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IXTRODUCTION

The papermsker is éontinually striving to bdetter his product
by designing his shaet to meet its use requirements. This has in-
evitably led to the introduction of many nev techniques of papermsking,
unoig whioch is the use of a wide variety of nonfidrous additives. When
the use requirements of certain grades of peper dictate that the sheet
heve a oertain amount of flexibility or "softness,” and it is impossidle
or undesirable to obtain these properties by manipulation of the paper-
naking variables, they may be obtained dy adding to the sheet one of &
gronp of compounds spoken of as softensrs or plasticisers. Tor example,
a highly beaten greaseproof or glassine sheet may require some such
additive to modify its naturally stiff, drittle characteristics so that
1% will not dreak or fracture when flexed. VYarious grades of foed wrap
must withetand folding and flexing without crscking, and thus they
generally require the presence of a softening material, In certain in-
stances a pleaticiser may be used vhen the properties of "dead-fola"
and minimum "spring-back” on folding are essential, Paper draperies are
regularly trealed vith some type of softening agent to enhance their
clothlike draping qualities, while radio prograam paper may contain these

agents to reduce sheet rattle on folding or dbending.

he \erms softener, humsctans, mnd plasticizer have all been
applied to these compounds. The general adoption of the term softener
nay be disputed on the sound basis that the meaning of the term softness
may depend on the particular paper product under discussion. To the

glassine manufecturer, softness may mean flexidility; to the tissue



manufacturer, softness nay cbx_mota such quaniiu as sheet smooth~

ness and lack of harsh edges and cornera vhea the sheet 18 erumpled.
The term humectant is ocorrectly applied to some of these compounds soms
of the time. FHowever, the use of this tera implies that the action of
the material is wholly the result of its hygroscopicity. This is an
oversimplifiocation of the facts. The term plasticiser would seem %o

be the most satisfactory general term for the clags of compounds under
dimcussion, In the high-polymer field the term plasticiser gemerally
refers to a material, often a solven$ or near-solvent of low volatility,
which is incorporated in a material to lower its internal cohesion and
hence $o enhance its toughness and flow properties and to increase ite |
flexibility. Despite the fact that this general definition may mot
strictly apply to paper, there is strong reason to suspeot that as more
{s learned of the mechanism of plasticising paper, this definition will

prove to fit the actual faote.

In this theals the term plasticiser will be used to dnc’rlba
thogse additive compounds which reduce the rigidisy of a sheet of paper
and improve its flow properties. Among the many materials which have
been used for this purvose, glyceria 1s the most important. The suger
products such as invert sugar, corn sugar, COTN SYrup, and dextrose have
also Deen rather widely used. Sorbitol and ethylens glysol are also
in use in the industry, and urea is rapidly becoming one of the more

{mportant of these materials.
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HISTORICAL REVISW

In recent years increased technological edvance in the paper
industry has resulted in increasing interest in the actual mechanism
by which certain compounds plasticize a sheet of paper. Since the
1i{terature concerning this subject has been thoroughly reviewed by
both McPherson (1) and Nethercut (2), no comprehensive higstorical sur-
vey will be attempted in this thesis. The interested reader is re-
ferred to the works of these authors for a more complete review of the

early work in the field.

Yature's softener for cellulosic materials is water. The fact
that most of the plasticiszers commonly used in paper are hygrosconic has
led many meonle to assume that these compounds are effective only because
of the additional moisture which they draw into the sheet of paner. The
fact that & close relationship exists between hygroscopicity snd nlasti-

clzing nowers has been brought out by many investizators (3-12).

However, exnerimental evidence continues to accumulate which
ghowe that the plasticiszer molecule 1tself is effective in altering the
mechanical promerties of paper. Tike (13) first demonstrated that at
relative humidities below 60%, the addition of small amounts of invert
sugar or glycerin to greaseproof paper actually reduced its moisture
content. Connor and Nadelmann (14) observed that below a relative
mmidity of 40%, plasticizers do not exert any beneficial effect on
paper due %o their hyerosconicity. A careful study by Mclherson (1)»4

showed that at any relative humidity the moisture content of a glycerin-

treated sheet was less than the theoretical sum of the individual moisture
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contents of the paper and of the ;lycerin, This difference between the
obsorved and the calculated moisture contents increased with increasing
glycerin content and with increasing relative humidity. At low relative
humidities and low glycerin contents, the moisture content of the treated
sheets was found to be lower than that of even the untreated sheets.
McPharson concluded that at low glycerin contents, zlycerin was effectively
commeting with the moisture for the resctive sorbing grouvs on the cellu~

lose.

Nethercut (2) also found that the flexibilizing action of
glycerin, formamide, and urea on rayon fiber could not be wholly exnlained

on the basis of the change in moisture content of the treated fibers.

In view of the absence of any direct evidence proving that the
plasticizing of paper is accomnlished solely by hygroscopic moisture
attracted to the sheet by a humectant, it seems logical to nroceed under
the assumption that other molecules, in addition to water, may hnve the
ability to plasticize paver. If this assumntion be granted, then the
fundamental problem at hand is to determine how both water and other

nlasticizere act to alter the vroperties of a sheet of paner.

McPherson (1) hos classified the various proposed mechanisms
for the nlasticizing phenomenon under the three headings: (1) the fider
lubrication concent, (2) the weakening of fiber-to-fiber donds concent,
and (3) the flexibilizing of individual fibers concept. Inasmuch as the
actual Tnaic mechanism is probably almost the same for all three of the

above classifications, it is logical to consider the three catersories 28

one,
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THE MECHANISM OF THE, PLASTICIZING OF PAPYR

Pixe (13) 2nd Leffingwell (3) considered that plzsticizers
provide 1ubrication between the fiders in a shest of paper in such & way
that their sbility to alin over one another is enhanced, Connor and
Nedelmann (14) felt that plesticizing was probably the combined result
of a lubricetion vhenomenon and a £1ber-swelling phenomenon. In cone
gidering the lubricating action of & meterial, they differentinted be-
tween "boundary jubrication" in which a thin, perhans monomolecular,
layer of adsorbed plasticizer reduces the unbalanced molecular attractive
forces responsible for friction between contiguous faces, and "fluld
jubrication" where the layer of lubricant is sufficiently thick that
only the internal friction (viacoaity) of the lubricant is significant.
They nictured & nolar plasticising molecule whose reactive group could
be firrly attached to the s0lid face of the fiber with its less reactive,
nonpolar end at a steev angle with the face, Tms with a monomolecular
layer or & nartial layer of plasticizer molecules attached to the face,
the attraction between molecules of jubricant would be less than either
the attraction between solid faces or the attraction between the solid
face and the molar end of the moleculs. This would result in reduced

bonding strength.

