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ABSTRACT: The phenomenon of mechanosorptive creep (i.e., the increasing creep oc-
curring in some hygroscopic materials subjected to moisture cycling) was studied for
paper from a molecular point of view. Paper was tested in creep at different loading
levels in a constant high humidity of 90% relative humidity (RH) and in a cyclic climate
between 30 and 90% RH. Throughout the creep tests, spectra from the mid- and
near-IR, as well as dynamic mechanical data, were recorded to determine molecular
changes occurring with time. In tensile stress scans the instantaneous, dynamic elastic
modulus was found to increase. It is suggested that this increase was due to orientation
of the cellulose molecules, which was detected as changes in the mid-IR spectra at 1160
cm21 assigned to the C1OOOC4 stretching. During creep in constant and cyclic hu-
midity, the modulus was found to increase with time, more so for the cyclic humidity.
Changes in the mid-IR spectra at 1184 and 1030 cm21, which is assigned to CH2, CH,
and COO, may indicate sliding between the cellulose chains. The near-IR measure-
ments mainly showed differences in the moisture content. In stress scans the moisture
content increased with increasing tensile load. In creep at constant 90% RH, the
moisture content was also found to increase in a manner similar to the stress scan. In
the cyclic humidity with a conditioning time of 70 min at 90% RH the moisture content
decreased successively with increasing numbers of cycles. © 2000 John Wiley & Sons, Inc.
J Appl Polym Sci 79: 1590–1595, 2001
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INTRODUCTION

The accelerated creep that occurs in paper mate-
rials subjected to cyclic changes in the environ-
ment is of substantial commercial importance,
because of the damage occurring when boxes col-
lapse in warehouses and the consequent need to
increase the thickness of the packaging material
used. This problem of mechanosorptive creep (i.e.,
the increasing creep occurring in some hygro-
scopic materials subjected to moisture cycling)

has been studied extensively ever since it was
discovered in the late 1950s,1 but there is still a
discussion as to whether or not molecular mech-
anisms are involved.

Whenever a material is deformed, the mole-
cules are subjected to forces and deformed accord-
ingly. In crystalline materials, the straining may
be observed in X-ray diffraction measurements,
which provide an estimate of the elastic modulus
of the crystals2 (i.e., a reversible deformation). In
an amorphous polymeric material, large strains
leading to a flow of the material permanently
orient the polymeric chains in the direction of the
stress. Thus, changes occurring at the molecular
level are directly coupled to the external load.
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When any polymeric material is kept at condi-
tions not far below the temperature of its glass
transition, noticeable physical aging occurs.3 The
phenomenon was well demonstrated for paper by
Padanyi who showed that over a 10-day period a
newly deaged sample might show an increase in
stiffness of more than 10%.4 It was also demon-
strated that this aging process may be accompa-
nied by changes in molecular properties recorded
by near-IR (NIR) spectroscopy.5

When a hygroscopic material like wood or pa-
per is strained, changes in the moisture content
occur, an increase under tensile stresses and a
decrease under compressive stresses.6,7 However,
in another experiment when paper was subjected
to a changing relative humidity (RH), no signifi-
cant increase in moisture content could be ob-
served in specimens under tensile stress com-
pared to unloaded specimens.8

Okushima and Robertson noticed that the “lo-
cal” deloading elastic modulus calculated from
the initial slope of the deloading curve in a stress–
strain experiment increases with the degree of
strain up to about 40% of the breaking strain.9 It
is also found that the dynamic elastic modulus
recorded at different static strain levels increases
with increasing strain, the increase in elastic
modulus being higher with higher RH.10 In creep
experiments under both constant and changing
humidity an increase in the elastic modulus, mea-
sured under dynamic conditions as E9, was ob-
served in both paper and polyamide.11 A similar
increase in the deloading elastic modulus during
creep occurs in Kevlar, and Ericksen suggested
that this is related to a change in the crystalline
orientation under an applied load.12 In creep ex-
periments on wood fibers Byrd13 noticed a de-
crease in the fibril angle under constant creep but
an increase in the fibril angle in creep under cyclic
climatic conditions. Cyclic loading of single fibers
also resulted in an increase in the deloading mod-
ulus with each cycle, a fact attributed to a de-
crease in the fibrillar orientation.14

