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Abstract

A nol ecul ar nodel involving only hydrogen bond interactions is successful
in explaining the effects of tenperature and noisture on the elastic nmodul us of
paper. Concepts of glass transitions, free volume, and plasticization help
explain the role of tenmperature and moisture in affecting paper’s properties in
terns that elicit the inportance of paper’'s macronol ecular structure. Utimte
strength properties, inelastic deformations, creep, and rupture, while
dependent greatly on norphol ogi cal and network characteristics, are influenced
by tenperature and noi sture through paper’s macronol ecul ar nature and |argely
t hrough processes that involve the making and breaking of hydrogen bonds
Phenomena involving the conbined effects of tenperature, noisture, and time are
both the | east understood in fundanental terns and the nmpbst promising in ternms
of their potential exploitation for devel oping new papermaki ng technol ogies.

| nt roduction

To the paper physicist, papermaking can be considered a series of
conplicated processes involving the hydration and dehydration, heating and
cooling, and stressing and rel axi ng of an assenbl age of fibers at different
stages of consolidation. The conbined effects of tenperature, noisture, and
mechani cal stresses on the paper nachine not only establish the process
conditions for the runnability of a particular furnish, but also, in large
part, establish the nechanical and other properties that the finished paper
product will exhibit. The properties of the finished product can, in turn, be
further nodified by exposure to additional changes in nmoisture, tenperature
and stress. \Very often, however, an inconplete explanation of the behavior is
enbel | ished with a terninology or jargon that hides our ignorance of the basic

physics involved. "Horrification," for exanple, is said to be responsible for
the reduction in strength of pulps that have been allowed to dry prior to sheet
manuf act ure. "Latency" renoval is said to be enhanced by elevating the

temperature of a beaten pulp. And paper is said to exhibit the "accel erated
creep" and "premature failure" when l[oaded in environments of cyclic humdity
Al'l of these, and many nore, are exanples of phenonena of which we have limted
under st andi ng of the physical processes involved.

The separate and conbi ned effects of noisture, tenperature, and stress --
all as functions of time -- control the theol ogical behavior of paper by
causi ng changes in both nmolecular interactions and structure. In order to
understand nore fully the physics of the phenormena involved, we nust exanine
the nature of the nolecular interactions and fiber structural features that
control the various theol ogical characteristics of paper
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The theol ogi cal behavior of a material nmay be divided into three genera
regi mes characterized by three portions of the stress-strain curve. The first
l'inear, portion of the stress-strain curve represents the reversible, or
t hermodynami ¢ property of the material, i.e., Young's elastic nmodulus. The
second section of the stress-strain curve, show ng deviations from linearity
reveal s the viscoelastic and partially irreversible flow characteristics of the
material. The third portion of the stress-strain curve, containing the rupture
point, shows a truly irreversible aspect of the stress-strain process that
characterizes the nechanical failure or ultimate strength of the naterial. As
one proceeds along the stress-strain curve, the degree of difficulty in
interpreting theol ogical behavior in terns of structural features increases
The initial slope, revealing Young's elastic modulus, nust for any material
depend upon the average l|local features of the nmolecular structure of that
material [1]. The point of rupture, on the other hand, may reflect a rather
non-average feature of the structure; a defect, flaw or weak point of the
assembly. It is clear then that because different structural features contro
different regions of the stress-strain curve, one region of the curve may
respond differently from another to changes in tenperature and nmoisture

The Mol ecul ar Approach -- Factoring Qut Structure

There have been two nore or less distinct |ines of approach to explaining
the theol ogi cal behavior of paper: The structural approach and the nolecul ar
approach.  The assunption behind the structural approach is that the
t heol ogi cal behavior of paper arises from the bending, stretching, and shearing
of fiber segments between bond sites as well as the deformation of fibers at
bond sites thenselves [2]. This approach has included the many network nodels
and deals with the structure of paper on a nmacroscopic, rather than a

nmol ecul ar, | evel

The ol ecul ar approach attenpts to describe the theological behavior of
paper in terms of the nolecular structure. Mcroscopic stress-strain behavior
is assumed to arise frominteratonic potentials and the straining of nolecular
bonds. A strong proponent of the nolecular approach to explaining the rheol ogy
of paper has been A H N ssan, who incorporated into his approach a nunber of
sinplifying assunmptions to mninize mathematical formalism [3]. The ngjor
simplification is that the only interatonic potential that need be considered
is that associated with the hydrogen bond, the ubiquitous aspect of nolecular
structure characteristic of cellulose and other hydrogen-bond-doninated solids
Ni ssan’ s nol ecul ar approach that enphasizes the inportance of the hydrogen bond
has been called the theory of hydrogen-bond-doninated solids. (Ni ssan’s many
contributions to this theory span a period of the. last 30 years; but the
reference cited is the nmobst conprehensive and updates many of the earlier

contributions.)