It is the feeling of the author that the concent of fluid
lubrication ise aovplicable only to extreme cases of mlasticizing such
~g an actual wetting of the sheet, It 1s felt that the separation of the
fivers of a sheet of vaper to the noint where the viscosity of an inter-

spersed 1iouid could control the sheet's mechanleal nroverties would result
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in a semidismersion of the fibers and an almost complete loes of

sheet strength,

Connor and Nadelmann have noted that boundary lubrication and
fiver swelling are very closely related. They believed that by the
game nrocesa of adsorption as that described above for boundary lubri-
cation, a plasticizer molecule may enter the fiber and cause swelling.

This swelling would result in reduced fider stiffness.

McPherson (1) found that glycerin increased the caliper of a
sheet of paner, and that a glycerin-treated pulp had less moiature-vavor
sorntion hysteresis than an untreated nulp. 3Both of these findings, he
concluded, demonstrated that glycerin entered the cellulosic structure
and kent it in a semiswollen state. McPherson also found that glycerin
first increased and then reduced the relative internal friction of paper
as measured by the damning effect of a sheet of paper on & torsion nendu-
lum. From these data he concluded that the first increments of glycerin
had swollen the fibers and the bonds in the sheet sufficiently to allow
an increased movement of fibers or micelles under stress, Larger amounts
of glycerin, he believed, while further increasing the relative move-
ment of fibers, probadbly tended to nrovide some sort of boundary lubri-

cation which reduced the frictional forces.

McPherson further found that glycerin reduces the flexural
rigidity and tensile strength of an aloha gheet, but that 1t has no
effect on the tensile strength of cotton fibers. From these data he
concluded that the softening effect of glycerin on naner is the result

of a weakening of the fiber-to-fiber bonis by the swelling mnechanism



mentioned above.

Nethercut (2) studied the effect of various plasticigers, in-
cluding water, on the dynamie atiffness of rayon filaments, ramie fibers,
and ramie sheets. Although he found that the stiffness of the filaments
and fibers was affected by the nresence of & plasticiger, he concluded
that most of the loass of atiffness occurring in a nlasticized sheet was
the result of changes in the fiber-to-fiber bonds rather than changes
in the fiders. His work on rayon filaments indicated a close relation-
shin between swelling ability and plasticizing ability, Formamlde was
found to flexibilize markedly rayon filaments while the effectiveness of

alcohols seemed to be reduced by increasing the chain lengths of the

alcohols,

Reed (15) etudied the folding strength, tensile strength,
stretch, and tearing strength of sheets treated with a series of alivhatic
esters of gluconic acid. e renorted that the plasticizing action

anneared to incrense with the size of the esterifying alcohol molecule,

Sneel (16) found that increasing the chein length of the
polyalcohols decreased tnelr nlasticizing effect on paner. Thus ethylene
glycol was more effective than glycerin, which, in turn, was more

effective than sorbitol.
Steenberg (17)* has published load-elongation curves which show

*This author also presented a paper entitled "Prelinminary results on the
nature of the maner bond by studies of softening with amides” =t the
TAPP1 Fundamental Research Confercnce in ievee, .., May 31, 1¢50,
which was not available to the author.
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that with increasing moisture content, the tensile strength and the
elastic modulus of a sheet of paper are decreased. The sheet's yleld
noint decreases with increasing moisture content, whereas flow properties

and stretch increase,

THE PLASTICIZING OF OTH4R CHLLULOSIC MATFRIALS

In studying the plasticizing of paper, it {s desirable to dbear
in mind that the cellulosic raw material in paner is & high nolymer. As
such it may be exvected to behave in the same general manner as other
polymeric systems., A brief review of & portion of the literature dealing
with the vlasticizing of other cellulosic materials is varticularly per-

tinent to the subject under consideration,

Ott (18) has discussed two general theories of plasticiger
action for cellulosic derivatives, The first concent is one of a solva-
tion of the nolymer chains which incre~ses the average distance between
them and thus reduces the forces acting between neighboring molecules.
This reduction of cross-linking forces serves to increase flexibility by
increasing the amnlitude of the internal movement of the chains. The
second theory, attributed by Ott to Kratky, nictures a network of sol-
vated cellulose derivatives which surround and penctrate reg;ons in which
the plasticizer content ia much greater. The vlasticizer-rich vhase,
which is a more complete solution of the derivative in the solvent, is
only partially miscible with the surrounding solvated (plaaticizer-noor)
nhage, and is held in the nores of this nhase by surface tension. This
nrevents the collanse of the structure. The viscosity of the vlasticizer-

rich nockets of such a gel-type structure ia said to control its flexibility.



9=

Craver (1) agrses with the first theory of Ott in that he
considers plasticizers to be high-boiling solvents which replace nolymer-
volymer bonds with polymer-solvent bonds. Liebhafsky, Marshall, and
Verhook (20Q) also considered the plasticising of polyvinyl chloride to

ocour along these lines,

Meyer (2)) has stated that the forces asting detween the
cellulose hyiroxyl groups may be diminished by intermicellar swelling
agents, such as water, Intramicellar swelling agents, he pointed out,

would be even more effective.

_ The experimental work of Baker, Fuller, and Pape. (32) aleo
indicated the same mechanism as tbﬁ ;;ropoio'a 'by ott. -‘!'hua: workers
studied the effect of _solunto, including water, on samples of cellulose
acetate vhich had been heated and rapidly quenched to “freesze" the
structure in a highly di-ordgud form. They found that either solvent
vapors or wajer caused a sufficient relaxation of the cross-linking
forces by which the streases were boing frozen into the fider to allow
5 considerable increase in crystallinity to take place. They conscluded
that a lover elastic modulus resulted when these high interchain forces,
which resulted from the hydro'gen bonding of residual hydroxyl groups,

were turned to bonding softener.

