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ARTICLE INFO ABSTRACT

Keywords: Cellulose nanopaper exhibits superior mechanical properties with both high strength and
Cellulose nanopaper toughness, and the crack bridging mechanism of nanofibers makes the most significant con-
Fracture toughness tribution to its fracture toughness. In this paper, we investigate the fracture toughness of a mode-I

Crack-bridging model

crack in cellulose nanopaper by using a modified crack-bridging model. Different from previous
Hydrogen bonds

crack-bridging models, we account for the effect of nanofibers inclined to the crack surfaces.
Particular attention is given to the dependence of fracture toughness on the orientation dis-
tribution of nanofibers in the cellulose nanopaper. We use a cohesive law to account for the
interfacial shear stress of nanofibers, which involve self-healing of hydrogen bonds at their in-
terfaces. Two representative orientation distributions are considered, in which nanofibers are
aligned or randomly oriented, respectively. The theoretical results agree well with relevant ex-
periments. This work helps understand the structure—property relationship of cellulose nano-
paper and design other fiber-reinforced nanocomposites.

1. Introduction

Cellulose nanofibers, derived from natural materials such as wood and bamboo, have attracted much attention due to their
promising applications in bio-based nanomaterials [1-5]. Cellulose nanopaper consisting of a porous network of cellulose nanofibers
suggests a bottom-up material design strategy to combine high strength and toughness [6-11]. As yet, however, the mechanical
potentials of cellulose nanopaper have not been fully attained because of a lack of understanding of its property-microstructure
relation.

Considerable efforts have been dedicated recently toward exploring how to improve the mechanical properties of cellulose na-
nopaper. For example, nanopaper with a preferred orientation of cellulose nanofibers was fabricated via cold drawing in the wet state
[12-14]. The results showed that an increased degree of nanofiber alignment enhances the mechanical stiffness and strength of
cellulose nanopaper along the alignment direction. This enhancement effect was also observed in macrofibers made of cellulose
nanofibers aligned by wet-stretching [15-18]. Hakansson et al. [19] prepared cellulose filaments by utilizing a surface-charge-
controlled gel transition combined with hydrodynamically induced fiber alignment. They showed that those filaments with less
aligned fibers exhibit lower stiffness and tensile strength but higher strain at break compared with those made of more aligned fibers.
More recently, an anisotropic cellulose nanopaper with highly aligned cellulose nanofibers by delignification and mechanical
pressing of natural wood was fabricated by Zhu et al. [20]. They found that the alignment of cellulose nanofibers can dramatically
increase the strength and toughness of the resulting anisotropic nanopaper compared with its counterpart without alignment. These
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Nomenclature f probability density function of nanofiber orienta-
tions

S crack opening displacement F, bridging force

0 orientation angle of a nanofiber K7 intrinsic fracture toughness

A crack-bridging zone length Ky stress intensity factor in the far field

As maximal crack-bridging zone length KP stress intensity factor induced by bridging nanofi-

O tensile stress in the far field bers

O bridging stress Ky fracture toughness of nanopaper

7 interfacial shear strength between nanofibers l average nanofiber length

A fiber orientation distribution parameter R nanofiber radius

E elastic modulus of nanopaper Vi volume fraction of nanofibers

experiments evidenced that nanofiber alignment contributes significantly to the mechanical properties of cellulose nanopaper, and
when all nanofibers are aligned along the tensile direction, the full mechanical potentials of cellulose nanopaper can be achieved. To
date, however, there has been a lack of theoretical understanding of the nanofiber alignment effects on the mechanical properties of
cellulose nanopaper. Fundamental research in this regard would help to design cellulose nanopaper with desirable mechanical
performance.

In this paper, therefore, the effect of nanofiber orientations on the fracture toughness of cellulose nanopaper is elucidated by using
a modified crack-bridging model. The relation between the fracture toughness and microstructure is established for cellulose na-
nopaper with either fully aligned or randomly oriented nanofibers.

