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Abstract

The creep behavior of nanocellulose films and aerogels are studied
in a dynamic moisture environment, which is crucial to their perfor-
mance in packaging applications. For these materials, the creep rate
under cyclic humidity conditions exceeds any constant humidity creep
rate within the cycling range, a phenomenon known as mechanosorp-
tive creep. By varying the sample thickness and relative humidity
ramp rate, it is shown that mechanosorptive creep is not significantly
affected by the through-thickness moisture gradient. It is also shown
that cellulose nanofibril aerogels with high porosity display the same
accelerated creep as films. Microstructures larger than the fibril di-
ameter thus appear to be of secondary importance to mechanosorptive
creep in nanocellulose materials, suggesting that the governing mech-
anism is found between molecular scales and the length-scales of the
fibril diameter.

1 Introduction

The remarkable specific stiffness, strength and flexibility of wood and plant
fibers originate from the composite structure of high aspect ratio cellulose
nanofibrils in the fiber wall (Wågberg and Annergren, 1997; Forgacs and Ma-
son, 1958). These nanofibrils, with a diameter as small as 4 nm (Fall et al,
2011), can be liberated using chemical or enzymatic treatment with subse-
quent mechanical disintegration (Saito et al, 2007; Henriksson et al, 2007).

∗Corresponding author. e-mail: stefan.lindstroem@gmail.com
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The resulting NanoFibrillated Cellulose (NFC) is a renewable, low-cost com-
ponent in many advanced nanostructured materials, including nanopapers
(Henriksson et al, 2008), foams (Aulin et al, 2010), aerogels (Sehaqui et al,
2011) and biocomposites (Capadona et al, 2009; Yousefi et al, 2011). NFC
films and foams have potential applications in the packaging industry as
sustainable alternatives to petroleum-based solutions. However, cellulose-
based materials are hygroscopic and moisture has an adverse effect on their
stiffness and strength. Understanding and controlling the mechanical prop-
erties of NFC materials in a dynamic moisture environment is thus crucial
for enabling these promising materials to become truly pervasive.

Under a sustained loading, typical for packaging applications, the de-
formation rate of many hygroscopic materials has a strong dependence on
fluctuations in the ambient relative humidity (RH). Wood (Armstrong and
Kingston, 1960; Armstrong and Christensen, 1961), paper (Byrd, 1972), in-
dividual wood fibers (Olsson et al, 2007), fiberboard (Urbanik, 1995), wool
(Mackay and Dowes, 1959) and Kevlar (Habeger et al, 2001) are known
examples. This phenomenon is known as mechanosorptive creep or accel-

erated creep. Since the phenomenon threatens the integrity of hygroscopic
material structures under a constant loading, and particularly shortens the
storage-life of packaging boxes (Leake and Wojcik, 1993), the phenomenon is
in itself of great practical and economic importance. Yet, there is no gener-
ally accepted theory for its primary mechanism (Habeger and Coffin, 2000).
It has been proposed that mechanosorptive creep is caused by enhanced
compliance due to moisture transport (Gibson, 1965; Navi et al, 2002)
or moisture rate-of-change (Ranta-Maunus, 1975), to a physical de-aging
mechanism (Padanyi, 1993) or to material-specific mechanisms. In the case
of paper, the generation of dislocations (Söremark and Fellers, 1989) and
heterogeneity-driven creep (Habeger and Coffin, 2000) including anisotropic
hygroexpansion of fibers (Söremark and Fellers, 1989; Söremark et al, 1993;
Haslach, 1994; Alfthan and Gudmundson, 2005) have been suggested. All of
these hypotheses assert that mechanosorptive creep is a local phenomenon.
It has also been suggested that there is a contribution to mechanosorptive
creep from a nonlocal mechanism in that the through-thickness moisture
gradient during sorption and desorption induces a macroscopic stress gradi-
ent, which enhances the creep rate (Habeger and Coffin, 2000; Habeger et al,
2001). The hypotheses mentioned above are all plausible and each mecha-
nism may contribute to the mechanosorptive creep to some extent. However,
none of the aforementioned theories have become generally accepted as the
primary mechanism for mechanosorptive creep. This demonstrates a need
for more simple model systems and systematic experimental investigations
to test the relative importance of the existing hypotheses.