Nickerson (23) believed that the ruvturing and weakening of the
~0-H,..0= cross linkage in cotton was accomplished by water, and possidly
by other plasticigers, first by combining vith and deactivating hydroxyl
groups, and secondly by increasing the molecular distances so that the

rasidual valence forces are greatly reduced in potency.
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The fact that the redustion of internal cohesive forces is
sufficient to cause plesticizing has been shown by Ott (18), who
"internally" plastioized some cellulosic materials by revlacing hydroxyl
groups with larger substituent groups. These larger chains incressed
the intermolecular distances and thus largely destroyed the high degree
of cross bonding, The resultant effect on the material was the same

as if an external plasticiszer had been added.

The effect of moisture on cotton fiders and rayon filaments
provides an interesting insight into the plasticising action of water,
Willvomm (24), Obermiller and Goerts (25) and Mann (26) found that the
tensile strenmgth of cotton hairs increased with incressing moisture con-
tent. On the other hand it has been reported by Peirce and his
collaborators (27, 28) that & linear decrease in thes modulus of rigldity
of ebt‘qn hair eacurs throughout most of the moisture content range ss
fhﬁ solsture cbnéont {ncreasés. Yenabls (29) and Lanar"kjg) found that
the tensile strength of rayon decreased with increasing moisture con-
tent, Nethercut (2) reported that the flexural rigldity of rayon de-

creased as the moisture content of the filsmen$ incresgsed,

Both Hermans (3]) and Houwink (32) have offered logical, if
slightly different, explanations for this seemingly contradictory be-
havior of rayon and cotton, Hermans believed that the explanation lay
tn the dtstribution of tension. In the swollen natural cotton fibdber,
he stated, the molecules are distribﬁ&od very uniformly, and as a resuld
vof the increased flexibility of the amorphous portions the chains are

more evenly strained than in the more brittle, dry fiber. However, in



rayon the molecular chains are less orderly in arrangement. In the
dry rayon filament the tension is therefore more evenly divided in
these disordered amorphous regions than in the moist filament where

the lack of uniformity comes into full play. Houwink regarded the
deformation of rayon as a slippage of micelles which 1s fagilitated by
the presence of a iubricant. i.e., & swelling agent such as water., His
concept of the effect of molsture on cotton fiders was similar to that
Just discussed in connection with Hermans' views, in that he felt that
the increase in tensile strength was due to a more even distribution of

stress between micelles,

Since internal coﬁuin forces of both rayon and cotton are
reduced by water, it is to be expected that the flaxidility of both
materials would be increased on svelling. The effeet of plasticisers
other than water has been found %o be similar to the effect of water.
¥cPherson (1) found that treatment of scatton fibers with glycerin 414 not
decrease their tensile strength, although their stiffness was adversely
affected. Nethercut (2) reported that the modulus of rigidity of rayon
filaments was reduced by such plasticisers as glycerin, urea, and
formamide. The effect of thess materials on the stiffness of ramie
fidber was considerably less marked than in the case of rayon filaments.

URBA AND RELATED COMPOUNDS AS PLASTICIZERS FOR
PAPER AKD CELLOPHANE

In 1934 Herrmamn (33) was granted a patent covering the use of

formamide as & plasticiszer for cellulosic sheets. Several years later

Underwood (34) and King (15) patented the use of water-soluble amides
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(ineluding urea) and urea and glycerin mixtures, respectively, for the
softening of regenerated cellulose films. Meigs (36) in 1940 patented
the nss of a cellulose film softener comprising a water-soluble poly-
hydric ester of carbamic acid. In the specifications of all of these
 patents the suitabdbility of the plasticiser for paper, particularly

glassine paper, was noted,

The use of unreacted urea in conjunction with hygroscople
substances such as those norﬁally employed as paper nlasticisers was
patented by Roth (32) in 1942, Beecher (38) obtained a Cansdian patent
in 1944 which coversd the use of & urea-glycerin mixture in the rﬁtio
of about 10:1 for the softeniag of paper, Wenberg (39) patented the
use of the inorganic salts of urea, such as a double salt formed by
the addition of three perts of urea to one part of sodium nitrate, for
the plasticising of glassins. He stated the preferred amount of
plasticizer to be from 3 to 20%. In 1947 Feibelmamn (k49) patented the
use of & solution of urea and potassium formate as a softening agent
for paper. Charles and Durgin (4]) have recently been granted a

patent for the use of urea as & plasticiser for creped, resin-impregnated

papers.,

PHY VISCO-ELASTIC BRHAVIOR OF PAPER

In a conutdomtion of the mechanical nronertien of pwoor. the
f.et ca.nnbt bo ovorlookod that paner, nko mAny other htgh polymers,
exhibits both elastic and viscous properties. Llastic behavior implies

that the material obeys Hooke's law so that the strain is directly pro-
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portional to the applied stress and is completely and instantaneously
recovered on removal of the stress. In the elastic deformation of paper
no bonds are broken, but potential energy is stored up in such forms

as changes in valence angles and bonding distances, and uncoiled mole-
cules. Hlastic behavior is never & time function. Viscous or flew
properties, on the other hand, have & definite dependence on time. The
portien of the creep which occurs when & plastic body is strained and
which may be recovered with sufficient time is known as nrimary creep

or recoverable flow, Secondary creep, on the other hand, is {rreversidle

and results in unrecoverable deformation.

