Tensile Creep

The mechanics of moisture accelerated
tensile creep in paper
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ABSTRACT: Tensile creep of paper is accelerated in a variable
velative humidity environment, but the causes of this
nonequilibrium response to force and moisture are not well
understood. A hypothesis is proposed for the physical mechanisms
underlying moisture accelerated tensile creep of paper. This
hypothesis, involving all levels of paper structure, is based on
experimental results on paper and other polymers from the
literature, and additional variable humidity, tensile, creep tests

on handsheets and on unfibered cellophane.
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Paper is most often used in a vari-
able relative humidity environ-
ment. The interaction of load and
moisture change in paper can cause
many practical problems even un-
der constant loads. These include
compressive buckling collapse of the
walls of corrugated cartons stacked
inwarehouses lacking humidity con-
trol, and the tensile creep of newly
manufactured paper as the web is
pulled through the press and dryer
sections toward the reel. The me-
chanical response of paper to forces
in a variable relative humidity eli-
mate is quite different from thatin a
constant relative humidity environ-
ment. The response of paper in vari-

able relative humidity has been ex-
plored experimentally by several re-
searchers, but no generally accepted
explanation of the physical mecha-
nisms underlying such behavior ex-
ists.

In particular it has been observed
that, if during a creep test the rela-
tive humidity is cycled, the creep
strain is larger than it would be in
any constant relative humidity test
after a given period of time. A con-
stant relative humidity creep test at
the maximum relative humidity in
the cycle might have been expected
to produce the largest creep strain
at any given time. In this sense, the
variation in the relative humidity
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accelerates the creep. Ever since
Byrd (1) reported this behavior for
paper in 1972, various explanations
have been offered, none of which has
been completely satisfactory. Here
a new hypothesis is proposed for the
underlying mechanisms in the case
of moisture accelerated creep in
which a constant in-plane tensile load
is applied to a paper sheet but the
ambient relative humidity is allowed
to cycle over a large range. This hy-
pothesis was developed from results
in the literature and qualitative ex-
periments performed by the author.

In the following sections, the creep
experiments performed by the au-
thor are described, the hypothesis
describing the underlying physical
mechanisms which cause moisture
accelerated creep is summarized,
and the evidence for this hypothesis
is presented.

The existence of moisture accel-
erated creep implies that one should
not use, say, constant 90% RH creep
as a worst case test in paper design.
Better understanding of the under-
lying physics of this problem is re-
quired before useful design controls
and descriptive mathematical mod-
els can be created.

Creep experiments

Moisture accelerated creep is shown
by the three tensile creep tests in
Fig. 1, one at a constant 30% RH,
one at a constant 90% RH, and one
as the RH cycled from 30% to 90%
to 30% at a rate of 1/3% RH/min
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through four such cycles. In the lat-
ter, the load was applied at the ini-
tiation of cycling. The variation in
relative humidity accelerates the
creep, causing the tensile specimen
to creep more than at a constant rela-
tive humidity equal to the highest
relative humidity reached in the
cycle. Large creep strains are ob-
tained in these tests, often up to 4%
without failure.

In all of the author’s tests reported
here, the paper tested was a south-
ern hardwood handsheet for which
the pulp was beaten to 208 mL Cana-
dian Standard Freeness. The speci-
mens measured 25.4-mm (1 in.) wide
by 228.6-mm (9 in.) long. The initial
length between the clamps was 177.8
mm (7 in.). The specimen thickness
was about 0.1 mm (0.004 in.). This
thickness is small enough that the
moisture diffusion can be assumed
to be nearly instantaneous.

Stress—strain tests determined
failure loads of 117.4 N (26.4 1b), 99.6
N (224 1b), and 74.4 N (16.72 1b) at
30%, 50%, and 90% constant relative
humidity respectively and at 23°C.
Creep tests were performed at 25%
of the failure load for a constant 50%
RH 24.9 N (5.60 1b), a stress of ap-
proximately 9.65 MPa (1400 psi). This
load was chosen to ensure that the
specimen would pass through at least
four relative humidity cycles before
fracture. The specimens were condi-
tioned for one day at 30% RH. The
relative humidity cycles ranged be-
tween the initial 30% and a maxi-
mum of 90% at various constant rates
between 1/4% RH/min and 1% RH/
min at 23°C.