Ni ssan’s hydrogen bond theory that deals primarily with the elastic modul us
of paper (and to a |esser extent, the flow portion of the stress- strain curve)
sees the hydrogen bond as the predom nant average |ocal feature of the
structure. It is distinct from structural nodels in that the elastic nodul us
of paper appears to be independent of its network structure. In its sinplest
form one that assumes isotropy, Nissan’s theory states that the elastic
modul us of paper is proportional to the cube root of the nunmber of effective

hydrogen bonds per unit vol une:
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E=k (n)'/? (1)

where E is the nodulus of elasticity, nis the nunber of effective hydrogen
bonds per cubic volume and k is the spring constant of the hydrogen bond. This
expression states that the density of hydrogen bonds, along with the force
constant (k) of the hydrogen bond determine the nodulus of the material. Not
only is the elastic nodulus (E) viewed as independent of the network structure
but independent of even the macronol ecul ar structure and the coval ent bond
structure of the cellulose chain molecule. This idea that the elastic nodul us
of a material depends only on internolecular interactions is not new to pol yner
science. Unfortunately, sone fiber scientists are fanmiliar only with cases
where el astic properties are deternmined by the coval ent chain structure of the
mol ecul es.  These cases are those of elastomers (where the entropic
configurations of the chain geonetry domi nate theol ogi cal behavior at high
strains) and textile fibers (where coval ent bond characteristics along the
chain nolecules deternmine the fiber's axial elastic properties). Polyner
scientists, however, understand that the elastic nodulus of npbst polyners in
the glassy state is deternmined primarily by the strength of internolecul ar
forces and not by the strength and geonetry of the coval ent bonds al ong the
pol ymer chains [4]. The exception is the longitudinal Young's elastic nodul us
of highly oriented materials, such as single fibers, where applied forces can
act primarily along coval ent bonds of the polymer chains. But even for the
case of fibers, the transverse Young's elastic nodulus and shear nodul us are

still largely determned by internolecular forces

Intermol ecul ar forces are generally characterized by polymer scientists in
ternms of the naterial’s cohesive energy density (CED), a nmeasure of the energy
needed to separate and renove conpletely one nolecular unit from its neighbors.
For small nolecules, CED is approxi mately equal to the heat of vaporization at
constant volume, but for polymers it nust be evaluated by indirect nethods
The internol ecul ar forces between nol ecul es determ ne CED, which generally
correlates with the elastic nodulus of polymers. Tobol sky [5], sone time ago
pointed out a sinple proportionality between the bul k mbdul us of pol ymers and
their cohesive energy densities; and Holliday [6] pointed out a similar
proportionality between elastic nodulus and the CED of polyners. These
observations that nodulus is deternmined largely by internolecular forces
expressed in terns of cohesive energy density is very simlar in essence to
Ni ssan’s suggestion that the elastic nodul us of paper depends only on the
density of hydrogen bonds, the type of internmplecular force that dom nates in
hydr ogen-bonded nmaterials.

For a highly bonded, unoriented sheet in the limt of zero strain, it is
reasonabl e that the functional structural unit should be snaller than the
individual fiber or fiber segnent. By selecting the hydrogen bond to represent
that structural feature, the characteristics of the hydrogen bond potential and
the density of hydrogen bonds determine the elastic nmodul us seeningly
i ndependent of the other aspects of structure. Dodson and Herdman [7] have
poi nted out that, although N ssan’s nodel cannot be realistic in detail, it
provides a sound thernodynam c approach to the physical chenmistry of paper
Two properties of paper that the nolecular or hydrogen bond approach can help
explain in both qualitative and quantitative terns are the effects on the
el astic nmodul us that are caused by changes in either tenperature or noisture
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Ef fect of Tenperature on Mdul us

