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AGE-LIFE PREDICTION OF NYLON 66 PARACHUTR

MATERIALS - PART 2. CHANGES IN THE CHFEMICAL AND PHYSICAL

PROPERTIES OF MATKRIALS ON AGING

1. INTRODUCTION

Nylon 66 parachute materials have been found to underge a
praogressive loss of satrength during storaqe and service. In studies detailed
in Part 1 of this report [1] it was found that significant lossas of strength
occurred in uvnused parachutes in storage. Accelerared thermal aging studies
on parachute canopy material at temperatures from 65°C to 110°C were used to
determine an extrapolated rate of degradation at storage temperatures, T™hese
results gave good agreement with measured strendth losgses from parachutes
stored for up to 20 vears and accelerated aging data were used for predicting
the gervice life of a new nylon 66 ripstop matarial [1] used in the
manufacture of the precent ranqe of T-10 personnel parachutes. Results
showing the performance of the canopvy materials when exposed to sunlight were

also presented in Part ' of this ¥epore,

These recules did not provide any insight {nto the reasons for the
elow gtrength lo=ses oceurring on atorage ar the relative vatee of streagth
leses from the tyo typee of ryaopy material studied by acecelepatsd thermal
aging and ocutdoor exposure. i~ this repapt a study of the phyaiecal and
chemiecal changes ageurring 1n .ae caterials during degradatien is reported,
These results are interpreted withip the framawork of the known chemieil
geactiong occurring in Aaylon 68 polymers during thermal and photachemteal

eoxidation. From thess studies the procesces of wtreageth lesseg aecupciag on

aging ear ba rariomalised.
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2. EXDPERIMENTAL

the materials studied in this report were identical to those used
for mechanical meagurements in Part 1, The material consisted of fabric
woven from yarns of oriented nylon 66 fibres of average diameter 20 um, The
polymer was confirmed to be poly(hoxamethylene adipamide) by Differantial
Thermal Analysis. The following polymer property and chemical analyseis
neasurements were performed,

2.1 Dynamic Mechanicai Measurements

Tha class tranvition temperature T, was determined using a
Rheovibron DDV-:1-C Dynamic Viscoelastometer operated at a congstant frequency
of 119 Hz., The sample grips were modified as degcrihed by Massa et al (2] to
minimize slippags cf the 5 mm strips of fabric. The temperature was
monitored using a chromel alumel thermocouple held near the sample surface,

Tq is defined as the temperature it which the loss factor, tan §, ig a
maximun,

2.2 Molecular Weight Measurement

Nylon 66 fibres were dissolved in m-cresol, centrifuged to remove
any piqgments, and the intrinaic viscosity [n] measured at 25°C with an
Ubbelohde dilution viscometer, The viscosity average molecular
weight, Mv, was obtained by using the constants K = 240 x 103 cm3 ™' and
a = 0.61 in the Mark-Houwink Equation [3).

(n) = k R®

2.3 Chumical Analyeis

2.3.1 Carbonyl Groups

The concentration of aldehvde and kets acidic groups in the nylan
fibres were determined by their reaction with 2-methoxyphenol in eoncentrated
gulphurie aeid (4], This yeactioa gives a red cgoloration due ta a cempl .x
with a carkonvl group, and the cansentration may be determined from the
extinetion coefficient of 12,000 1 wol™' ca™' at $30 na,

2.).2 Asine and Carboxylic Acid Pnd Groups

Anine end groupe on the nyleon were determined by conductamatyie
titration of a avlon selutien in phenol using 0,01 M hwirechleric aeid [S),
Aeid end groupa were datermined by titratioa of a 0.2 g sanple ef avien
dissolvad in Benzy! aleohol ge 18S9 wieh a 1,01 M 2olueisn of paraseiue
hwiroxide in banzyl alecehol, to a pheanolphthaleir end poine, A hlank
determinagtion coapenzated for tha carboxyl groube foraed W heating heazvl
alecohol in air (S},
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2.4 Dye Analysis and Phototendering Experiments

In part 1 of this report it was noted that nyvlon ripstop material )
dyed olive drab showed a much greater rate of strength loss than the plain
white taffeta material when exposed ocutdoors (1], As it is known that
cartain dyes can increase the rate of photo-deqradation of nylon 66 (h]
{phototendering) the dyes used in this material were examined, The oli ;=
drab material was extracted with pyridine to remove the dyestuff. This was
then separated by high performance liquid chromatoqraphy into three component
dyaes coloured light blue, dark blue and orange,

