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Abstract Cellulose nanomaterials (CNMs) have 
potential utilization as oxygen barrier layers when 
applied as the primary component of a single layer 
in multilayer packaging systems. One limitation of 
dense CNM flms is their lack of durability due to 
their brittle nature. The durability of cellulose nanof-
bril (CNF) flms was examined through the lens of 
understanding the residual stress that formed within 
the flms during drying. A beam bending method 
consisting of drying CNF flms on top of a fexible 
substrate was used to quantify residual stress. It was 
determined that for two common variations of CNFs 
(TEMPO-oxidized vs mechanically refned), the 
residual drying stress was on the order of 50% of the 
yield strength of the material at a given humidity. 
Larger residual stress formed within the TEMPO-oxi-
dized CNFs as compared to the mechanically refned 
CNFs due to the smaller fbril diameters resultant 
of the TEMPO oxidation production process. The 
residual stress in the TEMPO-oxidized material was 
also more sensitive to moisture (humidity) than the 
mechanically refned material. Various plasticizers 
were examined for their efcacy in reducing residual 
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drying stress. Triethyl citrate appears more efec-
tive in reducing residual stress than common polyols 
(glycerol/sorbitol), especially when subjecting the 
flms to low humidity. Triethyl citrate in combination 
with a small amount of polyvinyl alcohol at a total 
plasticizer content of 30% of the mass of the CNFs 
resulted in a 75% reduction in the residual stress from 
the unplasticized state. In this low-stress state, stan-
dalone flms (10–15 µm) can withstand creasing oper-
ations that compromise unmodifed (high residual 
stress) flms in terms of their ability to prevent oxy-
gen transmission. Additionally, the low-stress formu-
lation was coated onto a paper substrate resulting in 
enhanced durability during creasing operations prior 
to oxygen barrier testing. 

Keywords Cellulose nanofbrils · Durability · 
Residual stress · Oxygen barrier 

Introduction 

Cellulose nanofbrils (CNFs) are emerging as a prom-
ising class of sustainable materials for a wide range 
of applications including packaging, fexible electron-
ics, and high-strength composites (Moon et al. 2011; 
Tayeb et  al. 2018; Hubbe et  al. 2017; Wang et  al. 
2018; Sabo et al. 2016). Cellulose is one of the most 
abundant natural biopolymers, and through efective 
utilization can reduce human dependence on envi-
ronmentally harmful synthetic polymers (Moon et al. 
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2011; Tayeb et  al. 2018; Hubbe et  al. 2017). One 
promising application of CNFs is as the oxygen bar-
rier layer within packaging materials. When dried into 
a flm or deposited onto a substrate (paper or another 
polymer), they form a dense layered structure that 
has high resistance to gas transport. This resistance is 
attributed to the large aspect ratio of the nanoparticles 
and the extensive inter- and intramolecular hydrogen 
bonding that is formed within the layers (Moon et al. 
2011; Tayeb et  al. 2018; Hubbe et  al. 2017). While 
researchers have shown that adding cellulosic nano-
materials (CNMs) to polymers can increase their 
oxygen resistance, recent studies have concluded that 
the material was most efective as a barrier when the 
fbrils are assembled in a densely packed layer as the 
primary component (Wang et  al. 2018). This was 
attributed to the observation that low levels of loading 
achievable in standard polymers have not been shown 
to increase oxygen resistance to the levels needed to 
reach the performance of standard barrier materials 
(Wang et al. 2018). 

Films composed of a dense layer of cellulose nano-
materials have shown potential as an efective oxygen 
barrier. However, the physical nature of said dense 
layer has distinct limitations. One primary limita-
tion is the lack of durability (Hubbe et  al. 2017). A 
dense layer of entangled stif nanoparticles with 
extensive hydrogen bonding results in brittle flms 
(Hubbe et al. 2017; Wang et al. 2018; Mokhena et al. 
2021). Mechanical testing of neat CNF flms often 
results in tensile failure at strains less than fve per-
cent (Mokhena et  al. 2021). The formation of cellu-
lose nanomaterial flms involves the removal of large 
amounts of water during drying leading to signifcant 
residual stress formation within flms, which con-
tributes to the lack of durability (Mariani et al. 2019; 
Qing et  al. 2012; Klockars et  al. 2023; Greca et  al. 
2023). The CNM layer will be subjected to creasing/ 
folding operations when used in paper-based pack-
aging. The layer must remain intact after creasing to 
function as a barrier. Creased barrier testing of CNM 
flms is largely absent from academic literature. Lim-
ited studies examining the efect of creasing on bar-
rier properties of mechanically refned cellulose flms 
have been reported (Fein et  al. 2021; Hasan et  al. 
2021; Tayeb et al. 2020a). It is hypothesized that the 
lack of reported investigation of creased flms was 
due to the destruction of CNM barrier layers when 
creasing, i.e., a lack of reporting of negative results. 

Plasticization of cellulose nanomaterial flms 

Several biobased materials have been proposed as 
plasticizers in CNM flms. Biobased and biodegrad-
able additives are the ideal route for enhancing CNMs 
while maintaining the inherent sustainability beneft. 
One common approach is the addition of polyols such 
as glycerol, xylitol, and sorbitol (Azeredo et al. 2010; 
Hansen et al. 2012; Soni et al. 2016; Csiszar and Nagy 
2017; Herrera et  al. 2017; Fernández-Santos et  al. 
2021; Aulin et  al. 2022). Researchers have shown 
the addition of sorbitol or glycerol can increase the 
strain to failure of flms, with larger loadings of the 
polyol leading to larger strain. This has been attrib-
uted to the polyol disturbing the hydrogen bonding 
between fbrils and allowing them to slide past each 
other during deformation. However, as more polyol is 
added the flm will start to lose its ability to prevent 
oxygen permeation (Hansen et al. 2012). It is hypoth-
esized that the plasticizer can start to create channels 
that oxygen can permeate through. Aulin et al. (2022) 
showed that oxygen permeation started to increase 
above 20% loading of sorbitol and glycerol, with 
glycerol causing a larger increase in oxygen permea-
tion than sorbitol. The utilization of glycerol or sorbi-
tol has allowed for strain to failure values of around 
10–12% to be achieved while still maintaining oxygen 
barrier properties. 