Ni ssan [3] has provided in sone detail a derivation of the tenperature
dependence of elastic modul us. (See also Dodson and Herdman [7] for a concise
summary.) Based on a reasonable (Mrse function) shape for the hydrogen bond
potential, and using data obtained fromthe dissociation energy for ice, N ssan
predicted a temperature dependence for the elastic modulus of cellul ose to be

d La E/AT . -4 x 103 ¢! (2)

This nmeans that the elastic nodulus shoul d decrease about 0.4%for every 1 C
rise in tenperature. Recently N ssan and Batten have rederived this
relationship by a nmore rigorous route using no arbitrary paraneters [8]. Using
statistical nmechanics and the well founded Lippencott-Schroeder potential for

t he hydrogen bond, they get a value for d &n E/dT approximtely equal to

-2.4 x 10°C'. Nissan [3] conpares the predicted value with neasured val ues
for a variety of cellulosics and finds the theory reasonably predictive.

Values for d &¢n E/dT obtained fromthe literature ranged from-1.8 x 10°to
-6.3 x 10°“ for various cellulosics including paper. Two additional sets
of experinmental data on paper also give values for the tenperature dependence
of modulus that support the theoretically derived value. Salnmen and Back [9]
report that between -25 C and 175 C the elastic mpdul us of paper decreases at a
rate of about 0.3% per degree. From data obtained in torsional experinments, de
Ruvo et al. [10] report the relative change in rigidity of paper with
tenperature to be about -2 x 10°C-1.

Effect of Misture Content on Mdul us

The reduction of the elastic nodulus with noisture content is another
property of paper that is reasonably well described by Nissan’s theory of
hydr ogen-bond-donm nated solids. N ssan views the reduction of elastic nodulus
(E) with increasing noisture as resulting sinply from a reduction of the nunber
of effective network hydrogen bonds by the disrupting, conpetitive action of
water. He concludes that the elastic nodulus should show an exponenti al
decline with misture content (mc.)

d Ln E/Ad (m.c.) = =K (3)

In the region of |ow noisture contents, bel ow about 5% nmoi sture, the value of K
is predicted to be unity. At noisture contents above ~ 5% (and up to
saturation), the value of K is predicted to be about 6.7. N ssan obtained this
val ue by conbining the ideal of hydrogen-bond- dominated solids with the
cluster integral concept of water in order to help explain how one nol ecul e of
wat er added to a cellulosic network seems to disrupt several effective network
bonds; i.e., a cooperative bond breaking effect. A value of 6.7 for K

i ndicates that the decrease in elastic mpdulus is expected to be about 7% for
every 1% increase in noisture. Data at |ow noisture contents are sparse, but
for noisture contents above 5% N ssan [3] has conpared the experimental val ue.
of K evaluated fromresults reported in the literature and, excluding val ues
obtained from sonic neasurenents, finds values ranging fromb5.7 to 8.2. sonic
and ot her dynam c nethods of measurenent [11,12] have shown exponenti al
decrease of elastic nodulus with increasing noisture content, but give snaller
values for K, in the range of 2 to 3.
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Factoring in Structural Considerations

Whereas the general features of elastic nmodulus and how it is affected by
moi sture and tenperature are adequately described by the nolecular approach,
beyond the initial linear region of the stress-strain curve, structura
features other than hydrogen bonds cannot be elimnated from consideration.

Fi ber norphol ogy and network structure have an effect on all paper properties
and, al though hydrogen bondi ng al one nmay predoninate during the early stages of
deformation and easily related to tensile nodulus, it is not so easily related
to theol ogi cal behavior further out on the stress-strain curve where other
structural features contribute. However, N ssan and coworkers have recently
made attenpts to relate the plastic or non-linear region of the stress-strain
curve to the form of the hydrogen bond potential [13].

As strains becone larger, however, the role of other elenments of structure
necessarily increases. The function of the cellulose chains can be | ooked upon
as providing a framework, a geonetric backbone, upon which the hydroxyl groups
are arrayed. The norphol ogy and structure of fibers determ nes how this
framework is distributed through space, and thereby, how the hydrogen bonds are
distributed. As strains increase, distortions arise not only fromincreases in
interatonic separations. Distortion nust involve nmovenment of |arger elenments
of the framework structure. Consideration of larger elenents of structure also
allows for the treatnment of anisotropy, whereas the nol ecul ar approach deal s
easily only with the idealized case of uniformdistributions in three

di nensi ons.

