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ABSTRACT

"Among el astonmers commercially avail able, several
are reasonably stable for prol onged periods at
t enper atures above 200¢C (392¢F); but at such
tenperatures, their strength characteristics are
i nadequate for many present day applications." This
statement by Thor Smith® in 1962 is just as true is 1980,
pointing out that the polynmer industry, if not mature, is
certainly on a broad plateau. The intention of this paper
is to present to the engineering oriented individual a
review of this technology in which books are conpressed
into paragraphs. My apol ogies are given to the serious
students of polymer chem stry.

| NTRODUCTI ON

Rubber and plastics, technically called polyners,
are a predictable class of engineering materials produced
by an industry enploying over half of the country's
chemi sts and chemi cal engineers. The building bl ocks are
sinpl e chem cal units, conbined by polynerization to
create a long chain nolecule. The final product can have
physi cal properties ranging froma tough solid to the
fam liar elastic band.

POLYMER STRUCTURE AND S| ZE

A flexible, Iong chain nolecule is the basis of
pol ymer chemistry. Nielsen? in a recant address noted
there are three general categories of polyners:

1. Rubbery - materials with the glass transition
tenperature, Tg, bel ow room tenperature.

2. Rigid - crystalline materials with the
gl ass-transition tenperature above room
tenperature i.e., polystyrene, polycarbonate,
pol ynmet hyl - met hacryl ate.

3. Partially crystalline - glass-transition
tenperature above or bel ow room tenperature= e.g.,
pol yet hyl ene, pol ypropyl ene, nylon, PTFE.

The process of vul canization (cross |inking)
converts the individual polyneric chains into a
t hr ee- di mensi onal network structure. H gh nol ecul ar
wei ght pol yners have a higher ampunt of nol ecul ar
entangl enents (understandable in view of Figure 1)
created by nol ecular intertw ning. Additional permanent
entangl enents (Figure 1) era created by crosslinking and
these entangl enents are al nbst equival ent to crosslinks.

The nunber of entangl ements (or nol ecul ar wei ght between
entangl enents-M) is a function of the chain symmetry.
Et hyl ene- propyl ene rubber has about 100 chai n backbone
carbons (not structural units) between entangl enments.
Pol ystyrene, a bul ky nol ecul es has about 350 chai n backbone
carbons between crosslinks. Chain entangl ements are a
substantial contribution to inproving such properties as
tensile strength, elongation, and conpression-set.

The theory of rubber elasticity states: "the
retractive force resisting a deformation is proportional
to the nunber of network-supporting polyner chains per

unit volume of elastonmer."” A supporting chain is a segnent
of pol ymer backbone between junctures (crosslinks).
Crosslink density affects all vulcanizate properties.
Figure 2 represents an idealization on the effect of
crosslink density (130mm x 10 is 13 angstroms (A)],
representing two typical polynmer segnents (natural rubber,
neopr ene, pol ybutadi ene, and EPM . Atypical rubber would
have a crosslink every fifty (50) structural units.

EFFECT OF TEMPERATURE ON THE
PROPERTI ES OF ELASTOMERS

A1l uncrosslinked polyneric materials are rubbery at
sonme tenperature above their glass-transition tenperature,
as tenperature is the nobile energy of atoms and nol ecul es.
As shown in Figure 3 (from Reference 3), anorphous and
crystalline polyners respond differently when raised in
tenperature froma super-cool ed state. Considering first
the anor phous (rubbery) polyner, this plot of specific
vol ume versus tenperature shows a change in a slope at a
particular tenperature called the glass-transition
tenperature, Tg. This phenonenon is universal to all
el astonmers and occurs when the fraction of enpty space
(free volume) in a polymer is about .025 (2-1/2%. It is of
great significance in defining polyneric physical property
changes accurately up to 100°C over Tg by using the
WIlians, Landel, and Ferry equation. Crystalline polyners
do not show this slope change, as the forces naintaining
the crystalline state override the increase in nolecul ar
mobility. The crystalline domains finally nelt as evidenced
by a pronounced increase in volunme with no tenperature
change. It is in this "indistinct region" that crystalline
(plastic) materials have rubbery capabilities that m ght be
utilized in designing.
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Smith! in his basic work on ultimate tensile
properties, used Figure 4 to prove the validity of his
ultimate property data on a fluoroel astomer. Smith notes
that, in general, superposition should be applicable to
data obtai ned on anorphous el astoners.

In nore recent work, Landel® shows an interesti ng
series of fluoroel astomer stress - strain curves (Figure 5)
plotted | ogarithmically. The curves, progressively
di spl aced upward as the tenperature is decreased, are
terminated at a point representing rupture. The famly of
curves represent a decreasing tenperature run at one strain
rate with the tenperature nornalized to Kelvin.

