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: Moisture-Related Failure

R. Charles Allen and Ronald S. Bauer, Shell Development Company

PLASTIC MATERIALS and the com-
posites made from them are frequently pre-
ferred to metals for use in structural appli-
cations because of favorable economic
factors, weight reduction, or corrosion re-
sistance. This article describes one aspect
of corrosion resistance, namely, the- ad-
verse effects of moisture on the capability
of a plastic to perform its task in a structural
application. Because of space limitations, it
is not possible to give numerous examples
of the behavior of an extremely large num-
ber of plastics, so principles are emphasized
wherever possible, and literature references
are given for further reading. The more
general aspect of chemical resistance is
described in the article ‘‘Organic Chemical
Related Failure’’ in this Volume.

Plastics are often regarded as being much
more corrosion resistant than are metals.
However, this view has pitfalls, and it is
valuable to consider at this point how these
two materials differ in their resistance to
chemical attack. Generally, metals are at-
tacked at their interfaces by electrochemi-
cal processes. Either they are dissolved (in
aqueous solutions) or surface deposits build
up, which may or may not limit the corro-
sive process. In either case, structural per-
formance is adversely affected. Corrosion
by diffusion of attacking species into metal
is rare, although a well-known example that
is directly related to failure mechanisms is
hydrogen embrittlement of steel.

On the other hand, diffusion of species
into plastics is common. The amount of
such diffusion and ‘its effect on properties
range from none to catastrophic, such as the
complete dissolution of certain plastics in
appropriate solvents. The amount of diffu-
sant absorbed may not be directly correlat-
ed to its effect on properties, especially in
comparisons of different plastics. Adverse
effects arising from penetrants. are not nec-
essarily chemical in nature; that is, no
chemical bonds need be altered for delete-
rious effects to occur. This type of damage
has been called physical corrosion (Ref 1,
2). Furthermore, this type of behavior char-
acterizes most aspects of the interaction of
water with structural plastics.

Chemical reactions that may occur in
plastics cannot be studied electrochemically
because they are generally nonconducting.

Such reactions may encompass the range of
organic reactions into which the polymer
backbone and the various attacking species
may enter. While attack by aqueous solu-
tions of acids, alkalies, or oxidants is com-
mon, chemical attack of structural plastics
by water itself is somewhat rare. Well-
known exceptions are the hot-water degra-
dation of polycarbonate (PC) and the ther-
mosetting polyesters.

It is significant that in cases involving no
attack of a plastic by an active ion, the
presence of dissolved ion actually may act
to diminish the amount (and the effect) of
water absorption. Water absorption may be
viewed as an osmotic phenomenon; that is,
the amount of water absorption is governed
by the thermodynamic activity of water
either in solution or in the vapor phase (Ref
1-3). Examples of this behavior are given in
Fig. 1, which compares the effect of water
absorption in vinyl ester-styrene copoly-
mers in distilled water and in saturated
sodium chloride (NaCl) solution. This figure
also compares the effect of a decreased
polarity of the polymer, in this case by
varying the amount of styrene coreactant.

Organic polymeric materials generally ab-
sorb moisture to some measurable degree
when immersed directly in water or when
exposed to atmospheric moisture. The
amount of moisture absorbed depends on
the chemical nature of the material, where-
as the rate of absorption of water by plastics
often follows well-developed mathematical
models. This absorption can have both re-
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versible and irreversible effects on prop-
erties and performance. Sorbed moisture
has been shown to act as a plasticizer,
reducing the glass transition temperature,
T,, and the strength properties of a plastic.
This effect on properties has been shown to
be essentially reversible. However, as al-
ready indicated, sorbed water can also
induce physical corrosion, or irreversible
mechanical damage, by means of micro-
cracking or crazing, as well as irreversible
chemical degradation of the polymer struc-
ture.

Table 1 lists the water absorption values
for selected plastics as determined by
ASTM D 570 after a 24 h immersion at 25 °C
(77 °F). Generally, the more polar the na-
ture of the plastic, the greater its affinity for
water. As Table 1 shows, materials of low
polarity, such as polyethylene (PE) and
polypropylene (PP), absorb less than 0.01
wt% water. PC, polysulfone (PSU), and
cellulose acetate, which have increasingly
greater polarities that are greater than those
of polyolefins, display increasing affinities
for water. Equilibrium value for water ab-
sorption will be significantly higher for
many plastics, as will water absorption val-
ues obtained at elevated temperatures. No
simple correlation between the number of
polar groups and the solubility of water in a
plastic exists because of such factors as the
accessibility of the polar groups, the rela-
tive strength of the water-water versus the
water-plastic bonds, and the degree of crys-
tallinity (Ref 4).

Table 1 Water absorption values
for selected polymers

‘Water
Plastic absorption, wt %
4 &5 - S .t PR S 0.00
PE, high density ...... . <0.01
. SOERECr A~ NPT S S G L <0.01
PNE i T BT e L s it 0.03
PS... 0.05
PC. . 0.15
5 3 PO - - S S S 0.22
POM ......cccconeieudidieidonarsanssis 0.25
Nylon: 3. ... .civiiemion i ilavinsiuca 0.25
Polyvinyl butyral. . ...................... 1.0
Nylon6...ooooviii i 1.3
*Cellulose acetate. ....................... 1.7

PVC, polyvinyl chloride; POM, polyoxymethylene
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Mechanisms of
Moisture-Iinduced Damage

Bulk effects, such as a loss of stiffness, a
lowering of the T, and an increase in creep
and stress relaxation, are the most com-
monly observed problems that can lead to
premature failure. These essentially stem
from the same cause, which is related to the
penetration of moisture into the bulk of the
polymer, thereby plasticizing it, and induc-
ing the undesirable effects. In general, the
magnitude of the plasticization effects de-
pends on the polarity of the polymer; these
effects do not appreciably occur in nonpolar
polymers, but rather, depend on the nature
of the individual polymer. Because plastics
differ widely in their susceptibility to these
effects, the characteristics of important
structural plastics are discussed below. The
effects of moisture on modulus, creep, and
stress relaxation cannot be discussed with-
out noting the very important aggravating
role played by temperature and stress.