To determine if any of thegse dves were responsible for
phototendering, these three colours plus the oriqginal olive drab were anplied
to nylon varns using a conventional dveing system, Acetic acid was added
towards the end of the dyeing cycle to aid exhaustion,

Thegse sauples, together with undyed varns, were mounted outdoors at
MR!, at an angle of 36° to the horizontal and the mechanical properties
measured periodically. The sclar radiation dose was measzured by changes in
abgsorbance at 340 nm of poly(phenylene oxide) films (7).

3. RESULTS AND DISCUSSION

3.1 Molecular Weight Changes during Thermal Aging

the losa of atrength of the nylon €6 polvmer that oacurs on thermal i
aging can result from either:

(i) a decrease in the energy to fracture the polymer b iuse of
crystallization;

(i4) a decreaze ia the molecylar weight of the polvaeer due to chain
gecigsion reactions,

The dynamic mechanical measurements of avlen &6 during thermal aging
show that there ie little change in the breadth or heicht af the lose peak,
boeh of vhich would be expaected to change LF the cryvatalliniey altered [A).

There is, however, a deerease in viscesity zverage moleeculayr waighe ; ;
as shown in Piqure 1 for thermal aging of both avion Ge raffety and ripeatop
materials at 110%, While tne data ghow subatantial =seattey, thare is a |
clear trend for .3 decreace in Ay with time of agisg and the leae in etvength :
ie ateributed to <eijesion of the polvee: chaln, tt ie poesible rhar come
chatin crocelinking alsa oecevrs, ™hic eauld be detectzd by saasurenent of the
ceaplete moleeular usight diseributiea of the polvmer., The change in My in @ i
bath typee of materiale ie acecapanied by a e;qn;ﬁieqﬁt changa in the cheaical i

compoaitiea af the polyser. : L
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Nylon 66, as manufactured, contains both terminal acid and amine
groups. These end groups can be analysed by the methods in Section 2,3,2 to
give the number average molecnlar weight (Rn) of the polymer, 1t was found
that, during accelerated thermal aging of the nylon 66 taffeta material, there
were changes in the concentrations of these end groups.

3.2 Amine End Groups

There was a rapid decrease in the amine group concentration with
time of exposuce at elevated temperature, This is shown in Pigure 2 for
temperatures of 65°C, 80°C, 100°C and 110°C.

These experiments show that thn nylon 66 fibre samples reach a final
amine end group concentration, C_, of about 22 umol q-1 after prolonged
thermal aging, independent of the tesperature, The disappearance of amine
end groups was tested for being first order in amine concentration, C, by
plotting log {C - c_/c - C;] againgst time of aging, Co is the original
conceatration of amine end qroups in the fibre (61 umol/g). A plot of the
dats for amine end group disappearance at 80°C and 1009C is qiven in Pigure 3
and it can be seen that firat order kinetics are abeved. Table | summarises
the rate constants for amine disappearance at the test temperatures. Fiqure
4 shows that these data fit an Arrhenius relation over this temperature range
agiving a pre-exponential factor A of 2.2 x 10 s" and an activation energy,
Ea, of 71.0 kJ mol”™'. This value for the activation energy is significantly
lower than the value of 151.2 kJ mol™ reported by Valko and Chiklis over the
temperature range 136°C to 192°C [9]. It is noted that the temperatures in
their study are above the glass transition temperature of 107°C of the nvlon
66 fihre measured in this investigation by dvnamic mechanical methods. 1t
has baen reported that the rate of many polymer reacticna such as oxidation L
increasea abow: the glasa transirion temperature [10] and it is not expected .
that the mechanism for amine consumption at the high temperatures atudied hy
valko and Chiklia would necessavily be the same ag that at lower temperatures.

it in of interest to note the significance of the valus of €. the
coneentration of amine end groups that cannot undergo chem’ecal reaction, The
value of 227 pmol ¢~ ' represents 36,13 of the original eoncentration, €yt A B
etypical nylon 66 fibre has a dagree of crystallinity ranging from 16 o 43s 3o P
it ia reasonable ta assguas that C; repregenys those amine end groupe that lie
in the crystalline region. This explaine the laek of reactivity of these end
groupa ag only the chaini in amorphous regiong have aufficient mabilitv to
undergo cheaieal reactioa.