In this work, we study the mechanosorptive creep of solvent-cast cellu-
lose nanofibril films (Fig. 1a) and high-porosity cellulose nanofibril aerogels
(Fig. 1b) in a cyclic RH environment. We emphasize that the scope of the
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Figure 1: (a) SEM image of the cross-section of a solvent-cast cellulose
nanofibril film with basis weight b = 21.4 g/m2. The exposed cross-section
is prepared by manually tearing the film. (b) SEM image of a cellulose
nanofibril aerogel.

present investigation is limited to the creep response in tension; the creep
in compression does not exhibit the same strain-dependence as the creep
in tension, and can be regarded as a separate phenomenon in this respect.
Films made from NFC differ from other fibrous cellulosic materials. The
constituent fibrils lack the chemical heterogeneity and internal hierarchical
structures typical to plant fibers (Fahlén and Salmén, 2002). Investigating
the creep in cellulose nanofibril films could thus reveal whether features par-
ticular to macroscopic plant fibers, such as anisotropic swelling (Söremark
and Fellers, 1989; Söremark et al, 1993; Haslach, 1994), are required for
mechanosorptive creep to occur. Moreover, by varying film thickness and
RH ramp rate, the moisture rate-of-change and the through-thickness mois-
ture gradient decouple, so that their respective effects on mechanosorptive
creep can be investigated. This addresses the question of locality of mecha-
nosorptive creep. Finally, the effects of microstructures larger than the fibril
diameter are investigated by comparing the creep rates of NFC-based films
and aerogels. The aerogels are highly porous cellulose nanofibril networks, so
their microstructures are much less constrained than those of the films. This
should relieve some of the heterogeneity-induced stresses at length-scales
larger than the fibril diameter. Investigating the mechanosorptive creep of
aerogels will thus indicate whether heterogeneity-induced stress concentra-
tions play an important role, as previously proposed (Habeger and Coffin,
2000).

After a short description of the preparation of materials used and ex-
perimental techniques, we present experimental data on the creep of NFC
films under constant moisture and in a cyclic humidity environment, respec-
tively. We investigate theoretically and experimentally the dynamics of the
through-thickness moisture profile during nonideal RH steps. This detailed
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Table 1: Properties of the solvent-cast cellulose nanofibril films and aerogels.
Basis weight b and film thickness h are measured, while density ρ = b/h and
volume fraction φ = ρ/ρc are computed. The density of one-chain, triclinic
crystal structure cellulose is ρc = 1.582 kg/L (Sugiyama et al, 1991). The
stiffness E80% is measured at 80% RH. The water diffusivity D is obtained
using a fitting procedure (see Sec. 4). The material labeled ‘Fx’ was inves-
tigated by Minelli et al (2010).

ID Material b h ρ φ E80% D
[g/m2] [µm] [kg/L] [%] [GPa] [µm2/s]

F1 film 17.0 11.3± 0.2 1.51 95 5.8 0.16
F2 ≀ 21.4 14.7± 2.6 1.46 92 4.8 ≀
F3 ≀ 30.0 19.8± 0.4 1.51 95 7.5 ≀
A1 aerogel 26.7 170 0.157 10 0.16 43
A2 ≀ 53.1 150 0.354 22 0.56 15

Fx film 22 20 1.10 70 − 0.68

knowledge of the moisture dynamics is used to interpret creep experiments
with NFC films of different thicknesses, and to address the question of lo-
cality of mechanosorptive creep. Finally, we compare the mechanosorptive
creep of NFC films and NFC aerogels to elucidate the importance of hete-
rogeneity-induced stress concentrations during sorption and desorption.

