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Sines there fie no foeasible moans for dotecting individually
when personnel parachutos have degraded to levels of def'iciency,
reliability ocontrol has been managed by standard retirement formuias,
Det.ormination of these searvice life limits to satist'y both
reliability and sconomic requirements is a problem with no exact
solution, Limiting ages and number of jumps have been prescribed
largely Ly user experience supplemented by tests on small samplings.

The studies on which this report is based ware undertaken to
provide additional data in guidance of limits for U, S, Army
parachute types and usages, and to gain further insights into the
extent and nature of the degradation problem, Particularly in
question was the premise of the consistency and predictability of
trends, which is the primary rationale for control by wholesale
methods, Related questicns concerned the validity of historical
oxperience and spot surveys in assessing the conditions within
the parachute populations at large.

The test projects and analyses were conducted under the
Applications Engireering Task, "Safe Life Span of Personnel
Parachutes in Sexvice and Storage," within the Project "Aircraft
Components and Accessories," Detailed findings are reported in
Material Examination Reports as refarenced.
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ABSTRACT

The findings of recent U, S, Army Natick Laboratories tests
on aged and used nylon parachutes are reviewed with respect to
service life limits and to implications as to the technical
nature of the degradation problem. The data tend to confirm
that the current 10 year or 100 jump limits and related repair cost
lirit schedula= do nat nresent a hazard, However, the scatter
and contrasts of results make questionaile the validity of small
samplings and extended predictions, No comsistent and pervasive
trends were found to be directly related to time in storage or
service, or to jump history except for initial mechanical effects
on suspension lines., The results evidenced marked differences
in the specific susceptibilities of various materials, and a
number of degrading influences and types of effects on physical
properties,

A wide distribution of strength levels is to be expected
in older parachute populations, and the risk problem is with
the axceptional cases rather than with the average condition,
A number of possible chemical structural change mechanisms are
discussed,




STRENGIH LOSSES IN NYLON PARACHUTE MATERIALS
WITH TIME, EXPOSURE, AND USE

I. Introduction

Nylon parachute materials are subject to strength losses and other
changes in performance properties because of age, environment,
contaminants, and use, This susceptibility is recognized in the
criginnlly Adesiened safety factors, and in the scheduled
retirememt of old equipmern:. Decisionrs in these areas have had
to be made with rather meager data, Service life limits are
prescribed in terms of age from date of manufacture (now
variously 7 to 10 years), number of jumps (100), and as
indirectly applied in the "excessive" repair cost formula used
for troop main parachutes., For repair materials, 5 years is the
current limit, Limits as short as 6 months from date of
installation are set for certain components of ejection seat

systems,

These practices have been successful in the sense that no
actual service failures of personnel parachutes have been

attributed to strength deficiencies of the materials when used
under normal circumstances, However, questions are contimally
raised as to how satisfactory the current methods actually are
in terms of the risk-cost equation,

Each of the military services has had projects to ascess
the condition of the older parachyte equipment. Though broader
investigations were proposed,(l.Z the authorized efforts were
limited to spot surveys intended to provide data in support of
then prescribed age or jump limits or possibly a basis of
assurance for further extensions, These individual tests yielded
no distinct evidence of imminent hazard and gave no convincing
support to proposals for extensions. The decision in 1959 to
extend the Army parachute service life limit from 7 to 10 years
was based largely on field judgment. Results of subsequent
test projects have not changed this decision,

However, as successive projects were completed, it became
increasingly apparent that the spot surveys were probably
yvielding only fragmentary evidences of a complex situation,




The present study was undertaken to consider ihe collective
data for broader implications of the nature and exteni of the
problem, in guidance of future policies and programs, With the
marked sirength losses which occasionally appear, and knowledge
of what can occur under certain possible circumstances, it is
apparent that the problem of maintaining full reliability within
the parachute population warrants more concerted attention,
Newer concepts of air deployment of troops will impose more
rigorous demands on material performance ard reliability.
Additional Jjustification is in the proper management of nylon
materials in cargo aerial delivery systems (both drop and
suwponded) and in drogue and arrestor equipwent which are not
currently under service life limitations. Also, there is a
growing number of othar critical applications for nylon and
other synthetic fibers within the millitary system,

II., General Commentary

A. Reliability and Cost

For persomnel parachutes, no compromise is knowingly
made with reliability. However, there should be full assurance
that reliability is, in fact, being maintained. Also, there
should be no clearly unnecessary costs incurred in realizing
that objective,

With respect to reliance on historical experience as
the primary assessment of perfor.ance reliability, it is first
to be recognized that the proportional sampling comprised of
the few reserve and emergency parachutes ever actually used is
very small, Also, it must be recognized that the used units
would have been from any of the age classes on hand; there was
no way of deteimining how marginal their performance had been,
and the conditions of use may have been well within the
designed performance envelcpus, Consequently, past experience
is even less a measure of the true capability of older
equipment. Since the spot surveys were also very limited and
rather arbitrary in sampling, there is currently no firm basis
for confidence that the intended reliability is being or will
be maintained under present service life limits,

The assessment of older age classes of parachutes used in
premeditated jumps is a speclal case since nearly all units have
been discarded according to "excessive" repair cost formula based
on attained age or jump history, well before reaching the
prescribed overall limits. Consequently, this historical
experience provides no basis for predtcting the reliability if
conditions of supply and operations changed so that more of the
older parachutes did remain in the system.
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The two more olwviouely unaal inCactony anjpecte ol the
prevsent. syatem e an the cont s and thiat b Ulisen o peak demasl
thore 1o actual Shortage of squipment in acvice atatua,  In the
wholusale prodess Lo aliminate the amll proportion of unite
bolieved to be neartnge g daficiant condition, a much greatep
pumbher of parachuten are dinoapded while at1ll havinge o
congidorahle mmbepr of yeare of L otential further astvive,
Estimatea of roplacamont conls aolely attributabile to premaiure
retirements vary acoordinge to ansamptiona of lonnen and disoamrds
for othor reasont, atrl Lo tho yoara uael as the ozjeprtience laaae,
A minimum of 4 millyon doliars han heen tahen an a potential
anving (DaD) for each year the service 1ife Limita for parsonnel
parachutes might be oxtended, In another view, 1t 1a eatimatad
that the avorage annual cost af the unrealieed wit-yeara of
potontial service is approximataely ! millton dollara, Thia
order of magnitude is too large to ignord, and also s
restrictive to the buildeup of emrgenoy reacrves,

A perspeclive cn tho aconomic and risk factoara may be
gained in the diatribution of soma of the teat data, Fipure }
shows suspensi... line strengths in a sampling of 10 Type A
reserve parachut ° of approximately 10 years of apge, Fipure 2
shows canojy fabric stren~-ths of samplea taken trom 140 Typa C-9
emargency parachutes of 7 o 4 years of uge, IFrom the hipgh
proportion of specimans in the normal streiyth range it may be
reasconably concluded that most of the squipment of aimilar age
and servicea history is still in quite good coniition, However,
the few values which are appreciably below that range must bLe
considered in all their possibile imlications., With the
variety of environmental and service circumstances which might
have been encountered by other units within the age classea
from which these samples were drawn, any prodiction of the most.
extreme case, or of frequancy of cases balow some critical
minimum strength, would be on very dublous grounds. In fact,
such pradictions for all individual lines and pansls aven
within these sample groups ccul:l not be made with Jdesirad
confidence,

