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ABSTRACT

This work reinforced both a glassy polymer (high stiffness matrix) and a rub-

bery polymer (low stiffness matrix) with cellulose nanocrystals (CNC) derived

from natural sources. CNC addition always increased stiffness while it

increased toughness for a rubbery polymer and caused no loss in toughness for

a glassy polymer. These results contradict many claims that when stiffness

increases, the toughness decreases. We show that these claims depend on how

toughness is measured. Our results were based on toughness measured using

the essential work of fracture method. In contrast, toughness determined from

area under the stress–strain curve shows a significant decrease, but that method

may be a poor measure of toughness. Property enhancements usually require a

good fiber/matrix interface. We used modeling of stiffness properties to confirm

that CNC has a good interface with the studied polymer matrices.

Introduction

Nanofillers are often used to increase polymer

mechanical properties, such as modulus, yield strength,

ultimate strength [5, 22], ductility [35], and toughness

[32]. Measuring nanocomposite toughness, however,

can be a challenge. Some studies use total work of

fracture (Wf defined as area under the stress–strain

curve) to measure ‘‘toughness’’ [9, 30, 35, 39]. Our view

is thatWf is not a material property and therefore not an

ideal indicator of toughness. Instead, toughness should

be associated with the amount of energy required to

extend an existing crack by a unit amount of area [1].

Crack extension toughness can be measured by

critical stress intensity factor, Kc, or by energy

required to propagate a crack, Gc. These experiments

are commonly done in opening or mode I because

mode I Kc and Gc are usually the lowest toughnesses

and therefore a critical test in nanocomposites for the

role of fillers on toughness properties. Measurement

of mode I Kc requires specialized specimens while Gc

can be measured on any specimen by directly mea-

suring energy released as a function of crack growth

[3, 14, 21, 36]. If either one can be measured, the other

can be calculated by the relations:
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Kc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

GcE

1 � m2

r

ðif plane strainÞ ; ð1Þ

Kc ¼
ffiffiffiffiffiffiffiffiffi

GcE
p

ðif plane stressÞ ; ð2Þ

where E is Young’s modulus in the applied stress

direction and m is Poisson’s ratio. Under plane strain

conditions Kc and Gc are usually called KIc and GIc

and are material properties. In plane stress condi-

tions, Kc and Gc are still useful, but may depend on

specimen thickness.

The fracture toughness of brittle polymer

nanocomposites (e.g., epoxy/carbon nanotube) has

been measured using both impact tests (a Kc method)

[6] and crack propagation (a Gc method) [16]. These

tests show that nanofiller addition increases fracture

toughness provided the interface between fibers and

the matrix is good [41] and the nanofillers are well

dispersed [6]. The experiments here used thin

nanocomposite films, which is a common form for

making nanocomposites. Unfortunately, typical

impact or crack propagation tests do not work for

thin nanocomposite films, especially films derived

using ductile polymers. Impact tests do not work for

films and it can be difficult to objectively record crack

propagation as well. Some alternate methods are

needed for thin films.

Because work of fracture (Wf ) experiments are easy

and avoid the need to monitor crack propagation, it is

tempting to resort to such tests. In brief, Wf is defined

as total work per unit specimen area to break an

unnotched specimen. It is found from area under the

stress–strain curve:

Wf ¼
1

Wt

Z

Fdx ¼ L

Z

rde ; ð3Þ

where W, t, and L are specimen width, thickness, and

length, F is applied force, x is displacement, r is

applied stress, and e is strain. Because final failure

must be associated with crack initiation and propa-

gation across the specimen, one could speculate that

Wf is an average of the crack propagation fracture

toughness for crack growth from zero to W or

Wf ¼
1

W

Z W

0

Gcdx ¼ Gc ð4Þ

and equality of Wf with Gc assumes Gc is constant.

Unfortunately, many influences, such as crack initi-

ation, edge effects, and energies not associated with

crack propagation, cause Wf to only be crudely

related to Gc. When Wf was used to characterize

nanocellulose-reinforced nanocomposites, the gen-

eral trend was that stiffness increases but Wf

decreases as filler content increases [7, 18, 30, 38]. As

a result, a consensus has emerged that nanofiller

addition decreases the toughness of polymers

[10, 30]. This consensus derived from Wf experiments

may be misleading and might change by switching to

improved methods for measuring toughness.

