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PREFACE

In the early era of submersibles, each component of the system, including viewports,
had to be subjected to an extensive test program before its incorporation into a manned sub-
mersible system.

Ocean engineers had to repeat this design validation process for each viewport design.
Some published the results of their test programs; however, others because of lack of initia-
tive, shortage of resources, or restrictive company policy did not and thus hampered the
development of viewport technology.

After approximately three decades of viewport development, there are sufficient pub-
lished data to warrant a brief summary and review of this technology. it is the purpose of
this review, i.e., this handbook, to highlight areas where adequate information is lacking. It
is hoped that such an approach will be of value both to designers, i.c.. the design of pressure
hulls will be expedited by using proven viewport configurations, and to researchers, i.e., sig-
nificant progress in unresearched areas will be achieved with a minimum of time needed for a
literature search.

Several approaches could have been used in summarizing and reviewing published
studies on viewport development. The approach chosen is a design handbook rather than a
research monograph. The selection of this approach was based on the premise that the view-
port designer is the key element in providing safe viewports for pressure-resistant hulls of sub-
mersible habitats, personnel transfer capsules. and deck compression and medical treatment
chambers. If the designer is aware of all factors that affect the performance of an acrylic
plastic window, a sound engineering appraisal of these factors can be used as the basis for a
safe viewport design.

This report particularly reflects this design handbook philosophy in section 12 and
the three appendices. Factors such as materials, fabrication processes. distribution of stresses
and strains in selected window shapes, critical pressures, and surface finishes are discussed
from the viewpoint of a designer. Since this is the person ultimately responsible for the per-
formance of the viewport in service, all pertinent information is presented in a manner that
will make the designer’s decision valid. To help achieve this, an attempt has been made to
differentiate between guidelines based on facts and guidelines based on postulates. Guide-
lines based on facts represent firm conclusions that can be applied with confidence, while
guidelines based on the author’s postulates must be applied with caution as they represent
only informed engineering opinions that future studies may prove inaccurate.

Although there is adequate information in the book for the design of any viewport
shape by a competent ocean engineer, a special chapter has been included that makes the
design of standard viewport shapes a “‘cookbook™ approach. The fifteenth chapteris a re-
print of the sixteenth draft of appendix A in the ANSI/ASME Safety Standard for Pressure
Vessels for Human Occupancy (PVHO). It represents in a condensed form the engineering

Judgment of experts on the proper design, materials, fabrication. and acceptance test proce-
dures for acrylic windows in viewports of manned submersibles.

Windows designed on the basis of rules specified by ANSI/ASME Safety Standard
PVHO-1, Appendix A, have amassed an enviable safety record, i.e.. there has been no loss of
life because of window failure. Because the safety standard is accepted by many domestic
and foreign regulatory agencies, insurance societies, and classification societies. it is highly
recommended as a design basis for prospective viewport designers. The designer must remem-
ber, however, that the safety standard is subject to periodic revisions by ASME and that it is

Vi
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always necessary to ascertain what changes have been made. As a rule, these revisions tend to
make the safety standard less, rather than more, conservative: thus section 15 will probably
remain a reliable and conservative design guide for standard acrylic window shapes.

Two sections in this book are not directly applicable to design, but are background
material. Section 1 is a historical discussion of the development of viewport technology, and
section 3 introduces the sources of data subsequently utilized as the basis for the design
guidelines. It is believed that the designer who develops a historical perspective of viewport
technology and understands the limitations of the data sources is in a good position to apply
the information within this book to design standard, or to develop, viewport shapes.

In addition to the 15 sections, this book also contains three appendices with detailed
experimental and fabrication data. These data have been placed in appendices to make basic
data available to the designer without the use of reference materials. The appendices become
especially valuable for the design of windows whose operational requirements differ drasti-
cally from those forming the basis of the ANSI/ASME Safety Standard PVHO-1. In such a
case, the designer must consult the basic data contained in the appendices and formulate
safety factors that surpass those in the ANSI/ASME Safety Standard PVHO-1.

It is hoped that this handbook will satisfy an existing need on the part of designers,
researchers, and students for an overview of acrylic plastic viewport technology. Hopefully
the field of viewport technology will continue to grow rapidly and thus make this book obso-
lete in a rather short time. Perhaps at that time the information contained in this book will
be updated, expanded, and rearranged to reflect the higher level of sophistication in the field
of viewport technology.
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SECTION 1.
THE QUEST FOR PANORAMIC VISION UNDERWATER*

1.1 INTRODUCTION

The history of submersibles and submarines has been written many times. In each
case, the emphasis has been on describing the particular system in terms of its depth capa-
bility, submergence time, and work tasks. Only peripheral attention has been directed to
what could well be the most important element in the design -~ the means by which the
ocean’s depths are visually studied. From the days of Alexander the Great and his “glass
barrel™ submersible to today’s most sophisticated system, man has wanted to examine
visually the ocean depths. To achieve this objective, windows for submergence systems,
submersibles with panoramic visibility, highly sophisticated television cameras and receivers,
and ingenious optical arrangements have been developed.

Many of the approaches are now only of historical value, while some are as tech-
nically and operationally viable as when they were invented. If there is any generalization
that can be made concerning them and their designers, it is that man will not cease to invent
new optical systems until submersibles can provide at any depth the same visibility now
possible with automobiles and aircraft.

The earliest reliable record of the actual use of a diving apparatus is that contained
in a book written by Francisco de Marchi and published in 1599. The apparatus, designed
and built by Guglielmo de Lorena, was first used in 1531 in an attempt to raise Caligula’s
pleasure galleys which had sunk in Lake Nemi. The most interesting thing about this diving
bell was that it contained a glass window directly in front of the operator’s face (reference
1.1). From the sketch available, it appears that the window was simply a flat piece of glass
sealed, probably with pitch, into the wall of the bell. As the diving bell was used in shallow
water, the window presented no significant problems.

Another approach to reaching the ocean floor was attempted with the “*Aquatic
Corselet™ which can best be described as a forerunner of a diving helmet and suit. Accord-
ing to Father Schott, this device was made of leather and contained tiny panes of glass
(reference 1.2).

In both these early devices, the windows were used for visual contact. In 1690,
Dr. Edmund Halley, who later became an astronomer, designed and built a wooden diving
bell with a large glass window in the top. This window was included so that light from the
surface could enter the bell (reference 1.1). Halley himself, on several occasions, stayed
on the bottom at a depth of 9 or 10 fathoms for over an hour.

* This section was contributed by J. L. Atkerson of the New York Historical Society.




As the years went on, refinements and advances were made on all these basic designs:
Metal instead of wood or leather was used; different shapes were tried: and the depths to
which the various devices were employed were extended.

In 1903, Giuseppe Pino designed his sophistocated hydroscope which allowed an
observer to remain on the surface while viewing the secabed through a series of telescopic
tubes: the lower end of the device was an optical chamber containing 12 lenses (reference
1.1). In this, as in the previous windows, glass was used.

At the depths to which these diving machines were used, it was possible to use glass
because the state-of-the-art was sufficiently advanced to make safe designs feasible. To reach
greater depths, it became necessary to design more elaborate vehicles, to improve the materi-
als used to provide visibility, and to increase knowledge of window and flange designs.

1.2 BATHYSPHERE

In the 1930s, the zoologist, William Beebe, and his associate, Otis Barton, reached
the unprecedented depth of 1426 feet (435 meters) in the “bathysphere.” The old style
of rigid diving suits, i.e., a steel cylinder furnished with portholes and hung from a cable,
was the basis for the design of this system (reference 1.3).

The vehicle was a sphere which weighed 5000 pounds (2268 kilograms), measured 57
inches (145 centimeters) in diameter, and had steel walls that were 1.5 inches thick (3.8
centimeters) (reference 1.1). It contained three plane circular windows made of fused
quartz; the windows were 8 inches in diameter (20 centimeters) and 3 inches thick (8 centi-
meters) (reference 1.2). The pieces of fused quartz, manufactured by General Electric,
were the largest pieces made to this time (reference 1.4).

From the standpoint of the evaluation of underwater visibility, these windows
were the first serious attempt at what is now called “window technology.” There are three
reasons for this claim. First, both Beebe and Barton believed that sight is the most impor-
tant of the senses, as approximately 85 percent of all knowledge is acquired through sight.
Beebe, as a zoologist, felt that he had to be able to select his samples under visual control
and, therefore, the bathysphere had to have accommodating windows. Since windows had

traditionally caused the greatest difficulty for all deep-diving bells and helmets (reference 1.2),

they started the discipline of window technology by attempting to solve this problem.
Second, they designed the windows from an engineering standpoint. Fused quartz was
recommended by Dr. E. E. Free, an authority on optometrics in the 1930s (reference 1.4).
There were two reasons for the selection of fused quartz: (1) it was the strongest trans-
parent substance known at that time and (2) it would transmit all wavelengths of light

(reference 1.2). Third, these windows departed from past tradition, as various gaskets,
flanges, sealants, and retaining frames were tried and the optimum approach selected. Pre-
vious windows had tended to be plane rectangular plates of glass held in place by caulking.
The fused-quartz windows were fitted into cylindrical projections in the front of the sphere,
sealed in the mounting with a paper gasket and white lead paste, and secured in place with
a light steel frame bolted over each window (reference 1.2). Six inches (15 centimeters)

of the window’s diameter were free of the supporting flange (reference 1.2), and the windows

were so arranged that a shaft of light thrown out of one could be viewed from another
(reference 1.4).
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In 1934, Beebe and Barton had to dispose of all three windows, since they had de-
veloped cracks and one had broken under dangerously low-pressure tests. In addition, the
windows had developed peculiar smokey patches which affected their usefulness for light
transmission (reference 1.2).

During the numerous dives made with bathysphere there were times when the win-
dows leaked. However, each time it was found that the window had not been scated
correctly. The soundness of the window’s design, material, flange, and gasket was proven
many times. The ultimate success for the system, and for the windows in particular, came

when Beebe and Barton reached their maximum depth of 3028 feet (923 meters) and showed

that life was found at this depth (figure 1.1) (reference 1.5).

The bathysphere was the culmination of knowledge concerning pressure-resistant
windows. There were some experiments, especially in regard to the windows, which were
basically a break with the past. However, based on their works, the author believes that
Beebe and Barton were not as concerned with the windows as with other aspects of their
system, i.e., they believed that visual contact was critical but once their design was proven,
there was no further experimentation. This is verified by the fact that when the bentho-
scope (Barton’s successor to the bathysphere) was built fused quartz was again used with
the same thickness but with a somewhat smaller diameter (figure 1.2) (reference 1.4).

The contribution to window technology made by Beebe and Barton was significant.
By showing an interest in engineering details, they convinced designers of later submersible
windows to experiment with materials, designs. shapes. flanges, and sealants.

1.3 TRIESTE

In the late 1920s and early 1930s, Auguste Piccard became interested in the strato-
sphere and began experimenting with the effects of pressure, or lack of pressure, on various
bodies, materials, and designs. In 1931 he ascended in his balloon into the stratosphere to
a height of approximately 10.5 miles (17 kilometers) (reference 1.1). He then experimented
with new materials and designs that were related to exploration of the atmosphere. Having
shown the validity of his theories concerning atmospheric pressure, he turned his attention
to the ocean  the other source of great pressure differentials.

In studying the ocean, Piccard realized that there are “'so many questions, sc many
mysteries, it is only by going down to the depths of the sea that we can hope to clear them
up” (reference 1.3). He began his study of the ocean b reviewing all that was known con-
cerning submersible design. It was at this time that Barton znd Beebe were making their
dives in the bathysphere. Piccard noted that “it is no exaggeration to say that it is he
(Professor Beebe) who opened the doors of the abyss to man™ (reference 1.3). Piccard,
however, did not like several things about the bathysphere:

1. The ocean bottom could not be studied using a tethered assembly, since the
wave-induced motion of the support vessel would make the bathysphere bounce, making
the occupants sick and possibly striking the bottom (reference 1.3).

2. The possibility of the cable breaking could not be completely eliminated
(reference 1.3).

Aale




3. The window material was subject to brittle fracturing (reference 1.6).
4. The shape of the window had to be changed to eliminate the possibility of
leaks at great depths.

When TRIESTE 1 was launched (figures 1.3 and 1.4), Piccard said, “These windows
are perhaps the finest feature of the bathysphere” (reference 1.3). Made of acrylic plastic
(Plexiglas), the windows were truncated cones with 90-degree (1.57 radians) included angles
that measured 5.91 inches thick (15 centimeters), 3.94 inches (10 centimeters) at the inside
diameter, and 15.75 inches (40 centimeters) at the external diameter (reference 1.3). The
window was directly set against a conical metal seat machined into the pressure hull. Lubri-
cant was generously applied to the window and acted like a high-pressure seal (reference 1.6).
Through experimentation, Piccard found that the windows would withstand a pressure equal
to 18.6 miles (29.9 kilometers) of water (reference 1.3). The windows were conical frustums
(plane discs with conical bearing surfaces). Piccard selected this shape because the window
seated more securely as the pressure on the exterior face increased, which reduced the need
for sophisticated gaskets or retaining rings. Acrylic plastic was used since it, unlike glass or
fused quartz, is plastic and yields under compression without fracturing. Piccard found that
if a window became overloaded beyond its limit of elasticity, it bent slightly and passed the
excess load to the adjacent parts, in this case the pressure hull (reference 1.3). According
to Piccard, it was this last feature that explained the success of the windows.

When TRIESTE II was built, the same basic design was used for the windows. The
windows were made by laminating two sheets of acrylic plastic, and the thickness-to-interior-
diameter ratio was set at 1.56 (reference 1.7). Eventually it became necessary to replace
the TRIESTE Il windews because of scratches on the viewing surface and apparant discolor-
ation. However, no window ever failed in service or were there any leakage problems.

Auguste Piccard and his son Jacques contributed significantly both to submersible
design and window technology. By experimenting with materials and design, they provided
a standard of excellence with which to measure the next generation of submersible windows.
In addition, they caused the nonmilitary submersible community to realize the importance
of visual observations.

1.4 WINDOW DESIGN (TRIESTE TYPE)

Following Piccard’s successes with the conical frustrum acrylic plastic window,
most submersible designers adapted both the design and the material to their own require-
ments. Hence, most commercial submersibles had conical windows of some size that allow-
ed the aquanauts visual contact with the ocean. In some submersibles, the aquanauts were
given windows only 2 to 3 inches in diameter (5 to 8 centimeters); in others, they were as
large as in TRIESTE.

There were, however, drawbacks to the TRIESTE-type windows. First, they were
limited in size. [t became increasingly obvious to those experiinenting with window design
that to increase the diameter of the window for panoramic observation at even a moderate
depth, e.g., 5000 feet (1524 meters), the window thickness had to increase significantly.
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This introduced several problems. Since it was very difficult to obtain thick enough material,
the only possibility was lamination which also introduced problems. In addition, if the win-
dow’s thickness was increased, it was also necessary to increase the mounting flange thickness,
thus significantly increasing the weight of the pressure hulls. The resulting decrease in buoy-
ancy in turn decreased the payload and thus operational value of the submersible. A second
problem was that the aquanauts were not satisfied with viewing the ocean through what was

a tiny “peephole.” They wanted windows in many places so that the sea bottom could be
seen from all planes and in all directions. To satisfy this need, it was necessary to cut window
holes at numerous locations in the hull, which meant a greater hull thickness, stronger areas
around the windows, additional stress concentrations, and elastic stability discontinuities.
Nevertheless, submersibles with multiple windows were successfully designed, built, and oper-
ated to depths in excess of 1000 feet (305 meters) (figure 1.5). Today, submersibles with mul-
tiple viewports operate successfully at depths in excess of 10,000 feet (3048 meters) (figure 1.6).

| MORAY, DEEP JEEP, AND DOWB

Submersible designers next began to think of other ways to achieve visibility which
would not include a viewport for direct use by an aquanaut. Three examples are provided
by MORAY, DEEP JEEP, and DOWB.

1.5.1 MORAY

MORAY was a test vehicle built by the Naval Ordnance Test Station (NOTS), China
Lake, California. It had an operational depth capability to 2000 feet (610 meters) (figure
1.7). The pressure hull was a S-foot-diameter (1.5 meters) cast aluminum sphere which
contained no viewports (figure 1.8). All visual contact was maintained via television and
sonar (reference 1.10). This system, however, did not provide ideal observation, i.e., the
direct line-of-sight vision was negated, the cost was high, it required much power to operate,
panoramic visibility was not available, and it was subject to power failure which made the
operators virtually blind. For an unmanned vehicle, MORAY’s approach would have been
acceptable, but when carrying aquanauts this lack of visual stimulus led to claustrophobia
and secasickness. Thus, while an interesting approach, MORAY was not adopted by the
commercial hydrospace engineering community.

1.5.2 DEEP JEEP

DEEP JEEP, like MORAY, was designed and built by NOTS, China Lake. A small
two-man submersible, DEEP JEEP was a S-foot-diameter (1.5 meters) steel sphere with a
maximum depth of 2000 feet (610 meters) (figure 1.9). The acrylic plastic viewing port
was a conical frustrum § inches in diameter (13 centimeters) and 2 inches (5 centimeters)
thick: however, it was not used directly by the aquanauts. Instead, observations were made
through monocular viewing scopes (one per operator) (figure 1.10). The scope allowed the
operator to view hydrospace without placing his face close to the window. This opticai
arrangement provided a field-of-view of 40 degrees (0.7 radian). However, panning could
only be achieved by rotating the vehicle. In addition, DEEP JEEP contained a closed-
circuit, black-and-white television system with the camera mounted outside. The com-
bined viewing systems provided a degree of visual contact, but as the principal designer
and operator, Will Forman, pointed out, in future submersible designs the emphasis had
to be placed on maximum visibility instead of the tunnel vision approach provided by
this system (reference 1.8).
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1.5.3 DOWB

DOWB was built for the General Motors Defense Research Laboratory. It was a
three-man submersible with an 80-inch (203 centimeters) steel pressure sphere and a unique
optical system designed by Kollmorgen (figure 1.11). The system had two, external, 180-
degree (3.14 radians), objective lenses that were served by eyepieces inside the pressure
sphere (figures 1.12 and 1.13). Two eyepieces were available for each lens system so that
at any time two of the three aquanauts could use them. One optical system was oriented
directly down under the vehicle and provided an undistorted view of a 90-degree cone (1.57
radians). The other had the objective lens located forward on the bow and was oriented so
that its axis pointed downward 35 degrees (0.6 radian) below the horizontal. Thus, a view
of the bottom approximately 10 feet (3 meters) ahead of the bow was provided (reference
1.9).

