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Tow tempd

INTRODUCT[ION: To insure success in design of elastomeric parts for use at

drature, the design engineer must understand the peculiar ropert1es

of rubben mater1a1s at these temperatures. The purpose of this report is to

provide

uidance on these properties with their terminology, test methods,

and mathematical models applicable to rubber, and to present some practical
experiende. In this way, it is hoped that mistakes cambe avoided|,
particuldrly in selection of rubber materials, enabling the design| engineer

to weigh |low temperature materials properties together with the ma
factors involved in the design process.

SUMMARY: The design for performance of an elastomer at low tempe
whether [used as an O-seal, a vibration damping device, -a diaphrag
flexiblgd hose or whatever, requires an understanding of the maten
transitilons of elastomers.

Specifiq guidance is needed by the-designer in selecting cand1dat
elastomdrs for his prototype designs, to eliminate unsuitable mat
allow edrly success. Sources of guidance, in addition to this re
include |the following:

0 Prion successful experience

o Information in-élastomer specifications

o Consyltatienswith elastomer specialists

y other

rature,
m, a
ial

2]
erials and
port may

o ConsJldation with experienced materials application engineers

o Specific, pertinent data in handbooks, literature, supplier brochures

0 Perceptive engineering judgement
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characteristics must be well understood.
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Many good computer based information services now exist which abstract
current literature. For example, a particularly pertinent list of articles
on chemistry, low temperature properties and applications of elastomers may
be obtained from American Chemical Society and Chemical Abstracts Service.

Each of these sources must be weighed for validity. For example, an
elastomer specification containing a statement as to useful temperature
range does not provide a complete nor reliable approach by itself. Such
temperature ranges are predicated on the intended use and test methods which

may or may not be relevant to the requirements of a new design.

In sealing applications, the fluid media being sealed is extremely
important. Since the fluid may act as a plasticizer to depress|the glass
transition range, a seal which may work well in a fluid may-not|perform well
in pneymatic service at the same temperature, that is, theré’is|not the
benefit of the fluid media. For seals which must perform“at ex{remely high
temperatures as well as low temperatures, the fluid swelling vs] temperature

Certain dynamic devices such as shock and isolation mounts and diaphragms
requirg particular attention to Tow temperaturée/transitions and|effects of
fluid media.

Lastly}| performance is best demonstrated by, actual service. However,
reliab)e data by this route is often difficult to obtain, and the actual
enviropment may be difficult to defineit The designer must rely|upon
simulated service testing, or test methods intended to simulate|the
enviropment. Such testing can be-biased or even totally inapprgpriate if it
fails to provide for the possibilities of time-dependent effects. The
designér must be aware of thechazards of time dependent visco-elastic
effects, swelling, compression set and slow crystallization.

TERMI NOL OGY :

A. Elastomer - A .collective name for a polymer which is rubber-like in
propefties, a contraction of "elastic" and "polymer." The older
teminologies—~natural and synthetic rubber," are now not precise and hence
may cause some difficulties in technical usage. For example, patural

rubber is now manufactured synthetically. However, ASTM D1566 |defines
e]ast'mer as . a term often used for rubber and po1ymers that have

propertie i 5 e—of—rubbers—andne m—should not be
used in standards for rubber '

B. Polymer - A macromolecule formed by the chemical union of combining
units cai]ed monomers. A polymer is composed of long chains of atoms going
to extremely high molecular weight (length or size). Well known polymers
are plastics, elastomers, fibers and muscle. Plastics are generally highly
branched* and often highly organized into repeating units in three
dimensions (crystalline). In contrast, elastomers are usually strongly
linear (straight line chains), usually free from or Tow in crystalline
content, and usually deliberately cross-linked between chains (cured) by a

*NoteabTe exceptions include polyethylene which is straight chain, and GR-S
rubber which is not straight chain.
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(Continued):

process subsequent to their polymerization to high molecular weight.

Elastomers are uniquely capable of high deformation and rapid recovery from

such deformation.

TRANSITIONS IN ELASTOMERS:
states of matter: solid, liquid or vapor.
one state to another, as for example from ice (solid) to water (1
from water to steam (vapor).
states of matter, such as elastomeric form, vitreous (plastic, gl

Materials can exist in one of three classical
A transition is a change from

iquid), or

Specialized forms of matter occur within the

assy or

amo rphous) fovm, crystalline form, plus colloids and plasmas.

in

elastomers, transitions occur at low temperatures which are not aplike
transitilons among the classical states of matter, causing major cpanges in

mechanicdal and physical properties.
narrow temperature spans.
elastomegrs and high polymers in general requires a? appreciation
types off transitions that occur in such materials.

