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ABSTRACT

\

performance fibres PBI, Nomex and Kevlar 49 are discussed. Thermal

Some environmental effects on the mechanical properties of the high

stabjlities are given in terms of the changes in mechanical properties such
a8 tensile strength, elongation at break and energy to break after thermal
ageing at various eclevated temperatures in inert and oxidising conditions.
The effects of exposure to sunlight and ionising radiation are shown by
similar measurements. The dimensional stability of the fibres at elevated

: temperatures and the effects of thermal ageing, exposure to sunlight and
':i' ionising radiation on the flammability properties of PBI and Nomex are

I

discussed.
N i
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ENVIRONMENTAL EFFECTS ON THE MECHANICAL PROPERTIES

OF HIGH PERFORMANCE FIBRES

1. INTRODUCTIUN

The current literature reflects the remarkable progress in the
development of organic fibres that possess superior thermal and physical

v § propertiesl' +» These properties have been achieved by the incorporation
S , of thermally stable ring structures in polymer chains and exploitation of
. = the stabilising effects of inflexible chains, crystallinitv and cross-
,g'i linking.

: Bigh performance fibres were developed for specialised requirements

J that could not be met by existing materials. Temperature resistant fibres
with suitable energy absorption characteristics that could tolerate short-
term exposure to high temperatures without appreciable loss in mechanical
properties were required by the Unfted States Air Force for applications
such as deceleration systems »8.  In addition to retention of mechanical

R properties at temperatures in excess of 300°C, other outstanding textile

3 properties have been found that have rapidly expanded the scope for pogsible

applications. For example, the flame resistance of several temperature

registant fibres was soon appreciated and at least two, poly(2,2'-(m-

phenylene)-5,5'-bibenzimidazole) or PBI (I) and poly(l,3-phenylene

isophthalamide) or Nomex (I1),
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initislly developed for their temperature resistant properties, owe their
furcher development to their considerable flame resistance. Their tempera-
ture and flame resistance make them sulitable for use in protective clothing.
PBI has superior comfort characteristics due to its higher moisture regain
of about 122 by weight compared to about 6% for Nomex.

Recently, high performance fibres with more than twice the specific
modulus of either glass or steel fibres and donble the strength of high
tenacity nylon have been developed“*g'lo. These high modulus f!bres can
he produced with a wide range of properties depending on the spimning and
drawing conditions. The modulus and elongation to break can be varied to
optimige their use in applications such as rigid reinforced plastics, tyre
cords, and impact absorbiung devices such ae aircraft decelerators, safety
harnesses and ballistic protection.

Unlike glass and steel, organic fibres are appreciably affected by
envirommental factors such as elevated temperatures, ultraviolet radiation,
ionising radiatiom, and chemical reactants such as water, oxygen and ozone.
Envirommental effects include changes in composition, structure and
molecular weight that can lead to degeneration of useful mechanical proper-
ties. Often two or more envirommental factors combine to cause degrada-
tion; for example, oxygen and sunlight or photo-oxidation. The potential
of high performance organic fibres for specialised service applications may
algso be governed by their stability towards one or more of these factors.

Though there are many potential high performance fibresl—a, there are
only a few currently produced commercially or even ava’lable in pilot-plant
development quantities because of large-scale processing difficulties, and
cost and availability of starting materiale. Three such high performance
fibres are PBI (I), developed by the Celanese Corporation and the United
States Air Force, Nomex (II), an aromatic polyamide developed by Du Pont,
and Kevlar, another aromatic polyamide recently developed by Du Pont as a
high modulus, high strength fibre. It is presently available as Kevlar 49
and Kevlar 29 continuous filament fibre or fabricll, Kevlar 29 has about
half the modulus and double the elongation at break of Kevlar 49 and is
more suitable for use in areas where high impact resistance {is of primary
importance, such as aircraft deceleration, safety harnesses and ballistic
protection. Kevlar 49 is more suitable for use in composites such as rigid
reinforced plastics. Kevlar 49 was formerly known as PRD-49 (the final
production version was called PDR-49, Type I1I1), and Kevlar 29 was formerly
referred to as Fiber B and PRD-49, Type IV. It has been suggested that
PRD-49, as initially introduced was poly(p-benzamide) (II1), and the higher
tenacity material available since 1972 is poly(l,é4-phenylene terephthalamide)
(v 1z, However, pyrolysie-gas chromatography-mass spectrometry experiments
conducted at these laboratories suggest that both structural units (III) and
(IV) are present in Kevlar 4913,