Another approach is the addition of other water-
soluble polymers to the CNM flm. When the poly-
mer occupies the space between fbrils it can lead to 
more ductile deformation since the polymers tend 
to be more ductile than entangled cellulose nanof-
brils. The common polymers that have been exam-
ined in this application are polyvinyl alcohol (PVOH) 
(Hakalahtia et  al. 2015; Forti et  al. 2021; Nuruddin 
et al. 2021), carboxymethyl cellulose (CMC) (Fernán-
dez-Santos et  al. 2022), and polyethylene oxide 
(PEO) (Ma et al. 2021). Other studies have been per-
formed with nano latex particles (Kumar et al. 2016), 
poly[poly(ethylene glycol methyl ether methacrylate)-
co–N,N-dimethylacrylamide] (Benítez et  al. 2016), 
and colloidal lignin nanoparticles (Farooq et  al. 
2019). All studies suggest that adding more polymer 
increases the ductility of the flm. Several studies 
have reported strain to failures around 20% with up to 
50% addition of polymer. However, these studies do 
not examine the efect of polymer addition on oxygen 
barrier properties. Adding a substantial amount of 
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polymer may drive the oxygen permeability proper-
ties of the flm toward the properties of the polymer 
itself. 

Another potential class of plasticizers for CNM 
flms are citrate esters, which are derived from the 
natural compound citric acid. This group of plasti-
cizers does not present any toxicity, is approved for 
personal care and food contact, and is known for fast 
biodegradation (Rahman and Brazel 2004). These 
attributes make them a suitable candidate for com-
postable/biodegradable food packaging. Triethyl cit-
rate (TEC) has been used as an efective plasticizer 
in cellulose derivatives such as cellophane and cellu-
lose acetate (Teixeira et al. 2021, Erdman et al. 2021). 
Interestingly, the examination of citrate esters in 
nanocellulose flms is limited. Only one publication 
by Reshmy et al. (2021) has examined the utilization 
of triethyl citrate in a nanocellulose flm. The nano-
cellulose examined was derived from jackfruit peel 
using an acid hydrolysis process. No examinations 
of triethyl citrate in wood-based cellulose nanofbrils 
have been performed in the available literature. Sev-
eral studies have also used citrate esters to plasticize 
the polymer matrix that low loading weights of cellu-
lose nanomaterials have been composited with (Jung 
et al. 2020; Cindradewi et al. 2021; Tian et al. 2022; 
Arrieta et al. 2015). One goal of the current study was 
to examine the plasticizing efect of triethyl citrate in 
cellulose fbril-to-fbril interactions. 

Residual stress in cellulose nanomaterials 

Researchers have proposed and observed that large 
residual stresses form during the drying of nanocellu-
lose materials (Mariani et al. 2019; Qing et al. 2012; 
Klockars et al. 2023; Greca et al. 2023). The conven-
tional understanding of drying of cellulosic fbers 
in papermaking suggests that capillary bridges and 
capillary pressures are responsible for pulling fbers 
together (Greca et al. 2023). In the case of nanoscale 
fbers, the capillaries are substantially smaller, and 
thus the capillary pressures during drying are much 
higher. Coupled with the relatively large amount of 
molecular contact between the nanoscale particles, 
the large capillary pressures lead to large amounts of 
internal stress upon drying of cellulose nanomaterials 
(Klockars et al. 2023; Greca et al. 2023). Large dis-
tortions in solution-cast nanocellulose flms are often 
observed in literature, and residual stress has been 

acknowledged but not widely studied. Only recently 
have two studies examined the stress that formed in 
cellulose nanocrystal (CNC) flms (Klockars et  al. 
2023; Greca et  al. 2023). A better understanding of 
the residual stress formation in cellulose nanofbrils 
is needed given the potential impact on the durability 
of the material. The objective of the current work was 
to quantify the efects of plasticizers and humidity on 
the residual stress that forms in two common types 
of cellulose nanofbrils, TEMPO-oxidized CNFs and 
mechanically refned CNFs. 

Background on quantifcation of residual stress in 
coatings 

The frst quantitative measurement of residual stresses 
in coatings has been attributed to research by Stoney 
(1909). This work was the frst to present the concept 
that residual stress formation in coatings can deform 
fexible substrates and therefore the known stifness 
of the substrate can be used to quantify the stress in 
the coating. The history of how this concept evolved 
into the study of residual stress of solvent-based coat-
ings using fexible substrates was well described by 
Payne et al. (1998). The most common approach has 
been to apply a solvent-based coating to a cantile-
vered beam and use a standard plate and beam the-
ory to quantify the internal stress. The equation most 
commonly used was derived by Corcoran (1969) and 
takes the following form: 

dEt
3 dE

c
(t + c) 

˜ = + (1)
3cL2(t + c)(1 − °) L2(1 − ° )

c 

where ˜ is the residual stress in the coating, d is the 
defection of the cantilevered beam at the end of the 
beam, E is the modulus of elasticity of the substrate, 
t is the thickness of the substrate, c is the thickness 
of the coating, L is the length of the beam,  ̃ is the 
poisons ratio of the substrate, E  is the modulus of 

c 

elasticity of the coating, and ˜  is the Poisson’s ratio 
c 

of the coating. The assumptions involved with the use 
of this equation are spherical defection of the beam, 
deformation within the elastic limits of the coating 
and substrate, isotropic mechanical properties, and 
good adhesion between coating and substrate. Addi-
tionally, the width of the beam must be much larger 
than the thickness of the coating in order for shear 
and peeling stress near the edge of the coating to 
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become insignifcant. The determined stress value is 
a biaxial in-plane tensile stress averaged through the 
coating’s thickness (Corcoran 1969). 