For ductile polymers and films, an alternate frac-

ture method, known as the essential work of fracture

method (EWFM), has been advocated

[4, 19, 20, 33, 34]. In brief, the EWFM measures

specific work of fracture (total work of fracture per

unit ligament area denoted here using lower case wf )

for a series of deep, double-edge notched specimens

tested in tension (Fig. 1). The total specific work of

fracture for a given ligament length, ‘, is partitioned

into plastic work per unit volume, wp, which is con-

fined to a plastic zone in the ligament zone (of length

‘), and an essential work of fracture per unit area, we,

associated with crack propagation. The specific work

of fracture becomes

wf ¼ we þ bwp‘ where wf ¼
1

‘t

Z

Fdx ð5Þ

and b is a factor describing the plastic zone shape

(e.g., elliptical, circular, etc.) [19]. The experiments are

to measure wf as a function of ‘. These results are

typically linear with slope equal to bwp and intercept

equal to we. Both these properties provide useful

material properties (although they may depend on

thickness [4]). The slope is related to ductility while

the intercept characterizes the plane stress fracture

toughness of the film or measures Gc. The EWFM

combines the ease of work of fracture experiments

(except it needs multiple specimens) with a fracture

mechanics result for toughness (we). The method

avoids initiation effects (by cutting notches) and edge

effects (using deep notches). It avoids the need to

measure crack growth in ductile materials by using

multiple specimens with different ligament lengths

(the ligament length becomes total amount of crack

propagation for each specimen). Importantly, the

slope and intercept from EWFM separates plastic

energy dissipation not associated with crack growth

(bwp) from inherent toughness or energy required to

propagate a crack (we). This separation contrasts with

Wf experiments where these two effects are combined
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with unknown proportions. More details about the

EWFM can be found elsewhere [1, 4, 19, 20, 33, 34].

We studied reinforcement of two different polymers

with cellulose nanocrystals (CNC)—poly(vinylidene

fluoride-co-hexafluoropropylene) (PVdF-HFP) and

polysulfone (PSF). Experiments show that PVdF-HFP

and PSF both are compatible with CNC and the

addition of CNC significantly increased their stiffness

[12, 13]. For toughness properties, we compared tra-

ditional Wf test methods to the EWFM. Although Wf

declined significantly with added CNC, the essential

work of fracture, we, which we claim is a more rigor-

ous measure of toughness, showed the toughness

increased for PVdF-HFP and remained about the same

for PSF. For both polymers, the ductility decreased

and that decrease was reflected in decreased bwp.

Additional studies used modeling to quantify inter-

facial properties and reanalyzed fracture data to

evaluate the role of thickness when interpreting

EWFM experiments.

Materials and methods

Materials

Sulfonate CNC (S-CNC) dispersed in water (11 %

solids) was purchased from the University of Maine.

Dimethylacetamide (DMAc) was used as the organic

solvent and it was purchased from Honeywell Bur-

dick & Jackson Co., MI, USA. The rubbery polymer,

PVdF-HFP, with molecular weight of 400,000 D and

density of 1.78 g/cm3 was purchased from Aldrich

Chemical Co. The glassy polymer, polysulfone (PSF)

with a molecular weight of 35,000 D and density of

1.24 g/cm3, was donated by Solvay Advanced Poly-

mers (Alpharetta, GA, USA).

Nanocomposite fabrication

DMAc was added to a CNC/water solution to reach

4 % CNC in DMAc (note this % content and all others

in this paper are percent contents by weight). A Ro-

tavapor (Büchi RE111, Switzerland) was used to

completely evaporate water from the solution (PSF

and PVdF-HFP do not dissolve in water). PVdF-HFP

was dissolved in DMAc and was mixed with the

dispersed CNC in DMAc to reach the desired CNC

weight content in the PVdF-HFP composite and

stirred for 0.5 h at 85 �C to yield a uniform solution.

The total solution solids were *5 %. The same pro-

cedure was used for the PSF composites.

Centrifugal casting was used to cast films in order

to reduce the trapped solvent and to get uniform

thickness. In centrifugal casting, a solution is poured

into a metal beaker that is attached to a motor. Then

the beaker is partially sealed with a center-hole cap to

contain the liquid, but allow solvent evaporation. The

beaker is rotated at 1800 rpm and films are cast on the

beaker wall. A heat gun is applied to the exterior of

the metal beaker to control the temperature. All films

were cast at 70–80 �C.