2 Materials and methods

Cellulose nanofibrils are prepared from softwood sulphite pulp fibers using
2,2,6,6-tetramethylpiperidin-1-yloxyl (TEMPO)-mediated oxidation (Saito
et al, 2007). Films are cast from a 3.0 g/L aqueous dispersion of cellulose
nanofibrils in deionized water, which is sonicated, poured into a Petri dish
and left to dry at room temperature. The amount is varied to produce films
of area density in the range 17 g/m2 to 30 g/m2. To measure the film thick-
ness, pieces of each film are notched and torn, and the cross-section exposed
by the tear (Fig. 1a) is imaged in a field emission scanning electron micro-
scope (Hitachi S-4800, Spectral Solutions, Sweden). The aerogels (Fig. 1b)
are prepared using the t-butanol solvent exchange method (Sehaqui et al,
2011). Their constituent NFC fibrils are made from softwood dissolving pulp
(Domsjö Fabriker AB, Sweden) which is enzymatically treated and disinte-
grated as previously described (Henriksson et al, 2007). A micrometer screw
gauge is used to measure the thickness of the aerogels. Measured film and
aerogel properties are reported in Table 1. Minelli et al (2010), in one in-
stance, used the same NFC stock for film preparation as we use in this paper,
for the purpose of measuring transport properties of NFC. Their films were
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cast from a 6.7 g/L suspension and dried at an elevated temperature (45◦C).
The material properties of their film is included in Table 1 with label ‘Fx’,
for comparison.

The PerkinElmer DMA7eTM dynamic mechanical analyzer is used for
mechanical testing. A dynamic force measurement procedure is used to
determine the stiffness at 80% RH (Table 1). Because the time-scale of
moisture equilibration by diffusion of water vapor into the sample is propor-
tional to the thickness squared, it is essential to use as thin films as possible
to maintain a reasonably short experimental time. When these thin films
are mounted in the DMA, they are easily damaged or misaligned. Therefore,
to increase the bending rigidity and the critical buckling force, a corrugated
geometry is created by clamping the film between blocks with sinusoidal
surface undulations (Figs. 2ab). This clamping makes the handling of the
films easier, but it also introduces prestresses in the loading direction as well
as the cross direction. These prestresses are quantified using Finite Element
Analysis (FEA) of a quarter of a clamped but otherwise unloaded sample
(Figs. 2cd). Linear elasticity with large deflections is used in the analyses.
The maximum stress level in the loading direction is about 6MPa for the F2
sample. The average absolute stress is much lower, and relaxation during
conditioning is likely to reduce the stresses due to the corrugation further.
Creep experiments are carried out at about 60MPa to ensure that effects of
the corrugation are negligible.

Humidified air is generated by an RH-200 relative humidity generator
(VTI, Hialeah, FL) coupled through a mixing tank of volume V to the
sample chamber. A generated step change in the RH from H0 to H1 thus
produces a relative humidity Hs(t) = H0 + (H1 − H0)[1 − e−qt/V ] flowing
into the sample chamber, where the gas flow rate q = 0.33L/min is kept
constant through all experiments. The sample chamber itself has a finite
volume of 25mL, so that the local relative humidity H(t) at the surface of
the sample is modulated by complicated flow dynamics, including mixing at
the inlet pipe of the chamber as well as boundary layer diffusion near the
surfaces of the sample. These dynamics are modeled as a time delay, so that

H(t) = H0 + (H1 −H0)
[

1− e−kt
]

, (1)

where k = q/V + km. Here, k−1
m is the unknown time-scale of mixing and

boundary layer diffusion in the sample chamber. Because neither the flow
rate nor the sample chamber geometry is changed between experiments, km
is unchanging and can be obtained using a fitting procedure (Sec. 4).

We choose to operate in the 40% to 80% RH range. In this range, the
vapor diffusivity of NFC films is essentially constant, while moisture content
varies almost linearly with RH (Minelli et al, 2010).
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Figure 2: (a) Clamps with sinusoidal surface undulations of wavelength l =
2mm and amplitude 120µm are aligned and fixed together to corrugate
the film, which becomes less sensitive to buckling. (b) The clamps are
fixed between two holders designed for the PerkinElmer DMA7eTM. (c)
Surface distribution of the loading direction stress component for a quarter
of the unloaded sample. A FEA prediction of elastic deformations of the
F2 reference sample is shown. (d) Surface distribution of the cross direction
stress component for the unloaded F2 sample.
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Figure 3: (a) Creep curves of the F2 NFC film for constant 40, 50, 60 and
70% RH, and for varying RH between 80% and 40% with period 90min.
The dashed line represents a fit logarithmic function. (b) Creep curves of
F2 for constant and varying RH, respectively, in a log-lin plot. The dashed
line indicates the fitted, ultimate log time creep rate at 80% RH. (c) Log
time creep rate Γ∞ as a function of RH.