The Effect of Moisture on T_. Lowering
the T, is probably the most wi(gieiy studied
phenomenon related to failure of plastics,
but it is not itself a true failure mechanism.
For a structural plastic, the T, is, simply
put, an approximate upper limit of its useful
temperature range. The plastic, which is
hard and glassy below this temperature,
becomes rubbery above it. However, the T,
is also a measure of the onset of long-range
molecular movement in the plastic.-Because
the transition from glass to rubber is not a
thermodynamic transition, but a manifesta-
tion of viscoelasticity, the exact value of the

T, depends on the method used to measure®

it, and the rate at which the temperature is
changed during the measurement. For this
reason, these parameters must be specified
when reporting 7, measurements and when
comparing data of different plastics. Semi-
crystalline plastics, in some cases, are ex-
empt from the concern of exceeding the T,
because their crystalline melting point, al-
ways above their T, represents their tem-
perature limit.

The effect of absorbed moisture on the T, .

is invariably to lower it. This is consistent
with the role of water as a plasticizer. As a
rule of thumb, the more water absorbed, the
lower the T,. For this reason, a nonpolar
plastic such as polystyrene (PS) is less af-
fected than, for example, polymethyl meth-
acrylate (PMMA). The lowering of T, is
sometimes quantitatively discussed in terms
of several mixing formulas (Ref 5, 6). Cur-
rently, the most often used expression is:

Tg _ X]Cpngl + XZCPZTEZ (Eq 1}

X,Cpy + X2C2

In this expression, T,. Ty, and Ty, are the
glass transition temperatures of the polymer
mixture, polymer 1, and diluent 2, respec-
tively. The expressions C,,, and C, are the
discontinuities in the heat capacities at the
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glass transitions of the components. This
expression was first derived by Gordon (Ref
7) for polymer blends and was based on the
Gibbs-DiMarzio entropy theory (Ref 8).
Couchman provided an alternative deriva-
tion, based on a purely thermodynamic e€X-
position (Ref 9). The extension of the
Couchman approach to plastic-diluent sys-
tems, especially epoxy-water systems, has
been carried out by Karasz er al. (Ref 10-
12). Couchman’s derivation (but not the
result) has recently been criticized by Gold-
stein (Ref 13). The discussion is important
to an understanding of the glassy state.
These relationships can be quite useful
for predicting the loss of properties due to
moisture. Such a relationship is shown in
Fig. 2. Because the modulus falls precipi-
tously at the glass transition, this type of
data gives an absolute upper temperature
limit. Most conservative design requires all
application temperatures to be remote from
the glass transition region. The relationship
between T, and the amount of absorbed
water can be affected by many factors, such
as additives, thermal pretreatments, pres-
ence or absence of fillers or reinforcements,
and, in thermosets, amount and type of
curative, degree of cure, and so forth.
Measuring the T,s of moisture-containing
resins is not accomplished without a good
deal of care, because water is often lost
during the measurement. This can be espe-
cially serious for high-T, polymers, such as
those used in high-technology applications.
Examples of this are given in Table 2, with
water loss being measured by thermogravi-

metric analysis (TGA). Essentially all the
absorbed water may be lost unless proper
precautions are taken. Measurements of T,
are often carried out by differential scan-
ning calorimetry (DSC) (as was done by
Karasz); DSC techniques are particularly
adaptable to preventing loss of moisture
during 7, measurements.

A method that satisfactorily measures the
T, in water-saturated thermoplastics and
thermosets that do not have an excessively
high cross-link density is to seal the plastic
and a small amount of water in a high-pres-
sure DSC pan and then measure in a normal
manner (Ref 14). The pan contains three
phases (liquid and gaseous forms of water,
and polymer) and thus has but one degree of
freedom by Gibb’s phase rule, namely tem-
perature, because this is necessarily the
independent variable in a measurement of
T,. Results of using this method are given in
Table 3, where they are contrasted with
measurements in standard DSC analysis.
The plastic, in principle, remains fully sat-
urated with moisture during the run. A T,
measured by this technique is thus a “‘worst
case’’ value of a plastic that is fully mois-
ture saturated. A major drawback is that no
values of T, of intermediate saturations can
be obtained. Other DSC techniques seem to
be satisfactory as well. Simply sealing a
moisture-containing plastic into a DSC
high-pressure pan may be adequate, espe-
cially if the plastic sample is large, in com-
parison to the vapor space. A drawback of
the DSC method is that it generally fails to
give measurable T,s for resins having a very
high cross-link density, in particular, some
of the aerospace epoxy resins.

Perhaps the most popular method of T,
measurement is dynamic mechanical analy-
sis (DMA). Not only is the glass transition
clearly distinguished, but other relaxations
as well, and the shear or tensile complex
moduli are measured and have a clear con-
nection to the moduli of interest for engi-
neering design. In Fig. 3. representative
dynamic mechanical data are given, with
some of the commonly used measures of T,
pointed out. To date, it is not possible to run
experiments in an autoclave to prevent loss
of moisture. Nonetheless, there is much to
recommend this technique as a routine
screening method for the T, of moisture-
containing plastics and composites.