ET VO

amnng the poesible reasons for the dieappeavance of amine end groups
during thermal aging, further polycondensation with terainal carboxyl greoups
and free-radieal oxidation would appear ehe magt likely, The procgessz of
thermal aging loids te an jwmmediges and rapid inergace in tha carboxvl greup
ceacentration and thevae ig alee o dagregea ia the molecular woight af the
polymer. ‘theee resuylts faveur the process of axidationa rather thaa further
palycondensation as will ba argued below.
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3,3 Carbonyl and Carboxyl Groups

There is a significant change in the extent of cvidation of the
polymer on aging. In Table 2 the changes of c¢arbonyl anu carhoxyl group
concentration in the polymer with time of aning at 110°C are compared.

The changes in carboxyl group concentration with time of aging at
temporatures of 65°C, 80°C, 100°C and 110°C, are ghown in Pigure %, The
rapid increase in carhoxyl as well as carhonvl «roup concantration clearly
indicates that the chemical changes occurring on thermal aging are due to
oxidationn of the polymer. The rate of formation of carbonyi groups is much
lower than carboxyl groups. At 110°C the initial rates of formation are

respectively 0,275 umol q“ day™! and 2.7 pmol o1 day~).

The growth of carboxyl groups at temperatures of 65°C and RO°C
appears to be linear with time. However, at 100°C and 110°C. the curves
indicate that carboxyl group formation follows first order kinetcics. This is
tested in Figure & and it is seen that the data at 110°C fits the relation

-k1't
(COOH], = COOH_ (1 - @ )
-1
where [COOH)“ = 103 ymol q
-1
k' = 0,025 day

1

{COoH], = {carboxy]l concentration at time ‘t' - carboxyl concentration
at time 'to')

[Cﬁoulﬁ w (maximum conecentration af carhoxyl - carboxyl concentration
at time 'to')

where k,' i1s the rate wonstant for carboxyl groups formatien hy the overall
reartion (1), which eontists ef manvy separate reactioas (i1},

k ]
RE v O, ~——  g'coon (M
afo,1
dfpl "2 dirtcoorl }
i‘e- - dt_ = hd dt = dt = k' t“]tazl

ke high exvgen partial presgsures the caaceatration of oxvgen {g hat rate
deteraining.

It in nored ehae while ecarhony]l oxidarien produete wmay reuyl: elsher
From oxidatian of the ehyia witheur chain eeiccien or by a rgdical rveaetion
guch as B seireion {11}, ecarboxvl Jdrcup formatiem ean eccur oaly as a regule
of chain seickion singe aylea 6d ir an unbranched candeasation polveer. Thus

e MO

A




N g e

LY

s

all carboxyl groups are at chain ends, and the increagse in carboxyl group
concentration monitors the decrease in mclecular weight of the polymer dus to
polymer ~aain scissions.

84 we «.~h carboxyl group per molecular corresporids %0 a maximum of
ane chgia o iagion, then a messure of the chain scissions wil)l be given by

g0 [cooH])
[C°°“’co
This chemical method for measuring degradation can bhe compared with the

physical ma2asurement of chain scissions, 5, from the decrease in molecular
weight.

M
vhere: s = X2 .

This is shown in Table 3 for aging at 110°C, A plot of S against
S' (Piqure 7) shows that ths chemical methed indicates a higher numher of
chain scissiong at short times of aging than is determined from ﬁv' whether
this indicates substantial crosslinking (perhaps through the amine end groups)
is uncertain. A broadening of the molecular weight diatribution with little
change in ﬁv could occur, Daterminatiun of the molacular weight distribution
by aize exclusion chromatography would be required to elucidaee thias
further. The rate of polymer chain scigsisns at long aging times can bhe
deteormined from the molecular weight data of Pigure 1,

