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Abstract

The report outlines research undertaken to identify a set of microstructure
elements present in strong organic fiber in which reside the primary means of
response on the part of the material to dynamic load application. The elements
involve two microfibrillar concepts, viz., a set of nearly parallel structures
and a set of finer transition fibrils which bridge between the former under
conditions of nearly axial alignment. Scanning electron micrographs of the
structural features are reported. The transiticn {fibril is reported in one experi-
mental setting to exhibit evidences of a labile chemical structure under exposure
to ultraviolet radiation in the presence of halogens (room temperature).

Publication activity is reviewed and abstracts presented in the Appendix.

A second principal contribution involves the statistical theory of the
strength of a parallel array of fiber. The model envisions individual filaments
possessing strength properties distributed along the length in accordance with
the conventional weakest-link hypothesis. A set of moment inequalities has been
obtained which shows the mean bundle strength per element in the absence of
interaction betwecer the constituent elements to be progressively degraded as the
bundle size increases. A finite asymptotic limit is obtained as the number of
elements approaches infinity. Similar inequalities and limits have been obtained
for higher moments of the underlying distributions describing bundle strength.
Physical evidence of tie elements suggests the need for statistical studies of
bundles containing interaction between elements. Some speculative discussion
of the role of this interaction in determining practical bundle strength under
dynamic and low temperature conditions concludes the report.
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STUDIES OF HIGH STRENGTH POLYPROPYLENE:

THE ORIGINS OF DYNAMIC RESPONSES

The unitary fine structure of a synthetic fiber is itself composed of a fiber-
like structure. This is a ribbon-like, fibrillar structure which in turn is com-
posed of a more or less ordered arrangement of the constituent macromolecules.
It is at the present unclear whether the stable microfibriliar unit is predomi-
nantly extend chain ordered or composed of some essential portion of fold chain
crystalline structure. The study of the character of sclid fibrillar matter
derived from polymer melts, dopes, spinning solutions and the like provides'a
major challenge to the fiber scientist which has been recognized since the time
of Staudinger who was probcbly the first to observe the fibrillar character of
linear polymer upon transformation to the solid state from melts or various
solution types.

The mechanical response of the arrangement of the microfibrillar set to
tractions applied to the ends of macrofiber section constitutes the macroscopic
response of the single filament. In principle, if the detailed structure of the
array of microfibrillar elements is known together with the response patterns to
applied tractions, one may envision the evolution of the pattern of mean fiber
response to a given applied set of tractions. It has been an underlying premise
of this work to seek to describe a set of strength elements (microfibrillar array)
and study its control of the levels of observed macro strength of the monofila-
ment.

In 1962 Ogle reviewed a wide set of papers reporting measurements of the

transverse dimensions of microfibrillar-like structures in fibers made from the
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commercially interesting linear fiber forming polymers and linear polyethylene.
He adduced evidence for considering the structural element diameter in terms of
close packing of seven smaller cylindrical structures. The first structure he
proposed was an extended chain ordered cylinder composed of seven molecules.
This basic unit was then compounded in groups of seven to make the second con-
figuration, and so on. The first compound radial structure has not been observed
as frequentiy as members of the higher associations. Nonetheless, it is notable
that Heyn obtained such a dimension from careful studies of highly oriented
ultrastrong (~8-9 g/d) regenerated cellulose acetate (Fortisan). His technique
was rather impressive. It involved a Fourier analysis of the radial small angle
X-ray scattering of the fiber. The analysis was confirmed by companion studies
of progressively swollen fibers wherein the regions around the compressed
microfiber were loosened by a group of well known swelling agents, long known
to be specific to the attack of cellulose in the chemically ""accessible' regions of
the fiber.