Mechanical testing

All samples were cut to 12.7 mm width and 40 mm

length. The thickness of the cast films varied within

and between films. We therefore measured each

film’s thickness using an optical microscope (Nikon

Eclipse E400) and it ranged from 20 to 80 lm. All

samples were tested at room temperature using an

Instron 4301 with a 100 N load cell capacity and the

gage length was 20 mm. The crosshead speed was set

to 1 mm/min for PVdF-HFP films. But for PSF films,

due to their glassy nature, a 0.5 mm/min rate was

chosen in order to reach the plastic region prior to

failure. Stress–strain curves were calculated by

dividing the force by the initial cross-sectional area

and displacement by the initial gage length. Young’s

modulus was calculated from initial slope of the

stress–strain curves (up to about 0.1 % strain). Offset

yield stress (rY) was determined by finding the

L

W t

�

Figure 1 Deep, double-edged, notched specimens (DDENT)

tested in tension for EWFM experiments.
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intersection of a line having the initial slope of the

stress–strain curve but offset by 1 % strain from that

curve.

Essential work of fracture experiments

EWFM experiments used DDENT specimens (Fig. 1).

Mirrored notches were cut at the centerline of the

samples using a razor blade. The notch depths were

varied such that the remaining ligament lengths (‘)

varied from 0.5 to 3.5 mm. Because our maximum

thickness was t ¼ 80 lm and specimen widths were

W ¼ 12:7 mm, all specimens were confined to the

recommended range of 3t\‘\W=3 for measuring

plane stress essential work of fracture [19]. Samples

were loaded in tension and stress–strain curves were

measured up to failure. Afterwards, the specific work

of fracture (wf ) was plotted as a function of ligament

length (‘). Ductility was measured from the slope and

essential work of fracture was calculated by extrap-

olating the curve to ‘ ¼ 0.

Results and discussion

Tensile tests on unnotched specimens

Figure 2 (top) shows the mechanical testing results

for unnotched films of both pure PVdF-HFP polymer

and of PVdF-HFP/15 % CNC nanocomposites. The

yield strength, rY, of PVdF-HFP with the addition of

15 % CNC increased *2 times, the maximum

strength, rUTS, increased *30 %, and the modulus

increased *3 times. Fig 2 (bottom) shows that these

same properties also increased from PSF to PSF/15 %

CNC nanocomposites—rY and rUTS increased

slightly (although not a significant increase) while the

modulus increased 80 %. But most PSF/15 % CNC

films broke before 1 % deformation meaning we

could not measure yield strength (because the stress–

strain curve did not reach the 1 % offset line). For

these films yield strength was assumed the same as

rUTS.

These increases all suggested that both PVdF-HFP

and PSF are compatible with added CNC and the

fibers were well dispersed. Visual inspection of the

films supported this claim. The increases, especially

in ultimate strengths, also suggest that the CNCs did

not introduce any flaws into the polymer (point of

weakness for failure). Nevertheless, the total fracture

energy, Wf , for PVdF-HFP films decreased 85 % with

the addition of 15 % CNC, while for PSF films, Wf

decreased by 70 %. But, does a decrease in Wf mean

their toughness has decreased?

Essential work of fracture experiments

Figure 3 (top) shows EWFM results on notched

specimens for wf as a function of ligament length (‘)

for both PVdF-HFP and PVdF-HFP/15 % CNC

nanocomposite films. Note that most EWFM experi-

ments use constant film thickness, but for these films,

it was difficult to control thickness. We therefore

included results for all thicknesses in the EWFM

plots. The variations in thickness may have con-

tributed to scatter in results, but such thickness

effects are addressed in more detail below. The slope

of EWFM results (bwp) decreased from pure PVdF-

HFP films to CNC nanocomposite indicating a

reduction in plastic ductility. For 15 % CNC films, the

Figure 2 Mechanical testing results from stress–strain curves for

nanocomposite files. Top PVdF-HFP and PVdF-HFP/15 % CNC

films. Bottom PSF and PSF/15 % CNC films.
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slope, was close to zero with only a slight increase

with increasing ligament length. Extrapolation to

zero ligament length gave essential work of fracture

for pure films of we ¼ 22:5 � 8:3 kJ/m2. For 15 %

CNC films, the toughness increased to we ¼
34:5 � 5:2 kJ/m2 (the uncertainties are ±1 standard

error for the linear fit). For PSF [Fig. 3 (bottom)], the

addition of 15 % CNC decreased the slope ðbwpÞ,
which was consistent with observation that CNC

made the PSF less deformable. CNC addition chan-

ged toughness from we ¼ 13:3 � 2:5 kJ/m2 for pure

PSF to we ¼ 10:1 � 3:4 kJ/m2 for PSF/15 % CNC, but

this change was not significant within one standard

error (±68 % confidence).