Methods 

Materials 

The two cellulose nanofbril materials examined are 
TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl)-
oxidized CNFs (TOCNs) produced at the Forest Prod-
ucts Laboratory in Madison WI, and mechanically 
fbrillated CNFs (sometimes referred to as cellulose 
microfbrils-CMFs) produced at the Process Devel-
opment Center at the University of Maine in Orono, 
ME. The Process Development Center classifes the 
material as their 90% fnes version (Kelly et al. 2021). 
Both materials have been studied in the scientifc lit-
erature (Moon et al. 2011; Tayeb et al. 2018; Hubbe 
et al. 2017; Wang et al. 2018; Reiner and Rudie 2017; 
Kelly et al. 2021) and are representative of two com-
mon variations (TEMPO oxidation pretreatment vs. 
mechanical disk-type refning alone) of wood-based 
cellulose nanofbrils. Using a TEMPO oxidation pre-
treatment before fbrillation results in a material char-
acteristic of small uniform fbrils with diameters on 
the order of 10 nm that have an abundance of sodium 
carboxylate groups on the surface of the fbrils 
(Reiner and Rudie 2017). The mechanically fbril-
lated material (without oxidation) is characteristic 
of a hierarchical branched structure with elementary 
fbrils at the nanoscale extending from large fbrils 
at the microscale (Kelly et al. 2021). One diference 
between the two CNF materials is that the oxidation 
process leaves carboxylate groups on the surface of 
the TEMPO CNFs. The TEMPO CNFs used in this 
study had a carboxyl level of 1.47 mmol/g (dry basis) 
as determined by a modifed TAPPI T237 method 

Fig. 1 Beam bending
method used to quantify 
residual stress in coatings: 
a cantilevered coverslip on 
slide, b optical microscope 
image of the defected end 
of the fexible coverslip 

(Reiner and Rudie 2017). The mechanically refned 
material is not known for having a signifcant amount 
of carboxylate groups as evident by the low surface 
charge of the material measured by Kelly et al. 2021. 
The plasticizers examined included sodium carboxy-
methyl cellulose (90,000 average Mw purchased from 
Sigma Aldrich), a biobased polyvinyl alcohol derived 
from sugarcane (24,000 average Mw provided by Bio-
plastics International), D-sorbitol (purchased from 
Sigma Aldrich), glycerol (J.T. Baker Brand), and 
triethyl citrate (Citrofex™ 2 manufactured by Auro-
rium). Select CNF formulations were coated on the 
gloss side of a commercial machine glazed 50 g/m2 

basis weight food wrapping paper. A starch base layer 
(PENFORD® GUM 280, manufactured by Ingre-
dion) was applied to the paper prior to CNF coating. 

Measurement of residual drying stress 

The method used to quantify the residual stress in 
CNF flms was similar to the method utilized by 
Greca et  al. (2023) and Klockers et  al. (2023) to 
measure drying stress in cellulose nanocrystals. The 
beam defection method (Fig. 1) involved constrain-
ing 10 mm of a 50 mm long Corning® 0211 No. 1 
thickness borosilicate glass coverslip (50 mm long, 
10.5 mm wide, 0.145 mm thick) to create a 40 mm 
long fexible substrate. The coverslip was fxed to a 
rigid glass slide (defection reference point). CNF 
suspensions were applied to the top of the coverslip 
and allowed to dry at room temperature (23–25°C) 
and humidity (30–40% RH). A select set of neat 
TOCN samples were also dried in a laboratory oven 
(Thermo Scientifc Model 666) at 95°C for a dry-
ing rate comparison. The mechanically fbrillated 
CNFs/CMFs were applied as a 2 wt.% suspension 
to the coverslip at a total suspension mass of 0.5 
g for each sample. For most of the samples, the 
TOCNs were applied as a 1 wt.% suspension to a 
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total mass of 0.8 g to each coverslip. Select addi-
tional samples were made using TOCN suspension 
masses of 0.4 g and 1.2 g to alter the thickness of 
the coating. The two CNF types are applied at dif-
ferent suspension concentrations because they have 
diferent rheological properties. The specifc con-
centrations were chosen to provide adequate mixing 
of the plasticizers while still attempting to maintain 
high solids contents. After drying, samples were 
conditioned at specifc relative humidities in humid-
ity rooms for a minimum of eight hours and meas-
ured at the specifc humidity using a microscope to 
image the defection of the coverslip with reference 
to the rigid slide (Fig. 1b). To measure the defec-
tion, the number of pixels between the bottom of 
the coverslip and the top of the slide was measured 
in ImageJ and converted to a length value using the 
known scale of the image. After imaging, the thick-
ness of each coverslip and coating was measured 
using a digital micrometer. Additionally, the modu-
lus of elasticity (E term in Eq. 1) of the borosilicate 
glass coverslips was examined using a Dynamic 
Mechanical Analysis system (TA instruments DMA 
Q800). Further detail on the stifness verifcation of 
the fexible substrate is contained in the supplemen-
tal material. 

The efect of the additives on the residual stress 
formation was examined at loading percentages of 
10, 20, and 30% of the dry mass of the TEMPO-oxi-
dized CNFs all at a fxed humidity of 50% RH. An 
additional combination of 20% of the triethyl citrate 
(TEC) and 10% of the PVOH (30% total loading of 
the dry mass of the cellulose) was also examined at 
50% RH. All plasticizers were mixed into the liq-
uid suspension using a magnetic stirrer. The poly-
mer plasticizers (CMC and PVOH) were frst made 
into 5wt.% solutions and then mixed into the CNF 
suspension. In the mechanical grade of CNFs, 30% 
loadings of PVOH, TEC, glycerol, and the combina-
tion of 20% TEC and 10% PVOH were all examined 
at 50% RH. A humidity sweep study of the neat for-
mulations (both TOCNs and Mech. CNFs), as well as 
30% loadings of TEC and glycerol, was performed at 
humidities ranging from 20% RH to 80% RH based 
on the controlled humidity rooms available. The exact 
humidity of each humidity room was measured using 
a humidity monitor (Sensirion SHT31) at the time 
of sample imaging. Five sample replicates were pre-
pared for every experimental condition. 