i Oee}
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This report discusses some envirommental effects on the mechanical
properties of PRI, Nomex and Kevlar 49 fibres. Thermal stabilities are
assessed in terms of the changes in mechanical properties such as tensile
strength, elongation at break and energy to break after thermal ageing at
various temperatures in inert and oxidising conditions. Similar measure-
ments illustrate the susceptibility of these fibres to degradation on
expesure to sunlight and their high resistance to degradation by gamma
irradiation. The dimeusional stability of the fibtres at elevated tempera-
tures and the effects of thermal ageing, a2xposure to sunlight and ionising
radiation on the flammability properties of PBI and Nomex are discussed.

2. EXPERIMENTAL

2.1 Materials

Materials evaluated were fabrics made from either continuous filawent
or staple fibre yarns. Nomex and Kevlar 49 (PRD-49, Type 111) were
supplied by the Du Font Company. PBI was provided by the Air Force
Materials Laboratory, Wright-Patterson Air Force Base, Ohio. Details of
each material are given in Table 1.

2,2 Enviromnmental Exposure

Fabric samples 150 mm (warp) by 20 mm (weft) were thermally aged in a
circulating air oven, either sealed in evacuated glass tubes or freely
suspended. Similar samples were (a) sealed in glass tubes under vacuum
and in air and irradiated with cobalt~-60 gamma radiation at 30% at a dose
rate of one Mrad/hour, and (b) exposed to the weather in summer at these
laboratories. After exposure, the fabrics were frayed to remove the warp
yarns which were then mounted to prevent disturbance to the yarn twist,

2.3 Mechanical Properties

The yarn samples were conditioned for several days and tested at
20 + 2°C and 65 t 2% relative humidity. The yarns were strained to break
at 120 mm/minute with an initial grip separation of 100 mm.

The data extracted from the recorder traces were (a) breaking force,
N, (b) elongation at break, %, (c) energy to break, mJ, for a specimen
length of 100 mm. These were calculated as aversges from the traces of
ten test specimens.
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2.4 Thermal Properties

« b bl

iﬁ ’ Thermomechanical analyses were conducted using a Du Pont Model 941
: Thermomechanical Analyser. Limiting oxyger. indices were determined by a
General Electric Flammability Tester according to ASTM D 2863-74,

;- 3. RESULTS AND DISCUSSION

3.1 Thermal Ageing i

The requirements of high temperature resistance are of two types .

3 depeading on intended end use., The firat is retention of mechanical !
E properties at elevated temperatures and the second 1s retention of mech-

k. anical properties after thermal ageing (usually in air) for extended periods

g of time. These requirements are rel~ted te the viscoelastic properties of

3 the fibres and their resistance to oxidation or other degradation reactioms, i

respectively,

: ', While thermogravimetry shows that major chemical degraJatiog of PBI,
- Nomex and Kevlar fibres occurs at temperatures greater than 400° clé

?!i appreciable loss in mechanieal properties i{s evident at lower tenperatures
- d as a result of more subtie changes such as oxidation, chain fracture,
crogslinking and disorientation. For example, Nomex and Kevlar retain
65~70% of their room temperaiuri strength at 250°C after a one minute
exposure at thig temperature Under these conditions, PBI retains
about 80X of its initial room temperature strenﬂthl The modulusg and
elongation at break retenciuns of each fibre are also 70-80%.

