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The technology of reinforced plastics has advanced to where these materials are can-

didates for structural use in water environments. The commercial boat industry and

e - P e . several Navy applications have shown us where the problem areas are and taught us

fbﬁﬁilmm”OS% STAVEMERT K the importance F::n‘ good quality control during fabric:tion. Water-absorption progl’)lems

Anpxoved for Eubu., mlm confront us when we consider this material for underwater use. The water most like-

{_ ly diffuses into the material at the interface of the reinforcement and the matrix. In

order to overcome this, we have done research work to improve the bond between the

reinforcement and the matrix. We have learned to make better bonds and better all-

around composites. These well-made composites, when subjected to creep and fatigue
loads in water, stand up very well.
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Performance of Plastics in Water Environments

S. P. PROSEN

INTRODUCTION .

The technology of reilnforced plastics is
growing and 1s providing the designer, the archi-
tect, and the user with a new class of materials
having extraordinary properties. Glass reinforced
plastics, for instance, provide strength-to-weight
- and modulus-to-welght ratlos greater than most ma-
terials. They are inherently resistant to corro-
sion; they are nonmagnetic and possess good di-
electric properties besldes being readily fabri-
cated into large structures of complex shapes.
Although reinforced plastics structures have been
extremely successful for many appllicatlons, these
materials have not reached thelr full potential
under compressive or external loadings in water,
such as those experienced in deep submergence.
This fact does not indicate an inherent limita-
tion of reinforced plastics but reflects the pres-
ent state-of-the-art of reinforced plastilcs struc-
tures.

On the other hand, many dlscuss the promlse
of these materials (1, 2, 3).1 With the advent
of the new reinforcing fibers, such as boron, the
carbides and/or the graphites, and with the ad-
vances in resin technology, we foresee even
greater use of reinforced plastics in marine en-
vironments. The high strength-to-weight and modu-
lus-to-welght ratios of the new fibers when com-
bined with plastics make them very attractive.
Many have shown the advantages of these new fibers
in many structural applications, including deep
sub.. .gence structures, where lightweight, high
modulus, and high strength are important (4, 5,

6, 7).

The Navy 1s also contemplating more use of
these structural materials to the very depths of
the oceari. Because of thils, it 1s imperative
that we know more about the effects of water on
these materials. Thls report wlll attempt to
bring us up-to-date on the structural use of these
materials in water and how these reinforced plas-
tics materials are affected by the water environ-
ment, especially when subjected to the stresses
of deep submergence. Many researchers have re-
ported on water absorption, creep and fatigue,
both cyclic and static, as well as deslgn consid-
erations of these materials; thils report, how-

1 Numbers in parentheses designate References
at the end of the paper.

ever, will point out the significant findings of
the varilous studles and discuss some studies done
at the Naval Ordnance Laboratory in this field.

REINFORCED PLASTICS "IN WATER".

- The advantages in using these materials for
marine service have resulted 1n varilous applica-
tions of reinforced plastics -- the plastic boat
industry 1is one that can be clted for being very
successful. Another applicatlon cited by N.
Fried and W. Graner (8) is the success of a rein-
forced-plastic falrwater for the submarine USS
"Halfbeak." The elements of this falrwater were
assembled and Installed aboard the "Halfbeak" 1in
1953 and entered into service early in 1954.
After some 11 years of service, the plastic falr-
water was removed from the vessel. Samples were
cut from the various sectlions of the fairwater
an@ submitted to tests. The data, both the orig-
inal, after molding, and after 1l years of service
are shown in Table 1. The success of reinforced
plastics 1n this environment is indicated by the
lack of degradation of properties as seen in the
table. This direct evidence of the permanence of
glass-reinforced plastics in a marine environment
provided by this "Halfbeak" investigation, as well
as some of the other structures (floats, boats,
and so forth) made of this material, gives us an
indication of the durabllity of this material in
the water enviromment and indlcates that we can
rely on it for use for long perlods of time and
under wet conditions.

