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1. INTRODUCTION.

The results of the study of Young’s modulus by flexure, of a jute filament, have
already been reported (Sen, 1948). The present study of the creep in jute and the
recovery of the material from strain, is also confined to similar filaments. For the
data recorded here, a simple device for direct measurement was employed. Experi-
ments were very carefully performed to minimise adequately any effect of shock-
vibration of the freely hanging filament especially when the load was added or re-
moved. The work was done in a partially conditioned atmosphere. However,
the changes in the relative humidity or temperature, during a particular experiment
on a variety, were quite small; so it is considered that no worthwhile disturbance
was caused in the observations. Large variation in humidity was noted in the case
of some of the different experiments on different varieties. In the work on single
filaments of jute it is likely that an individual under test should vary in cross-sectional
thickness. But as the present measurements were concerned with only the overall
effect, and as any creep effect must depend on the internal structural make-up of
the filament only, it is expected that the possible outside irregularity of thickness of
filament at different points of its length, is not likely to cause any serious error,
especially when the stresses employed were too small to produce any noteworthy
plastic flow even in the thinnest region. Use of any elaborate machine for
measurement of the present kind was deliberately avoided, as such arrangement
would be likely to mask the extremely small effects on jute by imposition of
uncertain machine factors. (The extension of a jute filament at break is, on an
average, hardly better than 29,.)

The creep and its recovery, which are but the visco-elastic properties of a material,
are very important in the case of a textile fibre. These properties basically determine
the dimensional stability of the product in relation to the stresses which operate
during the manufacture of goods, as well as under the conditions of their utilisation,
and in Jaundering.

1 Senior Research Physicist, Jute Technological Research Laboratories, Indian Central
Jute Committee, Caloutts. |
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It is well known (Smith, 1944) that the elastic (and rheological) properties
exhibited by a finished textile material, are largely derived from the similar pro-
perties of the component units, i.e. the single filaments, except in so far as the struc-
tural conditions of the material augment or modify the effects. For this reason, it
is considered more logical to begin with the primary constituents of & finished textile
material, in other words, the single filaments. These primary units of construction
should naturally be quite free from the various other complexities likely to be imposed
by the structure of the yarn and the fabric; and their simple properties therefore
become amenable to easy experiments.

Apparently no literature seems to be in existence in respect of the delayed
elastic properties, or creep, of jute filaments, although fairly extensive studies on
rayon, nylon, silk, etc., have been recently made (Leaderman, 1943).  Some results
of preliminary nature obtained by the writer on jute filaments were discussed (Sen,
1947) some time ago. A more careful and detailed study is now under report.

The writer is indebted to Shri 8. R. Guha, B.Sc., for carrying out the various
experimental measurements. The work forms part of the fundamental investiga-
tions on jute carried out under the auspices of the Indian Central Jute Committee.
The author is also indebted to Dr. P. B. Sarkar, D.Sc., F.N.I., Director, for
encouragement in the matter of writing up of the paper for publication.

2. REVIEW OF THE THEORY OF CREEP,

The textile fibres, natural or man-made, are high polymers and their structures
consist essentially of long, flexible chains formed by groups of atoms, the pattern
repeating itself at regular intervals. Each such group represents the molecule of a
well-defined chemical substance. The long flexible chains exist partly in well aligned
compact bundles and partly in a chaotic distribution of the chain elements. The
compact parallel chains, held together by the secondary valence bonds, exhibit
repetition of atomic space-lattice like ordinary crystals, under X-rays. The chao-
tically distributed regions of the chains on the other hand, exhibit a powder X-ray
diagram such as is associated with amorphous substances.

According to the Kinetic theory, the constituent molecules of a solid, execute
restricted vibratory motions about a central position determined by the Van der
Waals forces. These vibrations are likely to occur over wider amplitudes in the less
densely packed amorphous regions (Hermans, 1946). This fact makes the vibrating
elongated molecules in this region more liable than in the crystalline regions, to be
torn away, displaced or rotated (by smaller stress or to greater extent), thereby
disturbing the field-energy equilibrium of the molecular distribution. Therefore,
in the amorphous region of the fibre, it may even be possible to easily bring about a
re-distribution of the molecules, and so alter the total potential energy of the field
of the electrical residual-valence-forces by means of an externally applied stress.
Even newly aligned bundles or crystallites may be formed from the previously
chaotically distributed molecular chains under such stress.

In the case of the jute filaments, in addition to the structural amorphism of
the long-chain cellulose molecules (which constitute the elementary cells that make
up the major part of the filament body) there exist also other amorphous embedding,
binding and lubricating substances ! like lignin, hemicellulose, fats and waxes. The
elementary cells occur in the form of bundles, arranged, by relative longitudinal
shift, into a continuous system along the whole filament length just as the fibres
happen to be disposed in a yarn of which the twist has been removed.

1 On an average, a jute filament contains about 609, e-cellulose (which make up the elemen-
tary cells), 209, hemi-celluloge (binding material), 109, lignin (embedding and binding substance)
and 19%, fats and waxes (lubricators).

1B
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In respect of fine structure, therefore, the jute filament differs largely from
nylon, rayon, etc., in which case only one kind of chemically homogeneous substance
is concerned. It also differs from the natural fibre, cotton, in as much as the filament
of the latter consists of but a single, long elementary cell of cellulose.