B. Fremises

The major difference between earlier and present
assumptions i: in the ranges and patterns of retalned stremyth
values to be expected. The problem can Le assessed urder normal
statistical concepts only under the conbined conditions that
the oririnal materials nre uniform in their original properties
and susceptibility, the deterioration process is simple and
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conatatent, and the raye of aaunative oirgumatancea in narrow
A their offecta Iargely time-depeniant, L', howaver, thaere
Pa marhed varlanoe tn any of theaa conlitiomns, and the
Ihteraations are rather apeolfic, then only very oxtenaive wid
viporous evaluatiow oan praovide oconfidence that the fall
nituation 1a known amd under appropriate acntenl,

Thowrh not explivitly stated, the oripinal atudiea
have heen weiphtel by the concept that ape, in the sense of
alapeed time only, 1a& a direct and important. legradative faotor,
While sapecifio external cauwses af degradation wera well known,
the {dea of basio time-inatability of the rylon muteriais as
a common unlerlying caune of ohaerved atrensth losses tended
to the expectation of a peneral baasic trend with a fairly
narrow range af variation due to minor differonces in rates
and a\.\p?ri oved alroumstances, Though subdequent test
reports {3,/4) rather denied that age, jor se, is a serious
factor, the idea was not fully refuted.

The corviotion that \&tﬂ“lolut (u=v) exposure ia the
predominating axternal faotor'\™e 23/ also supparted the concept.
of a fairly uniform trend, Since the axposures are confined
to regularly achaduled inspectiona, repacks and training jumps,
and the exposure increwents are small and distrituted through
n number of years, the ocumulative effeats would be largely
averaged out within any tyis and oge class, Iresumably the
frequancy of more acoldental ani axceptionnl cases would be
low and moat of the affected units would be .iatected by the
olwicusneas of the ciroumstance or the degradation, or by
associated evidences such as disocoloration,

The cumulative picture revealed by the U, S, Army
"safe-life" limit studies and related U, S. Navy and Air Force
investigationa(6) does partislly substantiate that a slow
goneral trand of changes in the nylon propertlies is to be
anticipated, It is reasonahle to assume that this trend is
attributable to u-v exposures and common contact and
atmospheric contaminants encountered in service, and possibly
to inherent instability and oxidative effects also affecting
equipment. in storage. but thils general trend is apparently
very slow, I1f the yredominating bodv of data is taken at face
value under the assumption of consistent conditions and degrading
processes, and the original safety factors were as large as
planned, then appreciable extensions beyond present service
life limits might appear to be warrantec
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However, with the diversity and seeming anomalies in the

ocollective data, the view of thoe problem as 2 dominant and
) univeraal trend with minor variations cannot be supported, What

appoars in tome nstances t be a consistent pattern may refleot
only a particular sub-group, or a variety of change phenomena
which the test jroprams were not designed to distinguish,
Since the more sorious practical problom is now seen to be the
axtreme devintionx rathor than the common trend, the present
discussion emphasizes the differonces more than the average
or "typleal” oase,

C. ws of Degradation

The term derradation has been used rather broadly to
indicate any unfavorable changus in mechanical properties of
the materials. The processes which result in these changes
include some that are truly deteriorative in breakdcwn of the
basic polymeric chains, Evidences of such breakdown are
frequently found in "degraded" materials from service. Since
they are also commonly found in accelerated exposures to
u-v, oxygen, heat, and acids in laboratory studies, there has
been a prevalent tendency to assume that chain scission is the
primary mechanism in nylon degradation in the service
arvironment, However, as is discussed more fully in the
Appendix, chanres in basic polymeric state are complex, and
not necessarily unidirectional,

Change processes also include a variety of possible
alterations of crystal state and of the intricate arrangement
of ordercd and disordered rerions within the supra-molecular
structure of the fiber, Some of these are "constructive™
rather than destructive, but may lead to stiffening and
embrittlement, The occasionrally observed gain in apparent
strength during early stages of some exposure studies is
attributable to this further building of supra-molecular
structure, The effect is not necessarilyv favorable, however,
in terms of impact performance. It may also temporarily
obscure simultaneous destructive processes, leading to a
condition where rapid degradation may then cccur,

Non-deteriorative changrs at the fiber level may also
lower the strength translation efficiency in the twisted and
interlaced peometries of the final materials. This
efficiency is also influenced by surface effects, fiber "set,"

AR e i oy -
f

o | _‘._..‘;&.m_._ e ‘




and mechanical conditioning in the case of multiple-use parachutes.
The peneral translation and realizable strength properties of this
materials are also affected by loculized changes which may be so
minor in axtent that thelr occurrence wou'd be unietected in a
bulk analysls of the material.

It is apparent that test data showing strenrth losses of
the nylon materlials are subject to much interpretation as to
what has actunlly occurred. Tt is likely that in any given case
a number of prucesses have been active, with the pattern
determined by the original state of the specific material and
the simultaneous and sequential combirations of influences, It
should also be emphasized that retention of original specifica-
tion test strength values is not to be taken as proof that
"no changes" have occurred, Such an assumption may be very
misleading and dangerous in predictine the effects of
subsequent time and exposures,

These factors are covered in more detail in the Appendix,
but are noted briefly here as backrround for consideration of the
test data which follows,

ITI. Results of Specific Tests

The Army projects have been limited to laboratory evalua-
tions of troop main parachutes with a range of jump histories,
and of reserve parachutes having only storage and storage-plus-
service (not deployed) histories. It was expacted that other
military service studies of emergency parachutes would yield
further background information on the general effects of ageing
and exposures encountered in inspections and repacks. However,
the Army program did include a supplementary study of the
relative influences of differing environments (excluding u-v
exposure) by storing samples of component materials for 8 years
in four climatic chambers.

A, LEffects of Jump Historv on Troop Parachutes

The results of the several tests on T-10 troop
parachutes with histories of up to 50 jurmps have been reported
previously(7 . Each jump-number group was a separate sampling,
and the data thus reflect variables of original properties amd
envirormental circumstances, in addition to the number of jumps
and typically related time-in-service and maintenance histories,
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However, the test values show a reasonable consisteicy with what
now appears to be a rather common condition among parachute
populations, Figure 3a i1llustrates the progression of average
canopy fabric strengths and the range of vaiues in the
successive groups, A slight general trend is ncted. More
marked, however, is the increase in scatter starting with the
10~ jump group. While a further widening of the range does not
show until the 50-jump group, the predictability of the
distribution in the total populations is appreciably lowered
rather early in the Jump history. Since increasing number

of jumps did not show a pronounced contimuing trend for the
upper part of the ranges, it appears that the causes of the
more distinct strength losses are largely coincidental rather
than directly related to jump routines,

Figure 3b shows the progression of strength values
of the suspension lines, What is probably a real but minor
general trend of the order shown by the canopy fabrics is
obscured by the rapid drop in test strength which is known
to be due to mechanical effects of repeated loadings. This
loss is progressive up to about 20 cycles, after which the
cords apparently reach a stable configuration. The extent of
this typical mechanical loss is roughly indicated by the upper
values which level off at about 25 pounds below the specifica-
tion requirement. The generally continuing drop in lower values
is taken to reflect more basic degradation and possibly instances
of overloaded lines in erratic parachute openings,