wdmd LB S e i
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Resistance to thermal ageing or changes in room temperature properties
after exposure to clevated temperatures for extended periods is, in many
cages, a more important measure of the thermal stability. Changes in
breaking force, elongation at break and energy to break of Nomex, Kevlar 49
and PBI yarns have been determined as a function of exposure period at
various temperatures in vacuum and air,

Figure 1 shows these property retentions for undyed Nomex. Extended
exposure (300 hours) at temperatures up to 200°C in vacuum and air has no
significant effect on the mechanical properties. Nomex has been reported
to retain about 80% of its strength after exposure to air at 177°C for
several thousand hours®, After exposure at 250°C for 300 hours in vacuum
and air, Nomex retains about 80X of its initial room temperature strength
and elongation at break. The energy to break retention under these condi-
tions is about 60%. There are no discer*;ble effects of air on the changes
in mechanical properties on ageing at 250°C.

After ageing for 300 hours at 300°C in air and vacuum, the mechanical
properties of Nomex are markedly reduced. The strength and elongation at
break retentions are similar (v35%) and the energy to break is reduced to
about 8% of its initial value. The loss in mechanical properties after
shorter exposures at 300°C is greater in vacuum than it is in air. This
is probably due to hydrolytic degradation of the amide bond by water which
is strongly absorbed and not completely removed in the evacuation process
prior to sealing of the samples. During exposure at temperatures in excess
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of 300°C, the mechanical proverties are rapidly reduced. This is attri-
buted to the glass tranaition in the vicimity of 300 clé in addition to
thermal degradation of the fibres. h S ’

Figure 2 ghows the changea in mechanical properties of XKevlar 49 on
thermal ageing at 100°C - 300°C in air and vacuum., Extended exposure at
100°C does not alter the mechanical properties while at 150°C, the strength,
elongation at break and energy to break are reduced to 70-80% of their
original values.

After exposure at 200°C for 300 hours in air and vacuum, the
mechanical properties of Kevlar 49 are appreciably reduced; strength,
elongation at break and energy to break retentions are about 40%, 50-60%
and 20Z, respectively. There is no marked effect of air on the degradation
at 200°C. A faster degradation after shorter exposures in vacuum is
attributed to amide hydrolysis.

The mechanical properti.s are rapidly reduced on ageing at 250°C in
air and vacuunm. Strength, elongation at break and energy to bLreak reten-
tions after 300 hours exposure are about 25Z, 45 and 12%, respectively.
Almost all the loss in mechanical properties occurs within the firat 50
hours exposure.

Above 250°C, additional effects of oxidation are appreciable.
Exposure at 300°C in vacuum rapidly reduces the strength, elongation at
break and energy to break to about 20Z, 30X and 5Z, respectively of their
original values, while exposure at 300 C in air rapidly reduces the
mechanical properties to zero. As for Nomex, exposure of Kevlar 49 in
both air and vacuum at temperatures in excess of 300°C rapidly destroys the
mechanical properties. = This is again attributed to the glass transition
in the region of 300°C14 and concurrent oxidation and thermal degradation.

These results show that Kevlar 49 is more susceptible to thermal
ageing than Nomex. Kevlar 49 owes much of its high strength to its high
degree of molecular order and high intermolecular forces (hydrogen bonding)lﬁ,
and a rapid reduction in mechanical properties on thermal ageing above
200°c may be attributed to partial disruption of secondary bonding, although
there was no significant change in the modulus. It has been _reported that
the long term use temperature in air should not exceed 160°cl7,  The
apparently higher susceptibility of Kevlar 49 to oxidation ar elevated
temperatures has also been established by thermomechanical analysis (TMA)
of Kevlar 49 and Nomexl4., This may be attributed to a low initial
molecular weight of Kevlar 49 (degree of polymerisation about 100 which

rresponds to an average of 200 amide links per molecule 0y compared with
Nemex (M_ ~ 39,000, corresponding to an average of 320 amide links per
molecule 18). A similar yield of chain fractures due to thermal oxidation
may in this case have a greater eifect on the mechanical properties of
Kevlar 49,