Now, creep may be physically described as the change in the condition of strain
in a material, produced with time, for example, (i} when the applied stress is kept
constant, an increasing strain bemg developed with the process of time and tending
to a limit, and the original condition being approached, or wholly recovered, in time,
when the stress is withdrawn after application for a specified period, or (ii) When the
material is allowed to relax with time under a constant stretch. For jute, naturally,
the great structural non-homogeneity within a filament is likely to initiate con-
siderable difference in the nature of the strain which different parts may experience
with time under a particular external stress.

In the discussion of the theory, the applied stress will be considered to be of
the nature of a longitudinal tension along the filament axis. This will actually
correspond with the condition of the present experiments.

The general nature of creep has been described clearly by Leaderman (1943)
who has also indicated, after Weber, how by repeated loading and unloading, a
material may be mechanically conditioned, so that the ‘secondary creep’ which
is not easily recoverable, is eliminated, and the behaviour of the easily recoverable
‘primary creep’ made amenable to direct study. For the mechanical conditioning
of a test specimen to be effective, the observations should be confined to a smaller
load than that used for conditioning. It may be pointed out here that lately it has
been recorded by Burte, Halsey and Dillon (1948) that the ‘secondary creep is rather
rare in textile fibres’. They however worked on wool fibres which differ funda-
mentally in structure (as well as constityents) from the jute filaments.

When of course the applied stress is sufficiently large, another type of permanent
set is produced in the filament. This, like the Hookean change, is also a general
property of matter. This permanent set involves actual flow of the material, and
is totally irrecoverable by physical means. This kind of rheological change is known
as ‘plastic’ deformation.

The behaviour of a quasi-crystalline high polymer like a textile filament, can,
under external stress, be separated into three components. The actual behaviour
observed is the effect of superposition of the separate events that take place inde-
pendently of one another. However, one or more of the individual causes associated
with the three components may of course predominate under different conditions
of stress. The three components in simple form, are indicated respectively in Fig. 1,
a8 being—
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Fig. 1. MECHANICAL MODEL OF A TEXTILE FILAMENT
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(i) & perfectly elastic or Hookean change such as is observed in the case of
a spring (Part I);
(1i) a viscous change similar to the motion of the piston in a Newtonian
dash-pot (Part III); and
(iii) a complex visco-elastic change formed by the combination of a Hookean
spring and a Newtonian dash.pot (Part II).

The complete figure (Fig. 1) may be said to represent functionally in respect of the
elastic properties, a model textile filament. In spite of the likelihood that all the
three components may co-exist from the very start of the application of stress,
there is, however, clear indication that each one visibly supervenes the other in the
order marked in Fig. 1. Thus the plastic deformation can manifest itself promi-
nently only when the deformations of the other two kinds have been completed
ad seriatim, under suitably large stress.

When the applied stress is very small, the plastic deformation may, therefore,
be ruled out, and the total extension becomes the sum total of the instantaneous
Hookean extension and the delayed elastic extension or creep. The creep has been
shown by different workers (Leaderman, 1943; Weber, 1835, 1841 ; Kohlrausch, 1866)
to be dependent simultaneously on the Hookean extension on the one hand and a
function of the time of application of load on the other. Jordan (1915) basing his
arguments on Boltzman’s ‘recollection theory’ (Boltzman, 1876) derived a simple
logarithmic law for the time function. Thus, if Zg represents the Hookean extension,
the total creep = Ey f(¢),  being the duration of stress. After Jordan, we may in
the simplest way put creep = Eg logt. The recovery from creep, when the applied
stress is withdrawn, has been known to be more or less reversed in both magnitude
and direction.

The creep and the recovery of a textile filament is known to depend on the
magnitude of the applied load on the one hand, and on the other, on the nature,
length and structure of the material, i.e. on length, density, gravimetric fineness
and Young’s modulus. Now, in the case of a jute filament, there are many dis-
continuities in the structure due to the pores, the lumens of the constituent elemen-
tary cells, and much lack of homogeneity due to the nature of the component sub-
stances. So, the density is liable to vary from point to point. Naturally, the
phenomenon of creep as well as that of recovery from it, must be guantitatively a
very complex measure.

As Hermans (loc. cit.) has pointed out, there may be, even in & purely cellulose
fibre, an infinite number of ways of the molecular distribution among the crystalline
and, particularly, among the randomly occurring amorphous parts, Due to this
feature also, the complexity increases many fold, especially in the matter of dis-
tribution of the amorphous materials, when there are more than one non-cellulosic
substances present as in a jute filament. Any guantitative estimation of character,
depending on such plurality of materials in an infinity of anisotropic distribution,
is impossible in the present state of knowledge. Future approach to the problem
needs must be statistical rather than physical.

So, the utmost that can be said is that the quantitative response to the applied
external force is only some average statistical effect with wide range of possibilities
of variation. So, even for different filaments of the same variety, much less to speak
of different varieties themselves, the order of value of the observed effect may differ
considerably largely. However, the qualitative character of response to external
force so far as the materials and the general structural features remain unaltered,
should not exhibit considerable difference, at least between filament and filament.
On this basis, the time-relative observations on only a few filaments, however differ-
ently responsive quantitatively by themselves, will, on averaging, indicate the re-
quired time-effect fairly significantly, and quite faithfully, It may be stated lLere.
that Meredith (1945) carried out his tensile elasticity measurements on five filaments
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has made an exact determination impossible. However, it is apparent that the
specimens are closely related, if not conspecific, with Columbimenopon modestus,
sp. nov. (vide supra). It has been considered advisable to leave the exact indentity
until more material is available to me.