FAlI LURE CONCEPTS

Having built the polymer, added the necessary
crosslinks, and related percent crystallinity to physical
properties, we now study failures nodes. Snmith, %% in sone
| andmar k wor k, devel oped his concept of ultimate properties,
a major contribution. Earlier, WIllianms, Landel, and Ferry,
with their WLF equation, pointed out that all anorphous
pol yners, irrespective of their chemcal structure, wll
exhibit simlar viscoelastic behavior at equal tenperature
intervals (T-Tg) above their respective glass-transition
tenperatures. Smith has added to this concept by show ng that
the ultimate tensile properties of a non reinforced,
anor phous, crosslinked el astoner can be characterized by a
failure envel ope which is independent of time (strain rate)
and tenperature.

Figure 6 (from Reference 1) schenmatically
illustrates the general effect of strain rate and
tenperature on the tensile, stress-strain properties of
anor phous el astonmers. The lines originating fromoO
represent stress-strain curves deternmined at various strain
rates and tenperatures. The envel ope ABC connects the
rupture points. The rupture point npves counterclockw se
around the "failure envel ope" as either the strain rate is
increased or the test tenperature is decreased.

OA represents classical stress-strain behavior. DE
and DT represent stress relaxation and creep termnating in
a equilibriumstate. The dotted lines from G represent
stress relaxation and creep termnating in a potential
rupture node.

The stress-strain curves represent the nonlinear
viscoel astic response of an anorphous el astoner to an
inposed strain; increasing directly proportional to tine.

Smith's next approach was to run a series of
non-reinforced (gum vul cani zed el astonmers and plot the
log of stress and strain at break as shown in Figure 7
(as opposed to the previous Figure 5 which was plotted
as the log of stress versus strain).

2-B.6
The data points reflect 10 strain rates (from0.02 to 20
inches per mnute) for each of the nine tenperatures
noted. Again, the familiar parabolic curve is apparent.
The data scatter in the low tenperature area is
under standable in light of the Tg curve (figure 3); the
rubbery characteristic is becoming "blurred" in this
tenperature range due to mcro crystallinity appearing.

Anot her major contribution by Snith' was the
devel opnent of a nmethod for analyzing curves such as
Figure 8, to separate the tine dependence of stress from
its finite strain dependence. By plotting the |og of
stress versus the log of time at afixed strain, it can be
det erm ned whether the elastonmer is being tested at
equi l i brium (indicated when the slope of such a plot is
0). The value derived is called equilibriumnodules, E. A
negative slope indicates viscous relaxation or Cheni cal
degradati on.
Sm th now points out, "Failure envel opes for

el astomers which have different val ues of the
equi l i brium nodul es can be conpared by constructing
pl ots of

LOG (Ap (X) Op/ E) versus €&,
as shown in figure 8." (The log of extension ratio at break

tinmes stress at break divided by equilibriumnodul es plotted
agai nst log of strain at break.)

The fluoroel astoner curve data is taken from Figure
7, and the silicone, butyl, and natural rubber data is
fromSmth's basic article. Smith again points out that
for elongation up to 150% (log 1.50 = 0.18), there is
excellent correlation, indicating there is little
difference in the ultinate properties of elastonmers, wth
the exception of effects resulting fromcrystallization
indicated by the natural rubber curve. The difference in
the two butyl forrmulations is due to the degree and type
of crosslink in each.

STRESS AND STRAIN

The physical properties are predicted by polymeric
structure, the crystalline polynmers requiring nore constants
than the anorphous el astomers. In classical theory of
elasticity for elastic solids, stress is proportional to
strain in small deformations but independent of the rate of
strain. Polyners, being nonlinear, viscoelastic materials
have a behavior internmediate between an elastic solid and an
ideal fluid. We are considering polynmers in their anorphous
(non crystalline) phase in this discussion and therefore,
only have to consider three elenmentary types of strain in
which the stress is related to external forces:

a. Sinple tension

b. Sinpl e Shear

¢. Hydrostatic conpression
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a. Tension, the mechanical behavior defined as Young's
nodul es E, the ratio of tensile stress to tensile strain.

b. Shear, rigidity or shear nodules G is defined as the
ratio of shear stress to shear strain.

c. Hydrostatic conpression, or bulk nodules B, is defined

as the ratio of hydrostatic pressers to volune change per
unit vol ure.

Figure 9 illustrates not only the nonlinear behavior,
but the differences in elastic deformability for anorphous
pol ymers (rubber), crystalline polynmers (plastics) and
netal s.