The problems with such an optical system were those associated with all complex
optical systems: There was less than panoramic visibility ; claustrophobia and seasickness
were easily induced: and there was a significant loss of light intensity because of internal re-
flections in the optical train. In addition, the DOWB system had a tendency to defocus
at operational depths, the result of deflections of the acrylic plastic windows that were
used as transparent bulkheads on the externally located, image transmission tubes. This
necessitated the use in the eyepiece assembly of corrective lenses especially designed for
various depths. These lenses were manually inserted by the pilot or copilot at the appro-
priate depth. The need for several corrective lenses was later eliminated by placing a
single lens in a mounting whose location, relative to the eyepiece, could be adjusted with
a rack and pinion adjustment.

1.6 PANORAMIC WINDOWS

The U. S. Navy became interested during the 1960s in the problem of visibility,
not because of any need for visual observation from combat submarines but because of
the need for a hydrospace exploration effort paralleling the outer-space exploration pro-
gram conducted by NASA. The key to hydrospace exploration lay in the development of
deep-ocean technology which would allow man to study the ocean bottom at any depth,
first on the continental shelf and later at greater depths. As a result, projects and programs
were initiated and supported, the objective of which was the development of deep-ocean
technology for both the Navy and the ocean-engineering community. All naval laboratories
participated in this program according to their technological specialties. One key labora-
tory was the Naval Civil Engineering Laboratory (NCEL) at Port Hueneme, California.
Because of NCEL’s interest in materials, structures, and soils, a Deep-Ocean Simulation
Facility was constructed in 1964 to study the behavior of materials, structures, and soils
in a deep-ocean environment. The presence of the facility and the availability of funding
for research attracted a group of engineers interested in deep-ocean technology. Among
them was Jerry Stachiw, a recent graduate of Pennsylvania State University who became
intrigued by the structural potential of acrylic plastic while utilizing this material for con-
struction of torpedo shell models during his doctoral research program. His long range
plans were to (1) complete research on the conical frustum acrylic plastic windows initiated
by Piccard, (2) standardize the design of flat disc windows proposed by diving contractors,
and (3) invent and qualify for manned diving systems an optimized window design that
would maximize the field-of-vision while at the same time decrease the weight of the
window-flange assembly. His experiments included conical frustum windows with other
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than 90-degree (1.57 radians) included angles. As a result he was able to establish the design
parameters for windows with included angles of 30, 60, 120, and 150 degrees (0.5, 1.04, 2.09
and 2.6 radians). Although adding to data on the design of conical frustum windows for deep
submergence vehicles, these experiments did not solve the need for significantly larger windows.

Flat disc acrylic windows were also extensively investigated by him since they have
several desirable features for use in shallow-diving submersibles and hyperbaric chambers.
These features include easy fabrication from commercially available flat stock by simple
machine shop tools and ease of mounting in the pressure hull. The flanges required for such
windows are very simple, and the window itself can be seated and sealed in the flange with
ordinary gaskets or rings held in compression by the window which, in turn, is securely at-
tached to the flange with bolts and a simple retaining flange. However, no significant increase
in panoramic visibility resulted from this research, and the windows could only be used by
submersibles and diving bells in the depth range of the continental shelf.

The window that finally began to provide panoramic visibility was the spherical shell
sector acrylic window (figure 1.14). These windows had been considered by Stachiw for
hydrospace only since the late 1960s as they represented a considerably more complex shape
than conical frustums or flat disc windows. Numerous experimental tests showed that acrylic
under uniformly distributed biaxial or triaxial compressive stresses can withstand consider-
ably higher stresses than if the distribution of stresses is nonuniform, as in a conical frustum
or flat disc window. Stachiw also showed that a spherical shell sector window, although
not a complete sphere, retains the high-critical-pressure attribute of a spherical shell even
in the presence of new restraints, e.g., unyielding steel window flanges not present in com-
plete spheres. The spherical shell sector window with parallel convex and concave surfaces
also has decided optical advantages: (1) it gives the aquanaut a larger field-of-vision for a
given diameter opening in the steel flange; (2) it acts as a lens with a magnification of less
than one, which provides the aquanaut an undistorted view if he remains in the center of
the window’s curvature: (3) and it permits the aquanaut, if the opening of the flange is
sufficiently large, to place his head inside the window and use the window as an observa-
tion cupola.

However, before large spherical shell sector windows could be designed for safe use,
four empirically established relationships had to be developed:

a. The relationship between the window’s critical pressure and its t/D; ratio.
b. The relationship between the window’s critical pressure and its t/Ri ratio.

¢. The relationship between the hydrostatic pressure and magnitude of axial dis-
placement for windows of different sector angles and t/Ri ratios.

d. The relationship between test results obtained with scale models machined
from blocks of acrylic plastic and results obtained from full-size spherical sector windows
fabricated by thermoforming of thick acrylic plastic sheets

In August 1969, Stachiw published his findings on these relationships for acrylic
spherical sector shell windows in the Transactions of the American Society of Mechanical
Engineers. 1t was now possible to design and build windows of almost any size that could
function as the entire nose section of a cylindrical-bodied submersible and provide vastly
increased visibility.
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The first submersible to incorporate findings of his experimental studies, and thus
the first working submersible to have a large spherical sector acrylic window, was PC-8B
which had an 800-foot (244 meters) operational depth capability. Built by Perry Ocean
Engineering, PC-8B had a pressure hull 104 inches (264 centimeters) long, an inside diam-
eter of 42 inches (107 centimeters), and a 114-degree (1.9 radians) spherical sector acrylic
plastic bow window (iigure 1.15) (reference 1.5).

Today most commercially produced submersibles with a continental shelf depth
capability have acrylic spherical sector windows in their bows figure 1.16) and even old
submersibles have had their bows remodeled to accept these windows, e.g., BEAVER and
MERMALID II. Spherical sector windows have basically satisfied all three conditions for
the acceptance of a new design: (1) they are reasonably economical; (2) they provide
unobstructed forward visibility: and (3) they are safe. The U. S. Navy, American Bureau
of Shipping, and the Norwegian ship classification society (Det Norske Veritas) accept
these windows, if they are built according to the design criteria established by Stachiw
and codified in the American Standards Institute’s ASME PVHO-1 Safety Standard on
Pressure Vessels for Human Occupancy (section 15).

Commercial users of submersibles are very satisfied with these large bow windows.
In most cases, the single spherical sector window located in the bow provides all visibility
needed to operate a working submersible at continental shelf depths for half the cost of
multiple conical frustum windows. However, regardless of the size of a spherical sector
bow windcw, it still remains only a transparent discontinuity in an otherwise opaque
enclosure. Only when a transparent material is substituted for the opaque metal as the
only load-carrying material of the pressure hull will the search for panoramic visibility
be ended (figure 1.17). Such a hull now exists and it, like the spherical, conical, and flat
disc windows, is made of acrylic.

|47 ACRYLIC PLASTIC SUBMERSIBLES

The first reaction to acrylic plastic is that it does not appear to be a feasible material
for constructing pressure hulls. Its low compressive strength, low fracture toughness. and
sensitivity to stress risers in tension make it a poor replacement for metal. Fortunately,
however, its strength-to-weight ratio makes it equivalent to low carbon steel; its plasticity
permits it to tolerate large stress concentrations in compression; and its ability to adhere
well to specially formulated adhesives makes it feasible to join acrylic structural shapes
by bonding. In addition, because acrylic has desirable optical qualities, it is an ideal hull
material for submersibles working above the 3000-foot (914 meters) level.

Pioneering work in the development of acrylic plastic submersible hulls was initiated
by Stachiw in 1961 and continued for many years until spherical acrylic pressure hulls for
submersibles became a reality. While at the Ordnance Research Laboratory, Pennsylvania
State University, Stachiw built several torpedo-shaped, acrylic plastic, instrumentation
capsules that performed exceedingly well in a sea environment. The opportunity to apply
this experience to large submersible hulls presented itself at NCEL. While investigating the
performance of acrylic plastic in windows for submersibles, he was approached by
Moldenhauer of the Naval Missile Center to assist the Center in the design and construction
of a tethered undersea observatory. Sensing the opportunity to match the transparency




of acrylic plastic to a system requiring panoramic visibility, he submitted to NMC a revo-
lutionary hull design in which the use of acrylic plastic was maximized and steel minimized.
The design called for an acrylic sphere with a 1000-foot (305 meters) design depth and a
4200-foot (1280 meters) implosion depth.

At this time (1964), there were no data available on the mechanical properties of
the thick acrylic castings needed for man-sized pressure hulls, the strength of bonded
Joints between thick castings, and the corrosive effects of seawater on acrylic. In addition,
there was no engineering design or fabrication technique available for making a thick-
walled pressure hull of acrylic and data were needed to make performance predictions.

It took until 1970 to develop the data and fabrication techniques necessary to
certify NEMO (Naval Experimental Manned Observatory) (figures 1.18 and 1.19). Spon-
sored by the Naval Facilities Engineering Command, NEMO was the first transparent
submersible to be approved for manned service and it overcame many obstacles inherent
in an experimental approach: By choosing the spherical shape, resistance to crushing was
maximized, the design was simplified, and the utilization of interior space was optimized.
Using the modular assembly technique (12 spherical pentagons bonded to form a sphere),
the fabrication process was made reliable, and by thermoforming the pentagonal modules
from flat sheets the fabrication technique was made economical. By placing all penetra-
tions in the top and bottom poles of the capsule, the aquanauts had a panoramic view of
the exterior.

To establish the applicability of such an acrylic pressure hull for manned submersible
operations, it was experimentally proven that the acrylic hull possessed an adequate safety
margin for the chosen operational depth and that failure of the hull in a submersible could
be predicted accurately and reliably on the basis of model- and full-scale acrylic hulls tested
to destruction in deep-ocean simulation facilities. Both points were proven by hydrostatic
testing of 23 model-scale capsules, 15 inches (38 centimeters) in diameter, and two full-
scale capsules, 66 inches (168 centimeters) in diameter, in the pressure vessels of the Deep-
Ocean Simulation Facility at NCEL. During the approximately 100,000 hours of hydro-
static testing, all model- and full-scale hulls were tested to failure, yielding the data that
subsequently became the basis for the certification of acrylic hulls for submersibles by
the U. S. Navy, the American Bureau of Shipping, and Det Norske Veritas.

Since panoramic visibility had become a reality with NEMO, the evaluation process
now began to focus on the incorporation of the hull in other submersible designs and the
determination of its depth capability.

The second submersible to utilize an acrylic hull with the same modular construction
as NEMO was JOHNSON-SEA-LINK (figure 1.20). Conceived by Edwin A. Link as a self-
propelled, undersea, diver-decompression chamber, it combined the best features of a 1-atmo-
sphere, transparent submersible with that of a roomy, diver-compression chamber with under-
sea lockout capability. The acrylic cockpit for the pilot and scientific observer allowed them
to guide the submersible to its objective through visual contact (figure 1.21).

Since the Smithsonian Institution, which owned the JOHNSON-SEA-LINK , was
interested in exploring the entire continental shelf, the submersible was fitted in 1971 with
a 4-inch-thick (10 centimeters) acrylic hull which gave it a 1000-foot (305 meters) opera-
tional depth capability.




The third submersible to use a NEMO-type hull was the MAKAKAI built by the
Naval Undersea Research and Development Center, Kaneohe, Hawaii (figure 1.22). Conceiv-
ed by Wm. B. McLean, the submersible represented an answer to the needs of the ocean
explorer with high agility requirements. The mounting of the acrylic hull above the cata-
maran-like structure insured unlimited visibility while a pair of pi-pitch cycloidal propellers
mounted behind the acrylic sphere gave the submersible maneuverability in any direction.
In addition, one of the novel features of MAKAKAI was the ability to transmit command
signals from the interior of the capsule to the propulsion and guidance systems outside the
sphere by means of amplitude-modulated light beams, rather than by the customary wire
transmission lines.

It is possible to state that these were the first generation of acrylic submersibles.
Their depth capabilities, based on certification, varied from 600 to 2000 feet (183 to 609
meters). They showed the versatility of acrylic hulls and opened the doors to their unlimited
use. However, increased depth capability, as well as panoramic visibility at lower cost, was
still being sought. With this in mind, McLean and Stachiw began to study other fabrication
processes which not only would make the hulls less costly but would also allow the acrylic
submersible to reach 3000 feet (914 meters). Combining research efforts with those of a
producer of large cast acrylic structures, Bruce Beasley, a new hull cast in two hemispheres
and bonded together with a cast-in-place acrylic layer was introduced (figure 1.23). The
hull had the same diameter as NEMO, 66 inches (168 centimeters) outside diameter, and a
wall thickness of 4.25 inches (10.8 centimeters). After extensive tests, the hull was approved
to depth of 3000 feet (914 meters) and is being used on JOHNSON-SEA-LINK III.

The possibilities for using acrylic hulls at continental shelf depths are unlimited, e.g.,
observation bells, inspection vehicles, and underwater work vehicles, (underwater tractors,
manned transfer capsules, and exploration submersibles) (figure 1.24). All of these are
commercially feasible, and several are now in various planning stages.

1.8 SUMMARY

The transition from tiny glass windows placed directly in front of the observer’s
face to totally transparent submersibles has taken many years and much engineering effort.
However, the search for panoramic visibility at all depths is not complete. Acrylic is defi-
nitely depth limited. New materials, like transparent glass ceramics and chemically tempered
glass, promise to extend the depth capability of spherical windows and pressures hulls from
3000 feet (914 meters) to the bottom of the abyssal depths. The exploratory work con-
ducted by Stachiw at the Naval Undersea Center, San Diego, California, has already resulted
in small glass ccramic and chemically tempered glass spherical sector windows with a 40,000-
foot (12,192 meters) depth capability (figure 1.25) (reference 1.11). Only the lack of fund-
ing presently prcvents the application of glass ceramic and chemically tempered glass to
full-scale sector windows with abyssal depth capabilities (figure 1.26).
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Figure 1.1. Otis Barton’s bathysphere, an early deep-diving observation bell, is shown with the
explorer William Beebe. During 1934, the bathysphere with Beebe and Barton aboard established
the world’s depth record at 3028 feet (923 meters). (New York Zoological Society photograph.)
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Figure 1.4. Viewport in TRIESTE I through which D. Walsh and Jacques Piccard were the first men
to observe the bottom of the Mariana’s Trench at 35,800 feet (10,912 meters) during 1960.
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Figure 1.6. A. Vine’s ALVIN, a modern deep-submergence submersible with a 12,000-foot (3658
meters) depth capability. The multiple-conical-frustum, acrylic plastic viewport is based on Piccard’s
engineering efforts. (Woods Hole Oceanographic Institution photograph.)




Figure 1.7. Wm. B. McLean’s MORAY submersible with a 2000-foot
(610 meters) operational depth capability. Closed-circuit television and

sonar were used for underwater observation.
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Figure 1.9. W. Forman’s DEEP JEEP submersible with a 2000-foot (610 meters) operational
depth capability. Monocular telescopes and periscopes were used for underwater viewing.
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Figure 1.13. Cross-section through the optical dome on DOWB providing it with panoramic vision (reference
1.9). One dome was located in the bottom hatch while the other was located in the bow, an arrangement
which provided the crew with panoramic visibility directly below and in front of the submersible.
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Figure 1.18. Stachiw’s NEMO submersible, the first submersible with a transparent pres-
sure hull. NEMO was developed at the Naval Civil Engineering Laboratory and approved
by the U. S. Navy in 1970 for service to 600 feet (183 meters).
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Figure 1.23. Acrylic plastic hull for 3000-foot (914 meters) service. The hull is made by bonding two
precision-cast hemispheres. The presence of only a single equatorial bonded joint gives the cast hull un-
distorted visibility and lowers the fabrication costs significantly. (Applied Polymetrics photograph.)
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SECTION 2.
INTRODUCTION TO ACRYLIC PLASTIC *

2.1 INTRODUCTION TO PLASTICS

Plastics are synthetic organic materials consisting of combinations of carbon with
oxygen, hydrogen, nitrogen, and other organic and inorganic elements. Although solid in
their finished state, at some point in the processing they are liquid and thus capable of being
formed into various shapes by the application of heat and pressure. Plastics in finished form
consist of long chain molecules (polymers) that result from combining single molecules
(monomers). There are approximately 30 distinct families of plastics (table 2.1), and within
each family there are many different types, each capable of being produced in a variety of
forms. Thousands of plastic types and formulations exist; however, in practice, selection for
a given application is limited to a relatively small number.

Table 2.1. Plastic families.

Thermoplastics Thermosets
ABS Alkyd
Acetal Allylic
Acrylic Casein
Cellulosic Epoxy
Chlorinated polyether Melamine
Fluoroplastic Phenolic
Ionomer Polyester
Nylon Silicone
Phenoxy Urea
Polyallomer Urethane
Polycarbonate
Polyimide
Polyphenelene oxide
Polysulphone
Polyethylene
Polypropylene
Polystyrene
Vinyl

* This section was contributed hy H, Mukamal, N. . Nixon, and W. Yamaguchi of Swedlow, Inc.
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Plastics are divided into one of two groups: thermoplastics or thermosets. The
thermoplastics become soft when heated and then harden when cooled (this process occurs
regardless of the number of times it is repeated). Thermosetting resins, conversely, undergo
a chemical change when heat and pressure are applied but cannot be resoftened. Thermo-
plastics can be generally grouped by their load-bearing abilities, capabilities to withstand
various weather conditions, and general-purpose qualities; they are normally used in an un-
filled state. In contrast, thermosets are generally used in conjunction with fillers and rein-
forcements which are added to enhance a normally weak and easily fractured polymeric
structure. Compression molding is the most common method of forming thermosets,
whereas injection molding is the principal process for forming thermoplastics.