4. Uchida abdominalis indicus subsp. nov.

Piaget (1880) described Menopon abdominalis from the Grey Quail, Coturnix c.
coturniz Linn. While the specimens before me agree fairly well with this species,
differences, however, exist in the gize of certain parts, general chaetotaxy of abdo-
minal tergites, and the length of the hairs on the posterior margin of the last abdo-
minal segment.

Female (Text-fig. 3a): body pale-brownish, with dark-brown markings on head,
thorax and abdomen.

TEXT-¥16. 3. Uchida abdominalis var. indicus nov.: (@) dorsal and ventral aspects of female,
(b) dorsal and ventral aspects of abdomen of male, (c) antenna of female (enlarged),
and (d) male genital armature (enlarged).

Head broad, somewhat lunate in shape, front parabolic with a minute hair
on each side of the middle; two short hairs and a long hair on each side, a long
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The wire-support (X) used for preventing the lateral vibration or twisting of
the fibre-pendulum, should be such that the hanging eyelet (#3) can easily slide up
or down as contraction or elongation of the filament occurs. To effect this, in the
present case, the free bent arm of the wire (X) was capped with a round capillary
glass tube (g).

The weight of the eyelet (E3) shoald be such that while it produces no significant
strain in the filament (f), it is sufficient to keep the filament straight and free from
curvatures or kinks. In the present case, the mass of the aluminium eyelets was
nearly 0-38 gm.

At the time of making an observation, light from the lamp (L), both direct and
reflected from mirror (M), was allowed to fall on the eyelet (E3). The light before
falling on this was made to pass through the plate glasses (G4, @3) placed near the
lamp and the mirror. The glass plates were separated by an air-gap. The arrange-
ment prevented any undue heating up of the filament or the atmosphere around it
by radiation from the lamp during the few seconds required for adjusting the cross-
wire of the vernier microscope (V) for a reading.

For observation in the soaking wet condition, the filament was wetted in situ
in an elliptical plastic cylinder (7'). After the specified period of wetting, the cylinder
was removed, and water from the reservoir (R) was allowed to trickle down from
the cotton-thread lead (f) which was placed in contact with the fixed eyelet (£;).
The water running down along the filament, on to the eyelet (£3) was collected as it
dropped out in the beaker () and was thrown away. The cotton thread lead was
found useful for both keeping up a continuous steady flow and preventing any undue
vibration of the suspended filament during the water-dripping treatment to keep
it moist.

The cylinder (T'), due to its elliptical cross-section, checked the turning round
of the eyelet (£g) during the wetting of the filament and thereby twisting it. In
ingerting or removing the cylinder (7'), utmost care was exercised so as not to give
any shock to, or allow any twisting of, the filament (f).

(b) Experimental Technique :

For carrying out the actual experiments, at first single filaments of & variety,
greater than 13 cms. in length, were prepared by hand from a test sample, according
to the technique indicated before (Sen & Nodder, 1944). The filaments were then
cut down as accurately as possible, to 13 cms. In order to obtain the test filaments
for a sample, fifty 13 cm. filaments, picked up at random, were weighed individually
on & sengitive phosphor-bronze torsion micro-balance reading up to 0-01 mg. After
weighing, each filament was kept separate in a cover with the observed mass noted
on it. When all the fifty filaments had thus been weighed and preserved, five fila-
ments out of those possessing one particular mass, were grouped together. Then
another such group of five filaments possessing a substantially different mass from
that of the first group, was similarly collected. In this way, two different mass-
groups of five filaments each, were obtained for test in the case of each jute variety.
The present measurements for data of a particular category, were confined to the
five filaments of the same fineness (i.e. mass-group).

For examination, each filament was mounted firmly with a suitably hard mixture
of shellac and paraffin, on two aluminium eyelets at exactly 10 cms. apart. The
length of 10 cms. therefore represented the unstrained initial length of a filament
under test. Smaller test length may assure better uniformity of diameter, but
the extension under a small load would be too little to permit reasonably accurate
measurement. The mounted flament was at this stage mechanically conditioned
in the case of observations carried out in the air-dry state.

Mechanical conditioning, wherever needed, was carried out by loading and
vnloading alternately for two-hour periods, the complete operations being carried
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out twice successively, as indicated by Leaderman (loc. cit.). The load used on a
filament for mechanical conditioning was 4-62 gms., while the testing load was 1-80 gm.
The length of the filament actually put under the testing load was most probably
slightly greater than 10 cms. on account of any secondary creep having been
stabilised by mechanical conditioning. Unfortunately, the length-reading just
before the starting of the mechanical conditioning was not recorded. So, any record
of excess over 10 cms. at the start of loading for test, is not now available. This,
however, does not affect the results, or their qualitative consideration which only
has been done here. It may also be remembered that Burte et al. (loc. cit.) pronounced
the secondary creep to be rather rare in the case of textile fibres.