SHEAR MODULUS AND CRYSTALLI NI TY

Shear nodules, G a value ranging from1/3 to 1/4 of
Young's nodul es, E, is considered a neasure of stiffness. In
a recant discussion Nielson? illustrated shear nodules as a
function of percent polymer crystallinity. The predicted
line was based on the logarithmc rules of mixtures, and the
curved (actual) line is based on actual values of over 100
pol ymers having varying present crystallinity. A value of
10'° dynes/cnf for 100%crystallinity (10 dynes/cnf =145, 000
psi) is approximtely equivalent to 1/3 the Young' s nodul es
of 3.5 x 10°® MPa (500,000 psi). Conversely, a typical |ow
duroneter rubber formulation, essentially anorphous, has a
shear nodul es of 53 psi which correlates with Nielsen's
val ue of 3 x 10° dynes/cnf (44 psi). Wat Nielson is saying
is one of the main thrusts of this article--percent polyner
crystallinity is a controlling factor of the physical
strength of a non-crosslinked crystalline polyner.

Shear Mobdulus Versus Crystallinity - Figure 10 represents a

pl ot of shear nodulus versus tenperature for four different
non crosslinked polymers with inherent crystallinity ranging
fromO to 65% The maxi mum val ue of 4 x 10 dynes/cnf
represent the |low tenperature glassy state. |ncreasing
tenperature noves the polyner into the |eathery part of the
shear nodulus curve. The relatively level part of the curve
is the rubbery plateau with shear nodul us val ues dictated by
% crystallinity. The precipitous drop-off in shear nodul us
is due to disappearance of the crystalline domains when
their nmelting point is reached.

The Rubbery Plateau - The rubbery pl ateau of

non- crossl i nked pol ymers can be extended with higher

nol ecul ar wei ght polyners. Figure 11, illustrating a

typi cal anorphous non-crosslinked polymer, reflects the
shear nmodul us values for |low or non-crystalline polyners
as noted in Figure 10. The increased nol ecul ar wei ght
increases the time before onset of nelting, due primarily
to increased physical chain entangl enents which act as
pseudo- crossl i nks.

2-B. 6
Effect of Crosslinking - Contrary to non-crosslinked

pol ymers which eventually flow due to nelt disentangl enent,
crosslinking creates a stable three-dinmensional structure.
The rubbery nodulus is naintained with relatively little
change up to the point of thermal degradation. Nielsen
again points this out in Figure 12, also illustrating shear
nodul us versus nol ecul ar wei ght between crosslinks. A
typical nitrile elastoner crosslinked about every 50

pol ymeric structural units would have an M val ue of 8000
resulting in a shear nodulus of 145 psi, and a Young's
nmodul us of 450 psi - famliar nunbers. The highest val ues
m ght be representative of phenolics, polyimdes, etc., and
the mid-range val ues coul d be epoxies, polyphenyl ene
sulfide or simlar naterials.

Vhat is Fracture? - Gent’ comments, "Fracture is a
highly localized and sel ective process--only a snmall nunber
of those nol ecul es making up a test piece or conponent
actual ly undergo rupture, while the majority are not
affected. For exanmple, of the 10°° chain nol ecul es per cubic
neter in a typical elastoner, only one in 100 nmillion
(i.e., those crossing the fracture plane about 10" per
square neter) will be definitely broken. Mreover, these
will not all break sinultaneously, but will rupture
successively as the fracture propagates across the specinmen
at a finite speed."

Fracture sites are inherent in all solids. For
viscoelastic materials such as rubber, there is a stress
anplification factor that causes |ocal concentrations well
in excess of the nmean applied stress.

CHEM CAL DEGRADATI ON BY WATER

Chemi cal degradation of certain polynmers can occur by
a depol yneri zati on mechanismreferred to as hydrol ysis
(literally translated--"cl eavage by water"). Hydrolysis can
proceed very rapidly if the polymer is water soluble.
Al t hough both acids and bases catal yze the reaction,
crystallinity often precludes the attack except at the
surface.

The basi c hydrolysis nechanismis the breaking of a
pol yner chain, the water nolecule, dissociating into a
hydrogen (-H) and a hydroxyl (-OH), with each group
"cappi ng" either side of the broken polymer chain. This
creates a | ower nol ecul ar wei ght speci es which sonetines
goes back to the nononeric state.

8 article.

Table 1 is nodified from Schneberger's
Car bon- carbon backbone pol ymers are very stable as a rule;
however, polyacrylates thru the side groups strongly

attract water.
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PHYSI CAL CHANGES - STRESS RELAXATI ON

When a crosslinked elastormer is held at a constant
deformation (strain), the stress decreases as a function of
time, as the polyneric network reaches equilibrium Assumning
no chenmical effect, the rate is approximtely linear with
the logarithmof time. As Figure 13 illustrates, in a
"reactive" situation (chem cal attack), the reaction
proceeds at a very rapid rate, with a noticeabl e change
wi thin twenty-four hours.

