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Project Summary Form

Project Title: Fundamentals of Accelerated Creep
Project Code: CREEP

Project Number: F026

Division: Fiber and Paper Physics

Project Staff: Chuck Habeger, Doug Coffin, Barry Hojjatie
Project Budget: $133,000

Time Allocation: Habeger 50%, Coffin 25%, Hojjatie 20%

Supporting Research: Students: Chris Dreher M. S.; Michelyn McNeal M. S.

Research Line/Roadmap

Convertibility and End-use Performance
Improve the ratio of product performance to cost for pulp and paper products 25% by
developing:

* models, algorithms, and functional samples of fibrous structures
and coatings which describe and demonstrate improved
convertibility and end-use performance, and
break-through papermaking and coating processes which can
produce the innovative webs with greater uniformity than that

achieved by current processes.
Project Objective
To employ experiment, theoretical analysis, and mathematical modeling to better
understand accelerated creep and the mechano-sorptive effect
Project Background
Accelerated creep is important to the paper industry, and it is a fascinating physical
phenomenon that defies explanation. In order to better avoid degradation of product

performance due to accelerated creep, we aim to contribute an understanding of the
process.

Confidential Information not for Public Disclosure
(for IPST Member Companys' Internal Use Only)
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Summary of Results

Developed a theoretical model of accelerated creep that looks very promising.
Built a paper creep tester.

Obtained a dynamic thermal mechanical analyzer (DMTA) that can be outfitted
for mechano-sorptive effect studies.

Obtained a fiber creep tester that can resolve questions about Kevlar creep.

Project goals for FY 98-99

See if "heterogeneity-dirven accelerated creep" is operative in paper.
Refurbish and improve the fiber creep tester.

Resolve the Kevlar anomaly.

Get the DMTA operational and resolve excessive sorption loss tangent issue.
Make further progress on our accelerated creep model.

Devise critical experiments to confirm or defy our theory.

Project Deliverables

Operating Fiber Creep Tester.
Operating DMTA.

Operating Strip Creep Tester.
Project report.

Submitted publications.

Confidential Information not for Public Disclosure
(for IPST Member Companys' Internal Use Only)
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Project Schedule

1998 1998

TASK
: Apr May June July Aug Sept Oct Nov Dec | Jan Feb Mar

fiber creep tester >
OK

DMTA OK >

creep tester >

Kelvar tester e S

paper strip tests > >

theory work Y

modulus testing > >

report

Confidential Information not for Public Disclosure
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Accelerated Creep

Introduction

We believe that accelerated creep (a.k.a. the mechano-sorptive effect) is the
most opportune research topic of present-day paper physics. It all started when
Armstrong and Kingston [1960] reported that wood beams experienced greater creep
under cyclic humidity conditions that at either environmental extreme. This appears to
be the first recognition that cellulosic materials exhibit additional compliance as a result
of sorption. (Experimenters, such as Pickett [1942], previously made similar
observations on concrete structures.) After the wood work, accelerated creep was
found (principally by Byrd [1972, 1984]) to be important in paper. Subsequently, many
have contributed to verification and extension of experimental measurements.
Accelerated creep turned out to be a general action exhibited by many materials under
sorption. Thus, a new physical phenomenon was been established basically as a
consequence of wood and paper research. The surprising experimental results
precipitated a flurry of theoretical conjecture. However, today there is no consensus
mechanism. After nearly forty years of squabbling, the theoretical landscape remains in
disarray. Although it has application, accelerated creep is not widely appreciated and
studied in the larger world of material science; interest is still concentrated in the wood
and paper industries.

So, here we are, sitting on an unexplained physical phenomenon. Itis a
once-in-a-lifetime chance to make a serious contribution. We hope to identify the best
explanation and to demonstrate it through argument and experiment. This is a major
challenge: not only must we make progress in understanding, but we also must
convince others. Today, everyone has a pet theory which differs a little or a lot from
everybody else's. In a typical exchange of ideas, Person A tells his story as Person B's
eyes glaze over, then Person B tells his story as Person A's eyes glaze over. In the
end, both politely agree that it's a complex situation, that all are partially and equally
correct, and that more experiments must be done. Nothing gets resolved in this
environment of insecurity and conviviality. It seems to us that the last, best hope is to
find explanations that are simple and universal. We shun the concept of a special story
for each experiment. If we were so unlucky that reality is truly this diverse, we will never
come to agreement. There needs to be a simple, widely applicable model, and it must
be nailed experimentally. Critical experiments, which verify model predictions and
eliminate at least some of the more complex choices, must be conducted.

Usually, "accelerated creep” and "the mechano-sorptive effect" are terms used
synonymously to indicate the entire range of strange sorption-related compliance
increases. We deviate from this convention. This is because we believe there are two
separate phenomena at play, and we want to distinguish between observations in which
one, or the other, dominates. For us, accelerated creep refers exclusively to the
observation that many hydrophilic materials (wood, paper, concrete, Kevlar) creep

Confidential Information not for Public Disclosure
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faster and fail sooner in cyclic humidity environments than at any intermediate moisture
content. This is a process involving relatively long times and high stresses. We think
that swelling-induced stress concentration in a nonlinear medium is the main cause for
this phenomenon. We use the term, mechano-sorptive effect, to denote another
perplexing observation. Small-strain stiffness coefficients, measured during or
immediately after a sorption event, are different than those determined at equilibrium at
the same moisture content. The absolute values of the non-equilibrium stiffnesses are
lower, whereas the loss tangents are higher. Although there is great controversy over
explanation, everybody concedes the existence of accelerated creep. The '
mechano-sorptive effect is on shakier ground. Some still argue that it is an artifact of
the measurement procedures. At any rate, there are two, probably related but
conceptually distinct, strange occurrences in play. As you will read further down, we
accept the mechano-sorptive effect and believe that the physical aging of polymers, as
argued by Padanyi [1991, 1994], is the likely explanation for depression of moduli after
sorption events. We appreciate that both mechanisms play a role in both experimental
phenomena; however, we feel that there are features of accelerated creep that only can
be understood in terms of the stress concentration model and features of the
mechano-sorptive effect that require aging. '

