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                           Abstract
     rl"he aniount of static interniolecular slipping which occtirs during the storage at

  rooin temperature of a ril)bon of crude rubber in a stretched state was calculated on

  the asstmiption that the time rate of clecrease of the actua-1 cleg,rlee of stretchin//T is

  proportional to the tamount of the uncrystallized amorphotis part and also to the
  actual de.crree of stretching which is really actingi as a contractive tension in the amor-

  phous part;and the resultof calculation agreed, in general, with results obtainecl by

  observation. '
     The ease of stretchin.t a crude rubbon ribben sucldenly without brealcinsr, up to
  the stretching dggree of more than 6-folcl, "ras explainecl by tlie hooking effect between

  molectiles in the part crystallized by stretching, which acts te prevent fur"ther slipping

  in the more crystallized part havin.t initially a smaller cross section.

                         1
    1[t was observecl by one of the writers that when a ribbon of
crmde rubber was stretched suddenly and 1<ept for some time in the
stretched state, intermolectilar slipping took place during storage in

the stretched state. The amozmt of the slipping was measured by
mal<ing the specinien contract rapldly by dipping it in boiling water
for about io ininutes after the release of the stretching tension, and

then measuring the increase of its length in comparison with its ori-
gi,nal unit length. The slipping increases with the temperature and
the duration of its storage in a stretchecl state. NVith respect to the

stretching degree, it was found that the $lipping increases at first with

incyease of the stretching, attains a niaximum at the stretching of
about 2-r) fold, then decreases to a constant value of o.i2s at the
stretchin.cr of about ,s.2-fold. This constant value of the slipping is
the same for all stronger stretchings up to 7-fold. Also it is not af-

fected by continued storage in the stretched state, and remains the
same as when measured immediately after the sudden stretcliing, and
the sllpping has evidently arisen in the process of sudden stretcliing.
"' ts the crystalllzation of the rubber molecules in a fibrous manner is

almost complete when the stretching is higher than about S-fold, the
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$udden clecrease of the intL'rmole.cular slipplng on ftirthei: stretching
is tliought to be caused by a' I<incl of hooking effect betw• een' the mole-

cules of rubber wheR arranged in a crystal lattice. On this assump-
tion, it seems reasonable to suppose that the intermolecular slipplng
occurs only in the uncrystallized amorphoas portion, and not in the

crystallized part, and it increases. with the actual degree of stretching

which, in the amorphous part, acts as a contractive tor]sion. This
Åíurnishes a reasonable quallficative explanation oÅí the. relation observed

between the. degree of slipping and the degrde of stretching', namely

that up to a certain point the slipping increases with the increase of
stretching, but finally, having rcached a maximum, it fa11s.

     I't was also Yeported by onei of the wxiters that when the stretch-

ing process was made continuously and very slowly, the amount of
intermolecular slipping was enormous as comparecl with that observed
with quic!< styetching and prolong'ed storapge in the stretched '$tate.

In analog'y with tlte kinetic and static friction betwe.en the surfaces

of two solids, he caUed the intermolecular slipping' occurring ii} tlae
pxocess ot' continuotts and slow stretching " kinetic intermoleculaT slip-

ping " ancl that occurr/rn.cr during storage ip the stretched state of the

specimen stretched quickly `` sta#ic interinolecular slipping'." ]Follow-

ing the suggested explanatlon of the 2ntermolecular sllpping, a simple

calculation was made with the data obtained by one of the writer.s,
for the case oÅí stazic intermolecular slipping at rooin temperatuye.

    The !ntermoleculcrer slipping' at any moment during storage in a
stretched state must be consideyed to depend upon the actual degree.
of stretching- which is really acting as contractive tension for the
specimen at that moment. The acttial degree of stretching is di'fferent

from tke degree of $t,retcliing- imposed on the specimen initially by
.stretching, and to obtain the actual des.ree of stre-tchlng' at a given

moment, ghe inltiai degree of stretching must be corrected to cover
the amount of slipping that kas taken place during the period of

storage. ' In consiCleriRg the chang-e in the amotmt of slip with the
tlme of storage in the stretched state the initial condition, that is the
state just after the quicl< stretching' must be careftd]y observecl. Soine

slight slippiRg is found to have tal<en place eveti just after the sudden

stretching, anC{ this must be considered to ha, ve happened during the.
strGtching ptocess. If a ribbon ot' rubber of the. Iei]gth lo is stretched

                '                      '                  '
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suddenly to the stietchintt' degree. iSL., and is allowecl innnecllately.to

contract as completely as it wial by dipping it in boiHnsr wate.r for
a}bout io mit:ute.s aÅíte.r the reiease of the stretching tension, the cont-

racted leng"th l.' is found to be somewliat ionger. tlaan the initl ic 1 length

l. due to the intermolecular slippin...o' which tool< place. with the process

of stretcliing. Tliiis the actu-clstretching. degree .Scro'just afte.r the ino-

me.ntary stretching wiil be represented by the formula:
          lo(i -F .S'i})=: ln'(i -ima i9o') = uLo. ............•••............(i)

where l.o is t}ie stretc}iecl leii..crth. '
    Y?rom the valties of l,.' observed by one of the writers (C. Park),
the actual stretching degree S,t just after the stretching, was caiculated

and is given in Table I.

