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Thermal Stresses and Ph ysical Aging
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ENGINEERING PLASTICS, as a gener-
al class of materials, are prone to the devel-
opment of internal stresses that arise during
processing or during service when parts are
exposed to environments that impose defor-
mation and/or temperature extremes. These
stresses, which manifest themselves in the
properties of the plastic, may affect me-
chanical, optical, and electrical properties
and may influence dimensional stability,
permeability, and resistance to hostile envi-
ronments. The effects may be beneficial or
detrimental. It is possible, for example, to
delay brittle fracture in plastic members by
introducing residual compressive stresses
on the surfaces of Izod impact specimens
(Ref 1). On the other hand, the buildup of
stresses during processing can result in
voids or cracks that diminish mechanical
properties.

Thermal stresses are largely a conse-
quence of high coefficients of thermal ex-
pansion and low thermal diffusivities. These
effects, which are exacerbated when there
is a large difference between the glass tran-
sition temperature, T,, and the ambient
femperature, represent a problem in high-
performance (high-temperature) thermo-
plastics such as polysulfone (PSU) or poly-
etherketone (PEK) because they develop
significant thermal stresses upon cooling. It
is this coefficient of thermal expansion
(CTE) mismatch between polymers and fill-
ers, especially anisotropic composites, that
can lead to diminished mechanical proper-
ties. However, by a judicious choice of
fillers, it is possible to lower the CTE of the
composite to such an extent that it can be
used in conjunction with metal parts, even
at cryogenic temperatures. Although time-
consuming techniques can be used to ana-
lyze thermal stresses, several useful quali-
tative tests will be described in this article.

Flow-induced orientation effects will also
be discussed. Orentation commonly occurs
in processing by such techniques as extru-
sion, injection molding, pultrusion, and ca-
lendering. The anisotropy of physical prop-
erties that accompanies orientation must be
considered. Of paramount concern are the

dimensional instabilities that arise from ani-
sotropic CTEs.

Physical aging, which will also be exam-
ined, is the process by which plastics cooled
below the T, gradually approach thermody-
namic equiii%rium. The approach to equilib-
rium can lead to drastic or sometimes subtle
changes in physical properties. Although
aging is often characterized by monitoring
changes in excess enthalpy and entropy,
these measurements do not necessarily di-
rectly correlate with changes in physical
properties. Aging temperature ranges have
been determined for a number of plastics. It
is accepted that the aging range extends
from the T, down to the highest secondary
transition associated with small-scale mo-
lecular motion. Secondary transitions that
are not well separated from the T, or that
involve cooperative motion are possible ex-
ceptions to this rule. At any rate, the den-
sification and possible configurational
changes that accompany aging alter me-
chanical properties, especially ductile-brit-
tle behavior. .

Cooling stresses, orientation, and the non-
equilibrium thermodynamic state of glass-
es often simultaneously accompany pro-
cessing. Orientation is removed by anneal-
ing above the T, The effect of thermal
stresses can be somewhat isolated from
aging effects by the layer removal tech-
nique. However, aging may also be affected
by temperature gradients because material
near the core of the sample is annealed for
longer times. By being aware of these phe-
nomena, an engineer should be able to
select plastics and processing techniques
more efficiently and to broaden product
applications.

In an attempt to explain the stresses
encountered in the plastics industry, the
first section of this article will define the
different types of internal stresses. Then,
each type of thermal stress will be discussed
in detail, with reference to the mechanism
of generation and the effect on engineering
properties. Methods of detecting and mea-
suring internal stresses will be presented.
Next, orientation effects will be described.
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Finally, numerous aspects of physical aging
will be discussed.

Classification of Stress

Internal stress phenomena have been ex-
tensively studied in metals and inorganic
glasses. The increased use of engineering
plastics in structural materials has necessi-
tated increasing the body of knowledge on
this subject. Some excellent reviews in this
area are available in the literature (Ref 2-4).
There are three types of internal stresses in
amorphous polymers (this classification
scheme can be extended to include semi-
crystalline polymers and composites), as
follows (Ref 4).

The first type, thermal or cooling stress-
es, results from rapid, inhomogeneous cool-
ing through the 7, range in amorphous
polymers or through the solidification range
in semicrystalline polymers. When cooling
proceeds from the outer layer inward, large
thermal gradients are formed, and thermal
stresses are frozen in. Thermal stresses also
arise from the thermal mismatch between
materials in a composite that have different
thermal expansion properties.

The second type of internal stress con-
sists of orientation and orientation stresses.

. Processing involves deformation at elevated

temperatures. This deformation produces
molecular orientation, which is accompa-
nied by internal stresses. If cooling is rapid
enough, these stresses are frozen in, along
with orientation. This results in anisotropic
physical properties and a propensity for
dimensional instability.

The third type of internal stress includes
quenching stresses and. physical aging
quenching stresses. These arise when an
amorphous polymer is cooled to below the
T, at a rate that is too rapid for the mole-
cules to attain a true glassy equilibrium
state. Molecular motion below T, is ex-
tremely slow, and the approach to the equi-
librium state is a result of this slow motion.
The approach to equilibrium gives rise to
what is called physical aging. The net result
is a slow contraction of material. This con-
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traction relieves the internal stresses. The
dimensional changes here are not as pro-
nounced as those that result from the relax-
ation of thermal or orientation stresses.
Nonetheless, mechanical properties are sig-
nificantly affected by the aging process.
Deformation by swelling can generate sim-
ilar internal stresses.

Categorically, these three types of stress-
es are defined as separate entities. It is
emphasized, however, that it is often diffi-
cult to isolate and quantify internal stresses
in plastic parts. This is because the pro-
cessing conditions may generate more than
one type of internal stress; that is, orienta-
tion stresses are likely to be accompanied
by cooling stresses.

Thermal Stresses

The buildup of cooling stresses in plastic
parts is a result of the effects of low thermal
diffusivity, high thermal expansion proper-
ties; and the variation of mechanical prop-
erties with temperature. An understanding
of these properties and the way in which
they compare with those of other classes of
materials (inorganic glasses and metals)
clarifies the fact that plastics are prone to
the development of thermal stresses.

Thermal expansion can be defined in a
number of ways (Ref 35):

® Specific thermal expansivity, in which e
= (3v/aT),, in units of cm’/g - °C

® Volume CTE, in which a = 1/v(9v/aT),in
units of 1/°C

® Linear CTE, in which B = 1/L (8L/8T), in
units of 1/°C

In the above cases, v is the specific volume,
T is the temperature, and L is the length.