For an observation on a filament, the vernier microscope was focussed on to one
particular mark on the eyelet (#g in Fig. 2) and the cross-wire put in alignment
with it. At first the zero-reading was obtained. Then the load of 1:80 gm. was
carefully added with the help of a pair of forceps. This load was hung by attaching
the carrier hook fixed on the load, and together weighing 18 gm., on to the eyelet.
Immediately, the reading for instantaneous extension was recorded. The effect
on the creep during brief interval of probably a second or two which elapsed between
the attachment of the load on to the eyelet and the adjustment of the microscope
cross-wire into alignment with the mark on the eyelet (Ey), was from the circum-
stances, liable to be ignored. Subsequently, the extension was read every half-
hour from start, until two hours of loading had been just completed. Just a second
or two prior to the expiry of the 2-hour interval, the last extension-reading was taken,
and immediately afterwards the load was carefully removed. The instantaneous
contraction in length which followed, was immediately, i.e. within a second or two,
read as before. Later, contraction was successively noted over two hours following
unloading, at every half-hour intervals.

The procedure for the wet filaments, so far as loading, unloading and measure-
ments of length changes were concerned, was the same as for the air-dry filaments.
There was, however, no mechanical conditioning in these cases. The filament,
before observation started, was wetted in the elliptical cylinder for one full hour.

In the case of investigation of rapidity of removal by wetting of any creep
deformation previously effected in the air-dry condition, the filament was not mech-
anically conditioned. After observation of the instantaneous extension on applica-
tion of the 1-80 gm. load, the filament was allowed to remain under load for 18 hours.
Then, after noting the total extension reading, the load was carefully taken away,
and the instantaneous contraction noted as before. The next observation of con-
traction in the air-dry state, was carried out one hour later. Then the filament
was wetted in water ingide the elliptical oylinder for 15 minutes only. Finally, the
elliptical cylinder was removed, and the length-reading again obtained.

(¢) Materials :

Six varieties of jute ranging widely in spinning quality (as determined at present),
were examined for the creep and the recovery tests in the air-dry condition. Four
of these varieties were tested in the wet condition. These latter varieties were also
examined for the rapidity of dissolution of imposed strain on wetting. The particu-
lars of all the six varieties are given in Table I, the four of them tested wet, ete., have
been marked with asterisk.

4., PRESENTATION OF THE RESULTS.

The detailed mean values of the observations made on the five separate filaments
of a variety, are given in the Appendices, A, B & C. The study of the varietal mean
values of the different sets, was based on the data suitably arranged hereunder.
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TasLr 1.
Particulars of Jute varieties exomined.

Rg;}'ﬁ, o. Variety. n%‘;:tl:(:{ 1 Description. Grade Source.
J 574T .. | Tossa .. 126 Commmercial (1941-42)—Mymen- 'Top B.J.D.A.
singh.
J 572T* .. | Tossa .. 114 Commercial (1941-42)—Kishan- | Middle | B.JJ.D.A.
ganj.
J 1712T* Tossa .. 87 Experimental Trial (1946-47) Chinsurah
Line vs. Broadcast sowing. Farm.
J 578W* .. | White .. 96 Commercial (1941-42)—Seraj- Middle | B.J.D.A.
ganj.
J963W .. | White .. 90 Commercial (1943)-— ? .. | Middle ?
J 175TW* White .. 63 Variotal test (1946.47) . JAR.L
(ICJC)
Dacca.

1 From standard 10 lb. hess. weft yarn {vide Tech, Res, Memoir, I.C.J.C. No. 1). Quality
number indicates percentage, Single Thread Strength (1bs.) to grist (Ibs./spy).

(a) General behaviour of Creep and its recovery :

One normally expects that, in the case of the Hookean or instantaneous strain
in ordinary condition, the extension under load should be equal to the contraction
which takes place when the load is removed. This being a general property of
matter, it should also hold in the case of a jute filament, when the applied load is not
large enough to cause immediate plastic flow, The actual observations made in
the air-dry state, recorded in Table II, however, reveal a deficit in respect of con-
traction in all cases but one. The amount of lag observed in the matter of recovery
is, no doubt, generally small; but in a few cases a relatively larger deficit is found
to occur, The extent of lag is apparently different for different varieties as well as
for different degrees of fineness of filaments of the same variety.

Tanie II.
Instantaneous Extension and Contraction in the air-dry state.
Instantaneous.
Gravimetric . .
Jute Ref, No, fineness, u {o) Bxtension | (b) Contraction ]();1;‘317;;)00
(microgm. fem.). under load on removing ’
(x10-3cm.). |load(x10~8cm.).

J B72T .. 15-4 48.0 48-0 0-0
o192 35-6 | 31-2 44
7 574T . 115 20.2 27-6 j 1.6
19:2 144 : 11.2 ; 3.2
J 1712T . 231 12:8 10-4 f 2.4
30-1 96 : 7.2 ; 2-4
J B18W . 116 } 28-0 ! 252 | 28
i 19-2 J 9-8 . 7-6 ! 20
7 863W o 19-2 124 10-8 ; 16
| 23-1 i 9-6 56 t 4.0

‘ .
J 176TW : 30-1 i 10:0 : 8-8 1-2
. 385 78 ! Bed ! 1.2
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Similar record of observations on wet filament, is given in Table III.  In some
cases at least, for identical filament fineness, the wet condition seems to cause a larger
deficit in instantaneous contraction than does the air-dry condition.