Contrary to the dramatic drop in Wf for unnotched

films, the toughness as measured by we increased

with CNC addition for PVdF-HFP and caused little or

no decrease for PSF. The proponents of EWFM [4, 19]

contend that we is a better measure of toughness than

Wf . In our films the drop in Wf was likely caused by

loss of ductility rather than inherent toughness.

When toughness is separated from ductility, CNC

addition increases the toughness of PVdF-HFP films.

Even in PSF where no increase was observed, the fact

that toughness did not decrease suggests that the

CNC addition has enhanced toughness enough to

overcome the overall decrease in ductility. If we

assume that the polymer structure does not change

with CNC addition, the increase in the fracture

toughness suggests good interfacial properties and a

sufficient filler density to retard crack propagation.

Interface modeling

One way to validate interface quality, as suggested

by enhanced properties above, is to compare the

observed increase in modulus to theoretical predic-

tions for a short fiber composite modulus using a

model that accounts for interfacial properties. Nairn

and Shir Mohammadi [24] recently developed an

enhanced shear lag model for short fiber composites

that explicitly models imperfect interfaces on both the

fiber sides and the fiber ends. It is called the end-

capped shear lag model. The interface is modeled

using interfacial stiffness terms—rfDn and rfDt—

where rf is the fiber radius and Dn and Dt are

imperfect interface parameters for normal and tan-

gential loading that vary from 0 for a debonded

interface to 1 for a perfect interface [8]. Although the

end-capped model was verified by comparison to

numerical models, it has two problems. As intro-

duced, the model only applies for aligned short fiber

composites and like all other numerical and analyti-

cal models, it degenerates to a lower bound result

when the fiber to matrix modulus ratio gets high

([100). The Appendix describes the model and

extends it to handle both randomly oriented com-

posites and composites with soft matrices. This sec-

tion applies the extended model to the current

experiments.

If all material properties are known except the

interfacial properties, modeling calculations can give

information about the interface. The CNC fibers used

here were estimated to have modulus Ef ¼ 105 GPa

[23], Poisson’s ratio mf ¼ 0:28, aspect ratio q ¼ 18, and

diameter rf ¼ 10 nm. For PSF, the matrix properties

Figure 3 Work of fracture wf vs. ligament (‘) plots to find the

essential work of fracture (we). Top PVdF-HFP (circle) and PVdF-

HFP/15 % CNC (Square). Bottom PSF (circle) and PSF/15 %

CNC (square). Dashed lines represent ±1 standard error for the

linear fit.
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were measured or estimated as modulus

Em ¼ 1:2 GPa and Poisson’s ratio mm ¼ 0:33. For this

material, the fiber to matrix modulus ratio is

R ¼ Ef=Em ¼ 87:5. Because R\100, the properties can

be calculated using the end-capped shear lag model

(see Appendix). If the interfaces are assumed perfect

(rfDn ¼ rfDt ¼ 1) the calculated composite modulus

with 15 % fibers is 2.9 GPa, which is above the

measured result of 1.8–2.0 GPa (see Fig. 2). If we

assume the difference is caused by imperfect inter-

faces, the experimental result can be fit by setting

rfDn ¼ rfDt ¼ 250 MPa.

For PVdF-HFP, the matrix properties were mea-

sured or estimated as modulus Em ¼ 0:55 GPa and

Poisson’s ratio mm ¼ 0:33. For this material, the fiber

to matrix modulus ratio is R ¼ Ef=Em ¼ 190. Because

R[ 100, the properties can be calculated using shear

lag model calibrated for soft matrices that add 93 %

of the end-capped model with 7 % of a fiber effec-

tiveness method (see Appendix). In this model the

PVdF-HFP composite with 15 % CNC and perfect

interfaces is predicted to have modulus of 2.3 GPa.