The changes occurring in material properties
under creep during cyclic humidity changes are
much debated. Many of the early studies indi-
cated a loss of rigidity during the transient mois-
ture changes1 and/or an increase in the mechan-
ical damping,15 which suggested an increase in
molecular mobility. Also, NMR studies on cotton
and keratin fibers under sorption conditions indi-
cated such an increase in molecular mobility.16

On the other hand, a more extensive analysis of
the dynamic mechanical behavior during chang-

ing humidity conditions suggested that at least
the anomalous behavior in mechanical damping
during the moisture transient can be explained as
an artifact caused by the measuring technique.11

In order to investigate the molecular mecha-
nisms involved in mechanosorptive creep, an in-
vestigation was set up to compare the mechanical
changes of paper under loading with changes oc-
curring at a molecular level. Deformation and
changes in the elastic modulus and mid-IR and
NIR spectra were studied for papers strained un-
der different conditions. It is well known that the
orientation of the polymer chains in a material
may be studied with polarized IR spectroscopy,
and this is also so for the wood polymers.17 Thus,
changes on the macroscopic level may be coupled
with changes in molecular orientation.

EXPERIMENTAL

Materials

The paper used in these studies was made from
unbleached kraft pulp from the Norway spruce
(Picea abies) and was formed in a Formette Dy-
namique apparatus, which gives an oriented
sheet. The grammage was 15 g/m2 to allow for
mid-IR measurements in transmission.

Methods

The elastic modulus was measured in tension
with a Perkin–Elmer DMA7e dynamic mechani-
cal analyzer. Strips were cut in the direction of
the fiber orientation with a width of 5 mm and
mounted in the DMA7e with a length of 12.5 mm.
A sinusoidal load of a constant amplitude of ap-
proximately 0.5 MPa at a frequency of 1 Hz was
superimposed on the static load to determine the
instantaneous, dynamic elastic modulus mea-
sured as E9. In this setup the dynamic elastic
modulus was monitored during straining or creep
experiments under constant, as well as changing,
humidity. NIR spectra were also recorded in all
these measurements.

Stress scans were performed at 90% RH by
increasing the static stress in steps of 0.04 MPa
and recording the dynamic elastic modulus after
15 s of creep.

The creep under constant 90% RH was moni-
tored under different static stresses for 18 h.
Samples were conditioned for 4 h at 90% RH
under a small static stress of 0.4 MPa before a
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stress of 2.2, 3.5, or 6.1 MPa was applied. The
breaking stress at 90% RH for the paper was
approximately 18 MPa. The creep stresses were
chosen to cover the range from viscoelastic to
plastic deformation of the material without
breaking it.

Creep under cyclic humidity was started in the
same manner as the creep under constant humid-
ity. After 60 min at 90% RH under the applied
static load, the humidity cycling between 90 and
30% RH at intervals of 70 min was started.

NIR spectra were recorded in diffuse reflec-
tance by a Galileo fiber probe connected to a Bio-
Rad FTS 6000 spectrometer. The probe was
placed facing the paper surface at a distance of
less than 0.5 mm. Spectra were recorded at wave
numbers in the interval of 4000–7000 cm21.

The moisture contents of the samples were de-
termined from the NIR spectra using a multivar-
iate model. Spectra from paper samples at eleven
different relative humidities between 0 and 90%
RH were recorded. The spectral variations were
correlated to the moisture contents determined at
the same humidities with a Perkin Elmer TGA,
thermogravimetrical analyser. In the NIR-spec-
tra, the baseline was corrected to a straight line
intercepting the spectrum at wave numbers of
4491 and 5701 cm21. The calibration model for
the moisture content was based on the peaks be-
tween 4506 and 5406 cm21.

Mid-IR spectra were recorded in transmission
by a Bio-Rad FTS 6000 spectrometer in the wave-
length range of 400–4000 cm21. The irradiating
beam was polarized parallel to the load direction
of the sample. Measurements were made under
dry conditions with dry nitrogen as the purge gas.

Spectra were recorded on samples with a width of
10 mm and clamped with a span of 15 mm. Sam-
ples were loaded either progressively in a stress
scan or held under a constant load in the creep
experiments. The samples under creep load were
subjected to cyclic changes in humidity using an
external humidity chamber with 90% RH and the
dry climate in the spectrometer where the spectra
were recorded.