Film preparation and paper coating 

Standalone TOCN flms were cast in polystyrene 
Petri dishes in order to examine their oxygen barrier 
properties and durability. Suspensions were diluted 
to less than 0.5 wt.% solids in terms of cellulose, and 
plasticizers were added at specifed loadings. Formu-
lations tested for durability consisted of neat TOCNs, 
TOCNs with 20% TEC combined with 10% PVOH, 
and TOCNs with 10% PVOH alone. Formulations 
of neat TOCNs and TOCNs with 20%TEC +10% 
PVOH were also coated onto a 50 g/m2 commercial 
food wrapping paper using 1 wt.% solids suspensions. 
Coating was performed using an automatic flm coater 
(model MSK-AFA-III, MTI Corporation, Richmond, 
CA, USA) and dried with the attached forced air top 
heater. Papers were cut to approximately 18 cm wide 
and 33 cm long with the length and coating direction 
parallel to the machine direction of the paper. The 
papers were held onto the coater by vacuum and by 
taping the perimeter to the vacuum plate. A 100 mm 
wide doctor blade was used to apply the coatings by 
spooning excess coating solution in front of the doc-
tor blade. The gap on the doctor blade was set to 1.2 
mm for applying CNFs and CNF-polymer mixtures 
and was set to 10 µm for starch layers. Coating speeds 
were maintained at 10 mm/s for CNFs and CNF-pol-
ymer mixtures and at 30 mm/s for starch. The forced 
air for drying was heated to a set point of 35 °C, and 
the papers were left taped and vacuumed to the plate 
until dry with the drying lid closed. 

Creased oxygen barrier testing 

All samples were conditioned at 50% relative humid-
ity (RH) prior to creasing. Standalone flms were 
creased in accordance with the TAPPI T512 stand-
ard. This involved two perpendicular creases folded 
in opposite directions with respect to the bending 
axis of the flm and creased with the standard 2.04 kg 
weighted roller. Coated paper samples were creased 
using the TAPPI standard roller but were tested with 
single folds considering the bending direction with 
respect to the neutral axis of the paper, i.e., folding 
the sample towards the coated side of the paper ver-
sus folding away from the coated side. 

Oxygen permeability testing of free-standing 
flms and coated papers was conducted via oxygen 
transmission measurements performed on a Mocon 
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OX-TRAN 2/22L (Ametek MOCON, Brooklyn Park, 
MN, USA) in accordance with ASTM D3985. The 
thickness of free-standing flms was measured in ten 
locations within the test area prior to testing using a 
digital micrometer. A test cell with a 50 cm2 testing 
area was used for free-standing flms, and for coated 

2paper samples, a cell with a 5.64 cm  testing area 
was used. Free-standing flms were tested at 23°C 
and 30%, 50%, and 70% relative humidity. Coated 
paper samples were tested at 23°C and 40% and 60% 
relative humidity. Sample runs were programmed for 
60-min test cycles with a convergence criterion of 2% 
across the last three test cycles at each humidity step 
to ensure sample equilibrium. An instrument re-zero 
was performed at the beginning of each sample run 
for 60 min and was repeated every eight testing cycles 
throughout the full sample convergence run. Two 
replicates were performed for each sample type. The 
permeability of freestanding flms was calculated by 
multiplying by the thickness of the flm and dividing 
by the measured pressure of the system. For coated 
paper samples, the values are presented as transmis-
sion rates at a given coating weight of the CNF bar-
rier layer. The coating weight was determined by 
cutting coated papers to a known area (10.16 cm by 
25.40 cm) and measuring the mass compared to the 
mass of the paper with the starch base layer. 

Tensile testing of flms 

CNF flms cast in Petri dishes were cut into tensile 
specimens using an ASTM D-638-V tensile speci-
men die. For tensile testing, mechanically fbrillated 
samples were cast to flm thicknesses of 100–150 
µm, and the TOCN samples were cast to thicknesses 
of 32 µm. The thickness of TOCN samples that can 
be cast was limited by large drying deformations in 
thicker samples. Tensile specimens were made from 
both the mechanically refned CNFs and TEMPO-
oxidized CNFs in their neat conditions and plasti-
cized with 20%TEC and 10% PVOH. Eight tensile 
bars were cut from each specimen type. Tensile test-
ing was performed on a load frame (Instron 5566 
Universal Testing Machine, Instron, Norwood, MA, 
USA) in a humidity-controlled room (50% RH) after 
samples had been conditioned to 50% relative humid-
ity. A video extensometer system (Epsilon ONE-
130PT-210, Epsilon Technology Corp, Jackson, WY, 
USA) with a gauge length of 0.762 cm was used to 

measure elongation. All tensile tests were performed 
at a rate of 2.54 mm/min (0.1 in/min). 

Scanning electron microscopy imaging of coating 
surfaces 

The surfaces of CNF coated papers were analyzed 
by scanning electron microscopy (SEM) to interro-
gate the impact on coating integrity resulting from 
the creasing procedures. Samples of approximately 1 
cm2 were cut from coated papers. Samples consisted 
of both a neat and plasticized (20%TEC+10%PVOH) 
TOCN coating creased towards the coating side of the 
paper, as well as a plasticized TOCN coating creased 
away from the coating side. The samples were care-
fully mounted on aluminum stubs using doubled-
sided carbon tape, followed by sputter coating with 
gold to enhance conductivity. SEM images were cap-
tured on a Ziess Evo LS 15 SEM (Carl Zeiss, LLC, 
UK) operating at an accelerating voltage of 3 kV. 
Multiple images were taken along the length of the 
creases to ensure images were representative of the 
sample. 

Results and discussion 

Implementation of Eq. 1 

All terms in Eq. 1 are needed to determine a residual 
stress value. The most critical terms, such as length 
of the beam (L), defection (d), thickness of the fex-
ible substrate (t ), and thickness of the coating (c) are 
physical measurements that were measured directly 
for each sample. The coating thicknesses for the 
TOCN samples were on the order of 12–15 µm and 
the mechanically fbrillated samples were on the order 
of 25–30 µm. The fexible glass substrates were all 
within the range of 142–145 µm thick. The modulus 
of elasticity (E) of the glass substrates was measured 
using compliance tests on a commercial DMA system 
that produced an average value of 69 GPa. This value 
was within the range of reported values for borosili-
cate glass (Bootjomchai et  al. 2014, MatWeb.com 
2024). The Poisson’s ratio of the fexible substrate (ϑ) 
was taken to be 0.2 (MatWeb.com 2024). The modu-
lus of elasticity (E ) of TOCN flms and the mechani-

c 

cally refned CNF flms were taken from tensile test-
ing results of flms made of the two materials. These 

https://MatWeb.com
https://MatWeb.com
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were determined to be 5.5 GPa and 3.4 GPa for the 
TOCNs and the mechanically refned grades respec-
tively. The Poisson’s ratio of all CNF coatings (˜ )

c 

was taken to be 0.3 (Nakamura et al. 2004). The stif-
ness and Poisson’s ratio of the CNF coating may vary 
slightly depending on plasticizer content. The second 
term in Eq. 1 had minimal efect on the residual stress 
value since the stifness of the coating was less than 
a factor of ten smaller than the stifness of the glass. 
Therefore, any changes in stifness and Poisson’s ratio 
were assumed insignifcant. The second term of Eq. 1 
was dropped entirely in several prior studies (Greca 
et al. 2023; Klockars et al. 2023). 