Each family has identifying characteristics, which render it most suitable for specific
applications. The characteristics of these materials, as well as general physical properties, are
contained in numerous references and can be used in conjunction with information on cost
and method of manufacture to select a plastic for a specific application.

Acrylic is a material family within the thermoplastic group and is distinct from all
other members because of its chemical structure and unique physical properties and charac-
teristics. A study of acrylic not only provides the necessary tools for its successful use. but it
also provides a framework for evaluating and understanding other families.

The information which will be presented in this section is necessarily brief and gener-
alized. Specific processes and material properties should be considered as approximations
and verified prior to application. Physical properties, in particular, are typical values and must
not be applied as minima.

2.2 INTRODUCTION TO ACRYLIC

The term “acrylic” is generally used to describe that group of glass-like thermo-
plastic resins and resulting derivatives that is made by polymerizing esters of acrylic or metha-
crylic acid. The most common interpretation of the term is a polymer known as polymethyl
methacrylate which has been sold in sheet form under the trade names of Acrivue, Lucite.,
Plexiglas, and Swedcast. In a general sense, acrylic monomers can be polymerized to form
materials which range from soft and rubbery to hard crystal-like substances with properties
that can be tailored to fit a variety of applications and requirements.

While evaluating acrylate polymers and copolymers of methyl methacrylate for
application as an interlayer or laminating medium between sheets of glass, the unique nature
of polymethyl methacrylate — a rigid glass-like thermoplastic material — was discovered by
Dr. Ottom Rohm. In 1933, he patented a process for the manufacture of structures, such
as panels or sheets, from this new resin. This original work formed the foundation for current
acrylic technology, and polymethyl methacrylate usefulness has subsequently predominated
in the acrylic family. Several companies have continued to extend this technology and the
processing of acrylics. United States firms such as American Cyanamid Co., E. I. du Pont de
Nemours & Co., Rohm & Haas Co., and Swedlow, Inc., have provided significant technical
advancements and material production capabilities along with contributions from several
European and Asian firms. Innumerable fabricators have provided important product and
processing innovations that were necessary to achieve the currently expanding product base
for acrylics.
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2.3 MANUFACTURE OF ACRYLIC MONOMER

A methyl methacrylate monomer is industrially produced by reacting hydrogen
cyanide with acetone to yield acetone cyanhydrin. This acetone cyanhydrin is mixed with
concentrated sulfuric acid and heated to form a crude methacrylamide sulfate which is
reacted with methanol and water, yielding methyl methacrylate and ammonium bisulfate:

0 OH CH30H CH,
I HCN I H,S0,4 |
CHy C CHy —= CHy C —CH; CH,=C - COOR + (NH4HSO,)
3 | 2
CN

This process has its origin in natural gas which yields propane to form propylene, then
isopropyl alcohol, and finally the necessary acetone for subsequent reactions. The major
producers of methyl methacrylate monomers in the United States are E. I. du Pont de
Nemours & Co. and Rohm & Haas Co.

2.4 ACRYLIC POLYMERIZATION

Most acrylic monomers are polymerized commercially by a mechanism of free radical
induction® which occurs in one of three basic polymerization processes: bulk, single-phase
dilute solution, and multiphase dilute solution (figure 2.1). The selection of a particular
polymerization process is determined by the necessary requirements of the derived polymeric
material. In addition to the effect of the process selected, the resultant physical properties
depend on the process conditions and are modified by the use of different acrylic monomers
or monomer mixes. The wide range of properties obtainable has been significant in the con-
stantly increasing scope of acrylic applications. The bulk process yields material in sheet
form; the single-phase dilute solution process yields liquid materials like cements, adhesives,
and impregnating resins and coatings: and the multiphase dilute solution process, which is
further subdivided, yields extrusion-type pellets in the case of the suspension method and
paints in the case of the emulsion method. The general character of materials derived from
these processes can be more clearly understood by examining the key features of each
polymerization method.

Bulk polymerization (figure 2.2) is accomplished without any diluents, i.e., with the
monomer acting as the solvent medium. This process accounts for the majority of sheet
stock, rods, and tubes and is achieved by pouring monomers or monomer-polymer mixtures
into suitable molds. Control of the chemical reaction rate which occurs during the cure
cycle (the Traumsdorff period) is an important key to this process. At this time there is a
high concentration of growing polymer chains and thus high exothermic heat generation.
Success in bulk polymerization requires a careful reaction rate control (slowing down) to
avoid bubble formation and other problems. During this polymerization process a volumetric
shrinkage of about 21 percent occurs with an accompanying increase in specific gravity. The
chief advantages of bulk polymerization are (1) the outstanding optical quality of the trans-
parent grades of this material, (2) the possiblity for attainment of high molecular weight
polymers, and (3) the capability to achieve highly cross-linked structures through the use of
additives.

*An initiator such as a peroxide or azo compound is usually used.
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Figure 2.1. Methyl methacrylate polymerization processes.
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Figure 2.2. Typical bulk polymerization cycle.

Single-phase solution polymerization uses a nonpolymerizable solvent in conjunction
with the monomer to reduce viscosity and control the rate of heat production. The process is
carried out in a chemical reactor or kettle and directly produces materials such as coatings,
adhesives, and cements, i.e., acrylic polymer solutions. These materials are usually formulated
to be of low molecular weight.

Multiphase solution polymerization is performed using a monomer insoluble phase,
such as water, as a carrier, and is divided into suspension and emulsion methods. In the emul-
sion method the polymer remains dispersed in the water mixture, and in the suspension
method polymeric beads are formed and extracted from the water mixture. The advantage
of this process lies in the economy and safety derived from the use of water as the polymeri-
zation medium and the completeness of the polymerization reaction. Again, material of a
fairly low molecular weight is usually derived.

2.5 MODIFICATION OF ACRYLIC

During polymerization, acrylic can be modified to produce optimum combinations of
properties. These modifications include molecular weight control, crosslinking, molecular
modification, and the incorporation of additives.

The molecular weight of polymethyl methacrylate is the most important property that
must be defined for the polymer. The use of chain regulators (usually mercaptans) results in
lower molecular weight. Low molecular weight polymers are extensively used as the pellets
for extrusion and compression molding. Such a material results in reduced levels of melt
viscosities and hence casier extrusion or capability to be molded. When the molecular weight
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is reduced, however, there is an attendant reduction in weatherability and allowable usage
temperature. High molecular weight polymers, produced by low rates of polymerization,
are generally fabricated from menomeric percursors, i.e., a bulk polymerization process.
These materials usually have improved resistance to weathering and solvent attack and
improved physical properties when compared with extruded parts.

[ncorporation of crosslinking in polymethyl methacrylate is accomplished by the
use of either a difunctional monomer such as ethylene glycol dimethacrylate or by a chemical
reactant involving a reactive monomer incorporated in the polymer. The first results in a
crosslinked product during formation of the shape, e.g., cell casting; the second can be made
to occur after the formation of the shape, e.g., during thermal treatment. In either case, the
resulting polymer has improved thermal resistance, excellent resistance to solvents, and
improved physical properties.

Polymethyl methacrylate can also be modified by using comonomers to alter specific
properties. The incorporation of acrylate comonomers in small quantities in the polymer
formation is useful in increasing the thermal stability of polymers. In large quantities, how-
ever, these comonomers lower the ceiling temperature and increase the softness of the poly-
methyl methacrylate. The impact strength of polymethyl methacrylate can be increased by
the incorporation of polymeric rubbers to produce two-phase systems, in which the polymeric
rubber is uniformly dispersed in the polymethyl methacrylate matrix.

Additives also play a significant role in modifying the basic properties of polymethyl
methacrylate. Some additives and their effects on the resuiting material are in table 2.2.

Table 2.2. Additives used to modify polymethyl methacrylate.

Approximate
Additive Usage Quantity, 7% Effect

Dyes 0.001 to 0.1 Coloring and reduction of light
transmission

Polymers 001 to 1 Diffusion of light

Pigments 001 to 5 Translucency, opacity, and color

Glass spheres 0.01 to 10 Translucency and density
reduction

Inorganic fillers 0.1 to 70 Increased hardness and decreased
flammability, opacity, and
translucency

Flame retardants 001 to 10 Retarded flammability

Ultraviolet stabilizers 0.0001 to 0.1 Light stability

2-6
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By selective modification, specific properties of polymethyl methacrylate can be
enhanced to satisfy the needs of new markets. Modification can be done by the use of
additives or copolymerization with other resins during the polymer formation stage. In
both solution and emulsion polymerization, endless specific formulations can be obtained
for specialty products, such as inks, adhesives, binders, coatings, and paints. Modification
during polymer formation in suspension polymerization is more limited than for solution
or emulsion polymerization. However, the powder or granules can be blended with other
resins to achieve specific objectives: high-impact-resistant extrusion and molding materials
are good examples. In general, however, some property is sacrificed to obtain the selected
improvement, e.g., for impact-resistant acrylic products of copolymers there is usually a
lower thermal deformation limit than for those made of acrylic homopolymers. Specific
additives can also be included in the polymer formulation to increase temperature and craze
resistance, which are important in aircraft-grade acrylic sheeting.

Modifications in catalysts and casting techniques offer the potential in bulk polymeri-
zation for casting massive acrylic shapes. Techniques have been developed to produce such
castings using a monomer-polymer slurry in conjunction with the modification of conventional
cell-casting techniques. Although these do not have the physical properties of conventional
castings, they are quite acceptable for applications where increased weight is tolerable and
the use of normal cell-cast acrylic material would be precluded.

2.6 CONVERSION OF ACRYLIC RESIN

The bulk polymerization process produces sheets, rods, and shapes through batch cell
casting, continuous casting, and siush casting.

The procedure for cell casting is shown in figure 2.3.

gasket

acrylic
monomer

Q»——-/ glass
I

Figure 2.3. Cell casting process.
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The cell is prepared from two pieces of tempered glass which are larger than the desired
finished casting size. The plates are separated at the periphery by a flexible gasket, such as
plasticized polyvinyl-chloride tubing. The gasket is held in place by spring clamps or similar
devices which permit continuous contraction of thickness as polymerization proceeds. When
the cell is prepared, a corner is left open to allow filling with a predetermined quantity of
monomer of syrup (monomer-polymer mixture) (see figure 2.4). The monomer or syrup is
formulated with all necessary modifiers and ingredients, such as the catalyst, chain regulators,
crosslinkers. colorants, and mold-release agents. After cell filling, the corner is sealed and
clamped. The material in the filled cell is polymerized by placing the cell in water tanks, air
ovens, or pressurized autoclaves for a specified temperature/time cycle which depends upon
the material’s composition and thickness. After cooling the cell and stripping the glass molds
from the sheet, the polymerized acrylic can be annealed to relieve internal strains or possibly
post-cured to further chemical reactions within the sheet.

In the late 1960s, Swedlow, Inc., developed a continuous casting process (figures 2.5,
2.6, and 2.7). This process utilizes two endless, polished, stainless-steel belts which are verti-
cally separated by the pressure exerted through a continuously injected and polymerizing
syrup. The syrup is confined to the belts by two flexible polyvinyl-chloride gaskets at each
side of the beit. The upper and lower belts move at the same speed and at a rate determined
by the nature of the product produced and the thickness of the desired casting. The material
held between the belts proceeds at a constant speed through temperature zones of varying
lengths and emerges from the belts as a completely cured sheet. The only size limitation is the
belt width.

Another approach is to use a slush-casting process. A polymer-catalyzed monomer
slurry containing 50- to 90-percent polymer is mixed and placed in a mold, which may be a
stationary or rotating type (figure 2.8). Because of the presence of the preformed polymer in
the mixture, the heat generated by the polymerizing monomer is reduced and more easily
dissipated. If the formulations of the preformed polymer and catalyzed monomer are similar
and if the preformed polymer is not crosslinked, then a totally clear homogeneous product
results. Extremely large castings, such as clear submarine nosecones, tubular hyperbaric
chambers, and massive diamond-quality art objects, have been prepared using this approach
(figures 2.9, 2.10, and 2.11).

The extrusion and compression molding processes use pellets prepared through sus-
pension polymerization (figure 2.12). These pellets are heated and pressures applied within a
die until the material is in a molten state and capable of flowing within the control cavity. In
the case of extrusion, both heating and pressure applications are developed within a barrel by
means of a screw that runs inside its length. The molten material is extruded out of the
end of the barrel and into a mold cavity. Compression molding relies on a moveable section
of the mold cavity for pressure application and the material is heated within the mold. Be-
cause the resulting products are normally formulated to be of low molecular weight, the
mechanical properties are generally lower than those for bulk polymerized products.




Figure 2.4, Filling of casting cell with acrylic monomer mixture. Cell is composed of two pieces of

glass spaced apart at the edges by an elastomeric tube gasket. (Photograph by Swedlow, Inc.)
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Fig 5. Continuous casting method.
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Figure 2.7. Rolls of acrylic sheeting, a product of the continuous casting process. (Photograph by
Swedlow, Inc.)
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Figure 2.8. Rotary slush-casting method.
{

2-13

L a I}




("0 [eo1WaY) puk dnselq
de[[IpE) Aq ydei3010yd) "ONITVIWIVN dSS 2[QISI2WQGRSIWaS 3y} U0 JWOp UOHIBAIISQO 31} 10§ SUIISBD SAISSE “6°'Z aInSiyg

2-14




("Atenmye)g waysapg Aq ydeidoloyq)

Aajseag a0omg Aq onsed orjA1oe ug 3sed arnydnds urapop

ol

¢ 2mndiy

2-15




(‘saumsnpuy 1suydag Aq ydeigojoyq) “saqmy d1jAude ised-urds Surziun [eiidsoy 10) Jaquieyo dsueqiadAy -

11°C sy

-16

~

N ————-




acrylic granule hopper

barrel (heated) mold

). Tz

N L N\ R R N N N N

G000 0000000000000
/drive system

Figure 2.12. Injection molding method.

2.7 ACRYLIC PROPERTIES

The three main product performance requirements which are satisfied through the use
of acrylic and which usually account for its selection in preference to competing plastic mater-
ials are its outstanding weather resistance, excellent optical clarity, and superb colorability
and color retention.

Bulk-polymerized methyl methacrylate is virtually unsurpassed in its resistance to
outdoor weathering. This property, coupled with color retention, accounts for acrylic’s
dominance in the outdoor sign market (figure 2.13). Signs of acrylic are commonly guaran-
teed to be weather resistant for more than 15 years. In addition, acrylic paint finishes and
coatings are well known for their long and durable life.

In the visual range of light, the transmission of acrylic approaches perfection (figure
2.14). Transmission of 91 to 92 percent is normal for material thicknesses less than 1/2 inch
(1.27 centimeters) with 92 percent the maximum achievable for a material with an index of
refraction of 1.5. The transmission is reduced slightly as the thickness is increased because of
absorption (figure 2.15).

Acrylic sheets, paints, and moldings are virtually unlimited in the variety of colors
which can be achieved. Sheet stock is available from most suppliers in a broad range of
standard colors with special colors available on request. The resistance to color change with
time, or color stability, is dependent upon the pigments used, but it is generally outstanding.
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Figure 2.14. Crystal clarity and optical quality of acrylic plastic is readily apparent in this spher-
ical viewport for submersibles. (Photograph by Swedlow, Inc.)
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Figure 2.15. Typical optical properties of acrylic.

2.8 COMPARISON OF ACRYLICS

Bulk-polymerized acrylic sheets, plates, and custom castings are available in various
government specification grades (table 2.3). The most common is the unshrunk utility grade
which conforms to federal specification LP-391. It is available in sheets and plates of 1/16 to
4 inches (0.15 to 10.16 centimeters) in thickness and a variety of sizes. This material’s
length and width dimensions will decrease about 2.2 percent, while the thickness will increase
about 4 percent, when the sheet is heated to forming temperature. Acrylic conforming to
MIL-P-5425 is the preshrunk grade of acrylic, which is used in products that demand improved
dimensional stability. It can also be obtained in a wide range of thicknesses and sizes. Acrylic
conforming to MIL-P-8184 is a crosslinked grade. When this material is biaxially stretched
(figure 2.16), it conforms to MIL-P-25690 and has improved crack-propagation-resistance
properties. These latter two grades are used in structural applications, such as aircraft cano-
pies and seaquarium windows. Other available acrylic materials, although not qualified to
these standards, can be discussed on the basis of these grades.

Acrylic material properties can be examined by using molecular weight as a frame of
reference. This categorization can be established by considering the grouping of material in
table 2.4, which is based on approximated molecular weights. As noted previously, weather-
ability and resistance to chemical attack improve with increased weight and the heat distortion
also increases, i.e., the upper service temperature improves. However, the capability of being
processed is also affected, with increasing weight resulting in a reduced capability.

Table 2.5 lists the proposed minimum acceptable values for acrylic sheeting to be
used in man-rated hyperbaric chambers, and tables 2.6 and 2.7 compare the properties of the
various grades of acrylic. It should be noted that these properties are average values and do not
define minima or ranges of values. As such, they should be used with care and the appropriate
safety factors applied or more detailed testing for specific properties undertaken.
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Table 2.3. Government specifications for acrylic.

Frame of Reference,
Qualified Acrylic Grade General Characteristics molecular weight*
L
LP-391 Noncrosslinked, low molecular 1,000,000
weight, dimensionally unstable
at elevated temperatures
- MIL-P-5425 8 Noncrosslinked, low molecular 1,000,000
E weight, improved high temper-
5 ature dimensional stability
—
MIL-P-8184 f.':_[' Crosslinked, high effective 4,000,000
§ molecular weight, high heat
:’,} distortion temperature
MIL-P-25690 Crosslinked, high effective 4,000,000
molecular weight, improved
general properties developed
through biaxial stretching

*  These are only approximations; molecuiar weight definitions do not apply to crosslinked-type materials,
but the concept of large molecular sizes or matrices is useful in judging general material characteristics.