Review and Comment

We begin with a brief and biased review of the published opinions of the cause
of accelerated creep and the mechano-sorptive effect. We somewhat arbitrarily divide
the explanations into groups. First consider what we call the diffusion explanation
(Gibson [1965], Bethe [1969], Eriksson and Noren [1965], and Hunt [1986]). In various
ways, these people argue that diffusion leads directly to a decrease in compliance.
That is, there is some kind of coupling between moisture gradients and mechanical
constitutive relations. It is sometimes explained that transport of moisture through the
structure requires extra bond breakage which induces extra creep. This is our least
favorite mechanism. We imagine that the bonds are continually being made and
broken by thermal processes regardless of the net transport. There is an equilibrium
distribution that depends on the temperature, stress, and moisture content, or a
non-equilibrium distribution that depends on moisture, temperature, stress, and history.
Diffusion just adds a small bias to direction of moisture migration. It shouldn't influence
the bond population statistics. We think that it may be possible to argue from first
principles that this is a highly unlikely scenario. In fact, for the general class of
"materials with fading memory" (Day [1972]), Coleman [1964] demonstrates that the
second law of thermodynamics precludes a dependence of compliance on a transport
process. We have ambitions to reinterpret and reapply these results to accelerated
creep. However, this is pretty abstract stuff for paper-guys, and we are struggling. At
any rate, we can demonstrate that if constitutive equations were to depend on moisture
flux, the demands of coordinate system invariance restrict the relation to a high-order
form that would have influence only for extremely large fluxes. Much of the enthusiasm
for the diffusion explanation was squelched when Armstrong [1972] showed that there
was little accelerated creep under steady state diffusion into a hollow wood cylinder.
Nonetheless, Bazant [1985] offers a creative distinction between steady state and

Confidential Information not for Public Disclosure
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non-equilibrium moisture transport in an effort to save the diffusion explanation from the
Armstrong experiment. Others (Wang, Dillard, and Ward [1992], Haslach [1994], and
Caulfield [1994]) continue to include the diffusion mechanism as part of a broader story.
We hope to marginally reduce the accelerated creep confusion by blowing the diffusion
explanation away once-and-for-all.

We have much more sympathy for the next explanation. It is that the
mechano-sorptive effect is a manifestation of polymer physical aging (Padanyi
[1991,1994]). Here is a brief discussion of physical aging and of Padanyi's application
of aging to our polymer sorption anomalies. In its standard form, physical aging of
polymers (Struik [1978]) refers to the progression of an amorphous polymer to
equilibrium after a temperature change. Above the glass transition temperature, an
amorphous polymer is in a relatively high entropy state with considerable "free volume"
and with appreciable polymer chain backbone mobility. It's compliance is high. When
the polymer temperature falls below its glass transition, there is not an immediate
passage to a new equilibrium configuration. Thermodynamic state change requires
polymer backbone motion, and this requires free volume. At first, thanks to the residual
free volume, transition progresses rapidly. However this is a "self-retarding" process.
The rate of the process greatly depends on the free volume, and the free volume is
steadily decreasing. The low-temperature equilibrium state is approached gradually,
and the polymer continually loses compliance. This slow progression to glassy
equilibrium is called physical aging. It differs from other polymer processes (such as
chemical aging) in that the original state is recoverable by cycling back above the glass
transition temperature. Here, the polymer is rejuvenated, and an aging experiment can
be repeated on the same sample. Of course the details are dependent on the
temperature end points and on the quench rate, but it is common to observe that
significant changes in physical properties continue for years as a polymer ages.

Low-strain creep experiments are commonly used to demonstrate physical aging
(Struik [1978]). The creep compliance is measured at a series of times after the
quench. It is possible to conduct all creep tests on a single sample by making the
duration of each creep test small compared to the present age and to the relaxation
time until the next test. In this way, one obtains a set of creep compliance curves
spaced evenly in the logarithm of the age (time after quench). The creep compliance
curves are then displayed on a common graph as a function of the logarithm of the
creep time. Often, a master creep curve can be constructed by shifting the compliance
curves in logarithm time a distance proportional to the logarithm of the age. The slope
of the log time shift versus log time of age relation is often nearly one. In summary,
physical aging in amorphous polymer is commonly revealed in creep compliance curves
that form master curves by shifting log creep time an amount equal to the logarithm of
the age.

Padanyi's important realization was that aging can be triggered by moisture
changes as well as temperature changes. Consider the amorphous regions of
cellulose. At normal moisture levels, the glass transition temperature is far above room
temperature. However, it falls as moisture content increases. Padanyi points out that,

Confidential Information not for Public Disclosure
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according to Salmen and Back [1980], glass transition reaches room temperature at
about 11-13% moisture content. Thus, quickly passing from high to low moisture
content should produce a non-equilibrium state with more free volume than that of the
slowly approached equilibrium state. The material after desorption would be more
compliant than at equilibrium. As it aged, its compliance would decrease. Padanyi did
the standard aging creep tests after dropping moisture content rather than temperature.
The experimental results were remarkably similar to aging curves: creep compliance
decreased with age, master creep curves could be built in the normal way, and the
slope of the shift in log time versus the log age was nearly one. This is an impressive
exhibition for those occasions in which moisture is decreasing; loss of moisture
probably results in elevated free volume that makes for a fading decrease in stiffness.
However, the mechano-sorptive effect also is potent in absorption. Well, surely the
amorphous polymer will not immediately reach equilibrium after moisture addition. But,
will the non-equilibrium state have more or less free volume and thereby be more or
less compliant? Padanyi, repeated his aging creep experiments after transition from
dry to 50% RH Again, although there was less shift, he presented creep compliance
curves very similar to thermal aging curves. Some complementary evidence of deaging
by absorption comes from the near infrared measurements of Soremark and Wallbacks
[1996].

It is our inclination to give a big part of the mechano-sorptive effect to Padanyi. It
seems quite reasonable that, after desorption, the non-equilibrium state will have added
compliance and that equilibrium will be approached slowly. That fact that stiffness is
depressed long after sorption is complete (See, for example, Back and Salmen [1983]
or Padanyi [1994]) is in line with the long time persistence of aging. Also Struik [1978]
reports that aging does not influence secondary transitions. These are relatively more
influential at the high frequencies where ultrasonic moduli are measured. Maybe this
explains the absence of the mechano-sorptive effect in ultrasonic experiments (Berger
and Habeger [1989]). Much more work needs to be done to independently verify the
decrease in free volume with age, especially for the deaging by desorption part of the
story.

Even though the aging effect surely exacerbates accelerated creep, we do not
believe it is sufficient to account for the major action. Low-strain dynamic modulus
measurements do reveal lower compliance in non-equilibrium conditions. However, at
no time during a cyclic moisture experiment is the modulus less than at equilibrium at
high moisture content. (see Padanyi [1991] and Denis and Parker [1995], for example.)
Accelerated creep requires significantly greater compliance in cycling than is
experienced at high moisture content. Aging is needed to explain the persistence of
stiffness depression long after sorption, but it doesn't have the oomph to do accelerated
creep. Incidentally, Padanyi is careful to ascribe only mechano-sorptive-type
experiments to aging. Something more potent is needed to account for the magnitude
of the observed action and for accelerated creep in non-polymeric materials such as
concrete [1974].