Table 2 Water losses during temperature scans (thermogravimetric

tests)
Beginning
water

Resin/curing agent or plastic content, wt% Water loss, wt%
EPON Resin 826/diamino-diphenyl sulfone .................. 2.28 —0.91 at 40 °C/min (70 °F/min)

—2.02 at 10 °C/min (18 °F/min)
- o R R LR 0.32 —0.2 at 40 °C/min (70 °F/min)

—0.39 at 10 °C/min (18 °F/min)
PSU oot e 0.57 —0.25 at 40 °C/min (70 °F/min)

—0.52 at 10 °C/min (18 °F/min)




Table 3 Differential scanning calorimetry comparison of T, results from

sealed and unsealed pans

I ” Tg, led pan 1 Tg, sealed pan,

— Dry | Wet resin and water

Resin/curing agent or plastic °C °F I °C °F I °C °F
EPON Resin 826(a)/EPON

curing agent Y(b) ..o 167 33 134 (1st scan) 275 125 257

EPON Resin 826/methylenedianiline . . .. . 165 330 122 252

EPON Resin 826/Jeffamine D-230(b) . .... 92 200 88 190 62 145

EPON Resin 826/Jeffamine D-400(b) .. ... 50 120 30 85

2 S 148 300 139 280 132 270

2= 0 A AT R SR 184 365 184 365 158 315

(a) Tradename of Shell Chemical Company. (b) Tradename of Texaco Chemical Company

In one common mode of operation, the
temperature is increased in jumps of § to 10
°C (9 to 18 °F) and held for 2 min, after
which the dynamic mechanical parameters
are measured. This technique tends to give
conservative values for the T, of dry plas-
tics, but is not a good technique to use when
determining the T, for moisture-containing
ones, particularly if the T, is above 100 °C
(212 °F). In many instances, the plastic
specimen is completely dried out by this
technique. A better technique is to ramp the
temperature, as in the DSC and DMA tech-
niques, at 10 °C/min (18 °F/min), for exam-
ple. A further improvement (Ref 15) is to
enclose the specimen in a polytetrafluo-
roethylene (PTFE) bag containing oil satu-
rated with water. Thermomechanical anal-
ysis (TMA) is also a recognized method for
measuring T, (Ref 16).

Another method of assessing T, of com-
posite materials by modulus measurement
is used in the aerospace industry. A number
of specimens of a size suitable for measur-

~ ing flexural modulus are placed in a humid-
ity chamber until they reach saturation.
Then the flexural modulus is determined for
individual specimens at increasing temper-
atures in oil baths. The modulus versus
temperature curve is plotted, and the T, is
identified by a rapid drop of modulus on the
curve. Although rather tedious and time-
consuming, this method has proved to be
very satisfactory for advanced composite
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structures, for which performance is criti-
cal. Shear modulus (G,,) also can be deter-
mined, using *+45° tension tests.

It is likely that more work has been done
on the effect of moisture on the 7, of epoxy
resin systems than on any other plastic
system. Of particular interest is the system
based on tetraglycidyl methylenedianiline
(TGMDA)/diamino-diphenyl sulfone (DDS).
The chemical structures of these materials,
which are the principal epoxy matrix resin
systems currently used in advanced com-
posite aircraft/aerospace applications, are
givenin Fig. 4. As can be seen from Table 4,
the TGMDA/DDS can absorb as much as
6.5 wt% water. This absorbed water results
in a dramatic drop in 7, (Ref 17-19). The
reduction of the T, resulting from the ab-
sorbed moisture is also given in Table 4 and
corresponds with the 13 to 15 °C/wt% (25 to
30 °F/wt%) water content, as predicted by
Ellis and Karasz. Also, the amount and rate
of moisture absorption of a typical
TGMDA/DDS laminate were found to in-
crease with periodic exposure to thermal
spikes (Ref 20), such as those experienced
on a supersonic aircraft. The absorptivity
coefficient of a graphite-epoxy laminate was
shown to double with such an exposure.

Not all epoxy resin systems absorb as
much water as the TGMDA/DDS system
because the amount of water absorbed by
an epoxy resin depends on the polarity of
the epoxy resin system. Figure 5 gives the
equilibrium water uptake values obtained
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by Morel, Bellenger, and Verdu (Ref 21) for
two epoxy resins of different polarities,
with three different curing agents also hav-
ing varying degrees of polarity. The values
are of the expected order because the
TGMDA has more polarity than the digly-
cidyl ether of bisphenol A (DGEBA), and
the polarity of the curing agents follows the
order SO, is greater than CH,, which is
greater than O (Ref 21). The effect of mois-
ture on the 7, depends on the amount of
moisture absorbed, which in turn depends
on the chemical structure of the cured resin.

Effect of Moisture on Creep and Stress
Relaxation. Creep and stress relaxation are
more important considerations in plastic
materials than they are in metals. Unlike the
T,, these can be true failure mechanisms.
For a plastic used above its T, these phe-
nomena can be quite important, particularly
in amorphous plastics with no microcrystal-
line phase and therefore no microcrystal-
lites to act as ‘““anchors.” Most plastics
used for structural applications are used at
temperatures below their T,s. However,
creep and stress relaxation can still repre-
sent significant factors that a designer must
consider.

Creep is the name for the increase in
deformation that occurs under a constant
load, in addition to the initial elastic defor-
mation, and stress relaxation is the decrease
in stress with time after stressing to a con-
stant deformation. A designer considering
the use of a plastic composite leaf spring in
the rear suspension of an automobile would
want to know how much the rear of the car
would sag after a given period of time. This
sag is an example of creep. When designing
a plastic oil pan in which the bolts are
tightened to a certain stress, a designer
must ensure that the bolts will not become
loose in service. The loosening of the bolts
would be an example of stress relaxation. In
this case, the bolts are tightened against an
initial modulus of the oil pan, and the plastic
is deflected a definite, though unmeasured,
amount.