The elastomeric form is analogous in many respects to the liquid

These transitions will\occur
An understanding of the mechanical properties of

in very

of the

state, the

vitreoug form to a supercooled liquid, and the crystalline form to true

solid state.

GLASS TRANSITION TEMPERATURE (Tg): An.@brupt modification in the

change i
differenial mathematical expression.

temperature.

The transitions among the elastomeric, vitreous and
crystallline forms are of most immediate impact in design at low temperature.

rate of

a number of elastomer properties as temperature is lowered occurs
at what is called the Glass Transition Temperature, a second-orden
The older common way of determining
this trafnsition was by use of/a-dilatometer and plotting volume vs|

RELATIYE YOLUME

TVEMPERATURE

FIGURE 1. Determination of Tg by Yolume Dilatometry
( « = Thermal Coefficient of Expansion)
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It will be noted that the slope of the curve is the thermal coefficient
of expansion («) of the elastomer and that at some low temperature, is

smaller by a factor of one-half to one-third the former value

The

straight line portions of the curve are projected to an intercept, which

is defined as the glass transition, symbol Tg. At tempgratur
the polymer is vitreous glass or rigid brittie plastic,® but
the polymer is elastomeric.

The current, quick, inexpensive way to determmine Tg directly
thermomechanical analysis (TMA) differential thermal analysis
differential scanning calorimetry (DSC). The absolute temper
of Tgwill vary son dependingontite eria

sampled, the test method used and the cooling rate utilizeds
for & fixed set of test parameters, the Tg of an unimmepsed e
comppund is almost as fixed and reproducible as is therfreeze

W o a D7V OPDE Y

es below Tg,
above Tg,

is by the
(DTA) or

ature value

eing

However,

lastomer

- thaw

transition at +32°F (0°C) of water. .
s that the
e the

g in the
ature a

A major difference between an elastomer and a rigid plastic i
elastomer has a glass transition below room temperature, whil
plastic has a glass transition above room temperature,1 Bein
elasfomeric or plastic state therefore depends at what tempey
polymer happens to be exposed.

Pract
critp

jcal commercial elastomeric compounds may have to fulfil
ria in addition to being elastomeric at normal room temp
but fthey do fulfill that one criterion. Below their Tg, the
are,| no longer in the elastomeric state, but are in the plast
state. Elastomers in normal‘commerce can be used far below 1
sealls, e.g. cryogenic seals. Cryogenic seals involve speci al
concepts and are beyond the scope of this document. This doc¢
limilted to seals that\utilize the elastomeric properties of t
elastomeric compounds.

1 many
eratures,
elastomers
ic (glass)

g as plastic
design
ument is

he cured

Simi[larly, polymers that are in their plastic state (below Tg) at room
temderatureoften can be heated above Tg until they are in, Or pass
through, an-elastomeric state. These changes of state are véry useful in
fornjing @nd processing plastics.

Below—the—gla rans ) mole motion §s frozen.
At Tg the polymer has expanded to the extent that there is enough free
volume available in the material for molecular motion to begin.

Molecular segments occasionally have room enough to jump from one
position to another with respect to their neighbors at this temperature.
Because of the change in molecular mobility in the transition region, the
viscosity changes by many decades within a few degrees.1,2,4,5,6,
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In the precision seal area of technology it is important to accept the

implications of Tg on performance at low temperature.
involves a large number of parameters.

Such sealing
Further, very satisfactory

sealing is generally obtained in fluid systems considerably below the Tg

value measured on the dry seal material.

If the Tg is measured on the

elastomer compound after it is fully swollen in the working fluid, the Tg
is found to be significantly depressed, and the apparent anomaly is

resolved.

There exist theoretical formulas for computing th

depression

of Tg by fluid swell if the pour point of the fluid is Tower than the Tg
of the rubber.4

Statgd <
elast

give

PLASTIC]ZERS AND THE GLASS TRANSITION (Tg):

reliable performance in specific pneumatic applications.

1.

Each
Hher

the

Towg
fluld permeates the elastomer.
elas
molég

Sevg
so]Ib11ity limit of each plasticizer in the polymer is not ej

Som
can
tem

They
plas

Sys
con
shr

immersion. )

its

environment.

This has the same effect as cited above where
The plasticizer oil permeates
tomer structure, moving polymer segments apart and allowi
cular motion at lower temperatures.

r the Tg.

ral types of low temperature plasticizing oils are used §

authorities bekieve that the reduced solubility at Tow §
cause troublesieven if there is no solubility problem at
perature.

e are ats0 other recognized problems with the use of low
ticized rubber compounds.
em_fluid, with several results.