Experiments were conducted in a
MicroTenny temperature-humidity
chamber, measuring about 480 mm
on a side. The humidity is sensed by
a wet bulb—dry bulb system. The de-
sired chamber humidity and tem-
perature as a function of time are
electronically controlled through an
operator determined program.

The specimen is fastened horizon-
tally between a fixed clamp and a
clamp attached to a Microslide cross-
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1. Moisture accelerated creep under a variable relative humidity
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roller bearing slide, which has arated
0.003 coefficient of friction. This sys-
tem is mounted on an aluminum
frame which is placed inside the hu-
midity chamber. The load is applied
through a horizontal cable attached
to the slide which is connected over a

pulley system to a dead weight out- -

side the sealed chamber. Flat pres-
sure clamps with rubber liners on
top and bottom are used to secure
the specimen. A lip is machined on
each clamp to help line up the speci-
men. A bubble level attached to the
stand and leveling screws on the legs
of the stand are used in conjunction
with an adjustable dual pulley sys-
tem through which the load is ap-
plied to ensure a horizontal load on
the specimen. Deformation is read
by an optical digital encoder which is
aceurate to 0.01 mm (0.0004 in.). The
encoder has four emitter—detector
pins and a glass diffraction grating
to output a digital signal to a counter
and then to a computer. Simulta-
neously, an output voltage from the
chamber representing current hu-
midity and one representing time is
stored in the computerized data ac-
quisition system.

Hypothesis for the physical
mechanisms of moisture
accelerated creep

A hypothesis is required which can
explain the differing behavior in con-
stant and variable relative humidity
creep. Moisture accelerated creep
appears in fibrous materials in which
the fiber exhibits anisotropic swell-
ing. The hypothesis must also account
for the influence of microcom-
pressions in the interfiber bonds and
the observed changes in fibril angle.
The success of empirical models for
the ereep of paper based on logarith-
mic functions must be explained.

A wood pulp fiber can be viewed
as a composite of an amorphous hemi-
cellulose and lignin matrix surround-
ing mostly crystalline cellulose
microfibrils. The microfibril crystals
are of finite length since they are
periodically broken by amorphous
cellulose regions along their length.
The amorphous regions in the fibrils
and the matrix are the sites of mois-
ture sorption. In variable relative
humidity, the unbalanced ingress and
exit of moisture molecules and the
increase in temperature due to sorp-
tion excite the matrix molecules into



nonequilibrium states. The molecules
change their spatial configuration,
opening intermolecular spaces. This
process generates a large amount of
free volume in the amorphous ma-
trix within the pulp fiber. Such free
volume generation within the matrix
swells the fiber anisotropically in the
direction transverse to the fiber axis
due to the fiber’s lamellar structure.
The swelling may be further in-
creased by lamellae separation.

The excessive transverse swelling
in the fiber during a variation in rela-
tive humidity produces a large axi-
ally transverse force in the fiber. The
strength of the transverse swelling
force is increased by the fact that the
matrix will not allow the fibrils to
shear past one another to reduce
swelling and lengthen the fiber. Lig-
nin is highly crosslinked and there-
fore both stiff and shear resistent.
The transverse force tends to in-
crease the fibril angle, and a single
fiber unconstrained by the paper fi-
ber network shortens. This force is
large enough to overcome the tensile
force, induced in the fiber by the
creep load, which tries to reduce the
fibril angle.

In the paper sheet, the tensile
force in each fiber increases since
the interfiber bonds with crossing
fibers in the sheet resist individual
fiber longitudinal contraction.

This, in combination with forces
induced by the mutual transverse fi-
ber reswelling of crossed fibers, dis-
rupts the interfiber bonds. These
forces in each interfiber bond relieve
the compressive stress maintaining
the microcompressions, that the
creep load alone could not release in
a constant relative humidity environ-
ment. The prestresses causing
microcompressions are created by
transverse fiber contraction in the
interfiber bonds as the sheet dries
during manufacture.

This disruption of the interfiber
bonds reduces the energy which must
be supplied by the creep load to in-
duee creep strain in the sheet. If the
swelling and tensile load are large

enough, the specimen creeps, a de-
layed elastic creep behavior involv-
ing release of the prestress causing
the microcompression. This unstable
prestress can be recovered by re-
ducing the load and drying the sheet.