Figure 3 shows the effects of thermal ageing in vacuum and air on the
mechanical properties of PBI continuous filament yarn. Figure 4 gives
similar data for PBI undyed staple fibre yarn. The most significant factor
of both yarns is the remarkable stability to thermal ageing in vacuum,
After 300 hours exposure in vacuum at temperatures up to 350 C, there
are no significant changes in the mechanical properties of the fibres.




Heat ageing in air for extended periods at temperatures up to 200 °c has
: . little effect on the mechanical properties. After exposure at 250°C in atr
E for 300 aours, the mechanical properties of PBI continucus filament yarn
k- show appreciable reductions; retentions of strength, elongation at break
. and energy to break are about 80Z, 70% and 60%, respectively. After
AR similar exposure, PRI undyed staple fibre yarn shows smaller reductions;
E retentions of strength, elongation at break and energy to Break are about
4 90%, 97X and 90%, respectively. In the range 250°Cc - 300°C in air, the
- S mechanical properties of each fibre are markedly reduced. After 300 hours
at 300°C in air, the strength and energy to break of each fibre are reduced
to less than 5% of their original values and the elongation at break
3 retention is about 15Z.

it has been reported that the characteristic benzimidazole infrared
absorption bands in PBI become indistinguishable and a nitrile absorptiog
band at 2236 cm~l appears after exposure at 300°C for seven hours in air 9
N: These observations and the marked loss in mechanical properties after
Eac exposure in air at this temperature indicate that the benzimidazole unit is
i very susceptible to oxidation.

9 ;} Figure 5 shows the changes in mechanical properties on thermal ageing
- of dyed, stabilised PBI gtraple fibre yarn in air and vacuum. (The
IR stabilisation process is discussed in section 3,2), There are no signifi-
p N cant changes in mechanical properties after 300 hours exposure in vacuum at
E temperatures up to 300°C. At 350°C, the strength, elongation at break and
v energy to break retentions arz2 about 85%, 75Z and 50X, respectively after
300 hours exposure. In air the stabilised material shows a gre..er
¢ susceptibility to thermal oxidation than the untreated material. After
: 300 hours expnsure at 200° c, 250°C and 300°C in air, the strength retentions
A are about 80%, 50% and zero, respectively, Corresponding elongation at
: break retentions are 76%, 33% and zero, respectively, and energy to break
retentions are 50%, 10X and zero, respectively.

3.2 Flammability and Thermal Shrinkage

The relatively high thermal stability of Nomex and PBI fibres and
their fabricated forms has led to their use as protective clothing in
hazardous environments, where short-term protection against heat and flames
) is of primary concern. Nomex is now used extensively and PBI on a smaller
R } scale for thi~ purpose. Such apparel must provide an effective thermal

barrier, be non-flammable in air and non-melting, have good dimensional
stability a* high temperatures and be durable and comfortable. Nomex and
PBI have limiting oxygen indices (LOI) of about 28 and 40, reapectively,
and do not melt but carbonise extensively on exposure to heat as shown by

3 thermegravimetry weight retentionslé, Thermal ageing of Nomex and PBI for
o | 300 hours at 300°C has no significant affect on the LOI values of each

E . fabrie.