The plasticizer can be extract

ful

omer seals at low temperature in hydraulic and fuel systems cannot
be projected into pneumatic systems.
elast

By example, a fluoxocarbon
omer seal that has shown sealing down to -38°F (-39°C) in
applications in bench tests had to be rated no lower than +25

jet fuel

F (-4°C) to

chemical class of elastomer has its, own characteristic Tg value.
, for a particular elastomer this is not as low as the dgsign needs,
compounder may add one of a numberof oils or organic compounds to

a usage
the
ng

o that the
ceeded.:
emperatures
room

temperature
ed by the

The extracted plasticizer is a

aminant in the f1u1d system

The true working Tg of
Tg value after complete equilibrium with its usage fluid

be measured in all future systems tests.

The extracted seal can have a net

MBR 0-seals

shrank up to 5% be]ow the1r v1rg1nvvo1ume'1n therear1y weeks of water
The Tg of fuel extracted seals when dried out can be much
higher than the specification value.

a seal is

This has generally not been measured in the past but must
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As a means to combat the leakage that occurs when an aircraft has been
in a hangar for an extended period (60 days or more) and is then
refueled, the USAF has developed a low-shrink nitrile O-seal material,
which takes advantage of the fuel acting as a plasticizer. The
specification includes a test for fuel soak with dry-out in which
0-seals are soaked in reference fuels for 70 hours at 25°C and then
allowed to dry out for 48 hours at 25°C, for three cycles. The volume
chapge is specified at not more than 1% loss. This compares to an 8%
loss in volume for a qualified MIL-P-5315 nitrile compound.

4, where test hardware 1s p1aced 1nto 1ow temperature test before the

' estiresults may
noft be representat1ve of actua1 1ong term hardware performance
Copversely, repa1red assemblies placed immediately backbin{o Tow
temperature service may not perform as well as before repair until the
rupber has had time to come to equilibrium with usage fluiq.

5. Lo temperature plasticizers can also cause fungus growth problems.
Onlly selected low-temperature plasticizers dare non-nutrient to fungus

VII. VISCO

F[lastomers do not recover total mobility when warmed to just above the
g value. The elastomers become more elastic as the tempgrature is
naised above Tg, and converse1y become progressively stiffer and lose
alastic recovery power as Tg is approached during lowering of
lemperatures. These effects are called the viscCoelastic rffects, i.e.
ghey are a combination;of viscosity and elasticity in chanpging ratios.
ow elastic a rubber Compound has to be to function properly at low
temperatures has «po- fixed value but, rather, depends on what the
dpecific application demands of the rubber part. Elastomer

dpeci fications-which give fixed low temperature performanfe limits may
e misleadifg in this regard. A pressure switch may become erratic
ghen its vubber diaphragm doubles in modulus, whereas a sfatic packing
ay still” function with the elastomer compound a thousand| times as
dtiffcas at room temperature. Most elastomer specificatipns contain,
.t best on1y some go/no go 1ow temperature test value, e}g. Brittle
' 0+ 0 pperatiy order to design many compbnents to work
at Tow temperature the des1gner shou1d have complete property versus
temperature curves, to know in what part of the curve he is working and
how properties are changing over the intended service temperature
range. In fact, recent tests on a limited number of generic types of
elastomers indicate the interrelationships among various elastomer
properties and test methods at low temperature may not be as direct as
would ?e assumed from simple molecular motion theory. (See Fig. 2, 3
and 4.
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FIGURE 2 Relationship Between Glass:JFransition (Tq),

TRL10 and Brittlepoint for a Specific Ethylene Propylene

Rubber Compound, as Shown on a*Complete Temperature
Retraction Curve
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FIGURE 4 Relationship Befween Glacs Transition (Tq),
TR-10 and Variously~Defined Br :tlepoints on a
Second Chlorobutyl Compound, as Shown on a Complete
Temperature Retraction Curve

Note for the ethylene propylene compound that the Brittle Point occurs at
very low TR curve values, next the TR-10 and then Tg by fast DTA.

On the chlorobutyl compounds, the order from low temperature to high is
TR-10, Tg and Brittle Point.
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CRYSTALLIZATION TRANSITIONS: These transitions are capable of being
expressed mathematically in first order differential functions, as
contrasted to glass transition, a second order function, The coefficient
of thermal expansion vs. temperature curve obtained by dilatometry can be
used to find and define the effects of crystallization of an elastomer as
shown in Figure 5.
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FIGURE 4. Determination of Crystallization by Volume Dilatometry|
Shown aJso are the-effects of supercooling (amorphous states) as
compared to equilibrated crystalline states.