The cause of both creep and stress relax-
ation is the relaxation of molecular seg-
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__~ CH,—CH—CH,
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4,4'-diamino-diphenyl sulfone (DDS)

Fig. 4 Chemical structures of TGMDA and DDS
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Table 4 Effect of water on the T, of TGMDA/DDS systems
System System System
1(a) TI(b) 1MI(c)
Moisture gain, Wt%..........oovieieeeeinnn.s 6.5(d) 5.5(d) 5.0(e)
Glass transition temperature
Dry, ®C CF) et 246 (475) 175 (350) 200 (390)
Wet,’C(°F) ............. B 144 (290) 112 (235) 140 (285)
°Clwi% water absorbed .................... 15.7 11.5 12.0

(a) NARMCO 5208 (Ref 20). (b) TGMDA/32 phr DDS/BF; -
at 71 °C (160 °F). (e) [mmersion in water at 60 °C (140 °F)

H,NCH; (Ref 18). (c) TGMDA/S0 phr DDS (Ref 17). (d) Immersion in water

ments under stress on a time scale greater
than that of loading. Higher temperatures
accelerate the relaxational processes, of
course, making creep and stress relaxation
more important. An excellent and practical
review of creep and stress relaxation is
found in Ref 22 and 23. A fundamental
approach is given in Ref 24. Creep and
stress relaxation are not only important in a
practical sense as possible failure mecha-
nisms, but they are also used in laboratory
studies of the viscoelastic nature of plastics.

It is very useful to know that, in many
cases, the creep and stress relaxation
curves at several temperatures can be laid
side by side and shifted horizontally to form
a single curve (see Fig. 6). If one curve is
not shifted and the other curves are shifted
to the left and right of it, the temperature of
the unshifted curve is called the reference
temperature. Any one of the available
curves may be chosen to represent the
reference temperature. The superposed

curve resulting from the shifting is called a
master curve, on which the horizontal scal-
ing of the reference curve (usually logarith-
mic) is simply extended to the left and right.
The amount that each curve is shifted,
identified as a, is measured and recorded.

The construction of the master curve
makes it possible to predict the creep or
stress relaxation at the reference tempera-
ture (or other temperatures) for very long
periods of time, even years, using experi-
mental measurements that extend only over
hours, weeks, or months. This remarkable
property, called the time-temperature
equivalency, occurs in most of the com-
monly encountered plastics. Examples of
creep and stress relaxation curves are
shown in Fig. 6, 7, and 8. Figure 7 is a
master curve of the tensile creep of a com-
mercial grade of PC (Ref 22), while Fig. 6 is
previously unpublished data on the flexural
creep of a composite material. The constit-
uents of the composite are an aromatic

amine cured epoxy resin and uniaxial 67
wt% glass roving reinforcement. In the
creep tests, the reinforcement was parallel
to the long axis of the specimens.

There are precautions for using time-
temperature superposition for the predic-
tion of long-term behavior. The time-tem-
perature superposition is valid, strictly
speaking, only if linear viscoelastic equa-
tions are applicable; this is called Boltz-
mann linearity. Thus, in practice, the appli-
cation should be limited to regions in which
an increase in stress from S to kS produces
a change (increase) in deformation from x(r)
to kx(7). For instance, in the case of the
epoxy composite mentioned above, stress
levels up to at least 345 MPa (50 ksi) were
tolerated at temperatures below 93 °C (200
°F). However, above this temperature, only
lower stresses gave linear behavior. Al-
though a 345 MPa stress level translates to
approximately 20 MPa (3 ksi) stress in the
resin (which is a high load for viscoelastic
behavior, even for a glassy polymer), linear-
ity is apparently maintained because deflec-
tion is limited by the reinforcement. Anoth-
er possible pitfall is that a new failure
mechanism that has not been taken into
account may appear after a long period.
Chemical degradation could be one such
mechanism, and the effect of water, which
will be discussed, is yet another.

Relaxation processes are usually acceler-
ated by moisture; as noted above, the se-
verity of this effect depends on the nature of

Resin structure
X=—0— |X=—CH|X=—S0,-
(o] CH, CH,
/N I |
CH,— CHCH, [ 0—CH, CH CH, C O—CH, CH —CH
| l 1.9 2.1 28
Bisphenol A epoxy resin molecuie
o} 0
/N /N
CHZ—CH—CHI\ —© /CH —CH—CH,
2.8 43 5.1
CHZ—CH—CH,/ C "\ CH,—CH—CH,
N/ N/
0]
TGMDA

. -
F 1g9. 5 Comparison of water absorption of epoxy resin systems of differing polarities
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the plastic, the amount of water absorbed,
the temperature, and the severity of the
loading to which the part is subjected. In the
case of the flexural creep of the epoxy resin
composite discussed above, the behavior of
specimens soaked for long times in water at
66 °C (151 °F) and then tested for creep, also
at 66 °C (151 °F), was essentially the same

as for the dry specimens tested similarly;
thus, no additional shift need be applied to
the creep curves. However, in experiments
that were similar but were conducted at 93
°C (200 °F), a shift factor due to water (—log
a,,) equal to 3.94 had to be applied to the
curve for the water-soaked specimen to
bring it into reasonable agreement with the