                Tablel 1ixTow letarubber rib-
S.

o
l

o

i
Ste

I•S 2.5 3•S 4•5 S•2 7.o

I.05 I.IO I.X2 I.I2 l.I25 I.T25

I.38 2.I8 3.o2 3.gr 4.52 6.I2

this length l. bccomes elongated to the `
entirely set free froiir} its strctcl?lng' tei)sion by being dlppeC m

wateir a.fter the removal of. the stretchin..o..ny

    As this is caused by the inter.!noleck}lar
more exactly lf/Zot caR be considered to be a

siipping' oc(.'urring clur.ing the storage of

state. Thu.s 'if we represent by ,S' •the
working reaily as a contractive tension in
be• en stored for a duration of tline t in a

between kS' and the f]'ee length lf at that

the formula
          le'(i -f-.g'o') :l!(i+.S')=l.o ........

    As before stated intermolecular .slipping
storc .g.'e in a stretche.cl state at a st'r.etchinLcr. hi.cr. hcr

where the fibrous c.'rystallizEition is not far

stretching. Iower than this critical value some part

oÅí.course, crystallized ; and the degree of

the deg:rec of stretc!•]ing. Since it is reasonable

th:is case also the intermolecular slippin.cr cloes

crystallized pavt, xxTe shall asstune that the lntermolecula'r

place only in the amo/rphou$ pacrt, and that

   bon of the length l.. be
   stretched momentarily to
   a certain clegr'ee and sto-
   red for -c certain c!u/t"ation

   in the stretched state, then

`free length" lf whci.n it is

                 ' boiling
 t".11SiOll.

   g.lipping the ratio Zf/l. or

  measure oÅí intemnolecglar
thc-s, specime.n in a stretched

actLial clegree of stretching

  the specimen after it has
 stretclied state, tlne relation

 moment will be given by

...................
(2)

    cloas not occur dziriii..O"

        than .kbout ,s.2-lold
froniL completion. 'X,•XLritliL ti-Le

         oÅí the specimen is,
crystallizetion increases witl}

        to suppose that in
    not occtllr ln the altnost

             slippinL.r, takcs

    the slip increases xvith

ge
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the real degree oÅí st'retchingcr acting as a contractive tension iii this

1 art.

    The proportion of the amorphous part to the whole of the spe-
cimen deci'eases with the increase of the stretching degree, and we
shall assume roughly that it decreases linearly with the actual stretch-
in.cT degrae.. .As the crystal]jzation is aliniost coirnplete with a stretch-

ing degree higlner than aboLit s.2, (which correspoiids to the actual
stretching degree 4.s2 just after the stretching) the propo'rtion of the

amorphous part,, which 'is assumc-d to be proportional to the slip oc-

cu'rring in unit time, thus becomes
 '       ' 4•52-S
                 4•52 ,
    In regard to the relation between the interinolecular slipping and
the degree of stretching, the former seems not to tal<e place with a
ve'ry small stretching, say less than about o.is. Therefore we assume
thqt the slip occun'ing in unit time is proportional to S-o.is.

    When lntermolecular slipping occurs, the actual degree of stretch-

ing which is worl<ing as a contractive tension decreases. Consequently
by taking, in the fol]owing eqtiation, the amount of decrease of the
actual stretching degree per unit tlme as a measuare of the amount of
the slip occurring in unit tim6, "re get

           in S>S" = 4.et, (4•52--S)(S-O•i5),...............(3).

                 'where'  P is a prol?ortional factor and X is tlae time of sto'ra.g.e of the

SpeCiineii iii a stretched stcite comme!icii].cr from the. momc)nt juSt aftc,i"

the inltial $tretching process. ',
    Equation (3) becomes on inte.crration

           //I.Eii,Otii.//- ": i'l;.l,'i-Osc e-P'`•••••r•••••••••••••(4)

wliere Pi is a nexv constant egual to

                4•52-O.i5 p.
                  4•52
    By xvritipg
               S- O.I ::                                 -g'ot - o•I s
          X= ,l..Ls2-s , ' -`'YO :4..s2-Sot,

we get from cquation (4)
           tY :.IYTog-Lny'`............................••••••••••••••••••(5)

    If we tal<e the logarithm of both sides of equation (,s,) we have

          logio( .f/t5'ii' ) =-B'l ]o.ogio e.........,................(6)

s
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    The xrctlue oÅí S ac nd consequently )Xr can be calculated by means
of cqllation (2) fo'r various valtres of Sc}' ."tnd l; and by plotting the

relation between lo.c•rio(!Y/.;,V;. o) ancl l, it was found that the value Bt was

niuch greater ln stora.ge for le.q.s than one day than after longer storage.