Since the thin canopy fabric is generally more vulnerable
to actual deterioration by sunlight and other external influences,
the more extreme losses of test strength of the cords are somewhat
curious., Fluidity ‘See Appendix) values for both fabric and cards
were in a very close range and probably little higher than originsal
values, indicating that exposures had not been severe, It is
surmised that the realizable strength of the braided cord structure
is considerably more sensitive to minor and uneven changes in fiber
characteristics than is the simple waven structure of the canopy
fabric,

Impact strength data were availahle orly on the 30, 40,
and 50-jump group. The canopy fabriv strength and elongation levels
wers ir the range for new materials, und sw trend was indicated,
The cord impact strength values were also fairly normal except for
a few distinctly low values in the 30-jump group, However, the
elongations of the cords under impact were considerably below those
found in new materials or which might normally be predicted from
elongations at standard test speed,

9
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The tests on Halo(a) and Sky-diver(9) parachutes which
had been jumped 100 times gave results very comparable to those
for the T-10 parachutes of up to 50 jumps. There was no clear
indication that the higher nmumber of jumps had caused progressive
degradation. Canopy fabrics were still in quite good physical
condition (though losses of air permeability were strongly
indicatedJ. Suspension lines showed lowered strength level at
normal test speed and lowered elongation at impact, similar to
those for lines from the T-10 series at 50 jumps,

With these results and the obvious fact that the
sample parachutes had performed satisfactorily up to the
designated number of Jjumps, it appears that repeated normal use
up to the presently prescribed 100-jump limit does not directly
produce a hazardous condition., However, the typical losses in
suspension line strength and energy adsorption on impact make
it apparent that the safety factors thought to be provided in
the ratings based on specification tests requirements are not
actually realized. The import is that the less typical
paractiutes which are degraded by unusual exposure or other
causes will reach an unreliable performance level more quickly
than would be predicted from the ratings.

Broader surveys to assess the incidence and extremity
of the abnormal cases in a large parachute population at these
high jump levels may not be warranted since most of these troop
main parachutes are discarded for excessive mechanical damage
and/or inspection criteria well before they reach the 100-3jump
limit, However, reservation should be made as to the general
reliability of this limit because neither the operating nor
the test programs reflect the possibility of parachutes
approaching both the 10-year ard the 100-jump limit
siwultaneousiy. A change in training programs or supply
management, could result in a build-up of o0ld and much-used
troop parachutes for which there are now no data, Reservations
also have to be made as to the possibility of operations which
would involve lengthier exposures before retrieval, or less
skill in maintenance. Accordingly, though the 100-jump limit
imposes no present economic penalty or ajparent hazard, it
should be made subject to review if there is any marked change in
the governing circumstances., Mearwhile, it would be well to
develop more stable suspension line constructions for future
parachutes so that a greater safety factor will actuully be

realized,
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The findings on multiple~use parachutes also raise the
more general question as to the dominance of u-v exposure as a
cause of degradation in any class of parachutes (excepting certain
ejection seat lines.) With the duration of exposure at each jump,
the total exposure is considerably greater than that encountered
by reserve and emergency parachutes in typical service histories.
If u-v is the major common factor, troop parachutes would show
distinctly greater deterioration than stored or carried (but
undeployed) equipment. No such general difference was found in
the limited sampling and testing in these programs. However,
this observation does not preclude that u-v exposure is a frequent
cause of the small portion of more extreme cases,

B, Effects of Storage

3 few tests on unissued Army parachutes start with that
reported{10) in 1959 covering 13 Type 7-A reserve parachutes which
were retired, without ever having been placed in service, under the
then 7-year service life limit. Since the standard test values were
well above specification minimums with one minor exception, it was
concluded that any changes from the original strengths must have
been minimal., Fluidity values were in the range for current new
materigls, from which it was concluded that no "chemical®™ degradation
had occurred. Though the investigators limited their comments to the
specific samples, and also made strong reservation that impact
performance could not be predicted {rom slow speed tests, the
findings were apparently taken as an indication that stored 7-year
old reserve para hutes were not significantly changed from their
original condition.,

Whether or not the generalized conmclusion was carrect in
fact, the test basis for it is to be questioned. The sampling was
small and from only two manufacturers and a brief production period,
Also, all sample units 'md most of their starage life in Japan '
where, as strongly indicated by the subsequert climatic chamber
study, the generally humid atmosphere is one of the most favorable
for retention of the physical properties, Accardingly, the samples
represented a particular case rather than the range or the most
typical portion of a 7-year old parachute population,

Ten of the sampled parachutes were agpain t?s after 5
vears additional storage in the New England climate(10), Except
for slight but prohably significant losses in tear strength, the
canopy fabric appeared to be generally unaffected, However, there
were sipnificant changes in suspension line strength in some of the
test units, as shown in Table I. Whereas at 7 vears the lines from

12




05§ WaTUTE UOTIE0T JToedg
49 SATy o
1739 eAL4 Yty
695 <-4 efuioay

IRT -9 h(39 T’y
T29-08S €09 809 (+~2 %
t09-195 68S 009 9TICT
265-6¢S S5 648 SERT
095=¢2S ™5 88s 68221
SSS-g54 €2¢ 9€s 1744
1935 149 "5 LS 2n
0T9-56S 09 84S 99¢
€19~0CS ¢SS 209 S6
ST9-08S 409 06S (%4

il
)

eFedeay
WA
( 3 “FSPT S MpoeTey

aégbéNaghEgugm
FAYISTY V4-1 WOHS SQHOD INTT NOISNIJISAS 40 HIONSMIS DNINVTM

I Javy




e AP PR

9 of the 10 units were still well above specification requirements,
at 12 years the lines from 4 of the parachutes had dropped to
below the requirement and another had dropped markedly from its
7-year value, The disparity shown by the various units is of
particular significance, and illustrative of the complex nature
of the degradation problem, Only one of the low average vilues
at 12 years would have been predicted from the 7-year values.
Among the individusl lines, strenzths ranged from :05 to 671
pournds, Since the 5-year additicnal storage conditions were
identical for all samples, it must be concluded that real out
not then aprarent difrerences in ‘nternmal state did exist at

7 years, and possibly all the way back to the original samples,

Since none of the line strengths were alamingly below
the specification minimum and the observed changes in fluidity
were considered neglirible, it was concluded that the noted
losses at 12 years were due to some "physical®™ condition rather
than true deterioration, and that the stored units were still
serviceable. The impact tester was still not available, but
one parachute was drop-tested with no material fajlure, The
conclusion as to serviceable conditicn was probably valid, but
in review it must be recopnized that the limitations and
arbitrariness of the original sam.ling still applied, ani clso
that the additional S5-year stora;e was in only one and rLroovably
a rather favorable environment,

The more general conclusion from this test ; roject on
stored parachutes is that while ;rolonged time under reas-naLly
favorable starage circurstances mav have no apparent effe-t on
some materials in tre  arachute porulation, it can have dreided
effects on others, The diffarences in susceptibilitv av rot be
distinguishable in egrlier tests. shat the range of lis ~riiy
may te in any particular age class, or in the porulation ns
a whole, is not determinable by small-scale or intermedia e
evaluations,