1.4 Relation bhetween retained atrength and chain scissions aeasured
by carboxyl group concentration

From the temperature dependence of the rate of formation of carboxyl
group furmation (Tahle 4) tha activation energy for polymer chain sciggions
may be determined, This i3 shown in Figure 8, and gives an activation energy
of 58 kJ/mel which is only slightly lower than the value of 66.5 kiI/mol for
the activation enargy calculated for the rate of loss of strength of nylen 66
caffeta [1). Aa the loss of strength en aging results from the scislien of
the polymer chain, there should be a =imple relation hetueen $', as measured
from carbaxyl group concentration, and the loas in strengrh of the
material., This followe since, in many polymers, the relatienship hetwveen
strength 0, and nuaber average molecular welight W, is giwen by [12)

g = A -'§~ vhere A and B are condtants
f
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if 40 is the loss in strength, then

b0 « oo -0 = Bi---l)
L
- ns'
=0
My
= ¢onst. S'
This relationship is shown in Pigure 9 uging accelerated av:  ; data at RO*C.

This can be tested by using ¥iqure 9 to determine the axpe.. «d streagth loss
from an actual parachute in which the carboxyl congentr=*ionn has heen
determined. T™he change in carboxyl group eoneaneratio. with the ace of the
parachute canopy material 1s showr in Pigure 10, At 1% years the calculatad
chain scission §' from Pigure 10 are 0.7 per molausul«, From Pigure 9 this
predicts a strength loss of 19.2%. The measured loss in tensile strength of
the material is 196 (Pigure &, Part t).

In a recent report [12} tha changa in the chemisal composition of
thermally aged nvlon 66 yvarn has been measured by UV-visibhle absorption
spectrophotometry and related to the loss in tepsile streangeh. while the
chemical species responsihle for the change ir UV absorption was not
identified, this report demonstrated the sensitivity of a chemical method for
determining the degree of tensile strength loss in aged varns. Tthe rasults
reported here also demonstrate that the chemical changes {n carboxyl
concentration of the fibre can bhe used to predict strength losser from nylon
parachute material]r held ia storage. in additien, accelerated aqing methoda
nay be used te duplicate the chanqges occurring en long term storage provided
that the test temperatures de not lavgely exceed the qlass transition
temperature of the nylon 66 fibhre (107°Q),

3.5 pPegradation during Outdoor Fipasure

As datailed in Pave V', the olive drah risstop and undved taffeta
materials both showed a deerease in serengeth on ontdasy exposure, byt it was
found that the dyad ripstop degraded faster, This is opposite te the
behaviour ia thevaal aging (1],

salecular weight megsurments on hotk msterials econfirsed thae rhe
alive drab material showed a Fastepr rate of chain reiagien than the undve.,
taffees. fhege results are summarised in Table §, Onee again polvmer chaia
getysione (ir this case ezleulsred From maleeular wveighe dzta) are simply
related to the lacy in strength as vhown ia Pigqure 1t fay bLoth tyvpes af
aaterial.

the possibility of the differesce in the rarec of photasheaical
degradation arieing from sensitisation of the Aylon ripatep by onc of the
camponenrts of tha oclive drab dvwe Ras been tavasticated, A= ehswn (n Pigqure
i3, theve in a4 eysteonstic incvegee in the reflectance of the syvlaa &éa aquarial
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at 400 nm with solar radiation dose. This could result from photoderadation
of one of the dyestuffs that leads to fading on outdcor exposure [13].
Whether this reaction contributes to an increased rate of photo-oxidetion of
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the nylon substrate is uncertain, and the following experiments were performed
to examine the phototendering effect of any of the dye components.

As detailed in the experimental section, the component dyes were
separated irom the olive drab material, applied to nylmn 66 varns and exposed
outdoors. The tensile strength of the yarns was measured as a fun:stion of
solar dose, The results are summarised in Table 6 and it can be seen that,
within the expected scatter of mechanical measurements, none of the component
dyes produced an increase in the rate of tensile strength loss compared to the
undyed yarn. Of particular interest is the observation that the orange dve
shows a photostabilising effect. As a detailed chemical analysis of the dve
components has not been performed no further conclusions can be -rawn. It
does not appear from these experiments that the dyes are responsihile for the
increased rate of degradation of the ripstop material.

The differences between the materials therefore must arise from
differences in the etabilizers in the nylon 66 fibres, vet extraction and HPLC
analysis has so far failed to reveal significant differences.

4. CONCLUSIONS

It was shown that the thermo-oxidative processes occurring during
aging of nylon 66 can be used to monitor the rates and deqree of polymer
degradation, Thege rates can be determined by changes in the polymer
carbonyl, carboxyl and amine concentrations, as well as the mure conventional

molecular weight measurements.