Thermal diffusivity is related to thermal
conductivity (Ref 5):

® Thermal conductivity, A, =C,:pr-Lin
units of J/s - m - °C
® Thermal dlffusmty D, = MC, - pin units

of cm?/s

In these cases, C, is the specific heat capac-
ity at constant pressure, p is the density,
and p is the velocity of sound.

Table 1 lists room-temperature linear
CTEs for various materials. It is apparent
that plastics have large CTEs compared to
those of metals or inorganic glass. Howev-
er, the room-temperature thermal diffusiv-
ity, as given in Table 2, is much lower for
plastics than for metals and is slightly lower
than that of inorganic glass. It should be
emphasized that the values listed in Tables
1 and 2 are room-temperature values. The
CTEs and thermal diffusivities of plastics
vary with temperature. In general, the vari-
ation in CTE with temperature above and
below the T, is not significant when com-
pared with the large increase in the CTE
that is encountered at T, (Ref 5). The value
of CTE of a glassy polymer is about one-

Table 1 Linear coefficients of
thermal expansion

Material 107K
Polymethyl methacrylate(a) ................. 50-90
Polyacrylonitrile(a) ...........ccovvvinnnn 66
Celluloge acetate(a) - ooveyi iy i S s 100-150
MIVIOR B -« v orininisie o sridins s s sl satisans 80-33
Nylon I1(2) o ovoeeiie i veeinns 100
Polycarbonate(a) ............ovvvvnrnren- 68
Polyethylene terephthalate(a) ............. 65
Polyphenylene sulfide(a). .....cc.cvveinnnnn 49
Polyethylene, branched(a) ................ 100-220.
Polypropylene(a) ..............ovuininn., 81-100
Polystypetie(a): o.ovus swmaimesnawis suas 50-83
Polyvinyl chloride(a) . ...........cocovunn.

GIass(b) . v e
Gold(b).......

Cast iron(b)

Carbon graphlte(b) ....................... 79
Hardened stainless steel(b) ............... 17.3

(a) Source: Ref. 6. (b) Source: Ref 7

half that of a liquid polymer (Ref 6). ‘For
crystalline polymers, the sharp increase in
CTE occurs at the melting point. Values for
glassy and crystalline components are ap-
proximately equal.

The thermal conductivity of polymers
goes through a broad maximum at 7,. For
crystalline polymers, thermal conductivity
increases with the percentage of crystalline
and amorphous phases, p. and p, (Ref 5):

e [Pt
Ay \Pa

For the purpose of thermal stress determi-
nation, it is convenient to consider the
thermal conductivity constant as the tem-
perature varies.

Mechanical Properties Versus Temper-
ature. Mechanical properties, specifically
the Young's modulus, also vary with tem-
perature. The glassy modulus of an amor-
phous polymer shows a large decrease as
the polymer changes from the glassy to the
rubbery state (Ref 4). The modulus of atac-
tic polystyrene (PS) (M, = 217 000) de-
creases 5000-fold in the transition region
(Ref 9). There is less of a decrease at the
glass transition in crystalline polymers.
Crystalline isotactic PS showed a decrease

(Eq 1)

Table 2 Thermal diffusivity at
room femperature

li Dlﬁ'usivily: -;—l
in¥s x 10

Material cm’/s x 10
Magnesium oxide(a)..... 1400 217
Tronfa) .......ooue. 2000 310
Glassia) . oisvess v 20-60 3-9
Polypropylene(b) ....... 9.5 1.5
Polystyrene(b) ......... 11.1 L7
Polymethyl

methacrylate(b) ...... 11.8 1.8
Polyvinyl chloride(b). ... 12.5 1.9
Polyethylene

terephthalate......... 14.3 22

(a) Source: Ref 8. (b) Source: Ref 5

in modulus by 400 times in the range from
below T, to near the melting temperature
(Ref 9).

Solidification. Thermal stresses are due
to inhomogeneous cooling during solidifica-
tion. Solidification arises at such a temper-
ature when the polymer matrix becomes
stiff enough to support stress. This temper-
ature occurs at the glass transition in amor-
phous thermoplastic and somewhat below
the melting temperature in semicrystalline
polymers (Ref 10).

The situation is somewhat different in
cross-linked or thermoset processing. In
this case, solidification takes place at the
cure temperature because cross links enable
the matrix to support stress (Ref 10). Unsat-
urated polyester and epoxy resins are in-
cluded in this category. Stress support is a
consequence of an increase in modulus that
occurs as cooling proceeds through the T,
below the melt temperature, 7,,, or at the
cure temperature. When thermoplastics or
semicrystalline polymers are cooled from
the outside in, the solidification tempera-
ture is reached rapidly at the surface of the
mold. As cooling proceeds, the solidifica-
tion boundary moves inward to the core.
Compressive forces are generated at the
surface of the mold by the solidifying inter-
nal layers. Internal layers are in a state of
tension. The amount of contraction that
takes place from the solidification tempera-
ture to the ambient temperature is deter-
mined by the CTE. In crystalline polymers,
an additional volume decrease accompanies
the crystallization process because crystal-
line fractions are denser than amorphous
fractions.

The percentage of volume decrease that
accompanies cooling from the solidification
temperature to room temperature was mea-
sured for several polymers (Ref 10). The
results are shown in Table 3. Potential vol-
ume changes are generally much higher for
crystalline polymers than for amorphous
thermoplastics. Inhomogeneous cooling in-
hibits the volume contraction in the inner
layers of material when the solidification
temperature is reached at the mold surface.
The result is that the thermal stresses gen-
‘erated during cooling persist (become resid-
ual stresses).

In addition, crystallization against a cool
mold surface produces an inhomogeneous
semicrystalline morphology. The cool mold
surface results in higher nucleation and
growth rates, which produce a columnar
spherulitic regime called the transcrystal-
line layer. The low thermal conductivity of
the polymer melt allows steep temperature
gradients to develop. The lower crystalliza-
tion temperature at the surface, compared
to the higher crystallization temperature of
the interior, results in thinner lamellae,
smaller-diameter spherulites, and a higher
population of tie molecules. Therefore, the
tensile strength and modulus of the trans-
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Table 3 Percentage of volume decrease upon cooling

Solidification temperature

Volume contraction AV/V,,
from solidification

Material T - °F temperature, %
Polyethylene . ................ocovviinnnnns.. 120 274 220
Polyethylene terephthalate ,.,............... 200 418 13.6
Polycarbonate. ...5..... ..., ST R 160 346 32
Polysulfonate . ............................. 185 391 3.2
Epoxy BPOO7 . ..o 177 376 2.5

Source: Ref 10

crystalline layer are significantly higher
than those of the interior.