Table 2.4. Grades of acrylic and molecular weights.

Grade of Acrylic

Frame of Reference,
molecular weighit

Extruded and compression molded acrylic
Continuous cast acrylic
Utility-grade acrylic MIL-P-21105 and MIL-P-5425

Highly crosslinked acrylics MIL-P-8184 and MIL-P-25690

190,000
400,000
1,000,000

4,000,000




Figure 2.16. A typical acrylic sheet prior to and after thermal stretching to conform to MIL-P-25690

material. which is highly resistant to fracture propagation and stress-solvent crazing. (Photograph by
Swedlow, Inc.)




Table 2.5. Proposed minimum requirements for acrylic sheeting
for man-rated hyperbaric chambers.*

Property

Required Value

Izod-notched impact strength
Refractive index
Water abrorption, 24 hr
Compressive deformation, 4000 psi at 122°F
Tensile
Ultimate strength
Elongation at break
Modulus
Compression, yield strength
Modulus
Shear, ultimate strength
Rockwell hardness
Flexure, ultimate strength
Specific gravity
Residual monomer
Methyl methacrylate
Ethyl acrylate
Ultraviolet (290-330 nm) light transmittance
Clarity. visually rated
Coefficient of linear thermal expansion at
—40°F
-20°F
- Q°F
+20°F
+40°F
+60°F
+80°F
+100°F

0.3 ft-Ib/in minimum
1.49 +0.01

0.25% maximum
1.0% maximum
9000-psi minimum
2% minimum
400,000-psi minimum
15,000-psi minimum
400,000-psi minimum
8000-psi minimum

M scale, 90 minimum
14,000-psi minimum
1.19 £0.01

1.5% maximum
0.01% maximum

5% maximum

Must pass readability

maximum (in IO‘S/OF)

2.8
3.0
312
3.5
Sl
4.0
4.3
4.7

*

Acrylic Viewports.
Notes:

| psi = 6.894757 E+03 Pa
te u;’ -32)/1.8
1 ft-b = 1.355818 E+00 N-m

1 in = 2.540000 E-02 m

Reference table Al of ANSI/ASME PVHO-1, Pressure Vessels for Human Occupancy, Appendix A
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2.9 CHEMICAL RESISTANCE

Acrylic is generally unaffected by most inorganic solutions. High concentrations of
oxidizing acids and concentrated basic solutions attack acrylic, and acrylics are soluble in
harsh organic materials such as ketones, low esters, and aromatic and chlorinated hydro-
carbons. Organic solvents which can be used to clean acrylic surfaces include aliphatic
naphtha (200 thinner) and isopropyl alcohol.

Chemical resistance does not consider the combined effect of stress acting on the
material. Tensile stresses acting in combination with chemicals which otherwise show no

attack on the acrylic can result in crazing.

Table 2.8 shows the effect of various chemicals on general-purpose acrylic.

Table 2.8. Effect of chemicals on acrylics.

Chemical Negligible Attack Strong Attack

Acids
Weak

Acetic (5%)
Chromic (40%)
Citric (10%)
Hydrochloric (10%)
Nitric (10%)
Sulphuric (30%)

KR XK XK XK X

Strong

Hydrochloric (40%)
Hydrofluoric (40%)
Nitric (40%)
Sulphuric (98%)

PR R XK

Bases
Weak
Ammonium hydroxide (28%)

Sodium carbonate (20%)
Sodium hydroxide (60%)

XXX

Strong X

1_)()




Table 2.8. Continued.

Chemical Negligible Attack Strong Attack

Organics
Weak
Naphtha (aliphatic)

Isopropyl alcohol
Heptane

< <X

Strong

Chlorinated hydrocarbons
Chloroform
Trichlorethylene
Methylene chloride
Carbon tetrachloride

<R KR

Ketones
Acetone
Methyl ethyl ketone

>R

Alcohols
Methyl
Ethyl
Butyl
Toluene

KRR K

2.10 PRODUCTS MADE FROM ACRYLICS

A wide range of products is manufactured from acrylic materials because of its
resistance to outdoor weathering and its resulting long-term material beauty, or in the case
of transparent acrylic, its retention of visual clarity. Examples of the diversity of acrylic
products are given in the following list:

Aircraft transparencies (figure 2.17)
Canopies
Windshields
Windows
Architecture (figure 2.18)
Signs
Facia

Glazings




Naval transparencies (figures 2.19 and 2.20)
Gunshield windows
NEMO-type submersibles
Viewports for pressure vessels
Automotive recreational (figure 2.21)
Automobile bodies
Camper shells
Boat hulls
Armor transparencies (figure 2.22)
Tank vision blocks
Windows
Decoration (figure 2.23)
Infinite variety, usually selected for visual clarity
Molded and extruded shapes
Rods, tubes
Tail-light covers
Lenses
Paints, adhesives, and coatings
Furniture (figures 2.24 and 2.25)
Chairs
Tables
Shelves
Partitions

Sinks, bathtubs, and showers

The size, form, and functional needs of these products vary over a wide spectrum, and,
as such, the manufacturing methods must be tailored to product demands. Acrylic material
must be shaped, machined, finished, and joined in various ways on its way to becoming a pro-
duct. However, underlying the processing are two fundamental concepts: (1) acrylic is a
thermoplastic material and may, therefore, be shaped when heated (thermoformed) and (2)
acrylic may be machined by using wood-working or machine-shop equipment and basic
machining techniques with only minor modifications.
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Figure 2.17. Aircraft canopy during final buffing operation. Note the edge attachment for bolt-
ing the canopy to the aircraft. (Photograph by Swedlow, Inc.)
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Figure 2.19. NEMO-type pressure hull for a submersible with 1000-meter depth service. Hull built
from adhesive-bonded thermoformed spherical pentagons. (Photograph by Swedlow, Inc.)
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Figure 2.24. Modern chair vacuum-formed from acrylic plastic that has been rigidized with reinforced

thermoset plastic. (Pliotograph by Swedlow. Inc.)
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2.11 DESIGN CONSIDERATIONS

As with the conversion of nearly all materials into products, it is necessary to under-
stand the physical properties of the material and observe the recommended practices for
its use. With plastics, in particular, it is necessary to give careful consideration to the methods
or processes which are used to shape and join the materials, as the possibilities are quite
diverse and the material’s performance can be altered by the selected process. Design of the
process is often as important as the design of the product itself. Other consideration include
the following.

1. Thermal changes must be given careful attention, as properties of plastic are much
more sensitive to such changes than are most other materials.

2. Properties of plastics are time dependent, and parameters such as load duration
and load-application rate in combination with thermal changes must be carefully evaluated.

3. Plastics exhibit a rather unique failure mechanism known as crazing, which can be
attributed to the action of stress, solvents, and environmental exposure. This degradation can
result in failure by fracture of the part and, as such, it must be understood if the problem is
to be avoided. Crazing is defined as the formation of fine cracks which can extend over or
under the surface of a plastic. The cracks are difficult to see, and when magnified they appear
as a three-dimensional lacy network (figure 2.26). They appear on the tension surface of an
object and are normally oriented perpendicular to the direction of maximum tensile stress.
When crazing occurs in a random fashion, it is normally the result of solvent action and is
known as sclvent crazing. Crazing reduces the load-carrying capability of a material and acts
as a stress riser. Residual monomer can act as a solvent and result in crazing. It is an irrever-
sible process and cannot be eliminated, except by the physical removal of the crazed material
through grinding and polishing. To salvage a part which has been crazed, the part can be
annealed and the craze physically removed. This results in an overall thickness reduction, but
it has the advantage of removing the stress concentration caused by a residual tensile stress
developed during fabrication.

There are many examples of the improper design of preducts made of plastic: the
radio case which becomes distorted when left in the sun or the plastic case which takes abusive
treatment when first purchased but which breaks after a few months. These problems can be
avoided through cautious and considered application of good design principles, which are
developed through a good understanding of the material’s properties and are available from
suppliers, either in written form or through direct contact.

2.12 THERMOFORMING ACRYLIC

Thermoforming of acrylic requires heating the material above its glass transit
temperature and applying sufficient pressures and load while hot to obtain the desi
While maintaining the application of load, the part is cooled and the shape is ther

Forming temperatures vary considerably and are related to the grade
peratures are usually from 230 to 360°F (110 to 1829C), with the excepti
acrylic which is formed at 220°F (104°C) or slightly lower. The form
particular acrylic and the required shape must be carefully controlled
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too low, the shape may not be retained because of the high residual stresses which can also
cause crazing in service; if it is too high, the acrylic can tear during formation. An optimum
forming temperature is dependent upon the grade of acrylic, the thickness of the material,*
the method of formation, and the required shape. Forming temperatures are commonly
derived from test data defining the tensile modulus of elasticity as a function of temperature
and are subsequently refined on the basis of forming experience (figure 2.27).
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‘ Figure 2.27. Tensile modulus of elasticity as a function of temperature.

In many cases, the desired shape is a free-formed surface which requires only periphery
contour control, while the body contour is developed through the application of pressure
and the free movement of the material. More complex shapes may require the use of full-
surface dies for either a single surface or a matched two-surface configuration (figure 2.28).

Application of the loads necessary to move the acrylic to the desired shape can be
achieved by pressing a dic surface against the material through the reaction of a matched die,
applying a vacuum pressure between the material and the die, or applying pressures greater

* Thin material is normally heated slightly more than thick material because of its more rapid cool-down during the
formation operation,
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than ambient to the surface of the acrylic away from the die. In the case of free forming,
either vacuum or positive pressures are used. Some instances require combinations of these
loads and variations in material temperatures.

The rate at which the shape is developed and the rate of cool-down are important to
the quality of the product. As previously noted, residual strains, which can cause surface
crazing, result if careful control is not exercised. These strains can also cause the part to
distort in shape, resulting in either an inherent deficiency or a mismatch when the mating
surfaces are joined.

If a temperature which exceeds the forming temperature is experienced subsequent
to forming the acrylic, the part will relax and tend to return to its original flat sheet form.

2.13 MACHINING ACRYLIC

Routers, band saws, table saws, shapers, lathes, milling machines, and drill motors, as
needed for woodworking or metalworking, can be used to machine acrylic (figure 2.29).
Experienced woodworkers or machinists should have no trouble in working acrylic shapes;
however, they must understand the properties of the material being shaped to achieve good
quality finishes and to avoid damage. The coefficient of thermal conductivity, coefficient of
thermal expansion, and tensile modulus of elasticity are the most important properties
affecting the machining of acrylic (table 2.9). The low thermal conductivity prevents heat
generated by the cutting tool from effectively flowing away from the cutting zone; the high
thermal expansion causes reductions in the clearances of the cutting tools in the machining
zone, which can result in tool binding; and the low modulus of elasticity results in material
deflection at the cutting point, if proper precautions are not taken.

Table 2.9. Thermal conductivity, thermal expansion, and tensile modulus of elasticity.

Thermal Thermal Tensile Modulus
Conductivity, Expansion, of Elasticity,
Material BTU -infhr - ft2 - °F | in/in*°F Ib/in2

Silver 2900.0 11.0 X 1076 11.0 X 106
Aluminum 1570.0 12.6 X 1076 10.0 X 10%
Yellow brass (65-35) 830.0 11.3 % 1076 16.0 X 106
Nickel 420.0 7.2 x 107 32.0 X 109
Mild steel (1020) 360.0 8.4 X 1076 30.0 X 10
Stainless steel (304) 155.0 9.9 x 1076 28.0 X 100
Acrylic 1.2 35.0 X 1076 0.5 X 106

Notes:
1 BTU * infft? * °F = 1.441314 E01 W/m * K
1 in = 2.540000 E-02 m
lin * °F = Linfin - °F = 1.8°C
11b = 0.04536 kg
1in? = 6.451600 E-04 m?

2-42




Figure 2.29. Milling of edges on spherical pentagons used in the assembly
of NEMO-type pressure hulls for submersibles. (Photograph by U.S. Navy.)
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Routers are commonly used in edge-finishing operations. These machines should
have a minimum no-load spindle speed of 10,000 revolutions per minute. Cutters used with
these machines should have a back clearance of 10 degrees (0.17 radian) and 15 degrees
(0.26 radian) of rake. Two or three flute cutters smaller than 1-1/2 inches (3.81 centimeters)
in diameter produce very smooth cuts. At slower surface speeds for the cutter, more flutes
may be desired. The direction of cutting tool movement can be either conventional (up) or
climb (down), depending on the desired cut geometry and chip formation (figure 2.30).

A

1

Sl <

Part A. Climb cutting. Part B. Conventional cutting.

—

Figure 2.30. Cutting tool movement for routing acrylic.

Drills should be operated at 1000 to SO000 revolutions per minute, depending on the
bit diameter. The larger diameter holes should use a reduced speed. High-speed, standard-
steel, twist drill bits are recommended, but should be modified to a 60-degree (1.04 radian)
tip angle, O-degree (0 radian) rake angle, and a 12- to 15-degree (0.21 to 0.26 radian) clear-
ance angle (see figure 2.31). The material being drilled should be backed with wood or

tip angle, 60° cutting direction

clearance
angle, 12°to 15°

1 deg = 6.894757 E+03 rad

Figure 2.31. Drill bit dimensions for machining acrylics.
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acrylic on the bit-exiting surface to prevent spalling. The bit should be fed and backed
oft periodically to wsure chip removal and to provide cooling time. As in all drilling
operations, the bit must not wobble and the workpiece must be held securely to insure
quality holes

Acrylic can be saw 7 on circular, band, jig, or saber saws, depending on the desired
cut. Circular saws should oy ate at 8000 to 12,000 surface feet per minute. Blades should
be hollow ground with shghtly set teeth (0.010- to 0.015-inch (0.03 to 0.04 centimeter)
clearance Kerf-to-blade) and have a 0- 1o 10-degree (0 to 0.17 radian) rake angle. If possible,
the blades should be slotted to prevent heat warping. The number of teeth per inch decreases
as the workpiece thickness increases. As in the cutting of wood, a chip breaker plate should
be used to prevent spalling. Band saws should be operated at 3000 to 5000 surface feet per
minute. Metal-cutting blades are preferred, and uniform feed rates should be observed with
caution exercised to prevent binding. When using jig or saber saws, the workpiece must be
held securely to prevent cracking. This is especially true in the case of thin material. As in
all cutting operations, sharp tools are required if problems are to be avoided and quality
and efficiency achieved. In many cases, carbide-tipped cutting tools should be considered.
Single-point cutting of acrylic should be done at about 500 surface feet per minute. The
cutting tool should be ground as shown in figure 2.32.

end cutting edge

face
side cutting e dg

l back rake

side rake 4 4
lip
( heel
/ | flank

N

end relief

side relief

Figure 2.32. Single-point cutting tool.
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Cutting fluids can be used to help machine acrylic. These fluids primarily act as a
coolant, secondarily provide lubrication for chip removal, and finally act as a chip removal
medium. The preferred fluid, when used, is water with some wetting agent, such as a
detergent, as an additive. Other cutting fluids should be used with caution to avoid acrylic
crazing.

It should be noted that unshrunk acrylic undergoes a 2.2-percent shrinkage when
heated to forming temperature. This factor must be allowed for in trimming acrylic. Under
these same conditions, the thickness increases approximately 4 percent.

2.14 SANDING, POLISHING, AND CLEANING ACRYLIC

Scratches, gouges, and marks on acrylic surfaces can be removed by hand or machine
sanding. Wet or dry sandpaper should be used, with a coarse enough grit to remove the
blemish and progressively finer grits to finish the process. The sanding surface should be kept
wet with water to minimize generated heat and to prevent clogging of the sandpaper. A uni-
form and flexible back-up pad, such as neoprene foam, can be used behind the sandpaper to
help distribute pressure. A slightly larger area should be covered with each finer grade of
paper to prevent localized sanding distortions.

Scratches left by the sanding, or hairline surface scratches developed in service, can
be removed by buffing and polishing (figure 2.33). Such finishing can be done for purely
aesthetic reasons or, in the case of transparencies, to improve optical quality. Used first is
an abrasive wheel, which consists of a buffing pad made of stitched cotton or flannel and an
abrasive compound composed of very fine alumina, or similar material, combined with
tallow or wax binders. The wheel should run at about 1800 surface feet per minute. After
this operation, a buff of only tallow is used to refine the acrylic surface further. A high
luster is finally achieved by carefully buffing with a wheel without abrasive or tallow. These
operations should be done with extreme care to prevent overheating the acrylic surface and
the developing of a rippled surface which has the potential for subsequent crazing.

The preferred method of cleaning acrylic is washing with mild detergent and water.
A soft, clean cloth or chamois should be used with only a light application of pressure. QOil
or grease spots can be removed with aliphatic naphtha. Do not use alcohol, gasoline, acetone,
benzene, chlorinated hydrocarbons, strong caustics, lacquer thinner, or household window
cleaning compounds.

2.15 SURFACE COATINGS AND TEXTURING

Several types of coatings are applied to the surfaces of acrylic to improve resistance to
abrasion, provide reflective qualities, and enhance visual transmission and electrical conduc-
tivity. Films, such as paints and inks, are used for either decorative purposes or to provide
special optical effects. The basis for successful application is substrate preparation, cleaning,
and a compatible coating chemistry. Each coating is usually intended for a limited range of
acrylic grades.
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Figure 2.33. Machine polishing of stretched acrylic sheet. (Photograph by Swedlow, Inc.)
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Acrylic sheets are made significantly more resistant to abrasion through the applica-
tion of special coatings (figures 2.34 and 2.35). One coating is described by its manufacturer
as crosslinked fluoroplastic polymer containing silica. Other manufacturers are working to
develop coatings based on different polymer systems. In general, these coatings improve
light transmission, reduce haze, and improve the solvent resistance of coated surfaces. They
are characterized by excellent resistance to weather and environment, and are finding appli-
cation in the areas of public transportation, buildings, and display windows.