-0.66
°c
o 23
~0.69 e 40
a o -
A 60 "C compliance
& o
= 0724 ™
=
=3
s
-0.75
-0.78 A
E
-0.81 T T T T T T T T
-2 0 | 2 4 -l 6 8 10 12 14 16
1 day 1year 40years
Log time, h 07
_.2 -
- -4
=
s 54
-8
-10 4
2 3
1000 1
I, K
Fi 7 Polycarbonate creep compliance at 23 °C (73.4 °F) and 60 °C (140 °F) with Arrhenius plot of shift factor.
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master curve. This demonstrated that a wet
composite will creep at 93 °C (200 °F) to the
same extent as a dry one at about 113 °C
(235 °F). Furthermore, nonlinearity in the
Boltzmann sense was introduced at lower
stress because of the increase in compli-
ance. In addition, other failure mechanisms
peculiar to the effect of moisture on com-
posites were sometimes observed. A very
careful and detailed study of the effect of
moisture and temperature on the creep of
polyester resins was conducted by Maksi-
mon et al. (Ref 26). It was found that the
effect of moisture and temperature on the
shift of the data was not independent, but
interactive,

Moisture-Induced Fatigue Failure. Re-
sistance to fatigue failure is an important
criterion in the design of many plastic parts,
and it is fair to say that many plastic parts
actually fail by this mechanism. However,
the effect of moisture on fatigue of plastics
has not been widely studied. In the few
studies reported, the effect of absorbed
moisture is not uniformly bad, but in fact
sometimes acts to improve performance.
Manson and Hertzberg (Ref 27) found that
fatigue crack propagation in PC was slower
above a certain stress level than in dry
nitrogen, but the converse was true below
this stress level. More complete studies
have since been made on plastic materials
having an important application as marine
ropes. In these studies, polyester materials
were affected very little by water or seawa-
ter; nylon 6/6 was more affected. The pres-
ence of ions, either in seawater or added to
solution, did not promote stress cracking in
these fibers and ropes (Ref 28-30).

Moisture-Induced Failure in Compos-
ites. This review would not be complete
without a discussion of moisture-induced
failure mechanisms in composite materials.
The discussion will focus mainly on rein-
forcing glass and carbon fibers, and will be
limited, for clarity, to composites rein-
forced with continuous, uniaxially oriented
fibers. Damage mechanisms may take sev-
eral forms. The plastic matrix is subject not
only to the damage mechanisms discussed
above, but also to interfacial and stress-
cracking mechanisms. An example of inter-
facial failure is the much-discussed loss of
compressive strength in carbon fiber rein-
forced epoxy composites under hot, wet
conditions. Fiber buckling may occur in this
type of failure, allowed by the creep of the
more compliant matrix. Another type of
moisture-induced damage often seen in
composite materials is delamination, which
also may contribute to the compressive
failure described above. These damage
mechanisms are seen in shear and compres-
sion, but not in tensile loadings. Stress
cracking, however, ‘is a tensile failure, and
is more commonly associated with glass
fibers than with carbon. Water alone is
known to cause this effect, but the situation
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temperatures. Source: Ref 25

is greatly aggravated in fibers exposed to
aqueous solutions of acids (Ref 31, 32).
These failures, when they occur, may be
sudden, and in critical applications can be
catastrophic.

Blistering is a delamination failure that
occurs in some composites when exposed
to moisture. According to Ref 3, this phe-
nomenon is promoted by osmotic pressures
that build up when diffusing water increas-
ingly dilutes ionic species at the fiber-matrix
interface. This damage mechanism is fairly
common in polyester composites, as well as
in vinyl ester resins.

Effect of Moisture on
Mechanical Properties

Thermoset resins, specifically epoxy and
polyester, are described below.

Epoxy Resins. Absorbed water not only
results in a depression of the T, of plastic
materials, but also causes a loss in other
performance properties. For example, Api-
cella and Nicolais (Ref 33) have shown that
the epoxy resin system based on the DGEBA
cured with tetraethylenetriamine (TETA),
and conditioned in water at 20 and 50 °C (68
and 120 °F), absorbed 2.96.and 3.22 wt%
water, respectively, resulting in a decrease
of their elastic moduli by 5.9 and 6.6 MPa
(60 and 67 kgflem®) (Ref 33). Brewis and his
coworkers noticed the same behavior in an
epoxy resin adhesive based on DGEBA cured
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Time-temperature superposition principle illustrated with polyiscbutylene data. Reference temperature of
the master curve is 25 °C (77 °F). Insert graph shows the amount of curve shifting required at different

with di(1-aminopropyl-3-ethoxy) ether (Ref
34). After a 24 h immersion in water, the
adhesive became highly ductile, resulting in
reduced vield strength, tensile strength, and
modulus.

The TGMDA/DDS epoxy resin system,
used for over 15 years, suffers from high
moisture absorption and a rather dramatic
loss of performance in hot/wet conditions.
Table 5 summarizes the data obtained on
two TGMDA/DDS systems cured with 54
and 100% of the stoichiometric quantities of
curing agent (Ref 35). As can be seen from
the table, the two systems absorbed 4.7 and
5.8 wt% water, which resulted in a decrease
of the moduli under hot/wet conditions of 19
and 36%, respectively, when measured
while still immersed in water at 93 °C (200
°F) after 2 weeks of immersion in water at
this same temperature. The effect of high
levels of moisture on the performance
above 93 °C (200 °F) of a TGMDA/DDS
system is apparent from the data summa-
rized in Table 6.