REINFORCED PLASTICS "UNDERWATER"

One of the Navy's first external pressure
vessels made of these materilals 1s the Mark 57
Mine Case (Fig.l). This mine case was made of
glass fabric and epoxy resin. The deslgn prob-
lems, such as end closures, openings and joints,
as well as performance problems, such as resist-
ance to shock loads, long-term loads and moisture
transmission, were worked out on this mine case.
The result of this study was a mine case incor-
porating performance characteristics unlque with
a glass-reinforced plastics construction, yet
capable of serving as a primary structure under
long~term external loadlng conditions in a sea




TABLE 1

EVALUATION OF REINFORCED PLASTICS FAIRWATER

ON USS HALFBEAK~--SUMMARY OF DATA

Specifi-
Current Data cation
Condi~ Original (eleven years service) Require-
Property tion Data® Panel 1 Panel 2 Avg.  ment
Flexural strength, Dry 52,400 51,900 51,900 51,900 50,000
psi Wetc sk, 300 k6,400  Lk7,%00 146,900 45,000
Flexural modulus, Dry 2.5 2.62 2.k1  2.52 2.50
psi x 106 Vet 2.9 2.5 2.28 2.37 2.%0
Compressive str., Dry - 40,200 38,000 39,100 33,000
psi
wet - 35,900 35,200 55:600 28)000
Barcol hardness Dry 55 53 50 52 -
Specific gravity Dry 1.68 1.69 1.66 1.68 -
Resin content, % Dry k7.6 k7.4 8.2 u7.8 35-43

a Average of three panels
b MIL-P-17549
¢ Two-hour boil

NOTE: This table was taken from reference 8.

Fig.1 Reinforced-plastic underwater mine case
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water environment. The development of that case
1s discussed 1In a Navy report (2).

History has shown that the success of the
mine case was dependent upon the care and the
quality control procedures used in making the
case. The porosity and vold population of the
laminate in the case is controlled by fabrication
procedures; good fabricatlon techniques and close
control produced a mine case that resisted exter-
nal pressure with no leaks and no failures. In
fact, the shock resistance of a well-fabricated
case was much better than one in which voids and
porosity exlsted. Milne cases which had porosity
problems, starved or resin rich areas, or fibers
which were not thoroughly wetted by the resin
eventually would leak under external ‘hydrostatic
pressure.

WATER ABSORPTION

Several studles have shown that water does
affect the properties of reinforced plastics ma-
terials. The mechanism of how it degrades the
material 1s not understood and many theories ex-
ist. Glowackl (9) stated that cast epoxy showed
a strength loss up to 15 percent after exposure
to hot water, but the strength recovered after
drying; thus moisture has a plasticizing effect.
This same effect of water was shown by Krolikowski
(10). In other studles of the mechanilsms of water
absorption (1l) it 1s stated that moisture absorp-
tion 1n cast epoxy resin cylinders for 1600 hr
showed weight increases of 5 mg/g with no varia-
tion 1in absorption due to pressure at 10,000 psi.
Fllament wound cylinders, on the other hand, gave
more erratic molsture pickup results, the total
accumulation being 3 to 5 mg/g in 1600 hr. The
aforementioned studies give us the clue that in
bullding composites we have to be very careful,
we must have less volds and we must get good wet-
ting. In this way, water will be less likely to
diffuse along the filbers at the interface.
Lebovits (12) stated that hydrostatic pressure
has only a small effect on plastics except for
flow through cracks or pores and that the diffu-
slon rate along the glass fiber epoxy interface
was 450 times faster than through the resin.

The previous discussions serve to illustrate
the importance of high quality laminates (low
vold content) on the permanence properties of
these structural materials. The mine case 1s a
product of the mid 1950's and the technology then
was, of course, not so far advanced as it is today.
The curves of Fig.2 shoWw the water permeability
improvement as seen by tests on two cylinders
(Fig.3), one made in 1955 and one made Just over
two years ago. The moilsture transmission rate is
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Fig.3 Long-term hydrostatic pressure test on cylinders

quite different for the two cylinders. The number
of grams transmitted through the walls of this
nominal 10-in. cylinder, with a 1/4-in. wall, is
only 9 g in 140 weeks, whereas the water transmis-
sion curve of the cylinder fabricated in 1955 us-
ing the materlals and the technology of that day
would have reached 9 g in about 35 days. This
portrays an increase in the water resistance
brought about by better technology, which in turn
has brought about lower voids, better wetting,

and a better laminate.