3 Creep and accelerated creep of NFC films

Creep experiments are conducted in tension at σ = 60MPa for 3mm long
and about 6.3mm wide samples. We begin by investigating the creep be-
havior of NFC films at constant RH. The creep strains of F2 (Table 1) for
a range of constant RHs between 40% and 70% are plotted against time in
a lin-lin and a log-lin plot (Figs. 3ab). After a transient of approximately
25 min duration, the strain ǫ can be approximated by a logarithmic function
of time. The asymptotic creep strain is thus described by

ǫ = Γ∞log10(t/τ), (2)

where τ is a time constant and Γ∞ is the log time creep rate (Wang et al,
1990), that is the amount of creep per decade of time. Note that Γ∞ is a
strain; it does not have the dimensions of rate. The strongly self-delayed be-
havior of the creep strain is particular to tensile loading. From the empirical
Eq. (2), it appears as though there is no upper limit for the creep strain. It is
an outstanding question whether such a limit exists, and it should be made
clear that we do not suggest that Eq. (2) can be extrapolated beyond the
time-scales of our observations. Under identical measurement conditions,
the observed log time creep rate varies between samples, likely because of
differences in film forming conditions. For hygroscopic materials, Γ∞ typi-
cally increases with moisture concentration, as shown in Fig. 3c for F2.

The mechanosorptive creep experiments are conducted in cyclic RH be-
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tween 80% and 40%, each half-cycle following the exponential plateau of
Eq. (1). By considering the creep curve of F2 for varying RH with pe-
riod T = 90min (Figs. 3ab), the log time creep rate during RH cycling is
found to be 2.3 times higher than that of constant 80% RH. The accelerated
creep is thus 2.3 by definition (Wang et al, 1990). This is in agreement
with some previous experimental investigations of ordinary paper (Coffin
and Habeger, 2001). However, accelerated creep as high as 7.5 has also been
reported (Habeger and Coffin, 2000). Assuming that the NFC film fractures
at some critical strain, it is clear from Fig. 3b that the enhanced creep rate
can affect the lifetime by several orders of magnitude.

The fact that mechanosorptive creep is observed for both NFC films and
paper suggests that features particular to wood fibers, including a higher-
level microstructure and chemical heterogeneity, are not required for the
mechanosorptive creep mechanism. This, of course, has been previously
demonstrated for regenerated cellulose and some other hygroscopic poly-
meric materials (Habeger et al, 2001). At the same time, this does not ex-
clude the possibility that features particular to wood fibers could contribute
to the mechanosorptive creep.

The strain state of paper and NFC films depends on the drying condi-
tions and the subsequent temperature, stress and humidity history. Hence,
if no stress is applied to the material, σ = 0, a relaxation of the dimensions
is still observed during moisture cycling. This sorption-induced relaxation is
convolved with the mechanosorptive creep response in experiments. Conse-
quently, it becomes difficult to interpret the dynamic moisture creep behav-
ior for small applied loads. In the present work, this problem is addressed by
applying a large static loading, so that the stress-induced strain is at least
comparable to the sorption-induced strain. With this strategy for isolating
the mechanosorptive creep effect, the range within which stresses can be
varied becomes narrow.

4 Through-thickness moisture dynamics

To understand the influence of the moisture dynamics on creep, we must
first describe the moisture transport itself. It has previously been observed
that moisture invades into nanocellulose films at two different time-scales
(Minelli et al, 2010): Fickian diffusion at short time-scales and a slower
moisture uptake at long time-scales which may be due to a relaxation of
the cellulose matrix (Minelli et al, 2010). It should be mentioned that a
similar, two time-scales sorption behavior is observed for ordinary paper, in
which case vapor invades through the pore structure and diffuses into denser
regions (Leisen et al, 2001; Ramarao et al, 1995), probably best described by
dual transport/sorption models for vapor and condensed phase (Ramarao
et al, 2003). However, the typical pore size of NFC films is in the order of
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the mean free path of water molecules in air, which is approximately 68 nm
(Jennings, 1988). It is thus not straight-forward to identify any continuum
gas phase inside the NFC film. Rather, the cellulose film can be regarded as
a two-phase material comprising an inert, crystalline dispersed phase and an
amorphous cellulose matrix, where density variations may exist within the
latter. Thus, multiple scale moisture transport similar to that of ordinary
paper may still occur within the amorphous phase of the NFC film. This
would manifest as non-Fickian sorption dynamics.