This report discloses work over the period 1967 to September 1969 during
which the author and Themis F ellbws, Paul A. Tucker, Jr., Moon Suh and
Yeun-Jong Chou contributed to Task III of Contract No. N00014-68-A-0187, the
NCSU Themis project on The Dynamic Response of Materials. During the period
two papers were prepared for oral presentation: '"Tensile Failure of Bundles of
Nearly Parallel Filaments, " presented at the Synthetic Fiber Symposium,
Williamsburg, Virginia, April 19-21, 1968; and "Statistical Nature of Breakage
in Bundles, " presented at the Fourth Annual Symposium on High Performance
Composites, St. Louis, Missouri, April 7-10, 1969. Dr. Moon Suh completed

his dissertation, '"A Study of the Distribution and Moments of Bundle Strength in
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Sequential Breakage of Parallel Filaments.'" A brief note was prepared by
Roper and George on a varient of the usual melt extrusion process which was
found useful in producing ultratenacity polypropylene fiber. Finally, the senior
investigator completed a manuscript which extended the first paper above to a
point where publication was possible. Lastly, Yeun-Jong Chou completed his
Master of Science thesis on "Inhomcgzneous Deformation of Nylon 6,6." A
portion <‘)f this work forms the basis of a third paper '"The¢ Mechano-Chemistry
of Nylon 6, 6 Fiber Yield Point" which is scheduled for presentation at the
Richmond meeting of the American Chemical Society in November 1969.

The termination of the efforts on this project as of September 1969, at the
request of the sponsor, resulted in much of the work originally envisioned only
partially completed. The following sections contain reviewing statements con-

cerning the progress achieved to the date of termination of the study.

The Point of View of the Study

The ultimate goal of the work was to achieve a new level of understanding
of the origin and limits to the magnitude of the ultimate dynamic strength
achievable in strong organic fiber. Polypropylene was taken as a major model
for experim;ental study. To do this a new combined theoretical and operational
description of the set of strength elements (both dynamic and static) was under-
taken. This focused upon the ultimate fibrillar character of the highly oriented
polypropylene fiber. Since the fibrillar nature of the fiber product arises itself
in elements of the controlled fiber forming process, the work of necessity fc;cused
at first on the development of melt extrusion process capable of producing strong

fibers. Such a process, somewhat different from present commercial processes
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was delineated and described briefly by Roper and George. As delineated, the
process produccd a troublesome irregular diameter (denier) of fiber and yarn.

In a paper recently submitted for publication the author shows this irregular
denier is characterized by stochastic oscillations about the mean (stationary)
denier. Further, if these denier irregularities could be removed by appropriate
control, one may plausibly suppose the mean tensile properties of the fiber would
be enhanced. Regions of high denier are associated with regions of low static
strength.

The property irregularity noted above is doubtless reflected in the micro-
scopic nature of the monofilament. A peeling technique originated by Scott
several years ago has shown certain over-all micro features of strong polypro-
pylene. These, as seen in stereoscanning electron microscope at magnification
of about X35, 000, are reproduced in Figures 1, 2 and 3. The first shows the
manner in which the fiber is separated by the peel. The microfibrillar elements
are clearly evident. Figures 2 and 3 show features of the finer axially aligned
fibrils which have a diameter of the order of 200 & not completely resolved in
the reproductions. A second more or less transverse structure is also visible
in these ‘figures. This structure is a transition region involving molecules with
portions ax;chored in adjacent microfibrillar structures. Furtther discussion of

this finding is given below.

Yarn and Filament Denier Irregularity

The paper referred to above shows the typical denier irregularity of melt
spun polypropylene may be described by a correlogram and associated power

spectrum as shown in Figures 4 and 5, respectively. The former refers to a

sequence of 150 den_er measurements made on 15 cm lengths each 60 cm of an
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Figure 1. A split polypropylene monofilament showing a range
of microfibrillar structures including *'ribbons"
(X10, 000 original)
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Figure 3.

Complex tie structure including broken regions — melt extruded

polypropylene. Fiber axis generally vertical.
(X10, 060 original)
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experimental precursor yarn to a structure which when finally drawn yielded a
strength of 10-12 grams/denier. The oscillatory structure of the correlogram
and level of the power spectrum indicate features of simple autoregressive
processes. However, the '"peaks'" in the latter appear to arise from a more
determinate oscillation. The referenced paper suggests that these may arise
from disturbances acting on the molten thread line.

