther, 2017). In addition to excellent mechanical 45 

properties, CNP also offer high thermal durability, tunable optical properties, as well as low 46 

thermal expansion coefficient (Wang et al., 2018). These make it a promising lightweight material 47 

for various multifunctional and high-end applications such as visual display substrates (Jung et al., 48 

2015), organic solar cells (Nogi et al., 2015), and electrodes for energy storage (Xing et al., 2019).  49 

A few results on the fracture behavior of CNP are reported in recent years. Zhu et al. (Zhu 50 

et al., 2015) found that the crack initiation toughness of CNP increased with the tensile strength. 51 

Using atomistic simulation, they attributed this to breaking and re-formation of hydrogen bonds 52 

among CNFs at crack initiation. Mao et al. (Mao et al., 2017) performed a comparative 53 

investigation of the fracture mechanisms of CNP, conventional printing paper, and Bucky paper 54 

and showed that both fiber pull-out and inter-fiber interactions play an important role in CNP 55 

behavior. Meng et al. (Meng et al., 2017) studied the effects of bridging of nanofibrils on the 56 

macroscale fracture toughness of CNP. Miao et al. (Chengyun Miao et al., 2020) comparatively 57 

evaluated crack initiation and growth behaviors of CNP made by two methods namely casting and 58 

filtration, and observed increasing crack growth resistance during the entire fracture process 59 

starting from crack initiation to significant growth. Their results also showed that the CNP made 60 

by the filtration method outperformed the cast counterpart in terms of mechanical properties. All 61 

the reported works on fracture of CNP to date, however, have primarily focused on quasi-static 62 

fracture. The possibility of re-formation of hydrogen bonds as well as observed craze-like features 63 
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along the crack flanks due to crack growth in this three-dimensionally entangled nanofibrous 64 

material rises the possibility of loading rate dependent fracture behavior. Thus, a comprehensive 65 

fracture performance assessment of CNP, however, should include evaluation of both static and 66 

dynamic fracture characteristics. In fact, it is well-known that fracture of polymer-based 67 

composites with fibrous constituents such as the conventional fiber reinforced polymer composites 68 

(D. Lee et al., 2010; C. Miao & Tippur, 2019) and CNF hydrogel composites (Yang et al., 2019) 69 

are strain rate dependent. Accordingly, the rate dependence of filtered CNP is explored in this 70 

work to bridge this gap.  71 

The full-field optical techniques are particularly suitable for investigating fracture 72 

mechanics of CNP.  Among the various options available in this regard, Digital Image Correlation 73 

(DIC) technique offers many advantages such as non-contact full-field quantification of 74 

deformations in the region-of-interest (ROI) and simplicity of implementation using recorded 75 

intensities/gray scales to quantify deformations (Chu et al., 1985). Some researchers have applied 76 

DIC to measure thermal expansion of cellulose nanocrystal (CNC) films (Diaz et al., 2013), the 77 

in-plane strain fields on CNP under tension (Zhao et al., 2018), and fracture strength of CNF 78 

hydrogel composite subjected to cyclic loading (Wyss et al., 2018).  79 

This paper is aimed at exploring the dynamic fracture mechanics of CNP. The steps for 80 

preparing CNP is described first. The details about the experiments pertaining to mapping crack 81 

tip fields in single edge notched CNP specimens subjected to dynamic loadings by DIC are 82 

discussed next. This is followed by calculating fracture mechanics parameters (crack velocity, 83 

stress intensity factors and energy release rates) from the DIC measurements. Finally, fracture 84 

mechanics parameters are qualitatively correlated with fractographic features and summarized. 85 

2. Experimental Details  86 

2.1 Preparation of CNP 87 

The CNFs aqueous gel at a concentration of around 3 wt.% was obtained from University of Maine, 88 

USA. As noted earlier, the CNP produced for this work was made by a standard filtration method 89 

(Parit et al., 2018) and the resulting material was accordingly termed F-CNP. The detailed 90 

procedures for the preparation of the F-CNP can be found in the previous work (Chengyun Miao 91 

et al., 2020). The final F-CNP had a thickness of 40 ± 3 m, and density of 1225 kg/m3. As shown 92 
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in Fig. 1, the morphology of the cross-section of the F-CNP indicates that highly fibrous CNFs 93 

tightly entangled with each other due to strong hydrogen bonding. These abundant hydrogen bonds 94 

could contribute to mechanical strength and fracture characteristics of as-prepared F-CNP. The 95 