Transcrystalline layer thicknesses of 1 to
20 pm (40 to 790 pin.) are not uncommon.
In addition to this layered composite semi-
crystalline structure, the more rapid crys-
tallization that occurs in the transcrystalline
layer is subject to continued partial slow
crystallization after removal from the mold.
Therefore, the stress distribution in a mold-
ed semicrystalline polymer can be complex
in terms of depth from the mold surface, the
morphology obtained, and the time and
temperature (that is, aging storage condi-
tions) after the molding process.

Thermal Stress Distribution. Thermal
expansion, thermal diffusivity, and the vari-
ation of mechanical properties with temper-
ature are factors that engineers need to be
familiar with in working thermal stresses.
Struik (Ref 4) formulated a model for amor-
phous polymers encompassing these param-
eters. He modeled inhomogeneous cooling
in flat sheets using thermoelastic theory.
The main conclusions of this theory are:

® Stresses are proportional to A, which is
defined as A = «F/(1-6), where « is the
expansion coefficient, £ is the Young’s
modulus of the glassy polymer, and v is
Poisson’s ratio

® Stresses are determined by the tempera-
ture difference T, — T, and T, — T.,
where T, is the initial temperature above
T, and T_ is the final temperature below
T,

° S%resses are further determined by M =
HL/(thermal diffusivity), where M is the
dimensionless Biot number, H is a con-
vective heat transfer coefficient, and 2L
is the sample thickness

In an effort to simplify the model, Struik
neglected time-temperature effects on me-
chanical properties, volume relaxation ef-
fects, and nonlinear stress effects. Figure 1
shows a plot of residual stress distributions
generated from this model. As the Biot
number decreases, residual stresses de-
crease. This model makes apparent the fac-
tors that can be optimized in reducing resid-
ual thermal stresses:

® Sclect materials with lower glass moduli,
or lower the CTEs

® Decrease convective heat transfer, that
is, air cool instead of ice cool

® Increase thermal diffusivity. This results
in more homogeneous cooling. It has
been reported, for example, that thermal
stresses are reduced by the incorporation
of small amounts of conductive metal
filler into the polymer matrix (Ref 8)

Thermal Mismatch. In composite struc-
tures, thermal stresses arise both from in-
homogeneous cooling and as a result of
thermal mismatch due to differences in
CTEs between the filler and matrix poly-
mer. Ideally, in terms of processing, one
should attempt to minimize thermal stress
buildup by minimizing the differences in
CTEs. This is not always practical, because
most fillers are inorganic materials with low
CTEs.

Isotropic Effects. When spherical or par-
ticulate fillers are used, thermal contraction
of the matrix exerts a compressive stress on
the particle surface. This may actually be
beneficial in that it can minimize decreases
in the modulus due to poor filler-matrix
adhesion (Ref 11). In extreme cases, how-
ever, cracking occurs, and the strength of
the composite is diminished. The use of
particulate fillers, especially spherical ones,
offers the advantage of a lack of anisotropic
shrinkage often found with fibrous fillers. In
instances where polymers are joined with
metal parts, it is desirable to decrease the
CTE by the addition of filler to the polymer
matrix. If the part is then exposed to ex-
tremes in temperature, the thermal mis-
match between the filled polymer and metal

1
m =30
/ m =300
A=Y
- m=3
=
| v N
=
[
g =3
oy
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-2
3
= -0.5 0 0.5 1

z/L

F- 1 Residual stress distributions for various val-
19. ues of m for the case that T, lies far above
T,. Source: Ref 4

surfaces is minimized, and thermal stresses
are less likely to induce failure. In recent
years there has been an increased use of
filled polymers in cryogenic applications
due to the ability to decrease CTEs by using
fillers (Ref 12). For spherical fillers, the
CTE of the composite is expressed as (Ref
11):

e=o; b+ o, b — (0 — o) b, by

/B, - /B,
(Eq 2)
&/B, + 6,B, + 4G,

where the subscripts 1 and 2 refer to poly-
mer and composite, respectively; ¢ is the
volume fraction; « is the CTE: B is the bulk
modulus; and G is the shear modulus.

Powder-filled epoxy resin systems have
been developed for use as spacers between
superconductive cables in synchrotron ac-
celerators (Ref 13). In this system, the part
must withstand thermal cycling between
room temperature and liquid helium tem-
perature. The experimenters adjusted the
thermal contraction of the epoxy matrix to
match that of the cable by adding appropri-
ate amounts of calcium carbonate, talc, or
asbestos fillers. They used a model for
predicting thermal contraction in polymer
matrices filled with spheres (Ref 14). Ther-
mal contraction is defined as:

L: . Lz
&=
L,
where L, is the sample length at room
temperature and L, is the sample length at
liquid helium temperature.

Unfilled epoxy systems have a thermal
contraction four times greater than that of
the cable material. The experimenters suc-
ceeded in reducing the thermal contraction
to match that of the metal without sacrific-
ing the mechanical properties of the com-
posite.

Anisotropic Effects. In the above exam-
ple, filler-matrix contraction is isotropic. In
fiber-reinforced composites, the CTEs of
the fibers are anisotropic, and they are often
layered anisotropically. As a result of this
anisotropy, the effect of thermal stress may
be more severe than that of powder-filled
systems.

Two researchers studied the thermal
stress buildup in unidirectional graphite-
and aramid-filled composites (Ref 10). The
longitudinal CTE for graphite is —0.36 x
107%/K; for aramid, —2 x 10”%K. The
radial CTE for graphite is 18 x 107%K; for
aramid, 59 x 107%K. The lower limit of
thermal stress in the longitudinal direction
was approximated as:

_ AELE V;
Em Vm + EL Vf
where A, is the difference in CTEs of the

matrix and the fiber in the longitudinal
direction, T is the temperature, T, is the

(Eq 3)

Ty (-1 (Eq 4)
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Table 4 Thermal stresses

Graphite/

Graphite/ epoxy

polysulfone, BP90O7,
Principal stresses Ve =0.33 Vi=035 *
<oy — u.>, MPa (ksi).. 31.4 (4.5) 20.0 (2.9)
<o >, MPa(ksi)....... 25.7(3.7 15.2(2.2)
<g.>, MPa(ksi) ....... =5.7(-0.8) -4.8(-0.7)
Source: Ref 10

solidification temperature, £; and E_, are
the longitudinal modulus of the fiber and the
modulus of the matrix, and V; and V,, are
the volume fractions of fiber and matrix,
respectively.