Mechanical models are available to explain certain observed features of
these nscillations. The nonlinear oscillations of the molten thread line first
studied by Spangler as reported by Busse and Oplinger. These models envision
relaxation triggered disturbances exciting the molten thread line. Approximate
equations for the behavior of the thread line have been developed by Oplinger.

The basic equation is nonlinear, but can be separable into two wave-like equa-
tions which are coupled through the given relaxation properties of the thread

line. Such solutions involve elliptic trigonometric functions which behave over

a useful range of the arguments very much like trigonometric functions commonly
used to describe simple waves. The sclution of this wave equation contains an
observed feature of the thread line oscillations, namely that the higher the
observed frequency (resonance) the lower the lower bound to the tension amplitude.

A simpler form of this nonlinear oscillation is discussed by Lee. In contrast
with the work of Oplinger, this author uses elastic string theory and develops the
nonlinearity in terms of the tension acting in the string. As the transverse dis-
placement increases the restoring forces arising from the tension increase in a
nonlinear fashion. The lower bound to the oscillation amplitude is essentially
constant and the upper bound rises with increasing frequency. The work of Lee

reduces to the theory of Carrier for stretched strings exhibiting free rather than
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forced vibrations. The Lee work has the merit of being dependent upon simple
trigonometric functions rather than the elliptic functions which arise from
Oplinger's solution.

Certain of characteristic frequencies observed in the spectral analysis of
the denier fluctuations may find explanation in oscillations of the type discussed
by Oplinger. It should be noted that his treatment assumes a complex relaxation
process which in a linear approximation contains a viscous element with becth an
instantaneous modulus and a '"relaxed’ modulus.

The origin of the nonlinear oscillation might well involve a relatively sharp
stra2in change consequent to axial elongation of the type discussed a.bove and
originally suggested in another context by Flory. The details of the quenching
system would presumably describe the transverse loading required to make the
Oplinger analysis at least qualitatively valid.

In any event, one or both the mechanisms suggested above may be involked
to lend physical plausibility to the denier fluctuations analyzed in the work under-
taken as part of the instant project. Only future research will reveal the validity

of the plausibility arguments presented here.

Evidence of Microfibrillar Character of Melt Spun Polypropylene Fiber

({P. A. Tucker, Jr., Graduate Student)

Filaments taken from the Roper-George study of precursors of strong
polypropylene fiber were '"'peeled'’ using a technique described by Scott. The
resulting fiber sections were then examined, after coating with Au in the usual

manner, in a scanning electron microscope. (The technique of preparation and

a more complete discussion will appear subsequently.) A typical section showing
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o the peel is shown in Figure 1. Figure 2 shows a transverse section at a higher
. : magnification (X35, 000). The interconnecting microfibriis visible here are

g } reminiscent of those shown by Keith et al. and Williamson and Busse in

§ polyethylene films.

: The existence of these microfibers in the fine structure of oriented poly-

propyline fiber is a new observation. Possibly, these regions represent the
locus of an essential interconnection between the more or less oriented micro-
fibers. As such, strength of the bundle wculd clearly be a function of the
properties of the interconnectirg microfibrils.

One brief study has been made of the nature of the microfibrils visible in
Figure 3. These regions, after splitting the filament, have been subjected te
nitric acid and Br_ gas under conditions of photolytic addition of Br to

2

- unsaturated {-C=C-) carbon bonds. The former materials at -20°C to -60°C

etch away the microfibrils in times ranging from 1/2 to several hours. The
: latter, at room temperature, similarly results in the complete removal of the
visible microfibrils. The former result in accordance with the results of

3 workers previously cited. The iatter, BR2 gas, result is new. This result

suggests that the microfibril is in some way essentially labile to the halogen and/
or the environmental hv used to trigger the reactior, and somewhat less to the
strong mineral acid. The electron diffraction pattern obtained by Padden for a
polyethylene microfibril (transmission) suggested that the structures seen by him
are quite stable, highly ordered extended chain polyethylene crystal.