C, Effects of Service Use Ait'nut ic:ual Deplovrent

A more recent test(ll) o' 1C-yrear.old Type 7-7/ p-richutes,
which had b en in service, thoush nover deployed, inciuvied - th
white and camouflage tyres. This project also included bieh strain
rate (impact) testirg., The Tindinps 1id not clearly evidence
hezardous condition, if the samples could be considered rvason-ly
ty; icai. However, the nature of the results illustrates sore
points of broad siynificancse, Avera;od data far these sam les
and the l?-year storage ; arachutes are :wnuiarized in Table .i,

L




TASLE II

PROPERTIES OF NYLON MAT-RIALS FROM T-7A F:RACHUTES OF VARVING TVI'RES
AND HISTORIES

From Service Storape only
10 yrs. old 12 yrs. old Spec,
Camouflage White white Req,
Fabric
Strength
Standard 60,9 56,4 60.7 50
Impact 67.8 €0.8 69.8 (77)*
Elongation
%
24,9 21,2 U6 (22)=
Line
Strength
Standard 528 574 569 550
Impact 349 e 367 (3c3)*
Elongation
Standard 34,9 38,0 42,0 20
Irmpact 27.9 30.0 28.2 (29)

Note: ®*Indicates typical values for current new materials. These
are not specification requirements, and may rot correspond
to original prorerties of the older materials,

For the canopy fabric, the strenyth and elonpation values
for the camouflage group from service and the white groug from
storhi Jere very close (also, the individual results were within
a sma'l range), but those for the white frou; from service were
sipnificertly lower, partirularly so i1 the imact tests. Without
data on the ori-inal fabrics or service emvirorments, no technical
interpret-tion of the observed differences can be made. However,
it is demonstrated that data from one subgroup cannot be used to
predict the condition of other subgroups or of the pojulation as
a whole,
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Far the ssspension Tioen, 1t tn notod that thoae Crom
the whito parachutes (rom servics had the L phent average nitprangth
lovel at the standard rate of tenting, and the Joweat nt imgaot,
Whathar this contiant vofleaots the oriptial characteriatios, the
specific hisatory, or both, the comparison showa that the relat yon
of impact to static load performance can vary conalderahly
betwoen samples amxd groups,

The data for Lhe suspension lines also Lllustrats one of
the Lipgest problems with limited survelllanee programs on old
equipment, As wus shuown in Figure |, repredonting distetint yon
of strongths in the camouflage grou;, even in this small wanpling
the scatter of individual valuss ranged between plus 5% Lo minus
2d of the 550-pound specification minimum. The wide scatter is
within as weil as among units, For oxample, hough three of' the
four values below 4475 pounda were in jarachules having penerally
low values, one was in a parachute having Loth a high averayre and
the highest individual value (578) amony the 50 linea (L0 jer
parachute) tested, S5ince original atrang ha penerally exoead
minimums by 5 to 5%, the actual loases were probably greater
than indicated by comparison to specificationa, Hecause of the
designed safety factors, 1csses of this penaral magnitude mipht
still perha;s be tolarate. Af it i3 known with oartainty that
this range is not greatly excesded within the total population,
The <oy problem is tiat as the group advances in ape and servioe,
the axtreme cases are furthor removed frvm the norm, and the
incidence of extreme cases increases, \ccordirgly, predictions
as to the condition of the worst unit in the total population,
or of the percentage of units falliny helow some defined lower
lirmit of serviceahility, became increasingly unreliable an the
Foenecal trend proceeds,

An opportunity to gain a broader |irture of distributions
came nhout while developing a conversion jprocedurs for overnpe
U, <&, wavy and Alr ‘.“orc? esmrgoncy parachutes for carge Arop
systems, This sampling(1?) of 140 Type -9 parachutes of 7, 8,
and 9 years age {rom date of manufacture pro. lded the most
extensive sumveillance of closaly jrouped ape classes, and \r
also thae most current to parachute populations now reaching: the
prescribed service limits,

The apparent trends in the norms an scatter are
iliustrated by the total distribution shown in Figure 2,
separated by years of age as given in Figure 4 for canopy fabrie,
and for suspension lines in Figurc 5. While the inaicated trends
could conceivably reflect only chance in the sampling, changes
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An the original materdials durin these suc-essive years of production,
or varying storage and service circumstan s, they appear consistent
with other evidences of what now appears to be the broad patterm as
parachutes continue in age and service. This is characterized by

a slow rreneral progression of strensti.-reducing processes, but more
particularly and seriously bv a rather ranid increase of instances

of units and component areas which have »een affected very markedly,

U, S, Navy tests c¢n emergency parichutes ?f ?irfering
apes an! histories are summarized in a 196t report(l3 Though the
conclusion in that report as to the dominance of u-v exposure in
cnusing parachute deterioration is not well .upported by ohserva-
tions made herein, the data and other conclusions are believed to

be prenerally consistent with the picture of the service life problem
now proposed, The tabulation of laboratory test results from that
report is rerroduced here as Table III, and of fluidity valuaes as

Table IV,

It is noted that the correlation of strength loss with
are is only roughly indicated by the findings, and that the
progression of fluidity values with age is not apparent. It is
believed that larger samplings per age class might have shown
more semblance of the strength trend patterns indicated in
Fipures + and 5§, However, if the apparent trend is more in the
probability and accumulation of the less typical cases than it is
of intrinsic time-dependent phenomena, the erratic pattern in
arpae-strength relations in small samplings is to be expected,

It is possible that at times this irregularity may exist in the
total populations of successive age classes. For example, a
particular 8~year class might contain more seriously degraded
parachutes than the next older classes.

As to the causes of the "less tvpical" cases, a number of
possibilities are known, Variations in material manufacture or
processing may make a production lot unusually susceptible,

Acidic breakdown products of residues or finishing compounds may
deteriorate the material directly, or accelerate other degrading
processes, Lxcessive heat, as for instance in storage close

under a roof in a hot climate, may act directly or serve to promote
other change mechanisms, Instances of prolonged exposure to
sunlight or fluorescent lighting occur in maintenance operations,
In addition to these uncommon circumstances, it is at least

suspect that some instances of more marked strength loss reflect
that materials undergoing slower change processes reach breakpoint
conditions beyond which these or other processes proceed rather

rapidly.
19
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TABLE IV

FLUIDITY VALUES OF MATERIALS FROM EMERGENCY PARACHUTES

OF VARIOUS AGES

DATA FROM NARF TECH REPGRT NO, 6-66(13)

Fluidity (Rhes)

Age (months) Canopy Suspension Line
2 1.2 -
19 1.2 1.2
41 1.6 1.5
60 1.5 -
65 1.4 1.4
118 3.2 -
120 1.8 -
123 2.9 1.6
128 1.5 1.5
130 1.9 1.5
131 2.0 1.8
135 1.8 1.8
135 1.8 1.7
140 1.7 1.5
140 1.9 1.6
144 2.0 1.0
180 1.9 1.8
181 1.8 1.4
181 1.6 1,8
181 1.6 1.8
182 1.8 1.6
182 1.8 1.7
182 1.6 1.5
182 1,6 1.5
183 1.6 1.6
21
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D, Effects of Climatic Environment

From the climatic chamber study (14) it also appears that
the climatic erwviromment has considerable bearing on ageing effects
of the nylon materials, In this program a variety of parachute
materials were stored in the climatic chambers for 8 years and
then re-tested following prolonged reconditioning in a standard
atmosphere (70°F, 65% RH), The warm chambers simulated diurnal
cycles of temperature and relative humidity (see bottom of Table VI),
in climates characterized as Mcderate Desert, Moist Tropical, and
Temperate Surmer. The cold chamber was maintained at 0°F, For
the canopy fabrics, sets were draped openly, flat bundled and
wrapped, and creased and wrapped, Since no significant changes
were fourd in two years and the supply of samples was limited,
intermediate testing was stopped, Testing was not resumed until
the 9th year of storage.