Vacuum-deposited and chemically plated thin films of aluminum, silver, chromium,
or gold are routinely applied to acrylics. Film thicknesses range from 1 to 1000 microinches
(2.54 to 2540 meters =8). In the case of very thin films (approximately 1 microinch (2.54
meters” )) the materials can be transparent and are used in heater elements, radio-frequency
shields, passband filters, and antireflective devices. Thick films (approximately 1000 micro-
inches (2540 meters's)) are opaque and are used in decorative products or reflective items.

Acrylic can be easily painted. A special application involves back painting clear
acrylic material, a procedure which protects the paint from damage and provides a unique
beauty, Inherent in this application is the need for clean acrylic surfaces. Oils or greases can
be removed by using aliphatic naptha, isopropyl alcohol, hexane, kerosene, or white gasoline.
For general cleaning, water and a mild detergent, followed by a thorough rinsing, is preferred.
Acrylic-based paints are recommended for outdoor applications with alkyd paints acceptable
for indoor items.

Acrylic can also be effectively silk-screened, a process widely used in the sign industry.
1t is possible, using this process to form shapes from flat silk-screened material, thereby sim-
plifying the color application process.

It is also possible to obtain acrylics with various textured surfaces. These textures
are applied either during polymerization of the stock or as a secondary operation by using
embossing techniques.




-

Figure 2.34. Windshield-wiper test used to evaluate the quality of abrasion-resistant coatings
applied to acrylic plastic. (Photograph by Swedlow, Inc.)
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2.16 JOINING ACRYLICS

In most applications, acrylics are joined to some other structure by conventional
bolting or riveting, clamping, or adhesive bonding. The effects of the differential thermal
expansion between members and the basic mechanical properties which affect structural
performance must be considered if the bond is to hold.

Acrylic can also be joined to other acrylic elements to form complex shapes by
direct bonding to form butt, scarf, lap, or offset joints (figure 2.36). Acrylic adhesives or
solvent-based cements are used. Each joint has features which make it particularly suitable

for special types of loading (figure 2.37).
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lap joint
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Figure 2.36. Different joints used to bond acrylic.
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Figure 2.37. Bonding of acrylic.
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The adhesives used to form these joints can be either reactive or solvent and are
selected on the basis of the grade of acrylic being bonded. Reactive adhesives are commonly
acrylic based and are used on crosslinked grades. Solvent adhesives rely on their ability to
soften the parent material and are used with low molecular weight, noncrosslinked grades.
The solvent adhesives can be used as either straight solvents or as combinations of solvent
and acrylic materials. These adhesives have varying degrees of strength and can be optically
transparent; however, in most cases they yellow or otherwise discolor with age.

Before and after bonding, it is reccommended that the acrylic be annealed to remove
stresses and absorbed moisture. If this is not done, the joints will degrade with time. Anneal-
ing is a time-at-temperature phenomenon and is dependent upon the thickness and grade of
the acrylic: the thicker the sheet, the longer the annealing time. Annealing temperatures
are normally above the heat-distortion temperature of the material, i.e., from 200 to 230°F
(93 to 110°C), and the time is that period necessary to bring the material to thermal equili-
brium. Cooling is a necessary part of the operation and must be controlled to prevent part
warpage caused by residual stress formation. The cooling period is normally considered to be
complete when the midplane temperature is below the glass transition temperature of the
material.

Acrylic can be bolted or riveted to substructures, but normally edge attachment
materials are first bonded to the acrylic to provide a way to distribute the fastener ioad.
Acrylic is somewhat “notch” sensitive and differential thermal expansion must be consid-
ered (figure 2.38).

In summary, the weak link in the structural chain is usually the joining mechanism,
which means that carcful attention must be given to the method used, the structural design,
the acrylic’s notch sensitivity, and the effects of differential thermal expansion.

acrylic

load distribution strip

metal

NN
T

SFTLLL

fastener clearance
for expansion

Figure 2.38. Normal bolted or riveted edge
attachment.
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2.17 LAMINATION

In many applications, it is necessary to laminate acrylic to other acrylic layers or
different materials, such as glass or reinforced plastic. This need arises when the properties
or the acrylic composite structure offer design advantages which cannot be achieved when a
single material is used. One example is an aircraft windshield which is composed of glass, a
flexible interlayer, acrylic, an interlayer, and acrylic (figure 2.39). This provides a structure
which is lightweight, resistant to bird impacts and windshield-wiper abrasion, and fail-safe
(figure 2.40). Another example is the use of as-cast acrylic, an interlayer, and stretched
acrylic to form a window which can tolerate high temperatures on the as-cast acrylic face
while experiencing only moderate temperatures on the stretched acrylic side. Many times
it is desirable to place decorative films, wire grids, reflective coatings, or other elements
within an acrylic composite to achieve various effects.

Laminating materials or interlayers can be rigid (high modulus) or extremely flexi-
ble (low modulus), depending upon the service environment and the materials. Two important
considerations in selecting an interlayer are the differential loads being carried by each struc-
tural element and the differential thermal expansion of each element. The difference in
deformations of these elements must be reacted by the selected interlayer material. Examples
of materials commonly used for interlayers are modified acrylics, urethanes, polyvinyl butvra!s,
and silicones. Some are manufactured in sheet form and are !aminated through the application
of heat and pressure in an autoclave. Other materials are cast in liquid form between the
members to be joined and polymerized in place, normally with the application of heat.

Table 2.10 lists general characteristics of some common interlayer materials used in
laminating acrylic to other materials.
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Figure 2.40. Cross-section through an impact-resistant windshield for modern,
high-speed, aerospace vehicles.




Table 2.10. Interlayer materials.

Identification Type Typical Usage Comments

Polyvinyl butyral Sheet Bonding glass Has good optical properties above

(BGH plasticizer) face sheets +32°F (0°C). Helps prevent shattering

of the laminate when impacted.

Polyvinyl butyral Sheet Bonding glass Adhesion of the face ply to the inter-

(LBS plasticizer) face sheets layer minimizes particle scattering.

Sensitive to water ingress. Delamination
from face sheet at edges. Limited to
+160°F (71°C).

Silicone Sheet Bonding glass Has good optical properties and good
face sheets for ~ elevated temperature properties (300°
high tempera- t0 400°F) (149 to 204°C). Sensitive to
ture applica- H,0 and S0, with severe cracking.
tions High cost. Availability unknown.

Acrylic Cast-in-place Bonding acrylic  Provides laminates with flexural proper-
face sheets ties equivalent to a monolithic

configuration. Will not provide fail-safe
capability.

Polyester Cast-in-place Bonding plastic ~ One of the first cast-in-place interlayers
face sheets developed. Permits lamination of plastic

materials with different processing
cycles. Improved thermal capability
over polyvinyl butyral.

Silicone Cast-in-place Bonding plastic ~ Excellent for applications requiring a
face sheets, wide temperature capability: -100°F to
glass face sheets, +450°F (73 to +232°C). Has excellent
and glass to toughness 2nd optical quality. Provides
plastic excellent adhesion to both plastic and

glass. Does not become brittle or rigid
at depressed temperature. Maintains its
excellent tensile strength and elonga-
tion characteristics over broad tempera-
ture range. Excellent compatibility
with conductive coatings.

Polyurethane Cast-in-place Bonding plastic ~ Most recent of interlayer materials.

or sheet

face sheets,
glass face sheets,
and glass to
plastic

Characterized by higher tensile strength
with respect to temperature. Has natural
tenacity to most materials.




2.18 SUMMARY

As the previous sections have shown, acrylic plastic is a many-faceted material whose
properties can be custom-tailored to meet the requirements of different applications. Still,
it has not found the wide application to which it is entitled. The reasons are not high cost,
lack of fabrication capabilities, or absence of requirements for transparent materials with
structural integrity. Rather, the absence of acrylic structures, or large structural components
in otherwise opaque structures, can be explained only by lack of confidence and experience
on the part of architects, structural engineers, designers, and building inspectors. Only if
these people acquire the needed confidence and experience will the use of structural members
fabricated from acrylic plastic increase significantly. It is hoped that this chapter contributes
in a small measure to this goal.
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SECTION 3.
SOURCES OF WINDOW DESIGN DATA

3.1 INTRODUCTION

Most engineering fields basically rely on two sources of data: analytical and exper-
imental. The unusual aspect of acrylic plastic structural engineering is the preponderance
of experimental data, the reasons for which are rooted in the history of viewport develop-
ment and the inability to predict analytically the viscoelastic behavior of acrylic plastic. In
1948 when Professor A. Piccard introduced both acrylic plastic and the conical frustum
shape to viewports in submersibles, the analytic tools and the material science necessary
for accurately calculating the distribution of stresses in an acrylic plastic window shaped
like a conical frustum did not exist. Therefore, the selection of appropriate window dimen-

sions was based solely on experiments conducted in Piccard’s high-pressure laboratory. These

data now form the cornerstone of all experimental data generated for acrylic viewports.

Since 1948, the sciences of both material behavior and stress analysis have made
enormous strides. The response of materials to triaxial stress fields is well understood for
most materials and numerous theories exist for the prediction of their failure. Stresses can
be calculated for structures of almost any conceivable shape by utilizing finite-element
stress analysis techniques. However, the prediction of stresses in acrylic plastic structures
under long-term or cyclic loadings is still less than satisfactory for two reasons: First, the
response of acrylic plastic to complex three-dimensional stress fields is not completely
understood, particularly its creep and relaxation functions. Second, finite-element analysis
has not yet been sufficiently refined to consider creep and relaxation rates that are not
only functions of time and temperature, but also of the stress-field configuration and mag-
nitude of individual stresses.

As a result, experimental evaluation of acrylic structures and structural elements
must be performed whether analytic calculations or general engineering experiences are
used to determine the dimensions, particularly when the structures are used to house men.
Thus, experimental data generated by testing full- or model-scale structures are the major-
ity of the structural data used in the design of standard-shaped windows and pressure hulls.
These data are augmented by results from tests under standard loading conditions, eg.
tension, compression, flexure, impact, and fatigue, on material specimens. Since these
data are general in nature, they are often used to expand the applicability of existing ex-
merimental data.

Analytic stress analysis techniques should be utilized wherever feasible to arrive at
the proper dimensions of acrylic structures. However, until they are used more often and
the response of acrylic structures to complex stress fields is fully understood and the
initiation of fracture predictable, existing experimental data from testing of acrylic struc-
tures and material specimens remain the basis of design and the ultimate way to compare
the performance of operational structures.

3-1

e a




3.2 EVALUATION OF STRUCTURES
3.2.1 Viewports

The acrylic plastic windows for viewports are generally tested to obtain four types
of data: critical pressures, displacements, strains, and crack sensitivity. All are important
for the proper understanding of window behavior, but only the first two are absolutely
essential for adequate design of the viewport assembly and evaluation of its performance.
Other data that should be considered include impact and dynamic shock resistances.

32.1.1 CRITICAL PRESSURES. Critical pressures are experimentally generated by
placing a full- or model-scale window in a mounting and subjecting its high-pressure face to
hydrostatic loading until the window loses its structural integrity, i.e., until it leaks or disinte-
grates catastrophically (figures 3.1 and 3.2). Since acrylic plastic is a temperature-sensitive
viscoelastic material, the magnitude of critical pressure varies significantly with the ambient
temperature and type of hydrostatic loading to which it is subjected. For this reason, the
ambient temperature must always be maintained within a specified range during testing.

Destructive testing of acrylic plastic windows is usually accomplished by placing the
viewport in the pressure vessel’s end closure with the high-pressure face of the window facing
the interior of the vessel (figure 3.3). To eliminate any undesirable restraint on the window
by back pressure, the low-pressure face is always directly in contact with external atmospheric
pressure through an opening in the vessel’s end closure. Upon failure, the window fragments
are ejected with explosive force through this opening. For this reason, pressure vessels used
to generate critical pressure data are generally placed outside in a barricaded area. When this
is not feasible, a container is placed around the low-pressure face of the viewport mounting
and the entire assembly is placed inside the vessel. The interior of the container is vented to
the atmosphere by a long tube with a small orifice restrictor that immediately becomes
plugged by fragments when the window fails, thus preventing any damage to the immediate
environment of the vessel.

The magnitude of critical pressure and the associated displacement of the window
through the mounting prior to failure largely depend on the design of the window’s mount-
ing. Therefore, it is always necessary to describe the mounting arrangement used to generate
critical pressure or displacement data (figure 3.4).

3.2.1.1.1 Short-Term Critical Pressure. This is always numerically higher than the
critical pressures generated by long-term or cyclic loadings. Since these pressures are opera-
tionally easy to generate, they predominate in the published data. The Navy has generated
the majority of short-term critical pressures by pressurizing windows at 650 pounds per square
inch (4.48 megapascals) per minute in a room temperature environment. Since the magni-
tude of the critical pressure varies with the pressurization rate, ambient temperature, and
type of mounting, these characteristics must be known when comparing or combining data
from different sources.

If comparisons must be made between data from different sources with different

test conditions, it is preferable to match them by ranking the effects of different test
parameters on the critical pressure. For such purposes, temperature is ranked first; type
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of mounting, second; and rate of pressurization, last. The following ranges of variation in
test parameters between different sources of data are considered acceptable, as their effect
on the critical pressure is probably less than 10 percent: +5°F (2.5°C) for temperature and
+300 pounds per square inch (2.07 megapascals) per minute for rate of pressurization. High-
er pressurization rates and lower temperatures produce higher critical pressures and smaller
displacements, while lower pressurization rates and higher temperatures produce lower
critical pressures and larger displacements. Since the effect of the mounting is a very com-
plex subject and varies significantly with each type of window, it will be discussed later in
the sections on the appropriate window shapes.

3.2.1.1.2 Long-Term Critical Pressure. These pressures are always lower than short-
term critical pressures. Since the magnitude is a function of sustained loading duration and
temperature, it is best represented as a family of static fatigue curves for a given window design
(figure 3.5). The curves are generated by individually subjecting a series of identical windows
to different levels of sustained constant loading until failure occurs. Since temperature is an
important factor, a series of tests must be conducted not only at room temperature but also
at other ambient temperatures. Long-term critical pressures are essential for the design of
windows in underwater habitats, deep ocean simulators, and saturated diving chambers,
where the magnitude of hydrostatic pressure is constant and applied for long periods of
time.

Since long-term critical pressure is very sensitive to temperature, comparison of data
from different sources is only feasible when the ambient test temperatures are identical. A
difference of 5°F (2.5°C) can generate at least an ordes of magnitude difference in the dura-
tion of sustained loading prior to failure. The pressurization rate to sustained loading,
however, can be ignored, as its effect on durations in excess of 1 day prior to failure is
insignificant. The effect of the mounting is as important as it is for short-term critical
pressures, and for this reason only data tested in similar mountings can be compared.

3.2.1.1.3 Cyclic Loading Critical Pressure. Such data are generated by individually
subjecting a series of identical windows to pressure cycles with different maximum pressure
levels and different ambient temperatures. This generates a family of cyclic fatigue curves for
a given window design (figure 3.6). A typical cycle consists of pressurizing the window to
a given pressure level, maintaining this pressure for a fixed period of time, depressurizing
the window, and then allowing the window to relax for a fixed period of time. Pressure
cycling usually continues until the window begins to leak or fails catastrophically. The
cyclic fatigue life, expressed in number of cycles at a given pressure, is a function of
pressure‘level, temperature, duration of individual pressure periods, and duration of re-
laxation periods. The fatigue life is decreased by increasing the pressure level, increasing
the temperature, lengthening the duration of individual pressure periods, and shortening
the relaxation periods.

Because the length of pressure cycles varies significantly with investigators, care
must be used in comparing or combining data from different sources, since little is known
quantitatively on the relationship between the length of the sustained loading period in a
pressure cycle and the cyclic loading’s critical pressure for a fixed number of cycles. Thus,




for example, there is no proven way to compare the cyclic critical pressures of two window
designs when one was pressure cycled at 1 minute per cycle while the other was cycled at
100 minutes per cycle, even if the ambient temperature were the same. If, however, a com-
parison must be made, the duration of all sustained loading periods should be added and
used instead of the total number of cycles. This recommendation is based on experimental
evidence that the total duration of the sustained loadings in a pressure cycling program has
a larger effect on the cyclic fatigue life of an acrylic plastic window than does the number
of cycles.

From an operational viewpoint, the only cyclic fatigue data that are directly applic-
able are those based on pressure cycles of approximately the same duration as those for a
typical operational pressure loading. Since these loadings vary in duration and the cyclic
fatigue lives of different window designs must be compared, a typical pressure cycle has
been established for experimental studies, i.e., a cycle that consists of 7 hours of sustained
loading at maximum pressure followed by a relaxation period of at least 7 hours.

3.2.1.2 DISPLACEMENTS. Displacement data are generally the byproduct of tests
for critical pressures. Only in isolated cases have tests been conducted with the sole purpose
of measuring displacement. In either case, the window is mounted in the pressure vessel’s
end closure with the low-pressure face exposed to the atmosphere.* Measurements are
usually made only along the axis of the seat; displacement has been measured along the
bevel angle of the seat surface in only a few instances. The basic approach consists of
mounting the bodies of displacement transducers on some rigid benchmark surface while
the active elements of the transducer contact the low-pressure face at one or several loca-
tions. In arrangements where the face is visible to the observer, the displacement can be
casily measured with mechanical dial indicators. Because of cost of these indicators, mea-
surements are generally performed only at the center of the low-pressure face; only in a
few cases have measurements been performed at enough locations to provide a reasonably
accurate topography of the window’s low-pressure face under operational loading
(figure 3.7).