The microfibril observed in the case of the polypropylene melt spun fiber

is worthy of further study - it is the subject of Mr. Tucker's dissertation.
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Strength of a Filament as Determined by the Microfibrillar Bundle

(Dissertation of Dr. Moon Suh)

Suh, and Suh and George, have discussed a second major study undertaken
in connection with the subject project. The probiem formulated describes the
failure of a bundle of parallel elements under the assumption of equal extension
of the elements with strength distributed in accordance with a known probability
distribution function. The failure of the elements at a given load and bundle
extension is independent one from the other. For this case closed form formulae
are obtained for all the moments of the bundle of n elements. Finally, these
moments are deduced for the limit of n 4+ ®. If the probability of an element of
umt length failing between extension 4 and 4 + 84 is known, all remaining
moments can in principle be computed. Such computations are quite detailed
< and have only been carried out for small values of n and the asymptotic form
indicated for simple elementary probability functions. These are found in the
references cited.

A class of inequailty relations for the expected strength of bundles of n size
and m <€ n filaments were discovered in connection with the above statistical
studies. These enable one to bound the strength properties of a given bundle in
terms of those of a very large (u + «) bundle and smaller bundle with kizown

preperties. These inequzlities are,

Bnk B k
El— SE-—I—n- forl€sms<n
n m

B
k k ( n
- . _ 10 v
X, 1 -F (_\o)] < E ~ ) s E(B
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In the above, if k = 1, E\—I-:l} is the expectation of the strength {first moment)
for the bundle of n filaments, Bl(x) is the conditional probability that a single
filament will hold at or below the load x. The inequalities, depending upon the
form of B(x), offer estimates of practical bounds to the strength of a given
bundle.
The monotonicity in the reduction of the performance of the bundie with
each added element in the parallel provides a strong theoretical stimulus to search

for models of strength wherein the array of added elements assume a lesser

role in decreasing the bundle strength. Future work in this direction is indicated.

Concluding Remarks

The instant project was terminated one year short of its planned duration.
Because of this, it is difficult to package the work in closed form. It is clear
that the strength elements within a fiber may be taken as a bundle of nearly
parallel microfibrils. The necessity of this viewpoint remains to be established.

If the strength elements are microfibrils, it is clear from the electron
microphotographs that nature provides some way or set of ways in wh;ch they
are interconnected. Thus, even if, as is highly likely, the strength of a mean
fibril is statistically distributed for any given loading epoch [degrees of dynamic
effect are envisioned here, each with its characteristic Bn(x)] , it is certain that
one will need a cooperative theory of some sort to account for the nature of the
interaction.

The interaction may well change with the dynamic nature of the load

application. The point of view adopted by George and Chou can be extended to

other types of materials response. The suggestion that the "tie points' are loci
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of metastable one-dimensional dislocations allows the stability to change with
the time scale of the loading epoch. The reaction of the 'tie points' under
dynamic load then provides a fertile concept for exploring dynamic materials
response phenomena.

The interconiecting 'transverse'' microfibrils can serve to delimit the
effective length of the set of axial microfibrils. The shorter this effective
element the generally higher level of strength the set will exhibit. Such effects
may be expected in conditions of the response of the macrofibrillar structures
to a dynamic application of traction. Alternatively, the interconnections may
generally be expected to reduce the general inefficiency of the bundle. This
would follow by permitting the interconnected bundle of n filaments to behave
like a bundle of substantially smaller size m < n, which is otherwise more
efficient in accepting load levels comparable to the modal properties of the
single filament, .Bl (xo) .

We see thus that the presence of interconnections between the axial
elements of the macrofiber, together with the theoretical model of parallel
elements with properties statistically independent of each other allows one to

envision both dynamic strengthening and embrittlement of the real structure.

The point of emphasis for future work is clearly evident.
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APPENDIX

TENSILE FAILURE OF BUNDLES OF NEARLY PARALLEL FILAMENTS”

Paul A. Tucker, Jr., Bala Batavia and Waller George

Abstract

One commercial polypropylene yarn and two experimentul yarns of inter-
rmediate strength have been used to study the failure mechanics of nearly
parallel bundles loaded at constant rates of extension. For sufficiently low rates
of extensior, the bundle breakdown is observed to proceed by the successive
rupture of component filaments as the remaining bundle elements collectively
sustain increasing extension. Two general patterns of failure are observed in
the experimental yarns. One typical pattern involves substantial numbers of
filaments which fail at an over-all extension which is large as compared with
the extension at failure of the component single filaments measured under
comparable loading conditions. A similar behavior is found in the case of a
commercial carpet yarn. The second typical failure pattern alsc involves
progressive rupture, but over a relatively restricted region of bundle extension
which, while somewhat larger, is more comparable with the single filament
extension at failure.