Degradation of amine cured epoxy resin
matrix properties by water, because of the
formation of microcavities, is discussed in
Ref 36 to 38. It was shown that sorbed
moisture induces irreversible damage in the
resin, the amount depending on the temper-
ature and humidity levels to which the ma-
terial is exposed. As shown in Table 7, upon
exposure to water vapor at 65% relative
humidity, the failure mode of the epoxy
resin system being studied by Brewis and

Table 5 Effect of absorbed
moisture on the physical properties
of a TGMDA/DDS system

Components A B
TGMDA, parts ................ 100 100
BPA epoxy novolac(a), pph... 8.2 8.2
DDS,pph...ccviiieiaeenann. 28 51.9
Glass transition temperature
Dry,C(CF).evveeieennn.. 242 (470) 262 (505)
Wet,C(F)...viinnn... 174 (345) 170 (340)
Flexural properties, RT/dry
Strength, MPa (ksi) ........ 117 (17) 131 (19)
Modulus, GPa (10° psi) . .... 4.0 (0.580) 3.8 (0.548)
Flexural properties, wet(b)
Strength, MPa(ksi) ........ 83 (12) 76 (11)
Modulus, GPa (10 psi) ... .. 3.2 (0.471) 2.4 (0.352)

Modulus, wet/dry(c) %

retention....... PR 81 64
Moisture gain, % 5.8
(a) EPI-REZ SU-8 (Interez, Inc.). (b) Tested in water at 93 °C (200

°F) after 2 weeks immersion at 93 °C (200 °F). (c) Tested in water
at 25 °C (77 °F) after 2 weeks immersion at 25 °C (77 °F)

his coworkers changed from ductile to brit-
tle. They propose that this loss of properties
is associated with the formation of microca-
vities after long-term exposure of the epoxy
resin to high humidity. Fedors has shown
that water-soluble inclusions, such as undis-
solved salts, in a glassy epoxy resin matrix
can nucleate crack formation when the resin
is immersed in water (Ref 39).

Polyester Resins. The most widely used
class of thermoset resins for fiber-rein-
forced applications is the polyester-base
resins. The structures of the three most
common types—the orthophthalic esters,
the isophthalic esters, and the bisphenol A/
fumarate resins—are given in Fig. 9. The
effect on mechanical properties of exposure
to 100 °C (212 °F) water on glass laminates
based on these three types of polyesters is
given in Fig. 10. Despite the fact that the
orthophthalic polyester shows a dramatic
loss of properties at 100 °C (212 °F), it is the
most widely used matrix resin system in
fiberglass-reinforced boats. The rapid de-
cline in properties results from exposure to
water at temperatures well above its 7, and

Table 6 Hot/wet neat resin
properties of a TGMDA/DDS system

System: 90 parts TGMDA, 10 parts EPI-REZ SU-8

Flexural properties Dry Wet

Moisture content, % ....... 3.6(a)

At 25 °C (77 °F)
Strength, MPa (ksi) .. ... 140 (20) 90 (13)
Modulus, GPa (10° psi).. 3.8 (0.550) 3.5 (0.500)
Elongation, %.......... 3.9 25

At 150 °C (300 °F)
Strength, MPa (ksi) ... .. 76 (11) 40 (6)
Modulus, GPa (106 psi).. 2.6 (0.370) 1.5 (0.215)
Elongation, %.......... 3.2 3.5

At 175 °C (350 °F)
Strength, MPa (ksi)..... 83 (12) 35 (5
Modulus, GPa (10° psi).. 2.3 (0.330) 1.1 (0.155)
Elongation, %.......... 4.2 4.0

(a) After 48 h immersion in boiling water




Table 7 Effect of moisture on an epoxy resin adhesive system

24h 3 months at

immersion Dried 48 h 65% RH at

at 100 °C after 65 °C 25°C (77
Mechanical properties Dry - (212°F) (150 °F){(a) °F)
Yield strength, MPa (ksi)............ 48 (7.0) 24 (3.5r 58 (8.4)
Tensile strength, MPa (ksi) ........ 41 (5.9) 24 (3.5) 52 (7.5) 54 (7.8)
Elongation, % .................... 7.1 37 6.8 5.1
Modulus, GPa (10° psi)............ 1.70 (0.25) 1.02 (0.15) 1.56 (0.25) 1.77 (0.26)
Failure mode..................... Ductile Ductile Ductile Brittle

(a) Dried 24 h in a vacuum oven at 65 °C (150 °F) after 24 h immersion at 100 °C (212 °F)

well above general-use temperatures. Mar-
tin and Gardner report that glass-reinforced
orthophthalate ester was untestable after 10
months of exposure at 100% relative humid-
ity at 93 °C (200 °F), and significantly dete-
riorated at 82 °C (180 °F) (Ref 40). A glass-
reinforced isophthalate polyester test
specimen was relatively unaffected under
the same conditions. Unfortunately, no
tests were carried out at lower tempera-
tures.

The mechanism of the moisture-induced
failure of polyesters is quite complex. For
example, Apicella and his coworkers have
shown that the action of water on polyesters
is a combination of the result of leaching of
low molecular weight components initially
present in the resin, chemical attack on the
ester linkages, and plasticization by the
sorbed water (Ref 41). Also, Pritchard and
his coworkers have concluded that in neat
polyester resin, degradation begins with wa-
ter uptake, swelling, and leaching of non-
bound substances (Ref 42). However, these
workers have found that hydrolysis is the

0 0
|

principal irreversible process, accelerated
by osmotic-induced cracking. This osmotic
process was ascribed to traces of water-
soluble, phase-separated materials, particu-
larly glycols.