The most reliable measurement technique consists of a very thin wire anchored at

one end to the low-pressure face and on the other to a small weight that rests atop a mechan-

ical dial indicator (figures 3.8, 3.9, and 3.10). To minimize the effect of experimental errors
the wire is attached to the window’s face via an acrylic post bonded to the window’s surface
with room-temperature-vulcanizing silicone adhesive. Because of the large weight on the
other end of the wire, the friction of the pulleys does not introduce any error. Another
advantage of this technique is its insensitivity to distortion and cracking of the low-pressure
face, as the flexible adhesive retains its bond even in the presence of surface cracks and flex-
ing. Thus, this instrumentation technique is used exclusively for measurement of displace-
ments on windows undergoing destructive hydrostatic testing.

Another technique consists of mechanical dial indicators clamped to the end closure
with the contact points resting directly against the window’s low-pressure face. Absence of
pulleys, weight, wire, and anchor post makes this an elegant displacement measurement
technique. Its accuracy is very high, if cracking or major flexing of the low-pressure faces
does not occur (figure 3.7).

*  Because of experimental difficulties posed by measuring displacements on the high-pressure face, measurements are
usually done only on the low-pressure face.
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Electrical transducers in the form of linear potentiometers or transformers have been
used only rarely for measuring axial displacements. The basic reasons are the high cost, cali-
bration requirements, waterproofing, and requirement for accurate readout instrumentation.
Linear potentiometers are usually used only for measuring the axial displacement of the high-
pressure face, which is inaccessible to mechanical means of measuring displacement
(figure 3.11).

3.2.1.3 STRAINS. Strain, defined as unit deformation of material, is experimentally
measured with photoelastic techniques or with electric-resistance straingages that are bonded
to the surface of an acrylic window. Which technique is chosen depends on whether the
strains are to be measured only on the window’s face or also in its interior. Since maximum
strains occur only on the exterior of the window, measurement with the straingages generally
suffices. It is only when the engineer must see the complete strain pattern that the photo-
elastic investigation is used.

3.2.1.3.1 Electric-Resistance Straingages. These gages provide satisfactory datz for
engineering investigations, if certain precautions are taken in attaching gages, selecting
readout equipment, and recording the readings (figure 3.12).

Gages have been satisfactorily bonded to acrylic with many types of cement with results
that varied from excellent to disastrous. Eastman 910 contact cement provides consistently
good results and is preferred. The wrong choice of cement can result in low strain readings
because of slippage between the gage and acrylic and can also initiate stress cracking under
the gage, resulting in high strain readings and premature failure of the window. Most adhe-
sives containing solvents will attack acrylic plastic and for this reason should be avoided.

The same problem is encountered with waterproofing the gages, where the use of
coatings that attack acrylic plastic can initiate stress-corrosion cracking in the plastic when
it is subjected to hydrostatic loading. Room-temperature-vulcanizing silicone rubber (RTV),
a very effective adhesive and waterproofing compound, initiates such cracking at very low
stress levels and should not be used for waterproofing of straingages on acrylic plastic. Gage-
cotes 2 and 5 (manufactured by Bean) provide excellent waterproofing without initiating
stress-corrosion cracking.

Heat generated by the gage is another source of error in strain readings. As the ener-
gizing current flows through the straingage it generates heat that causes the surface of the
material to expand and thus generates false positive strain readings. For this reason, strain
switch-and-balance units that energize the individual straingages only at the moment the
strains are read are preferred. Rapid switching from one gage to another also accomplishes
another objective: it allows the investigator to obtain a complete surface-strain distribution
pattern for the window in real time. Thus switch-and-balance units that balance and record
at rates of 0.01 to 0.1 second per channel should be used. These are particularly valuable
during measurement of strains under short-term loading conditions where, at any one pres-
sure level, the strains change rapidly because of creep, e.g., 2000 microinches per inch per
minute (0.2-percent strain per minute). Data from short-term tests where the recording
rate was slower than 1 second per channel should be viewed with suspicion, as the magni-
tude of recorded strains can be off 10 to 20 percent, particularly if the window was
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instrumented with many gages. During long-term loading, the reading of strains is not as
much of a problem, since the creep rate finally stabilizes itself at a slow rate and real-time dis-
tribution of strains can be obtained, even with manually operated switch-and-balance units.

3.2.1.3.2 Photoelastic Strain Measurement. This technique is generally used when it
Is necessary to determine the distribution of strains not only upon the surface of the window
but also within its interior. This three-dimensional method consists of (1) fabricating in
epoxy a scale model of the acrylic window: (2) generating a three-dimensional pattern of
photoelastic fringes by pressurizing it in a proper mounting at an ambient temperature range
of 290 to 310°F (143 to 154°C); (3) freezing the photoelastic fringe pattern inside the epoxy
window by cooling the window to ambient room temperature without reducing the magnitude
of hydrostatic loading: (4) cutting the epoxy window into thin slices along the directions of
principal stresses: and (5) plotting the distribution and magnitude of strains by noting their
location and counting the number of photoelastic fringes. Because this technique is very
expensive compared to straingage instrumentation and because it requires a new test spec-
imen for each pressure level investigated, it has been used only in a few cases where the
criticality of the window’s application warranted the additional expense.

Where it is necessary to determine three-dimensional strains inside a window along
a single plane, a composite optical system incorporating a bonded polariscope is built inside
the window (figure 3.13). This optical system is arranged around a central slice of epoxy
material in which the stresses are to be analyzed. Straddling the slice of epoxy are polar-
izers that form a light-field circular polariscope. On one side of the polariscope is a two-
piece segment incorporating a vapor-deposited aluminum mirror; the other side is a segment
of the window whose upper surface has been roughened to form a light diffuser. The six
components of the optical system are bonded together with epoxy cement to form a unit
that can be illuminated and viewed through the high-pressure face of the window. The com-
posite window is then placed in the appropriate mounting and pressurized on the high-pres-
sure face with gas. During the test, the high-pressure face is illuminated with monochromatic
light while the behavior of the epoxy slice in the window is observed and photographed
through a window in the pressure chamber directly above the test specimen (figure 3.14).
This technique is economically more attractive than freezing the photoelastic fringes, as it
allows the use of a single test specimen for determination of stresses at several pressure
locations. The generated data are not as complete as those produced by the freezing tech-
nique, but they still are more extensive than data generated by straingage instrumentation.

3.2.1.4 CRACK SUSCEPTIBILITY. Crack susceptibility is numerically defined by
the same experimental parameters used for critical pressures, i.e., pressure, time, and temper-
ature. The pressures required to initiate a crack also vary with the type of loading: Under
short-term pressure loading the magnitude of pressure required for crack initiation is higher
than it is for long-term or cyclic loading conditions.

Initiation of cracks is studied experimentally by placing the window in a pressure
vessel’s end closure with the high-pressure face facing the interior of the vessel and the low-
pressure face vented to ambient atmospheric pressure. During application of pressure, the
condition of the low-pressure face is observed using a mirror and telescope arrangement or
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a closed-circuit television. Since in many cases the cracks first originate on the bearing sur-
face rather than on the low-pressure face, pressurization of the vessel must be periodically
interrupted and the window removed for detailed inspection of the bearing surfaces. The
pressure or time intervals chosen for removal of the window for observation must be small,
or the crack can grow to a significant length without being noticed.

After the test parameters at which crack was initiated have been recorded, the test
is usually continued to determine the rate of crack growth. For some window shapes and
dimensions the rate is high, leading to catastrophic window failure within a small load or
duration of loading increments. For other shapes the rate is very low, making the load or
time interval between initiation of cracks and catastrophic failure very large. Windows
with a high rate are considered to be crack sensitive, while those with low rate are considered
to be crack insensitive. Crack sensitivity is generally defined as the ratio of pressure that
initiates the crack to critical pressure under short-term pressurization. Another quantitative
measurement of crack sensitivity is the ratio of pressure cycles at crack initiation to the num-
ber of cycles when catastrophic failure occurs.

3.2.1.5 IMPACT RESISTANCE. The resistance of windows to mechanical impacts is
generally determined experimentally, since acrylic plastic is not only sensitive to the magnitude
of dynamic stresses but also to the rate at which they are generated, a situation which makes
the analytic solution to this problem prohibitively expensive. Some analytic predictions that
correlate reasonably well with experimental data have been made, but they were done only
for low velocity impacts where the effect of the high stress application rate was minimal.

Most experimental impact data are produced by mounting the window in the pres-
sure vessel’s end closure with the high-pressure face turned to the interior of the vessel and
the low-pressure face vented to ambient atmospheric pressure. If the window is too large
for the mounting, a pressure-proof enclosure is used to keep the low-pressure face at ambient
pressure, while the high-pressure face is exposed to hydrostatic loading. To insure axial im-
pact loading, the impactor is also mounted on the pressure-proof enclosure. The actual tests
consist of dropping a steel impactor from a predetermined height on the low- or hich-pressure
face (figure 3.15). The impact resistance of the window is then recorded as the velocity and/
or kinetic energy at which the first crack is initiated (figure 3.16). The choice of the high-
or low-pressure face depends on the operational use of the window. For submersibles, habi-
tats, and l-atmosphere diving bells, the resistance is determined by impacting the high-pres-
sure face, while for deck- and land-mounted hyperbaric chambers the low-pressure face is
impacted.

Impact resistance data for acrylic windows cannot be directly used for assigning
ratings to windows with shapes or proportions different trom those tested for two reasons:
(1) there is a multitude of variables that affect the results of impact testing and (2) investi-
gators have not yet agreed upon a standard set of test parameters. In addition to the typical
test parameters, e.g., temperature and pressure, there are others found only in impact testing,
e.g., the radius of the impactor, the ratio of impactor diameter to window diameter, angle
of impact, and location of impact. In addition, to economize a window may be tested re-
peatedly with increasing impact velocities until a crack is initiated. Such repeated testing
probably fatigues the material and generates microscopic cracks in the acrylic that eventually
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cause premature failure. As a result, impact data must be used only with the greatest caution.
Basic rules for establishing the validity of the data for operational requirements are

1. The range of the terminal impactor velocities should overlap the range of the
impact velocities predicted by the operational scenario.

2. The ratio of the impactor’s diameter to the minor diameter of the test specimen
should be less than or equal to 0.25.

3. The impactor should contact the center of the window’s face at right angles.

4. The ambient temperature and pressure should closely match those of the predicted
operational environment.

5. The impactor’s curvature radius should be greater than or equal to 0.125 times
the minor diameter of the window.

3.2.1.6 DYNAMIC SHOCK RESISTANCE. Dynamic shock resistance is defined as
the maximum dynamic overpressure which a window can withstand at a given depth and
temperature. It is usually established experimentally by mounting the window in the pressure
vessel’s end closure and subjecting the high-pressure face to dynamic impulses generated by
underwater explosions in the vessel. However, such an arrangement often creates a hazard to
the personnel outside the vessel. In such cases the test specimen is mounted in a pressure-
proof housing with only the high-pressure face of the specimen exposed to dynamic over-
pressure (figure 3.17A). In either case, the magnitude of the dynamic overpressure is
controlled by changing the weight of the explosive or the standoff distance. The minimum
overpressure causing the window to crack is recorded as the dynamic shock resistance of
the window (figure 3.17B).

Comparison of data from different sources is almost impossible, since dynamic shock
resistance is a function of both dynamic overpressure and its duration. In addition, the
simple, spherical, dynamic pressure wave generated by an explosion inside the pressure vessel
is invariably augmented by reflections from the walls of the vessel. Thus, depending on the
size of the vessel, the effect of an explosive charge will vary with the window. It has also
been found that the effect of dynamic overpressure can be mitigated or augmented by static
pressure, depending on the shape of the window. Thus a meaningful comparison of experi-
mental data from different sources requires that the static pressure and temperature used
for testing be identical, as there is insufficient knowledge to assign numerical values to the
cffects of these variables.

3.2.2 Pressure Hulls

Most existing data on the structural performance of acrylic pressure hulls have been
experimentally generated* by placing the hulls inside a pressure vessel with a minimum of
physical restraint. Such restraint generally consists of a ballasted external cage and a crush-
proof, flexible, tubular conduit between the interior of the hull and the exterior of the vessel
(figures 3.18 and 3.19). The external cage keeps the buoyant hull from striking the top end
closure of the pressure vessel, while the conduit serves as both a waterproof raceway for in-
strumentation wires and as a way to maintain the interior of the acrylic hull at atmospheric
pressure. In some cases the cage is eliminated and the flexible conduit is replaced by a rigid
pipe that holds the hull in a fixed position relative to the vessel’s end closure (figure 3.20).

* See section 3.2.1 for reasons why data are generated experimentally.

3-8




The experimental data are basically the same type as generated for viewpoints, and
are produced in the same manner. The structural performance is defined during the tests in
terms of short-term critical pressure, long-term critical pressure, cyclic loading critical pres-
sure, crack susceptibility, impact resistance, and dynamic shock resistance.

The instrumentation used for testing the hulls is basically the same used for testing
the viewports, except for the water-displacement technique which has been successfully used
to measure average radial displacement and average membrane shell strains. Because of its
low cost, high reliability, and ability to measure very large strains, it is used in hydrostatic
tests where the hull is being pressurized to implosion (figure 3.21). Although electric-resist-
ance straingages are routinely used to measure strains on acrylic pressure hulls, they rarely
remain functional at levels above 0.02 inch per inch (2-percent strain). For this reason
the ability of the water displacement technique to obtain some quantitative indication of
strain magnitudes at implosion is of inestimable value. Furthermore, the presence of water
inside the pressure vessel eliminates the need for externalballast during testing and also
mitigates the shock generated by catastrophic failure of the hull. Because water acts as
a cushion, the fragments of the failed hull do not develop the same velocity as if the hull
were filled only with air; thus there is less damage to the remainder of the hull. As a result,
inspections of imploded acrylic hulls filled with water are useful in determining the origin
of failure (figure 3.22).

In some instances manned acrylic hulls have been experimentally evaluated. Such
tests were generally not conducted for structural reasons, but for establishing heat-transfer
and human-performance parameters (figure 3,23). This practice has been also followed in
evaluating the performance of a complete submersible system in a deep ocean simulator
prior to diving (figure 3.24).

3.3 EVALUATION OF MATERIAL

Material specimens are tested to establish the suitability of the material for its intended
application and to control its quality. It is important to remember this when discussing such
tests, since test results are not necessarily interchangeable. The basic difference in testing
philosophies is that the objective of the former is to simulate operational conditions, while
the objective of the latter is to generate data rapidly and economically. However, since most
tests established for quality control also apply to a large degree to tests for material suitabil-
ity, they will be discussed together.

Acrylic plastic specimens are usually tested to establish short-term, long-term, and
environmental effect data. Since short-term data can be rapidly and economically gener-
ated, they predominate in the literature and are often used for quality control in the pro-
duction of acrylic plastic. Long-term data generated in a laboratory environment are an
order of magnitude less available than are short-term data because of their expense; for this
reason they are not routinely used for quality control. The data describing the effect of
the environment on the structural and optical performance of acrylic plastic are almost
nonexistent. Because of this scarcity and the time and expense of their generation, they
are never used for quality control. Their value for establishing the suitability of acrylic
plastic for its intended applications as pressure-resistant structures or as structural elements
is, however, inestimable.
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3.3.1 Short-Term Data

This category includes all tests that require less than 1 day for completion. The
majority of standard tests for mechanical, optical, electrical, and physical properties fall
into this category. Only tests customarily used by window designers and users in procure-
ment specifications will be discussed in this section. A complete list of standard short-term
tests applicable to acrylic plastic is in section 15.

3.3.1.1 TENSILE STRENGTH, TENSILE MODULUS OF ELASTICITY, AND
ELONGATION AT BREAK. These values are established by pulling a tensile test specimen
in the shape of a ““dogbone’ at a specified rate in a room temperature environment until
fracture of the specimen occurs (ASTM-D-638) (figure 3.25). Because acrylic plastic is
sensitive to straining rate, temperature, surface condition, and ambient environment, the
generated values of tensile strength, tensile modulus, and elongation at break are valid only
for the set of experimental parameters present during the test, i.e., a 70 to 77°F (21 to 25°C)
temperature range, 0.2-inch-per-minute (5 millimeters per minute) overall strain rate, uniaxial
stress field, polished surface, and clean air environment with 50-percent relative humidity.
If any parameters change, so do the test values in a significant manner, particularly if the
surface is scratched and the environment is at a higher temperature and contains vapors of
organic substances that act as solvents for acrylic plastic.

Because the standard ASTM test parameters cover such a narrow and operationally
unrealistic range, the ASTM tensile strength of material is primarily applicable only for qual-
ity control and procurement specifications. Since tensile strength is considered a basic
property and the ASTM-D-638 test can be performed rapidly and economically, it forms
the basis for all specifications for acrylic plastic used in pressure-resistant structures. How-
ever, if the designer wishes to utilize short-term tensile strength for predicting the response
of an acrylic structure to momentary overloads, i.e., impact loading, dynamic shock loading,
momentary increases in static pressure because of loss of pressure control, etc., he must
specify nonstandard test parameters that reflect the temperature, rate of loading, surface
condition, and environment and that simulate the operational overload of the structure.

3.3.1.2 COMPRESSIVE YIELD STRENGTH AND COMPRESSIVE MODULUS OF
ELASTICITY. These values are established by compressing a test specimen in the shape
of a cylinder or prism at a specified rate in a room temperature environment until an in-
crease in strain occurs without an increase in stress (ASTM-D-695) (figure 3.26). The values
generated by this test are valid only for a 70 to 77°F (21 to 25°C) temperature range,
0.05-inch-per-minute (1.25 millimeters per minute) overall strain rate, uniaxial stress field,
and clean air environment with 50-percent relative humidity.