TarLe III.
Instantaneous Batension and Contraction of wet filaments.

i 1

| Instantaneous. !
, Gravimetric - ‘ Difference
Jute Ref. No. i fineness, (a) Extension | (b) Contraction {a)—(b)
* (microgm, fem.). | under load | on removing
’ (x10-8 em.), | load (x10-3 cm.).
J 872T .. ‘ 116 { 15-6 f 11-6 4+0
i 15-4 ‘[ 104 } 8-8 1-6
7 1712T j 23.1 ' 108 | 84 ‘ 2.4
; 30-1 ; 13:2 84 ; 48
J 578W l 115 ‘ 108 | 88 L 20
= 154 .‘ 112 88 ; 2.4
J 1768TW . 19-2 ‘ 12-0 8-4 36
| 301 124 7-6 48

It is seen that there is likelihood of greater uniformity among varieties in respect
of both the extension and the contraction values in the wet state than in the dry
state.

The data for the creep and the creep-recovery in equal periods, in both the dry
and the wet states, are given in Table IV,

The case in the air-dry condition, in which a large difference (+4-8) occurred,
was one where the experiments were carried out in humid atmosphere (R.H. 849%),
and the temperature at the time was also fairly high (85°F.). For others tested in
the air-dry state, the relative humidity did not exceed 779,. These cases exhibit
practically complete recovery within the same period as creep. The small differences
which are visible, occur with both the positive and the negative signs, and may
have been due to experimental error.

In the case of the wet filaments, however, except one case in which recovery
equals creep, the lag is all in one direction only, and is generally of considerable
magnitude,

(b) Effect of Wetting on Pre-imposed Creep :

It was pointed out earlier how a series of experiments was conducted in order
to study the rapidity of dissolution of strain imposed in air-dry state, by wetting
the filament. The results obtained, are stated in Table V.

From this table it is found that a very considerable amount of recovery occurs
very rapidly on wetting even for 15 minutes only. The relative effect of wetting
can be judged from the ratio, ¢/b. The shrinkage on wetting is obviously so great
that invariably there is reduction in length below the original (test) length of 10 cms.
It is not known whether the whole of this contraction is caused by the relief obtained
from all pre-existing strains, e.g. from secondary creep, previous history of the
filament, etc. or due to the effect of any significant lateral swelling in water.

The dats for filaments of the same fineness in respect of the initial creep in the
first 2 hours and the total creep in 18 hours, are stated in Table VI, The data refer
to the air-dry condition,
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Tasre IV.
Creep and recovery in 2-hour periods in air-dry and wet states,
b Air dry state. Wet state.
& 8
Xxl Fl | 8 A
ﬁ 84 @ é | g = T’
Ref. No. g Eo - % v ki % 8
- —~ |~ ~— P — ~
e = [N ® — ORI © :
rEIBX |2 Bl | R | B | ®x|°kE % 3
£l S| 2| E | S| & & ¢ g,
25 Bl s & |5 | E| | g% |§
S| m a w 3 S| A /A B
J 572T 11-5 .. . . .. . 124 | 100 | +24 89
15-4 9-6 4-8 | 448 84 85 | 148 80! +6-8 89
19-2 6-0 40 | 4-2:0 77 87 .. ..
J 574T 11-5 28 16 | +1:2 73 78
19-2 2:8 401 —1-2 75 78
J 1712T 23-1 3-6 3-6 0-0 64 821 124 84| +40 86
30-1 2-8 36 { —08 70 84 6-4 6-4 0-0 86
11-5 4-0 44 —04 66 84 | 140 88 | +52 91
J 578W {15-4 .. .. .. .. .. 13-2 88 | 4+44 86
152 3-6 2.8140-8 59 80 .. .. .. -
J 963W 19-2 2-8 2-8 0-0 74 79
23-1 2-0 321 —-12 69 81
19-2 . .. .. .. 96 721 +24 86
J 175TW {30~1 3-6 24§ 4+1-2 71 87 64 56| +08 86
386 3-2 20 | 4+1-2 75 86 . . .
TABLE V.
The effect of wetting on pre-imposed creep.
Air-dry state. (c)
M Further
: . recover;
.(A",;é%rw (@) () (a—b) on wettiig Ratio
Jute Ref. No. in 76% Total | Rvecovery | Residual for 15 .
R.H. : in 1 hr, creep ming. ; efb.
; creep in ing. in
(microgm, 18 }?r after before water
per cm.} S'l deloading | wetting after (b)
(X10=8 + "\ 10-3 | (x10-8 o
em.) cm,) cm.) (x10-8cm.)
J 572T 115 7-6 2:0 56 14-0 7-00
15-4 13-6 4-8 8-8 20-4 4-25
J 578W 11-5 10-0 56 44 19-2 3-43
154 84 36 4-8 10-0 2-78
T 17127 231 48 5:2 —0-4 (?) 5.6 1-08
30-8 3-6 2-8 0-8 8:0 2-86
J 1757TW 192 8-0 1-6 6-4 10-9 8-81
30-8 7-2 36 3-6 80 2.92
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TaBrLE VI,
Primary Creep in 2 hours vs. Total Creep in 18 hours.
u (air-dry) in (A4) Primary (B) Total creep .
Ref. No. 75% R.H. creep in 2 hours in 18 hours Dg‘e_rince
(microgm. fem.,) (x10-8 cm.) (x10-3 cm.) ( )

J 572T .. 15-4 9-6 13:6 4.0
T 578W . 11-5 4-0 10-0 6-0
J1712T .. 23-1 3.6 4.8 1:2

30/31 2.8+ 3-6% 0-8
J175TW .. 3031 3-6% 7-2¢ 36

* 4= 30-1x10-86 gm_fem, + p = 30:8x10-8 gm, Jem.