As & result of the dual nature of paper, the stress-strain be-
havior of the material is a funetion of its entire previous history (42).
It is also obvious that the extent to which the elastic and viscous proper-
ties control the behavior of paper 1s dependent on the time roqnirnd for
the stressing. This has been graphically 1llustrated by Rsnce (43), who
found that a paper having a tensile strength of 10 kg. droke in 11 mimutes
with 9 kg., in 14 hours with 8 kg., in 20 days with 6 xg., and in 220

days with 4 kg,

A number of investigators (42, it4l7) have reported and dis-
cussed the fact that when a sheet of paper is successivsly loaded and
unloaded, the sscondary creep charscteristics are decreased so that the
sheet becomes mechanically conditioned or work-hardened. After sufficient
load-unload cycles, the stross-strain diagrams of successive cycles

become almost identical.
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There are strong indications that another phenomenon, similar
to the extensien-orientation phenomenon observed in nany linear polymers,
may occur in paper. Rdge (48) and others (42) have found that & wed
of paper of random fiber orientation which is dried under unidirectional
tension may have a very much higher tensile strength in the direction of
the dryimg tension than in the cross diroetion. Yurthomoro, in highly
extensible la‘bor‘torr papers, lvarason (ﬁ) has reportod finding thas
the slope of the 1oad-olon¢a.tion curve {the LE curve) increases as the
plagtie olongstion continues; showing that the peper is begimning to
stand up to the stress in wugh the same manner as do regenerated cellu-
lose filaments, VWhether thﬁ; two effecte are mutually related, or
whether or not they bear any basic similarity to the extension-orientation

of a material such as rayon is not known,

In stress-strain vork on visco-elastic materials meny investiga-
tors have found it convenient to describe the behavior of a material in
terms of hypothetical models 'bnil.t up of elastic springs and visoous
dashpots. This type of analysis has proven to be partioularly useful as
an aid i{n the separation of the effects of viscous and elastic behavier
on the stress-strain curve. It has also made possidle mathematical
treatment of the data, While this method has been found to have con-
siderable utility, ite inherent limitations must de borne in mind at
sll times. The fact that a model satisfactorily explains the form of
a stress-strain curve does not, in itself, mean that the elements of
the model have submicroscople counterparts in the structure of the
material itself. Particularly is this trus of a substance as complex

structurally as paper. Paper is known to be msde up of & vast number
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of elements, each of which may exhibit visco-elastic properties amd
vhich may, therefore, be represented by a visco-elastic model., Several
investizators (17, 49-51) have warned against succumbing to the urge to
describe the internal structure and the mechanism of mechaniocal lironoiu

in terms of tiny springs and submicroscopic dashpots.

An moitant discussion of the visco-elastic properties of
textiles by Eyring and Halsey (49) is of interest, These mthois advanced
the concept of a constant interchange of *partners” in a high polymer,
in which flow units are contimually exchanging old neighbors for new,
even vhen no _forcu ari acting on ths moleoules. Au applied: nr‘gu
unbalances these forces, csusing a net migration of flow units inr o;o
direction. The dasis of the viscowelastic model, they further state,

{s the concept of a fiber as a long dunmdle of leng-chain molecules, Some
of these long-chain molecules are too firmly bound to slip, hence they
act as pure springs in sccordance with the kinetic theory of elastloity.
_ Other molecules are not so firmly fastened and contain loops and ends
which may both stretch or slip, and hence may act as a Maxwell unit
(spring and dashpot in series). These tvo types of units in parallel

will behave in the manner of the thres-element model shown in Mgure 1.

Eyring and Halsey pointed out that either disentanglement or
failure of the individual molscules may be the cause of failure. In
order to be droken, a fibder must exverience & progressive diminution
in the number of chains in some oross section which sustains the force
exerted on the fibder. This may occur either by (1) end slippege of the

molecules, or by (2) rupture of the primary valence dbonds. The actual
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failure may be preceded by slippage, in which loops crossing a cross
gsection more than once are pulled out until the number of chains in Q
eross section is onfﬁoiint for mechanism (1) or (2) to ssour. The

number of loops which can be extended and the sise of these loops tims
determine the extent to which fibers can lengthen without breaking.

Byring and Halsey further emphasized that the simplest visco-elastic

model merely replaces all the loops with an appropriate average loop.

That such a simplification is not wholly satisfactory is shown by the

faot that if & wide distridution of loop sizes exists, & continuing
elongation will osuse successively longer loops to unfold. The net result
will be a stiffening in terms of force per bond. The break results at
that elongation for which the avallable loops in & ciou section are
exhausted. It does not necessarily follow, they pointed ous, that this
elongation is the same as the over-all fiber elongatisn. The mechanism
'whigh Eyring and Halsey disauqioa vas, of course, for‘",;tng'inaim fivders, '
However, 1% seems quite possidles that the gonera} type of mechanism
plctured may also de amplicable to the fiber-to-fider vonds 0f peper
vhich musé, ultimately, consist of intermolecular bonds similar to those |

in a fiver.

Ivarsson and Steenberg (52) have found that the model of
Figure 1 1s adcquit. to explain the behavior of strain-hardened papers.
Other olements must be added %o this model--at the very least a series
dashpot-~if the secondary creep properties of a virginm, unstressed paper
are to be adequately explained. Thess authors have explained how the
nodel of Figure 1 operates to give an LE curve of the type obtained

for paper and illustrated in Figure 2. When the model and the sheet are
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strained at a constant rate of elongation, they react elastically at
first, the springs K, and X, undergoing extension. In thig firet region
the LE curve is linear and its slope is the sum of the spring constants
of springs K, and K,. At some point in the straining, the foroce oxerted
on the mon-Newtonian dashpot causes it to start moving, and the LE curve
falls away from its original straight line. As the sheet and the model
are further elongated, bdoth springs continue to be extended. The in-
creasing force exerted by K2 on the dashpot causes its rate of movement
to continue to increase. At some point the force exerted by spring X>
is just sufficlent to cause the dashpot to move at the over-all rate of
slongation, s0 that thereafter K; ceases to extend as the shest is
strained. In this region the 1E curve becomes linear again. It is
evident that the slope of the LE curve in this portion of the curve is

equal to the suring constant k.

If the jav movement is now reversed, Ivarsson and Steendsrg
contimued, springs K, and K, begin %o retract, The spring K, is still
nndorrt,ncion 0 thgt the ﬂanhpot continuss to move in the diroo‘ion of
original extension. Thus Ky is being shortened from both ends, and soon
reaches an unstressed state., At this point dashpot movement ceases.

K, 1o still extended, hovever, so that further unloading causes K, to be
compressed, and this drings about dashpot flow in the direction of re-

tura.