It is not to be construed that elapsed time in these
chambers is equivalent in its effects to that in the carresponding
actual climates since the chamber conditions represent the peak
range rather than the yearly average. However, unlike most
laboratory evaluations, the acceleration is not by exceeding the
realistic peak condition, and thus should not produce effects that
do not occur, at some rate, during the real erwvironmertal exposure,

The findings for canopy fabrics are summarized in Table V,
suspension lines in Table VI, and tapes in Table VII. The findings
1llustrate how specifically data in th¥s field of investigation
must be taken, The only generalities that can be drawn are that
full exposure in hot dryness is unfavorable, and that » moist warm
atmosphere is favorable to retention of strength properties.

Beyond these quite well-supported observations, inconsistencies
in the sample-climate-exposure relations upset any broad
conclusions as to envirormental influences on nylon materials as
a class,

The individuality of the materilal samples is illustrated
bv several comparisons, For example, the 1l,l-ounce OD fabrics
fram the moist tropical and the cold chambers showed almost
identical slow speed strenrths appreciably above the original
values, but at high speed the strerny:th of the fabric from the
cold chamber was distinctly lower and probably was a true loss
from the original. This contrast was also evidenced, though less
distinctly, for the l.}-ounce natural, cords, and tapes. However,
for the l,6~ounce twill, which also showed very similar slow speed
strengths {rom these two ciambers, the high speed strergth was
distinctly hij-her for the cold chamber sample,

22
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Another example is that while the 1,l-ounce (both OD and
natural) fabric from the moist tropical and cold chambers showed
an increase of slow speed strengths over the originals, this
increase was not evidenced in the 1,6-ounce twill, cords, or
tape.

That the specificity is not necessarily related to
material construction (rip-stop, twill, cord, etc,) is shown by
comparing the OD and natural 1.1- ounce fabric in terms of
toughness index. (The index reflects energy to break, which is
more closely indicative of performance capablility in these ..
applications than is rupture strenctn.) The least complicated
case of the flat wrapped samples is taken for illustration (Table VITI).

TABIE VIII

WARP TOUGHNESS INIEX AT SLOW AND IMPACT STRAIN RATES COF
1.1 OUNCE RIP-STOP FARRICS FROM CLIMATIC STORAGE (in, 1b/in,)

oD Natural
STou Tapact Sl Impsct
Moderate Desert 7.7 6.9 6.1 4.8
Temperate Summer 7.6 6.5 6.6 6.4
Moist Tropical 8.5 7.0 6.8 6.9
Cold 8.1 4,1 8.0 5,0
Original 7.1 * 6.3 .

*For new ripe-stcp fabric the toughness indices at slow and impact
speeds are usually in the same range,

For the first two climatic conditions, the slow soveed
values for both materials were roughly similar to the originals,
but. for the third condition, the OD fabric value was exceptionally
high. On impact, the two fabrics had close agreement for both the
temperate summer and moist tropical storage, but the natural fabric
from both the moderate desert and cold coi.uitions was exceptionally
low in toughness. In contrast, for the OD fabric, only the value
L' ' for the cold chamber sample was distinctly low.

In the strength comparison of OD and natural tapes, the
natural sample from the moderite desert chamber wans very much the
lower at both slow and impact test speeds, For the suspension
# cords, the OD and natursl samples from the moderate desert chamber
were equally low, and at both teat speeds., In other comparisons,
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not detailed here, some sample-climate combinations showed losses
of beth rupture strength and elongation, surgesting changes which
led to embrittlement, Others were low primarily in elongation,
suggesting a general stiffening of the material; and a few others
gave some indication of actual toughening,

Fluidity values obtained from the climatic storage
samples also showed the diversity of chanres between samples and
environments, as in Table IX,

TABLE IX

STRENGTH A!D FLUIDITY VALUES OF 1.1-OUNCE RIP-STOP FASRIC
AFTER 8-YEAR STORAGE IN CLIMATIC CHAMBERS

Strength (1bs Fluidity
Original ) 1.2

(assumed as typical
of new material)

Moderate Desert

Natural 25=-37 1.85 - 2,08

oD 32-40 1.28
Temperate Summer

oD 26-473 1.60 - 1.48
Moist Tropical

Natural 35-37 1,48 - 1.59

oD Lglyy 1,56

Under the moderate desert condition both samples had lost
strensth appreciably, bu the fluidity of the OD sample had been
scarcely chanred. The natural fabvric had lost considerably more
strength in the temperate summer thurn in the moderate desert
condition, but the flui-dity values were the same, The OD samples
lost more strencth in the temperate summer than in the maist
tropical condition, but the fluidities were 1u the same range,
These comparisons cannot be taken jrecisely because of the
variability hetween local areas of the samples, nut the poor
correlation of strencth and tluidity values is characteristic of
data from studies inmvolving a variety of materiale and/or histories,
It is fully evident that serious strery-th losses can occur under
certain circumstances without the occurrence of gencral polymeric
breakdown, It is also indicated that some degree of polvmeric
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degradation can occur without apparent effect on mechanical
properties, These observations suggest that the semblance of
correlation appearing in some test series may be coincidental rather
than being reflections of a single change phenomenon,

TheA climatic chamber study raises many questions as to
actual change mechanisms, but the major import of the findings
can be stated as:

, 1. Among the several nylon parachute materials, there
were marked differences in the changes of mechanical properties
which cccurred with prolonged time in each of the climatic
corditions,

2. The nature and degree of the efrects among the sample-
- ¢limate combinations were very diverce, and presumably reflect a
considerable variety of internal change patterns,

3. The effects were frequently very local within samples
and between adjacent samples, and variability increased markedly
with degree of average strength loss,

4, The losses in strength properties occurred without
u=v exposure and under conditions which (though untypical in the
sense that each specimen had only one sustained climatic exposure)
were not unrealistic in terms of temperatures and relative
humidities that might be encountered in services.

The results of the climatic storage study are believed
to be consistent with the findings of the tests on aged parachutes
from real storage and service corditions. Together, they support
the view of the major service life problem as that of the diversity
and unpredictability of effects on the parachute materials rather
than that of a pervasive and consistent trend.

E, Summary

Analysis of findings from test projects anmd supporting
studies provide the following conclusions regarding service life
limits and the nature of the nylon parachute degradation probiem:

1, The presently prescribed service limits and repair:
cost limit schedules for U, S. Army personnel parachutes should
not be extended,

“Zs> The premise of consistont and pervasive strength
loss trends, which, if valid, would allow reasonably precise
determination of generally appropriate service life limits, is not
substantiated.
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3. The effects of age alone, number of jumps, time in
storage, time in service, and ultraviclet exposure in normal service
routines, are not distinstive and predictable. (Exception is the
initial loss in suspension line strength in repeated jumps,
attributed .o structural changes.)

L, The risk potential within older parachute populations
is in the wide distribution and marked exceptions, rather than in
the average or predominating trend.