Young’s modulus was 10.8 ± 0.3 GPa and Poisson’s ratio was 0.23 ± 0.04; both these elastic 96 

properties were measured separately by performing uniaxial tension tests on F-CNP strips 97 

discussed elsewhere (Chengyun Miao et al., 2020).   98 

 99 

Fig.1. SEM image showing the cross-section of F-CNP. 100 

2.2. Dynamic Fracture  101 

The dynamic fracture behavior of F-CNP was investigated using DIC along with ultrahigh-speed 102 

photography.  Single edge notched (SEN) specimens of dimensions 110 mm × 20 mm were 103 

prepared, and an initial notch of 5 mm length was cut into each of the samples using a sharp razor 104 

blade. To enable high-strain rate loading of F-CNP in mode-I conditions, a special specimen holder 105 

was devised. The holder consisted of a large acrylic (PMMA) support fixture (150 mm × 70 mm 106 

× 8.6 mm), as shown in Fig. 2, to which the specimen was adhered. The acrylic holder had a 107 

symmetric 40°V-notch cut into the middle of the edge of the holder and the V-notch flanks were 108 

extended into the holder as a relatively wide slot (approx. 10 mm wide) with a semicircular tip, as 109 

shown. To this holder, the F-CNP specimen was glued directly. The specimen was sprayed lightly 110 

with random black and white speckles to implement DIC (Chu et al., 1985) and map surface 111 
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deformations. (The details of the method are intentionally avoided for brevity and can be found in 112 

a number of recent articles and monographs (Kirugulige et al., 2007; Pan et al., 2009; Sutton et al., 113 

2009; Yoneyama et al., 2006).). The entire F-CNP specimen and the acrylic holder assembly was 114 

subjected to dynamic stress-wave loading along the flanks of the V-notch using a precisely 115 

matching wedge of a modified Hopkinson bar setup. The V-notch and the wide slot in the holder 116 

facilitated rapid tensile loading of the pre-notched F-CNP specimen causing it to fracture well 117 

before the failure of the holder.  118 

 119 

Fig. 2. Specimen geometry and loading configuration used for dynamic fracture tests: (left) 120 

schematic of specially designed PMMA support; (right) specimen assembly coated with random; 121 

black/white speckles. 122 
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 123 

Fig. 3. Schematic (top) and close-up photograph (bottom) of the experimental setup used to study 124 

dynamic fracture of F-CNP.  125 

The schematic of the experimental setup is shown in Fig. 3. A modified Hopkinson 126 

pressure bar was used to impact the acrylic holder to indirectly load the edge notched CNP 127 

specimen attached to the holder. The long-bar was 1.83 m long and 25.4 mm in diameter aluminum 128 

rod. The tip of the long-bar was machined and polished to be of a wedge-shape to match the V-129 

notch in the acrylic holder. A 305 mm long, 25.4 mm diameter aluminum striker placed in the 130 

barrel of a gas-gun was launched towards the long-bar at a velocity of approx. 13 m/s during 131 

fracture tests. The compressive stress wave generated by the impact between the striker and the 132 

long-bar propagated the length of the long-bar before loading the specimen holder and then the F-133 

Putty 

PMMA 
holder 

F-CNP 

Long-bar 
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CNP specimen. A close-up view of the optical setup is also shown in Fig. 3. Initially, the long-bar 134 

tip was kept in contact with the holder such that the V-notch flanks touched the long-bar. The 135 

specimen holder was placed over a ~1.5 mm thick rectangular soft putty strip on a platform with 136 

another identical putty strip pressed onto the top edge of the holder to achieve symmetry in terms 137 

of the acoustic impedance relative to the loading axis. The speckle images of the specimen 138 

illuminated by a pair of high energy flash lamps were recorded by a Kirana-05M ultrahigh-speed 139 

digital camera at 500,000 frames per second (inter frame period 2 μs). When the striker impacted 140 

the long-bar, a trigger pulse was generated to start the recording of the speckle images by the 141 

camera with an adjustable/preset delay. The speckle images were subsequently analyzed using 142 