The two modes of failure are characterized in terms of the pattern of
mean load per filament on remaining filaments as the bundle breakdown
progresses. The different failure modes are related to variability in filament
lengths and alignment within the bundle, as well as variations in filament
properiies among other factors. The development of interfiber forces trans-
verse to the axis of the imposed extension is discussed as a requirement for
enhancement of bundle extensibility over the inherent single fiber breaking
extension.

*Presented at the Synthetic Fiber Symposium, Williamsburg, Virginia,
April 19-21, 1968.
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STATISTICAL NATURE OF BREAKAGE IN BUNDLESﬂ

Moon Won Suh and Waller George

Abstract

For a bundle of filaments which are parallel, of equal length and gripped
at their ends, the probability distribution of bundle strength is obtained as a
function of the strength distribution of the constituent filaments. The breakage
model is based on the postulates that the load in a filament increases along with
the increase in its extension up to the point of breakage, znd that the bundle
load at any given extension is uniformly distributed among the surviving filaments

Deiining the strength cf a bundle as the maximum ioad attained in the
bundle throughout its load-extension history to the final filament break, the
distribution function of bundle strength with n filaments, S (x), can be expressed
in terms of sn-l (x), Sn-?. {x) and F (x) that is the distributx;'on function of fila-
ment strength as:

. u k+l (n x k .
5,00 = B 0 (2l (2] s, 00

The asymptotic properties for the strength of a large bundle are deduced utilizing
several measure theoretic modes of convergence and the results indicate that

..B_n. » the bundle strength divided by the number of filaments in the bundle, obeys
n

asymptotically, a normal distribution with mean and variance x_ [1 -F (xo)]
and xg Fx) (1-F {xo)] . respectively, where x, is the value of x which
maximizes x [1 - F (x)]. Though this result confirms the validity of an earlier
work of H. E. Daniels [Proc. Roy. Sc:c. {London), 83.405 (1945)], the formula-
tion of the present study is distinct and simpler compared with the lengthy and
complex work of Daniels. The use of the asymyptotic forms of Daniels in the
analysis of fracture mechanics in composite structures will be reexamined
relative .0 the results obtained here.

The second part of the paper is devoted to the proof of a number of moment
inequalities that are useful 1n comparing the efficiencies of two bundles with
differezlzt number of filaments. Upper and lower bounds of

B
E (-—r-:-‘- are obtained, viz:

Bn
ET for 1 €m «<n

k. m n=1.2,3,...

Presented at the Fourth Annual Symposium on High Periormarnce
Composites, St. Locuis, Missour:, April 7-10, 1969.
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k k n k k
- < ——— =
X (1 -F (xo)] E - < E (Bl) E (X))

k, n=1,2,3,..

M

where X is the filament strength.

In the last part of the paper, the effect of filument length on bundle
strength is examined. By extending the weakest-link theory of filament strength
to the breakage of a bundle, the changes brought about in distribution and
asymptotic behavior of a large bundle are evaluated with respect to the uniform
changes of filament length within the bundle. Also, an important probability
inequality is established for comparing the length effect in a bundle with that in
a single filament.
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A STUDY OF THE DISTRIBUTION AND MOMENTS OF BUNDLE STRENGTH
®
IN SEQUENTIAL BREAKAGE OF PARALLEL FILAMENTS

Moon Won Suh

Abstract

For a bundle of filaments which are parallel, of equal length and gripped
at their ends, the statistical nature of breaking strength is studied based on two
models of bundle breakage.

The restricted model is based on the pestulates that the load in a filament
increases along with the increase in its extension, and that the load in a bundle
at any given extension 1s equally shared by the surviving filaments at the exten-
sion. Defining the bundle strength as the maximum load attained n the bundle
throughout its load-extension history to the final filament break, the distribution
function of bundle strength is obtained as a function of the distribution of filament
strength by a probabilistic argument of events associated with burdle breakage.