2. Model and method
2.1. Crack-bridging model

Cellulose nanopaper usually has a porous network microstructure consisting of randomly distributed nanofibers [7-11]. Its
mechanical properties can be tuned over a wide range by adjusting the sizes and orientations of nanofibers. In particular, cellulose
nanopaper comprising fully aligned nanofibers has anisotropic properties, with the highest strength and toughness along the na-
nofiber direction [12-14,20]. To examine the effect of nanofiber orientations, therefore, we here compare the fracture toughness of
cellulose nanopaper in the following three typical cases of uniaxial tension: (i) all nanofibers are aligned along the tensile direction,
(ii) all nanofibers are aligned along a direction deviated from the tensile stress with an angle 8, and (iii) the nanofibers are randomly
oriented, as shown in Fig. 1. Other cases of nanofiber orientations can be analyzed analogously.

During loading, the nanofibers embedded in the cellulose nanopaper may slide relatively to each other. As the load increases
beyond a threshold, a crack may initiate and propagate. During crack propagation, nanofibers behind the crack tip can be partly

PAALALE pApArtY 44 ret
0

(\ "J
b‘\’ Yoo’ oA

\‘\

,‘ A
qil'g\‘ Y *\\ "“}:‘

y, \J
i "«’t‘

u
nanofiber Ce||U|Ose
nanofiber

T

AASAAR ¢¢¢¢¢¢¢ ¢¢$¢¢¢$

(a) (b) (©

Fig. 1. Schematic of (a) a nanopaper under with fully aligned nanofibers along the tensile stress o, (b) a nanopaper with fully aligned nanofibers
and subjected to tension with an angle 6 measured from the fiber direction, and (c) a nanopaper with random nanofibers.
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pulled out from one of the two crack surfaces, generating a crack-bridging zone.

In most previous crack-bridging models for fiber-reinforced composites [21-30], the fibers are usually assumed to be perpen-
dicular to the crack surfaces in the crack-bridging zone. In the present work, the classical crack-bridging model is modified to account
for the effect of nanofibers inclined to the crack surfaces. For a mode-I crack, the out-pulled segment of each nanofiber in the crack-
bridging zone is approximately perpendicular to the crack surfaces. This treatment is reasonable because of the very low bending
stiffness of cellulose nanofibers. This method can also be generalized to a mixed-mode crack by assuming that the out-pulled segment
of each nanofiber is in alignment with the direction of the crack opening displacement vector.

The relative slipping of nanofibers involves the breakage and reformation of hydrogen bonds at the nanofiber interfaces, which
dissipate a large amount of energy and result in a significant enhancement of facture toughness [11,30]. Crack propagation speed
may affect the fracture behavior of materials under dynamic conditions [31-33]. In addition, the interfacial sliding behavior may
vary with the strain rate, and thus the speed of nanofiber pullout and crack propagation may affect the failure behavior of cellulose
nanopaper. In the present paper, however, we ignore this dynamic effect and consider only the case of quasi-static crack propagation.
In what follows, we will analyze the contribution of bridging nanofibers and interfacial hydrogen bonds to the fracture toughness of
cellulose nanopaper.

We establish a quasi-three-dimensional crack-bridging model of cellulose nanopaper, as shown in Fig. 2a. A semi-infinite model-I
crack is subjected to a uniform tensile stress o, along the y direction in the far field. The nanofibers in the crack-bridging zone
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Fig. 2. (a) Crack-bridging model of cellulose nanopaper and (b) schematic of the bridging stress distribution in the crack-bridging zone.
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corresponding to the three cases shown in Fig. 1 are schematized in Fig. 3, respectively. To make a direct comparison of their fracture
toughnesses, the cellulose nanopaper is treated as an intrinsically homogeneous, isotropic elastic solid with elastic modulus E in all
these cases. We use the critical stress intensity factor to evaluate the facture toughness of cellulose nanopaper. For a mode-I crack, the
stress intensity factor can be written as [30]