If the secondary creep is considered to be non-existent in the case of jute filament
after Burte, Halsey and Dillon (loc. cit.), the overall mean primary creep-rate and
the mean rates at the beginning and after the first 2 hours, are easily obtained from
the observed data. These rates are given in Table VII for those cases where the
filaments are of identical gravimetric fineness. If, however, the secondary creep is
present, these figures will indicate the total creep rates. )

TaBLE VII.

Various creep rates for filaments of the same fineness.

Creep rate (cm, fmin).
. . £ m .
Specification of Time considered. J572T I 578W J1712T
(4 = 16-4x10-8 | (u = 11-5x10-8 | (4 = 23-1x10-6
gm . fom.) gm.fem.) gm.fem.;
1. Over-all .. ‘. 0-0000126 0-0000092 0-:0000044
2. Beginning or first 2 hours 0-0000800 0-0000333 0-0000300
3. After first 2 hours 0-0000042 0-0000063 0-0000013

5. DrscUussioN OF THE RESULTS.
(@) Instantaneous change on loading and unloading :

Some varietal differences in the elastic response of filaments, as well as a lag in
the matter of recovery of elastic or instantaneous extension have been noted in
Tables IT and III. The complex constitution of the amorphous region of the jute
filament naturally indicates the likelihood of differential response of parts to any
externally applied stress. This may result in varietal differences in the elastic
behaviour. To obtain an idea of the causes which operate in producing the lag, it
is necessary to direct attention to the fine structure of the filament more closely.

It is known that the axes of the elongated molecules of the chain-polymers in
the amorphous region, which make up a jute cell, point in all possible directions,
as also do the crystalline aggregates of molecules. The action of the applied longi-
tudinal stress tends to more or less, bring the axes of these molecules of the amor-
phous region into alignment. This is supported by the fact that when a directed
stress is applied to a filament, the X-ray diffraction photograph shows much
stronger crystallinity than in the unstretched condition. As different molecules
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get oriented to different extent, varying from zero to a maximum depending upon
the magnitude of the applied stress as well as the internal resisting forces, the observed
effect must be a statistical average ‘over a large number of molecular events’
(Fiirth, 1948). But actual ‘flow occurs if the local strain becomes too great’ (Mere-
dith and Peirce, 1948) for the primary valence bonds, the Van der Waals bonds,
etc., to resist.

Now, it is a statistical fact that the greater the variability of a system, the
greater is the likelihood of an extreme value occurring. The jute filament being an
extremely complex and compound structure, the distribution of the internal strain
~ developed in different parts under a definite external stress, is liable to be very highly
heteroform. It is natural to expect, therefore, that the induced local strains should,
in some parts or other, be too great to maintain the existing molecular disposition
or cohesion and a new equilibrium distribution should occur. This creates the
probability of some flow-displacement, however small, such as may not be easily
recoverable after removal of stress. There are also other ways in which & restricted
flow may occur. The orientation of molecules may bring about an alignment of
new molecular chains, more or less perfectly, creating fresh crystalline structures
which resist break up even on withdrawal of stress. Fissuring of the crystallites at
the ends may also lead to a kind of flow, as Leaderman indicates (loc. cit., p. 101).
While new crystal formation is favoured in textile fibres by stretching in the wet
state, the fissure effect is brought to pass by stretching dry. Now, in the former
case the forces required to be overcome are only the secondary valence or field forces,
while for the latter, where fissuring of crystallites is concerned, the primary valence
forces which are of course very much stronger than the secondary, are required to be
supervened in addition. Thus the alignment of chains into crystalline or semi-
crystalline states is a more probable event and is likely to be the cause of the observed
lag. The greater prominence of the lag in the wet state falls in line with the view
indicated.

In a wet filament where water molecules have penetrated the body no doubt
mainly, if not wholly, in the amorphous region, a greater overall facility of molecular
orientation is likely because of the weakening of the secondary valence bonds between
the molecular chains owing to the interpenetrating water molecules. An optimum
number of molecules are likely to be oriented under external tension, or rehabilitated
as far as possible into the previous positions when the tension is removed. The
greater facility of orientation in the wet state of the filament is thus likely to be
responsible for the observed great uniformity of instantaneous extension or contrac-
tion of the wet filament. In high humidity, the moisture penetrates inter-molecvlar
regions in the state of vapour. Consequent absence of swelling does not lead to
large reduction of the secondary bonds ; but of course the vaporous moisture mole-
cules serve as lubricators in the matter of orientation of the molecular chains. Such
circumstance is likely to result in complete recovery of instantaneous extensions,
as found in one case.