The experimental results can be fit by adjusting the

interface parameters to rfDn ¼ rfDt ¼ 350 MPa.

These calculations show that the interface proper-

ties for PSF and PVdF-HFP are similar to PVdF-HFP

perhaps having a slightly better interface. Because

these interface parameters are difficult to measure,

there are few results to help decide what values

constitute a ‘‘good’’ interface. Some previous results

for carbon/epoxy used Raman methods to directly

observe stress transfer into the fiber and the results

could be fit to determine interface parameters [29].

The result for sized carbon fibers with a known good

interface had rfDt ¼ 300 MPa. By analogy, the CNC

composite here can be characterized as having good

interfaces. More details about fitting nanocomposite

experiments with interface properties will be repor-

ted in a future publication [37].

Fractography

Although fillers can reduce ductility (as observed by

slope of EWFM experiments), when viewed as

energy per increment of crack growth, fillers can

block crack propagation and increase toughness (as

shown schematically in Fig. 4). For this mechanism to

be effective, there needs to be a good interfacial bond

between matrix and fibers and enough fibers to

inhibit crack growth. A weak interface causes fiber

pull-out and is less effective at inhibiting crack

propagation. Too few fibers decreases the probability

of blocking the crack.

To look for evidence of these mechanisms in our

composites, we used fractography of the fracture

surfaces for pure polymer and for CNC composites.

Figure 5 shows scanning electron microscopy (SEM)

images of the fracture surface for both pure PVdF-

HFP and PVdF-HFP/15 % CNC. In pure PVdF-HFP

the crack surface is smooth with straight propagation.

In contrast, with 15 % CNC the crack was not straight

and the surface was rough, presumably because

propagation was deflected by the CNCs. In other

words, CNC addition to the polymer gave a local

increase in the fracture energy as the crack propa-

gated more through the weaker areas and thus

deviated from straight crack propagation. Such a

crack path may explain the observed increase in the

essential work of fracture. Lin et al. [17] showed

similar crack deviation behavior in polypropylene

filled with 20 % CaCO3 nanoparticles and saw an

increase in fracture toughness (as measured by

impact tests).

SEM images of fracture surfaces for pure PSF and

PSF/15 % CNC films show some similarities and

some differences (Fig. 6). In pure PSF, like pure

PVdF-HFP, the crack propagation is clear and

straight. The addition of 15 % CNC (Fig. 6 right)

shows deviation from a straight crack. Like PVdF-

HFP, the crack in filled PSF is scattered on the

Figure 4 Schematic picture of fracture surface of polymers (left)

and polymer nanocomposite (right).

Figure 5 Fracture surface of PVdF-HFP (left) and PVdF-HFP/

15 % CNC (right). Arrows show the crack propagation direction.
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fracture surface, but unlike PVdF-HFP, the fibrous

structure of the fracture surface of PSF/15 % CNC

suggests that some CNC fibers have pulled-out dur-

ing crack propagation. Greater fiber pull-out for PSF

is consistent with a slightly poorer interface in PSF/

CNC compared to PVdF-HFP/CNC (based on inter-

face modeling) and slightly reduced essential work of

fracture. We could not confirm the existence of CNC

pull-out on the fracture surface due to the experi-

mental difficulty of beam sensitivity in the SEM,

which prevented sufficiently high magnification to

allow direct observation of CNCs.

We conclude that CNC addition to both polymers

scattered crack propagation from a straight line

which tended to maintain high crack propagation

toughness despite loss of ductility. Comparing the

two nanocomposites suggested two reasons why

toughness enhancement was greater for PVdF-HFP

than for PSF nanocomposites. First, modeling sug-

gested the interface in PVdF-HFP/CNC is better than

for PSF/CNC, which is consistent with SEM sug-

gesting more fiber pull-out for PSF. Second, because

PVdF-HFP density is almost 50 % higher than PSF,

the PVdF-HFP/CNC composite with 15 % fibers by

weight had more fibers than the comparable PSF/

CNC composite. If fibers with a good interface are

diverting cracks, then the PVdF-HFP/CNC compos-

ites will have more crack-diverting fibers and there-

fore greater potential for enhanced toughness.