K® =K + Ky, e})

where K denotes the intrinsic fracture toughness of cellulose nanopaper, accounting for energy dissipation induced by intrinsic
microscopic damage mechanisms ahead of the crack tip. K° is the stress intensity factor in the far field. When K;® reaches a critical
value, the crack attains the steady state of propagation, corresponding to a saturated length of the crack-bridging zone and the
maximal fracture toughness of cellulose nanopaper, denoted as Kf. K is the stress intensity factor induced by the bridging fibers
within the crack-bridging zone. It increases with the crack-bridging zone length and can be calculated by [21]

'/‘/1 % (x)

\/ JA —x (2)
where 1 is the length of the crack-bridging zone, and o}, (x) is the bridging stress at position x in the crack-bridging zone (Fig. 2b).
Assume that the bridging nanofibers are discretely distributed in the crack-bridging zone. The discrete bridging forces induced by
nanofibers in the crack-bridging zone can be described as a continuous function of cohesive bridging stress o}, (x), which depends on
the crack opening displacement & (x) in the crack-bridging zone. For a semi-infinite mode-I crack, the crack opening displacement
d(x) can be expressed as [28,30]

500) = 8KP°VA-x 4 pi o0 (Oln JA=x + JA-¢E o,

2 @E Yo INA—x—JA=¢I 3

where the first term arises from the far-field stress o, and the second term is caused by the bridging stresses. Since the pullout length
of a nanofiber should be no larger than half of its length I, 5 (x) decreases gradually with increasing x and satisfies

0<dx)<l/2, )

where [ is the average length of cellulose nanofibers. To calculate the fracture toughness of cellulose nanopaper, the bridging stress
op(x) and the crack opening displacement & (x) should be determined first. Then, oy, (x) and & (x) will be solved for the three cases
shown in Fig. 1.

2.2. Case 1: Nanopaper under uniaxial tension along the aligned nanofibers

We first consider a cellulose nanopaper consisting of fully aligned nanofibers and subjected to uniaxial tension normal to the
mode-I crack, as shown in Fig. 1a. The bridging nanofibers in the crack-bridging zone are shown in Fig. 3a. A cellulose nanofiber that
is being pulled out slide with respect to its neighbors, rendering a large interfacial shear stress due to the hydrogen bonds between
nanofibers. When the interfacial stress or the sliding displacement reaches a threshold, the hydrogen bonds will be broken but new
hydrogen bonds can reform at the interfaces among the relatively sliding nanofibers, as shown in Fig. 4. This self-healing process of
hydrogen bonds is repeated until the nanofiber is entirely pulled out. Since cellulose nanofibers primarily interact with each other
through hydrogen bonds [7,9,11], the sliding stiffness of their interfaces is weaker than the stiffness of the nanofibers themselves. For

g
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Fig. 3. Bridging nanofibers in the crack-bridging zone of cellulose nanopaper corresponding to the three cases (a)-(c) in Fig. 1. In all cases, the out-
pulled segments of nanofibers are assumed to be normal to the crack surfaces (green) because of their very low bending stiffness. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. A nanofiber normal to and partly pulled out from a crack surface.

simplicity, the shear stress is assumed to be uniformly distributed over a relatively sliding interface [30,34,35]. The tensile force F, on
a circular nanofiber and the interfacial shear strength 7, satisfy the equilibrium condition:

Fy, = mRz [1-26], (5)
where R is the radius of a cellulose nanofiber, and § is the pullout length of the nanofiber. Since the fibrous structure in a cellulose
nanopaper is highly porous [7,11], we adopt V; to denote the volume fraction of nanofibers in the composite. In the crack-bridging

zone, the pullout length of a nanofiber § (x) equals the corresponding crack opening displacement at position x. Then according to Eq.
(5), the bridging stress o, (x) at position x is

_ Vinll-25(0)]
R ®

Using Egs. (1), (2), and (6), the stress intensity factor K{° can be expressed as

0o __ 0 ’ZE _ i a(x)
K —KI+2\/T[ N [ﬁl ‘/; 2 x|

ap ()

JA-x )
Substituting Eq. (6) into (3), the crack opening displacement & (x) in the crack-bridging zone can be derived as
N A= JA—x + {JA— JA—
d(x) = 3K VA~ + AViTl 2\JA(A—x) —xlnM +8foS f/1 56| In X §_2Vax dt.
V2nE nER JAi-J1—x | nER Jo WA—x—A=El Ja—¢ 8)

Egs. (7) and (8) express the crack opening displacement 8 (x) and the stress intensity factor K{® of a mode-I crack in cellulose
nanopaper with fully aligned nanofibers (Fig. 1a).