ARAMIS® image analysis software to extract in-plane displacement components, u(x, y) and v(x, 143 

y) in the x- and y-directions, respectively. During analysis, the speckle images were segmented 144 

into facets of size of 30 × 30 pixels (1 pixel = ~44 µm on the specimen plane) with 25 pixels 145 

overlap which resulted in approx. 20 × 35 mm2 region-of-interest (ROI). 146 

The time-resolved speckle images along with the corresponding crack-opening 147 

displacements around a dynamically loaded mode-I crack in the F-CNP specimen are shown in 148 

Fig. 4 at a few select time instants (please see “Supplementary materials” for video). In these plots, 149 𝑡 = 0 𝜇𝑠 corresponds to one frame just before crack initiation at the original crack-tip, and color 150 

bars represent displacements in millimeters. It can be observed that, due to the symmetric nature 151 

of mode-I fracture, the crack propagated self-similarly along a horizontal path (from left to right 152 

in these images) and hence the contours of the two orthogonal displacements are highly symmetric 153 

in shape in case of the u-field and magnitude in case of the v-field relative to the initial crack.  154 

The crack tip position from crack-opening displacement contours were identified from each 155 

of the images. Subsequently, the crack velocity histories for F-CNP samples were obtained via the 156 

finite difference scheme and are shown in Fig. 5 for two separate tests. It can be observed that the 157 

velocity histories essentially overlap on each other, indicating rather good repeatability of these 158 

experimental results. The crack velocities increase from 0 to ~550 m/s in ~10 μs after crack 159 

initiation and then become relatively steady at ~660 m/s, which is equal to ~35% CR (Rayleigh 160 

wave speed based on the measured elastic modulus, Poisson’s ratio and mass density).  161 
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 162 

Fig. 4. Speckle images (top row) with corresponding measured crack-opening displacement 163 

contours (middle row) and crack-sliding displacement contours (bottom row) for dynamic fracture 164 

of F-CNP. Contours are shown in 10 μm increments and the color bar scale is in mm. See 165 

“Supplementary materials”. 166 

t = -10 µs   t = 0 µs t = 10 µs  

5 mm 

5 mm 

x 

y 

θ 

r 

v-field 

u-field 



9 

 

 167 

Fig. 5. Measured crack velocities for two dynamically loaded F-CNP specimens. 168 

 169 

Fig. 6. (Top-row) Images of dynamic crack tip (denoted by the red arrow) propagation in F-CNP 170 

sample showing whitened zone. (Bottom) Micrograph of fractured specimen edges showing 171 

whitened crack flanks (blue arrow indicates the crack growth direction). See “Supplementary 172 

materials”. 173 

t = -30 µs t = 0 µs t = 14 µs 

5 mm 

Whitened 
(craze-like) 
crack-flanks 

Crack growth 
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The surface features of F-CNP were examined during fracture in real-time with the aid of 174 

ultrahigh-speed photography on a third specimen without decorating it speckles. That is, the 175 

dynamic fracture on a F-CNP sample without speckles was repeated by focusing the camera on 176 

the surface directly to see details near the crack tip vicinity during dynamic crack propagation. 177 

Three selected real-time images are shown in the top row of Fig. 6 (please see “Supplementary 178 

materials” for video). In these images, 𝑡 = −30 𝜇𝑠 corresponds to the state before the specimen 179 

experiences dynamic loading, hence, no deformation at the original crack tip can be discerned. The 180 𝑡 = 0 𝜇𝑠 image corresponds to the time instant one frame before crack initiation at the original 181 

crack tip. In this image, a whitened zone ahead and around the crack tip can be clearly observed. 182 