Each interfiber bond with its
microcompressions requires a differ-
ent energy to activate creep, in large
part due to the different angles at
which the two fibers forming the
bond cross. The activation energy for
each bond depends on its bonded area
and the strength of the microcom-
pressive stress in it. This large range
of creep activation energies and the
delayed elastic behavior accounts for
the success of empirical logarithmic
models for the mechanical behavior
of paper.

The large creep strain increase in
a variable humidity environment is
due to motion in the interfiber bonds.
Once the interfiber bonds are loos-
ened by the free volume swelling in-
duced release of microcompressions,
there are three possibilities. At a low
energy level the microcompressions
merely unwrinkle, and slack pro-
duced by partial release of the
microcompressions is taken up in the
strain, but the integrity of the inter-
fiber bond is maintained. There can
be partial bond breaking of interfi-
ber bonds at somewhat higher en-
ergy levels. At even higher energy
levels, the fibers can fully separate
at an interfiber bond and the bonded
area can subsequently slip along the
fiber. If the creep load is then re-
duced and the moisture is held con-
stant, the bond reforms at a new
location along the fiber as the speci-
men goes to equilibrium. This ac-
counts for unrecoverable creep
strains in moisture accelerated creep.
Some of the strain is a delayed elas-
tic strain recoverable by fibril angle
reduction and reformation of
microcompressions.

In contrast, during constant rela-
tive humidity creep, fiber elongation
accounts for much of the strain. The
tensile load reduces the fibril angle
and dominates any transverse force
in the fiber.

Evidence for the hypothesis

The hypothesis proposes that sev-
eral supramolecular motions are in-
volved in moisture accelerated tensile
creep. The evidence will be presented
beginning with the smallest struc-
tures.

Free volume generation

The fundamental difference between
constant and variable moisture con-
tent tensile creep lies in the genera-
tion by variable relative humidity of
excessive free volume within the
amorphous regions of the fiber. In
any polymer at thermodynamic equi-
librium, the chain molecules tend to
be closely packed. Free volume is
generated between molecules when
the material is in a nonequilibrium
state. This free volume swells the
material.

A wood fiber is a composite of poly-
mers including cellulose, hemicellu-
lose, and lignin. The fiber is built of
layers composed of fibrils wound at
an angle to the fiber’s longitudinal
axis. The fibrils are in turn made of
microfibrils oriented along the lon-
gitudinal axis of the fibrils and bound
in an amorphous matrix of hemicel-
lulose and lignin. The microfibrils are
composed of a crystalline state of
long chain cellulose molecules in
which the ecellulose chains are be-
lieved to lie parallel to the longitudi-
nal axis of the microfibrils. Since
moisture sorption occurs only in the
amorphous regions, and free volume
cannot easily be generated in the
highly ordered crystalline regions,
the free volume is generated in the
amorphous matrix.

When the relative humidity is con-
stant, the moisture in a specimen is
in kinetic equilibrium with the sur-
rounding atmosphere. The specimen
is subjected to a dynamic process of
moisture molecules continually en-
tering and leaving the specimen. This
process is in balance so that there is
no net change of moisture content
for a fixed atmospheric moisture va-
por pressure, i.e., constant relative
humidity.
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The kinetic moisture balance is
broken in variable relative humidity
so that the specimen is in a moisture
nonequilibrium state. Free volume
may be generated by long chain mol-
ecules rotating away from their equi-
librium configuration, by spaces left
by exiting moisture molecules, or by
spaces created by the entrance of
moisture molecules.

Furthermore, moisture adsorp-
tion in cellulose is exothermic (2).
The change in specimen tempera-
ture as the moisture content either
increases or decreases excites the
molecular structure away from ther-
mal equilibrium.

The point at which most free vol-
ume is generated is visible in creep
tests of paper sheets. The largest
change in total strain during a 30-
90-30% cyclic relative humidity test
occurs in the increasing relative hu-
midity portion of the first cycle (Fig.
1). A similar pattern [(3), Fig. 2],
was observed when a tensile speci-
men was allowed to creep at a con-
stant 30% RH, the conditioning
relative humidity, for 2 h before be-
ginning humidity cycling. The larg-
est strain rate again coincided with
the beginning of humidity cycling.