When the crack propagation enters a steady state, one has & (x) = I/2 and the crack-bridging zone approaches a saturated length
As. The corresponding stress intensity factor K{ is defined as the fracture toughness of the material. It is given by

[\//Tsl—‘/o'ls o) dx].

As—x

2 v
K=K +2,= %
T R

(€)
2.3. Case 2: Nanopaper under uniaxial tension inclined to the aligned nanofibers

Now we extend the above model to calculate the fracture toughness of a mode-I crack in a cellulose nanopaper reinforced with
aligned nanofibers and subjected to uniaxial tension with an angle 6 inclined to the fiber orientation, as shown in Fig. 3b, where
—m/2 < 6 < 7/2. In the crack-bridging zone, the nanofibers are partly pulled out from one of the crack surfaces. Though the nano-

fibers originally have an inclined angle to the tensile direction, their out-pulled segments are approximately normal to the crack
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surfaces because of the very low bending stiffness of nanofibers, as shown in Fig. 5.
According to the force equilibrium condition, the fiber bridging force F; in each fiber satisfies the relation:

Fy, = TRt (I-25)cos6. (10)
Using V4, the bridging stress at position x in the crack-bridging zone can be written as

_ Vitg[1-28(x)]cos®
B R ‘ an

Using Egs. (1), (2), and (11), the stress intensity factor K{° can be expressed as

2 Vitscosf 2 8(x)
o _ g0 £ ViUV _
K —KI+2\/T[ N [\/u ‘/0‘ dx .

ap ()

NA—x 12)
Thus, the critical stress intensity factor of the mode-I crack in the cellulose nanopaper with fiber alignment angle 6 reads
[2 Vit,cos0 s 8(x)
KC:K°+2\/— s P dx |.
! ! m R Vi '/0‘ VAs—x 13)

Substituting Egs. (11) and (12) into Eq. (3), the crack opening displacement in the crack-bridging zone is derived as

V1 + \/E}+81/}fscose ‘/-/1 5() ln\//lTX + \//1_—5 2J1—x a
VA—1—x mER 0 |m—\//l——§| =& ' (14)

Egs. (11) and (14) give the expressions for the stress intensity factor K{° and the crack opening displacement 6 (x) of a mode-I
crack in the cellulose nanopaper.

500 = 8K VA—x + 4V;1,lcosO
J2nE mER

[2 A(A—x)—xIn

2.4. Case 3: Nanopaper reinforced with randomly oriented nanofibers

Then we use the crack-bridging model in Section 2.3 to consider a mode-I crack in a cellulose nanopaper containing randomly
distributed nanofibers, as shown in Fig. 1c. The random distribution of nanofibers is expressed by a probability density distribution
function in terms of their orientation angles 8. The corresponding crack-bridging model is shown in Fig. 3c. Assume that the nanofiber
orientations obey the following probability density function:

AXPCAIO) (s <5 < n2)

O = exp(rary) 4=

where A is a constant. The function f(6) should satisfy the normalization relation:

/2
[ Ll @de=1. 16)

Nanopaper

Bridging

Fy, ¥ nanofiber

Fig. 5. An originally inclined nanofiber partly pulled out from the crack surface.
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According to Eq. (10), the bridging stress oy, (x) at position x in the crack-bridging zone is given as

VT [1-26 ()]

ap(x) = R

/2
/: _,f (6)cossds. an

By integration, Eq. (17) becomes

Vit [1-26 (x)][A? + Aexp(—A7/2)]
R(Q + AY)[1—exp(-An/2)] (18)

gp(x) =
Substituting Egs. (18) and (2) into Eq. (1), the stress intensity factor K{° of the mode-I crack is expressed as