Residual drying stress 

The frst examination involved the efect of drying 
rate on residual stress formation through the direct 
comparison of neat TOCN samples dried at room 
temperature versus in a laboratory oven at 95°C. In 
the oven, the flms took on the order of 15 min to 
dry, while at room temperature, the flms took on the 
order of 6–8 h to dry. The defection of the coverslips, 
and thus the internal stress, was nominally the same 
for both conditions with 68.9±5.9 MPa stress form-
ing in the oven-dried samples and 69.4±5.5 MPa at 
room temperature when measured at 30%RH (condi-
tion of room the samples were dried in). The uncer-
tainty reported and shown in all images is either the 
standard deviation in the stress values of the fve 
samples prepared at each condition or the Gaussian 
propagation of uncertainty using estimated uncer-
tainties for all the values in Eq. 1. The larger of the 
two uncertainty values was reported. In most cases, 
the deviation within the fve samples at one condition 
was greater than the Gaussian propagation of Eq. 1. 
Further information on the propagation of uncertainty 
estimation is contained in the supplemental material 
fle. The second examination involved the efect of 
coating thickness on residual stress. Three targeted 
TOCN coating thicknesses ranging from 8 µm to 20 
µm showed that there was no statistical diference in 
the residual stress due to thickness variations in this 
range. Producing thickness outside of this range while 
keeping the solids content of the suspension consist-
ent is difcult due to the low solid content and vol-
umes of suspension required. 

The residual stress that formed in the neat for-
mulations of both CNF materials when the samples 

were conditioned at a range of humidities is shown 
in Fig. 2. Larger residual stress formed in the TOCN 
samples than in mechanically refned samples. The 
TOCN material is characteristic of uniform nano-
sized fbrils, while the mechanically refned material 
has larger microscale fbrils with nanoscale branches. 
This suggests that there are more nanoscale capillar-
ies with larger capillary pressure and more nanof-
bril-to-nanofbril contact in the TOCN material that 
led to the larger residual stress. Additionally, the car-
boxylate groups on the surface of the TOCN fbrils 
may alter how the drying process occurs and how 
the residual stress forms. The carboxylate groups 
may form stronger hydrogen bonds with adjacent 
hydroxyl groups which could lead to higher residual 
stress formation. The molecular scale roughness of 
the larger less refned fbers within the mechanically 
refned material should be larger than the molecular 
scale roughness of the TOCN fbers. Molecular scale 
roughness has been proposed as a signifcant factor 
for residual stress formation as a lower roughness 
leads to more intimate contact between fbers lead-
ing to larger residual stresses (Greca et al. 2023). In 
both materials, the residual drying stress at low rela-
tive humidities was on the same order of magnitude 
as the yield stress and ultimate tensile strength (UTS) 
of standalone flms (Table 1). This suggests that the 
residual stress may contribute to the failure of these 
materials during deformation. 

Humidity appears to have a larger efect on resid-
ual stress in the TOCN material than in the mechani-
cally refned material (Fig. 2). This may be due to the 

Fig. 2 The efect of relative humidity on the internal residual 
stress of CNF flms. Note: “TOCNs” is the TEMPO-oxidized 
CNFs and “Mech. CNFs” is the mechanically refned grade 
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Table 1 Mechanical Properties of CNF flms determined via 
tensile testing at 50% relative humidity 

Yield Ultimate Strain at Modulus of 
stress tensile failure elasticity 
[MPa] stress [%] [GPa] 

[MPa] 

TOCNs 120 190 8 5.5 
Mech. 60 155 20 3.4 

CNFs 

greater hydrophilicity of the TOCN material due to its 
surface chemistry (carboxylate groups) as well as the 
uniform nanoscale fbril size allowing better access of 
water to functional groups. As the flm absorbs water 
at higher humidity, the water plasticizes the flm and 
allows the material to relax. The defection measure-
ment was also an interesting way to visualize how 
plasticization by water afects the ability of CNF flms 
to prevent the difusion of oxygen molecules. A sig-
nifcant limitation of using cellulose nanomaterials as 
an oxygen barrier is that their barrier properties dete-
riorate at high humidities (Hubbe et  al. 2017; Wang 
et al. 2018; Tayeb et al. 2020b). Take for example the 
TOCN samples near 20% relative humidity, in this 
condition, the flm constricted enough to defect the 
end of the glass beam 2.3 mm from its original posi-
tion. Above 80% RH, the flm has relaxed to the point 
where the beam was only defected 0.6 mm (Fig. 1 of 
the supplemental material fle). This illustrates how 
the fbrils are constricted into a tight-knit mesh in the 
dry condition and relax into a loose-knit mesh upon 
water absorption. Relaxation of the mesh of fbrils 
suggests it would be easier for oxygen molecules to 
migrate through the mesh of fbrils. The packing den-
sity and lack of free volume are what appear to afect 
the oxygen transmission through a CNF layer (Wang 
et al. 2018; Chowdhury et al 2019). This was consist-
ent with the oxygen transmission data measured for 
TOCN flms of the same thickness as the ones on the 
defected beams that allowed on the order of 0.1 cc/ 
m2day of oxygen transmission at 20% RH, but on the 
order of 100 cc/m2day at 80% RH. 