One way to factor in the role of polymeric and fiber structure has been
t hrough considerations often invoked in polymer research; i.e., glass
transitions, free volume, and plasticization. Through such considerations, it
is possible to make connections with nmolecular chain mobility and the effects
of both tenperature and noisture on the mechanical behavior of paper.

Sal men and Back [14], in their quantification of the effect of temperature
on el astic nmodul us, found a marked decrease in nmodul us about 200 C that
resenbled a glass transition. Their analysis of the effect water has on
| owering elastic nodulus also invoked a plasticizing role for water that seened
to nmeet the requirements for polymer theory. The glass transition tenperature
is the tenperature at which an anorphous pol ymer changes from a hard gl assy
formto a nore rubbery form This transition, and sinmilar secondary
transitions, are related to certain nmovements of polymeric chain segments which
become possible at higher tenperatures because of thermal expansion and the
resultant increase in free volume available. Salnmen and Back reasoned that
especially in paper, cellulose is in an inconpletely crystalline form and
acconpani ed by varying amounts of hemcellulose and lignin. These materials in
intimate mixture nost certainly interact and make the softening point (or
poi nts) of the conposite fiber material less distinct. Furthernore, the
conposite’s transition tenperatures can be reasonably thought to be |owered by
the plasticizing action of water

Kubat and coworkers [15] and de Ruvo and coworkers [10] have al so rel ated
el astic nmodulus to volune effects that result fromeither thernal expansion or
hygr oexpansi vi ty. Paper’s coefficient of thermal expansivity is of the order
of 10°c', and is approximtely 3 times greater in the cross-machine
direction (CD) than in the machine direction (MD)). Kubat and coworkers found
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that the product of the elastic nmpdulus and the thermal expansion coefficient
is constant and independent of the direction (CD or M) in which the
measurenents are nmade. de Ruvo and coworkers verified this observation and
also found a simlar approximate relationship for the case of swelling. The
product of hygroexpansivity and elastic nodulus was al so al nbst constant,

i ndependent of the direction of measurenent. The swelling relationship
appeared sonewhat inmproved, however, if the geonetric nean of the dinensional
swel ling was conbined with the geonetric nmean of the elastic modulus in the MD
and CD directions. Fromthe simlarity of behavior of paper sheets and

i ndi vidual fibers, de Ruvo concluded that the network structure per se has
little role in changes caused by tenperature or noisture on elastic properties.
I nstead, response to changes in tenperature and noisture are governed by
properties and structures intrinsic to fibers and not a result of their network

consol i dati on.

The addition of plasticizing water is qualitatively equivalent to an
increase in tenperature in that it provides an increase in the free volune
avai |l able. Expansional strains, caused either thernally or by swelling, are
inversely related to elastic nodul us.

For reasons of convenience, polynmer scientists speak in phenonenol ogical
terns of free volume, plasticizers, and glass transitions in order to explain
mechani cal properties of solids. Such |anguage sonetimes obscures the fact
that all mechanical properties nust have a basis at the molecular level in the
cohesive forces holding molecules together. The effects of tenperature and
wat er which can be described in terms of increased free volume available are
ultimately related to the internolecular cohesive forces. The nean separation
between interacting groups is deternmined by the bal ance of attractive and
repul sive forces that make up the internolecul ar potential energy curve. As
the distance of separation between interacting groups is increased, either by
thermal expansion or by swelling, the nmean attractive force dimnishes. This
reduced attraction can be viewed as a type of bond-weakening, and, in the
limit, as a type of bond-breaking. In this way, the concepts of glass
transitions, plasticizers, and free volume afford a means of rationally
connecting the nechanical properties of an anisotropic fiber structure to one
whose elastic properties may also be described as hydrogen-bond-domn nat ed.

Utimte Properties

Paper strength properties as evaluated from tests to failure or rupture are
more difficult to relate to the structural features of paper. \Wereas elastic
modul us reflects an intrinsic, average structural feature of a sheet, ultimte
strength properties may be dominated by other |ess general features such as
flaws and defects. Nevertheless, strength properties show many of the sanme
correlations with tenperature and noisture that elastic nodul us exhibits.
(Crook and Bennett's survey [16] remains the best overall source of general
data on the effects of humdity and tenperature on paper’'s ultimate strength

properties.)