Because the test for compressive yield strength is conducted under a very narrow
set of experimental parameters, it is primarily applicable for quality control and procure-
ment specifications. Since compressive yield is considered a basic property and the ASTM-
D-695 test can be performed rapidly and economically, it is included in all specifications
for acrylic plastic utilized in pressure-resistant structures. However, if the designer wishes
to utilize short-term yield strength for predicting the response of the acrylic structure to mo-
mentary overloads, i.e., momentary increase in static pressure because of loss of pressure
control, nonstandard test parameters that reflect the expected rate of loading and ambient
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temperature at which overload of the structure will take place must be specified. Because
the compressive yield strength is not sensitive to the shape and surface quality of the speci-
men or the presence of harmful chemicals in the ambient atmosphere, it is not necessary to
specify ambient atmospheres other than the one provided in the standard test.

3.3.1.2 FLEXIBLE STRENGTH AND FLEXURAL MODULUS OF ELASTICITY.
These values are established by subjecting a test specimem in the shape of a rectangular bar
to bending, applied with a 3- or 4-point loading system, at a specified rate in a room temper-
ature environment until fracture of the specimen takes place (ASTM-D-790). Because acrylic
plastic is sensitive to the rate of straining, temperature, surface condition, and ambient en-
vironment, the values of this test are valid only for a 70 to 77°F (21 to 25°C) temperature
range, a deflection rate that is a function of the specimen’s proportions, uniaxial stress field,
polished surface, and clean air environment with 50-percent relative humidity. Because of
the narrow range of test parameters, the values generated by ASTM-D-790 are primarily
utilized for quality control and procurement specifications. The flexural strength test
ASTM-D-790 is not as frequently used in such specifications as are the tests for tensile and
compressive yield strengths, since flexural strength is not a basic, but rather a derived, prop-
erty, i.e., tension on top and compression on bottom of specimen, and a larger test specimen
is usually required. However, if the designer wishes to utilize short-term flexural strength
for predicting the response of an acrylic structure to momentary overload, nonstandard test
parameters that reflect the temperature, rate of loading, surface condition, and ambient
environment present during a projected momentary overload must be specified.

3.3.1.4 DEFORMATION OF PLASTIC UNDER LOAD. This value is established by
subjecting a test specimen in the form of a cube to axially applied, sustained, compressive
stress at a specified temperature (ASTM-D-621). Because deformation of acrylic plastic is a
function of temperature, stress level, humidity, and time, the generated values are valid only
for the set of experimental parameters present during the test. This means that the recorded
deformation is valid only for a sustained loading of 24 hours at stress levels of 1000, 2000,
or 4000 pounds per square inch (6.89, 13.7, or 27.5 megapascals) at 73.5, 122, or 158°F
(23, 50, or 70°C).

The generated deformation values are primarily used in quality control and pro-
curement specifications. For these purposes, any stress level or ambient temperature may
be selected. As a rule, those which best match the intended working stress level and maxi-
mum expected ambient temperature are chosen. For acrylic plastic windows and pressure
hulls, those that best correspond with operational conditions are 4000 pounds per squre
inch (27.5 megapascals) and 122°F (50°C). If the material has a propensity to creep ex-
cessively, such parameters will accentuate this tendency. Because the standard test for
deformation under load performs a valuable function in differentiating between grades of
acrylic with acceptable and unacceptable levels of creep, it is widely used in quality control
and procurement specifications. This test is also one of the few short-term tests that is of
any value to the designer, as it provides valid design data for acrylic structures that are sub-
Jjected to loading cycles shorter than 24 hours.

3.3.1.5 IMPACT RESISTANCE OF PLASTICS. This characteristic is determined by
subjecting a test specimen in the form of a notched bar to dynamic flexure loading (ASTM-D-
256). In one case (Izod test method), the specimen is held by a vise at one end while the




dynamic load is applied to the other end of the cantilevered specimen (figure 3.27); in the
other case (Charpy test method), the specimen is supported at the ends while the dynamic
load is applied at the center directly over the notch in the bar (figure 3.28). The dynamic
loading is generated by a pendulum that strikes the specimen at preset locations. The velo-
city of the pendulum at the moment of impact is set to be just sufficiently high enough to
break the specimen. Unless otherwise specified, the ambient test temperature is 70 to 77°F
(21 to 25°C).

The impact energy required to break the notched test specimen is primarily utilized
in quality control and only secondarily in design, as the test parameters have only a very
remote relationship to operational conditions. It is also impossible to translate the impact
energy at fracture during the test into useful criteria for prediction of fracture in an acrylic
structure when subjected to point-impact or dynamic pressure loading.

The test results are very useful, however, for the designer when selecting material
for applications where there is a high probability of impact damage to the acrylic structure.
By choosing a grade with a higher Izod or Charpy number, i.e., requiring more impact energy .
to break it at the notch, the designer is assured that the impact resistance of the acrylic
structure will be increased.

3.3.1.6 DEFLECTION TEMPERATURE OF PLASTICS UNDER LOAD. This char-
acteristic is determined by subjecting a bar specimen to 3-point flexural loading while the
ambient temperature is increased at a uniform rate (ASTM-D-648). The flexural loading is
of such magnitude that it maintains a constant maximum tensile stress of 264 pounds per
square inch (1.8 megapascals) while the temperature of the oil bath is increased from 73°F
(23°C), at a rate of 35°F (1.6°C) per minute, until the deflection at the flexed bar increases
by 0.01 inch (0.25 millimeter). The temperature reading at which the deflection of the bar
increases by 0.01 inch (0.25 millimeter) is a measure of the plastic’s ability to retain its
mechanical properties at elevated temperatures, i.e., the higher the temperature at which the
deflection is recorded, the higher is the resistance of the material to thermally induced plasticity.

The temperature at which the specified deflection occurs is utilized exclusively in
quality control and procurement specifications. It is of particular value in procurement of
material for acrylic structures that will operate at temperatures above 122°F (50°C). It is
also useful in the procurement of materials for structures that will operate at room tempera-
ture, since the appropriate minimum temperature value for ASTM-D-648 insures a superior
grade of material with lower creep propertics even at room temperature.

3.3.1.7 RESIDUAL ACRYLIC MONOMER PERCENTAGE. This value is determined
by using gas liquid chromatographic techniques.* The test is primarily used for quality con-
trol of the casting process and for material procurement specifications. The percentage of un-
polymerized methyl methacrylate and ethyl acrylate monomers serves as an indication of
how much of the polymerization process has been completed. A low percentage indicates
that the process is essentially complete and the physical properties of the material will not
undergo any significant change in a short period of time when exposed to solar radiation
or heat.

* See, for example, Snell and Otto, “Encyclopedia of Industrial Chemical Analysis,” Interscience Publisher, 1972,
Vol. 4, pp. 211-217, and Vol. 16, p. 99.
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3.3.1.8 CLARITY OF MATERIAL. This characteristic is determined by viewing a
printed pate (7 lines per column inch and 16 letters to the linear inch) from a distance of
20 inches (51 centimeters) through the full thickness of the casting with the opposite faces
polished. The ability to read the print indicates that the clarity of the casting is acceptable
for general use as an optically transparent material. This test is primarily utilized in material
procurement specifications to insure that the acrylic casting has only a minimum of optical
imperfections in the form of haze, porosity, striae, and inclusions.

3.3.2 Long-Term Data

Long term data are generally produced in nonstandard tests conducted by investiga-
tors in government and academic research laboratories rather than by investigators in com-
mercial material testing laboratories. Because the data have been generated by nonstandard
tests, they do not readily lend themselves to correlation studies. Each researcher generally
uses a different set of test parameters that are either chosen because of their similarity to
projected operational conditions or because of their applicability to material properties
under investigation. However, even with all the shortcomings accompanying data generated
by nonstandard tests, they are the basis for predicting the performance of acrylic plastic
structures under the long-term loading that is typical of all engineering structures.

3.3.2.1 LONG-TERM TENSILE PROPERTIES. These properties, e.g., tensile rup-
ture strength, creep, effective modulus of elasticity, and resistance to crazing, are functions
of temperature, applied stress level, duration of stress application, and environment. The
data are generated by subjecting a test specimen to a constant tensile stress or known magni-
tude in a rigidly controlled ambient environment. Periodically the strains are measured and
the surfaces of the specimen are inspected for crazing. Also the time is noted at which a
test specimen fails.

The results for a given ambient temperature are usually plotted as (1) a family of
strain curves on stress as a function of time coordinates (figure 3.29), (2) a family of stress
curves on strain as a function of time coordinates (figure 3.30), (3) a family of effective
modulus curves on stress as a function of time coordinates (figure 3.31), (4) a family of
stress curves on effective modulus as a function of time coordinates (figure 3.32), and (5)
crazing and rupture curves on stress as a function of time coordinates (figure 3.33). Since
most tests are only for 1000 hours duration, the results must be extrapolated for structures
where loading is measured in years rather than in hours. Extrapolation can be performed
with reasonable confidence, if (1) the extrapolation does not exceed by more than one order
of magnitude the time period for which data are available and (2) the coordinates chosen for
plotting the existing data allow the data to be represented by a straight line. Extrapolations
exceeding a period of 10 years should be avoided, since it is not known how much the phy-
sical and optical properties deteriorate over such a Jong time span, i.e., data on deterioration
of thin acrylic plastic are available only for periods less than 10 years. Wherever possible,
extrapolation should be performed with data collected in the same type of environment for
which the extrapolation is being performed, i.e., if performance of acrylic is to be predicted
for 10 years of continuous tensile loading in an outdoor environment, the basis of prediction
should be data generated over a period of 10 years by tensile specimens in an outdoor
environment.
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3.3.2.2 LONG-TERM FLEXURAL PROPERTIES. These properties, e.g., flexural
rupture strength, creep, effective modulus of elasticity, and resistance to crazing are functions
of temperature, applied stress level, duration of stress application, and environment. The data
are usually generated by subjecting flexure test specimens to constant moments of known
magnitude in a controlled laboratory environment or in uncontrolled outdoor weathering
exposure (figure 3.34). Periodically the strains are measured and the surfaces of the speci-
mens are inspected for crazing. If fracture occurs, the time of failure is noted.

The resulting data are plotted in a fashion similar to that used for tensile data’s long-
term tensile properties (section 3.3.2.1). Since some data are generated with scratched or
notched specimens, they are very valuable to the designer since they provide an opportunity
to compare performances of acrylic plastic with polished and scratched surfaces. If data are
available for both surface conditions, it is best to base the design on the data generated by
the scratched specimens, as after several years of service the surface of any acrylic structure
will become scratched.

3.3.2.3 LONG-TERM COMPRESSIVE PROPERTIES. These properties, e.g., ereep
and effective modulus of elasticity, are functions of temperature, applied stress level, dura-
tion of stress application, and environment. The data are generated by round cylinders or
square prisms subjected to constant compressive loading. The strains are read periodically
and noted.

The resulting data are plotted in a fashion similar to that described in section 3.3.2.1.
Because long-term compressive properties are insensitive to the condition of the material
surface, the available data can be applied to any acrylic structure whose structural members
are in compression, regardless of the condition of its surfaces.

There is one other attractive characteristic of the long-term compression data. Be-
cause the data are generated in uniaxial stress field, their values are conservative when applied
by a designer to a structure with biaxial or triaxial compressive stress fields. How much the
creep decreases and how much the compressive strength increases under different ratios of

biaxial and triaxial compressive loadings when compared to uniaxial compression is only known

for a few biaxial stress ratios at ambient room temperature. Exploratory studies indicate that
the decrease of creep and associated increase in effective modulus and compressive strength
for some biaxial and triaxial compressive stress fields are significant.

The conservatism of uniaxial compression data represents a departure from the
character of uniaxial tensile and flexural data, which are less than conservative for the pre-
diction of rupture in biaxial and triaxial tensile stress fields. There the designer must discount
the rupture strength values by some factor, if the structure being designed encompasses
biaxial or triaxial tensile stress fields.
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Figure 3.2. Setup for testing two large spherical shell sector windows at the same time inside a
pressure vessel. The windows are mounted back-to-back in a common test flange. The interior
of the test jig is vented to atmospheric pressure through a rigid pipe that is threaded into an
opening in the vessel’s end closure.
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Figure 3.3. Installation of a conical frustum window in a test flange mounted on the pressure
vessel’s end closure. The back of the test flange is vented to atmospheric pressure through an
opening in the end closure. This test set has the capability of pressurizing the window to 20,000
pounds per square inch (137.8 megapascals) in a simulated ambient ocean environment.
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RSN A AR

critical pressure = X psi

mounting arrangement A: maximum restraint on the extruding window

T O S

critical pressure = Y psi

mounting arrangement B: medium restraint on the extruding window

e R

critical pressure = Z psi

N

mounting arrangement C: minimum restraint on the extruding window

test results: X psi > Y psi > Z psi 1 psi = 6.894757 E+03 Pa

Figure 3.4. Test flanges for conical frustum windows with different degrees
of axial and radial restraint upon the window. The critical pressures on which

the design criteria of section 15 are based were generated in mounting arrange-
ment B.
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pressure gage

&~ thermometer

television camera

T displacement
! measuring device

9.5-in.-diameter

(124.1 cm) pressure
vessel with thermal
heating jacket

Figure 3.8. Typical arrangement for testing to destruction small acrylic windows that are mounted
in the end closure of a pressure vessel and for measuring the axial displacement of the window's
low-pressure face. The television camera is used for remotely reading the magnitude of displace-

ment on the dial indicator.

A




“PA10U 2q UBD SYIBID JO UOTIBIITUL

2: pue ::::\_:7{:& .u,:___;, IOIITW B ::5 ?o:urL: 24 ued u,:,,_ .i:/.ru_m..z:_ Sl ::: 08 2InSO[d L.Hunfu» 2: ul ».:uu._:q 13::9:_

ST MOPUIM U “JUWAdR[ASIP 208 aInssard-MmO[ S MOPUIA 3} ANSEIL OF PASN JITAIP [RIIUBYIAW 1) Jo Sjuduodwio)) ¢ ¢ 21nJ1yg

.rlv

HOLVIIaNI
IVIA TVYOINVHIIW

30Vd4 SSMOANIM 40 H31IN3D
FHL OL G3ANO9G 1SOd HOHONY

JOVIANIT 3HIM

W

MOGNIM 40 30V4 3HNSSIHd M

o1

23

3-

a-——




Plexiglas arm

-— 0.007-in-diameter stainless-
steel wire
<li_ 0.046-in-diameter 70Ni30Cu wire ‘ = ul
/) 4 I
/ plastic
‘ J = tubing
K
end closure length
) // , i I adjustment
/]
adaptor / MKI1 9-in L b
flange weight
pressure
/ vessel L T r—‘
v % 7728 /:‘
S 0.001-in dial
Q \\\\\“\\ § indicator
B flange § i
DL *
\ N I

7\\ - 77T 77
/ . — deflection /
0% 2 3 ,;

SNNNSNN\NN]
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1011C 0

flange

window

1in = 2.540000 E-02 m

A AN
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Figure 3.10. Test arrangement for measuring displacement without observation of the low-pressure
face. For destructive tests, a restrictor with an opening just large enough for the wire is placed inside
the passage to prevent ejection of window fragments into the atmosphere.
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COMPRESSIVE STRAIN, thousands of pin/in

Part B. Typical data generated by straingages
during short-term hydrostatic loading

10 ;
|
= 9 ' ambient temperature = 34°F (1°C)
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é |_~ circumferential
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9} : t= 3.5°in
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Figure 3.12. Continued.
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Part B. Assembled window

Figure 3.13. Optical system incorporated into a conical frustum
window for observation of photoelastic fringes generated by
hydrostatic loading.
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Figure 3.14. High-pressure test apparatus for observation of photoelastic
fringes in a conical acrylic window under pneumatic pressure. Note that
the low-pressure face of the window is under ambient atmospheric pressure.
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electric
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ram displacement
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electric / e
cable i
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Figure 3.15. Test jig for impact testing of large, spherical shell, sector windows inside a pressure vessel.
The test jig is placed inside a pressure vessel and the impactor released remotely. The interior of the
window is under atmospheric pressure.

3-30




Figure 3.16. Test jig utilized in impact testing of large spherical shell sector windows. Tests
performed at the Southwest Research Institute for the Naval Undersea Center.
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Part A. Test jig with the spherical sector window
mounted on a pressure-proof housing.

Figure 3.17. Test arrangements for dynamic shock resistance.
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Part B. Test setup for hydrodynamic impulse testing of
windows or pressure hulls inside a pressure vessel.
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pressure test
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Figure 3.17. Continued




Figure 3.18. Cage used for restraining an acrylic hull during
testing inside a pressure vessel filled with water. The buoy-
ant hull does not strike the pressure vessel’s end closure
because the bottom hatch on the hull is rigidly bolted to
the cage’s framework, which serves as ballast.
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Figure 3.20. Rigid tubular member for hanging the hull from the pressure vessel’s end closure when the
end closure is being placed on the vessel. The rigid tube also serves as a spacer that restrains the buoyant
hull from rising to the top of the vessel when it is filled with water and thus striking the end closure.
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Figure 3.21. Arrangement for measuring the volumetric change of the hull under external hydrostatic

loading inside a pressure vessel. The water inside the hull also mitigates the force of implosion.
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Figure 3.23. Experimental evaluation of life-support system and measurement of gasses given off
by the acrylic plastic hull prior to installation in a submersible.
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Figure 3.27. Impacting a notched Izod test specimen to determine its

toughness.
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Point of Impact

Figure 3.28. Impacting a notched Charpy test specimen to determine
its toughness.
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Figure 3.34. Typical setup for long-term sustained flexure testing of thick acrylic plastic
specimens exposed to the effects of weather. Each specimen shown in this photograph

is subjected to a different loading. The maximum flexure stresses in these specimens cor-
respond to 24, 17, 12.5, 10, and 6 percent of the ultimate short-term tensile strength

of acrylic plastic. Test site is located in El Cajon, California.
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SECTION 4.
STRUCTURAL PROPERTIES OF MONOLITHIC CAST ACRYLIC PLASTIC

4.1 INTRODUCTION

Although many grades of acrylic plastic are available on the market, only the general-
purpose, heat-resistant, cast polymethyl methacrylate* will be discussed in great depth in this

section, i.e., this is the grade used for most windows in submersibles and hyperbaric chambers.