We begin by investigating Fickian diffusion, which is believed to govern
moisture sorption at shorter time-scales (Minelli et al, 2010). Previous ex-
periments show that the moisture diffusivity D of NFC films, while being
strongly moisture-dependent at low RH, becomes essentially constant in the
RH range 40% to 80% investigated in this work (Minelli et al, 2010). Con-
sider a hygroscopic film of thickness h. Let the x coordinate axis be oriented
in the thickness direction with its origin at the center of the film. Both film
surfaces are in contact with air of relative humidity H(t). Assuming Fick-
ian diffusion with a constant diffusivity D, the moisture concentration by
mass u(x, t) in the film is governed by

ut = Duxx , u(±h/2, t) = ueq[H(t)], (3)

where ueq(H) is the equilibrium moisture concentration. For the exponential
plateau change in RH described by Eq. (1), under the assumptions that ueq
is linear in H and that the film is initially in equilibrium, Eq. (3) has an
analytic solution (Appendix A):

u(x, t)− u0
u1 − u0

= 1− cos
√

4αx2/h2

cos
√
α

e−kt

−2
∞
∑

n=0

(−1)n
α cos(2anx/h)

an(α− a2n)
e−a2

n
νt, (4)

an = π(n+ 1/2) , ν = 4D/h2 , α = k/ν,

where u0 = ueq(H0) and u1 = ueq(H1). The predicted evolution of the
moisture profile is illustrated in Fig. 4a (ideal step) and Fig. 4b (k = 0.9ν),
where the latter corresponds the F2 film and a ramp rate k = 0.16min−1

used in some of the experiments below. Note that an ideal RH step always
produces the same succession of moisture profiles, only differing by a time
and length scaling, regardless of the sample thickness. Using RH ramps
crucially enables changing the moisture difference between the surface and
the core of the sample. An alternative method for probing the surface–core
moisture difference is the swept-sine humidity cycling (Urbanik and Lee,
1995).
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Figure 4: (a) Development of the through-thickness moisture profile, as
predicted by Fickian diffusion for the ideal RH step, k → ∞. The lines
represent the moisture profiles at t = 2n/ν, n = −7,−6, ..., 1 after the step.
(b) Predicted development of the moisture profile for a finite RH ramp
rate k = 0.9ν. (c) Hygroexpansion of NFC films during a nearly ideal
step from 40% to 80% RH for different films: F1 (down-triangles), F2
(squares) and F3 (diamonds). Solid lines are model fits using diffusiv-
ity D = 0.16µm2/s and RH ramp rate k = 2.4min−1 for all data sets. The
inset shows that the hygroexpansion curves collapse when plotted against
normalized time νt, indicating Fickian diffusion. (d) Hygroexpansion of F2
with different RH ramp rates. Solid lines represent the model prediction
with D = 0.16µm2/s.
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Integrating Eq. (4) across the film thickness yields the average moisture
concentration u(t), becoming

u(t)− u0
u1 − u0

= 1− tan
√
α√

α
e−kt − 2

∞
∑

n=0

α

a2n(α− a2n)
e−a2

n
νt. (5)

The appearance of the rates k and ν implies that there is a characteristic
time-scale of sorption, which we define as Ts = k−1 + ν−1.

We proceed to investigate Eq. (5) experimentally. After a pretreatment
of at least one sorption/desorption cycle, the hygroexpansion strain ǫh be-
comes approximately linear in u in the investigated humidity range (Uesaka
et al, 1991; Strömbro and Gudmundson, 2008; Larsson et al, 2009). Thus,
the hygroexpansion response follow Eq. (5) differing only by a scale factor.
The samples are pretreated using two sorption cycles between 40% and 80%
RH. Then, we measure the hygroexpansion during a RH step from 40% to
80% for F1, F2 and F3 (Fig. 4c). Fitting the hygroexpansion equivalent of
Eq. (5) to the family of data sets render the diffusivity D = 0.16µm2/s and
the finite RH ramp rate k = km = 2.4min−1 due to the mixing dynamics
in the sample chamber, as described by Eq. (1). The observed diffusivity
is significantly lower than the previous reported D = 0.68µm2/s for this
type of NFC film (Minelli et al, 2010), most likely due to the much higher
porosity of those films (Table 1), resulting from a different drying procedure.
Plotting hygroexpansion against normalized time νt collapses the data sets
at small time-scales, indicating Fickian diffusion (Fig. 4c, inset). For fur-
ther validation, the hygroexpansion is measured with different RH ramp
rates k ∈ [2.4, 0.16, 0.065]min−1, as shown in Fig. 4d. The prediction of
Eq. (5) is in excellent agreement with experimental observations at short
time-scales. The long time-scale sorption behavior, however, deviates from
Fickian diffusion. This slow drift of the moisture content is believed to
be due to a relaxation of the cellulosic matrix (Minelli et al, 2010)—the
non-crystalline material between the nanocellulose crystals—and is thus not
associated with any significant through-thickness moisture gradient. There-
fore, it is concluded that the Fickian diffusion model, Eq. (4), very well
describes the time evolution of the moisture gradient, and gives a fair pre-
diction of the average moisture contents for the investigated range of RH at
time-scales less than one hour.