It will be-noted that crystaliization involves a significant voljume
decreage{first order differential) under isothermal (constant
temperature) conditions. Because designers may not be aware of
crystallization phenomena, hardware qualification tests at low temperature
are often unintentionally run in too short a time span to allow this
phenomenon to develop. When it develops fully, for example in natural
outdoor winter environments, catastrophic failures can occur. Not only
can the time of test be too short, but also temperatures that are optimum
for crystallization may be unintentionally bypassed when test hardware is
quenched from room temperature down to say -65°F (-54°C). This can
supercool the elastomer which remains an amorphous Tiquid rather than
crystallizing,
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The mechanical property effects of crystallization are a total Toss of
elastic recovery capability, significant stiffening, siight shrinkage, and
hence over 100% compression set. Contrary to expectations, crystallized
elastomers do not become brittle (silicones excepted). Unlike the
crystalline plastics, the degree of crystallization remains Tow (32% or
less) so that the crystallites are embedded in an amorphous, flexible
matrix. This provides freedom from brittleness. An excellent comparison

~of glass transition and crystallization effects is given in Table I of

ASTM D8328.

Fortunately, the vast majority of elastomers do not crystallize. The
copollymers and terpolymers which contain significant quantitigs (over 15%)
of a [second monomer would not be expected to crystallize sinte the
resullting randomness does not allow a repeating structure'Crystalline
lattilce to grow.

Therd is an optimum temperature for rate of crystatlization for each
crystlallizable elastomer, and a considerable range of temperatures above
and qelow this optimum temperature where the tendency to crystallize
remains strong, as shown in Fig. 6.

CRYSTALLIZATION RATE

S

Low INTERMEDIATE RT
TEMP TEMPERATURE

FIGURE 6. Optimum Temperature and Range of Crystallization
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This crystallizable range is undesirable from a design standpoint, and it
should be avoided. A better approach is not to use elastomers which
crystallize strongly in intermediate and low temperature applications if
they are to be used at these temperatures.

A list of elastomers which are strongly crystaliizable, together with the
optimum crystallization temperature and an estimate of the time for high
relative orders of crystallization is presented in Table 1:8,9

TABLE I - CRYSTALLIZABLE ELASTOMERS

Approximate time, for
strong Crystalliization
Optimum of unstretched elgastomer
Crystallfizable Crystallization at optimum Crystajiization
Elastpmer Temperature temperature**
Neoprenef +14°F (-10°C) 2 weeks
Polyurethane +14°F (-10°C) Unknown
Natural § Synthetic -13°F (-25°C) 1 Month
Cispolyisoprene Rubber
Low Styrpne SBR -40°F (-40°C) Very Short
Polybutadiene -40°F ((=40°C) Yery Short
Butyl -40°F (-40°C) Requires Stretch
Dimethy1| Siliconel0,11 -67°F (-55°C) Very Short
Methyl Phenyl -76 to -120°F*** Very Short
Siliconel0, 1 (-60 to -84.4°C)
* Varipus-nieoprene homopolymers and copolymers vary significant]y in the
degree-and rate of crystallization. ’

** Stretching or any deformation greatly speeds crystallization.

*** Fstimated

The fast and economical method today for finding crystallization is the
Differential Thermal Analysis (DTA) test. However, it may be inaccurate
on elastomers having long crystallization times.3s7 The technically
best method is to run temperature-retraction (ASTHM D1329)12 with the

sample stretched the maximum possible amount. For the doubters as to the

reality of crystallization, conventional x-ray diffraction can be used.
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IX. PRACTICAL LOW TEMPERATURE TEST METHODS FOR ELASTOMERS:

1.

Until recently, Tg could not be directly determined quickly and
economically. Even today, this capability may not exist among the
smaller rubber fabricators due to the high cost and sophistication of
the test equipment. Thus, many older and "practical" tests have evolved
to measure the effects of low temperature on selected mechanical
properties of rubber. These tests have long been world standards
published by the American Society for Testing and Materials (ASTM). The
rubber fabricator may possibly have one or more of these test
instruments. Various specification-publishing agencies favor now one,
now another, of these test methods. They all show the gradual change of
some chosen property, or a go/no-go 1imit, as temperature 7§ lowered
through Tg. As such, any one (or combination of tests) s ¢f great
vallue to the designer in visualizing the changes taking plage, even if
an exact interrelationship is not yet empirically and statigtically
tedted out among the various practical tests, norywith Tg.