¥hen jav movement is once again reversed so that the sample is
being reloaded, the dashpot again passes through a period of sere motion

before begimning to move in the direction of extension.
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As an aid to visualizing the mecondary creep properties of
paper, Steenberg (17, 43) has introduced the concept of “microcreping'
in paper. The extent of this microoreping 1s said to be determined by
the past history of the sheet, such as the amount of tensicn avplied to
the sheet during drying. As a result of drying tension, tho loops, kinks,
or curls in the fibers or bonding fibrillas which may constitute this
microcreping are straightensd out, with a resultant orientation toward
a higher state of orystallinity (46). This would account for the in-
erease in tensile strength and modulus of elasticity observed as the

result of drying under tension,

Mason (47) bas described the mechaniem of strain in terms of
a mechanical model which consists of a series combination of & Maxwell
unit (eoring and dashpot in series) and a Yoigt unit (spring -ﬁd dasgh-
pot in parallel). The instantaneously recoverable strain may de
associated vith the Maxwell unit spring, and is, by implication, essen-
tially & fider and fiber-orientation property. HNason considered the
Maxwell unit dashpot to represent the uncoiling of fivera and the
slipping of unbound fibers over one another. The Voigt unit may de
associated vith the relative movement of bound fibers, On this dasis,
Vagson feels that the study of 1nnfantaneon. deformation should vprovide
& measure of fider properties, whereas the rocovgrablo creep should dbe

an indication of the mechaniokl nature of the interfider Yonding.

01bbon (45) delieved that the preliminary stressing of a sheet
of paper is sgsentially a ﬁroco-a in whiech fibers slip into posisions of

increased density rather than one of fiber extension. Repeated stressing
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then probadbly acts on fibers and fider-to~fiver bonds once this per-
panent set has besn sstablished. FHarrison (54) stated his belief that
the first loading of a sheet causes the straightening of kinks in the
fibers with a resultant nonrecoverables elongation. Superimpnosed on this
sction is a smaller viscous flow caused by the gradual slippage of fidvers
past each other, There is also & recoverabls, nonelastic deformation due
to a deformation of the fiber strusture. Ivarsson and Steenberg (52)
believed the site of flow to be the weak cohesive forces, proﬁahly hy-
drogen bonds or van der Waals forces, between fider, fidrillas, micelles,

or cellulose chains.

Rance (L43) bslieved that fibers are dfiod in a kinked or
twisted form and that this kinking corresvonds %o Steenberg's micro-
creping. Rance considered rupture to be the logloal termination of the
straining process., The irreversible flov results from the first stage of
disintegration where fiber-to-fibder bonds are broken at an sver increas-
ing rate. _Rupturc is caused by the concentration of stress at wveakened
points. Therefore, in Rance's opinion, in so far as straining involves

the dreaking of fiber-to-fiber bonds, it is a weskening process.

Van den Akker (55) has "listened” to rag and sulfite Yond papers
vhile they werse under increasing strain. He reported that 1istle or no
noise, sush as might be heard if bonds vere breaking, was heard before
the point of actusl failure. He intervreted this to mean that in a

reasonadly well-beaten sheet very fev bonds break before ultizate fallure,
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PRISENTATION OF THE PROBLEM

Considerable hsndvay has been made in the past few years in
slusidating the mechanism by which paper is plasticized. Experimental
avidoncc'has_boen obtained upon wvhich a sound concept of the phenomenon
may be besed, However, further work in this interesting and important
f1e1d is necessary if the mechanism of plasticising paper i{s to de

completely understood.

The action of urea on paper has never been studied comprehsnsive-
ly. In addition to its increasing technological importance, urea is of
considerable theoretical interest because it lacks some of the character-
{stics which have hsretofore been associated with all paper plastiocisgers.
First of all, urea lacks the hygroncopic characteristics cbmmon to almost
all paper plasticisers. Secondly, ures prodably lacks a hydroxyl group
which some investigators (14) have felt is & prerequisite to plasticising
ability. It is posaidle, of course, that urea undergoes a tauntomeric

keto-snol shift which produces an enolic hydroxyl group.

The first object of the thesis, therefore, was to study the
plasticising effect of ures on vaper with the hone thas the investigation

might shed light on the vlasticising action of other softeners as well,

A very considerable amount of work has been done on the stress-
strain characteristics of high polymers, and a wealth of information on
the structure of various materials has been gained from thess studies,
Only in the past decade, however, have the stress-sirain properties of

paper come into their own as an important tool for the study of the visco-



elastic nropertiee of paper. TFurther study of the load-elongation (LE)
en?vt'could be exnested to contribute to the understanding of thie

v

nbtentially highly useful teol.

~ The pooond‘otjobt.of the thesis was to employ the LE curve of
paper as & means of svaluating the effect of ﬁrea on the mechanieal.
properties of paper. This type of evaluation was exvected to give a
maximum of data vwhich would be of value Yoth for improving the under-
standing of the plasticising phenomenon and for adding to our nowledge
concerning the variation of the 18 ourve as changes are made in a sheet

of paper,

The program ocutlined for the study of urea's action in paper

" {ncludedt (1) a study of the effect of urea and a few related compounds
on the LE curve of alpha-pulp handsheets, and the effect of varying
humidity conditions on the 1E characteristics of the treated sheets,

(2) & study of the effect of substitution on the urea molecule on itis
ability to change the visco-elsstic properties of paper, snd (3) & study

of the effect of urea on other related sheet properties,



22
TESTING MBTHODS AND ANALYTICAL PROCRDURRS
SHEET PREPARATION

A Brown Comoany alpha vulp was selected for use because 1t was
foeld that an alpha pulp would most nearly approach pure celluloss and
yot still retain the pyporlnking properties tynical of wood pulps in
geaernl,’ !ha rql;blvi absence of hghic;llulonoo in an alpha palp was

expected to simplify interpretation of the data obtained.