5, There are considerable differences in susceptibility
among material types and lots, and 2 number of degradation
influences, mechanisms, and resulting effects,

6. The validity of small samplings decreases markedly as
parachute populations increase in age and service,

7. The effects of subsequent ageing and external
influences cannot be predicted from conventional test data on new
or partlally aged materials.

8. The system of reliability control by standard service
life limits cannot satisfy, simultanecusly, the requirements for
safety and the economical realization of potential unit-years of
service,

9. Improvements in reliability assurance and total
economy would be realized only through extensive routine
surveillarice, product improvement and control, protective systems,
and means for on-site evaluations of parachutes individually.

IV, Present Status and Progress
A, Light and Heat-Resistant Nylon

A1l of the service life data so far obtained have been
based on materials produced prior to the introduction of "light
and heat resistant" nylon in 1963. Use of the more resistant
nylon yarn is expected to significantly reduce the rate of
deterioration of those parachutes which are exposed to considerable
sunlight and extreme heat. However, the change to the resistant
yarns in all component materials is not yet fully completed, and
it has been found that the resistance of the final materials has
varied greatly due to differences in dyeing and finishing processes.
Tt will be 1968 before all of the materials being procured will be
consistently at the higher levels of u-v and heat resistance now
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possible to obtain with these yarms. Accordingly, though it can be
expected that a higher proportion of parachutes of the 1963 through
1967 production year classes will be in better condition when 7-10
years old than in prior classes at thal age, the range of conditions
and the degree of strength loss in the extreme cases might not be
significantly different,

The fully realizable benefits from the use of the light
and heat-resistant nylon are yet unknown, There are practically
no data on a true time basis to indicate whether the newer
materials have greater general stability or specific resistance
to other likely causes of degradatisn, It must currently be
assumed that change phenomena at the supra-molecular and final
structure level will not be ruch different from those in the older
materials, Also, it should probably be assumed that the resistance
properties may diminish vwith time under some erwvironmental or use
circumstances,

B, Process Improvements

Under a separate applications engineering task the U, S,
Army Natick Laboratories is developing and consolidating the
technology of materials processing and dyeing to assure maximum
light and heat resistance now practical in forthcoming procurements,
The improvements should increase the average service life potential
and unifermity of conditions within the new equipment classes as
they approach maturity,

C. Surveillance

Test projects under the instant task have been termimated,

D. Research

A study of the effects of dehydration and possible
restorative treatments, as suggested br the findings of the climatic
storage study, is underway at the U, S, Army Natick Laboratories.

E, Future Programs

The findings and conclusions from this task and related
U, S. Mavy and Air Force studies are the basis for oroposals
prepared jointly by the materials technolorists of the three
military scrvices and submitted to the Joint Technical Coordinating
Group for Aerial Delivery, through and with the endorsement of
Subgroup B - Parachutes, at meeting 7-8 November 1967,
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APPENDIX
MECHANISMS OF DEGRADATION IN NYLON FIBERS *

As suggested in the main text of the report, three levels of
structure contribute to and govern the mechanical properties of the
final materials, Changes may occur independently at each level,
but are more likely to occur in various simultaneous and sequential
combinations according to the state of the material and the
patterns of causative influences. Some changes which are not truly
deteriorative may adversely affect the translation of intrinsic
properties and the resulting mechanical characteristics,

Though a number of degradation phenomena have been noted by
various investigatars, there has been a common tendency to
consider the strength losses observed under common circumstances
primarily as the result of chemical breakdewn of the polymeric
chain system, Evidences of these depolymerizing processes are
frequen found in degraded materials, as in solution viscosity
(fluidity) changes and erd-group determinations. However, these
T solely chemical concepts are incomplete in explanation of a

: mumber of practical observations, Also, the relationships of

the polymeric states and the physical properties are not well
defined.

The major portion of the nylon polymer is of linear hydrocarbon
segments which are themselves stable under normal envirorments.
However, these segments are comnected by amide groups which are
affected by various chemlical agents and energy processes, The
amide groups are doubly important to the physical properties of
the polymer since in addition to the linear linkage thay are sites
. for intermolecular hydrogen bonding. It is this lateral bonding
‘ which integrates the otherwise flexible and mobile chains into a
system of high crystallinity and cohesive energy density.

Chemical degradation is usually the result of the interaction
of a number of causative and governing factors as:

Ultraviolet radiation Humidity

Heat Intensity

Oxygen Time

Acids Low molecular weight constituents

R 0

Specific organic compounds

i e o,

*The contributions to this discussion made by Dr, Nathaniel S, Schneider
and Mr. David E, Remy of this Laboratory are gratefully acknowledged,

33

mﬁﬁ’ﬂ" ol -




| A W

While some information can be gained by model studies involving
these factors independently, the change mechanisms and thelr effects
are not necessarily the same as will occur under the various
combinations of actual exposures in service.

Breakdown initiated at one amide group may or may not proceed
along the same chain, and the progression of scission patterns is
difficult to trace., Analysis of the course of the polymeric
broskdown in degraded materials firom service has been largely
limited to gross indications of changes of the molecular length
characteristics, and most commonly by viscometry. In studies of
degradation by u-v exposure and by strong mineral acids(l) good
correlation of viscosity with strength properties has been found,
However, the method is not as sensitive to initial changes in
nylon as it is for other materials such as cellulosic fibers,
and correlations are rather poor when more than one causative
factor is involved., An inburen! difficuity is that like most
other anilytical systems such as end-group determinations(2, 3),
viscometry reflects the average or bulk corndition whereas the
chain scission may be localized at critical sites, Also,
solution viscosity gives no indicaticn of the state »f secondary
bonding between the primary chains, In consequence, while
viscosity changes do indicate that significant chemical
degradation has occurred, they are only a rough measure of the
general state of the material, Methods which give more informa-
tion on chain length distributions may prove useful in future
studies,

Ultravioclet radiation of nylon has received considerable
attention and is ong of the best defined degradative influences
on the polymer(%, 5), Actinic radiation of nylon results in
primarily a surface reaction as evidenced by darkenmdng and
gumminess in the case of extreme radiation., However, with the
extremely high surface to volume ratio in textile fibers, effects
of the incident radiation can lead from mild alteration in
physical properties to the total destruction of ‘he material.