The researchers measured the average
difference in principal stresses, <o —
o, >, by photoelasticity, and from this they
estimated the transverse stress, o, . The
values are given in Table 4. Thermal stress-
es are obviously higher in the PSU compos-
ite than in the epoxy (EP) composite. This is
because the volume contraction of PSU is
higher than that of EP (Table 3). The lami-
nates are molded at pressures from 0.34 to
3.4 MPa (0.05 to 0.5 ksi). In high-pressure
molding (100 to 500 MPa, or 14.5 to 72.5
ksi), the volume contraction of the resin is
decreased, and thermal stresses are likely to
be less severe.

The situation becomes more complex
when one considers anisotropic fiber ar-
rays. Laminates are often formed from lay-
ers of unidirectional plies, the direction of
the plies being rotated to increase strength.
Two types of residual thermal stresses de-
velop: microstresses around each fiber and
macrostresses between the plies.

One researcher used strain gages to mea-
sure directional expansion coefficients in
unidirectional- and angle-ply laminates (Ref
15). Residual strains were measured from
differences in the coefficients between an-
gle-ply and single-ply laminates for particu-
lar directions in relation to the fibers. Re-
sidual stresses were calculated directly
from these residual strains. In graphite-
epoxy and aramid-epoxy laminates, residu-
al stresses at room temperature exceeded
the transverse tensile strength of the unidi-
rectional composite. In addition, these
stresses did not relax with time. Residual
stresses and the tendency toward cracking
were strongly dependent on ply lay-up.
Transverse stresses increased from zero to
a maximum as the angle between the two
plies varied from 0 to 90°. Although ply
rotation can be optimized to yield a zero net
expansion coefficient, this may result in a
considerable buildup of thermal stresses.

Thermal Stress Measurement. Thermal
stresses can be determined quantitatively
by complex, time-consuming methods.
However, it is often more practical for the
engineer to use qualitative methods to esti-
mate the severity of the problem.

Methods developed for determining ther-
mal stresses in metals have been adapted
for use with polymers. One researcher pro-
posed a method of estimating the average
internal stress in a cross section of metal by
stress relaxation (Ref 16). In stress relax-
ation tests, strain is kept constant, and
stress decay is monitored as a function of
time. Other researchers suggested a method
of analyzing stress relaxation data to obtain
the average internal stress, o; (Ref 8, 17
18). The maximum slope of a stress log time
plot, F, is determined by:

do
F=-
d 10g 1/ max

A plot of F versus initial stress, o, yields a
straight line, intersecting the o, axis at a
value equivalent to the internal stress. This
method is time consuming and yields only
an average stress rather than a stress profile
(Ref 2, 19).

The layer removal technique is useful in
measuring residual stress distributions. It is
applicable in a practical sense only to flat
bars, plates, and pipes (Ref 2). Thin layers
are removed from one face of the sample
with high-speed milling machines. The face
becomes unbalanced, and the sample takes
on a curvature, p. A plot of curvature
versus depth of removed material can be
converted into a stress versus depth profile.
Formulas for stress distributions using the
layer removal technique are reviewed in Ref
2, and applications of this technique are
abundant in the literature (Ref 1, 19, 20, 21).

For the case of a rectangular bar with no
directional effects in the plane of the spec-
imen (Ref 22):

(Eq 3)

o, (Z) =0, (@

L dpx (Z))
12, z, ‘
T Bl - dz,

+4(Zu+21)m’(21)—?—rpx(2)d21
Ly
(Eq 6)

where E is the elastic modulus, px is the
curvature parallel to the x direction, Z =
+Z, are the original upper and lower sur-
faces, and Z, is the upper surface after layer
removal.

As a word of caution, layer removal tech-
niques assume that no gradient in modulus
exists throughout the specimen thickness.
However, density and modulus increase in
the direction from the sample edge to the
core (Ref 22, 23). This effect is more com-
plex in oriented specimens, as discussed in
the following section.

Unbalanced forces may rcsult In curva-
ture in unbalanced cross-ply laminates or in
coatings cured on metal substrates (Ref 24,
25). Thermal stresses and strains have been
related to the curvature in such systems. In
processing simulated laminates, plies are

separated by a release ply that is removed
after cooling. Internal stresses are analyzed
in terms of the deformation that occurs
upon separation (Ref 26).

Thermal Stress Evaluation. The engi-
neer is often faced with the need to use less
rigorous qualitative techniques. Microsco-
py may be valuable in revealing the pres-
ence of voids or cracks induced by thermal
stresses and possible skin-core or crystal-
line morphology changes in molded parts
(Ref 2, 19).

A number of qualitative techniques are
given in Ref 8. Surface hardness, for exam-
ple, decreases because of internal tensile
stresses and increases for compressive
stresses. The researchers (Ref 8) suggest a
method for assessing the effect of internal
stress on cracking tendencies. Here, a hole
is drilled in the sample, and the sample is
exposed to certain liquids. When such a
sample of PS was placed in contact with
n-hexane, samples with lower internal
stresses showed less cracking. Also, they
correlated shrinkage to thermal stresses: €,
= (o — @ )oy,, where e, is the mold
shrinkage, a,, is the length dimension of the
mold cavity, and «, is the sample length.
They noted a decrease in mold shrinkage in
metal-filled samples. Modulus, tensile
strength, and elongation-to-rupture usually
show a weak dependence on internal stress
level. (Of course. only average values of
these parameters are measured when a ten-
sile specimen is pulled if the gradient in
properties in the thickness direction is not
taken into account.) The above methods for
evaluating thermal stresses are, again, com-
plicated by concurrent aging and orientation
effects in processed parts.

Orientation Effecis

As mentioned earlier, processing at ele-
vated temperatures often results in residual
orientation upon cooling to below T,. Struik
has shown (Ref 4), by using a model for
rubber elasticity and the theory of the kinet-
ic origin of rubber elasticity, that molecular
orientation is accompanied by residual en-
tropy stresses. Orientation and entropy
stresses affect anisotropy effects. For ex-
ample, the linear CTE depends on the di-
rection of orientation, while the volume
CTE for oriented and unoriented material is
the same:
a=p; +28, (Eq 7
where B and B are linear CTEs parallel
and perpendicular to molecular ahgnment
(Ref 5). Orientation-induced anisotropy is
also evident in small-strain mechanical
properties, creep, and yield behavior. The
characterization of orientation and the ef-
fects of orientation on physical properties
are discussed in Ref 27 to 31.



Of interest here are the more complicat-
ed, combined effects of thermal stresses
and orientation that result from processing
conditions. One of the most straightforward
ways of separating these effects is to mea-
sure residual stresses in a processed part
that has orientation and residual thermal
stresses and to compare these results with
identical specimens that are heated above
the 7, to remove orientation and then
quenched. The latter gives information on
the thermal stress profile only.