For the mechanical and NIR experiments, the
RH was regulated by a humidity generator (VTI
RH-200) that produced moist air at a flow rate of
70–100 mL/min and at RHs of 30 and 90%.

To assign spectral information to variations in
the moisture, stress and creep time multivariate
analysis was performed using Extract 3.0. Quan-
titative models were calculated from spectral data
using partial least-squares regression (PLS).18

The main feature of these multivariate models is
their ability to calculate uncorrelated orthogonal
regressors with the objective of maximizing the
variance or covariance of the data set. In order to
identify the spectral features corresponding to the
variations in moisture content (stress and creep
time), subspectra were obtained by plotting the
loadings of the principal components for the spec-
tral range measured.

RESULTS AND DISCUSSION

Creep at Increasing Stress

Figure 1 shows that the instantaneous dynamic
elastic modulus in tension increases linearly with

Figure 1 The stress and instantaneous dynamic elas-
tic modulus relative to that at 0% strain as a function of
strain from a stress scan at 90% RH.

Figure 2 The moisture content determined from NIR
spectra as a function of stress at 90% RH. The samples
were preconditioned at 90% RH prior to the test.
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increasing strain up to about 0.5%. At higher
strains, the increase in modulus is less, presum-
ably as an effect of plastic deformation. The in-
crease in elastic modulus is in accordance with
earlier observations of the deloading modulus9

and the dynamic modulus of prestrained paper.10

It is evident in Figure 2 that the increase in
tensile stress leads to an increase in moisture
content in accordance with the observations of
Kubát and Nyborg.6 The amount of moisture
sorbed by the material due to the stress is also
similar to what was reported earlier. This can be
interpreted as being due to an increase in the free
volume with increasing tensile stress.

Figure 3 shows a loading spectrum from a PLS
analysis based on mid-IR spectra with polarized
light, which were taken successively under dry
conditions during a stress scan up to a stress close
to the breaking point of the sheet. The most pro-
nounced peak covarying with the stress is the
peak at 1160 cm21, which is assigned to vibra-
tions in the C1OOOC4 bridge (the glucosidic link-
age) in cellulose. Because the spectra are taken by
polarized light, the C1OOOC4 peak indicates an
orientation of the cellulose chains during the de-
formation. This orientation may be an effect of
orientation on the molecular, fibrillar, or fiber
level. The orientation may also account for the
increase in dynamic elastic modulus with increas-
ing strain. This phenomenon, earlier referred to
as strain hardening, is also accompanied by an
increase in the internal stress level and Kubát et
al. suggested10 that it is a consequence of molec-
ular orientation.

Creep at Constant Stress

In Figure 4 the tensile creep deformations at con-
stant and cyclic humidity are compared at differ-
ent stress levels. Obviously, a mechanosorptive
creep occurs (i.e., a greater creep during cyclic
humidity than at constant humidity). This ten-
dency increases with increasing stress levels. At
the lowest stress level of 2.2 MPa no difference
was observed, which is not shown in the figure.

Figure 5 contains a comparison of the instan-
taneous dynamic elastic moduli for creep during
constant and cyclic humidity for different stress
levels. Here the elastic modulus increases with
time for all measurements, the increase being

Figure 3 The weighted loading for component 1 as a
function of the wave number from a PLS analysis of
mid-IR spectra versus stress from a stress scan in dry
conditions.

Figure 4 The creep deformation at constant 90% RH
and cyclic 90/30% RH conditions at two different stress
levels.

Figure 5 The instantaneous dynamic elastic modu-
lus in creep experiments at constant 90% RH and cyclic
90/30% RH conditions at three different stress levels.
The breaking stress for this paper is approximately 18
MPa at 90% RH.
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somewhat larger under higher stress. Under cy-
clic humidity conditions the increase is larger
than under constant humidity creep. The increase
in modulus follows a trend similar to that of the
increase in strain. This may indicate that it is the
straining of the paper that is responsible for the
increase in modulus in the same way as in a
stress scan.