Two mechanisms for molecular breakdown reactions hgve been
postulated as caused by ultraviolet radiation of ylon. The
first is a photolysis into both free radicals and' =xnaller
molecules which is initliated by sharter wave lungihs of light
(below 3000 A) in the absence of oxygen. The products of
photolysis are carbon monoxide, water, satursted ard unsaturated
hydrocarbons, carboxylic acids, N-alkylamides and primary amines
both of differeni chain lengths than those in the polymer,

The second mechanism of breakdown may be considered as a photo-
oxidation brought about by the action of lorger wave lengths of
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light (greater than 3000 A) in the presence of atmospheric oxygen,
leading to the additional products of carbon dioxide anxi aldehydes.
The oxidative attack occurs predominantly at the methylene alpha
to the nitrogen of the amide, resulting in percxidation with
subsequent breakdown of the alkoxy radical formed,

Mechanisms can be written for both the photolysis and photo-
oxidation reactions which explain the formation of the products
by free radical initiation, propagation, and termination.
These mechanisms represent the predominant mode of molecular
breakdown. However, the process which occurs is exceedingly
complex and it should be recognized that other associated
mechanisms are functioning at the same time. The photolysis
reaction leads to both chain scission and cross-linking.
The cross-linking is probably due to the formation of unsaturated
hydrocarbons which, during the course of the free radical reaction,
are able to react with radicals in the polymer chain and produce
the cross-links. In an actual environmental exposure, both
photolysis and photo-oxidation occur simultaneously, which leads
to the relatively small amount gf Sross-linking observed and the
predominance of chain scission(6-8 . In the case of delustered
rylon which contains titanium dioxide, the reaction products are
found t~ be the same as those for bright nylon. The rate of
degradation of properties in delustered nylon is much greater than
for the bright nylon although relatively more chemical change has
been found for the latter when both are exposed equally, The
explanation may be in the photo ensitizing asction of the titanium
diaxide bringing about more loc. Lized degradation around the
delustering particles, resulting in larger interruptions of the
system and greater loss of mechanical properties,

The jhotolytic processes during radiation are diffusion.
controlled. Two types of diffusion can be considered in the
polymer system. One is gaseous diffusion which is relatively
rapid and the other is diffusion of polymer chain segments which
ic quite slow, Due to the slow diffusion rate of the polymer
chain segments, a dark reaction has_been obverved by the appear-
ance of an ahsorption band at 29C0 A, The intensity of this
band increases on storage in the dark after irradiation, and has
been postulated as being identified with a peroxy-free radical
at the end of a chain segment., Its reaction rate is diffusion-
contr l%ed by the mobility of the chain segment in the polymer
mattie?), This provides evidence for « cuntimung reaction in
stored nylon after initial ultraviolet exposure,
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Considerable effort has been expended in develoring protective
measures to allow service of nylon textile components in applica-
tions which involve exposure. These protective measures vary
from incasement of the nylon component with a covering which
degrades but is not required to sustain tensile stress, to actual
incorporation of inhibitor in the polymer. Carbon black has been
long known as an effective stabllizer against radiation but the
color is not acceptable in most applications. A great number
of stabilizers have been put to use in improving the light and
heat resistance of nylon but much of this information is
proprietary. Various stabilizers which have been noted in the
literature include mercaptobenzothiazole, syringic acid, various
phenolics, and inorganic salts of chromium, copper, and manganese,

The susceptibility of nylon to u-v degradation is alsc much
influenced by the dyes used for coloration. Since it had been
fraquently observed that dyed samples had degraded less than
undyed ones in exposure comparisons, there was a tendency to
think of the dye substance acting as a sigrificant barrier to
penstration, However, dyestuffs differ wide.y in their effects,
and some act to accelerate degradation. Apparently, the
phenomena involved are rather complex and may include interactions
between the nylon and the dye, and various patterns of the
breakdown process, as well as the reaction of the dyestuff itself
to the u-v radiation,

Comparatively little information is available on the action
of normally encountered amounts of thersxal energy on rnylon.
Reports which have been publishod(10-12) are mostly on the effects
of elevated temperatures which lead to pyrolysis of the polymer,
The products of pyrolysis are carbon dioxide, cyclic ketones,
diamines, primary amines, hydrocarbons, ammonia, and water,
Nylon exposed in the rresence of oxygen at temperatures of 100°C
to 140°C has ih?m losses in tensile strength to be due primarily
to oxidation( 3), A mechanism simil-r to the free radical
breakdown of nylon exposed to ultraviolet light could be
proposed, involving a peroxy radical at the carbon alpha to
nitrogen in the amide group, and also breakage at the methylene-
carbonyl bond, with both processes leading to depolymerization,
Upon heating, considerable physical changes take place in the
polymer morphology leading, at times, to initial increases in
strength which may be due to shrinkage of the drawn fiber caused
by chain segment relaxation, Slight increases in strength on
heating are more than offset as heating continues and oxidative
processes as well as other physical changres predominate,
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Little information is available on the effects of oxygen on
nylon without the initiating effects of heat or ultraviolet
radiation. Slow oxidation of nylon would be expected during long
storage. However, the changes that could be observed may be
insignificantly small compared with other aging effects such as
alteration of the crystalline structure, loss of plasticizing
low molecular weight compounds, etc,

The action of various chemical compounds on nylon usually
results in swelling, solubilization, and hydrolysis. Nylon textile
components in service may encounter a variety of chemical compounds
and it is difficult, at times, to determine after the fact which
types of compounds have acted on the nylon. Air pollution in and
around large cities and industrial plants increases each year and
adds to the chance and extent of possible exposure of nylon
materials to detrimental influences. The products which
contribute to air pollution are various, but ozone and sulfur
dioxide are common., While ozone alone does not affect nylon
appreciably, with the combined effects of heat and light it can
cause considerable damage, Sulfur dioxide can react with moisture
present in nylon and produce sulfurous acid, causing degradation,
Effluent gasses from industrial plants may contain harmful
chemicals, especially phenolic or acidic compounds and a mmber
are noted which act as solvents for nylon., These are not
ordinarily considered in the norml service life of a textile
component, However, with the wide variety of atmospheric
components and possible exposure to plasticizing material from
other neighborirn~ materials, these coxpounds may CXe.oi an
unsuspected influence on nylon.

Nylon is readily soluble in rhenol, n~cresol, xylenols and
formic acid, as well as strong mineral acids. It is slightly
soluble in crotyl phencl, sec-amylphencl, o-allylphenol,
glycerol mono and dichloro hydrins, ethvlene bramo and chloro-
hydrin, acetic acid, lactic acid, thioglycolic acid, 2, 3
dibromo propane ard phenyl ethyl alcchol, A"l of these solvents
act on nylon by breaking the hydrogen bords tetween molecules,
leading to swelliry' o the polymer and finally ending with
complete separation of the molecules. The polymer molecules
have then formed stable hydrogen bonds with the solvent molecuias.
rolyamides may also be hydrolized, but relatively severe
corditions are required. Other reactions of polyamides which
have been regorted are amine-amide and amide-amide interchange
reactions{14), These reaction: -~ similar to the familiar ester
interchange reactions. However, their significance here is
probebly low, since the material would have changed considerably
b other processes before an activating temperature could be
reached,
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In the overall situation, polvmeric degradation within nylen
parachute materials in service is most likely to occur from u-v
exposure, and in some cases by heat-induced oxidation. However,
with the proliferation and build-up of pcssible contaminants from
industrial wastes, agricultural chemicals, plasticized organic
materials, etc,, instances of degradation fram those causes may be
more common in the future,

The arrangement of the polymeric chains within the fiber
structure develop and control the mechanical response rroperties
which make the materials useful. Due to random eloments in the
polymer growth processes themselves, and to both intermal and
external variables in processes of fiber formation ard subsequent
treatments, the arrangements represent a wide range of patterns
and distributions which can be only generally characterized.
Earlier models far characterization were within the corcept that
the structure could be comsidered a two-phase system with
distinct crystalline and amorphous regions, This model served
rather successfully in relating qualitatively and sometimes
quantitatively a number of bulk j.:roperties such as density,
swelling, and meltiny behaviar, However, it was not adequate
in other respects, and did not encompass features of palymer
organization su m)]"y revealed at the optical and electron
microscope level ma .