The generally held viewis that paper strength varies with tenperature and
moi sture content by affecting two basic factors. Page [2] has devel oped a
network theory of tensile strength that identifies and tries to separate the
effects of these two factors; fiber-to-fiber bonding, and individual fiber
strength. Fi ber bonding and fiber strength do not react to noisture in the
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same way. Fiber bonding weakens as noisture is absorbed, while individual
fibers become softer, nore pliable, and stronger [16]. Physical properties
that are measures of strength tend to have nmaxima at |ow or noderate relative
humidity (RH). Properties for which flexibility is of inportance will

general ly increase in value as humdity rises.

Tensile strength, for exanple, tends to have a maximum at RH between 30%
and 50% Above 50% RH, the tensile strength tends to show a noderate decrease
until about 65% RH, when it drops sharply with further increase in RH [16].

Extensibility or strain to failure, on the other hand, tends to increase
continuously over the whole range of increasing RHs. Strain to failure may
increase over fourfold in going from20%to 90% RH, an increase anong the

hi ghest of any mechanical property [16].

Burst strength is a conplex property that is influenced by both tensile
strength and extensibility;, and change in noisture affects the tensile strength
and extensibility in opposite directions. Thus, of strength tests, burst shows
the least effect of increasing humidity. A typical curve of burst value vs. rH
shows little curvature with only a slight maxi num between about 40% and 70%

[16].

Tear resistance generally shows a continuous increase of between 0.5% to 1%
for every percent increase in RH up to about 80% RH. At very high hunidities
tear resistance al so decreases as very weakened fiber-to-fiber bonding allows
fibers to slip apart nore easily [16].

Fol d endurance is a neasure of flexibility and tends to show an increase of
between 1% and 5% for every 1% increase in RHup to nore than 80% At very
high hum dities the snmall tensile |oad applied to the fold speci nen probably
becomes limting and fold endurance, too, drops off near saturation [16].

The effects of tenmperature on ultimate strength properties tend to be |ess
important than the effects of noisture and are often nasked by the small
changes in RH or noisture that acconpany changes in tenperature. Wnk [17] has
presented a graphical representation of the average effect of tenperature on
strength of paper while keeping moisture content of the paper constant (by
adjusting RH). Over a range of about 30 C, he shows that tensile strength
drops about 20% or at a rate conparable to the loss in tensile nmodul us.
Stretch, on the other hand, shows an increase of about 30% Tensile energy
absorption, being effectively the integration of tensile stress over strain up
to failure, shows only nodest changes (less than 10% in the sane tenperature

range.

Ti ne- Dependent Effects

The nost chal | engi ng unresol ved probl ens in rheol ogy of paper are connected
with time effects. Paper exhibits a wide range of tine-related phenonena, and
the introduction of tinme into the already conplicated inter-relationships of
tenperature, nmoisture, and paper structure increases the difficulty. (Kolseth
and de Ruvo [18] have recently reviewed the tine-tenperature-noisture-dependent
properties of paper, and their analysis can be considered the nost up-to-date
and conprehensive in the field.) There are three main areas of study in which
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time effects are significant: 1) creep and stress relaxation, 2) duration
lifetime/rate-of-loading phenonena, and 3)dynam ¢ nechanical nmeasurenents.

Creep and Stress Rel axation

When a sheet of paper is subject to a constant stress, it will deform
and the strain will increase with time. Similarly, if a sheet is strained
and held at constant dinensions, the initial stress relaxes with time. Both
creep and stress rel axation have been described in ternms of kinetics of
hydrogen bond breaking [3]. Stressed hydrogen bonds are viewed as |ess
stabl e than unstressed bonds. As the flickering hydrogen bonds open and
cl ose, stressed bonds tend to re-form in unstressed configurations. Because
the stress relaxation process is viewed in terns of chem cal bond
rearrangements, the classical concepts of chenical kinetics apply. Both
i ncreased tenperature and increased noisture pronote both the creep and
stress relaxation process [16]. The basic features of creep and stress
relaxation of paper in both tension and conpression are simlar, however, the
effects appear to be nore serious in the case of conpression. One area of
intense current research involves the phenomenon of accelerated creep in
cyclic humidity conditions [19, 20, 21, 22]. \Wereas paper may exhibit creep
rate at 90% RH that is several times the creep rate at 35% RH, if the sanme
| oaded paper sanple is cycled between 35% RH and 90% RH, its creep rate can
be over ten times the creep rate shown at the constant 90% RH [19].