(b) The Creep and the Recovery of strain:

The observed effects as given in Table IV, may be considered from a thermo-
dynamical standpoint. The discussion is given below.

The strained internal state of the filament may be regarded as a function of the
two independent variables, viz., the applied tension, P and the absolute temperature,
8. The length of the filament under test being I, when ¢ and P suffer very small
changes, the element of heat, dg, received by the filament is given by

dg=ydi+adP .. .. .. .. ()

Here, § represents the thermal capacity of the whole filament, and is a positive
quantity ; and @ is a thermal coefficient which is a function of § and P, Now,
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when the length I, is inereased to I 4-dl under tension, 2, the work done on the tilament
is—~P.dl. Let U be the intrinsic energy of the filament and ¢ its entropy. Then
by the First Law of Thermodynamics,

dg = dt +(—P. dl) .. ..oooan
Eliminating dg from the equations (I) and (II), we get,
, di al
[ = — —JdP .. .. .. (1
au <¢:+Pd8>d0+<ct+PdP>dl (111
Again, by the Second Law of Thermodynamics,
dy ¢ u ,
= = = - . . .. 1
do g = gWtgar .. (V)

Sinve both dU and d¢ are perfect differentials, we have from the equations (II1)
and (IV), by elimination of the quantity

a  a
%6 )
As the langth of a textile tilament like jute, increases with heat, % is positive. So

a is also positive.

Now, when a jute filament is suddenly stretched by the application of an external
tension, P (the tension in fact suddenly increases from zero to P), there is little
passibility of similarly sudden equalisation of all internal temperatures of the hetero-
gansous material constituting the jute filament, with the outside temperatures.
So, the change may be regarded as adiabatic, That makesdg = 0, and so,

YdotudP =0 .. .. .. .. (V1)

Since ¢, ¢ and dP are all positive, d@ must be negative. 1n other words, the
instantaneous extension under load is an endothermic process. During instantaneous
contraction, dP is negative, and because y and a are positive, ¢ must be positive.
The contraction process is therefore an exothermic one.

Hence, while in the case of sudden extension, the ensuing fall in temperature
makes the molecular system of the jute filament liable to absorb heat from outside,
the opposite effect occurs in the case of sudden contraction. -

Further, in a region inside the filament bounded by surface, since the specific
heat of all natural cellulosic filaments is more or less steady, the internal flow of heat
will be governed by the density of distribution of the constituent substances of the
filament from point to point, in addition to the coefficient of conductivity. In the
light of these considerations (¢f. Houstoun, 1920) we may proceed to study the creep
and the recovery of the jute filament thus. -

When, a jute filament is suddenly longitudinally stretched by the application
of an external load, due to the fall in temperature which necessarily occurs internally,
the natural thermal agitation of the molecules, as a whole or in part, is restricted.
Considerable resistance is thereupon liable to develop to any attempt to orientate
the molecules in the direction of the filament axis. At the end of the instantaneous
change, heat begins to flow gradually into the filament from outside. The agitation
of the molecules thus again gradually increases. The impediment to equalisation
of temperature is offered by the density differences. As a result of the slow recovery
of the thermal condition there is a slow recovery of the original condition of molecular
agitation. Thus, following instantaneous elongation, further gradual elongation,
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at a considerably slow rate, results, as the molecules, with the absorption of heat
from outside, become more and more agitated, and thereupon more easily amenable
to the action of the applied stress. (Apparent reduction of inertia under dynamic
conditions is also a common macroscopic experience.)

Now, since the elongated molecules, both of the amorphous and the crystalline
categories, have infinite possibilities of orientation (vide ante), the orientations must
generally be random. The number of molecules which can at one time be turned
to the maximum extent towards the direction of tension will depend on the extent of
orientation, in addition to the magnitude of the applied tension as well as of the
internal resisting forces. When the applied tension is constant, and as the internal
resigting forces are themselves a function of the disposition of the oriented molecules,
the degree of orientation seems most likely to be the limiting factor in determining
the number of molecules involved at a time. So, on account of random distribution
of orientation this number will obey the Gaussian or normal statistical law of dis-
tribution, as time progresses. This therefore is probably the basis of the exponential
law found by Jordan (loc. cit.).

The gradual fall in the rate of the delayed elongation as a result of molecules
with larger and larger deviation from the direction of tension being encountered
in Gaussian proportions, has been stressed by the earlier workers also. A stage in
this process is thus ultimately reached when the applied stress proves inadequate
to force further molecular orientation. When this condition is reached, the time-
relative elongation stops. The possibility of a progressive fall in the rate is indicated
by the data given in Table VII.

As the applied load is removed, following the instantaneous contraction which
takes place, there is an increase of internal temperature. This leads to increase of
molecular agitation. An easy restoration of the oriented and/or aligned molecules
towards the original state, under the restoring influence of the secondary valence
forces, therefore, takes place. However, as excess heat flows out, the temperature
gradually comes down to the original condition. As a result, the recovery also
slowly decreases, and ultimately stops. Thus the process of recovery becomes
almost an inversion of that of creep.