The residual thermal stress profile for flat
sheets (Fig. 1) is parabolic, with the com-
pressive stresses on the surface and the
core in tension. A team of researchers char-
acterized residual stresses in injection-
molded parts where flow-induced stresses
and orientation accompany thermal stresses
(Ref 23, 32, 33). Flow-induced tensile
stresses maximize at the mold surface.
When combined with thermal stresses,
compression stresses on the surface are
reduced. Extreme conditions inducing ori-
entation result in tensile stresses at the
surface.

The researchers investigated the effect of
melt temperature, injection pressure, injec-
tion time, and mold temperature on residual
stresses as determined by the layer removal
technique. Curvature measurements were
taken " in the direction corresponding to
stresses parallel to the flow direction. Poly-
phenylene oxide (PPO), PSU, and an amor-
phous polyamide (PA) were studied.

The conclusions of this work depict the
effect of processing-induced orientation and
residual stresses on mechanical properties,
especially tensile strength, ultimate elonga-
tion, and elastic modulus. When melt and
mold temperatures were optimized for each
polymer, PPO and PSU showed an increase
in modulus parallel to the injection direction
as the injection rate increased (Ref 32, 33).

The ultimate properties of PSU were
measured. Increasing the injection rate in-
creased the ultimate strength and decreased
the elongation-to-break. The decrease in the
latter is associated with an increase in ori-
entation parallel to the deformation axis.
Increasing the injection pressure had similar
effects on the ultimate elongation of PSU.

Polyamide samples were studied in more
detail; that is, tensile properties were mea-
sured after successive layer removals on
both sides. A distinct gradient in mechani-
cal properties was noted. The elastic mod-
ulus increased with increasing injection
pressure, and as the remaining sample
thickness increased at low temperatures,
ultimate properties increased toward the

center of the sample; the opposite occurred

at higher pressures.

It is interesting to note that in thermally
treated and quenched PPO samples, gradi-
ents in the tensile properties increased upon
approach to the center of the sample (Ref
22, 23). Density increases paralleled this
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effect. This may be due to the need to
consider aging effects. Aging effects are
more pronounced in the inner layers of the
sample, which cool at slower rates. Appar-
ently, orientation and flow-induced stresses
reverse this effect.

The failure properties of anisotropic
molded parts are also anisotropic. It has
been shown that the fracture energy of
nylon 11 varies with respect to the flow
direction in injection-molded samples (Ref
34). Notched Charpy impact tests at room
temperature at a constant set hammer speed
indicated that fracture occurs in stable and
unstable propagation stages, each associat-
ed with a strain energy release rate. The
strain energy release rates for both stable
and unstable crack propagation are higher
(by a factor as much as 1.2) perpendicular to
the flow direction. This is attributed to
anisotropic craze resistance. This resis-
tance is higher in the flow, or orientation,
direction.

Processing-induced anisotropy also in-
creases susceptibility to hostile environ-
ments. For example, extruded in-line drawn
PS samples sorb hydrocarbons at accelerat-
ed rates transverse to the orientation direc-
tion. Such oriented samples also show in-
creased dissolution rates (Ref 33).

This indicates that processing induces
complex orientation and residual stress ef-
fects. In analyzing these effects, sample
orientation with respect to the flow direc-
tions and gradients in successive sample
layers must be taken into account. Residual
stress calculations by the layer removal
technique must consider variations in the
modulus, which occur in both annealed-
quenched specimens and as-is injection-
molded specimens.

Physical Aging

Physical aging at temperatures below the
T, has been extensively studied in linear
amorphous polymers (Ref 3, 4, 36-39). This
work has been extended to include cross-
linked (Ref 37, 39) and filled (Ref 37, 40)
polymers. It is speculated that aging occurs
above the 7, in crystalline polymers be-
cause of the pinning action of crystalline
components, which retard mobility (Ref
19). Aging is also known to occur in inor-
ganic glasses and polycrystalline metals
(Ref 3, 37). Of primary concern to the
engineer is the fact that the onset of aging
occurs when the polymer is cooled to the Ty
and may continue for long periods of time,
during which there is a simultaneous change
in mechanical properties. Especially critical
is that aging may have a profound effect on
failure properties.

Thermedynamic Equilibrium. When
cooled through the T,. polymers behave like
undercooled liquids; that is, they are not at
thermodynamic equilibrium. As a result,
the structure of the glassy polymer is con-

tinually changing in the course of the ap-
proach to the thermodynamic equilibrium
state. This is best understood qualitatively
from the concept of free volume (Ref 19).
The nonequilibrium state is associated with
free volume, which is accessible for molec-
ular rearrangements. The approach to equi-
librium is accompanied by a decrease of
free volume, which then limits mobility and,
therefore, rearrangement. The process of
aging, at least in part, is associated with
gradual densification of the material. This
structural packing in turn causes the mate-
rial to become more brittle (Ref 41).

The nonequilibrium state results in ex-
cess enthalpy, entropy, and volume. Phys-
ical aging has been characterized by de-
creases in excess volume and enthalpy (Ref
36, 38, 42-45). Although both quantities
qualitatively parallel changes associated
with aging, no quantitative relation to the
free energy of the system has been found
(Ref 46).

In volume relaxations, the typical in-
crease in density is of the order of 0.5% (Ref
47). The most convenient method of record-
ing changes in volume of this magnitude is
volume dilatometry. Volume changes deter-
mined by this method are reported to have
an accuracy of 1 to 5 x 107° cm?/g (0.6 to 3
% 1072 ft¥/Ib). The use of the dilatometer is
discussed in Ref 37 and 48.

One researcher measured the isobaric
volume recovery in PS samples quenched
from a temperature above T, to tempera-
tures below T, (Ref 23). He developed a
phenomenological theory to account for be-
havior such as this based on a distribution
of retardation times (Ref 42). The model
encompassed material constants and retar-
dation spectra. It accurately predicted the
response of glassy polymers to thermal
treatments.

Another researcher proposed a mecha-
nism for volume relaxation based on defect
annihilation (Ref 49). If positive and nega-
tive density defects or excess volumes com-
bine during annealing, volume recovery fol-
lows second-order kinetics. By assuming
that V — V_ is proportional to the concen-
tration of defects at time, 7, he observed
second-order kinetics at long aging times.