It is well-known that the LB curve of paper is quite sensitive
to the conditions under which the paper is dried. Preliminary work showed
that with increasing drying tension, the elastic moduli and the tensile
strength of a sheet increased, while the stretch and work of failure fell
off sharply. The fact that drying tension is of such 4importance to the
LR curve made 1t necessary to employ a reproducidle means of drying the
ieat shsets, Oonoidoriblo exploratory work with slow-drying techniques
indicated that it was impossidle to obtain a sheet completely free of
cockle unless the sheet were dried with some degree of restraint. Since
drying between blotters mizht have given the handsheet two-dimensional
characteristics similar to those of the dlotting paper, this method was
not used. Ultimately, it was decided that the only way to produce the
flat, completely reproducible test sheets necessary for the LE work was
to o;ploy the standard sheet preparation and sheet-drying method (58)
invvhich sheet shrinkage is prevented by drying the sheets on plates and
rings, It was realised that by drying under complete restraint, she
sheets were made stiffer than would de the case if they were dried without

restraint. This may have tended to magnify the plasticicing effect of



the various materials incorporated in the sheet., It is probadly true,
however, that sheets dried on plates and rings more nearly approximate

machine-made papers than sheets which are dried without restraint,

Preliminary work showed that it would be extremely aifficuls to
produces shsets having gho sane LE curve from one Valley heater charge to
" another. Consequently four beater-loads of pulp were beaten, each charge
being beaten 50 minutes with a bedplate loading of 4500 grams. The deaten
pulps were thoroughly mixed and mede into 1.6-gran sheets on a single
British sheet mold during thq course of five days., The standard method
of cho,f“plfcwati'on "(56) was used, The Schopper-Risgler freeness of the
nix&d .pnip was 640 ml. All the sheets were calipersd at five voints with
a Schopper caliper whiech was gradusted to 0,0901 {nch and which me% the
speciﬁcagions of the standard method (57). Xach sheet was weighed on
an apalytical balance, and its basis weight and density were calculated,
From the 550 handshooﬁ which were prepared, about 300 standard test shests
vere chosen which met visual cleanliness and formation standards, and vhose
basis velghts and densities fell within the following limits: basis weight,
61.29-.62,30 pomﬁds per 25 x 40--500 ream; and density, 0.732-0.755 &./ce.
The aceepted shests vere then mads uv into testing groups of four shests
g0 that in any group the mean of the welghts and the mean of the densities
fell as close to the median of the limits as was possidle. By this care-
ful sheet preparation and selection procedure, as much sheet-to-shest |

variadility was eliminated as wes practiecally nossidvle.
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INTRODUCTION OF ADDITIVE COMPOUNDS INTO THE SHEETS

The majority of the compounds studied were introduced into %he
standard sheats by soaking the sheets in aqueous solutiens of the material
for a minimun sf 12 hours. During this time the solution was ocoesionally
swirled around the gheets to insure the presence of fresh solution aroumd
the soaking sheets. The wet sheets wers then ocarefully removed from the
solution, and vlaced on a dry blotter, glazed side up. A clean, polished
drying plate was then laid on the sheet, vmd the bdblotter, sheet, and nlate
centered on top of the stack in the press. A fresh blotter was laid on
fon of the plate so that in the stack the repeated sequence from Yottom
to top was: fresh blotter, fresh dlotter with sheet, and plate. The
stack was nressed three minutoQ at a pressure of 50 p.s.i. after the

pressure had been inoreased to 50 p.s.1. in 30 seconds.

.The ;t;ck”vas then r;mov'd"fron the pro;l,‘Snd;th; individual
plate and sheet oombinstiqn. were placed on drying rings in the only
manner which vas foﬁnd 40 eliminate the possidility of disturbing sheet~
to-plate adhesion. This n-tyod consisted of placing She stack of blot§¢r:
and plates so that thevplat0| lay sheet uppermost. After the top blotter .
was removed, the dlotter bearing the nlate was placed near the odge of
a table., A ring was then carefully placed on the plate, flange downward,
and pressed firmly onto the plate, By sliding the blotter partially off
the table, it was -ossible to pick up the plate and ring without re-
lieving the vpressure of the ring against the plato, The ring and plate
wers then carefully placed on ths bottom ring which lay rubber gasket

uppermosst,
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This painstaking procedurs was adopted when it was found that
the mere handling of & plate carrying a wet, resoaked sheet was sufficlent
to disrupt the weak bond between the sheet and the plate. A study of
the effect of drying resosked sheets on plates and drying rings after
this adhesive bond had been dbroken showed that sheets dried in this way
had significantly different properties from sheets dried in the usual way,
Peripheral restraint alone produced sheets of lover tensile strength and
slastic moduli and higher extensibility than the normal peripheral re-

straint combined with the restraint due to the shest-plate adhesion.

The stack of sheets was allowed to dry without bensfit of arti-
fiedal air circulation, Sheets vhich failed to dry free of all cockle or
waviness vere immediately discarded. The accepted sheets were generally

tested within a few days after they were dry.

!ho_gun. procedurs was used when sheets were -ogknd in alcoholie
oolutionﬁ or in the pure compounds. 1In the oase of sheets dried from
formamide, it was sometimes found pocodsa;y to circulate air through

the drying rings to speed the drying process.
CONDITIONING THE TRST SHERTS AT VARIOUS RRLATIVE HUMIDITIES

Most of the test samples wers dried and tested at the standard
conditions of 50% R.H, and 73° 7. Since the Baldvin tester was in a
room maintained at these conditions, no special conditionihc procedures

vere necessary for the bulk of the work.

All testing in this investigation was carried out at 73° ¥.

Hovever, a number of ssmples were tested at relative humidity conditions
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other than 504, Since it was impractical to construct a humidity
cabinet around even & portion of the instrument, a method was devised
in which the test namnion were heat sealed inside polyethylene bags and
tested inside the bags. The sample was clamped through the walls of the
bnk.. 1fr ;nough ﬁléatu were formed in the bag so that on extension they
opensd up without requiring appreciable load, the test could be carried

out in bags without any detectable error.

The conditioning of samnles prior to sealing them in the bags
was done by one of the following four methods:

(1) The sheets were dried or the samples conditiomed in a room
or enclosure maintained at the desired relative humidity. A minimum
storage time of about & week was used to insure proper conditioning.