Specimen thickness effects

Because it was difficult to control thickness in speci-

mens prepared using solution casting, our specimen

thicknesses ranged from 20 to 80 lm. This variation

raises a concern about the best way to measure we,

but also provides an opportunity to probe thickness

dependence of that property. The EWFM for plane

stress toughness limits specimen ligament lengths to

the range 3t\‘\W=3. The high end is to minimize

edge effects and keep plastic work confined to the

ligament area. The lower end is used to keep the

specimens in a state of pure plane stress. Experiments

show that within this range, the net stress in the

ligament at peak load is constant and close to the

plane stress yield strength of a double-edge notched

specimen [34]. In contrast, for ‘\3t, the net stress

increases indicating a mixed plane stress/plane

strain stress state. Saleemi and Nairn [34] further

suggested that extrapolating experiments for ‘\3t to

zero ligament length can determine a plane strain

essential work of fracture. But the experiments here

avoided that region and instead maintained all

specimens within the 3t\‘\W=3 range. Although

this approach assures a plane stress we, thickness

dependence in we could obscure the results or con-

tribute to scatter.

Despite the frequent theoretical prediction that we

should increase with thickness [4], few experiments

have been conducted. Priest and Holmes [31] studied

thickness effects in steels and saw only small effects.

Levita et al. [15] examined rigid PVC and saw we

increase with thickness. To investigate the thickness

effect in thin CNC films, we reanalyzed all experi-

ments by fitting to a 3D surface representing the

fracture energy as a function of both ligament length

(‘) and thickness (t). Both theory and experiments

suggest that fracture energy is linear in ‘ for constant

t, but has unknown (and possibly nonlinear) depen-

dence on t (for constant ‘). In brief, we refit results

using a 3D fracture energy equation of:

wfð‘; tÞ ¼ weðtÞ þ bwp‘ ; ð6Þ

where unknowns bwp and the thickness dependence

of weðtÞ were determined by fitting a semiparametric

regression surface to the data. This surface was linear

in the ‘ dimension and had a penalized smoothing

spline to fit the nonlinearity in the thickness dimen-

sion. The fitting was done with R using a generalized

additive model function (the gam() function from

the mgcv package [40, 42]). This function gam()

automatically estimates the trade-off between reduc-

ing the nonlinearity of the splines and fitting the data

using generalized cross-validation. Although it

would be preferable to allow thickness dependence

in bwp as well, we did not have enough experiments

to resolve that much detail and therefore choose to

focus on thickness dependence of weðtÞ. Furthermore

experimental observations have suggested that bwp is

Figure 6 Fracture surface of PSF (left) and PSF/15 % CNC

(right). Arrows show the crack propagation direction.
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less affected by ligament stress state [34] and by

thickness [15].

The fracture energy surface fits for PSF and a PSF/

15 % CNC are given in Fig. 7. The dots show all

experimental points. Cross sections of these plots at

constant thickness show the assumed linear depen-

dence of wfð‘; tÞ, but the intercepts of those lines may

depend on thickness. The essential work of fracture as a

function of thickness is given by the front surface of

these plots (a cross section at ‘ ¼ 0). Figure 8 plots these

‘ ¼ 0 contours together with error estimates (±1 stan-

dard error for the fit) for PSF and a PSF/15 % CNC and

for PVdF-HFP and PVdF-HFP/15 % CNC. Comparing

the unreinforced polymers, we for PSF is relatively

constant, but appears to reach a peak toughness for

t ¼ 45 lm and then decreased for thinner films. In

contrast PVdF-HFP toughness increases as thickness

decreases. Comparing CNC reinforced polymers to the

unreinforced polymers, the we is always equal to or

greater in the composites. This result reinforces con-

clusions above that adding that CNC enhances tough-

ness when measured using crack propagation methods

such as the EWFM. The two composites, however,

differ in thickness dependence. The toughness of PSF/

15 % CNC composites increased for thinner films while

it decreased for PVdF-HFP/15 % CNC.

With the exception of the PVdF-HFP/15 % CNC

results, all we for our thin films tended to increase as

thickness decreased. This result is contrary to theo-

retical predictions [4] and prior experiments [15]. But

the theoretical predictions are based on simplified

Figure 7 3D plot for the work of fracture (wf ) as a function of

ligament (‘) and thickness in PSF (top) and for PSF/15 % CNC

(bottom).

Figure 8 Extrapolation of wf surface to zero ligament length to

get we as a function of thickness. Top PSF and PSF/15 % CNC.