One goal of this work was to examine how an 
array of diferent plasticizers alters the residual stress 
formation during drying of a CNF flm. This assess-
ment, performed at a consistent relative humidity 
(50%) with increasing amounts of plasticizer loading, 
is shown in Fig. 3. The polymers (CMC/PVOH) were 

Fig. 3 The efect of plasticizer loading on the residual drying 
stress of TOCN thin flms at 50% relative humidity 

not as efective at reducing the residual stress as the 
polyol plasticizers (sorbitol/glycerol) or triethyl cit-
rate. This suggests the smaller molecules were better 
at disrupting the fbril-to-fbril interaction and allow-
ing the fbrils to slide past each other during flm for-
mation. The water-soluble polymers did provide some 
stress relaxation by disrupting fbril-to-fbril interac-
tion during drying, and when dried alone (without 
CNFs), formed flms with lower residual stress (less 
than 5 MPa). PVOH produced a greater reduction 
in the residual stress than CMC, which is consistent 
with PVOH having greater ductility/fexibility than 
sodium CMC (a brittle polymer in solid form) (Yadav 
et al. 2013). 

In terms of residual stress reduction, glycerol was a 
slightly better plasticizer than sorbitol at a given load-
ing mass, which has been observed before in mechan-
ical testing of CNF flms (Aulin et  al. 2022). Prior 
researchers proposed that with standard polyol plasti-
cizers (glycerol, sorbitol, mannitol, xylitol), the plas-
ticizing efciency increases with decreasing molecu-
lar mass as there are more plasticizing molecules for 
a given loading mass (Mathew and Dufresne 2002). 
Triethyl citrate (TEC) appeared slightly better at 
reducing residual drying stress than glycerol in CNF 
flms. No existing scientifc literature has compared 
the efects of glycerol and TEC in CNFs. However, 
Teixeira et al. (2021) have shown that TEC was more 
efective than glycerol in plasticizing cellulose ace-
tate. The explanation provided by Teixeira et al. was 
that TEC is a larger molecule than glycerol, and there-
fore TEC created larger spacing between the cellulose 
acetate polymer chains. The more likely explanation 
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in the case of drying stress formation is that TEC is 
often used as an emulsifer and can act as a surfactant 
in water (Monfort et al. 2012). Figure 2 in the supple-
mental material fle shows a droplet of water saturated 
with TEC on a glass surface compared to neat water 
and water with glycerol. The TEC appears to reduce 
the surface tension of the water, changing the contact 
angle from around 90° in the neat and glycerol drop-
lets to around 45° in the TEC droplet. Reducing sur-
face tension was shown to reduce capillary forces and 
residual stress in other solvent drying systems (Wedin 
et  al. 2005). Therefore, TEC may reduce residual 
stress through both methods, allowing fbrils to slide 
past each other and reducing capillary pressure. Fur-
ther investigation of surfactant-based residual stress 
reduction is warranted. 

The slightly hydrophobic nature of TEC caused 
challenges when plasticizing TOCN at high load-
ing amounts. The TEC tended to segregate from the 
TOCN flm and form visible droplets on the surface 
at 20–30% loading (shown in Fig.  3 of the supple-
mental material fle). The segregation may be due to 
the relatively low solubility of TEC in water (6.5g/ 
cm3), so as the water evaporates, the TEC will start 
to segregate from the system. This prompted the addi-
tion of a polymer to the suspension to provide both 
better compatibilization of the system and occupy 
space between fbrils to block migration/segrega-
tion. This was examined by adding a 10% loading of 
PVOH along with a 20% loading of TEC to provide 
a combined 30% loading. This situation appeared 
to provide the most signifcant reduction in residual 
stress formation with an approximate 75% reduction 
in residual stress from the neat condition (Fig. 3). The 
PVOH appears to have a compatibilization efect on 
the TEC in the suspension. Prior research has shown 
that TEC can provide a small plasticizing efect in 
PVOH, i.e., the materials have some degree of com-
patibility (Ahmad Zuber et al. 2019). No segregation 
of TEC was observed in the samples produced with 
the addition of PVOH. It was hypothesized that by 
containing the TEC within the system it can either 
provide more of a plasticizing efect in fbril-to-fbril 
interaction and/or plasticize the PVOH polymer 
chains between fbrils leading to an enhanced reduc-
tion in residual stress. 

No segregation/migration of TEC was observed in 
the mechanically fbrillated CNF flms at 30% load-
ing. This may be due to the hierarchical branched 

nature of the mechanically fbrillated material imped-
ing the migration of TEC molecules to the flm sur-
face during drying. Furthermore, the mechanically 
fbrillated CNFs do not have the surface carboxylate 
groups that the TOCNs do, which may afect TEC 
compatibility. The residual stress results using vari-
ous plasticizers at 30% loading in mechanically fbril-
lated CNF flms when tested at 50% RH are shown 
in Fig. 4. The method is not able to capture a difer-
ence in the efect of plasticizers (TEC/Glycerol) on 
the residual stress at 50% RH. The addition of PVOH 
does not appear to aid in TEC plasticization, which is 
consistent with the observation that no TEC appears 
to segregate at 30% loading. The plasticizers do have 
a measurable positive efect compared to the polymer 
(PVOH) alone. The plasticizers produce a similar 
75% reduction in residual stress from the neat condi-
tion for the mechanically fbrillated CNF flms at 50% 
relative humidity. 

The 30% loading conditions of TEC and Glycerol 
were examined at a range of humidities to further 
determine their efect on residual stresses in CNF 
flms (Figs.  5 and 6). It was observed that the TEC 
has a larger efect on the internal stress at lower rela-
tive humidities, but as the humidity increases above 
50% RH the TEC and Glycerol have a similar efect 
on the internal residual stress. Glycerol is hydrophilic 
which allows it to more efectively utilize the avail-
able water to plasticize the material. This is consistent 
with prior studies on plasticization of starch that con-
cluded that smaller molecular weight polyols lead to 
increased water absorption, i.e., greater water absorp-
tion with glycerol compared to sorbitol or manni-
tol (Mathew and Dufresne 2002). In the absence of 

Fig. 4 Efect of 30% loading of plasticizers in the mechani-
cally refned CNFs at 50% relative humidity 
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Fig. 5 The efect of the combination of humidity and plasti-
cizer type on the residual stress in mechanically refned CNFs 