Due to the density variations within the filament, heat transference is faster
in some regions than in others. This fact brings about a change in the relative
disposition of the molecules resulting in a new equilibrium condition. This effect
probably manifests itself as the difficultly recoverable set, called the ‘secondary
creep’. This has also been considered in the previous section. Naturally, there-
fore, secondary creep once developed, remains unaltered as long as the stress again
applied happens to be equal or less. Thus, with a mechanically conditioned filament
tested under a smaller load than that of conditioning, recovery is likely to be prac-
tically complete in the air-dry condition wherein molecular orientation is more
common than molecular alignment into crystalline structure. This is probably the
explanation of the data for more or less complete recovery for air-dry filaments given
in Table IV.

In the case of the wet filaments, it can be easily shown (from a consideration
of the possible evolution of heat by swelling of the jute fibre in water) by reference
to Herman’s data for cellulose (loc. cit., p. 33), as well as of the specific heat of jute
quoted in Matthew’s Textile Fibres, 5th Ed., p. 46 (Mauersberger, 1947), that the
temperature developed in course of the present wetting treatment was insignificant
at the time when the filament was put under test. However, due to the considerable
swelling (Macmillan, 1939) which occurs, through the presence of the water molecules
in the liquid phase within the filament body, especially the amorphous parts, in the
wet condition, the secondary valence bonds between the amorphous chain-molecules
are weakened. Molecular orientation thus becomes easier than under the air-dry
condition. Naturally, a large value of creep of wet filaments may be expected.
Also, due to more likely formation of crystalline alignment there is probably greater
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resistance to recovery. This is due to show up as a large lag. These expectations
are realised in the data for wet jute filaments given in Table IV,

(¢) Effect of Wetting on creep developed in the Air-dry State :

It was found that very rapid recovery from creep occurred on wetting a previously
strained jute filament for 15 minutes only. Lateral swelling which may go up to
219, (Macmillan, loc. cit.), acting in conjunction with the weakening of the secondary
bonds between chains, caused by the inter-penetrating water molecules, may be
responsible for the quick dissolution of strain.

During this experiment it was observed also that the contraction on wetting
led to reduction of the filament length below the original (test) length. This was
found to occur in all cases. No definite statement on this is yet possible, but it
may have been caused by the liquidation of some pre-existing strain developed
during the production of the fibre or in the course of filamentation by hand. The
extra contraction in length cannot of course be ascribed to swelling as Macmillan
(loc. cit.) found longitudinal change on swelling to be insignificantly small in a jute

fibre.
(d) Diagrammatic Study of the Qualities Investigated :
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Fig. 3 represents the Carnot (work)-cycle obtained by taking a filament through
a loading-creep-unloading-recovery track. In all air-dry cases and all but one wet
cades, an open cycle is obtained indicating irreversible dissipation of energy. In
the one case where an exception is observed, recovery in two hours seems to have
Proceeded beyond the starting stage. Further work is needed to elucidate the
observed effects in such case.
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The creep and other changes in the air-dry as well as the wet conditions are
shown graphically in Fig. 4 and Fig. 5. The graphs are of well-known type.
One most striking thing about the figures, however, is the variable rate exhibited
by some of the wet filaments. The cause cannot be definitely indicated. But it is
possible that a little vibration caused by the falling drops of water, as they dropped
on the lower eyelet, may have produced the effect. The fact that the rate variation
is absent in the case of the heavier filaments of the same jute, also points to this
being probably the reason. Fig. 6 and Fig. 7 for the air-dry and the wet jute
filaments respectively exhibit a rectilinear relationship between log (time) and either
the creep or the recovery. There is thus very good agreement with the theory.

It may be noted that in the case of some varieties in the air-dry state and some
in the wet state, an anomalous behaviour which records, wholly or partially lower
extension or contraction for the gravimetrically finer filaments, occurs. It is hazard-
ous in the present state of knowledge to offer any categorical explanation of this
phenomenon. Tentatively, however, it may be suggested that the cause may lie
with the variations of diameter of filaments along the length.

6. SUMMARY.

By direct observation, the instantaneous changes on loading and unloading, the primary
creep and the creep recovery of single filaments of various jute varieties were examined in both
dry and wet condition. The rapidity of recovery of creep which has been developed in dry state,
on wetting the filament, was also determined. A qualitative study of the behaviour in relation
to the well-known visco-elastic theory of high polymers as well as an explanation of observed
peculiarities in respect of creep in the light of mechanical and thermodynamical principles have
been attempted. The folowing characteristics have been noted. (1) When a wet filament has
been loaded and unloaded, a large lag between the instantaneous extension and contraction. is
observed. (2) Recovery from creep in air-dry condition is practically complete in mechanically
conditioned filaments, within the same time as under load. (3) Recovery from creep of wet
filaments shows considerable lag. (4) Recovery of wet filament from creep is intermediate in
value between the recovery in air-dry state and the creep in the wet state. (5) Filaments stretched
without previous mechanical conditioning for a long period (18 hours) in air-dry state, and allowed
preliminary to recover in the same state for an hour, on 15 minutes subsequent wetting, not only
showed full recovery, but were even found to contract beyond the initial (test) length. (6)
There is apparently some dissipation of energy in going through a loading-creep-unloading-
recovery cycle. (7) Creep and recovery of jute exhibit a practically linear relationship with the
logarithm of time.
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