Bottom PVdF-HFP and PVdF-HFP/15 % CNC. Dashed lines

represent ±1 standard error for the fit.
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crack opening displacement arguments that would not

account for other material issues affecting fracture and

the prior experiments were on much thicker films. For

example, the toughness of thin titanium sheets was

observed to increase or decrease with thickness

depending on the crack direction and on the texture of

the material [28]. Although CNC nanocomposites are

not the same as titanium, our experiments suggest that

alternative effects of thickness, such as texture, are

more important than prior analyses based only on

crack opening displacement effects.

Fracture properties

We can calculate toughness as a stress intensity factor

(Kc) for our films using Eq. 2 for plane stress condi-

tions where Gc is set equal to measured we. Although

this calculation could be done for each film, we

undertook a Monte Carlo simulation to get informa-

tion about toughness and variability in toughness. In

brief, we generated specimens with a range of

thicknesses matching our experimental thicknesses.

For each specimen the modulus was assigned ran-

domly using the mean and standard deviation for

each film and Gc was assigned randomly using the

uncertainty range as a function of thickness from

Fig. 8. Finally, Kc was calculated by Eq. 2 (plane

stress conditions). The variability of these result val-

ues was used to estimate uncertainty in toughness.

Figure 9 shows the plane stress Kc results for all

films. The stress intensity factor, Kc, shows that the

addition of 15 % CNC in PVdF-HFP increased the

toughness by � 100 % and for PSF the toughness

increased by about 16 %. These results are consistent

with all previous results. The reason Kc for PSF

increased slightly while we decreased is because the

Kc calculations better accounted for thickness effects

while the we analysis ignored thickness effects. By

both methods the toughness of PSF/15 % CNC

retained the toughness of pure PSF (i.e., no significant

degradation in toughness).

Conclusion

In the studied systems, CNC addition decreased

ductility, but increased the toughness, as measured by

the EWFM, or had no detrimental effect on toughness.

Modeling and fractography suggested that the mech-

anisms for increased or retained toughness are a good

fiber/matrix interface and crack scattering around

fibers during crack propagation. Toughness values for

these thin films depended on thickness, although the

thickness variation differed from prior concepts

developed for EWFM experiments.

These conclusions about toughness differ from

some prior nanocomposite studies that relied on total

work of fracture experiments rather than fracture

mechanics methods. We showed that our films also

decreased in total work of fracture, but using that

property to characterize toughness may be mislead-

ing. Our claim is that EWFM experiments provide a

better evaluation of material toughness.
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Appendix

Mean-field modeling for composite properties with

randomly oriented or partially aligned fibers has two

steps. The first step is to find properties of a unit cell

Figure 9 Toughness (Kc) for PVdF-HFP and PSF films without

(dark) and with (light) 15 % CNC. The error bars represent ±one

standard deviation for confidence in the mean of specimens

generated in the Monte Carlo simulation.eps.
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containing aligned fibers [8, 24]. The second step is to

use mean-field averaging to find properties of ran-

domly oriented composites.

The first step will result in EA, ET, mA, mT, and GA for

the five independent mechanical properties of the

transversely isotropic, aligned fibers, unit cell (axial

and transverse tensile moduli and Poisson ratios and

axial shear modulus, respectively). EA can be found

using the recent end-capped shear lag model [24].

This model applied optimal shear lag methods

[25–27] to an axisymmetric unit cell where a cylin-

drical fiber with radius rf and length lf is encased in a

cylinder of matrix with radius rm ¼ rf þ D and length

lm ¼ lf þ 2D. In other words, the distance from the

fiber side to the unit cell side (D) is set equal to the

distance from the fiber end to the ends of the unit cell.

All fiber matrix interfaces were modeled using

imperfect interface parameters rfDn and rfDt; where

Dn and Dt are interface stiffnesses for normal and

tangential sliding (when D ¼ 0, the interface is

debonded, D ¼ 1 is perfect interface, and all other

values are imperfect [8]). The axial modulus from the

end-capped model, EEC was derived to be [24]:

E2

EEC
¼ 1 þ

Ef

Em
� 1

� �

ðV1 � VfÞ þ
EfVf

EmVm
KðqÞ ; ð7Þ

where Ei is modulus and Vi is volume fraction.