During constant creep the moisture content
increases with time (Fig. 6), similar to the behav-
ior for a stress scan, which could be characterized
as a cumulative creep experiment. Almost all the
moisture change may be associated with the ap-
plication of the load, while very little happens
during prolonged periods. For the samples sub-
jected to cyclic humidity creep, the moisture con-
tent first increases during the first 90% RH pe-
riod, which is similar to a constant creep. There-
after, with each progressive cycle the moisture
content decreases. To some extent this is a reflec-
tion of a similar decrease in the moisture content
during the drying phase where the moisture con-
tent has not reached equilibrium during the 70
min. Under cyclic humidity conditions consider-
ably longer times are necessary to reach equilib-
rium, a fact that could explain the difference in
the results previously mentioned.

The NIR spectra of the paper exhibited a main
covariation with time at about 5150 cm21, which
was associated with the adsorbed water. The
change with time during creep experiments was
examined by multivariate analysis of the PLS of
the spectra versus the logarithmic creep time. In
the load plots in Figure 7 most of the changes

during constant and cyclic humidity are associ-
ated with the change in moisture content (the
peak at 5150 cm21). At creep under constant con-
ditions the peak is positive, reflecting the increase
in moisture content, whereas it is negative under
cyclic humidity conditions. In the first PLS com-
ponent, on average more than 97% of the varia-
tion of the spectral information explains about
90% of the variation in time.

Figure 8 shows the weighted loading of compo-
nent 4 from the PLS analysis of mid-IR spectra
versus the cycle number for papers under con-
stant load and cyclic humidity conditions. The
spectra were taken at the end of the drying period
of each cycle. Two main features in the spectra
can be noticed: a peak at about 1030 cm21 that is

Figure 6 The change in the moisture content calcu-
lated from NIR spectra during creep at constant 90%
RH and cyclic 90/30% RH conditions under a load of 6.1
MPa.

Figure 7 The weighted loadings for component 1 as a
function of the wave number from PLS analysis of the
time versus NIR spectra taken at 90% RH in creep tests
with constant 90% RH and cyclic 90/30% RH.

Figure 8 The weighted loading for component 4 as a
function of the wave number from PLS analysis of
mid-IR spectra taken in dry conditions versus the num-
ber of cycles in experiments with cyclic 90/30% RH.
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assigned to CO stretching19 and a peak at 1184
cm21 from rocking of CH2 or bending of CH
bonds.20 Thus, molecular changes other than the
orientation of the cellulose occur during the cyclic
creep. This mechanism could be sliding between
the cellulose chains. No peak at 1160 cm21, re-
flecting orientation of the cellulose molecule, is
visible in Figure 8. This is due to the fact that all
spectra were taken after the samples had been
loaded.

When another set of spectra from unloaded
samples were compared with spectra from creep
under cyclic and constant humidity conditions af-
ter a deloading, the main difference was the peak
at 1160 cm21. Thus, the permanent strain re-
maining as a result of the applied load is also
reflected in the permanent orientation of the cel-
lulose molecules, which reflects the initial strain-
ing of the sample when a load is applied.

The analysis of the creep experiments thus in-
dicates that the loading during creep under both
constant and cyclic humidity results in an orien-
tation of the cellulose chains in the direction of
the straining. At creep in constant and cyclic hu-
midity, the maintained load leads to additional
deformations of the cellulose structure. Thus far,
with mid-IR it was not possible to find any differ-
ence in the molecular changes between the two
types of creep experiments.

CONCLUSION

Paper samples adsorb moisture to a somewhat
greater extent when subjected to tensile stress
than under an unloaded equilibrium condition.
Despite this, the instantaneous dynamic elastic
modulus increases with stress, an effect presum-
ably related to the orientation of the cellulose
molecules. However, it should be remembered
that the paper examined was very thin, which
probably means that the effects seen are overem-
phasized compared to those in more compact,
thicker paper structures.

During all types of tensile creep experiments
the dynamic elastic modulus increased, an effect
that may be related to the increase in orientation
of the cellulose molecule due to the loading. Slid-
ing between the cellulose chains may also occur
during prolonged creep and eventually lead to
failure. For creep at constant humidity an in-

crease in moisture content was detected as in the
straining experiments. However, for samples sub-
jected to cyclic humidity conditions, the moisture
content after 70 min of absorption in 90% RH
decreased with each cycle. Apparently, the condi-
tioning of the samples was much slower than may
normally be expected. Surprisingly, this nonequi-
librium situation in the moisture content did not
affect the dynamic elastic modulus, which at-
tained its equilibrium value much faster.
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