5 Locality of mechanosorptive creep

To investigate whether the mechanosorptive creep is a local effect, primarily
governed by local moisture changes, or a nonlocal effect, driven by macro-
scopic stresses induced by the through-thickness moisture profile (Habeger
and Coffin, 2000), we decouple the moisture rate of change ut and the mois-
ture gradient ux by varying the film thickness h and the RH ramp rate k.
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The moisture difference between the surface and the core of the film is
ũ(t) = u(h/2, t)−u(0, t). One possibility is that cumulated mechanosorptive
creep during an RH ramp is governed by maxt ũ. For ideal RH steps, the
maximum of ũ is essentially ∆u = u1 − u0 (Fig. 4a). Decreasing the ramp
rate k leads to a smaller maximum ũ (Fig. 4b). That is, it would be expected
that the accelerated creep decreases with k. Another possibility is that the
mechanosorptive creep rate is controlled by ũ. If we take the creep rate to
be linear in ũ, the cumulated mechanosorptive creep during one RH ramp
should then scale with

∫ ∞

0

ũ(t)dt =
∆u

2ν
=

h2∆u

8D
. (6)

Hence, the nonlocal, gradient-driven mechanosorptive creep hypothesis im-
plies that the creep rate has a dependence on h or k. In contrast, if the
mechanosorptive creep originates from a local mechanism, as a first-order
approximation, we may expect that dǫ ∝ du so that the mechanosorptive
creep deformation during an RH step is simply a function of ∆u. Conse-
quently, the mechanosorptive creep rate should scale only weakly with h
or k, as long as Ts ≪ T/2; if Ts becomes comparable to T/2, the amplitude
of the moisture variations would become significantly less than ∆u.

Creep experiments with cyclic RH starts at time t = 0, and at time t1 =
40min there is a first RH step from 80% to 40%. The RH is then toggled
between 40% and 80% with a period of T = 90min. To compare mechano-
sorptive creep curves, a normalized creep strain is defined by

ǫ̂1(t) =
ǫ(t)− ǫ(t1)

Γ∞
, (7)

which compensates for the naturally occurring variations in Γ∞. In exper-
iments, Γ∞ is taken as the creep rate at time t1. The normalized creep is
plotted for a range of film thicknesses h and RH ramp rates k, correspond-
ing to ν ∈ [0.098, 0.301]min−1 and k ∈ [0.16, 2.4]min−1, thus maintain-
ing Ts ≪ T/2. When all the normalized creep curves are plotted together
(Fig. 5a), they collapse onto a single curve. The logarithmic creep rate for
varying RH is 2.3Γ∞ with less than ±8% variation due to the changes in h
and k. This shows that the mechanosorptive creep effect is independent of h
and k within the investigated range, as long as there is a sufficient amount
of time for moisture equilibration between RH steps. This observation is
inconsistent with the gradient-driven creep hypothesis, and suggests that
mechanosorptive creep is a local phenomenon in the investigated material.