RING, UNIAXIAL WET FATIGUE

With the success of the mine case and with
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Fig.5 Schematic diagram of ring compression tester
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Fig.6 Immersed cyclic compression of NOL rings

220¢
200}
180 |
160

140

I
2 120
»
o
= 100
z P-13 (WET)
@

80
g
@ P -12 (DRY)

sof

40}

20 b

10 100 1000 10,000 100,000

CYCLES TO FAILURE

Fig.7 Wet and dry cyclic compression of NOL rings

a better understanding of the propertles of rein-
forced plastics materials under compressive and
shear loads, programs of assessing thelr poten-
tial for deep-diving submersibles were originated.
The programs were deslgned to assess these materi-
als in terms of water absorption, creep under sus-
tained wet load, fatigue, both wet and dry, and
other life studles.

In a study carried on by the A. 0. Smith
Corporation, Milwaukee, Wis., for the Naval Ord-
nance Laboratory, NOL Rings were subjected to
compressive fatlgue in water (Fig.4). The fixture



used to stress the rings 1s shown in Fig.5 and
previously described by the author (13). Sixteen
materials (Table 2) were tested over a period of
several years; the fatlgue curves are shown in
Fig.6. The curves labelled PL through P6 repre-
sent rings made by an early winding process which
was lacking in precise control. This process led
to resin richness and to a high number of uncon-
trolled voids. The curves of P7 through P16 rep-
resent the fatigue life of rings made with close
control during winding. The improvement in fa-
tigue life due to being further along the "learn-
ing curve" and due to closer control is obvious.

Flg.7 deplcts two curves from Fig.6 and
shows the fatigue curves of two series of like
rings, one tested dry and one tested 1n water.
The effect of testing 1n water 1s nil. This nil
effect 1s due most likely to the uniaxial stress
(along the fibers) applied by this tester which
primarily stresses the fibers and not the inter-
face. Thils stressing does not bring about the
microcracks at the interface where water is like-
ly to diffuse.

RING, MULTIAXIAL WET FATIGUE

In another study at NOL, we have developed
a Multiaxlal Fatigue Test (14) which subjects
one half of the NOL Ring (a parallel filament
wound ring) to a twisting moment (Fig.8). This
twisting puts a stress on the interlaminar bond.
The amount of resistance to this twilst 1s a direc
measure of thls bond, and any degradation that
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Fig.8 NOL multiaxial fatigue tester -- schematic of
functioning parts
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Fig.9 Dry versus wet multiaxial fatigue testing of NOL rings

TABLE 2

MATERIALS IN UNIAXTAL COMPRESSION FATIGUE TEST

P-5
P-6

P-8

P-g

P~10
P11
P-12
P-13
p-1k
P-15

P-16

Resin System
E-T87 Prepreg (U. S. Polymeric)
A-46-3 (RIPCO Prepreg)

E-826/MNA/BDMA (100/85/1)
(wet system)

A-135-A (RIPCO Prepreg)

A-135-B (RiPco Prepreg)

E-T87 Prepreg (U. S. Polymeric)
ERX-36 (Shell Chemical Co.)
E-787 (Shell Chemical Co.)
Epycryl E11-S-75 (Shell Chemical)
ERL 0400 (Union Carbide)

E-T17 (Shell Chemical Co.)
E-T87 (dry) (shell Chemicel Co.)
E-T87 20-end. S99L/HTS . sepreg
EF2 Prepreg (Cordo Chemical)

Y1-020-5-101% Glass Roving
ERL 2256/0820

Y1-020-5-101%4 Fiberfoamed Glass
Roving ERL 2256/0820

NOTE: All specimens were made with "S" glass roving, unless

otherwise noted.



may occur at this bond (the interface of matrix
and the reinforcement) shows up as a loss in
measured stress.

In one set of experiments, the fatigue life
at 20 cpm of rings tested at ambient conditions
and of rings tested in water is plotted (Fig.9).
As can be seen, even under this severe stress,
the fatigue life at 50 percent of ultimate
strength of rings tested wet 1s not too different
below 1000 cycles from the dry or amblent test.
After 1000 cycles;'the two curves separate, show-
ing that the degradation occurred at thls time and
that water aided and catalized thils degradation.

The degradation in water using this multi-
axlal fatigue test 1s much greater than that to
be experienced in the uniaxial compression fatigue
test described earlier.