In another experiment, a researcher mon-
itored enthalpy relaxations by differential
scanning calorimetry (DSC) (Ref 38, 43, 44).
Briefly, enthalpy relaxation is accompanied
by an absorption of energy or an endotherm
in the region of the glass transition. Aging
also shifts the position of the glass transition
to higher temperatures. The energy ab-
sorbed increases with annealing time and
approaches a maximum characteristic of
each annealing temperature. Figure 2 shows
typical endotherms resulting from annealing
epoxy (EP) at times ranging from 0 to 52 000
min at 23 °C (73 °F). Measurements were
taken with a differential scanning calorime-
ter at a heating rate of 10 °C/min (18 °F/min).
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The area under the curve represents the
difference in enthalpy between initial and
final temperatures. The area difference be-
tween that of the quenched sample (0 time)
and that for a particular aging time gives a
quantitative value for the enthalpy relax-
ation (Ref 39).

Aging and Physical Properties. The en-
gineer is concerned with determining the
effect of aging on mechanical properties and
the susceptibility to solvent or corrosive
environments. Changes in thermodynamic
properties induced by aging can only be

related qualitatively to changes in mechan-
ical properties. The measurement of volume
relaxation, for example, will not provide
information that can quantitatively predict
the effect of aging on yield stress or elonga-
tion-to-break. Aging is commonly interpret-
ed in terms of a shift in relaxation times.
Because rearrangements on the molecular
scale involve more than one mode of mo-
tion, a spectrum or distribution of relax-
ation times is used to model aging phenom-
enon. A primary effect of aging is a shift of
the intrinsic relaxation time distribution to
longer times. Enthalpy and volume recov-
ery are best characterized by a broad distri-
bution of relaxation times. Such broad dis-
tributions, however, predict that the effect
of aging on mechanical properties is slug-
gish compared to experimental results (Ref
50).

General Effects of Aging on Mechani-
cal Properties. The effects of aging on
mechanical properties, especially creep be-
havior, have been extensively studied by
Struik (Ref 3, 37). Figure 3 shows a series of
tensile creep curves for polyvinyl chloride
(PVC) quenched from 90 to 40 °C (195 to 105
°F). The creep curve shifts by 4.5 decades in
aging from 0 to 1000 days (Ref 3). For a
fixed time, the magnitude of the compliance
changes by almost 50%. Such creep curves
can be superimposed by a horizontal shift,
indicating that aging is related to relaxation
time changes. This horizontal shift, log a,
varies linearly with log 1., where 1_ is the
aging time. This is expressed as an aging
shift rate:

dloga

= (Eq 8
" d log 1, 99
Above T,, where no aging occurs, . is 0. At
the 7, and throughout the aging range, p is
unity. This is the case for most polymers
with relatively flexible chains. Polymers
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Fig- 3 pvc quenched from 90 to 40 °C (195 to 105 °F). Accurate to +2%. Source: Ref 37

such as cellulose-acetate-butyrate (CAB)
have rigid backbone structures. CAB has a
maximum p value of 0.75 (Ref 51). This is
attributed to the inability of the rigid struc-
ture to age as well as more flexible struc-
tures.

Another phenomenon associated with ag-
ing is thermoreversibility. In an experiment
similar to that shown in Fig. 2, a sample was
reheated after 1000-day aging. It was then
quenched and aged for 1 day. The creep
curve for this sample superimposed the
creep curve for the original 1-day aging
curve (Ref 3).

This extensive work in the area of aging
has led to a characterization of basic aging
aspects, some of which are (Ref 3):

® Aging affects the long-term behavior of
plastics. Aging time is the main parame-
ter that affects small-strain properties

® In the aging range, all polymers age the
same. The small-strain behavior of PS,
for example, is similar to that of polycar-
bonate (PC) and other glassy structures

® Aging is a general phenomenon; it has
been observed in all glassy structures,
such as bitumen, shellac, amorphous sug-
ar, and molded dry cheese powder

® Aging persists for long periods of time. If
t.. is the time required to reach equilibri-
um glass structure at a temperature T
below T,, t.. increases by about a factor
of ten per 3 °C (5 °F) in T, =T

® Aging occurs at temperatures from Ts
down to the temperature of the highest
secondary transition associated with lo-
calized rather than segmental motion. Be-
low this temperature, aging appears to
cease

Ductile-Brittle Behavior. In reference to
this last point, the magnitude of the temper-
ature range from the local mode transition
to the glass transition is also an indication of
the temperature range over which a poly-
mer exhibits ductile versus brittle behavior.
Polymers, such as PC, with broad aging
temperature ranges will exhibit ductility
over a broad range in temperatures. The
converse is true of PS and polymethyl meth-
acrylate (PMMA).

The work on aging done by Struik has
shed new light on ductile versus brittle
behavior. It should be mentioned that such
behavior is characterized by a ductile-to-
brittle transition temperature. This temper-
ature is not a material property; instead, it
depends on the strain rate and the imposed
stress configuration. As the strain rate in-
creases, the ductile-to-brittle transition
shifts to higher temperatures. At this tran-
sition temperature, there is competition be-
tween the ductile mode of failure (shear
banding) and the brittle mode of failure
(crazing) (Ref 52). At a particular strain
rate, then, polymers exhibit ductile behav-
ior over a range of temperatures, 7 — T



the breadth of which increases as the aging
temperature range increases.

In the past, it was thought that secondary
transitions were responsible for enhancing
ductility in polymers. In some cases, there
were direct correlations between ductile
behavior and secondary transitions, but this
observation does not extend to all poly-
mers. This topic is discussed in Ref 53.
More recent studies indicate that aging has
a profound influence on ductile versus brit-
tle behavior. Both aging and ductility are
believed to require some segmental mobility
(Ref 3). Below the secondary transition,
there is no segmental mobility, and both
ductile behavior and aging cease.

Aging and Transition Behavior. Dielec-
tric and dynamic mechanical spectroscopies
reveal the effects of aging in relation to
primary and  secondary transitions.
Quenched polymers exhibit higher damping
than slow-cooled or annealed polymers.
The T, is also lower in quenched specimens.
There is evidence that quenching decreases
the modulus (Ref 54). Of interest is the fact
that quenching broadens the low-tempera-
ture end of the damping peak for the glass
transition. Because aging is associated with
main-chain or segmented motion, it is im-
portant to know whether or not the broad-
ening of the glass transition damping peak
extends into regions encompassing or af-
fecting the secondary transition region (Ref
3):

Two researchers monitored the effect of
cooling rate on primary and secondary tran-
sitions in amorphous methacrylate poly-
mers by dielectric relaxation (Ref 55). The
polymers investigated were PMMA, poly-
ethylmethacrylate (PEMA), polybutyl meth-
acrylate (PBMA), and polyisobutyl meth-
acrylate (P-iso-BMA). They found, in
general, that annealing lowered damping in
regions below T, and above the secondary
transition. Previously, they reported that in
some cases quenching resulted in the ap-
pearance of a new damping peak between
these two transitions (Ref 56).