Subscripts f and m refer to fiber and matrix, but V1 ¼
r2
f =r

2
m is fiber volume fraction ignoring the end caps

and E2 ¼ EfV1 þ Emð1 � V1Þ. The key function of

aspect ratio ðqÞ was derived to be:

KðqÞ ¼ Vm

V2

E2

Ef

tanhðb�1qÞ
b1q

þ K1ðqÞ

1 þ tanhðb�1qÞ
b1g

þ E2

gEf

tanhðb2qÞ
b2

; ð8Þ

where b�1 ¼ ðV1 � VfÞb1=ð2VfÞ; g ¼ EmV2=ðrfDnÞ;

K1ðqÞ ¼ 1 þ 1 � E2

Ef

� �2
tanhðb�1qÞ

b1g

 !

tanhðb2qÞ
b2q

ð9Þ

b2
1 ¼� 4GmV2

EmðV2 þ lnV1Þ
ð10Þ

b2
2 ¼

4E2

EfEm

V2

2Gf
� 1

Gm

V2

2 þ 1 þ lnV1

V2

� �

þ 2V2

rfDt

ð11Þ

Although numerical calculations [24] show that the

end-capped shear lag model is very accurate when

the fiber to matrix modulus ratio, R ¼ Ef=Em, is less

than 100, those calculations also show the model

becomes a lower bound for large R. This inaccuracy is

not caused by shear lag methods, because all other

models, including finite element models, also

degenerate to lower bound results for soft matrices

[24]. Because our CNCs with PVdF-HFP had R ¼ 190,

we introduce a correction term to model composites

with soft matrices. When R[ 100, we propose the

axial modulus to be

E� ¼ /LEEC þ ð1 � /LÞEUB ð0\/L\1Þ ; ð12Þ

where

EUB ¼ gfEfVf þ EmVm ð13Þ

here EUB is an ‘‘upper bound’’ modulus derived using

fiber effectiveness methods advocated in several text

books [11], where gf is found by comparing average

stress in a short fiber to the average stress that fiber

would have in a continuous fiber composite:

gf ¼
1

lfr1

Z lf=2

�lf=2

rfðxÞdx ; ð14Þ

where lf is fiber length, r1 is stress the fiber would

have for infinitely long fibers, and rfðxÞ is average

stress in the fiber cross section at position x. Evalu-

ating this integral using the end-capped shear lag

stress with imperfect interfaces (rather then the sim-

plistic shear lag used in textbooks [11]) gives

gf ¼ 1 �
1 þ 1 � E2

Ef

� �

tanhðb�1qÞ
b1g

1 þ tanhðb�1qÞ
b1g

þ E2

gEf

tanhðb2qÞ
b2

tanhðb2qÞ
b2q

ð15Þ

For PSF/CNC nanocomposites (R\100), the end-

capped shear lag model can be used directly. For

PVdF-HFP/CNC nanocomposites (R� 190), the

model including both EEC and EUB was needed. The

only remaining issue is to choose /L. We choose /L ¼
0:93 based on comparing Eq. (12) to numerical results

in Nairn and Shir Mohammadi [24]. This value of

/L ¼ 0:93 appears to fit a wide range of nanocom-

posites when the matrix is much more compliant

than the fibers.

The end-capped shear lag model gives EA as a

function of aspect ratio and interface, but mean-field

modeling needs ET, mA, mT, and GA as well. Fortu-

nately, both numerical [24] and analytical [2] mod-

eling shows that all other properties are only weakly

dependent on aspect ratio. Assuming they are inde-

pendent of aspect ratio, they can be found for any

aspect ratio, such as for continuous fiber composites.
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All remaining unit cell properties therefore used the

Hashin’s analysis [8] for properties of a continuous

fiber composite including effects of imperfect

interfaces.

The final step is to use mean-field methods for

averaging unit cell properties. Here we assumed the

nanocomposite films are statistically isotropic in the

plane of the film (i.e., fibers tend to lie in the plane of

the film). For this special case, an upper bound mod-

ulus can be found from unit cell properties using [22]:

Ec � 4U2 1 �U2

U1

� �

ð16Þ

U1 ¼EAð3 þ 2m0AÞ þ 3ET þ 4GAð1 � mAm0AÞ
8ð1 � mAm0AÞ

ð17Þ

U2 ¼EAð1 � 2m0AÞ þ ET þ 4GAð1 � mAm0AÞ
8ð1 � mAm0AÞ

; ð18Þ

where m0A ¼ mAET=EA and mT is not needed.
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