KP =K +

22Vt [A% + Aexp(—Am/2)] [ A fz 5(x) ]
VER(1 + A»)[1—exp(—A7/2)] JA—x

Then substituting Egs. (18) and (19) into Eq. (3), the crack opening displacement & (x) in the crack-bridging zone can be derived as

19)

5(x) = 8K VA—x + 8V 7 [A% + Aexp(—Am/2)] [ml—l \/—+\//1 —x f 5®|in \//l—x + JA=£ 2\//I—x) §]

2nE TER(1 + A?)[1—exp(—An/2)] IVA—x —J21=&] 1-&
(20)
Egs. (19) and (20) provide the stress intensity factor K° and the crack opening displacement 6 (x) for a mode-I crack in cellulose

nanopaper with randomly oriented nanofibers. When the crack enters a steady state of propagation, the corresponding critical stress
intensity factor K{ will be regarded as the fracture toughness of the material. It is obtained as

ke = KO 4 22 Vit [A? + Aexp(=AT/2)] [ T fozs §(x) dx}_

JRER(1 + A*)[1—exp(—A7/2)] As—X [@3))

2.5. Unified expression

In Sections 2.2-2.4, the stress intensity factor K{° and the crack opening displacement § (x) of a mode-I crack have been given for
three typical cases of nanofiber orientations, which can be expressed as a unified form. For example, Egs. (7), (12), and (19) can be
unified as

ViTsCa 1+ 8(x)
K2 = KI+2\/7 [\/—l f = ] 22

A2 + Aexp(—Am [ 2)
(1+A42)[1—exp(-An/2)] ’
Correspondingly, the critical stress intensity factors in Egs. (9), (13), and (21) are re-expressed as

ViTsCy s 8(x)
KL =K + 2( I- dx|.
o [f b A ] 23)

The crack opening displacements in the crack-bridging zone in Egs. (8), (14), and (20) can be unified as

where ¢; = 1, ¢, = cosb, and ¢ = with a = 1, 2, 3 standing for the three cases (a)-(c) in Fig. 1, respectively.
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Fig. 6. Fracture toughness of cellulose nanopaper with randomly oriented nanofibers as a function of the radius of constituent nanofibers.
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8K J1-x  avitle 1+ J2a=x | 8Vitiex pt VA=x + JA-¢ 22—
8 (x) = —1 £5%a 1 JAA=x) —x1 5% 7501 - dt.
) VmE | nER [2 (=) ~xln VA—A—x ]+ TER ‘/(; (g)(n|,//1_x_ [i—El  J1-¢ : (24)

Because the equations for the bridging stress oy, (x) and the crack opening displacement §(x) in the crack-bridging zone are
coupled, it is hard to solve them analytically. Therefore, a numerical iteration method is invoked to solve K® and 6 (x) from Eqgs. (22)
and (24), as described in Appendix A.

3. Results and discussion
3.1. Fracture toughness of nanopaper with randomly oriented nanofibers

We first use the crack-bridging model to predict the fracture toughness of cellulose nanopaper with randomly oriented nanofibers,
as shown in Fig. 6. The material parameters used in our calculations are listed in Table 1, except stated elsewhere. The nanofibers in
cellulose paper normally have a radius in the range from several to tens nanometers. When we take the nanofiber radius R as 5.5 nm
and 14 nm, the theoretical fracture toughnesses of nanopaper are obtained as 4.3 MPam'? and 2.7 MPam'’?, respectively. The
corresponding experimental values are about 4.5 MPa'm'/? and 2.5 MPa-m'/? [11,30], demonstrating a good agreement between our
theoretical predictions and the experimental data. By calibrating the theoretical fracture toughness to the experiment results of Zhu
et al. [11], we determine the fiber orientation distribution parameter A = —1. This is reasonable since A = —1 corresponds to an
isotropic nanopaper with fully randomly oriented nanofibers.