When the characteristic sorption time Ts is in the order of the half-
period T/2, the amplitude of the moisture variations inside the sample is
reduced (Figs. 4ab). This is known to diminish the mechanosorptive creep
rate (Urbanik and Lee, 1995; Habeger et al, 2001). The effect is illustrated
for NFC films by the creep curves of F2 in Fig. 5b, where the RH ramp rate

12
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Figure 5: (a) Creep curves of NFC films with varying thickness and RH
ramp rate. The ultimate log time creep rate Γ∞ at constant 80% RH is
indicated by the dashed line. The logarithmic creep rate for varying RH is
2.3Γ∞, indicated by the dotted line. (b) Creep curves of F2 with cyclic RH
for different RH ramp rates k ∈ [2.4, 0.16, 0.065]min−1. (c) Creep curves for
F2 films for different RH cycle periods: T = 40min and T = 90min.

is varied: k ∈ [2.4, 0.16, 0.065]min−1. The corresponding root-mean-square
of the moisture contents are [0.47, 0.41, 0.30]∆u, obtained by numerically
solving Eq. (3) for multiple moisture cycles. Indeed, for the slowest sorption
Ts = 23min, only a weak mechanosorptive creep can be detected.

In the case of paper loaded in tension, it has been reported that the
mechanosorptive creep is constant over each moisture cycle for a wide range
of periods 20min< T < 168 h (Gunderson and Tobey, 1990). Thus, the
accelerated creep is expected to be independent of the period as long as
there is sufficient time for moisture equilibration between half-cycles; if the
sorption time Ts is sufficiently short, the period T of moisture variations can
be reduced while still ensuring that Ts ≪ T/2. The mechanosorptive creep
of F2 for T = 90min and T = 40min and ideal RH ramps are compared
in Fig. 5c. Reducing the period shifts the creep curve upward in a log-
lin plot. Even though the material clearly creeps faster, the logarithmic
creep rate Γ in tension is not significantly influenced by the period, which
is consistent with observations for paper (Gunderson and Tobey, 1990). A
period-dependence of the accelerated creep may exist for longer periods not
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Figure 6: Comparison between mechanosorptive creep of an NFC film and
NFC aerogels. RH is cycled between 40% and 80% with period T = 90min.

investigated in this work.

6 Effects of microstructures in NFC materials

While the crystalline phase of cellulosic materials is inert to moisture changes,
the amorphous phase, including interfibril bonds, expands when moisture
diffuses into the structure. Due to this incompatibility between the phases,
moisture changes induce stress concentrations at length-scales ranging from
the fibril diameter to the sample size. These stress concentrations may
increase the creep rate through a mechanism reminiscent of heterogeneity-
driven creep (Habeger and Coffin, 2000). By comparing the creep behavior
of nanocellulose materials with very different microstructures, it would be
possible to identify the relevant length-scales at which the governing mech-
anism of mechanosorptive creep is active. Thus, we compare the creep of
NFC films with the creep behavior of NFC aerogels. The high-porosity aero-
gels (Fig. 1b) have more forgiving microstructures than the films (Fig. 1a);
the hygroexpansion strains and stresses are localized to the bond sites, and
the relatively long unbonded fibril segments preclude any stress-enhancing,
cooperative effect over length-scales larger than the fibril diameter.

The normalized creep curves of F2, A1 and A2 are compared in Fig. 6
for T = 90min and ideal step RH variations between 40% and 80%. Samples
A1 and A2 are tested in an uncorrugated geometry, using tensile stresses σ =
2.0 and σ = 4.1MPa, respectively, to produce the same specific stress σ/ρ ≈
12 kNm/kg for both samples. The specific stress applied to F2 is higher,
σ/ρ ≈ 41 kNm/kg, due to experimental limitations. Still, since the ac-
celerated creep is not very sensitive to stress (Habeger and Coffin, 2000),
the comparison between films and aerogels is relevant. The diffusivities
for A1 and A2 are D = 43µm2/s and D = 15µm2/s, as estimated from
their hygroexpansion dynamics. This ensures moisture equilibration be-
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tween half-cycles. The aerogels exhibit a significant mechanosorptive creep.
Remarkably, the films and the aerogels show the same accelerated creep,
2.3 with less than ±5% variation, although they have completely different
microstructures. This is consistent with mechanosorptive creep mechanisms
occurring at the length-scales of the fibril diameter down to molecular scales.
In contrast, any heterogeneity-induced stresses at length-scales greater than
the fibril diameter should be very different in films and aerogels, demon-
strating that the mesostructure stress variations are less important for the
mechanosorptive creep of NFC-based materials.