The rapid increase in strain in the
first relative humidity cycle results
from the immediate creation of most
of the total free volume. During the
first portion of the initial variable
humidity cycle, the paper is in a dy-
namic nonequilibrium state because
the humidity rate of change abruptly
changes from zero during condition-
ing to a constant rate greater than
zero. The humidity suddenly accel-
erates when the humidity cycle is
begun. Subsequent constant rate
change in humidity merely preserves
the free volume already generated
and prevents the paper specimen
from relaxing to equilibrium.

Transverse fiber swelling is aided
by free volume increase in amor-
phous regions between the circum-
ferential lamellae in the S, layer,
which results in their separation. The
wood fiber cell wall is built of con-
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centric lamellae composed of fibrils,
as shown by the splitting of the §,
layer into from two to ten layers by
beating (4). The possibility of lamel-
lae separation is supported by
Caulfield’s (5) proposal that
crosslinking between adjacent lamel-
lae to prevent the entry of moisture
and separation of existing hydrogen
bonds would explain both the lack of
swelling and the increased wet
strength of formaldehyde cross-
linked papers. Such binder
crosslinks reduce the transverse
swelling of the fibers. This fits with
Back, Salmen, and Richardson’s (6)
independent suggestion, based on
experiments with textile fibers, that
a binder may reduce the moisture-
accelerated creep effect in paper.

Anisotropic swelling and change
in fibril angle

Moisture-accelerated creep is found
only in fibrous materials whose fi-
bers exhibit anisotropic swelling.
Such a fiber swells more in the trans-
verse than in the longitudinal direc-
tion of the fiber. The creation of free
volume in the amorphous matrix in-
duces transverse swelling which, in
turn, causes a transverse force on
the lamellae in the fiber. Increases
or decreases in the fibril angle are a
consequence of the competition of
this transverse force and forces in
the fiber produced by the creep load.
Transverse swelling increases the
fibril angle.

Byrd (1), who provided the first
experiments on the acceleration of
tensile creep due to variable ambi-
ent relative humidity in paper, found
that the fibril angle decreases in con-
stant moisture but increases in cy-
clic relative humidity, tensile creep
tests. The fibril angle, the angle be-
tween the fibril direction in the S,
layer and the longitudinal axis of the
wood fiber, typically ranges between
10° and 30°. Byrd found that in con-
stant moisture content creep of his
southern pine, bleached, kraft
handsheets at 90% RH, the fibril
angle decreased from 19.2° to 16.8°.

However, for creep of sheets in an
environment of relative humidity cy-
cling between 35% and 90% RH, the
fibril angle increased from 19.2° to
21.1°. These results are supported
by Jentzen’s (7) study of single fi-
bers dried under a constant tensile
load in which he concluded that the
transverse shrinkage of the fiber
causes a decrease in fibril angle.
Hill’s (8) X-ray diffraction measure-
ments also showed that a constant
tensile load on a dry pulp fiber de-
creases the fibril angle.

In Byrd’s creep tests of a single
fiber, the single fiber elongated un-
der constant moisture content creep,
but it shortened under variable mois-
ture content creep. This result is con-
sistent with the observed fibril angle
changes. Also in variable relative
humidity, an individual fiber short-
ened more than a fiber in a sheet,
indicating that interfiber bonds pre-
vent some contraction.

The transverse swelling force in
variable moisture creep dominates
the tensile force and increases the
fibril angle. In constant relative hu-
midity creep, there is little trans-
verse force and the tensile force in
the fiber decreases the fibril angle.

The role of the lignin and hemi-
celiulose matrix in the fibril angle
increase is suggested by comparing
the behavior of Kevlar®. Wang et al.
(9) have shown that Kevlar fibers
also swell anisotropically and that
sheets made of Kevlar exhibit mois-
ture accelerated creep. In contrast
to paper, Kevlar is not a composite.
Kevlar is nearly 100% ecrystalline.
According to Ericksen (10), Kevlar