Confidential Information not for Public Disclosure
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We file another group of explanations into the miscellaneous folder (e.g.,
Haslach [1994], Caulfield [1994], Soremark and Fellers [1993]). These are complex
fiber-level or "hydrogen bond" level sagas, each requiring a series of actions that are
specific to structural and/or molecular detail. We are not inclined to take them on at
each step. We object to them mostly for aesthetic reasons. We hope that reality is not
a long list of convoluted processes.

Another, perhaps more sane, approach is to remain agnostic on theory, correlate
with environmental changes, and model experiments mathematically (Urbanik [1995]).

Accelerated Creep Theory

We believe that accelerated creep is a general phenomenon that can be
observed in many kinds of solid-penetrant systems. We argue that, even though fiber
structure features may dictate the detailed mechanical behavior of paper, the specifics
of fiber level actions are not necessary to an understanding of accelerated creep. In
short, we assert that accelerated creep is a direct result of swelling and nonlinear creep.
For this discussion, materials that exhibit "nonlinear creep" experience a greater than
proportional increase in creep rate with load. (If the creep rate is less than proportional
to load, we will say that the material exhibits "sub-linear creep") Here, the term
"swelling" refers to any change of dimension with penetrant addition and removal. Any
material that swells and creeps disproportionately faster at higher loads could
experience accelerated creep under the proper conditions. In the case of paper and
water, paper exhibits accelerated creep because it is hygroexpansive and because its
creep is nonlinear. We are not yet concerned about the sources of hygroexpansion and
nonlinear creep in paper. Who knows? These may properly require intricate fiber-level
mechanisms. Our purpose is to emphasize that accelerated creep is a secondary
phenomenon. We claim that the contrivance of special explanations for accelerated
creep is a misguided adventure. Accelerated creep is already manifest in the
constitutive and swelling equations. Fundamental understanding rests on a deeper
study of these primary underlying causes. For now, we dispense with the basic
molecular and fiber-level actions; we just want to find out how far it can gaze once we
elevate accelerated creep to the shoulders of swelling and nonlinear creep.

We are definitely not the first to single out nonlinear creep and swelling. To
underscore the antiquity of the idea, we quote from Pickett [1942]: “an increase in creep
accompanying non-uniform shrinkage or swelling is a natural consequence of the fact
that the sustained-stress-vs.-strain curve of concrete is not linear.” In the paper
literature, this story has also popped up from time-to-time. Generally, it is mentioned in
passing without in-depth consideration. Recently, Selway and Kirkpatrick [1992] as well
as Hanhijarvi [1995] have contributed ideas along the same lines as ours. Differences
arise in the extent of analysis, details, and emphasis. )

As stated above, a swelling material with nonlinear creep is susceptible to
accelerated creep. These are necessary but not sufficient conditions. For accelerated
creep to actually happen, we contend that side-conditions must be fulfilled. First of all,
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the moisture cycling must result in stress gradients. We envision two distinct
mechanisms for moisture induced stress gradients: (A) moisture gradients lead to
differential swelling and then to stress gradients; (B) heterogeneous material properties
cause stress gradients independent of moisture gradients. Also the cyclic sorption
processes must result in stress gradients in the material for a significant portion of the
cycle time. For case A, this puts constraints on the ratios of sorption time to cycle time
and sorption time to relative humidity ramp time. If the ramp time is not short compared
to sorption time, no large stress gradients will arise. Also, stress concentration will
endure for a significant portion of the creep time only if the cycle time is too long or too
short compared to the sorption time. Optimum conditions for type (A) accelerated
creep occur when the environment is switched rapidly and sorption time is the order of
cycle time. Type (B) accelerated creep is not so dependent on sorption time. Cycle
time cannot be much shorter than sorption time, and cycle time cannot be long
compared to the time for stress relaxation.

Let us qualitatively consider case (A) in detail. Imagine a piece of paper under a
constant load, after a step change in relative humidity but before moisture equilibrium is
established. There are moisture gradients in the paper. The moisture might vary
between the inside and the outside of the sheet or between the inside and the outside
of the fibers or both. It really does not matter for our argument. In any case, there is
differential swelling across the structure. This leads to a uneven load distribution in the
sheet. Since the creep is nonlinear, the additional creep in the over-stressed regions
overcompensates for the reduced creep in the under-stressed regions. The average
creep is greater as a result of the stress inequalities in a nonlinear medium. As the
paper cycles back and forth from wet to dry, each portion of the sheet gets its dose of
high stress, and there is an overall acceleration of creep.

If the material is heterogeneous in its response to the penetrant (case (B)),
accelerated creep may occur in the absence of a gradient in penetrant concentration.
Assume that there is inter-fiber and/or intra-fiber variation in swelling. A change in
overall penetrant level causes an uneven stress distribution. As before, the nonlinear
creep and stress gradient combination leads to greater average creep. The cycling of
the penetrant guarantees that both the over-swelling and under-swelling regions get
their spell of high creep, and accelerated creep follows.

Anisotropic swelling of the fibers can actuate the heterogeneity mechanism, even
if all fibers are identical. Fibers in physical contact will almost always have different
orientations. Thus, they will not swell compatibly. Swelling-induced stress
concentrations develop in the overlap regions of bonded fibers that have different fiber
orientations. This is fiber-level heterogeneity in swelling resulting from misalignment.

In summary, we posit the possibility of two kinds of accelerated creep:
moisture-gradient-driven accelerated creep and heterogeneity-driven accelerated
creep. Both require a material that exhibits nonlinear creep and suffers penetrant
swelling. Paper has the potential of exhibiting both varieties of accelerated creep. It
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can experience moisture gradients, and it is heterogeneous.
Extra-Simple Accelerated Creep Model

Now, we get quantitative. To start with, we construct a simple mechanical model
that has all the characteristics needed for accelerated creep. This is not intended to be
a reasonable model for paper (To some extent, that comes later.). At this point, we just
want to demonstrate a mechanical system that shows accelerated creep and to see
how different parameters influence the action. ‘

We worked to devise the simplest possible mechanical model with all the
necessary ingredients for accelerated creep. Figure 1 depicts our best effort. There,
two strings of mechanical elements are in parallel. The strings are meant to represents
sections of the sheet in different states of cyclic swelling. In the case of
moisture-gradient-driven accelerated creep, one string might represent the exterior
portions of a sheet, whereas the other string would correspond to the sheet interior. If
you prefer, one could be the surface region of the fibers and the other could be the fiber
cores. In either case, under a cyclic relative humidity environment, the moisture content
of some portions would lead that in other portions. In the case of heterogeneity induced
accelerated creep, the elements could correspond to different types of fibers or different
sections of the same fiber. Figure 1 is a gross two-state oversimplification of the
swelling distribution, but it is sufficient to exhibit the phenomenon. One string responds
faster (and/or of different magnitude) to the environmental changes than does the
other. Each string has an linear-elastic spring element, a hygroexpansive element, and
a nonlinear creep element. The spring and swelling element correspond to material's
elastic and hygroexpansive features, respectively. The dashpot mimics nonlinear creep
by providing an extra elongation of rate proportional to the nth power of the load on the
string. The value of n will always be chosen to an odd integer; the greater is n, the
"more nonlinear" will be the creep.