The present experiments indicate that levels of structure larger than the
fibril diameter are of limited importance to the development of accelerated
creep when the configuration of fibrils is random, as is the case in the NFC
materials studied above. Previous investigations of paper and board show
that higher levels of structure can have some amplifying effect on the mecha-
nosorptive creep rate. For instance, using pulps of different moisture sensi-
tivity in different plies within the paper sheet has been observed to increase
the accelerated creep by about 13% (Coffin and Habeger, 2001). However,
for the primary mechanosorptive creep mechanism, a much stronger effect
would be expected. In the case of nanocellulose materials, it is still possible
that the heterogeneity-driven creep is dominant at the length-scale of the
fibril diameter. On the other hand, designing an experiment to prove this
is obviously difficult due to the small length-scales. Another plausible hy-
pothesis, not tested herein, is that the mechanosorptive creep is an effect of
physical de-aging due to a drying cycle in conjunction with physical aging of
the material (Padanyi, 1993). It has been shown experimentally for paper
that a drying cycle effectively rejuvenates the material, resulting in a strong
increase in creep rate (Habeger and Coffin, 2000). Since physical aging, to-
gether with temperature, is the most important parameter determining the
creep compliance of glassy polymers (Struik, 1977), additional experimental
investigations of the effect of aging on the accelerated creep of nanocellulose
materials would be of great interest.

7 Conclusions

Since mechanosorptive creep is observed in NFC films and aerogels, it is con-
cluded that microstructures particular to naturally occurring fiber agglom-
erates, such as microfibrils or wood fibers, are not necessary for the phe-
nomenon to occur in NFC-based materials. Neither is anisotropic swelling
at the fiber level required. The possibility that such mesostructure effects
could enhance mechanosorptive creep can, however, not be excluded.

As long as there is a sufficient amount of time for moisture equilibration
during each step of the RH cycle, the mechanosorptive log time creep rate
does not significantly depend on RH ramp rate or sample thickness. These
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observations indicate that mechanosorptive creep is a local phenomenon,
while the effect of spatial moisture variations at the scale of the sample
thickness is negligible. Moreover, since NFC aerogels show as much ac-
celerated creep as do NFC films, there is no evidence that any structural
length-scale larger than the fibril diameter contributes to mechanosorptive
creep. This suggests that mechanosorptive creep in NFC-based materials
should be attributed mainly to the interfibril bonds or possibly to the fibrils
themselves.
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A Fickian diffusion with exponential plateau bound-

ary conditions

Symmetric one-dimensional diffusion of moisture in a film with exponential
plateau Dirichlet boundary conditions is solved in nondimensional form for
brevity. Taking the initial state to be equilibrium and using the symmetry
around the center of the film render

ut = uxx (8a)

ux(0, t) = 0 (8b)

u(1, t) = 1− e−αt (8c)

u(x, 0) = 0, (8d)

where x ∈ [0, 1] and α is a constant. Taking the Laplace transform gives

sU − u(x, 0) = Uxx (9a)

Ux(0, s) = 0 (9b)

U(1, s) =
1

s
− 1

s+ α
, (9c)

where U(s) = L[u(t)]. The solution of Eq. (9a) is readily obtained as

U(x, s) = A(s)ex
√
s +B(s)e−x

√
s. (10)

Equation (10) and the boundary conditions (9b) and (9c) yield

U(x, s) =
cosh

√
sx2

cosh
√
s

· α

s(s+ α)
. (11)
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Direct application of the Laplace transform inversion formula renders

u(x, t) = lim
b→∞

1

2πi

∫ a+bi

a−bi
estU(x, s)ds , a > 0. (12)

Since the integrand is analytic in the complex plane, except at the poles s =
0, s = −α and s = −π2(n + 1/2)2, n = 0, 1, . . ., and since the integral
vanishes when |s| → ∞, ℜ(s) < 0, we may compute u(x, t) as the sum of
residues

u(x, t) = Res
[

estU(x, s), 0
]

+Res
[

estU(x, s),−α
]

+
∞
∑

n=0

Res
[

estU(x, s),−π2(n+ 1/2)2
]

= 1− cos
√
αx2

cos
√
α

e−αt − 2
∞
∑

n=0

(−1)n
α cos(anx)

an(α− a2n)
e−a2

n
t, (13)

where an = π(n+ 1/2). Note that the equations in this appendix are all in
nondimensional form.
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