. 29 and 49 fibers consist of a system

of sheets composed of a nearly axi-
ally oriented fibrillar crystallite
structure, in which the fibrils are
tied together by other molecules.
The erystallites, which are from 6
nm to 18 nm long, are bundled in a
mutually parallel orientation into the
fibrils, much as in cellulosic fibers.
The sheets in Kevlar lie in a plane
containing the fiber axis, while the
lamellae in wood pulp lie in circum-
ferential sheets around the fiber axis.
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Ericksen proposed that creep in
Kevlar fibers is due to crystallite
rigid body rotation with respect to
the fiber axis, permitted by shear
along the crystallite boundaries. The
amount of shear depends on the mo-
tion of hydrogen and van der Waals
bonds along the crystallite bound-
aries. There may be voids or amor-
phous material in the boundary
regions. The variable relative humid-
ity causes free volume generation
on these boundaries and facilitates
creep. The tensile creep force aligns
the crystallite fibrils closer to the
fiber axis since no matrix, as in pa-
per, restricts this motion, and there-
fore the Kevlar fiber lengthens
during moisture accelerated creep.
In a wood fiber, such shear is pre-
vented by the matrix.

Microcompressions
and delayed elasticity

Variable relative humidity creep
strain is accelerated by the interac-
tion of transverse fiber swelling with
microcompressions in the interfiber
bonds, which partially reverses the
drying process. This behavior is re-
flected in the successful logarithmie

creep models which, in turn, indi-
cate that delayed elasticity is in-
volved.

Page and Tydeman (71) showed
that interfiber bonds form before the
web shrinks in drying. Page’s (12,
13) microscopic observations of the
interfiber bonds show that as the
paper dries, each swollen, wet fiber
contracts anisotropically with up to
30% transverse shrinkage, but only
1-2% longitudinal shrinkage. This
transverse contraction of a crossing
fiber induces compressive stresses
in the contact area of the already
formed bond between two fibers and
wrinkles the fiber with the least com-
pression resistance in the bond area.
The wrinkles are approximately
transverse to the fiber longitudinal
axis. The formation of such
microcompressions can cause from
2% to 15% in-plane shrinkage in an
unrestrained sheet. The microcom-
pressions form sites of unrelaxed
stress in the fibers in a dried sheet.

Delayed elastic strain is due to
stress induced relaxation from an
unrelaxed state. The relaxed state
can be returned to the original
unrelaxed state by a “back stress”
from the surrounding material when

the load is removed, and some of the
creep strain is recovered. This con-
cept was originally used to describe
the creep behavior of amorphous
glasses. The unrelaxed state might
be represented by a relative mini-
mum of an energy function from
which the material can be removed
by a stress which draws it over an
energy barrier into a lower mini-
mum. The process, therefore, de-
pends on an activation energy. Argon
(14) showed that, in delayed elastie-
ity, if the activation energies involved
vary over a large range and if a
nearly equal number of sites have
each activation energy, then the
strain of the bulk material is a loga-
rithmic function of time. Several re-
searchers have independently fit
creep data for paper by logarithmic
models.

To apply these ideas to variable
moisture-accelerated creep, the
creep and hygroexpansive compo-
nents of the total experimental in-
plane axial strain must be separated.
Byrd (1) measured the relation be-
tween in-plane swelling and mois-
ture content. During his creep tests,
he measured the current moisture
content and then subtracted the cor-
responding swelling to determine the
creep strain component at any given
time. Byrd fit the creep portion of
the strain in his tests by a logarith-
mic equation of the following form:

e=a+bla(t)

Haslach, Pecht, and Wu (15) used
a different method of determining
the creep portion of the total strain
since the moisture content during
their tests was not measured. On
every cycle, when the relative hu-
midity returned to the conditioning
relative humidity of 30%, the strain
at that time was assumed to be only
creep strain. A logarithmic curve was
fit through the strain values at 30%
RH. At any time, this logarithmic
curve was subtracted from the total
strain  to  determine the
hygroexpansion in the load direction
(Fig. 2). Even though this approach
is in effect the opposite to that of
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Byrd’s, both methods produce a loga-
rithmic mathematical model for the
creep component of strain.

Also, Pecht and Haslach (16) fit
the stress-strain data of Gunderson,
Considine, and Scott (17) at various
constant relative humidities with a
viscoelastic model involving a loga-
rithmic function. Pecht (18) had pre-
viously used a logarithmic model for
Brezinsky’s (19) constant moisture
content creep data. The success of a
logarithmic model fit to moisture-
load interactions in paper is evidence
that delayed elasticity is involved in
paper behavior.