The asymptotic properties for the strength of a lIarge bundle are deduced
utilizing several measure theoretic modes of convergence and the results indicate
that the bundle strength divided by the number of filaments in the bundle, Er_l .
converges in probability tc a constant and tends to obey, asymptotically, B
a normal distribution with mean and variance determined from the underlying
distribution of filament strength. Though the results confirm the validity of an
earlier work, the formulation of the present study is distinct and simpler.

The next part of this study is devoted tc the proof of a number of moment
inequalities that are useful in comparing the efficiencies of bundles which differ
in their number of filaments. It is shown that every moment of the raadom

. n . ; .
variable, - monotonically decreases as n increases, and it has a lower bound

witich coincides with its limit. The lower bound is determined from the distribu-
tion of filament strength as well as the order of the moment. The same mono-
tonicity property is proved for a finite population of filaments by defining the
moments under the scheme of simple random sampling.

The effect of filament length on bundle strength is examined by generalizing
the weakest-link theory of filament strength to the breakage of a bundle. The

x*
A thesis submitted to the Graduate Faculty of North Carolina State
University at Raleigh in partial fulfillment of the requirements for the Degree of
Doctor of Philosophy, 1969.
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changes brougiat about in distribu'ion and asymptotic behavior of a large bundle
are cvaluated with respect to the uniform changes of filament length within the

bundle. Also, the probability of strengtl retention is obtained for a bundle of n
filaments in which the filament lengths are uniformly augmented.

Finally, an alternative mode} for bundle breakage is proposed in order to
relax one of the postulates given in the restrictced model. By assuming that the
lcad in a filament is 2 random variable functionally dependent on its extension,
the mean and variance of bundle strength are appreo».mated by use of thz distribu-

tion of bundle load definable at any giver extension.
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STRONG POLYPROPYLENE FIBER: PROCESSES FOR ITS PRODUCTION*
James Roper and Waller George

Shechan, et al. [ 1]have discussed an extrusion process for the produc.
tion of high tenacity polypropylene filaments. In essence, they preferred a
productior scheme which involves extrusion from a relatively high melt tem-
perature followed by gravitational attenvation (down extrusion). The attenuated
product was taken up on an intermediate package. A second stage of the process
involves hot drawing, preferably with a prior annealing. Tenacities somewhat
in excess of 12 gpd (8 - 20 percent elongation) were achieved in monofilaments
which were further annealed, redrawn, and then fin.sh annealed to homogenize
the otherwise somewhat overdrawn structure. The process favored polymers
characterized by a low melt index (high molecular weight) preferably between
0.8 and 2.0C.

It is the purpose of this letter to reveal another, essentially different,
process route for the production of high tenacity polypropylene fiber and yarn.
It uses extrusion equipment similar to that utilized by Sheehan, et al. An essen-
tial feature of this process is the maintenance of melt temperatures between
250 and 285° C. The lower melt temperature assists the production of a meta-
stable, ordered structure termed "paracrystalline’ by previcus workers (1],
which is highly desirable as a precursor to final ordering by high drawing. The
demands placed upon the polymer melt stabilizers are concurrently minimal.
Conventional extrusion is followed by gravitational attenuation of approximately
12X followed immediately (without intermediate packaging) by "in-line' drawing
between 4X - 6X. A third cold godet is introduced with a slight relaxation to
guarantee a retention of the orientation for a longer period of time before relaxa-
tion of the threadline tension and take-up on a conventional winder tube. With
this in-line" drawing it has been possible to produce a precursor yarn (7-fila-
ment 200 - 300 denier) which with a light second stage drawing readily produces
10 gpd (20 - 25 percent elongation) material from substantially lower molecular
weight polymer, e.g., 5, and 12 melt index.

The second essential feature of the instant process is the introduction of
substantial levels of oriexntation in the fiber before relaxation of threadline ten-
sion and take-up ontc an intermediate package. The limiting feature of this
process is the extent of the in-line drawing step and the subsequent take-up of
the incompletely drawn product.