In PEMA, PBMA, and P-iso-BMA., the
secondary transition is well separated from
the glass transition. They found that the
region below T, affected by quenching was
constant, irrespective of frequency (fre-
quencies were varied from 60 Hz to 50
kHz), even though the B peak moved to
higher temperatures according to the acti-
vation energy. This indicates the volume
contraction effects, mainly segmental mo-
tion. Effects are not discernible in polymers
where the damping peaks of the T, and
secondary transition overlap. This 1s the
case with PMMA. Secondary transitions
have a much lower activation energy than
the glass transition. Consequently, the sec-
ondary peak shifts with frequency at a more
rapid rate, merging with T, at higher fre-
quencies. At 60 Hz, annealing effects were
apparent in the relaxation spectrum of
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PMMA. At higher frequencies, when the
damping peaks merged, no annealing effects
were apparent. As mentioned earlier,
PMMA has a much smaller aging tempera-
ture range than other amorphous polymers,
such as PC.

Aging and High-Strain Behavior. Aging
effects are apparent in small-strain creep
experiments and in mechanical and dielec-
tric measurements. In considering the fail-
ure of plastic parts. it is important to extend
aging studies to include effects due to higher
deformations.

Creep rates have been examined by
Struik at stresses that induce nonlinear de-
formation (Ref 37). At higher deformations,
the aging effect is erased. Nonlinear creep
curves were shifted to the right as aging
time increased. The shifting appeared to be
horizontal in the samples examined. The
shift was still characterized by the double
logarithmic shift rate, p, which decreases
with increasing stress. Nevertheless, the
shift was the same for the polymers inves-
tigated. Both shear and tensile deformations
were examined. The shift, again, was inde-
pendent of the type of deformation.

In a study of nonlinear deformations and
physical aging in PMMA, two researchers
measured the torque and normal force in
stress relaxation tests for different aging
times (Ref 57). They found that from 40 to
60 °C (105 to 140 °F) the aging curves for
linear, small-strain deformations could not
be superimposed by horizontal and vertical
shifts. At higher temperatures or at defor-
mations in the nonlinear range, the curves
were superimposed by a horizontal shift.
Shifts decreased as the strain increased. In
addition, shift rates were significantly lower
for torque than for normal force measure-
ments. It has been suggested that torque
measurements are less sensitive than nor-
mal force measurements to aging-induced
structural rearrangements. Large deforma-
tions may also affect the structure in such a
way that torque and normal force measure-
ments respond differently. The inability to
superimpose data by a horizontal shift fac-
tor is due to possible contributions from the
secondary relaxation process. Again,
PMMA has a short aging range. It is worth-
while to investigate a broader range of poly-
mers by this method of testing.

In recent years, mechanical testing has
evolved to such an extent that large-strain
behavior can be probed by very sensitive
techniques. This is done by the superposi-
tion of small stresses or strains onto large
stresses. These techniques depict the eras-
ing of aging that follows large deformations.
A group of researchers examined the behav-
ior of PMMA by such a technique (Ref 53).
They used torsional microcreep to monitor
the effect of aging time on creep behavior.
On aged specimens, they applied increasing
longitudinal stresses and simultaneously
measured microcreep. Microcreep alone

clearly depicted the aging. In the early
stages of microcreep (200 to 1200 s) at 90 °C
(195 °F), microcreep was logarithmic:

v = A7 ln ar (Eq 9)
where v, is the strain, A is the constant that
characterizes strain rate, 7 is the stress, a =
10 and is a constant to account for time of
stress application, and ¢ is time.

After this stage, microcreep reached a
stable strain rate characterized by:
Y. = B7 (Eq 10)
During logarithmic creep, the effect of aging
time, ¢., on the constant, A, followed the
form:

10" A =1.02logt, +4.92 (Eq 11)
The parameter B appeared to decrease with
t. in a logarithmic fashion. Both parameters
characterize strain rate. The logarithmic
decrease with r_ is thought to be analogous
to the horizontal shift discussed by Struik.
When a series of increasing longitudinal
stresses was applied during microcreep on
one aged sample, the parameters A and B
decreased with stress increase in an oppo-
site fashion to those in the aging study. This
effect was noted only at longitudinal strains
greater than 1%. This indicates that the
structure that evolves during high-strain de-
formations is similar to that in quenched,
unaged samples.

High-strain deformations are also found
to influence aging in yield stress measure-
ments. It has long been known that tensile,
flexural, torsional, and compressive yield
stresses increase with aging (Ref 37, 38, 59,
60). Plots of yield stress versus logarithm of
strain rate for various aging times show
behavior similar to that of small-strain creep
behavior (Fig. 3). The magnitude of the shift
is, again, much smaller than that in small-
strain experiments (Ref 37). Also of impor-
tance is whether or not aging shifts the
mode of failure from yield to brittle frac-
ture. An excellent example of this is shown
in Fig. 4. Aged and unaged amorphous
polyethylene terephthalate (PET) was
pulled in tension at a strain rate of 10%/min.
Aging for only 90 min at 50 °C (120 °F)
resulted in brittle behavior. Aging at room
temperature for only 4 days produced the
same effect (Ref 44).

The effect of aging on a yield or embrit-
tlement is not always only an effect of a
decrease in the volume due to aging. Intra-
molecular and intermolecular conforma-
tions influence the effect of aging on defor-
mation. A team of researchers studied the
effect of PC structure on high-deformation
behavior and aging (Ref 47). The polymers
used were bisphenol A polycarbonate, poly-
ester carbonate with varying ratios of tere-
phthalate and isophthalate esters, bisphenol
A/phenophthalein random copolycarbon-
ate, and PSU.
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Fig 4 Tensile stress-strain curves for amorphous
. PET film unannealed (solid line) and an-
nealed at 51 °C (125 °F) for 90 min (dashed line).
Source: Ref 44

The effect of aging on density was moni-
tored by dynamic mechanical spectroscopy.
This technique revealed a secondary transi-
tion in PCs at around 70 °C (160 °F). This
transition is believed to be due to a cooper-
ative motion of three to four monomer units
and is therefore not highly localized.

Stress-strain curves for the samples
showed a postyield stress drop. This stress
drop decreased with increasing damping
peaks associated with the secondary transi-
tion. Aging increased the postyield stress
drop and decreased the height of the damp-
ing peak. Increasing T units increased peak
height and decreased the stress drop. The
magnitude of this stress drop is an indica-
tion of the amount of conformational
change and packing that is unfavorable for
ductile deformation. Damping peak heights
also correlated with time-to-embrittlement
due to aging for a particular strain rate. The
higher the peak height, the greater the re-
sistance to embrittlement. Densities
showed a decrease with aging, but these
data did not correlate with embrittlement
data. This is an indication that both free
volume and conformational changes take
place during aging-induced deformation ef-
fects.