The microcompressions in the in-
terfiber bonds are the most likely
physical basis for this fit to mois-
ture-accelerated creep strain. The
stress which relaxes during delayed
elastic creep is the compressive
stress in the microcompressions. The
creep activation energy is that re-
quired to deform the interfiber bonds
in the paper sheet which deforma-
tion, in turn, produces specimen elon-
gation. Since the interfiber bonded
areavaries overwa large range due to
the arbitrary crossing angles and
since the network restraints on each
interfiber bond also vary greatly
from fiber to fiber, there must be a
large range of creep activation ener-
gies within the paper sheet.

Some creep strain can be recov-
ered by oven drying the specimen.
After a specimen was exposed to four
variable relative humidity cycles, it
was oven dried at 105°C, and then
again subjected to four variable rela-
tive humidity cycles (Fig. 3). The
oven drying caused some of the
microcompressions to reform. That
the specimen shows the same quali-
tative behavior in the second set of
cycles, with a large strain increase
in the first cycle, supports the idea
that the microcompressions play a
key role in moisture accelerated
creep.

Creep strain can also be recov-
ered by reducing the load on the
specimen in the absence of any other
operation on the specimen (Fig. 4).
When the load was cut in half after
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3. Effect of drying a sample at 105°C between two sets of humidity cycles
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4. Effect of load reduction during a cyclic relative humidity creep test
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the first four cycles, the strain was
of constant maximum magnitude in
each cycle and therefore due only to
hygroexpansion. There was no
longer any creep strain since the load
did not apply enough energy to the
bonds to activate creep. The load
was then completely removed and

the relative humidity held constant.
Over time a large portion of the total
strain was recovered, a delayed elas-
tic strain.

Interfiber bond behavior

The large magnitude of the mois-
ture accelerated creep strain is due
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to interfiber bond disruption. That
the interfiber bonds deform can be
deduced from Byrd’s measurements
of the bonded area. Using the ideas
of Nordman (20, 21), Byrd (1) ex-
perimentally related light scatter-
ing from the paper surface to the
behavior of the interfiber bonds un-
der moisture influenced creep. The
light scattered from a paper sheet is
assumed proportional to the
unbonded area in the sheet. Con-
stant relative humidity creep had a
small effect on the light-scattering
coefficient from the sheet. The scat-
tering coefficient decreased about
2% at 0.7% strain for the lowest load,
and increased back to its original
value at higher loads. This suggests
that for low creep loads under con-
stant relative humidity, the reduc-
tion in the proportion of bonded area
might be due to an increase in the
total area by fiber lengthening. At
the higher loads, since the net change
inunbonded area is nearly zero, such
fiber lengthening might be balanced
by some unwrinkling of
microcompressions and partial bond
fracture.

Byrd (1) reported that cycling the
relative humidity during creep in-

creases the scattering coefficient at
low strains. Higher loads resulted in
a slight reduction in scattering coef-
ficient. For the 40% of maximum
load, the scattering coefficient in-
creased by about 7% at 1.1% strain.
At the higher loads there is less of a
scattering coefficient increase than
at the lower loads for cyclic relative
humidity. In fact, at 70% load, Byrd
reports that the change in scatter-
ing coefficient was nearly zero but
the final strain was 2.4%.

A mechanism to explain this pat-
tern is that the release of
microcompressions due to trans-
verse swelling increases the bonded
area. The new bond area is unaf-
fected by low creep loads. At higher
creep loads, the bonds completely
broke, the bonding area slid to a
new position and the bond reformed.
This is supported by the creep be-
havior of individual fibers. Under
constant moisture content, the creep
strain of a single fiber increases loga-
rithmically with respect to time. But
under cyclic relative humidity, the
single fiber length at the maximum
relative humidity in the cycle is
smaller after the first cycle. Then
after several cycles it remains con-

stant (1). In a sheet, the interfiber
bond} resist any individual fiber con-
tractior. But, in combination with
the higher creep load, the attempt of
the fiber to contract induces tension
in the fiber and shear in the bond
whicHi, after the bonded area breaks
free, causes that contact area to slide
along the fiber. In later cycles, the
fiber no longer tries to contract, al-
lowing an interfiber bond to reform
at the new position. The measured
change in unbonded area, and thus
scattering coefficient, would then be
very small.