The sub-elements of a material are bound together so that it creeps as a whole;
therefore, we clamped the model strings together so that their lengths remain equal.
We are trying to represent a creep experiment, thus the total load is held constant. But,
since the elements respond differently to the environmental changes, the load will be
carried unevenly. In Appendix | (available upon request), a method of solution is
devised using these conditions along with the constitutive relations for the string
elements.

As a test for accelerated creep, we mentally subjected the two-string
construction to a square-wave moisture cycling experiment. We chose our cycling
pattern to correspond to the most common accelerated creep testing regime: the load is
applied with both strings at the high humidity; after a period of time the relative humidity
is rapidly taken from wet to dry and back again repeatedly at a regular rate. To assess
accelerated creep, the elongation under cyclic humidity is compared to the creep in the
wet state. Normally, elongation is plotted versus the logarithm of time. This is because
polymer creep (paper included) is generally linear when plotted versus the logarithm of
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Mechanical Model that Yields
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Mechanosorptive Creep

I ™ 2 °
H,XlI I n, X, €=(0,/E;) + %1(0, /B, )" + &,

(1+e)L g,

E,

€2

€= (0,/E,;) + X,(0,/E, )" + &,

Y €h1

C=0,+0,

Figure 1. A Simple Mechanical Model that Yields Accelerated Creep
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time. This being the case, the slope of the strain in a log time graph is a simple, overall
characterization of creep rate. In compliance with a common practice, we quantify
accelerated creep as the ratio of this slope under cyclic conditions to this slope in
equilibrium at the high humidity.

We wrote a Mathcad program to do the numerical integrations for the
square-wave cycling. We assumed that string 1 responds immediately to the relative
humidity change, whereas string 2 responds after an adjustable delay. This sets up the
stress gradients that will drive accelerated creep. The program also allows us to select
load intensity, spring stiffness, creep intensity, creep moisture variability, spring
stiffness moisture variability, stiffness differences, creep differences, swelling
differences, and the exponent in the creep equation. Figure 2 is a print out of the
program (2a and 2b) with the results of a typical run for 10 cycles (2¢) and for 150
cycles (2d). The first graph gives the elongation (normalized to string 1
hygroexpansion) vs. the logarithm of the number of cycles. For comparison, the creep
under constant high humidity is also plotted. The second graph is a presentation of the

load on string 1 divided by the total load as a function of the number of cycles. The
variable model parameters for the particular run are summarized below the second
graph.

Figure 2c gives us a lot to discuss. In this run, string 2 lagged string 1 in
moisture content by 20% of the cycle time; the creep rate in each string was
proportional to the third power of the load in that string; string 1 and string 2 had
identical properties; creep rate was 25% above the norm when wet and 25% below the
norm when dry; spring stiffness was 25% below the norm when wet and 25% above the
norm when dry; and the total load was sufficient to stretch spring 1 its hygroexpansion
length. First of all, notice that the creep curves are not linear in logarithm of time. This
is due to simplistic constitutive equations used in this crude model. Later, we will gin up
a constitutive equation that is more true-to-life. Nevertheless, this simple model
displays the critical behavior. There is accelerated creep: even though the creep rate is
less in the dry state, the total system creeps more under cyclic conditions than at
constant high humidity. To see why, look at the load plot in conjunction with the
elongation plot.

After both strings having been creeping wet for a time equal to four cycles, string
1 is suddenly slammed dry. This causes it (and the total assemblage) to shrink. But,
as string 1 and string 2 are required to have equal lengths, string 1 must suddenly carry
a disproportionate share of the tensile load. Its load more than doubles (load curve).
Since the creep rate increases as the load cubed, string 1 starts creeping about eight
times faster than before. Even though the dashpot of string 2 is hardly creeping at all,
this causes an increase in the overall creep rate (elongation curve (1)) and a relaxation
of the load in string 1 back towards the even load distribution point (load curve (1)).
This continues for 20% of a cycle time, at which time string 2 goes dry. String 1 has
just experienced a creep surge; therefore, at this point its dashpot element is longer
than the string 2 dashpot. String 2 now carries most of the load. Both strings are dry,
and there is not a major load imbalance. The system is creeping very slowing
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kva(t) = 2 KVOZDSW(t - 4) normalized derivative of -1/k for string 2

1 - kvo2?)

k(1) = (1 +kVol - 2-kVol-SW(1))-(1 + kVo2 - 2-kVo2-SW(t - A))-kf parallel spring
(1 +kf+kVol + kf-kVo2 - 2-kf-kVo2-SW(t— A) — 2-kVol-SW(t)) constant

DF

FI .= 0 —=
0 7kP( )[(l—kVOZ)-kf+

oL - IJ initial condition for force on string 1 FI =0.5

integrate cyclic force equation for string 1

FL_, =FL+ kp(j)-[LdZ(j) - Ld1(j) + oz2(j)'(DF— Hj)"— al(j)'(FIj>"+ FL-KV1(j) - (DF_ F[J.)-kVZ(j)J

FW = FI, integrate wet force equation for string 1

FW, | =FW + kp(O)-[aZ(O)-(DF— ij)"— a1(0)~(ij)“+ FW -kV1(0) - (DF— ij)-kvz(O)]

integrate cyclic creep term in elongation

- = Y. n
C,:=0 cj+l.-cj+a1(1)(1=1j)

add elastic deformation and hygroexpansion to
cyclic creep to get elongation

FI.
S :=SW(j-1)+ ’ ] +C.
j (1+KkVol - 2-kVol-SW(j- 1))

integrate wet creep term in elongation

- - s n
CW,:=0 cwj+1.-cwj+(1+av1)§(1=wj>

add elastic deformation and
hygroexpansion to wet creep to get elongation

Swet. ::1+“j+ CwW.
J (1-kVol) J

topl := ceil(max(FT)) autoscaling for stress graph

bottom1 :=floor(min( FI))

bottom := floor(min(S)) autoscaling for strain graph

top :=ceil(max(S))

Figure 2b. A MathCad Computer Program to Generate Moisture-Gradient-Driven
Acclerated Creep
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(elongation curve (2)). Load relaxation is towards the equal load state (load curve (2)).
At 30% of a cycle time later, string 1 gets wet again. It expands forcing a step increase
in elongation and a shift of load to string 2. String 2 is creeping rapidly and the overall
creep rate is amplified (elongation curve (3)). The load relaxes toward the even state
(load curve (3)). In this phase, string 1 is actually in compression and creeping
backwards. After another 20% of a cycle time wait, string 2 becomes wet returning the
system to its original moisture state. Due to the swelling of string 2, there is a jump in
elongation. The load is only slightly unbalanced; string 1 has the excess load since it is
further removed in time from its creep spike. The creep rate is about equal to that in
the normal wet state (elongation curve (4)). As always, the load relaxes towards even
distribution (load curve (4)). Because of extra creep at times of load imbalance (steps 1
and 3), the total elongation over a cycle is greater than if the high relative humidity was
maintained. This is so in spite of the fact the model strings creep slower in the dry
state. Notice that each string expenences a phase in which it was heavily loaded and
forced to creep rapidly.