During crack propagation, the whitened zone also appears along the two crack flanks seen at the 183 

time instant 𝑡 = 14 𝜇𝑠. It can be also found that the whitened zone at 𝑡 = 0 𝜇𝑠 appears wider than 184 

that the one at 𝑡 = 14 𝜇𝑠, attributable to the development of an inelastic deformation zone within 185 

which CNF are pulled apart prior to crack initiation. The whitened zone ahead of the crack tip 186 

during the crack propagation is relatively long and narrow, potentially due to the combined effects 187 

of bridged fibers behind the crack tip and stretched fibers ahead of crack tip. These could contribute 188 

to the enhancement of crack growth resistance. The edges of this fractured specimen were observed 189 

using a Keyence VHX-6000 series digital microscope, and a representative image is shown in 190 

bottom row of Fig. 6. It is evident that the whitened zone appears along the crack path. This craze-191 

like appearance, similar to the one often seen in many engineering polymers, could contribute to 192 

resistance of the material to crack growth through inelastic deformations. A similar phenomenon 193 

is also observed during fracture of CNF reinforced hydrogels (Yang et al., 2019). 194 

3. Extraction of stress intensity factors (SIFs)  195 

The stress intensity factor (SIF) histories were calculated using an over-deterministic least-196 

squares analysis of crack-opening displacement contours, v(x, y), measured by DIC. The 197 

asymptotic expression for the v-field around the dynamically propagating crack-tip can be 198 

expressed as (Jajam et al., 2013; Nishioka & Atluri, 1983):  199 
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𝑣 (𝑟, 𝜃) = ∑ (𝐾𝐼)𝑛𝐵𝐼(𝑉)2𝜇 √2𝜋 (𝑛 + 1){-𝛽1𝑁
𝑛=1 𝑟1𝑛2 sin 𝑛2 𝜃1 + ℎ(𝑛)𝛽2 𝑟2𝑛2 sin 𝑛2 𝜃2}

+ ∑ (𝐾𝐼𝐼)𝑛𝐵𝐼𝐼(𝑉)2𝜇 √2𝜋 (𝑛 + 1){𝛽1𝑁
𝑛=1 𝑟1𝑛2 cos 𝑛2 𝜃1 + ℎ(�̅�)𝛽2 𝑟2𝑛2 cos 𝑛2 𝜃2} 

(1) 

where v is the crack-opening displacement, (r, θ) denotes the crack-tip polar coordinates as shown 200 

in Fig. 4. The discrete v-field data in the region around the crack-tip, 3 mm ≤ r ≤ 6 mm, −120° ≤ 201 𝜃 ≤ 120°, was used in the analysis to minimize the uncertainty associated with the precise crack-202 

tip location yet sufficiently close to the crack-tip. In Eq. (1), (𝐾𝐼)1 = 𝐾𝐼 and (𝐾𝐼𝐼)1 = 𝐾𝐼𝐼 denote 203 

the mode-I and mode-II SIFs, respectively, 𝑟𝑚 = √𝑥2 + 𝛽𝑚2 𝑦2 , 𝜃𝑚 = tan−1 (𝛽𝑚𝑦𝑥 ) , 𝑚 = 1,2 , 204 

𝛽1 = √1 − ( 𝑉𝐶𝑙)2
 , 𝛽2 = √1 − ( 𝑉𝐶𝑠)2

 , 𝐶𝑙 = √(𝜅+1)𝜇(𝜅−1)𝜌 , 𝐶𝑠 = √𝜇𝜌 , 𝜅 = 3−𝜈1+𝜈 for plane stress, V, µ , ρ, 205 

υ are the crack velocity, shear modulus, mass density and Poisson’s ratio of F-CNP, respectively.  206 

The remaining functions in Eq. (1) are defined as, 207 

2

1 2 2

2

2 1
( ) for = odd, ( ) for even

1 2
h n n h n n

  



  


 and ℎ(𝑛) = ℎ(𝑛 + 1); 208 

𝐵𝐼(𝑉) = 1+𝛽22𝐷 , 𝐵𝐼𝐼(𝑉) = 2𝛽2𝐷 , 𝐷 = 4β1β2 − (1 + β22)2.  209 

In the above equation, the effect of non-singular far-field deformations, if any, on the measured KI 210 

and KII was offset by using four higher order terms (N = 4) while performing least-squares analysis. 211 

It should also be noted that the crack-tip displacements were forced to be zero during the analysis. 212 