There are other grades of acrylic plastic from which windows could be made, resulting
in improved resistance to crazing and impact loading. However, because of the significantly

increased cost and unavailability of such grades in thicknesses above 1 inch (2.54 centimeters),

they apply only to a minority of window installations and thus are not of sufficient interest
to the general window designer and user.

There are also grades with less strength, resistance to crazing, deformation under load,
and resistance to elevated temperatures. However, unless there is an overriding engineering
requirement for their use, they should not be used for fabrication of windows in pressure-
resistant structures. A valid reason for their use may be the unavailability of large custom
castings that meet the physical properties of section 15. In this case, the designer must take
into account the lower values of the mechanical properties. In practice this means that the
material performance curves shown in this section and the structural performance curves
described in the rest of this handbook must be discounted by appropriate factors. Since the
magnitude of these factors has, in most cases, not been established, the designer must rely
on his or her judgment.

Although there is extensive information on the common mechanical properties of
acrylic plastic, it is insufficient to establish reliable statistical minimum values under all fore-
seeable conditions of loading and ambient environments. For this reason, the only available
and logical approach to discussion of acrylic plastics is in terms of typical properties. Thus
the data on structural properties in this handbook represent only typical test values. They
are conservative to the extent that when a range of published data was available the lower
values were selected for presentation.

One of the very desirable features of acrylic plastic castings is that the physical
properties are the same in all orientations, i.e., the material is isotropic. Furthermore, basic
mechanical properties, e.g., tensile, compressive, and shear strengths, are not a function of
material thickness or volume. Thus such properties established with typical ASTM test
specimens, cut from any location or along any orientation in the casting, are valid for full-
scale structural members or pressure hulls.

* Conforming to MIL-P-5425 and ASME Safety Standard for Pressure Vessels for Human Occ upancy PVHO-1.




Because mechanical properties of acryli: plastic are usually a function of time, their
discussion has been arbitrarily divided into two categories: short-term and long-term mech-
anical properties. The knowledge of short-term properties is important to the designer
because it provides both a general understanding of material behavior and the necessary back-
ground required for writing and interpreting quality-control criteria and procurement
specifications. The long-term mechanical properties, on the other hand, form the basis of all
designs for acrylic structures. Having access to data covering both short-term and long-term
mechanical properties in the same chapter will also provide the designer with the opportun-
ity to visualize their quantitative relationship and thus permit translation of the long-term
mechanical strength requirements into short-term specifications.

4.2 PLASTIC DESIGN CONSIDERATIONS
4.2.1 General Comments

Three design considerations important for the utilization of plastic glazing materials
are discussed in this section: the strength values permitted by the design; notch sensitivity and
crazing susceptibility; and factors, such as environmental, that affect the structural properties.

4.2.2 Strength Values Permitted by Design

Specifications for plastics generally do not specify minimum guaranteed values of the
usual mechanical properties. The tremendous number of individual tests that would be re-
quired to establish reliable statistical minimum values makes the “typical property’ approach
the only logical one. Thus the data on structural properties presented in this handbook
represent typical test values. They are conservative to the extent that when a range of data
was available the lower values were selected. The amount that the typical test value is reduced
for use in design is dependent on the material and application.

4.2.3 Notch Sensitivity and Crazing

Two phenomena exhibited by transparent plastics that should receive special attention
for good design are notch sensitivity and crazing. Unstretched acrylic plastics are moderately
notch sensitive and particularly susceptible to crazing. Lamination of the acrylics, done par-
tially to decrease notch sensitivity, increases their susceptibility to crazing, an effect caused
by the solvent action of the plasticizer in the interlayer. Stretched acrylic plastics, particularly
those in excess of 50 percent, possess greater resistance to notch effects than do unstretched
acrylics, monolithic or laminated, and the stretched acrylics also have considerably greater

resistance to crazing.

4.2.3.1 NOTCH SENSITIVITY. Unstretched plastic glazing materials are very sensi-
tive to stress concentrations and have little resistance to crack propagation, i.c., once a crack
starts, little energy is needed to cause complete failure. Internal stresses and common service
damage, such as scratches, nicks, and star fractures, can appreciably reduce tensile and flexural
strengths. The amount of strength reduction varies widely with the type, size. shape, direction,
and spacing of the defects. Since this damage can occur in random fashion, no precise evalu-
ation of strength reductions can be made.




Shallow, smooth-bottomed scratches and nicks have little effect on plastic materials.
However, deeper scratches or nicks - especially those with sudden discontinuities of surface-
and cracks - even those of microscopic nature - may reduce the strength of plastic materials
considerably. Star fractures can reduce the tensile and flexural strengths of unstretched acrylics
by 50 percent. Stretched acrylics are practically immune to star fractures and possess good crack-
propagation resistance.

Some measure of the notch sensitivity of a glazing material can be determined by
means of flexural and impact tests with controlled notches on the tension side of the speci-
mens (table 4.1). The strength of the notched specimen is usually constant over a wide
temperature range, but notch sensitivity, being a ratio of the unnotched and notched strengths,
increases with decreasing temperature because the unnotched strength tends to increase with
decreasing temperature.

Table 4.1. Effect of surface condition on impact strength of MIL-P-6886 material.*

Charpy
Condition of Tension Surface Impact Strength
Polished to remove scratches 3.2
Sawed 2.9
Passed through planer so that scratches are parallel to 34
long dimension
Passed through planer so that scratches are perpen- 3.1
dicular to long dimension
Sanded on belt sander so that scratches are parallel to 8.5
long dimension
Sanded on belt sander so that scratches are all at 3.0
45-deg angle to long dimension
Sanded on belt sander so that scratches are perpen- 1.6
dicular to long dimension
Tension side sanded so that scratches are parallel 3.2
to long dimension, compression side sanded so that
scratches are perpendicular to long dimension
Tension side sanded perpendicular, compression side 1.6
sanded parallel to long dimension
Sanded on belt sander so that scratches were perpen- 3.3
dicular to long dimension, then resanded so that
scratches are parallel to long dimension
* Data from reference 4.1.
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Methods have been developed to evaluate the crack-propagation resistance of
stretched acrylic plastics for use in quality control; these methods have also been occasion-
ally used with other materials for information and comparison. The most commonly
accepted method is to determine the K-value (references 4.1, 4.2, and 4.3):

P Z
Kr = iR @.1)
where

P = failure load in pounds

t = thickness of specimen in inches

B = width of specimen in inches

7 = 3.14
y(2-yh

2-y3-yH?

X
Y= =
B

X = crack length in inches at onset of fast fracture.

Some typical K-values are in table 4.2.

Table 4.2. Relative crack propagation resistance (K-value)
of various materials.

Material K-Value, 103 Ib/in3/2
Brittle steel 54.8
24 St 6 aluminum 63.2
As-cast MIL-P-5425 1.2
Stretched MIL-P-5425 3.2
As-cast MIL-P-8184 1.3
Stretched MIL-P-8184 8.2
Glass in air .6
Class in low humidity o

Note:
11b/in = 1.129848 E-~01 N-m
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4.2.3.2 CRAZING. All transparent plastic materials currently available are suscep-
tible to crazing, although in varying degrees. Crazing is defined as the fine cracks which may
extend in a network over or under the surface or through a plastic. These cracks are often
difficult to discern, since they are approximately perpendicular to the surface, very narrow
in width, and usually not more than 0.001 inch (0.003 centimeter) deep. They can be seen
by reflection from their surfaces and appear as bright lines when the specimen is viewed at
varying angles to the incident light (figures 4.1, 4.2, and 4.3).

Crazing results from a variety of causes, the more prominent of which are (1)
residual stresses caused by the uneven stretching and cooling that occur during thermoform-
ing of acrylic sheets to complex shapes; (2) contact with solvents and solvent vapors in the
manufacture, operation, and servicing of vehicles (these include the adhesives used in making
joints with acrylic plastics); and (3) stresses induced in the material by machining, buffing,
polishing, mounting, and other fabricating operations. When the cracks are in a random
pattern, crazing can usually be ascribed to the action of solvent-vapors and is referred to as
solvent crazing. When the cracks are approximately parallel, the crazing is usually the result
of the application of mechanical stresses and is referred to as stress crazing. These two types
are not mutually exclusive, i.c., the effect may be produced by the simultaneous action of
both stress and solvent crazing. In this instance, the cracks appear perpendicular to the
applied stress. Only tensile and flexural stresses cause crazing, whereas purely compressive
stresses do not. Crazing is not a reversible property of acrylic plastics, although visible
crazing may disappear. Experiments show that craze cracks produced by flexural stresses
become invisible to the naked eye when the specimens are heated at 212°F (100°C):
however, after cooling and restressing, the crazing is rapid and the original pattern reappears
(references 4.3 and 4.5).

Crazing reduces the luminous transmittance of the transparent plastic material, affects
the structural properties, and interferes with vision. Crazing cracks 0.006 inch (0.015 centi-
meter) deep resulted in a 30-percent loss in tensile strength of MIL-P-5425 material in one
investigation. The extreme stress concentration at the bases of the fissures results in propa-
gation of the crazing with time and under load. Small changes in the depths of the cracks are
accompanied by large decreases in the impact strength. In extreme cases, crazing can reduce
tensile, flexural, and impact strengths to virtually zero.

Monomer present in acrylic plastic sheets prior to forming acts as a solvent and pro-
duces crazing. It has therefore become the practice of some manufacturers to anneal the
finshed sheets to remove this monomer and relieve residual casting stresses.

Proper annealing of formed and finished acrylic plastics is the most effective preven-
tive measure against crazing in unstretched acrylic plastics. It consists of prolonged heating
at an elevated temperature followed by slow cooling. Recommended annealing times are
given in table 4.3. The internal stresses set up during fabrication and machining are reduced
or eliminated by this treatment. It also results in greater dimensional stability and resistance
to crazing. To obtain these benefits, it is necessary that the procedure be performed after
all other fabrication procedures, including polishing, are completed. After elevated tempera-
ture annealing, the part must be cooled at an even rate. The cooling rate must be slower for
thick sections than it is for thin sections. The parts can be cooled by turning off the oven
heat or by placing them where they will be subjected to room temperature in still air. Recom-
mended cooling times are in table 4.4.
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Table 4.3. Optimized annealing schedule for acrylic plastic windows.
Recommended heating times and temperatures.

Heating Time in Forced Circulating Air Ovens Maintained
at Indicated Temperature, hr
Maximum Thickness, in 230°F 221°F 2129F 203°F

0.060 to 0.187 1% 3% 7% 24Y%
0.250 to 0.375 2 + 8 25
0.500 to 0.750 3 5 9 26
0.875 to 1.250 4 6 10 27
1.500 to 1.750 7 9 13- 30
2.000 9 11 15 32
2.500 12 14 18 35
3.000 15 i1 21 38
3.500 19 21 25 42
4.000 23 29 29 46

Notes:

1. Anneal parts at highest temperature for indicated time. If distortion occurs, use the next lowest temperature. If
distortion still occurs, shift the temperature heading to the left and use these combinations.

2. The cycles given will be satisfactory for most formed parts. For extreme forming, such as 100-percent biaxial
stretching, the lower temperatures should be used. Another example is a free-blown hemisphere, where the middle
temperatures will probably be used.

3. Airshould circulate around each part during annealing.

4. The calculations for these heating times assume an air velocity of 175 feet (53 meters) per minute. Other heating con-
ditions require different heating times.

o o
5. te=(tp -32)/1.8

6. 1in = 2.540000 E-20 m.
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Table 4.4. Optimized annealing schedule for acrylic plastic windows.
Recommended cooling times and rates.

Time Needed to Cool Fabricated Part from
Indicated Temperature to 120°F, hr
Cooling Rate,

Maximum Thickness, in OF /hr 230°F 221°F 212°F 203°F
0.060 to 0.187 140 0.75 0.75 0.50 0.50
0.250 to 0.375 54 2.00 1.75 1275 1.50
0.500 to 0.750 25 4.50 4.00 3195 3.25
0.875 to 1.250 18 6.00 5.50 5.00 4.50
1.500 to 1.750 12 9.00 8.00 8.00 . 700
2.000 10 11.00 10.00 9.00 ‘ 8.00
2.500 8 14.00 13.00 11.00 1.0.00
3.000 7 16.00 14.00 13.00 12.00
3.5.00 6 18.00 17.00 15.00 14.00
4 000 S 22.00 20.00 18.00 17.00

Notes:

1. Parts are usually held in the forced-circulation-air oven and the temperature of the oven is dropped at the cooling rate.
2. The air should circulate about each part.

3. Parts must cool evenly or distortion caused by differential cooling can result.

4. 1in=2.540000 E-02 m.

L o
Sote =t -32)/1.8.

Improved annealing can be attained by twice heat-treating the fabricated acrylic
plastic window. The first cycle — a shrinking cycle (table 4.5) - should be done after rough
machining operations have been completed. The second cycle — a shortened annealing cycle
(table 4.6) — should be done after all fabrication procedures, including polishing, have been
completed.

Stretching of acrylic plastic represents the most effective preventive measure against
crazing. Since the resistance of stretched acrylic plastic to crazing is directly related to the
amount of stretching, it is desirable, whenever feasible, to use acrylic with biaxial prestretch
in excess of 100 percent.




Table 4.5. Shrinking cycles for cast acrylic plastic sheets.

Time Required for Shrinking Cycle Dimensional Change, 7%

Decrease in

Length and Increase in
Thickness, in 130°C to 80°C | 80°C to 35°C | 35°C Width Thickness
0.500 4 hr 20 min 2 hr 20 min 1 hr 22 4.8
0.625 to 1.000 5 hr 20 min 2 hr 20 min 1 hr 21to 19 441t03.6
1.125 to 2.000 6 hr 20 min 2 hr 20 min 1 hr 18to 1.5 321022
2.125 to 3.000 7 hr 20 min 2 hr 20 min 1 hr 15555 2.2
3.250t0 4.250 8 hr 20 min 3 hr 20 min 1 hr <l1.5 2.2

Notes:

. . . o
1. The time shown is from the instant that the plastic sheet is placed in an oven preheated to 266 I.

o

o
= ~32
2.t =0 32)/1.8.

3. lin= 2.540000 E-02 m.

Table 4.6. Short annealing schedule for acrylic plastic windows.

Recommended Heating Times and Temperatures

Heating Time for Acrylic Placed in a Forced-Circulation-Air
Oven Maintained at Indicated Temperature, hr
Thickness, in 212°F 194°F 185°F
0.500 to 0.750 4.0 6.0 11.0
0.875to 1.125 45 6.5 11.5
1.250 to 1.500 5.0 70 120
1.750 50 7.0 12.0
2.000 6.0 8.0 130
2.250 7.0 9.0 14.0
2.500 9.0 1o 150
3.000 11.0 12.0 17.0
3.250 13.0 140 170
3.500 13.0 14.0 19.0
3.750 14.0 160 20.0
4.000 17.0 18.0 220
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Table 4.6. Continued.

Recommended Cooling Rates and Times

Time Needed to Cool Acrylic from Indicated
Annealing Temperature at the Maximum
Permissible Rate to the Minimum Removal
Temperature of 160°F, hr
Maximum Cooling
Thickness, in Rate, F/hr 212°F 194°F 185°F
0.500 to 0.750 25 2.00 125 1.00
0.875t0 1.125 18 3.00 2.00 1.75
1.250 to 1.500 13 4.00 2.50 2.00
1.750 11 4.50 2.75 2.00
2.000 10 525 3.50 2.50
2250 9 6.00 4.00 3.00
2.500 8 6.50 425 3.25
3.000 7i 7.25 4.75 3.50
3.250 6 8.00 Sk25 4.00
3.500 6 8.75 575 4.25
3.750 6 925 625 4.50
4.000 5 10.50 6.75 5.00
Notes:
I tg.= (g -32/18.

2 |in= 2540000 E-02 m.

Long-time cantilever loading of test specimens, with and without various solvents
applied to the tensile surface, has been used to estimate threshold crazing stress under various
conditions. However, a more realistic test of craze resistance is long-term weathering under
load.

4.2.4 Factors Affecting Structural Properties

The physical properties of plastic glazing materials are greatly influenced by factors
such as temperature, rate of loading. duration of loading, and environment. This behavior is
not unique to plastics, although it is much more pronounced than in metals.

4.2.4.1 TEMPERATURE. Throughout the range of service temperatures. increasing
temperature is usually accomplished by decreasing physical properties, except for elongation
and, in the case of acrylics. impact strength. As the temperature is increased, acrylic plastic
changes from a hard, brittle state to a rubber-like solid state. This change is evident in the
elastic behavior of the material at different temperatures. Below 160°F (71°C) the ultimate
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elongation of MIL-P-5425 material is low and the mechanism of deformation is mainly that
of ordinary elastic deformation. At room temperature, tensile test specimens show brittle
failure and no necking in the region of fracture. As the temperature is increased above
160°F (71°C) the deformation becomes highly plastic or rubber like. Between =70 and
+160°F (=56 and +71°C) the tensile strength may decrease 85 percent and the elongation
may increase 5000 percent.

4.2.4.2 RATE OF LOADING. An increase in the rate of loading increases the values
obtained for the physical strength of plastic. This is especially true of unnotched thermo-
plastics, where an increase in the speed of the cross-head motion of the testing maching
from 0.05 to 0.5 inch (0.127 to 1.27 centimeter) per minute may increase the tensile
strength by 35 percent.

4.2.4.3 DURATION OF LOGADING. Most structural materials are subject to creep
deformation and creep rupture effects, i e., they will gradually suffer increasing permanent
deformation and eventual failure from a constant load that is only a fraction of the normal
static strength. Plastic materials exhibit this effect to a marked degree, particularly at ele-
vated temperatures. The creep rupture strength of a thermoplastic after 1000 hours of
sustained stress may be only SO percent of the strength found in the usual static tests.

Creep deformation usually becomes objectionable before the danger of creep rupture
develops, particularly wi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>