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SECTION 1

INTRODUCTION TO TRANSPARENCY MATERIALS
FOR AIRCRAFT

6-100 INTRODUCTION

There is not a great variety of optically transparent materials
available and when coupled with the requirement for optical quality,
formability, and the resistance to the operational enviromment, the
number of materials appropriate for use in aircraft visua:
transparencies is further limited. Although limited, tnree
categories of materials must be considered for the design of

transparencies. The three categories are:

o Structural materials
o Interlayer materials
o Coating materials

While the number of available materials is limited, the
state-of-the-art for new material development and new utilizatioms of
existing material are continually in the research and developmen:
stages. References 6.1 and 6.2 illustrate some raw materials in the
development stages and application of existing materials for
comparative purposes. Since the transparency fabricators are always
attempting to improve their competitive positions they generally are
aware of the availability and application of new msterials and
technologies. The transparency design engineer must continually
coordinate with these potential sources and be on the alert for any
new improved materials or processes as well as utilizing the

information contained herein.
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6-101 MATERIAL UTILIZATION

The selection of individual material for an aircraft
transparency, whether the transparency is to be monolithic or
laminated, is very important and the designer must consider the
balance between functional requirements, design, fabrication, weight
and total cost. Material property data for trade studies may be
obtained from sources such as Reference 6.3, published literature,
other airframe manufacturers, materials suppliers and fabricators.
The designer should use the transparent material mechanical
properties data cautiously. It must be noted that the data for
transparent materials is usually based on only a few test specimens,
the values are usually average values and the data has not been

treated statistically to ascertain minimum guaranteed values.

Since the mechanrical property values for transparent materials
are not as accurate as those for metal, frequently, deficient
materials have been used for transparency design that have lead to
early failures, particularly in the area of edge design. In an
effort to minimize or eliminate early failures, it is recommended
that the transparency design be designed to reduced stress levels
much in the same manner that metal components are designed to reduced

stress levels for fatigue consideration.

Polymeric (plastic) transparent materials are extremely sensitive
to changes in ambient temperatures. The mechanical properties of
these materials vary widely with temperature extremes, becoming
stiffer, stronger, and brittle at low temperatures; and weaker and
more flexible (ductile) at elevated temperatures. The temperature
gradient created across the thickness of the material such as
aerodynamic heating or coolinmg on the outboard side, and enclosure
heating or cooling on the inboard side, allows the material to
operate at higher external temperatures than that which would cause
failure in a soaked condition. Inorganic (glass) materials do not
suffer strength changes with temperature variations t¢ the same

degree as plastics.
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Transparency system design for commercial transports and high
performance aircraft are generally of laminated construction, while
light aircraft (including helicopters and business jets) are
generally monolithic construction to obtain low costs and minimum
weight. The laminated design may be comprised of several different
structural materials as well as several different types of interlayer
material. The primary negative factors for all glass laminated plies
are weight and formability; whereas, the negative factors when only
plastic laminated plies are used are low abrasion resistance, low
chemical resistance, low thermal and electrical conductivities and a
lack of a compatible exterior anti-static electrical conductive
coating. Yet, weight is such an important factor that plastics
should always be conside&ed for the main structural plies for weight

savings.

Laminated construction may be comprised of combinations of
plastic or glass structural plies, interlayer materials, glass or
plastic face plies, electrically conductive coatings and other
coatings from which to choose.The designers knowledge of the
materials properties of each of these elements will help him to
select the proper combination to satisfy a particular set of

requirements.

The outer ply of a transparency may generally have more
requireménts that have to be met than the otﬁer plies. These
requirements may include abrasion resistance, chemical resistance,
anti-icing, radar reflectance, precipitation static and lightning
protection, as well as foreign object impact., When a laminated
design is under consideration the various properties of each material
must be analyzed in relation to each other to determine the over all
compatibility of the entire system. 8Several different combinations
may satisfy the requirements, however, it is the obligation of the
designer to select the most cost-effective systenm (considering all

factors such as life-cycle costs, weight and reliability).
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The following steps outline a procedure to aid in the materizal

selection process:

a. Dafine the operational and functional enviromment.

b. Determine the geometric shape requirements (for aerodynamics).
c. Make a list of candidate materials.

d. Make a matrix of the candidate materials versus requirements

noted in Steps a and b.

e. In the above matrix, rate the materials against each other as to

their ability to satisfy the requirements.