Figure 14 is an idealized nodel - illustrating the
di fference between creep and stress relaxation, and Table
2 is a summary of mmjor differences between the two
viscoel asti c processes

REI NFORCED

I'n our previous discussions of high tenperature
rupture, we tal ked only of non-reinforced el astoners
Several elastonmers have the ability to formmcrocrystalline
donmi ns on being stressed, in decreasing order, conmpbn ones
m ght be natural rubber, neoprene, polybutadiene, butyl and
some EPDM The ability to strain-crystallize gives enhanced
tear strength up to certain rates and tenperatures. Beyond
this point, strength is dependent on viscous characteristics
T-Tg, and nol ecul ar structure. Figure 15 illustrates
fracture energy as function of tenperature and tear rate of
natural rubber.

The addition of reinforcing fine particle fillers
gi ves renmarkabl e i nprovenents in tear and tensile strength
of anorphous el astonmers such as SBR, NBR, etc. The
reinforcing effect is again restricted to a specific range

of rates of tearing and test tenperatures, as illustrated
by Figure 16, an SBR fornulation reinforced w th carbon
bl ack. These illustrations of a crystallizing and anorphous

el astonmer point out why the high tenperature tensile
rupture studies were performed on non-reinforced

el astonmers. There is an inprovenent in physical strength at
el evated tenperature by reinforcing fillers but not nearly
as dramatic as noted at |ower tenperatures.

HYDROSTATI C

In the previous discussion of "Stress and Strain,"
we nentioned hydrostatic conpression (bul k Mdulus B).
There has been considerable interest in this effect
because

2-B.6 of
usage of polymers in submarines, well |ogging, and
underwat er cabl es. Mears et.al.’ has done considerable
investigation. The referenced article reports the effects
of pressures up to 100,000 psi on pol yethyl ene and
pol ypropyl ene under tensile and conpressive |oadings. As
expected, the effects are predictable, depending on the
secondary nol ecul ar structure. Polyethylene tends to deform
nore by shear end necking due to its folded chain secondary
structure. Polypropylene (Figure 17) fails by fracture
tearing across the cross-section, again predictable from
its spiral chain secondary structure. In all cases, the
nmodul us increases, although other properties respond in
different ways. Vroom and Westover'® have set up seven major
classifications of polymers according to their responses to
increasing hydrostatic pressure
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Generation of effective entanglements during crosslinking.

i-B.

Figura 1

Crosslink Density vs. Physical State
'

Hard-brittle

’\q}ugh-ﬁllﬂlng
f\{u'ﬂ—ftnihll

| | | |
130 2860 380 520 {mm X 107
Distance Betweesn Crosslinks

Flgura 2



Nigh Tempeaatune Electaonics and Tnsimamentation Seminar, Decembex 1479

i=B.6

Amorphous & Crystalline Polymers
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2=B.6

Stress-Strain Curves, Plotted Logarithmically,
For a Fluoroelastomer
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Figure 6., Effect of Strain Rate and Temperature on the Tensile,
Strasg-5Strain Properties of Amprphous Elastomars
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2-B.8

Fluoroelastomer Failure Envelope
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Young's Modulus Comparison

Metals 70 - 350 X 10° MPa
Plastics 1.7 = 3.5 X 10’ MPa
Elastomars 1= 10 MPa

Metals

10’3 Plastica

Figure 9
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Figure 10. Shear Modulus Versus Tesperaturs For Diffarent

Crystallinities

i-B.6
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2-B.6
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2-B.B

Relaxation Characteristics
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2-B.6

Fracture Energy-G
Strain-Crystallizing Elastomer
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TARLE 1

Relative Resistance of Chemical Bonds
to Hydrolysis

Water RS
Bond Formula Resistant Elastomer
Carbon-Carbon ~C-C- Yas Most Elastomeric Polymer
Chains e
4
Hydrogen-Carbon .c-H Yes  All Organic Elastomers
Ether . -g-0-C- - Yes  Urethanes, Epichlorohydrins
Ester - -n-{:- No Urethanas, Acrylates
" H
Isccyanate -z-g-u— No Urethanes
TABLE 2
"Relaxation"
Phenomena of Elastomers
Creap Stress - Relaxation
® Increase in strain with time. #® Decay of stress with time.
¢ Under constant stress. ® Under constant strain.
® A physical reaction. ¢ Of a chemical nature.
® Characteristic of the viscous ® Thru a breaking of primarv

flow of all rubber-like matarial. chamical bonds.