The formation of carboxyl end groups was found to occur via a first
order reaction, with the initial rate of . rmation at a temperature near T_ of

the polymer being 10 times that for carbonyl formation. This indicated tgat
the oxidation reaction was complets and few end of chain carbonyls existed.,
The carboxyl groups which only occur at chain ends were used as a measure of
the number of chain sc¢issions occurring. A correlation between chain
scissiong and tensile strength loss was found. This was tested and the
results showed it to he applicable for in-service parachutes,

Rates for photochemical deqradation were also determined, Although
parachutes are expected to see very little sunlight, some dyestuffs are known
to accelerate the rate of degradation through phototendering. The rate of

photodegradation was faster for the olive drab dyed material than for the
undyed material. Subsequent exposure trials using the olive drab dye mixture

and the individual dye components showed no phototendering effects. More

likely the differences in rates result from different UV gtabilizers being
used, The results obtained for the photodeqradation are opposite to those

tor thermal oxidation, where the undyed nylon 66 was shown to deqrade faster
than the olive drab dyed nylon 66 [1),
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k (dav-l)
0.0450
0.0393
0.0063
0.0029

TABLE

T°C
110
100
80
65

Rate Constantsg for Disappearance of Amine End Groups
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TABLE 2

Concentration of Carbonyl and Carboxyl Groups

in Nylon Taffeta Aged at 110°C

Carbonyl LCOOH]
y . Carboxyl [Carbonyl]
Days aged Concentration
(mol/q) Concentration -—jiiiﬁﬁ-—-
- {mol/qg) i
0 0.2 x 106 64 x 10~6 3.0 x 1073
2 0.8 x 107° 75 x 10°8 1.0 x 10-2 §
; 3 0.6 x 107° 76 x 107° 7.9 x 1073
, 32 2.14 x 1076 105 x 10~6 2.0 x 10~2 ;
&
*
|
,
: ;
£
[ |
' j
p 3
) !
P
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Comparigon of Number of Polymer Chain Scissions, S, Calculated from ﬁv

TABLE 3

with those Calculated from Carboxyl Group Concentration, S'.

Data for Nylon 66 Undyed Taffeta Aged at 110°C

Time of Aging

0

21

32

49

75

68

75

76

81

97

105

127

148

SI

0.06

0.52

0.64

0.98

1.31

0.04

0.2

0.06

0.32

0.46

0.87

1.38




TABLE 4

Temperature Dependence of the Rate of Chain Scigsion Calculated

from Carboxyl Group Concentration for Nylon Taffeta

T°C ds' /dat
(scissions day™ ')

65 0.0014

80 0.,0040

100 0.0067

110 0.0163
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IABLE S

Viscogity Average Molecular Weight of Canopy

Materials Fxposed OQutdoors

Molecular Weiaht M,

Days Exposed m;;;“"
0Olive Drab Material tindyed Taffeta Material

0 0 23,300 22,850

17 0.18 21,650 19,350

38 0.46 18,500 19,650 - ’
59 0.80 18,650 19,250 :
i 1.89 14,650 17,100 .
131 2.35 10,000 16,300 o8
181 3.44 8,700 8,050 ‘
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TABLE 6

Tensile Strength and Energy to Practure Measurements for

Redyed Nylon Yarns Fxposed Outdoors

Percentage Tengile Strenqgth lLoss

e LY

Total L
Days exposed Dose2 Undved
GJ/m 23:“ Dlive Drab Orange Dark Blue Light Blue '
!
14 0.12 0.9 3.6 0.6 4.8 2.4 |
34 0.34 S.7 12.5 4,2 4.5 #.3
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Plot of number of polymer chain scissions occurring during
thermal aging a% 110°C measured by changes in M-({8) agqainst
those determiped from [COOH], §'. The line is the 111
correlation.
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waterial taken from parachutes held in storage for up to
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FIGURE 11

Relationship between the strenqth loss (%) and polymer chain
scisgions calculated from the M; data for both olive drab

and undyed nylon materials on outdoor aging.
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FIGURE 12 Changes in reflectance measuremanta of photo-oxidised olive

drab ripstop material with solar radiation dosae.
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