So maybe, you're starting to agree that accelerated creep is a fairly vanilia
phenomenon displayed by simple systems. Now, let's examine the roles of the model
coefficients. First, we verify the necessity of nonlinear creep. Figures 3, 4, and 5
present the results of almost identical runs. Only the load exponent in the creep rate
equation changes. In Figure 3, n equals one (the linear case). In Figure 4, n is three,
whereas it is a whopping five in Figure 5. Figure 3 gives us decelerated creep. Since
the strings creep slower when dry, and there is no high load creep premium, there is
less creep cycling than wet. When the exponent is three, creep is accelerated. When it
is five, there is super accelerated creep.

For the present case in which the strings have identical properties, we need a lag
in moisture content from string 1 to string 2 (along with nonlinear creep) to achieve
accelerated creep. In Figures 6-9, the lag ranges from 0% to 40% of a cycle time. With
no lag, the creep is decelerated. As lag increases, accelerated creeps appears and
becomes stronger.

Institute work (Sedlachek and Ellis [1994] and Coffin and Boese [1997]) tells us
that a single fiber does not do accelerated creep, whereas a sheet of similar fibers
does. This can be construed to give encouragement to those with intricate fiber
structure mechanisms, but it also can be used to our advantage. From the
moisture-gradient driven accelerated creep mind set, this is explained as a
consequence of a small lag time. When accelerated creep testing is done on paper,
the normal (about hour long) cycle times are of the order of sorption times. Thus, the
effective outside-to-inside moisture lag relative to a cycle time is considerable. A single
fiber sorbs much more quickly. When relative humidity is cycled at an hourly rate, the
single fiber lag is small, and no accelerated creep is observed. (Thank you Derek
Page.)

We were treated to rather unexpected results when we looked at the influence of
creep load, viz. accelerated creep is more pronounced at low loads. Figures 10-13 are

Confidential iInformation not for Public Disclosure
(for IPST Member Companys' Internal Use Only)



Project No. F026

103

Status Report

128

115.3 frermeo

102.6

i ‘IIH‘ HHBmmN I ll IR

RN RARRRRAN R
| e

20 40 60 80 100 120 140

i
St

A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
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DF=1
CI=3.142
kVol =0.25
aVl =0.25
k=1
af =1
aL =1

power coefficient in creep equation
time shift between sorption in two strings as a portion of cycle time

ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement

creep in one cycle with kolo load on each spring divided by hygroexpansion
kVo2 =0.25 relative amplitude of spring constant variations with moisture
aV2 =025 relative amplitude of creep constant variations with moisture
ratio of string 2 to string 1 stifiness

ratio of string 2 to string 1 creep

ratio of string 2 to string 1 hygroexpansion

Figure 2d.  Extended time elongation and force imbalance vs. cycle number curves
for accelerated creep model
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=1 power coefficient in creep equation
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF =1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
oVl =0.25 aVvl =025 relative amplitude of creep constant variations with moisture
k=1 ratio of string 2 to string 1 stiffness
of=1 ratio of string 2 to string 1 creep -
aL =1 ratio of string 2 to string 1 hygroexpansion
Figure 3. Linear creep elongation and force imbalance vs. cycle number
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number

n=3 power coefficient in creep equation
lag =02 time shift between sorption in two strings as a portion of cycle time
DF =1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
oVl =025 oVl =0.25 relative amplitude of creep constant variations with moisture
k=1 ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep -
oL = ratio of string 2 to string 1 hygroexpansion
Figure 4. n=3 creep elongation and force imbalance vs. cycle number
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=>5 power coefficient in creep equation
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF=1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =025 aVl =025 relative amplitude of creep constant variations with moisture
k=1 ratio of string 2 to string 1 stiffness
af =1 ratio of string 2 to string 1 creep
oL =1 ratio of string 2 to string 1 hygroexpansion
Figure 5. n=5 creep elongation and force imbalance vs. cycle number

106

Status Repoﬁ

Confidential Information not for Public Disclosure
(for IPST Member Companys' Internal Use Only)



Project No. F026

107

Status Repoh

9
82 ‘,'
74 ,"
6.6 - 1 1[
581
5 Rl L
- s s
Swetj L. L
- 42 (
3.4 [
B
2.6
1.8
' 10 100
IR
St
A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0 time shift between sorption in two strings as a portion of cycle time
DF=1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
avl =0.25 aV1 =025 relative amplitude of creep constant variations with moisture
k=1 ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep -
oL =1 ratio of string 2 to string 1 hygroexpansion
Figure 6. no time lag creep elongation and force imbalance vs. cycle number
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0.04 time shift between sorption in two strings as a portion of cycle time
DF =1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
Cl =3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =0.25 aVl =025 relative amplitude of creep constant variations with moisture
kK=1 ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep -
oL =1 ratio of string 2 to string 1 hygroexpansion
Figure 7. 4% lag creep elongation and force imbalance vs. cycle number
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number

n=3 power coefficient in creep equation
lag =0.1 time shift between sorption in two strings as a portion of cycle time
DF =1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement

CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
oVl =0.25 oVl =025 relative amplitude of creep constant variations with moisture
K=1 “ ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep _
aL =1 ratio of string 2 to string 1 hygroexpansion

Figure 8. 10% lag creep elongation and force imbalance vs. cycle number
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles

2

17

14

0 A A \

3 | :
™02 1
iy Y A /
—0.7
) 2 ) 6 8 10 12 14
i
St
A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0.4 time shift between sorption in two strings as a portion of cycle time
DF=1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =0.25 aVl =0.25 relative amplitude of creep constant variations with moisture
kf=1 ratio of string 2 to string 1 stiffness
aof=1 ratio of string 2 to string 1 creep -
oL =1 ratio of string 2 to string 1 hygroexpansion
Figure 9. 40% lag creep elongation and force imbalance vs. cycle number
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF=0 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =0.25 oVl =0.25 relative amplitude of creep constant variations with moisture
kf=1 ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep )
aL =1 ratio of string 2 to string 1 hygroexpansion

Figure 10.  Zero force creep elongation and force imbalance vs. cycle number
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF =0.25 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement

CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =025 oVl =0.25 relative amplitude of creep constant variations with moisture
kf=1 ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep -
oL =1 ratio of string 2 to string 1 hygroexpansion