f. Analyze the results of the matrix and compare against additicnal
factors of cost, weight, geometric shape, anticipzted
reliability, life-cycle cost, and technical risk associated with
proceeding with the design (especially if the design has nct teecn

previously proven).
A=107 PROPRIETARY MATERIALS AND PROCESSES

Hdost of the transparvent materials utilized for structurzl cor face

plies are controlled by Military Specifications or othe
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Silicones, urethanes, and other types of interlayer material are
oroprietary to the transparency fabricator. Polvvinyl buteral used
to laminate glass is described by MIL-G-25871, but the basic material
and plasticizer content is developed and processed by the raw
material supplier; while the transparency fabricators control the
methods during the laminating process. The fabricators of lamimnated
plastic transparencies control the proprietary processes even though,
when used, he purchases polyvinyl buteral with special plasticizer

content from raw material suppliers.

It is evident then that the tramsparency designer must be
knowledgeable of not only the properties of the strucrural material,

but must also have a familiarity with the fabricators products.

Therefore, once the requirements have been established, it is
necessary for the designer to work closely with the transparency
fabricator te arrive at a design that is the optiamum in terms of:

s

{1) satisfying the requirements; (2} low weight and ccs

rt

35 high
reliability; and (4) possessing the least technical risk associated
with the end product.

Tt is highly recommended that the transparency -e designud sc

t
that at least two fabricators qualif- tu prsduce znd prodects.
o-113 MECHANICAL PROPERTY REQUIREMENTS

Aircraft transparencies are designed uccordimg fo <hair lead

carrving capabiiites under low and high strain rates. The 10w strain
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plastic properties is needed for the high strain rate loadirg. To
determine these design mechanical properties the complete
stress-strain history of a candidate material is required.
Reference 6.4 describes the testing methods required to define the
complete stress-strain history and the results for polycarbonate

materijal.
6-104 MANUFACTURING/ MACHINING REQUIREMENTS

Machining operations performed on transparent material, if not
properly accomplished, may greatly reduce the service life of a
finished transparency. It then becomes imperative that the designer
become familiar with some of the basic machining techniques, even
though the machining methods and processes remain proprietary to the
fabricator, so that he may better define the end item product on his

drawings and specifications,.

Glass panes are cut to size from annealed sheets, then the edges
and chamfered seams are machine ground to a 180 grit, flat rock or
equivalent finish prior to either semi- or fully tempering the pane.
Once the tempering has been accomplished the glass cannot be machined
in any way without catastrophic failure. Historically, the annealed
sheets were plate glass that were extruded, ground and polished on
both sides to obtain the required thickness and optical quality. The
plate glass process has been abandoned in favor of "float glass."
"Float glass" is produced by extruding glass through slits and
floating it at predetermined speerds over molten tin to obtain the
final thickness and optical quality. The "float glass" is generally
smoother than plate glass and does not require additional surface

machining.
Acrylic material can be machined, but the machine tools such as

drills, routers and band saws must be designed to reduce the amount

of heat generated when machining at reduced speeds and the finished
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parts are usually annealed after machining. When the special
machined tools are properly used, the finish does not require further
'\.J polishing. Polycarbonate, however, requires that the machined
surfaces be ground and polished to a 63 RMS finish, unless a

proprietary protection technique is used that has been proven to be

reliable.
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SECTION 2
STRUCTURAL TRANSPARENT MATERIALS

6-200 INTRODUCTIOR

The materials currently available for structural application in
transparencies are chemically or thermally tempered glass, as-cast
acrylic, stretched acrylic or polycarbonate. The selection of the
structural material will dictate the edge attachment design. Glass
structural plies must be laminated with special fiber type or
metallic reinforcing strips and fiber or phenolic edge members bonded
to the assembly in order to drill holes for bolted attachment to the
support structure. Stretched acrylic and polycarbonate materials may

be drilled and bolted directly to the support structure.

Additional materials are being developed to provide capabilities
against higher temperatures, laser impact and nuclear flash to name a
few. These materials are not included within this document since
they are fabricator proprietary or classified. In the event that the
application being considered requires capabiiities, especially in the
thermal area, beyond those in the currently available materials, the
designer must contact the various fabricators to find the latest

available information and materials availability.