This large'r slippin.cr.. seems to be due to a worse settllng' of the mole-

cul.ar arrangement in the e.arly stage of the sto't'age of. the specl.men

just after the stretcliing, ELnd this may be oÅí the same n.ature, at least

to some extent, as 1<inetic slippiiig which ti.kes place during slow.ancl

con, tinuous stretching'. .1?or the stora.cr..e for on,e day thc value, of o.6i6

was adoptecl for B', and for the 1, ontter storage the value of x\t for one

rkay as calculated with cquation (4), wa.s made as the hiitial value of
-Y, which'corresponds to il.Y;o in equation (,s), and the value of o.o62

was given to B'•
                                                        '                                         pm    In this way the values of .g' and conse.quently the values of 4t
corresponding to va'i"ious values of initial dcgree of stiretching S,i ancl
the duration of sto'ras.re X we're calc'ulcated by meai}s of equations (4)

and (2), and the results are shown by the curves in .Fl.o'. i. IR these

curves the one called " soon " ;,represents the free leng-th just after the

stretching, and those marked X=oo are the values calculated for the

                              .I`'ig. I

                   ZX :After being stretched for i4 days
                   Å~:After being stretched for 7 days
                   O:.ajfte; being stretched for : day
                   co : Immecliately after stretching
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infinite duration of storage xxTheTe tl]e actual de..crree of stretching clisap-

pearcd almost ent{r' ely, e.xcept thc, very small value of o.is belox/r
which no intc:rmolccula'r slipplng is supposecl to tal<e place. In tlao
figu're the obse'rved values of Åí'ree len...o'th Ii a're shown by dots, sinall

ci'rclcs, crosses ancl small trianglcs respcctively for immediately after

styetciiing, one day's storagc, 7 days' storage und two weei<s' stoi`age.
T.hough tlne'agr`e.eme.nt between the calculation and the observation is

not perfe.ct, the gen(vral tendency of the figtu'e seems to support thc
w' e"T caclopted in constructing the differential eqtiation for the i,ntei'-

molec,ular slippin..cr. in the st'rctched sta,te,

    I.astly tlie xvrke.rs xvill conside'r a very inte/resting phenoinenoii

which we always experience when st'retching a yibbon oÅí c'rucie rubber

very slowly and continuously. "Writh stretching so slow as to take
seve2'al hours to stt'eicli th8 ribbon to several-fold of its ori.g'inal lengtli,

it ls alinost iinpossible to stretch it longer than about 2- or .3--folcl,

xvl}or'e it breal<s do"•Tn evc}n xvith a ribbon of appar(!ntly un{forrn ci'oss

section. 'rhis is enti'rely different tirom the case of sudden stretÅëhinshr,

where it is always possible to stretch even up to 7•-fold xvlthont breal<-

ing. Even with aribbon of appicrently uniform size, we must always
expect some lack of tmiformity oÅí the cross section. In st'retchiiig..' suc]]

a ribbon quickly to more than about 4- or s-fold, the portioi] having
$mall er cross section will be more clongated, and consequently it will be
so nearly cr.ystallizecl as to be rescued f'rom further intQrmolecular sl ipPing,

the hool<ing effect. Contrary to the case in the portion with smaller
by cross section, the intermolecula'r slipping "Till be greatat` in the. pa'rt of

.cr.reater cros's section due to the weal<er hool<in.cr effect corresponding eo

the wea!<er stretching a, nd the. consequent smaller degree of crystt•tllization.

Th=s the quicl< stretching to a very !iigh deg'i"ee acts :'ather to mii)i--

inize and never to increase, that tenclency to destroy the tiniformity
of the cross section, which is the cause of the b'real< ot' tlie specinien.

N'ext when a rubbe.'r ribbon ls stretched very slowl>r ancl continuously,

l<inet{c slipp{n.o.' of an enormo"s amount takes pl,ace, hindering tlie

specimen fL-om bf•ing' so stretched as to have. enoug'h contractive ten-
sioiii to mal<e the cr)srstetllization, and consequently tlne }iool<ing effect,

noticeable.. In $uch a case inte'rnaolecular sl:ipping is grcatei- k} t] e

pat't of smaller cross section, whei'e the actuaiL degree of st'rc,tchin.cr.. is

high(:Lr than in the pa'rt of la'r.ogor cross se.ction. NVItli increasing sti`etch-

ing an(l $lipping, the, part xvith the sinaller ci'oss section, lacking as

it cloes the hool<ing effect, becomeg. increasins,'ly thinne]' thacn thepicrt
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greater cross section untll the breai< ta!<es plc'tce at that pa. t't be-

the specimen is stretched s"fficlently. ['his is the phenomcnon
l<nown in tke ca.se oE tensile te.sting of ordinary niaterials.