Figure 11.  Very low force elongation and force imbalance vs. cycle number
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles

1

08

06

04

02 2=

-3 02

—0.4)

-0.6/

3 ,

“Is P 3 6 3 10 I 14
i
St
A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF=0.5 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement

CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVvVl =0.25 aVl=0.25 relative amplitude of creep constant variations with moisture
k=1 ~ ratio of string 2 to string 1 stiffness )
of =1 ratio of string 2 to string 1 creep
oL =1 ratio of string 2 to string 1 hygroexpansion

Figure 12.  Low force elongation and force imbalance vs. cycle number
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number

n=3 power coefficient in creep equation
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF=2 ratio of driving force to single-spring elastic force with hygroexpansion

amplitude displacement
Cl=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
oVl =0.25 aVl =0.25 relative amplitude of creep constant variations with moisture
K=1 ratio of string 2 to string 1 stiffness B
af=1 ratio of string 2 to string 1 creep
oL =1 ratio of string 2 to string 1 hygroexpansion

Figure 13.  High force elongation and force imbalance vs. cycle number
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results of runs whose only difference is the magnitude of the overall creep load. Of
course, increasing the load results in greater creep for both wet and cyclic cases.
However, counting accelerated creep as a ratio between cyclic and wet creep, the
accelerated creep phenomenon diminishes with load and actually disappears at very
high loads. To understand this, look at the load curves in Figures 11-13. As load
increases, the ratio of the sorption induced load excursion to the average load
decreases. Therefore, on a relative basis the load excursion have less influence at
high loads. The most spectacular outcome of this exercise appears in Figure 10. Here,
the tensile load is zero; the unloaded system is simply out-of-phase cycled from wet to
dry. Notice that moisture cycling now causes the sheet to progressively shrink. This is
because the strings creep more when wet than dry, and a string is under compression
when it is wet and the other is dry. Look at Figure 10a. This is the same as Figure 10,
except the creep rate is made moisture independent. Now, the shrinkage from
moisture cycling is gone. So, we predict that, if moisture-gradient-driven accelerated
creep is operative, samples cycled under very low load will contract. We are obligated
to check this out experimentally.

How does the moisture dependence of elastic stiffness and of creep rate affect
accelerated creep? Figures 14-17 address this question. For Figure 14, stiffness and
creep rate are moisture invariant; the Figure 15 example has a moisture-dependent
stiffness; Figure 16 has a moisture-dependent creep rate; and both vary for Figure 17.
Notice that moisture dependence of the constitutive coefficients does not have a major
influence on accelerated creep. The change in creep rate with moisture slightly
reduces our phenomenon, whereas stiffness variability slightly increases it. A decrease
in creep in the dry state has a negative effect because the load spike comes in the dry
state. An increase in dry state stiffness helps a bit because the load spike is slightly
increased. (Compare the load plots in Figures 14 and 15.)

That is enough for moisture-gradient-driven accelerated creep. What about
heterogeneity-driven accelerated creep? To eliminate the moisture gradient effect, we
made runs with “lag” set to zero. To model a heterogeneous medium, we made
separate runs with the stiffness, the creep rate, and the hygroexpansivity doubled in
string 2 only. Turn to Figures 18-22. Figure 18 provides the baseline: “lag” is zero and
the material is homogeneous. There is decelerated creep. For Figure 19, the stiffness
is heterogeneous. Since this does not generate load spikes, there is no influence on
creep. Creep rate heterogeneity (Figure 20) makes small load spikes, but they are not
enough to move us into an accelerated creep scene. So, creep rate and modulus
gradients are relatively ineffectual. But, just look what happens when there is a 2:1
hygroexpansivity variability from string 1 to string 2 (Figure 21). The differential swelling
is capable of redistributing the load and allowing the nonlinear creep action to
accelerate creep. When left in a constant moisture state, the strings differentially creep
inexorably towards an even load distribution. When the system cycles dry, there is a
load spike in the heavy swelling side. When the system cycles wet, there is a load spike
in the light swelling side. We can also get load spikes if the two strings have different
moisture sensitivities in their spring constants and/or their creep coefficients. Figure
21a demonstrates the action when the spring constant of string 2 has a large moisture
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number

n=3 power coefficient in creep equation »
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF=1 ratio of driving force to single-spring elastic force with hygroexpansion

amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0 kVo2 =0 relative amplitude of spring constant variations with moisture
aVl =0 avVl =0 relative amplitude of creep constant variations with moisture
K=1 ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep ~
oL =1 ratio of string 2 to string 1 hygroexpansion

Figure 14.  Moisture invariant elongation and force imbalance vs. cycle number
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number

n=3 power coefficient in creep equation
lag =0.2 time shift between sorption in two strings as a portion of cycle time
DF=1 ratio of driving force to single-spring elastic force with hygroexpansion

amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
avVl =0 oVl =0 relative amplitude of creep constant variations with moisture
k=1 ratio of string 2 to string 1 stiffness
of =1 ratio of string 2 to string 1 creep -
oL =1 ratio of string 2 to string 1 hygroexpansion

Figure 15.  Moisture dependent stiffness elongation and force imbalance vs. cycle
number
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0 time shift between sorption in two strings as a portion of cycle time
DF =1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =0.25 aV1l =025 relative amplitude of creep constant variations with moisture
kf=1 ratio of string 2 to string 1 stiffness
aof =1 ratio of string 2 to string 1 creep -
aL =1 ratio of string 2 to string 1 hygroexpansion

Figure 18.  Homogeneous, no-lag elongation and force imbalance vs. cycle
number

Confidential Information not for Public Disclosure
(for IPST Member Companys' Internal Use Only)



Project No. FO26

122

Status Report

8 ’
73 ,’ /£
66 :
5'9 "” ...........
5 §.2 [ '
— 45 R B I
Swet. L
-- 38 <
J
24
17 -
1 10
i+l
St
A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0 time shift between sorption in two strings as a portion of cycle time
DF=1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =0.25 aVl =0.25 relative amplitude of creep constant variations with moisture
kf=2 ratio of string 2 to string 1 stiffness
aof =1 ratio of string 2 to string 1 creep -
al =1 ratio of string 2 to string 1 hygroexpansion
. ; i i I
Figure 19.  Stiffness heterogeneity, no-lag elongation and force imbalance vs. cycle

number
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0 time shift between sorption in two strings as a portion of cycle time
DF =1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI =3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0 kVo2 =0.75 relative amplitude of spring constant variations with moisture
oVl =0.25 oVl =0.25 relative amplitude of creep constant variations with moisture
kf=1 - ratio of string 2 to string 1 stiffness
of=1 ratio of string 2 to string 1 creep
oL =1 ratio of string 2 to string 1 hygroexpansion B

Figure 21a. Stiffness moisture sensitivity heterogeneity, no-lag elongation and force
imbalance vs. cycle number
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles
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A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0 time shift between sorption in two strings as a portion of cycle time
DF=1 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
CI=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =0 aV2 =0.75 relative amplitude of creep constant variations with moisture
k=1 ratio of string 2 to string 1 stiffness
af =1 ratio of string 2 to string 1 creep
oL =1 ratio of string 2 to string 1 hygroexpansion -

Figure 21b. Creep rate moisture sensitivity heterogeneity, no-lag elongation and force
imbalance vs. cycle number
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sensitivity and the string 1 spring has none. This does give accelerated creep, because
it leads to uneven load sharing . The results of run with an equally great creep
coefficient disparity comes in Figure 21b. Small load spikes appeared, but they were
insufficient to induce accelerated creep.