It was reported in Ref 3 that interfacial
bonding between polyester and clean glass
fibers was rapidly destroyed by diffused
water, with the initiating mechanism being
dependent on the glass composition. Bond
fracture with E-glass and C-glass reinforc-
ing fibers was shown to be due to osmotic
pressure generated at the interface by wa-
ter-soluble materials leached from the glass
fibers. However, when coupling agents
were used, debonding was important only
with hot water immersion. What effect this
moisture-induced disbonding had on the
mechanical properties of the glass-rein-
forced systems was, however, not exam-
ined. A method for predicting laminate
properties of isophthalate esters after long-
term immersion in water has been devel-
oped by Pritchard and Speake (Ref 43).
These expressions were used to predict

Il
c— R—C-—O—CIH—CHz—O—-C—CHzCH—C—O-"ClH—CHz—O

CH

CH

3 3 n
Saturated Glycol Unsaturated Glycol
acid acid
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(a) ester ester
CH; —O0

CH, CHy
| | I
O—CH—CH,—0 C O—CH,— CH

|
CH,
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(b)

—C—CH=CH—C
l I
o

Unsaturated
acid

Glycol

Flg. ©Q Structure of unsaturated polyester resins. (a) Phthalate esters. (b) Bisphenol A/fumarate resins
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tensile property changes at 15 °C (60 °F)
over a period of 15 years. Similar methods
were used to predict property changes at 30
°C (85 °F), and were experimentally con-
firmed for absorption times of nearly 3
years.

Thermoplastics described below include
polyester, PA, PC, PSU, polyoxymethylene
(POM), and polyolefin.

Polyester. In an early, long-term aging
study at 0% and 100% relative humidity on
poly(1,4-butylene terephthalate) (PBT),
Martin found that the dry samples aged 18
months showed little degradation (Ref 44).
However, the results indicated that those
aged at 100% relative humidity at 45 °C (115
°F) would lose up to half the initial value of
mechanical properties in 4 to 10 years. In a
more detailed study, Gardner and Martin
(Ref 45) aged three grades of PBT up to 3
years at 100, 75, 50, and 11% relative hu-
midity and temperatures of 66 to 93 °C (150
to 200 °F). They found the decrease in
mechanical properties caused by hydrolysis
occurs rapidly at higher temperatures and
relative humidities. The hydrolytic degrada-
tion of polyesters results from the scission
of the polymer chain at the ester linkage,
which leads to a progressive reduction
of molecular weight. Loss of tensile prop-
erties occurs rapidly after aging at higher
temperatures and relative humidities.
Elongation shows similar trends, although
the loss of elongation is even more rapid.
For example, the elongation of the mate-
rial under almost all aging conditions fell
essentially to zero in less than 32 weeks,
whereas, at 32 weeks, greater than 50%
retention of tensile strength was noted
under several different aging conditions.
Thus, toughness, or impact strength, is lost
long before tensile strength half-life is
reached.

Gardner and Martin have derived equa-
tions from Arrhenius plots for making life-
cycle predictions at any temperature and
humidity combination for both unfilled and
filled PBT. The combined effect of temper-
ature and humidity on unfilled PBT is writ-
ten:

100
=
S w -
§ ‘,B A/fumarate
o —
.:; 60
=
[ =S
£ 40
w
B x )
2 20+ “ Orthophthalic Isophthalic
@
£ \
[
0 T T T T T T T
0 4 8 12 16
Exposure time, months
Fi 10 Degradation of glass laminates in water at
9. 100 °C (212 °F) for different polyester

resin matrices
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n,, = - 1.36 In(R) — 31.73 (Eq 2)
where t,,, is the tensile strength half-life
(days), T is the temperature (K), and R is
the (fractional) relative humidity. A similar
equation for glass-reinforced PBT is writ-
ten: i

13 134

n, =-——— 1.33 In(R) — 33.41
T

fn (Eq 3)
Gardner and Martin point out, however,
that these equations may be less reliable at
low relative humidity, because other reac-
tions, such as esterification and oxidation,
become more important than hydrolysis at
low relative humidities. The authors did not
study other polyesters, but similar trends
could be expected in polyethylene tere-
phthalate (PET), which would be expected
to undergo the same hydrolysis, oxidation,
and esterification reactions as PBT.

Polyamide. The effects of water on both
unfilled and filled nylon 6, nylon 6/6, and
nylon 6/10 have been studied by Woodham
and Pinkston (Ref 46). The water absorption
values after immersion at 23 °C (73 °F) for
160 days for unfilled samples of these three
nylons were found to be about 10.2, 9.2, and
3.0 wt%. This would be expected, based on
their polarity. Glass reinforcement reduces
the rate of moisture pickup, with the most
significant reduction being in nylon 6. For
example, after 160 days under the above
conditions, the moisture absorption of ny-
lon 6 containing 40% glass reinforcement is
only about 4.6 wt%, and that of nylon 6/10,
containing the same amount of glass rein-
forcement, is about 2.0 wt%.

Woodham and Pinkston found that ab-
sorbed moisture affected the various phys-
ical properties differently. It plasticized the
nylons; increasing amounts of absorbed wa-
ter in unfilled nylons resulted in increasing
Izod impact strengths. These increases in
impact strength were particularly dramatic
for nylon 6 and nylon 6/6. The glass-rein-
forced systems showed only slight increases
in impact strength at increasing levels of
moisture. Tensile and flexural strength of
both the unfilled - and filled nylons were
found to decrease steadily with increasing
levels of moisture. However, glass-rein-
forced systems at all moisture levels were
generally found to maintain a higher level of
their properties at saturation than were the
dry, unreinforced systems.