Fig. 6 also shows that the fracture toughness of nanopaper is highly sensitive to the characteristic sizes of its constituent cellulose
nanofibers. For a specified nanofiber length, the fracture toughness of nanopaper increases with the decrease in the radius of the
fibers. Under a fixed volume fraction of nanofibers, reducing nanofiber radius will increase the overall interfacial area and the
number of hydrogen bonds, thereby yielding a significant enhancement in the fracture toughness of nanopaper. The rich hydroxyl
groups along the cellulose molecular chains allow for facile formation and reformation of hydrogen bonds at the nanofiber interfaces,
enhancing the macroscopic fracture toughness of nanopaper [11].

3.2. Effects of nanofiber orientation distribution

In this subsection, we examine the effects of nanofiber orientation distribution on the fracture toughness of cellulose nanopaper.
The nanofiber orientation distribution is expressed by, for instance, the probability density function f(6) in Eq. (15), with the fiber
orientation angle in the range of —n/2 < 6 < m/2. For different values of the parameter A, Fig. 7 shows the probability density
function f(6). It can be seen that for a small positive value of A (e.g., 0.1), the nanofibers are uniformly distributed in the range of
orientations from —mn/2 to /2. For a large positive value of A (e.g., 10.0), almost all nanofibers are aligned along the direction of
0 = 0° or, in other words, normal to the crack surfaces. For a large negative value of A (e.g., =10.0), most nanofibers are along the
direction of 6 = +7/2 and normal to the tensile direction. These results suggest that the proposed probability distribution function
can reasonably describe the random distribution of cellulose nanofibers.

For different nanofiber orientation distributions f(6), Fig. 8 shows the variation in the fracture toughness of cellulose nanopaper
with respect to A. Evidently, the fracture toughness of nanopaper increases with increasing A. As A is sufficiently large (e.g.,
A = 100), the fracture toughness approaches the constant K{ = 3.7 MPam'/?, which is the fracture toughness of a mode-I crack in a
nanopaper where all nanofibers are normal to the crack. When A is very small (e.g., A = —100), the fracture toughness approaches
another constant, K = 1.0 MPa'm'/2, which is the intrinsic fracture toughness without accounting for the crack-bridging mechanism
or, in other words, the fracture toughness of a nanopaper where all nanofibers are parallel to the crack (6 = +7/2).

The above results demonstrate a significant influence of nanofiber orientation distribution on the fracture toughness of nano-
paper, as observed in experiments [12,14,20]. When all fibers are oriented along the tensile direction, the fracture toughness of
nanopaper reaches its maximum value. Such highly anisotropic nanopaper can be further made into strands with superior strength
and toughness.

Table 1

Material parameters used in our calculations.
Parameters Value References
Elastic modulus E 13.5GPa Sehaqui et al. [8]
Fracture toughness K 1.0 MPam'/? Meng et al. [30]
Interfacial shear strength 7, 30.0 MPa Meng et al. [30]
Nanofiber radius R 14.0nm Zhu et al. [11]
Nanofiber length [ 1.5um Moon et al. [2]
Nanofiber volume fraction V¢ 80% -
Distribution parameter A -1 -
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Fig. 8. Variation in the fracture toughness of nanopaper with respect to the nanofiber orientation distribution parameter A.