{2) The test strips were hung in polyethylene bags over a
crystallizing dish containing a saturated salt solutien which was in-
tended to give the desired relative lumidity. Despite the fact that up
to two weeks were allowsd for conditioning, this method did not generally
produce good results, This was prodably due to the fact that diffusion
of molsture vapor through the air space surrounding the sample was very
slov. In general, static conditioning methods such as this vers not
found to be vartioularly satisfactory.

(3) A conditioning train was set up to condition the samvles at
114 R,H, Comrressed air from the air line was passed through a reducing
valve and wvas then passed through a large-capacity silica gel drying
tube. Xnough of the air was allowed to dy-pass the drying tube %o bring

the relative humidity of the mixed stream to the aporoximate humidity level
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desired, The air strial was then passed over a mixture of saturated
1ithium chloride solution and solid lithium chloride in two conditioning
trays of the type descrided in connection with the Neenah expansineter
(58). These trays were arranged in series. The air stream then passed
through & bottle containing a thermometer and aa slectric hygromster
element of the type describded by Van den Akker (50). Trom the bottle it
vassed thiuugh a tee to which was connected a pressure relisf trap, and
was then split and sent to the two conditioning sleeves. The temnerature

and humidity of the conditioned air could be checked at will.

The conditioning sleeves consisted of long sections of extruded
polysthylene tubing which were about 12 inches in ciroumference. The
samples were laid in the sleaves at intervals of about 10 inches, with
about six or eight samples being conditioned in one sleeve, The con-
ditioned air entered the slesve under slight pressure at one end of
the tube and passed over the samples before being exhausted from a small
opening at the other snd. Since the whole system was under slizht
pressure, any leaks in the system were outward sand the humidity of the

conditioning air was not affected.

¥When the saaples had been conditioned for a week, the sleeves
were heat sealed into individual testing dags, each of vhich contained
a sample, The nronguro-roloaso trap served to relieve the air vressure
vhich built up during the fev moments 1t took to heat seal one end of &
bag and remove it from the train. The heat sealing was done dy holdlug
the edges of the tubing together between two flat Trznsite sticks and

sealing the protruding adgc: into a neat bead by passing them through 2
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small flame. One end of & bag could be sealed in a matter of seconds,
80 that probably no change in the temperature of the bag occurred during
the hest-gealing process. The sealed bags were stored in a 1ithium
ehloride desiccator until needed for testing.

(4) In some instances 1t was desired to dry a set of sheets
directly to the tost'hpmidity in such a wvay that after removal from the
plates, they were not subjected to further changes in humidity. Yor
this vurposs a balloon about two feet in diameter and about six feed
in length was constructed ef 250-gage grade F7 Pliofilm. This balloon
was large emough to hold about elght plates on rings, & paper cutter, &
conditioning tray of the type vreviously mentioned, and numerous smaller
{tems such as electric hygrometer elements, volysthylsne bags, and the
1ike. Alr from the balloon was sucked out by an outside blower and
forced dack into & conditioning tray inside the balloon. A slight
amount of make-up air was necessary to keep the balloon fully inflated

at all times.

Two Pliofilm slesves were built into the balloon to permit the
removal of the sheets from the plates, the test sheet cutting, and the
packaging of the test strips to be accomplisﬁsd within the dballoon.
Rubber gloves protected ths atmosvhere in the balloon against rapid
changes due to moisture from the operator's arms, Once the conditioned
sheets had been trimmed to test size and packaged in the polyethylense
' bags, one end of the balloon was opened up and the bags taken out and
heat senled as rapidly as possidle. The sealed bago'wero stored at the

conditioning humidity until the samples were tested,
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DETHRHINATION OF THE LOAD-ELONGATION CURVE OF TA® TRST SHMKTS
TAX BALDWIN-SOUTHVARK UNIVERSAL TESTIR

The Baldwin-Southwark universal tester {s a versatile instru-
ment capable, among other things, of neasuring loads up to 60,000 pounds
and loading a specimen at a constant rate of loading or & constant rate
of slongation. A brief descrintion of thoss portions of the instrument
used in this work should suffice to acquaint the reader with the in-

strument.

In the loi-load ranges employed in this wvork, load changes ere
detected by an air cell to which one of the two jaws is connected. A
change in load on the air cell moves the diaphragm from its neutral
position. This drings about an immediate increase of air pressure on
one side of the diaphragm in such a way that the diaphragm is restored
to its equilibrium position. This change in air vpressure is communicated

%o the Tate-Bmery load indieator of the Baldwin instrument.

One jaw of the tester is attached to a hyiraulie ram vhich is
moved by the hydrauliec nressure of oll pumped into the piston oylinder
by a radial piston pump. Coarse valves and needle valves are orovided
on the inlet and outlet side of the hydraulie eylinder to allow control
of the rate of ssparation or the rate of closure of the jaws. Actusl
jaw movement is sndicated on a pacer dial by a pointer which s actuated

by & ssrvomechaaism consisting of a Selsyn transmitter-receiver pair,

Actual jaw movement is more sensitively measured for the re-

corder unit by means of a microformer deflectemeter. The microformer
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| unit consists of an induction coil whose inductance is altered by the
aovement of an irom core in or out of the coil as a direct result of
the deflection., The inductance of a simllar microformer unit in the
recorder is automatically changed by a self-balancing industance bridge
arrangement, and the novement of the iron core of this second micro-

former unit is used to cause rotation of the recorder drwm.