Preheat at the position of the first godet seen by the yarn at the end of the
attenuation stage is helpful in increasing che in-line draw ratio. The tempera-
ture of the first godet is adjusted to be as hich as practicabie for linear irput

*To he published.
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speed {(as requ.red by the a‘tenuat.on siage) of approximately 50 meters/min.
The yarn is wrapped on the godet and 1dler roll four to eight times and then
passed (0 a se.ond draw roil introducing between 4X and 6X draw. The process
tends to be .noperable {or draws of arouad 6X for poliypropylenes of U. S. com-
mer.ial qualty with a mel: index beivieen 5 and 12.

The ho* surface used .n connect on w.ih the firnel draw is maintained near
the "'st’ k' tempera‘ure, and the varr .3 hetd through multiple wraps on the
surface of rol.s at 135 C pr.or to passage over the jabout 150" C) draw plate.
Quenching s delayed dur.ng draw by ma.nta.n.ng *he second godet at approxi-
mately 125° C

C w_th 4 to § wraps {o:.iowed by & very si.ght reduction cf the in-line
tension to a quenth.ng gode! operat.ag &' abou: 30 "C. F.nal cooling of the
threadline occurs as the vara .s passed through 2 veler onto the bobbin.

The parent yarr used n this stody is characterized by a geometrical {ila-
ment length irregularity which resc’is In length diiferences of the order of a2
‘ew mm in 10 meter leng:ns cf product. The tong" iength is produced statis-
tically at each of the seven heoies .n the sp.nnerette w.tn what appears tc be equal
probabiiity over relatively loag per.cds of extrusion {hours}. This 'loopiness"
in the yarn results in a lozal dancing of the wraps as the yarn passes along the
1dler roller and {rom godet :0 godet. Th.s leng:h .rregularity is one stochastic
aspect of the extrus.on process wh.ch .s the subje.® of a2 :orthcom:ng paper by
one of us {W. G.). One consequence ot th.s iength variab:llty n the "as-ex-
truded ' and drawn product s that the 7-i.lamen: yarn exh.bits variable strength
properties along .ts iength. The pat*ern of property var:ability along the yarn
can be analyzed as a t!me serjes o yvield vvdence of the stochast.c nature of
the extrusion process. individua. :es: rescits, ireated as a group sample,
reveal a surpris.ng featurec uf the var.aiion of the strength of this varn shown in
Figure 1. Here is piotted the ultimate tenacity of the yarn (measured for 10
inch, 7-filament, yarn specimens cond_--:meo 0 7C F 65 percent R.H., using
the Instron tester w_th czosshead speed of 6 :n./m. =" as a function of the yarn
elongation at the point of inl:ial failure (the first of the 7 iilaments). It is evi-
dent that the in-line or.eniing process with .ts ""delayed quench ' feature produces
a product with a local strength which ‘nireases monotonically with tensile elon-
gation. It 1= tempting to =ugge=t tha- w:thin the stochastic variability noted
above thar reg.ons of h.gher or’len:ation are assoc:ated with regions of higher
ultimate strength and associated higher elongation. Regardless of the orienta-
tion fluctuation which may or may no! be p:esent in the yarn, the example
reported here 1s o! in‘erest as a pro.ess for the production of very high tenac-
ity fiber. Other systems are known which produce marer:ials which exhibit high
dynamic performance. wherein the aitimate strength and the ultimate ductility
{elongation} increase together. For example, the magnes um aluminum rich
alloys known as “hydroa:um num ' :n England and §56 .n the United States are
known to exhibit thls feature. The strength n this case is .in part controlled by
cold and '"cool'' work.ng processes.
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Several years ago Rosenthal [2 ] introduced a factor, F, which empirically
rates the strength potential of a wide range of materials. He defined this factor
as
1/2

- T : E

where T is the tenacity or the ultimate strength of the material per unit weight,
and E the elongation at the uitimate tenacity. The higher factor F, the higher
strength potential of the material.