The now most widely accepted model of the unoriented bulk
poiymer structure is one primarily of lamellar platelet-like
crystals similar to those developed in crystallization from
dilute soclution. In these platelets the polymer chains are
folded back and forth in pleated fashion with the chain direction
essentially perpendicular to the base., The connectivity which
gives structural and mechanical integrity is provided by
amorphous chain segments which emerge and tr vegse from one
platelet to another in rather random fashion(19), The platelet
growth 4s accompanied Ly crystal branching which serves to fill
the space in more spherulitic or radial patterns. The branch
structure is nore particularly of the less crystallizable
portions whic 1 in nylon are the lower molecular welight chairs.
Further crystallization of the intralamellar material may
continue for a« long period of time after the main crys zation
front passes. Since this phase is not fully integrated(20) into
the bulk structure, it does not directly contribute in 3 major
way to the support of an imposed stress. However, it does act
to plasticize the system and enhance resiliernce.
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The structure of drawn polvmers, as in hirh tenacity fibers,
is still controversial, but it is believed that in cold drawing
the elemnits or sroups of the original lamellar platelets(2l, 22)
are separated from the disrupted spherulites by the drawing process,
and become oriented with the molecular chain axis in the stretch
direction. In nylon it dmes not appear that drawing increases
the percentage crystallinity, but there is evidence that in heat-
setting or annealing,further refolding into the platelet-type
structure occurs(23), With any commercially produced fiber the
structure resulting from the thermo-mechanical history would be
a composite of these elements of order.

In terms of these models certain gqualitative and rathar
speculative conclusions can be drawn regarding the effects of
chenical. or structural alterations on the fiber mechanical
properties, It is evident that the stress will not be uniformly
distributed over ail molecular chains, but will be borne mainly
by the tie chains in the less ordered and less dense regions,
Moreover, the distribution of stress among these amorphous chain
segments will not be homogenrecus, but will depend on orientation
and attendant local structural details. Though both the
crystalline and amor; hous regions participate in revarsible
extension of the fiber, the rupture of chains would occur almost
exclusively in the intercrystalline zones. Ruptur? the
poYrner s usually considered as a cascade process 24) initiated
by breaking of those chains subjected to disproportionate stress.
Rupture patterns in the fibers will also ! ssnsitive to grosser
disc . inuities and morphological features(25),

The sorption and diffusion of oxygen and other foreign
£15e0us agg liquid mrterials will be restricted tc the amorphous
rerions(26) and, therefore, the chemically mediated chain
scission processes will also be localized in these regions which
have the major stress-bearing role. It might well occur that the
mechanical behavior of the fiber would be markedly affected by
alterations of the key link elements which are so mincr in
rrorortion to the whole that they would be Jdifficult to detect
by chemical means. Moreover, scissi+on will occur with higher
frequency in the larger mclecules because they have the most
bonds 3nd because they have the greater probability of
contributine. the interl:mellar tie chains which form the more
accessible reglons, accordingly, a weighit-averare molecular
weighce method of determination would be the most sensitive to
changes by these szission jatterns., For inherent accuracy,
dilute s:lution viscosity, which also weights the hipher molecular
welsht s, eciee, is the wethod of choics,
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Changes in the machanical behavior of the fiber may also be
due to changes in the physical or supra-molecular structure. The
nevly formed material represents a metastable state in which both
mechanical and thermodynamic stresses provide a driving force for
continued structural changes. The usually observed slow increase
in modulus with time is attributed to the contimued crystallization
of residual amorphous chains and to the perfection of crystalline
regions. This process of consolidation will affect the stress
response and translation of the fiber strength into the final
material, and can lead to increased embrittlement of ,the iZ‘Ber
itself. The presence of local modes of chain motion(27:
which occur in both the crystalline and amorphous regions might
lead to other structural changes over the long term. In nylon,
these stress-relieving processes would be facilitated by the
Plasticization effect of sorbed water in the system which is
either bound through hydrogen-bonding to the amicde groups or is
present as clusters around favorable electr?st?tic sites when
present in amounts greater than two percent{29), Two forms of
elasticity account for polymeric behavior. These are
instantaneous elasticity due to bond deformation and delayed
elasticity which represents chain segment motion, This last
delayed elasticity is importantly affected in the deformation of
moist nylon. Delayed elasticity takes place in the amorphous
regions at temperatures above the glass transition temperature,
resulting in aligmment of chain segments with corresponding
orientation of crystalline lamellae in tha direction of stress,
The deformation mechanisms for moist and dry rylon have been
found to be different. The different mechanisms are duve to the
plasticizinz action of sorbed moisture. Sarbed moisture lowers
*ne glass transition temperature and permits conformticnal
changes in the amorphous segments which lead to a rubber-like
alasti? 2gfcrmation and increased resistance to an impact
stress(l16),

Under favorable conditions these changes may actuzlly increase
the temacity and ultimate elongation of the fiber, and under other
conditions serve to offset the apparent effects of simultaneous
adverse changes., In consequence, a material may, for a considerable
period of time, show no change in normal mechanical characteriza-
tions and yet be undergoing internal processes which might
predispose it (or possibly even enhance the resistance of the
material) to change by subsequent influences. In this commection,
it is interesting to note that in studies(13, 30) of the "™heat
setting” of nylon it was found that the process was accompanied by
.changes in long-period spacing and erystallinity, but not by
changes in crystal orientation and molecular weight, This indicates
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that only very special rather than general aspects of structure
have been affected by the treatment, and that these local changes
are markedly influential in the alteration of over-all mechanical
properties, This sensitivity to local changes would presumably
hold for adverse as well as favorable processes.

It is evident that the microscopically heterogeneous nature of
the crystalline polymer fibers is such that minor amounts of
chemical and physical changes can exert large effects on
properties. This, together with the interplay of uncontrollable
molecular structure factors, can lead to a wide variation in the
long-term response of "apparently" similar samples to similar
enviromments, and of identical samples to somewhat different
environments. The complexity of the possibilities presenis many
difficulties in determination of the actual events responsible
for changes in mechanical properties, and means a low level of
predictability from data reflecting only gross properties and
bulk composition.

Nearly all of the data on the effects of degradation from
both service materials and samples used in controlled studies are
in terms of strength test results on the complete material, These
data are at best only one characterization of physical condition,
and they reflect a complicated translation of the fiber properties
in the configuration of the yarn and fabric or cord assembly.

- Observed strength losses may in some cases be due to an increase
in modulus or other changes of fiber response characteristics
which adversely affect the translation, though the fibers
themselves have not lost (and may have gained) tenacity. On the
otker hand, the sometimes noted gain in material strength under
certain conditions may be due to stress relaxation within the
assembly, which improves translation, without any change in
fiber tenacity having occurred. In some instances changes are
evidenced by impact but not by slow-speed testing, and other
instances have been noted where the effect has been more apparent
at slow speed. While these comparisons may partly reflect
similar response properties of the fibers, it is probable that
translation effects are also involved.

With all the possibilities for changes within the fibers and
in their translation efficiency, it is obvious that conventional
test values on aged and exposed nylon materials are not as
validly predictive of practical performance as they may have been
for the material when new., Also, strength test data are not very
informative as to what has actually occurred within the material,
nor of what may occur in subsequent exposures and time. More
oxplicit characterization meth~ds will be required to close the
gap between the practical and the research approaches to the
nylor depradation problem,.

.
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