In order to obtaln a constant rete of Jjaw separation it was
necessary to adjust manually the inlet needle valve on the hydrsulic
system so that the Selsyn-actuated pointer paced & motor-drive disk on
the pacer dial, The speed of rotation of this pacer disk could Ye ad-
justed to give a wide range of jaw-movement rates. In order to obtain
a constant rate of return of the Jaws, it was necessary to adjust the
outlet needle valve on the hydraulic system =0 that the rate of rotation
of the Selsyn-actuated pointer was equal and opnosite to that of the
pacer dial. This was done by timing 2 half-revolution of the needle and
ad justing the outlet needle valve until the prover rate of retura was
obtained. The inlet neelle valve was ot disturbed during the peried of
unloading. Until the machine was thoroughly varmed up, the viscosity
of the hydraulie fluld in the loading system continued to change,

necessitating frequent cheocks on the loading and unloading rates.
ACTUAL TESTING PROCEDUNE

A pair of two-inch vide test strins was cut from the center
of each test sheet. The test strips were carefully inserted into the
jaws of the Baldwin universal tester and tested at a jav span of four

inches. The atrip vidth, jav span, and sheet weight vere all arbitrarily
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selocted at the beginning of the work so that the maximum tensile
strongth odtained would be less than the 60-pound unver limit of the

‘more sensitive rangs of the microformer recorder,

The rate of elongation was set at 0,05 inch ver minute. This
rate was slov enough to allow checks of the rate of elongation during
the test. It was also slov enough that samvle veighings could be made

for the analytical determinations vhile the next teat run was oroceeding,

The particular LR curve desired for this vork cpntainod an
unioad-load loop. Consequently, the sample was extended an arbitrary
0.0625% ineh (1.56%) at the constant rate of 0,05 1an per minute. When
an éxtennion of 0.0625 inch was reached, Jav movement was reversed, and
the Jivs were nlloved to close at the same conatant rate. When the sample
had comnletely lost ita load, the jaw movement was again reversed, and
the samnle was extended to fallure at the initial constant rate of elonga-

t‘.ono

Because the Baldwin instrument was not designed for this type
of work, it was necessary to estimate the initial extension by the
nosition of the Sollyn—driien nointer. As the result of an initisal lag
in this vointer, the pdintlét vhlch.nnlonding was started could not be
accurately renroduced from sample %o sample. The actusl initial exten-

sions were gemerally vishin about 5% of each other,

I8 was also found difficult to Judge the exact moment at which
the load becaxe ziio. since the load indicator was somewhat erratic at

the very dottom of the scale. For these rcasons measurements vhich were
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made of the initial exteneion and the extension which remained un-

recovered on unloading were deemed unreliable.
ANALYSIS OF THE LOAD-ELONGATION CURVES

Steenderg and his collaborators (51, 52) have found the model
of Figure 1 to be very useful in descriding the LE curve for paper. In
this work the model of Figure 1 was used as a basis for the analysis of
the LE curve. Figure 2 shows a typical LE curve of the type obtained in
this investigation, A brief discussion of the various quantities measured

from the LX curves and the nomenclature employed follows,

(1) The tepsile strength of ths two-inch test strip exnressed

as pounde is g in Figure 2,

(2) The total elongation of the sample at failure, b, is ex-
pressed as A percentage of the total length and termed stretch for purposes

of brevity.

(3) The initial slops of the curve, ¢/d, is expressed in pounds

per mil, and for the constant cellulosic cross section of all the test
theets is proporational to the Young's modulus of the strip. In the model
of Figure 1, the sum of the spring constaats, 51 + K3, may de considered
to be proportional to the initial slope. If the model is allowed to
represent a standard two-inch test strip tested at a four-inch span and

having the standard celluloss cross section, then the initial slove may

be equated to Ky +-Kz.
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(%) The slope of the latter linear or nesr-linear portion of
the curve will be ¥ermed the fina] slope and will be squated to the suring
constant K, of the model. The final slope is @/i in Pigure 2 and has the

units of pounds per mil.

(5) The "Q" yalue {s defined as the ratio of the final slove to

the initial slope and is therefore dimensionless,

(6) 8ince it was impossible to locate the yield point of the
curve with any degree of accuracy, the method of determining the load at
a given offset vas adopted to give some measure of this quantity. A line
of slope g/d is drawn parallel to the initial linear portion of the curve
20 that 1t intersects the slongation axis at 0,004 inch (0,14). By then
reading off the load, g, at the point of intersection of this line with
the curve, ihd load g- w g_r__f_q_ql is obtained. ‘l‘ﬁs will be referred to

aa the m Mo

(7) Andersson ot al. (51) have outlined a graphical method by
which the relative viscosity of a mechaniocally conditioned paper may Ye
determined. Briefly, this involves the comstruction of a soring line of
slope Ky through the unload-load loop at the point of zero dashpot
movement. Oraphically this point is located where ths load and unload
curves parsllel each other, 3By subtracting the effect of the parallel
spring, Il' a plot of force versus elongation may be made for the Maxwell
unit. This plot will have an initial linear portion in which the Maxwell
unit follows Hooke's Law, This line may be extonded and called the

spring line for spring Kp. A plot of dashpot flow versus time may be
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mede from this curve if the difference between the elongation of the
Maxwell unit and the elongation of the spring K, is measured at the
various loads and plotted against the appropriate time valus. TFrom this
last plot the rate of dashpot flow may be determined at warious loads.
The value of the load on the dashpot diﬂdodAby the rate of dashpot flow
vhich it causes, is provortional to what ve may term the relative
visgosity of the dashpot fluid. If proper consideration i{s given to
a shaps factor, this value may be converted to units of viscosity. In
this investigation the sample sizes and the cellulosic cross sestion
remained constant for all the test strips, so that the shape factor
also remained constans. Under these conditions the force required to
ulnta.i:i daahpot‘ flow at the constant rate of elongation of the paper |
{¢ diregtly proportional to the limiting relative viscosity of the dashpot
fluid. This limiting relative viscosity, of course, is the sffective
viscosity of the dashpot fluid during the final linsar portien of the

13 curve,

The viscous force requived to pull the damshpot at constant
eveed may be readily obtained from the LB eurve without gotng through
thie tedious graphical analysis, by measuring the force batween the
properly Arn\m spring Iine of slope K; and the final linear portion of
the curve. This limiting viscoup force, termed “g¥ by Andersson and
his co-workers, is £ in Figure 2, and has the unite of pounds. Accord-
ing to Andersson st al., "f" is related to the limiting relative vis-

cosity by the following relationship:
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2 = 3aM(41/d8) /L

vhere: £ is, 8s above, the limiting viscous force
& is the cross-sectional area of the test strip
)4 is the relative viscosity
d}/dat 1s the constant rate of elongation of the strip
L is the length of the test strip

(8) The are