The measured crack velocities, V and SIFs were used to calculate the dynamic energy 213 

release rates for dynamically growing cracks using (K. Ravi-Chandar, 2004):  214 

 𝐺𝑑 = 1𝐸 [𝐴𝐼(𝑉)𝐾𝐼2 + 𝐴𝐼𝐼(𝑉)𝐾𝐼𝐼2] (2) 

where 𝐴𝐼(𝑉) = 𝑉2𝛽1(1−𝜈)𝐶𝑠2𝐷, 𝐴𝐼𝐼(𝑉) = 𝑉2𝛽2(1−𝜈)𝐶𝑠2𝐷.  215 

4. Results and discussion 216 



12 

 

4.1 Dynamic fracture 217 

 218 

 219 

Fig. 7. Dynamic fracture parameters for two F-CNP specimens: (a) Measured stress intensity factor 220 

(SIF) histories, t = 0 corresponds to crack initiation; (b) Variation of dynamic strain energy release 221 

rates with crack velocity. 222 

The dynamic SIFs calculated from Eq. (1) are plotted for two specimens in Fig. 7(a). The time axis 223 

of these plots was shifted so that t = 0 corresponds to crack initiation at the original edge crack-224 

tip. The solid and open symbols represent SIFs, KI and KII, respectively. The KI histories increase 225 

monotonically for both specimens, almost linearly in the beginning, until crack initiation. The 226 

dynamic fracture toughness (KI at t = 0) was recorded at 6.3 ± 0.3 MPa m1/2. The time rate of 227 

(a) 

(b) 



13 

 

change of KI, or 
𝑑𝐾𝐼𝑑𝑡 , was ~(4.3 ± 1.6)×105 MPa m1/2/s at crack initiation based on a few data points 228 

in the KI history just prior to initiation. It can be observed that there is a drop in the KI histories 229 

immediately after crack initiation to ~5.6 MPa m1/2, which is due to dynamic unloading following 230 

crack initiation from the stationary tip. Subsequently, the KI histories increase monotonically again 231 

until the end of the observation window, consistent with the craze-like phenomenon that occurred 232 

during crack propagation, shown in Fig. 6. The fibrous and tortuous crack path effectively 233 

increases the resistance to crack growth. The KII histories throughout the observation window are 234 

nearly zero, in both the pre- and post-crack initiation regimes, due to nominally mode-I fracture. 235 

The nonzero values of KII suggest potential error in the least-squares analysis and locating of the 236 

crack tip during data analysis. The two sets of experimental results essentially agree with each 237 

other indicating very good reproducibility of these experiments.  238 

 The dynamic SIFs are a function of crack velocity and loading rate (
𝑑𝐾𝐼𝑑𝑡 ) (K. Ravi-Chandar, 239 

2004). Accordingly, using measured crack velocities V in Fig. 5 and post-initiation stress intensity 240 

factors KI and KII in Fig. 7(a), the dynamic energy release rates (Gd) for growing cracks were 241 

evaluated from Eq. (2). The results are plotted in Fig. 7(b). It can be observed that the 242 

measured value of Gd is ∼3.7 kN/m at crack initiation. After crack initiation, Gd(V) is nearly a 243 

constant initially, ranging between ∼3.4 to ∼4.4 kN/m, until crack velocity reaches ∼620 m/s. 244 

Later on, the Gd values dramatically increase (to ∼7 kN/m within the observation window) in what 245 

appears to be a narrow terminal velocity range of 620-670 m/s for this material. 246 

4.2 Comparison with quasi-static fracture behavior 247 

The quasi-static fracture of F-CNP single edge-notched (SEN) specimens subjected to uniaxial 248 

tension was investigated by the authors in a previous study (Chengyun Miao et al., 2020). Those 249 

results are compared with the dynamic counterparts to infer the loading rate effects. The 250 

experimental details are intentionally not included here for the sake of brevity and the readers can 251 

find those details in Ref. (Chengyun Miao et al., 2020).  252 

The speckle images and the related crack-opening displacement contours (v-field) for a few 253 

select time instants are shown in Fig. 8. In these plots, t = 0 s corresponds to the recorded image 254 

just before crack initiation. The specimen here was also subjected to mode-I loading conditions 255 

and hence contours in v-field displacements are nominally symmetric in shape and magnitude 256 
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relative to the crack. However, when compared to the v-field contours for the dynamic fracture 257 

cases shown in Fig. 4, there is more noise in these contours due to the rigid body motions that are 258 

essentially negligible during dynamic fracture event due to the short observation window of approx. 259 