The effect of aging on the degree of
ductility is further depicted in shear band
studies. Shear banding is a form of inhomo-
geneous deformation observed in compres-
sion studies. It has been well characterized
in polymers such as PMMA, PS, PET, and
PC (Ref 43, 61-65). Shear yield induces the
formation of two types of slip bands: coarse
and fine. Temperature, strain rate, and ag-
ing influence the type of band formed. High-
er temperatures, slower strain rates, and
decreased aging favor the formation of the
more diffuse fine bands. Fine bands induce
ductile fracture after large deformations,
while coarse bands induce brittle fracture
after propagating through the specimens.
Annealing increases the tendency to form
coarse bands (Ref 61). This is yet another

demonstration of the effect of aging on
embrittlement.

As expected, aging influences other high-
strain properties as well. Aging induces a
decrease in strain-to-break for rubber-mod-
ified and pure epoxy systems (Ref 39).
Similarly, in graphite-epoxy complexes, de-
creases in tensile strength, toughness, and
strain-to-break accompanied increases in
aging times (Ref 40).

Other effects of aging on materials ex-
tend beyond the realm of density increases
and mechanical properties. Of particular im-
portance to the engineer is the influence of
aging on the susceptibility to solvent or
swelling environments. For example, it has
been shown that annealing decreases the
diffusion coefficient of methane and propane
in glassy polymers (Ref 66). Here. the vapor
concentration was low enough so that swell-
ing did not occur. Another researcher stud-
ied the effect of annealing on the sorption of
n-hexane in glassy polymers (Ref 67). An-
nealing decreased sorption rates by factors
as high as 100. Equilibrium solubilities were
unaffected. It is important, then, to consider
the thermal history of polymer parts that are
exposed to such environments.

Appendix:
Use of High-Modulus
Graphite Fibers in
Amorphous Polymers

High-modulus graphite fibers. impart
strength to composites. However, thermal
stresses build up during processing in the
temperature range from solidification to am-
bient temperature. If the structures survive
in this temperature range, the question aris-
es as to how far these structures can be
cooled before thermal stresses cause fail-
ure.

Table 5 Properties of polymers

In this study. six amorphous polymers
are examined for suitability in graphite com-
posites. The longitudinal stress due to the
presence of the fiber is calculated for differ-
ent temperature ranges, A7, from the solid-
ification temperature T, to Ty, where T; is
the room temperature, liquid nitrogen tem-
perature, or liquid helium temperature. The
longitudinal tensile stress is significantly
higher than the transverse stress and is
therefore likely to be the stress controlling
the failure. The compressive strength of
amorphous polymers is also greater than the
tensile stress. The stress, o, is calculated
as follows (Ref 10):

= An Em EL Vf
E.Vin + BV,
where the symbols are as defined for Eq 4,
and E,, = 220 GPa (32 x 10° psi). If E; >
E., (as is the case with graphite fibers as

compared to amorphous polymers), then Eq
12 can be approximated as (Ref 10):

ay (To— 1 (Eq 12)

To
oy = [ a0 E,ar (Eq 13)
Ty
Because o is actually a lower limit of
residual stress (Ref 10), a safety factor
should be used when considering failure.
For the purpose of comparison, the safety
factor is eliminated.

The relevant properties of the polymers
are shown in Table 5. Table 6 shows calcu-
lated values of o versus the tensile
strength of the polymer. In these calcula-
tions, a modulus invariant with temperature
is assumed. The calculations are valid for V;
at 10% and greater. Above 10%, o | s
constant (Ref 10).

The o values for cooldown from solidi-
fication temperatures to room temperature
indicate that the polymer matrix is likely to
remain intact. Upon cooling to liquid nitro-
gen or liquid helium temperature, it is
doubtful that any structures would hold up.
The EP compound is the closest to being
able to withstand these temperatures. Ad-
vances in EP chemistry have resulted in
stronger epoxy compounds. This is one
approach to the problem of expanding the
useful temperature range for graphite-ep-
oxies. In addition, it is possible to use a
combination of two fillers: a spherical filler
and a fiber. The spherical filler reduces the

Linear coefTicient

of thermal Temperature

expansion, Tensile modulus Tensile strength solidification
Material 107K GPa 10° psi MPa ksi °C F
Polymethyl methacrylate ............ 70 2.76 4.00 65.6 9.5 97 207
Polyacrylonitrile . .. ............... 66 3.76 5.45 62.0 9.0 95 203
Polyearbonate . ..oy vive .o 68 2.38 3.45 65.6 9.5 150 302
POLYSIYYRNE  oinsvuiasina vz sniiis 63 2. 4.02 42.8 6.2 102 216
Polyvinyl chloride .. .......o0uuu.. 75 3.27 4.75 46.9 6.8 30 176
Cast POXY. . ovvuvr i 55 2.4] 3.50 58.7 8.5 170 338

Source: Ref 6
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Table 6 Calculated values of o | versus tensile strength of various

pelymers
| 1
Cool to rBom Cool to liquid Cool to liquid
Tensile strength temperature nitrogen helium

Material MPa ksi MPa ksi MPa ksi MPa ksi
Polymethyl

methacrylate ........... 66 9.5 15 2.1 57 8.3 71 10.3
Polyacrylonitrile. . ....... 62 9.0 18 2.6 73 10.6 90 13.1
Polycarbonate........... 66 9.5 21 3.0 57 8.2 68 9.9
Polystyrene............. 43 6.2 14 2.0 52 1.6 66 9.5
Polyvinyl chloride ....... 47 6.8 14 2.0 44 6.4 86 2.5
BROEYV | o animiiivasind i 59 8.5 19 2.8 35 R [ 59 8.5

expansion coefficient with less residual
stress effects. This reduction in o is calcu-
lated from the linear rule of mixtures (Ref
11):

g, =& o+ b0, (Eq 14)
where ¢ is the volume fraction and the
subscripts 1 and 2 refer to matrix and fillers.
Equation 14 is a close approximation. Fig-
ure 5 shows a plot of o_. versus volume
fraction of filler for three representative
polymers. For EP, a 30% level of filler
significantly reduces o_.

Residual stress modeling in three-compo-
nent systems is complicated. Nonetheless,
calculations such as those in Table 6 give
the engineer an approximate direction in
which to proceed.
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