Woodham and Pinkston’s study was done
at 23 °C (73 °F). However, nylon, like
polyester, is susceptible to hydrolysis and
oxidation. Gardner and Martin (Ref 47)
found that unreinforced nylon 6/6, for ex-
ample, is not suitable for long-term expo-
sure to 100% relative humidity at tempera-
tures of 66 °C (151 °F) or above. However,
the strength of unreinforced nylon 6/6 was
substantially reduced by long-term aging at
93 °C (200 °F), even at 0% relative humidity,

indicating oxidative degradation of the plas-
tic. Adding glass and stabilizers substantial-
ly improves the performance of nylons in
hot/kumid environments. Also, nylons that
absorb less moisture retain their properties
longer under hot/humid conditions. Nylon
12 loses about one-third of its strength be-
cause of absorbed water; however, further
decreases, even at 66 °C (151 °F), were found
to be quite small. At 93 °C (200 °F) glass-
reinforced nylon 12 should be serviceable
after 10 months at 100% relative humidity.

Polycarbonate. When aged under hot/
humid conditions, PCs were found to have a
rapid drop in weight-average molecular
weight (Ref 48). For example, the weight-
average molecular weight of a commercial-
grade PC dropped to approximately 65% of
its initial value after 40 weeks at 100%
relative humidity and 65 °C (149 °F), and to
12% of its initial value at 93 °C (200 °F) and
100% relative humidity after the same
length of time. Because the rate of hydrol-
ysis is a function of both the temperature
and the concentration of water in the plas-
tic, the increased degradation at 93 °C (200
°F) is a result of both the increased temper-
ature and increased water concentration.
Water concentration at 65 °C (149 °F) and
100% relative humidity was found to be
0.416% in this study, and 0.470% at 93 °C
(200 °F) and the same humidity level. At
75% relative humidity, the corresponding
values were 0.337 and 0.365%. Thus, at
constant temperature, the degradation rate
over most of the temperature range is ap-
proximately halved when the relative hu-
midity is reduced from 100 to 75%.

As indicated in the discussion on thermo-
plastic polyesters, the hydrolytic degrada-
tion leads to a progressive reduction in
molecular weight and eventually to a loss of
mechanical properties. In the study, the
tensile strength was found to drop rapidly
below a critical weight-average molecular
weight of 33 800, and a transition from
ductile to brittle failure was also observed at
this point. Thus, brittle fracture occurred
even in low-speed tensile tests of an injec-
tion molding grade of PC after exposure to
100% relative humidity for more than 12
days at 93 °C (200 °F). Extrapolations of
Arrhenius plots based on 18 month tests
indicate that the ductile-brittle transition at
38 °C (102 °F) would be reached after 5
years at 100% relative humidity. Reducing
the relative humidity from 100 to 75% would
reduce the hydrolysis rate by half at 82 °C
(180 °F) and 93 °C (200 °F).

Polysulfone. As seen in Table 1, PSU,
like PC, absorbs a relatively low amount of
water, but unlike PC, PSU is not suscepti-
ble to hydrolytic degradation. Martin and
Gardner (Ref 40) found that humid aging did
accelerate an annealing effect in a commer-
cial grade of PSU. They found the elonga-
tion after just a few months of humidity
aging dropped from 90% to 6 to 7% elonga-

tion. No further change occurred after that
time. Elongation in dry specimens, aged at
93 °C (200 °F), also dropped to the same
level, but only after 18 months. During the
18 months of both dry and humid aging, all
specimens had an increase of tensile
strength of 6 to 16%; however, the effect
appeared to occur faster in the humidity-
aged specimens.

Polyoxymethylene. Unreinforced com-
mercial grades of both acetal homopolymer
and copolymer were found to be unaffected
after 18 months of dry aging at 83 °C (181 °F)
or at 66 °C (151 °F) and 100% relative
humidity (Ref 40). In fact, the homopolymer
showed only about a 6% drop in tensile
strength after 1 month at 99 °C (210 °F) and
100% relative humidity, and a 3% drop at 82
°C (180 °F) and 100% relative humidity after
19 weeks. However, the tensile strength had
dropped to such a point after 10 months at 82
°C (180 °F) and 1009 relative humidity that
the material was untestable. Under the same
conditions, the tensile strength of the copoly-
mer was unchanged. After a total of 18
months exposure at these conditions, the
copolymer had lost about half of its original
strength.

Because a strong odor of formaldehyde
was observed in every 100% relative humid-
ity test jar containing the acetal test speci-
mens, the authors suggested that under hot/
humid conditions these acetal polymers de-
graded by an unzipping mechanism.

Polyolefin. Because polyolefins such as
PE, PP, and polybutylene absorb relatively
little water (see Table 1) and contain no
chemical bonds that are easily hydrolyz-
able, they are essentially unaffected by ag-
ing in water. Martin and Gardner (Ref 40)
found, in a commercial 30% glass-rein-
forced PP, for example, that the long-term
influence of humidity is rather small. After
an initial drop in both tensile strength and
elongation, the properties stabilized and did
not change further.

Polyolefins are, however, rapidly oxi-
dized at elevated temperatures, particularly
those containing a tertiary hydrogen on the
backbone, as in PP and polybutylene. These
materials are protected with stabilizer pack-
ages containing antioxidants and ultravio-
let-light stabilizers. Lusk (Ref 49) has
shown that hot-water deterioration of poly-
olefin consists of two separate reactions:
antioxidant depletion by water (through
leaching or hydrolysis) and polymer oxida-
tion. Thus, the service life of a polyolefin in
hot water is a function of the specific plastic
and stabilizer package, the temperature,
and the humidity (or water pressure, in the
case of hot-water pipe).

The effect of water on other polymers
with all-carbon atom backbones, such as
polystyrene, polyvinyl chloride, polyvinyli-
dene chloride, PTFE, and polyisobutylene
would be expected to behave somewhat
similarly.
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