80 microseconds. Furthermore, the displacement contours behind the crack-tip show asymmetry; 260 

that is, more contours on the lower half of the specimen relative to the upper half. Tests on other 261 

specimens have also produced similar results despite exercising care to eliminate misalignment. 262 

This suggests a failure mechanism unique to F-CNP that produces an out-of-plane deflection of 263 

crack flanks due to fiber entanglement. This in turn causes antisymmetric but pseudo crack opening 264 

displacements in addition to the actual mode-I deformations. The crack opening displacement 265 

contours ahead of the crack, however, remain unaffected and follow expected trends of a mode-I 266 

crack and hence can be analyzed (C. Miao et al., 2020).  267 

 268 

Fig. 8. Speckle images (top row) with corresponding measured crack-opening displacement 269 

contours (bottom row) for quasi-static fracture of F-CNP. Contours are shown in 10 μm increments 270 

and the color bar scale is in mm.  271 

 272 

t = -0.5 s 

(24.8 N) 

5 mm 

5 mm 

t = 0.5 s 

(26.7 N) 

t = 0 s 
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 273 

 274 

Fig. 9. Fracture parameters for F-CNP subjected to quasi-static fracture: (a) Measured stress 275 

intensity factor (SIF) histories at different loads levels; (b) Strain energy release rates in the post-276 

crack initiation regime. Solid line indicates values before crack initiation, dotted line indicates 277 

unstable crack growth.  278 

 279 

Trend line 

Crack initiation 

(a) 

Trend line 

(b) 
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The measured v-field results from DIC for one representative specimen (#S3) subjected to 280 

quasi-static loading were used to calculate the SIFs in both the pre- and post-crack initiation 281 

regimes. The mode-I SIFs in the pre-crack initiation regime were comparatively examined relative 282 

to the theoretical counterparts based on the measured load history at 3 N intervals until crack 283 

initiation. The comparison between these two is shown in Fig. 9(a). The solid and open symbols 284 

represent KI and KII, respectively. The solid line corresponds to the theoretical values. It can be 285 

observed from the plot that the quasi-static fracture toughness for F-CNP is ~5.9 MPa m1/2. The 286 

loading rate assessed in terms of time rate of change of KI, or 
𝑑𝐾𝐼𝑑𝑡 , is ~(6 ± 0.5)×10-1 MPa m1/2/s at 287 

crack initiation based on a few data points in the KI history leading up to initiation. It is evident in 288 

Fig. 9(a) that there is a good agreement between the experimental and theoretical values of mode-289 

I SIF from linear elastic fracture mechanics. It should be noted here that the fracture toughness 290 

value of F-CNP is at least 50% higher than that for polycarbonate (PC), a tough engineering 291 

polymer known for its superior ductility and fracture toughness. The mode-I SIFs in the post-crack 292 

initiation regime are also plotted in Fig. 9(a) and they increase dramatically, up to 12 MPa m1/2, 293 

suggesting that F-CNP, a natural biopolymer, is capable of offering highly desirable crack growth 294 

resistance during crack growth. The mode-II SIF values are also plotted for completeness even 295 

though the loading was nominally mode-I. The non-zero and negligibly small values of KII help 296 

provide error estimates due to least-squares analysis approach of extracting SIFs. 297 

 To quantify the crack growth resistance characteristic of F-CNP noted above, the strain 298 

energy release rate (G) was evaluated using the SIFs in the post-crack initiation regime. Knowing 299 

the crack length at each load level, plots of G vs. a (crack length), or the so-called crack growth 300 

resistance curve, was obtained and is shown in Fig. 9(b). It can be observed that values of G for F-301 

CNP increase from ~3.2 kN/m at initiation to ~23.3 kN/m towards the end of the observation 302 

window. Again, this increasing trend of G displays a desirable resistance to crack growth of F-303 