Fig. 6 The efect of the combination of humidity and plasti-
cizer type on the residual stress in TEMPO-oxidized CNFs 

water, the TEC appears more efective at plasticizing. 
This is important because to form the most efec-
tive oxygen barrier, the CNF flm must have enough 
water removed from it that the fbrils form a high 
packing density mesh of fbrils with low free volume 
(Wang et al. 2018; Tayeb et al. 2020a, b (2), Chowd-
hury et al. 2019). This occurs when subjecting CNF 
flms to low humidities, i.e., the condition at 20% 
RH is closer to the desired condition of the material 

(absence of water in the CNF flm) if utilized as an 
oxygen barrier. A potential approach to producing a 
CNF oxygen barrier layer that is humidity resistant 
(efective across a range of humidities experienced 
during application) is to chemically crosslink the flm 
in a dry state. TEC appears more efective at reducing 
the residual stress in said dry state. It appears that the 
ideal scenario is crosslinking the fbrils in a low resid-
ual stress state so that the residual stress is not locked 
into the structure of the flm. However, this area of 
research needs further investigation. Teixeira et  al. 
(2021) also determined that glycerol leads to higher 
water vapor transmission rates in cellulose acetate 
flms when compared to triethyl citrate. Therefore, the 
hydrophobic nature of TEC has a potential impact on 
the prevention of water degradation of barrier proper-
ties of CNFs. 

Oxygen permeability and durability 

Enhanced durability of oxygen barrier layers made 
of dense cellulose nanomaterials is one practical 
objective of understanding residual stress formation 
in CNM flms. It was hypothesized that a reduction 
in the embodied stress in a flm can reduce the ten-
dency for CNF flms to crack under additional applied 
stress. The concept was examined by studying the 
oxygen barrier properties of creased and uncreased 
TOCN flms using high and low residual stress for-
mulations. TOCN flms were utilized for this investi-
gation because they are more brittle than the mechan-
ically refned grade of CNFs/CMFs (Table  1). The 
mechanically refned grade had some level of dura-
bility due to its hierarchical nature, i.e., there are still 
larger less refned fbers at the microscale that pro-
vide better durability. This makes the TOCNs more 
interesting to examine from a durability standpoint 
since it is the less durable material and tends to have 
better oxygen barrier properties (Table  2) than the 
mechanically refned grade due to lower free volume 
resultant of the uniform nanoscale diameters of the 

Table 2 Oxygen Relative TOCNs Neat TOCNs+30% Glycerol TOCNs+20% Mechanically 
permeability results for Humidity TEC + 10% PVOH Refned CNFs 
casted freestanding CNF 
flms 30% 6.2±2.5 62±7.9 7.6±1.7 520±66 

50% 26±5.0 820±28 28±14 550±62 
All permeation values are in 70% 410±93 8500±5200 240±57 1200±290 
units of cm3μm/m2day·atm 
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fbrils. The oxygen barrier properties of cast TOCNs 
(Table 2) suggest that it can be classifed as a “very 
high” (Wang et  al. 2018) oxygen barrier at humidi-
ties below 50%. Above 50% relative humidity, oxygen 
barrier performance degrades signifcantly, which is 
consistent with existing literature. The addition of 
30 wt.% of glycerol appeared to reduce the efective-
ness of the TOCNs as an oxygen barrier and exac-
erbated the efect of humidity on the degradation of 
the barrier properties. On the other hand, TEC did 
not appear to have a signifcant efect on the oxygen 
barrier properties of the TOCNs when in its compati-
bilized low residual stress combination with PVOH. 
This suggests that internal stress in CNF flms is not 
tied directly to oxygen barrier properties. 

The average oxygen permeability (cm3·μm/ 
m2·day·atm) of casted TOCN flms (10–15 µm thick) 
after creasing with a weighted roller in accordance 
with the TAPPI T512 standard is reported in Table 3. 
The neat TOCN flms (high residual stress) produced 
oxygen measurements above the limit of the permea-
tion equipment after creasing. An above-range test 
means that more than 2500 cc/ m2·day reached the 
sensor during testing, which is the result of crack for-
mation in a CNF flm allowing oxygen through. An 
example image of the surface of a sample that was 
creased and damaged (above-range oxygen) is shown 
in Fig.  7. The lowest residual stress formulation 
(20%TEC+10%PVOH) was able to be creased with-
out a signifcant change in the oxygen permeability 
when compared to the uncreased flms. This suggests 
that no cracking occurred during creasing that would 
allow for oxygen to pass through. To the best of the 
authors’ knowledge, no readily available studies have 
subjected a TEMPO-oxidized CNF flm to a creasing 
operation without a reduction in oxygen barrier per-
formance. Additionally, TOCNs with a 10% addition 
of PVOH also failed the oxygen transmission testing 
when creased (cracking). This suggests that the small 
addition of polymer was not responsible for making 

Fig. 7 Scanning electron microscope image of the surface of a 
fractured CNF flm 

the 20%TEC+10%PVOH sample durable enough 
to be creased, and therefore, the plasticizer (TEC) 
was critical for reducing residual stress and enhanc-
ing durability. As shown in Fig. 3, the neat and 10% 
PVOH formulations have residual stresses near 40 
MPa (50% RH) while the 20%TEC+10%PVOH for-
mulation has a residual stress around 11 MPa (50% 
RH). It should be noted that the residual stress in 
cast flms will not be the same as the residual stress 
in flms attached to a glass coverslip due to the dif-
ferent constraining efects of the substrate. The afore-
mentioned values are meant to describe a trend in the 
reduction of residual stress formation through the 
addition of plasticizer, not the exact values of residual 
stress in the cast flms. 