Using Rosenthal's ¥ factor, the potential strength of strong polypropylene
filaments disclosed in Sheehan's work appears to be between 30 and 40 gpd.
Typical values of the Resenthal factor Jor the sirong poiypropylene yarns dis-
cussed above average in excess of 45 with occacional values (one out of five) as
high as 65. Comparison of these lattc r numbers with those obtained from
Sheehan's work suggests that the fibe. > produced by the process disclosed herein
do in fact represent a material with a strength potential which is roughly twice
that previously reported.

Sheehan's data on supertenacity pc’ypropylene was confined to singie fila-
ments. The values reported here are for a small bundle tested at a rather long
gauge length without the benefit of twist or a high rate of elongation. The
detailed testing conditions for Sheehan's data are not reported. However,
Laible [3 ] shows for large yarn bundles that roughly 1 gpd increase can be
expected in changing testing conditions twelvefold firom 10 percent/min to 240
percent/min. If Sheehan's data represent typically slow testing conditions, his
process is then possibly capable of producing stronger yarn than that reported
here. However, it appears likely that the instant results represent essentially
comparable testing conditions. Single filament test results tend to be higher
than bundle results. A comparison of the observed yarn strength levels (con-
trasted with estimates of strength potential) reported here with those of Laible
show the instant yarn is substantially stronger than that used in his survey of
1964.

The apparent relationship defined by the points plotted in the figure sug-
gests the higher yarn tenacities in general should be correlated with material
possessing higher over-all elongation. Fibers produced by Sheehan and referred
to above do not exhibit the relationship shown in Figure 1. In general, for
Sheehan's filaments, an inverse or monctone decreasing relationship is found
suggesting that the higher tenacities were achieved primarily at the expense of
ductility (tensile elongation). If the second stage of drawing in our ''delayed
gquench' process is permitted to impose draw ratios sufficiently high to produce
internal disruption during the drawing, like Sheehan we find tenacity is produced
at the expense of elongation. We have not, as yet, attempted to 'heal” these
internal voids.

Currently, others within the school are examining the microfibrillar
character of the fiber described above. Finally, it may be noted that this
strong fiber can be further drawn by conventional draw stages to yield tenacities
of the order of those found by Sheehan {up to 13 gpd) with an attendant reduction
of tension elongation to levels of 10 to 12 percent.
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%
THE MECHANO-CHEMISTRY OF NYLON 6, 6 FIBER YIELD POINT

T. Waller George and Yeun-Jong Chou

Abstrag_t_‘

Metal physicists have suggested two mechanisrns to account for the yield
point phenomena in metal crystals (e. g., carbon steels). An early suggestion
was that of Cottrell which envisioned dislocation networks ''pinned' prior to the
yield point. More recently the '"Cottrell mechanism' has been replaced in part
by suggestions of Gilman and Johnston who envision after an appropriate delay
time the local release of mobile dislocations under the action of the imposed
stress. The release of the dislocation array is chararcterized by the lower yield
point.

The yield point in nylon 6, 6 bulk samples and film has been shown by
Miklowitz and Kauffman and George to operationally resemble that in metals.
Data due to Woods, Hookway and Quynn on the effects of small molecules such
as alcohols, glycols, chloroform, saturated hydroxy compounds and chlorinated
hydrocarbons are reexamined with regard to the reactions of these compounds
with the undrawn nylon 6, 6 fiber. These compounds alter the character of the
ambient yield point. Those showing the greatest reduction in yield point also
reduce the delay time for yielding. No compounds are known which raise the
yield point in nylon 6, 6 (water does in the natural Ramie fiber). Significant
differences exist in the capacity of the OH containing compounds to reduce or
remove the yield point. These differences are discussed in terms of the more
chemically accessible regions of the fiber. The hydrocarbon moiety in com-
pounds which tend to complex with the amide group in the polymer chain appears
to effect the efficiency of the stress released dislocations in reducing or removing
the yield point. Therefore, it is suggested that such factors are of importance in
determining the mechanical reactions of the para-crystalline (less well developed
ordered regions) of the nylon 6, 6 fiber. Thus, at ambient conditions ethyl
alcohol does not 'loosen' the accessible, amorphous, nylon 6, 6 structure as
effectively as methyl alcohol and both are less effective than water.
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