Dur at i on-of -1 oad/ r at e-of -1 oadi ng phenonena

Paper exhibits two related tinme-dependent rupture phenonena that influence

its load-bearing capacity. If it is stressed to only a fraction of its short-
term breaking stress and naintained at the stress over a long enough time, the
paper will fail. It has been found enpirically that for paper under constant
stress, the logarithm of the time to failure varies inversely as the stress
level [23]. A related tinme- dependent phenonena is the rate-of-loading effect.
The breaking stress of paper increases as one increases the rate at which it is
stressed. If the applied stress is increased linearly with tine, the breaking

stress increases with the logarithm of the rate of stressing [24]. For this
reason, neaningful strength testing always requires a standardized rate of

stressing (or straining).

Duration lifetine studies of nmaterials can be aided by the use of a so-
called “semenpirical” equation that has been credited to Zhurkov [25].

t =ty exp [1/kT (U - yO)] (4)

where t is the time to fail, T is the absolute tenperature, k is Boltzmann's
constant, sis the stress, Uis an activation energy, and the synbols to and g

are constants.

A formof equation (4) was derived and used years earlier by Coleman to
describe the duration-of-load and rate-of-1oad phenonena exhibited by nyl on
[26]. In Coleman’s anal ysis, the equations describing the duration- of-Ioad
behavi or and rate-of-Ioadi ng behavior arise fromthe integration of an equation
he derived for the rate-of-creep deformation. Coleman’s fundanental equation,
based on Eyring's rate theory, involves an explicit tenperature dependence
(For details see Coleman’s classic paper.) At fixed stress, Colenman’ s equation
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i ndicated that increased tenperature will decrease a | oaded speci nen’'s
lifetime, and this behavior has been confirmed for viscose yarn [27] as well as

nyl on.

Lundberg and de Ruvo [22] (see also ref. [18]) have reported the noisture
dependence of duration lifetime for chipboard at three RH's. At a constant
stress level, paper at a low RH will support a stress for a longer time before
failing than at a high RH  Alternatively, paper at a high RH nust be |oaded to
a smaller stress level in order to equal the duration lifetime of the sane
paper at low RH.  Sinilar to the case of accelerated creep in cyclic humdity
Byrd [19] has reported the shortened lifetines in both tension and conpression
of paper loaded in cyclic humdities. Simlar findings were reported also by
Lundberg and de Ruvo [22]. Understanding better this phenonenon of accelerated
creep-rupture is crucial in the design of packaging and in the structura
performance of paper in long-term exposures ty cyclic-humidity environments.

Thi s phenonmenon of creep-rupture in cyclic humdity probably arises
because of the interference of coupling of two thermdynanically irreversible
processes: sorption hysteresis and stress-strain hysteresis. The
t hermodynami ¢ fundanental s of the coupling of deformation and sorption, the

so- called nechano-sorptive effect, was provided by Barkas [28] ; but a
conpl ete description of the irreversible thermodynam cs involved by the
met hods of either Prigogine [29] or Osager [30] is lacking. In mechanistic

terms, the phenonenon is describable in ternms consistent with the theory of
hydr ogen-bond- dominated solids [31]. During each adsorption leg of a
humidity cycle, a “spreading pressure” pries apart two cellulose |anellae and
intercalates a layer of water nolecules, reducing the nunber of effective

| oad-bearing elenents. The subsequent reduction in humdity fails to reverse
conpletely this process, because the restraining nmodulus is |ower at the

hi gher noisture content, and al so stressed bonds have had time to re-form
into stress- relaxed configurations. Failure can then be thought to be
triggered, as in Coleman’s creep-rupture theory, when the strain defornation
exceeds a critical strain. A better creep-rupture explanation will probably
i nvol ve consideration of the accunul ation of nonrecoverable work, and the
formulation of fatigue lifetime in terms of energy dissipation rather than as

a result of a critical strain.