One potential application of CNFs is as an oxy-
gen barrier layer coating on paper-based packaging. 
TOCN formulations were blade-coated onto a paper 
substrate with a starch base layer to test their durabil-
ity. The starch base layer was utilized as a low-cost 
material to fll the porosity of the paper to create an 
even coating surface and thus a more continuous flm 
of the oxygen barrier material (CNFs). The CNF 
coatings were determined to have an average coating 

Table 3 Oxygen Relative TOCNs Neat TOCNs Neat Creased TOCNs + 20% TOCNs + 10% 
permeability results for Humidity Uncreased TEC+10% PVOH PVOH Creased 
free standing TOCN flms Creased 
creased via the TAPPI 
T-512 method 30% 6.2 ± 2.5 Above Range 6.1 ± 0.5 Above Range 

50% 26.1 ± 5.0 Above Range 33.3 ± 7.2 Above Range 
All permeation values are in 70% 405 ± 93 Above Range 668 ± 78 Above Range 
units of cm3μm/m2day·atm 
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weight of 10.5±0.8 g/m2, which was applied on top 
of a 6.4±1.5 g/m2 starch base layer. The durability 
of the paper coating of the high residual stress “neat” 
formulation was compared to the low residual stress 
“plasticized” formulation (20%TEC+10%PVOH). 
The durability of paper-coated samples was examined 
by considering the bending of the coating about the 
neutral axis of the paper, i.e., folding the paper 180° 
towards the coating side versus folding the paper 
away from the coated side. In the latter case, the coat-
ing was stretched around the thickness of the paper 
resulting in a diferent state of stress than folding the 
paper towards the coating side. In the uncreased state, 
both the plasticized and neat formulations are compa-
rable barriers to oxygen (Table 4), with performance 
suitable for several types of food packaging (Wang 
et al. 2018) at coating weights of 10 g/m2 at moderate 
(40–60%) relative humidity. 

Damage occurs in the neat (high residual stress) 
TOCN coating after folding and creasing the paper 
towards the coated side. This damage is observable 
as the striations shown in Fig.  8a and led to exces-
sive oxygen permeation that caused multiple sam-
ples of this type to produce oxygen transmission 
values above the range of the permeation equipment. 
The surface of the creased plasticized coating folded 
toward the coating side (Fig.  8b) shows limited dis-
tortion at the crease. The lack of apparent damage 
corresponds to oxygen transmission values similar to 
the uncreased sample. However, when creasing and 
folding the plasticized coating around the paper away 
from the coating side, the material was not ductile 
enough and cracking occurred. This cracking resulted 
in excessive oxygen transmission that was above the 
range of testing of the equipment. The results suggest 
that reducing the residual stress in CNF flms pro-
vides a certain amount of durability that may allow 
it to survive a creasing operation when located near 
the neutral access of bending in a thin lamination. 

Fig. 8 Scanning electron microscope image of the surface of 
creased coated paper samples: a neat TOCN coating folded 
toward the coating side of paper, b plasticized TOCN coating 
folded toward the coating side of paper. Note: in both images 
the arrow is drawn perpendicular to the crease 

However, the levels of plasticization examined in this 
work did not provide enough enhancement in ductil-
ity to stretch around paper during bending. 

Tensile testing of thin flms of TOCNs revealed 
that neat material had an average strain to failure of 
8%, while the TOCNs+20%TEC+10%PVOH had 
an average strain to failure of 18%. The plasticiz-
ing efects of TEC combined with PVOH allowed 
the ductility to increase by a factor of two. However, 

Table 4 Average oxygen transmission values in cm3/m2·day for paper with 10 g/m2 coatings of CNF barrier layer in the neat and 
plasticized (20%TEC with 10% PVOH) state on top of a starch base layer 

Relative TOCNs plasti- TOCNs plasticized creased: TOCNs plasticized creased: TOCNs neat TOCNs neat 
humidity cized uncreased folded toward coating folded away from coating uncreased creased toward 

coated side 

40% 0.7 ± 0.4 0.9 ± 0.5 Above range 1.6 ± 0.4 Above range 
60% 12.6 ± 1.2 9.8 ± 0.8 Above range 12.8 ± 1.9 Above range 

Note the directionality of the creasing operation with respect to the axis of bending about the paper 



10857 Cellulose (2024) 31:10845–10859 

Vol.: (0123456789)

 

 

 

 

 

 

 

 

   
     

         

       

material capable of 18% strain to failure does not 
appear ductile enough to be stretched around the bulk 
of the paper material during creasing. The reduction 
in the residual stress should play a role in improving 
ductility. However, the presence of the plasticizers 
within the material will also allow for fbrils to slide 
past each other during deformation, thus increasing 
the ductility beyond what a reduction in residual stress 
will achieve on its own. Further investigations on the 
full understanding of the role residual stress plays on 
the mechanical properties and durability are needed. 
Isolating the efect of the residual stress reduction on 
the ductility of the material would require removing 
the plasticizer after the structure has formed, which 
is nontrivial. The residual stress measurement method 
appears to be a useful tool in the design of more dura-
ble CNF layers in fexible packaging. 

Conclusions 

A new approach was used to examine the durability 
of CNF flms through the lens of quantifying resid-
ual stress during drying. It appears that the residual 
drying stress is not negligible when compared to the 
yield stress and ultimate tensile stress of these mate-
rials. Various plasticizers were examined for their 
efect on the residual stress. On a mass basis, triethyl 
citrate (TEC) appears more efective at reducing 
residual stress than the standard polyols more com-
monly used to plasticize CNFs (glycerol/sorbitol). 
This observation was more apparent when the flms 
were subjected to low-humidity environments, as 
glycerol has a similar efect to TEC at high humid-
ity. The combination of TEC with a small addition of 
water-soluble polymer (combined total of 30 wt.% of 
the CNFs mass) led to an approximate 75% reduction 
in the residual drying stress. In this low residual stress 
state, thin flms (10–15 µm) of TEMPO-oxidized 
CNFs were able to be creased using the TAPPI T-512 
method without any substantial change in oxygen bar-
rier properties when compared to an uncreased neat 
TOCN flm. Creasing neat TOCN flms (high residual 
stress) led to crack formation that caused the oxygen 
permeation to be above the range of detection. Addi-
tionally, 10 g/m2 coatings of the low residual stress 
formulation on a 50 g/m2 basis weight paper were 
able to be creased when folded toward the coating 
side and retained their oxygen barrier properties. This 

suggests that an understanding of the high residual 
stress formation within CNF flms can be useful in 
understanding the broader concept of durability of 
CNM flms. Further work is needed to fully under-
stand the specifc efect of plasticizers and residual 
stress on mechanical properties that determine coat-
ing durability. 
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