Now, we have two slightly different accelerated creep mechanisms. Accelerated
creep is a direct and logical consequence of penetrant expansion and nonlinear creep if
there are moisture gradients or material heterogeneities.

We wondered if the heterogeneity effect would also cause no-load cyclic
shrinkage. So, we made the run documented by Figure 22. Here, load is zero, and
there is a two-to-one hygroexpansivity ratio. Unlike moisture-gradient-generated
accelerated creep (Figure 10), heterogeneity causes no cyclic humidity shrinkage. The
strings are wet and dry at the same times; therefore, the extra creep in the wet state
causes no overall drift in an unloaded sample length. Perhaps, an observation of
shrinkage under unloaded cyclic moisture exposure is a way to differentiate between
moisture-gradient-driven accelerated creep and heterogeneity-driven accelerated
creep. :

A Constitutive Equation for Paper

The constitutive equations (linear elasticity, power law creep, and linear
hygroexpansivity) of the above example are clearly inadequate for paper. There we
demonstrated that accelerated creep jumps out of simple models with the necessary
ingredients. Now, we want to see what happens to a model more in-line with paper
behavior. For accelerated creep evaluation, we are going to propose a simple
differential equation as the constitutive equation of paper. We are going to substitute
this for the spring and dashpot in Figure 1 and see what happens when moisture is
cycled at constant load. First, we need the differential equation relating stress, strain,
and time in paper.

Before we do this, we want you to know that we know that we can't do it. Paper
is a nonlinear visco-plastic material with fading memory. The mechanical action at any
time is a complex function of its state of being at all previous times. In the nonlinear
regime, we have data from creep, stress relaxation, and load-elongation experiments.
But, we do not have means for predicting behavior under arbitrary load-elongation
history. There are formal ways of expressing general mechanical action, but they are
much too complex for simple calculations, and we are without specific, practical
parameters.

Facing this predicament, we decided to do as-best-as-we-could. Albeit creep
under cycling load in the individual strings, we are basically dealing with creep. We
decided to (1) start with the experimental creep curves, (2) derive a differential equation
that would reproduce creep at any static load, (3) generalize this to a constitutive
equation applicable to inconstant stress conditions, (4) check the equation out on
independent stress relaxation data, and (5) insert it into the accelerated creep integrals.
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A plot of elongation divided by hygroexpansion amplitude as a function of moisture cycles

1
0.8
0.6 : |
04 S S
02 B e e e
™ 04 =
—04
—0.6
—o.sL
15 ) 3 6 5 10 12 14
i
St
A plot of the ratio of the force on the string 1 to kolo as a function of cycle number
n=3 power coefficient in creep equation
lag =0 time shift between sorption in two strings as a portion of cycle time
DF =0 ratio of driving force to single-spring elastic force with hygroexpansion
amplitude displacement
Cl=3.142 creep in one cycle with kolo load on each spring divided by hygroexpansion
kVol =0.25 kVo2 =0.25 relative amplitude of spring constant variations with moisture
aVl =0.25 oVl =0.25 relative amplitude of creep constant variations with moisture
kf=1 ratio of string 2 to string 1 stiffness
aof =1 ratio of string 2 to string 1 creep )
oL =2 ratio of string 2 to string 1 hygroexpansion

Figure 22.  Creep rate heterogeneity, no-lag, no-load elongation and force
imbalance vs. cycle number
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From the work of Brezinski [1955, 1956] and others, we know the creep strain of
paper as a function of time can be as expressed in the following form:

£/G,= A In(Bt + C) , (1)

where ¢ is the creep strain, ¢, is the constant creep stress, t is time, and A, B, and C
are model parameters depending on 6, and creep properties of the sample. We also
know, from Brezinski, that creep curves at different loads can be shifted proportional to
the load in log time to make a master creep curve. That is, for each sample, there is an
o such that

o d/dInt(e /o) = d/do, (¢ /0,) . (2)
Inserting Eq. (1) into Eq. (2) under the assumption that A is independent of stress gives
ABY/(Bt+C) = A(dC/do, + t dB/do,)/(Bt+C)

or
Bt = dC/do, + t dB/do, . 3)

This works if dC/dc, = 0 and B = B,e** . Therefore, the general creep curve valid over
the range of initial loads is

£/0,=AInB.e* t+C) , 4)

This is not yet in a form that we can use to make a more general constitutive equation.
It explicitly contains the time from load initiation, which has no unique meaning in a
non-creep experiment. We are looking for a differential equation that depends only on
the current values of stress and strain and that can be integrated to trace behavior over
time. Now, we look at the time derivative of Eq. (4):

d/dt(e /o,) = ABe*/( B e t + C) . (5)
We rid ourselves of the time dependence by solving Eq. (4) for the denominator on the
R.H.S. of Eq. (5). This gives creep strain rate in terms of the creep stress and the strain
at the time of interest.
d/dt(Sc/O'o) = ABoeucoe-Ec/Aoo (6)
We should be prepared for cases in which our strings go into compression. To

extrapolate into the compression regime, it is best to make the creep rate an odd
function of stress. Therefore, we slightly modify Eq. (6) to

d/dt(e /o,) = 2AB cosh(0co)e =A% ) @)
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At the important high-creep times, as will be greater than one and there will be only
small differences between Egs. (6) and (7).

The total strain is the creep strain plus the elastic strain. So,
¢ = 6,/E + | 2AB_0,cosh(0.0,)e ™A% dt (8)
gives total strain in a creep experiment.

Now, we take a giant leap and generalize Eq. (8) to changing stress
environments. We assume that small load changes immediately evoke an elastic strain
change but do not influence the creep rate. That is, we write the following relationship
between differential changes in stress, strain, and time:

de - do/E - 2AB ccosh(ao)e ® A%t = 0 . 9)

This is our proposed constitutive equation in differential form. In using Eq. (9), we are
effectively assuming that, in an arbitrary stress-strain adventure, the creep rate is equal
to value it would have had if the material had crept under the present stress until it
reached the present strain. This is clearly not the case, but we don't see a better,
simple alternative.