Appreciable shrinkage of Nomex and PBI occurs above the glass transi-
= tion cemperatures due to increased chain mobility and a relaxation of the
i ¥ highly strained anisotropic configuration of the drawn fibres. This 18 of
: course undesirable, as shrinkage results in closer contact between a pro-
tective gurment and the wearer. Consequently much research has been con-
ducted on improving the dimensional stability of Nomex and PBI. The
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flammability and dimensfonal stability of Nomex have been reported to be
improved by halogenation in. an inert atmosphere at 300°C and by treatment
with organoghosphorus compounds, without any aignificant loss in mechanical
properties20., similarly the flammab{lity of PBI has heen improved (LOI

“ 53), as well as the dimensional stability, by treatment with 5% chloro-
sulghonic acid in phosphorus oxychloride solution followed by heating to
340°C and neutralisation?l., This is the stabilised material whose
mechanical properties on thermal ageing Lave been discussed in this report.
It s believed that the treatment provides - 50, -~ crosslinks between
polymer chains and retards relaxation of the fibres above the glass transi-
tion temperature. The treaiment decreases the stability of PBI to thermal
ageing as illustrated by a comparison of the retention of mechanical
properties of stabilised and untreated material. However the dimensional
stabhility of stabilised PBI at high temperatures is greatly improved.

Figure 6 shows the shrinkage of Nomex, PBI staple fibre yarn and stabiliged
PBI ataple fibre yarn as well as Kevlar 49 measured by thermomechanical
analysis. Figure 7 illustrates the shrinkage of untreated and stabilised
PB1 fabric after heat ageing in air for 100 hours at 400°c.

3.3 Qutdocr Exposure

In contrast to their relatively high thermal stability, Kevlar 49,
Nomex and PBI fibres are susceptible to rapid degradation on outdoor
exposure. Figure 8 shows the results of mechanical tests on Kevlar 49,
Nomex and PBI fibres exposed outdoors at these laboratories. In each case,
there is a rapid fall in strength, elongation at break and energy to break
that compares uufavourably even with the behaviour of unstabiliged nylon
6,6. After four months outdoor exposure, the mechanical properties of
each fibre have been reduced to leass than 20% of thsir osriginal values.

PBI has been shown to be a photochemically stable structurel?; its
high rate of photodegradation is related to the intenase light absorption in
the solar spectral region. Outdoor exposure in controlled atmospheres
resulted in a marked decrease in mechanical properties in the presence of
air, while in vacuum or saturated water vapour atmospheres, the mechanical
properties showed no appreciatle change<%, TFrom these results, the
degradation is one of photo-oxidation. PBI also und=rgoes a rapid darken-
ing in colour on outdoor exposure as a result of the combined action of
oxygen and ultraviolet radiation. The light-fastness of the dyed material
18 poor and it has been shown that stabilisation of the ground colour on
exposure to light is the most important factor in attaining light-fastnessza.

Nomex and Kevlar 49 are simjlar to PBI in that they also show intense
abgorptions in the near ultraviolet (up to 370 nm), and can also be regarded
as photochemically stable structures considering the large amount of energy
absorbed. The degradation of Nomex on exposure to sunlight has been ghown
to be due to photo—oxidationle; the mechanism of photodegradation in air
and vacuur has been studied by Wiles et al24,

The intense absorption of these high performance fibres at wavelengths
greater than 350 nm has suggested that for efficient photoprotection, suit-
able ultraviolet absorbers must be concentrated at the fibre surface. Any
approach of attaching absorbers to the surface, in order to be successful,
must overcome the susceptibiliiy to photo-oxidation and alsc not cause any
appreciable changes in fundamental properties such as high strength, flame
resistance and thermal stability.




ﬁg_' ) Flammability properties of each material were not appreciably

- affected after four months outdoor exposure. The LOT values for Nomex,
b _ Kevlar 49 and undyed PBI, after conditioning at 20 % 2°C and 65 t 2%

RN relative humidity, showed no significant changes on outdoor exposure. A
suall decrease in LOI, 53 to 50, occurred for dyed, stabilised PBI, Day
and Wiles26 observed & small decrease in 1L0I, 1.4 - 2%, in Nomex which had
been irradiated in a xenon arc Weather-Ometer. It can be concluded that
S the loss in flame resistance on outdoor exposure is insignificant cotpared
AN with the marked loss in mechanical properties.