Dynam ¢ nechani cal behavi or

Wien paper is subjected to a periodic stress, its strain response exhibits
a time-dependent behavior that arises fromits viscoelastic nature. |If a
sinmple harnonic stress is applied to paper, its strain response is also
periodic by lags between the stress. This tine lag can be neasured in terms of
a phase angle, d whose tangent is equal to the ratio of loss nmodulus to
storage nodulus. Tan dis a neasure of the energy lost due to interna
friction generated in the sanple during its cyclic deformation. Wen exam ned
as a function of frequency of oscillation, the internal friction or tan d
exhi bits a maxi mum whenever the elastic nodulus undergoes a rapid change. In
polyners, the frequencies at which energy | osses are nmaxim zed have been
interpreted as being caused by transitions from glassy to rubbery behavior.
The wood polynmers, lignin and hemicellul ose, have been recognized as
essentially thernoplastic polymers whose gl ass-rubber transitions are both
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tenmperature- and noisture-dependent [32]. For exanple, whereas isolated dry
lignin softens at a temperature close to 200°C, in water its transition is

| owered to about 80°C - 90°C. Hemicellulose is even nmore noisture-sensitive
soften at about 55°C at a noisture content of 23% The work of Kubat and
coworkers [33] and de Ruvo and coworkers [10, 12] has verified that both

i ncreased tenperature and increased noi sture danpen the dynam c response of

paper to cyclic stress.

An area of intense research interest has been the effect of changing
noi sture content on the dynamic |oss property of paper [12, 21]. Kubat and
Li nbergsun [34] first reported that a sudden change in hum dity causes a
transient increase in mechanical danping and suggested that the danping was
associated with the noisture diffusion process taking place in the paper during
equilibration. A recent analysis by Back and coworkers [21] has discounted the
i nportance of noisture gradients per se but enphasizes the fact that it is the
change of these gradients with time that accounts for the danping effect. Hun
and coworkers [12] have studied the dynam ¢ nechani cal behavi or of paper during
drying and attribute the transient danping as well as the increased nodulus to
the loss of nobility of anorphous conmponents of the cell wall polynmers.
Under st andi ng t he dynam ¢ behavi or of paper in transient-hum dity environnents
will certainly aid our understanding of how creep and failure are accel erated
by cyclic humdity. whereas dynam c behavior may be expl ai ned
phenomenol ogically in terms of chain motions and second order transitions
there is good reason to believe that this time-dependent phenonmenon, too, is
ultinately governed on the nol ecul ar |evel by the making and breaki ng of

hydrogen bonds.

Tenperature and Misture Effects in Devel opi ng Technol ogi es

The influence that tenperature and noisture have in affecting the post-
manuf acture properties of paper is relatively direct. But the tenperature,
moi sture, and nechani cal stresses experienced by the fiber assenbly durinig the
manuf act uri ng process also play inportant roles in establishing end-product
properties. The tensile stresses that the paper web experience in the open
draws and the conpressive and shear stresses it experiences in press and
cal ender nips, by affecting structure, orientation, and density, clearly have
long-term effects on end-product properties.

During the nmodern papernmaki ng process in which stress, tenperature, and
noi sture are continually changing, their conbined effects on structure and
properties are profound and poorly understood. Tensile stresses that arise
fromthe conbined effects of machine draw and drying- shrinkage add to the
other fiber-alignnent causes of paper’'s in-plane asymetry. These tensile
stresses affect not only dinmensional stability, nodulus, and strength
properties, but also secondary properties such as opacity. The conpressive
action of a press nip primarily provides the driving force in dewatering the
wet web, but also acts to densify the mat. Wth the advent of steam boxes,
hi gh-intensity presses and extended nip presses, the conbined action of
temperature and stress over time can have profoundly different effects upon the
z-directional densification process. Simlarly, the application of new
technol ogi es, such as press drying, inmpulse drying, and tenperature gradient
cal endering, involve the conbined effects of stress and tenperature for periods
of time during which the paper’s noisture content is changing. Coupling these
new technologies with newer high-yield pulps, whose wood-polymer conpositions
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are different, has created a fertile field for research. The paper physicist
can play an inportant role in this research by providing an understandi ng of
how tenperature, noisture, and the rheol ogical - nechani cal behavior of paper
interact. This understanding can provide the basis for technol ogi ca

devel opnent s.
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