A major shortfall of Eq. (9) is that it doesn't predict creep recovery. Imagine that
a material creeps for a period of time, the stress is released. According to Eq. (9), you
get an elastic rebound. However, contrary to experience, (since stress is zero) Eq. (9)
predicts the end of creep. This is not the only problem incurred in the low stress
regime. Notice that stress is in the denominator of the exponential term. Generally,
this leads to tiny creep rates at low stresses, but if during cycling we reach a state in
which stress and strain are of opposite signs, the strain rate can blow up. This is
difficult to justify physically.

We rightly have reservations about Eq. (9). However, we don't need a perfect
constitutive equation; we just want one that's good enough to tell us whether
accelerated creep is plausible (under our mechanism) in paper. We will avoid using Eq.
(9) when the material is cycling between tension and compression.

Stress Relaxation

To convince the authors and the readers that Eq. (9) is not total nonsense, we
used it to make stress relaxation predictions, then we compared them with literature
experiments. If the creep generated constitutive equation is at all good, it will make
reasonable stress relaxation curves. In stress relaxation measurements, the strain is
constant: the de term in Eq. (9) goes away, but a do term appears. Our proposed
stress relaxation equation therefore is

o =Eg, - 2EAB, | ocosh(0o)e®@oPA%dt (10)
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The first step in assessing Eq. (10) is to find representative values of E, A, and
B, We took these from Brenzinski's creep curves. See Figure 23. Then, using these
coefficients, we compared Eq. (10) with experimental data (Johnson and Kubat [1964])
by inputting the appropriate values of initial stress. Figure 23 is a printout of the
Mathcad program used to make the relaxation curves. Actual relaxation curves are
presented as Figure 24. These should be compared to Fig. 5 in our Figure 26. We
realize that the creep and the relaxation data are from totally different papers, but our
predictions should still have the proper form. '

Well, the model relaxation curves aren't too bad. At least at the higher loads, we
have nice long spells of log-linear relaxation. The predictions at highest load are
actually a fair rendition of the experimental results. From the experiment and from the
model, lowering the load delays the beginning of relaxation. This effect is noticeably
stronger in the mathematics. But, we think it is fair to say that model caught the
pertinent features of paper relaxation, and we think this gives us some confidence as
we extend to more complex loading problems.

Kubat places special emphasis on the maximum slopes in the stress versus log
time plots. He points out that these "inflection slopes" increase linearly with stress,
extrapolate to the origin for freely dried or conditioned papers, and are normally about
10% on the load. In Figure 27, we report the relationship between our model initial
stresses and inflection slopes. There is about a 10-1 ratio between stress and inflection
slope, our plot does (of course) extrapolate to the origin, but the slope decreases some
with load. We won't brag much about this, but we did get inflection slopes and they
exhibit roughly the right characteristics.

Here comes the final weasel. Please be aware that we do not recommend Eq.
(9) as a valid constitutive equation for paper. We just hope it is good enough to give us
a better prognosis for accelerated creep in paper.

Simple Accelerated Creep Model

From our experience with the extra-simple model, we are confident that Eq. (9)
will give accelerated creep. We know that nonlinear creep can lead to accelerated
creep. The creep portion of the new constitutive equation has two terms that are
nonlinear in stress. Increases in stress disproportionately increase creep rate through
the hyperbolic cosine term and through the exponential term. The constitutive equation
inferred from the master creep curves is highly nonlinear in stress.

Not only does the master creep generated constitutive equation have nonlinear
stress components in its creep behavior, but it also provides strain dependence in the
creep rate. Notice the creep strain term in the denominator of the creep rate
expression. This expresses the experimental observation the creep progresses more
slowly as creep increases. It gives us the linear log time creep behavior. Although, it
hadn't occurred to us before, we now realize that we may have another source of
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"relax1.mcd" This program provides stress relaxation curves from parameters taken off a Brenzinski master creep
curve. The creep compliance relation is taken to be Aln(Btexp(ac0)+C). The stress relaxation follows the differential
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equation do/dt = 26ABEcosh(ao)exp(-(0-o/E)/Ac)

E =9.8-10°
a:=3.41.10"

A:=321-10 1
1
C:=eFA

6B :=2.06-9.8-10°
©2:=9-10°

c*-c

B =
t2.e(1~GB
P :=1000

to =102

tf :=10"?

.= In(if) - In(to)

P
j:=0..P

t. :=to-e*’
]

od, 232100 oc

ob01=1.1-107 ca

Figure 23a.

Input Stress Relation Parameters
mks units are used everywhere

input elastic modulus Brez. p 58
input In time shift per stress increment on master creep curve Brez. p 61
input slope of strain versus Int at long time Brez. p 58

calculate the C coefficient C =24.0189

input nominal stress for master creep curve from Brez. 58
input time for creep doubling from Brez p 58
calculate the B coefficient B =62902:10

Input Plot Parameters

input number of data points
input plot start time in seconds

input plot stop time in seconds

Set Up lteration for Plotting

k'=0.P-1

Input Initial Stresses for Stress Relation Curves

cdo oc
1:2.3-107 edo '=— €O .=—
0 E E
=0.4-10' ob oa
0 0
ebo '=— €ao = — _
E E

MathCad program to calculate stress relaxation from proposed paper
constitutive equation
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Do the Stress Relaxation Calculations

od, ,'=od, - 2-A-B-E-Gdk-cosh<0c-odk>~e

k41

oc = Gck - 2-A-B-E~Gck-cosh<a-cck> e

k+1

ob,  ,i=0b, - 2-A-B~E'Gbk‘cosh<a~cbk>-e Aoby -(tk

k+1

oa 1=0ak— 2-A-B'E'Gak-cosh<a-cak>-e

k+1

od
- (edo - —k>
\ EJ

A-C dk

oc
i (m_ _k)
A\ EJ

A- O'Ck

- (ebo - ﬁ)
E

A\ EJ

A'O'ak

'(tkﬁ-l_ tk)

(g1 t)

+l_tk>

'<tk+l_ tk)

Status Report

Calculate the Derivatives of the Stress Relaxation functions with Respect to In (time)

‘:{:<Gdk+1_ Gdk>'tk+lJ

ket <tk+1_ tk)

o = <°°k+1_ °°k>'tk+1}

ket L <tk+1—tk>

| (Gbk.f_l*Gbk).tk-i—l}
R R CURET™

<Gak+l_ 0ak>'tk+1}
<tk+-1 - tk)

bot :=1.2-mind

Sa'k-|—1 ::{

mind ‘=min(sd)

minc = min(sc)

minb = min(sb)

mina ‘= min(sa)

mind =-1.8957-10°

minc =-1.6299+10°

minb =-1.0454-10°

mina =-4.807510°

Figure 23b. MathCad program to calculate stress relaxation from proposed paper

constitutive equation
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