Hygroexpansion and moisture
accelerated creep

Further evidence for the role of
swelling in the interfiber bonds lies
in the behavior of the hygroexpan-
sive strain accompanying moisture
accelerated creep. Soremark and
Fellers (22) found accelerated creep
in corrugated board with kraft lin-
ers in small strain bending under a
cyclie relative humidity environment
(40-80% RH). They found that ten-
sile stresses reduce hygroexpansion
over multiple eycles, while compres-
sive stresses increase it.

The separation of strain into creep
and hygroexpansive components by
Haslach, Pecht and Wu (15) also
shows that the hygroexpansive
strain decreases in subsequent rela-
tive humidity eyclesin a tensile speci-
men (Fig. 2). The tensile load “uses
up” in creep some of the strain that
would be available for swelling at
any particular time. On later cycles,
hygroexpansion appears damped by
the load. Gunderson (23) reported
that the presence of a load on a pa-
per specimen does not significantly
affect the amount of moisture
adsorbed; therefore, a reduction in
moisture sorbed is not the explana-
tion. Both hygroexpansion and mois-
ture accelerated creep must involve
the same physical mechanism, most
likely the deformation of the
microcompressions in the interfiber
bonds.
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Nonfibrous cellulose sheets

The importance of the fibered net-
work structure of paper is shown by
large strain creep tests performed
on cellophane by Haslach and Wu
(24). These tests are in contrast to
the small strain sonic tests per-
formed by Berger and Habeger (2)
on cellophane to investigate the poly-
meric properties. Samples of 0.254-
mm thick cellophane were subjected
to a constant dead load at a constant
30%, a constant 90%, and four cycles
between 30% and 90% RH at a rate
of change of 1% RH/min. During the
cycles, the relative humidity was held
constant for 60 min each time it
reached 30%. The temperature was
23°C. The specimen was conditioned
first at 30% RH for 24 h to allow it to
come to moisture equilibrium. The
dead load (500 g) used in these tests
was one sixth of the failure load in a
uniaxial stress-strain test at 50%
RH. The moisture content was not
measured during the test.

The cyclic relative humidity tests
of cellophane did not exhibit signifi-
cant accelerated creep, even though
cellophane is made of cellulose. Fig-
ure 5 shows superimposed constant
30%, constant 90%, and the 30-90%
cyclic relative humidity creep curves
in which the cyclie curve lies between
the two constant relative humidity
curves. The strain measured experi-
mentally is due to both hygroex-
pansion and creep. This result
verifies that the network structure
of paper is a significant factor in
moisture accelerated creep. Free
volume is generated in the cello-
phane since there is a rapid increase
in creep during the increasing por-
tion of the initial 30-90% cycle on
the cyclic creep curve. Strain is re-
covered in cellophane when the load
is reduced due to molecular relax-
ation and consequent loss of free vol-
ume.
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Comparison to other hydrophilic

materials

"All cellulosic materials, including

wood, cotton, and wool, exhibit mois-
ture accelerated creep. However,

. drawn nylon fibers are hydrophilie,

but nylon sheets do not exhibit mois-
ture accelerated creep. For the cy-
clic relative humidity tests on nylon
6,6 fibers reported by Wang et al.
[(9), Fig. 8], the creep curve oscil-

'lated between and touched the

boundaries formed by the two creep
curves at the constant relative hu-
midities defining each extreme of the
cycle. Creep in drawn nylon fibers
may be due to the breaking of hy-
drogen bonds in the amorphous re-
gion by moisture and stress and
subsequent molecular motion. A
drawn nylon fiber does not have a
fibril or lamellar structure which al-
lows for anisotropic swelling.

Wood exhibits moisture acceler-
ated creep. Some have proposed that
this is due to the creation of slip

planes within the wood structure.
! Creep would be accelerated by the

creation of free volume along these
planes.

In each of the materials showing
moisture accelerated creep, free vol-
ume causes swelling which, in turn,
facilitates slip of substructures. The
slip mechanism differs in each mate-

_rial depending on how the fibers are

bonded to each other.
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