As lan aid to design, each common ASTM low-temperature test method is
briefly described as to property measured:and technique used:

Briltt1eness Temperature, ASTM D213713.CMethod A (or ASTM D74614,

cedure B):

¢ material
most
to

ature at

/sec does no
he using
sharper

pme higher

cons1derab1y be]ow'the ASTM 02137 br1tt1eness tenperature'1f the rate of
impact is lower.

Some inference of the change of Brittle Point due to change of impact
speed might possibly be inferred from published data on the effect of
speed on Tg and modulus values. One author? states that "Tg changes
only about three degrees with a change in time scale of a factor of
10." Another text states that Tg's determined by slow dilatometry must
be raised by about 27°F (15°C) for dynamic tests run at 10 cycles per
minute.® This same text, when dealing with stiffness, states "a
change of a factor of 10 rate being equivalent to 6-8°C change in
temperature."
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As noted above for Tg, Brittle Points on elastomer compounds
fluid media must be run on samples at equilibrium swell with
intended usage fluid.
plasticized, the plasticizer must also have been leached out
condition.

for use in
the

Further, if the compound is low temperature

to a final

For those exceptional designs and cases where the design usage will
occur before equilibrium swell will occur (e.g., one-shot missite fuel
systems equipped with upstream valves or burst diaphragms), the test
samples should only be preconditioned to the same extent as they would

see in service.

Where repair parts will see both initial and

equi
be 1
sery

un on samples at both extremes of conditioning to insuie
ice reliability.

Temferature Retraction, ASTM D132912:

This
elas
"sna
1ow
belq
upor
per
(See
foll
For
and
cury

tomer compound as a function of temperature.
temperatures. An elastomer sample ds stretched and then
release. The released sample is heated at a fixed rate

Figs. 2, 3 and 4).

e, Fig. 7.

the sigmoidal'curve is an indication of the degree of ¢

ent ‘Yetraction occurs (TR-10 temperature) for a specimen
n (59%)°. This go/no-go test is in general usage in

the Society of Automotive Engineers, and in data sheets from

w Tg to a rigid frozen piastic co¥umn which does not recd

minute) and the percent retradtion versus temperature cuy
For elastomers which do not crystall
owing section), the resulting curves are sigmoidal, or "9
elastomers in which crystallization was induced by high &
intermediate cool temperatures, there will be a decided s
This sag will indicate the range of temperaty
i¢h the crystallites were melting out, and the amount of dg

is generally run as a go/no-go test using the temperatuy

Tibrium swell conditions, brittleness temperature tests.may have to

total

test measures the amount of elastic recovery from deformation of an
The charact
p back" of an elastomer at room temperature becomes "crawl back" at

eristic

cooled well
ver at all
(1°C or 1°F
ve plotted
ize (see

" shaped.
longation
ag in the
res over
parture
rystallinity.

note the
This

e where ten

at low

military

A (AMS) from

the

precision O-seal industry. The designer is well advised to become

proficient in using TR-10 data in his O-seal designs. As in

the case

for Tg and Brittle Point, the TR-10 at equitibrium sweli conditions in
the system fluid should also be run for closer correlation with system
pe rformance.
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FIGURE 7 Temperature Retraction Curve for a Very
Strongly Crystallizable Elastomer

Youpg's Modulus In Flexure, ASTM D7979:

Thel stiffness of a beam“of rubber is measured at low temperdture in th
Youpg's Modulus test.\ By arbitrary definition, the lower usage
temberature of the elastomer compound is sometimes said to he where
Youpg's Modulus equals 10,000 psi (68.9 MPA). Young's Modulus is one
three Tow temperature tests invoked in Federal Specification ZZ-R-765
covering silicone rubber, being used as a go/no-go test at gpecified
temperatures and stated maximum modulus values, ASTM D797 makes

ision: for measuring crystallization and other time dependent
effiects: however, the specified 72 hours cold soak is not nearly long

en rs to reach ultimate crystallization, even at

the given optimum crystallization temperatures. (See Table I for an
indication of times that should be used.)

Torsion Wire (Gehman) Stiffness, ASTM D105315:

The torsional stiffness of a rubber specimen is measured as a function
of temperature. One end of an assembly consisting of an elastomer
sample and a calibrated metal wire is rotated 180° (3.14 rad) at
succeeding Tow temperatures to measure the relative stiffness of the
elastomer and the wire. At room temperature, the rubber does most of

e

of
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