3.4 Exposure to Ioniging Radiation

The incorporation of aromatic groups into the structure of polymers
greatly reduces their sensitivity to ionising radiation. The G values for
. crosslinking and main-chain scission are considerably less than for polymers
¢ which do not contain aromatic structures, Thus aromatic polyamides and

polybenzimidazoles would be expected to combine high ionising radiation
' resistance with their desirable thermal properties because of their aromatic
¥ content. Nomex has been reported’/ to be resistant to gamma radiation when
no appreciable changes in mechanical properties occurred after 14 Mrad,
although the term radiation resistance is usually assoeiated with property
retention after much higher doses.

Table 2 gives the per cent retentions of strength, elongation at
break and energy to break of Nomex, Kevlar 49 and PBI fibres after exposure
} to gamma irradiation in vacuum and air. The mechanical properties of PBI

are not reduced significantly after 200 Mrad in air and vacuum. The
elongation at break and energy to break of the PBl staple fibres have in
jg fact increased significantly. The mechanical properties of Nomex and
i 4 Kevlar 49 are virtually unaffected after 200 Mrad in vacuum. 1In air after
200 Mrad, Nomex shows a small reduction in mechanical properties while
Kevlar 49 i3 affected to a larger extent,

The LOI values of each material after 100 and 200 Mrad were unchanged;
thus as in the cases of thermal ageing and outdoor exposure, the flammability
prcerties are not significant.v affected by exposure to high doses of
ionising radiation,

4, CONCLUSIONS

Thermal stabilities of Nomex, Kevlar 49 and PBI yarns have been
asgessed by changes in tensile strength, elongation at break and energy to
break after thermal ageing at elevated temperatures in inert and oxidising
conditiuns. Temperature limits for extended use in air and vacuum are
about 150°C for Kevlar 49 and 200°C for Nomex. PBI has a temperature
limit of about 200°C for extended use in air, but in vacuum it is congider-
ably higher at about 350°C. Similar mechanical measurements show that the -
three materials are susceptible to degradation by sunlight and are resistant
to degradation by gamma radiation.

Tnermomechanical analysis of the fibres provides a useful measure of
thelr relative dimensional stabilities at elevated temperatures and the




effects of thermal ageing, exposure to sunlight and ifonising radiation on
the flammability properties of PBI and Nomex are shown to be negligible.
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TABLE 1

, MATERTAL DETAILS

Elongation | Specific Energy
1 Materisl s ocerore ey | at Break to Bresk
-3 ' ) (ni/tex)
PBI continuous R 136 dtex f 1 Z 105 280 17.7 3.7
filament
K PBI undyed staple 29.1 tex Z 615 215 19.6 2.9
= fibre
PBI dyed stabilised 19.6 tex Z 755 150 19.7 2.0
staple fibre
Nomex undyed ataple R 38.5 tex S 740/2 Z 435 290 25.6 4 8
fibre
Kevlar 49 continuous R 226 dtex £ 1 Z 43 1540 2.7 2.0
filament




TABLE 2

EFFECT OF GAMMA IRRADIATION IN AIR AND VACUIM

ON THE MECHANICAL PROPERTIES OF NOMEX,

KEVLAR 49 AND PBI FIBRES

Property Retention (X
Dose In Alx In Vacuwum
Material (trad) Tensile Elongation | Energy Tensile Elongation | Energy
Stremgth at to Strength at ' to
Braak Bresk Break Break
Nomex, undyed 100 85 101 80 107 107 114
staple fibre ) )
200 90 94 80 103 104 103
Kevlar 49 100 ) 87 62 107 9 105
continuous
filament 200 35 52 17 96 89 95
PBI, continuous 100 96 105 95 100 105 108
filament .
200 103 111 109 98 111 103
PBI, undyed staple 100 102 127 117 110 130 138
fibre
200 107 123 124 109 132 134
PBI, dyed 100 100 133 132 103 135 128
stabilised staple
fibre 200 98 126 122 104 129 132
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