The effect of water on performance is much
greater in the multiaxial fatlgue test than in
the uniaxial compression test. It 1s postulated
that the multiaxial test attacks the weak portion
of the composite (the interface) directly, there-
by accentuating any weakness due to nonwetting or
poor bonding on the fiber and the matrix that
may have occurred. The unlaxlal test accentuates
and stresses the strength of the fiber and in this
manner minimizes water effects.

CYLINDERS, HYDROSTATIC PRESSURE EFFECTS

In another study by Fried et al. (15, 16),
the effects of the extended water immersion on
reinforced plastics at various hydrostatic pres-
sures up to 13,300 psig (which is equivalent to
approxlmately 30,000 ft) were assessed. They
showed that the effects of water immersion on the
properties of this type of material are essential-
ly independent of hydrostatic pressure; that is,
immersion to 13,300 psig affects the material no
more severely than exposure to O psig. They also
showed that certain compositional factors, such
as type of resin system, markedly influence the
sensitivity to water. This study, as well as
many others we will discuss later, shows that
vold content was a controlling factor in the ef-
fect of water resistance. For instance, lami-
nates of good quality and reasonably low vold con-
tent (less than 1.5 percent by volume) are rela-
tively insensitive to water and that even after
extended exposure under the most severe condi-
tions the material in the "wet" condition retained
over 90 percent of its initial dry mechanical
strength (Flg.10). The authors point out that
the key point in acquiring a composite material,
which 1s quite resistant to water under even the
most severe conditions, i1s quality and in this
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Fig.10 Effect of time of exposure at 13, 300 psig on standard
filament-wound plastic material (9)

regard they say the vold content 1s the principal
factor.

The adverse affect of void content on the
mechanical properties has also been demonstrated
by Paul (17), Fried (18), and Prosen et al.(19).
The authors say 1t 1is apparent that excessive
vold content has a deleterious effect on water
resistance. This is borne out, especially in the
fatigue studies that were carried on in Friled's
work. The water absorptlon of filament wound ma-
terials of low void and high void 1s pictured in
Fig.ll, and the effect of vold content on fatigue
1life 1s shown in Flg.l2. The authors emphasized
that the above trends are applied to present-day
materials and 1t should be recognized that fila-
ment wound plastics, as well as other reinforced
plastics, are relatively new. We, therefore, can
expect with continued research highly improved

_composites, and these improvements will be typil-

fled by lower vold content, better wetting, bet-
ter shear strengths, which will further enhance
the use of these materials in water and in deep-
sea environments. )

Others such as Freund and Silvergleit (20)
stress.the importance of interlaminar shear on
the life expectancy of reinforced plastics materi-
als. The authors related this shear strength to
vold content as well as other controlling process-
ing factors and inferred a relationship between
vold content and fatigue life,

At . .
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specially fabricated low and high-void filament-wound
plastic material (9)

CYLINDERS WET FATIGUE

The Illinois Institute of Technology Research
Institute (IIT) (21) has been carrylng on fatigue
studies on relnforced plastics (filament wound)
cylinders. A typical fatigue curve of many speci-
mens from various vendors is shown in Fig.l2.

The authors state that it 1s notable that a coef-
ficient of varilation of 3.86 percent was obtained
for this compressive strength even wlth all the
indicated variables present. They further state
that the compressive strength of good quallty re-
inforced plastics structures exhibits good con~
sistency. The data of Fig.13 indicate by the rel-
atively low spread that good conslstency 1s ob-’
tained in the fatigue results.

The above fatigue work indicates that an
average cycle life in wet environment of 10,000
can be expected between stress levels of 70,000
and 90,000 psi.

SUMMARY

Throughout the years we have learned how to
fabricate reinforced plastics; we are still
learning. The effect of "being further along the

* learning curve" has markedly affected the per-

formance of these plastics materials in water en-
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vironments. The better glasses, the better reln-
forcements, the better resins, and the better
technology fabrication and design all gilve us
hope that these materlals with thelr high
strength, high modulus, and low welght character-
istics can be useful for structural purposes in
water and in other enviromments.

It seems then that to keep these materlals
useful and to get better and better performance
we have to improve wetting, we have to improve
interlaminar bond strength, we have to lmprove
interlaminar shear, and, of course, we have to
improve the reproducibility of samples. We have
to know what our resin content is at all times,
we must know what our vold content 1s, and we in
turn must know how to test for these nondestruc-
tively as well as destructlvely.
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