3.3. Fracture toughness of nanopaper with aligned nanofibers

Now we consider the fracture toughness of a mode-I crack in a nanopaper with fully aligned nanofibers. To examine the direc-
tional dependence of fracture toughness, the normal direction of the crack is assumed to have an inclined angle 6 from the nanofiber
orientation, as shown in Fig. 3b. Without loss of generality, we take 0 < 8 < m/2. Fig. 9a shows the crack opening displacement in the
crack-bridging zone of a steadily propagating crack under different values of 6. The crack opening displacement approaches zero at
the crack tip. A smaller alignment angle gives rise to a smaller crack opening displacement, indicative of that a smaller alignment
angle tends to hinder the crack propagation of nanopaper. For a steadily propagating crack, Fig. 9b and ¢ show the bridging zone
length and the fracture toughness of nanopaper with respect to the fiber alignment angle, respectively. The bridging zone length
exponentially increases as the fiber alignment angle increases, demonstrating that smaller alignment angles enable a stronger
toughening effect. With decreasing fiber alignment angle, the fracture toughness of nanopaper exponentially increases, suggesting
that the nanopaper with fully aligned nanofibers can exhibit superior mechanical properties by choosing loading direction. As the
fiber alignment angle decreases, the alignment fibers support a higher load along the loading direction and the hydrogen bonds at the
interfaces dissipate more energy, improving the fracture toughness of anisotropic nanopaper. These results reveal that the mechanical
properties of such an anisotropic nanopaper can be given to full play by adjusting the fiber alignment direction, thus providing a
theoretical guidance for designing advanced nanopaper.

4. Conclusions

A theoretical model has been developed to evaluate the effect of nanofiber alignment in the fracture toughness of cellulose
nanopaper. A probability density function with an exponential form is proposed to describe the random distribution of nanofibers in
nanopaper. It is found that the fracture toughness of nanopaper strongly depends on the alignment degree of nanofibers. The fracture
toughness of nanopaper with aligned nanofibers along the loading direction can be much higher than that of nanopaper with ran-
domly distributed nanofibers. An increased alignment degree of nanofibers tends to improve the mechanical properties of nanopaper.
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bridging zone length and (c) the fracture toughness of cellulose nanopaper with respect to the fiber alignment angle.

The nanopaper with fully aligned nanofibers can achieve the highest mechanical properties in the fiber alignment direction. The
theoretical prediction for the fracture toughness of nanopaper agrees well with the experimental results. The present crack-bridging
model can also be used to analyze composites reinforced by carbon nanotubes and other nanofibers [36,37]. This work offers a
theoretical basis for engineering and optimizing advanced cellulose functional materials.
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pendix A

The stress intensity factor K{° and the crack opening displacement & (x) for the crack in cellulose nanopaper are obtained by

solving Egs. (22) and (24) in the main text via a numerical method including the following five main steps:

whi

Step 1: Set a small value for the initial length of the bridging zone length, 1,. Then, we increase the value of A1 gradually in the
iteration process to simulate the extension of the crack-bridging zone with loading. For each A, the crack-bridging zone
(0 < x < ) is divided into N = 1/Ax subintervals, with the sequentially numbered points 0 < x; < -+ <Xx; < --- < xy < 4, where
x; = (i—1/2)Ax and Ax is the length of each subinterval. The crack opening displacements at these points are denoted by &, (x;),
withi=1,2,..,N.

Step 2: Using Eq. (24) in main text, the crack opening displacement & (x;) at position x; can be given by

8K JA—x; JA- A=x; + \JA—x; 21—,
5u(r) = SHNATXE 4‘“51"“[2 A=) —xIn Yt x‘) 8V Ay Z 86| I ! il

V2rE nER VA—J1—x; mER 2 WA—x;—JA-x1  [A—x;
J#I

+8WTSAX5(XI')C“ JA=x; + JA—xi— 2|
TER JA=x - JT (A1

ere ¢ is a small positive constant. In the calculations, we set £ = 10711,

Step 3: From the crack opening displacement in Eq. (A1) at each position x;, we obtain a system of linear equations with unknowns
84 (x;). We numerically solve them to determine the crack opening displacement distribution over the entire crack-bridging zone.
Step 4: Using the crack opening displacement function &, (x;) obtained in Step 3, we calculate the stress intensity factor Ki° by

ViTsCy A5 (x;)
K2 =KX+ 2( NAS
1 1 Z ,7_xl (A2)

Step 5: When the maximal crack opening displacement &, (xy) in the crack-bridging zone reaches half of the average fiber length,
1/2, the nanofiber will be fully pulled out, indicating that the bridging zone has reached the maximal or saturated length and the
crack has entered a steady state of propagation. Then we stop the iteration, and determine the maximal crack-bridging zone length
A and the fracture toughness Ky, of the material from this state.
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