CNP. 304 

The fractography of F-CNP subjected to quasi-static fracture performed using an optical 305 

microscope and is shown in Fig. 10(a). A narrow strip of whitened region relative to the 306 

surroundings, marked by yellow braces in the figure, was observed along the two crack flanks on 307 

the specimens. These fractured edges were also observed using Keyence VHX-6000 series digital 308 

microscope and is shown in Fig. 10(b). A highly tortuous crack path among the entangled fibers 309 
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in the whitened region suggest fracture toughening. The similar whitened zone was also observed 310 

in the dynamic fracture counterpart shown in Fig. 6. However, it should be noted here that 311 

fractography in the quasi-static counterpart revealed the occurrence of the whitened zone only in 312 

the wake of the crack. 313 

 314 

Fig. 10. Quasi-static crack growth features for F-CNP: (a) Image of back surface of F-CNP. (b) 315 

Micrographs of fractured specimen edges close to the crack tip. The blue arrow indicates the crack 316 

growth direction, and the red dot is the initial notch tip.  317 

5. Concluding Remarks 318 

Dynamic fracture behaviors of filtered cellulose nanopaper (F-CNP) are experimentally studied in 319 

this work by subjecting single-edge notched specimens to symmetric tensile loading. The dynamic 320 

loading of F-CNP is achieved by a specially devised acrylic holder with a wide pre-cut slot bridged 321 

by a CNP strip with an edge crack. The 2D-DIC methodology is used to measure deformations in 322 

the crack vicinity quantitatively by recording images in both the pre- and post-crack initiation 323 

regimes via ultrahigh-speed photography. The crack opening displacements measured from DIC 324 

are used to calculate the fracture parameters in the entire fracture process. The results of quasi-325 

static fracture behavior of F-CNP are also included here to comparatively show the loading rate 326 

effects. 327 

The measured fracture toughness of ~6.3 MPa m1/2 under dynamic loading conditions ( (
𝑑𝐾𝐼𝑑𝑡 ) 328 

~4.3×105 MPa m1/2/s) is slightly higher than ~5.9 MPa m1/2 from quasi-static  ((
𝑑𝐾𝐼𝑑𝑡 ) ~6×10-1 MPa 329 

m1/2/s) experiments. It should be noted that this increase for a low density (1225 kg/m3) fibrous 330 

biodegradable natural material with a relatively high elastic modulus (10 GPa) is unlike those 331 

Back surface 

   3 mm 

Whitened (craze-like) zone 

Whitened 
strip 

Fiber 
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evident in conventional composites. (That is, the behavior is contrary to fiber reinforced 332 

composites which often show lower fracture toughness under dynamic loading conditions relative 333 

to the quasi-static counterparts (C. Miao & Tippur, 2019) in matrix dominant orientations.) 334 

Furthermore, the crack initiation toughness of F-CNP is significantly higher than tough 335 

engineering polymers such as polycarbonate, for which the reported fracture toughness is in the 336 

range 3-4 MPa m1/2 with a significantly lower elastic modulus of ~2.5 GPa under quasi-static 337 

conditions and ~2.0 MPa m1/2 under dynamic conditions (Sundaram & Tippur, 2017). These 338 

suggest a clear superiority of F-CNP in terms of fracture behavior under both quasi-static and 339 

dynamic loading conditions.  340 

In the post-crack initiation regime, the increase of strain energy release rate is approximately 341 

seven-fold, starting from ~3.2 to ~23.3 kN/m, in the observation window under quasi-static 342 

conditions. Under dynamic conditions, the energy release rates also show a rapid increase from 343 ∼3.4 to >7 kN/m as the crack speed reaches terminal speed in the 620-670 m/s range. Thus, F-344 

CNP shows increasing crack growth resistance in both quasi-static and dynamic loading conditions 345 

and at two vastly different loading rates, indicating superior fracture behavior during crack growth. 346 

The postmortem examination and fractography of crack flanks suggest that the crack growth 347 

resistance is primarily due to the formation of whitened strips evident all along the crack path. The 348 

synergistic effects of bridged fibers across the crack faces, microscale tortuosity in the crack path 349 

and fiber pull-outs ahead of the crack tip increase the resistance of F-CNP to crack growth. It is 350 

well-known that under dynamic conditions, material ductility in case of polymers (Sundaram & 351 

Tippur, 2017) and microcracking ahead of crack tip in case of brittle materials (Chengyun Miao 352 

& V Tippur, 2020), are common sources of crack growth resistance. Thus, the observed 353 

toughening in F-CNP is in some ways different from these well-known situations, which indicates 354 

the uniqueness of crack growth characteristics in F-CNP.  355 
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