The information and data supplied in this section must be
supplemented with data noted in MIL-Handbook 17, Part II (Reference
6.3), or data from industry reports, MIL-Specs, material suppliers or
fabricators. Again it must be noted that the designer should use all
of the data cautiously and reduce the material allowables to work at

reduced stresses to the same degree that aircraft metals are worked.
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6-201 MATERIAL CHARACTERISTICS
6-201.1 Glass

The oldest transparent material is glass and current aircraft
quality is controlled by MIL-G-25667. Glass is very hard and
durable, but is also very brittle. Annealed glass has a tensile
strength of approximately 6,000 psi, but through the chemically
tempering process it can be raised as high as 50,000 psi. Thermal or
chemical tempering are the two processes used to increase the tensile
strength of glass. The thermal tempering maximum tensile strength to
date is limited to about 30,000 psi. The tempering process results
in a thin compressive layer at the surface of the glass. This
compressive preload greatly increases the fléxural strength; thus,
the increase in the temsile strength. The strength of tempered glass
is greatly reduced when the surface is scratched or cut, however,
when the compression layer is penetrated the glass will
catastrophically fail.

Glass has excellent abrasion and chemical resistance and optical
properties. 1Its high thermal conductivity enhances electfical
heating for anti-icing and defogging. The strength to weight ratio
of glass is relatively low and 1its resistance to thermally induced
stresses caused by thermal shock is relatively low. The use of
laminated glass assemblies is generally cost effective and the
technical risk is low. The disadvantages to using glass is the weight
penalties or possibly poor optical quality (distortion) because of
the difficulty of forming some shapes. Using a laminated glass
windshield on a high performance aircraft will lead to a thick and

quite heavy transparency to meet bird impact and thermal requirements,

Glass can be coated with any of the electrically conductive thin
films, which when connected to a power supply becomes a transparent
heating element integral with the glass ply. The high thermal
conductivity of the glass then permits heating for removal or

prevention of the formation of fogging or ice on the opposite surface.
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Glass designs may be flat or single curved, but can never be

compound curved. Thin panes of single curved glass have successfully
been used as outer panes for laminated plastic transparencies. The
thin glass panes on the exterior surface provide abrasion resistance
and may have the conductive coatings for anti-ice, defogging or
anti-static protection that is difficult or impossible to achieve

with plastic material.

6-201.2 As-Cast Acrylic

There are two types of as-cast acrylic used in aircraft
transparency design applications. Current aircraft quality is
controlled by MIL-P-5425 and MIL-P-8184. The materials are readily
formable and have good optical properties., Because of its low impact
strength capabilities, as-cast acrylic is not generally used as a
structural material. Thin plies of as-cast acrylic have been
successfully used as heat shields laminated on the outer surface of
stretched acrylic or polycarbonate structural plies for high
performance aircraft and as a monolithic transparency for light
aircraft and some helicopters. Both materials are susceptible to
abrasion and chemical attack and, if available, it is recommended
that a protective coating be applied to the exposed surface to obtain
maXimum service life., The MIL-P-8184 material is slightly more
chemical resistant than the MIL-P=-5425 material. The MIL-P-8184
acrylic is a cross-linked material that improves the solvent
resistance. These as—-cast acrylics are not suitable for bolt through
or riveted installations; they must be adhesively bonded to an edge
attachment material that is subsequently bolted to the aircraft or

"clamped-in" place on the aircraft.
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6-201.3 Stretched Acrvlic

To obtain stretched acrylic, the MIL-P-8184 cross-linked as—cast
acrylic is stretched to meet the requirements controlled by
MIL-P-25690., 1In the stretched condition the material has supericr
resistance to crack propagation. The material has been successfully
used for ballistics and bird impact protection to take advantage of

the superior notch sensitivity of the material.

Stretched acrylic is used for structural applications. For
fighter type aircraft it is frequently used in a monolithic state for
forward facing windshields and other windows or canopies. When used
as structural material for large transport type aircraft, more than
one pane is used in a laminated configuration to take advantage of
bird impact capabilities and fail-safe requirements. Side window
applications do not generally have exterior glass plies but when used
for forward facing windshields an outer glass plv may be required to
accommodate other requirements such as anti-ice, rain removal, and
abrasion resistance. For high performancé aircraft a thin plyv heat
shield of as=cast acrylic is laminated to the outside to provide a
thermal barrier for the stretched acrylic since stretched acryli-
will deteriorate at temperatures above 2200F. The material has poor
resistance to abrasion and moderate resistance to chemical attack but
when properly cleaned and not subjected to aircraft cleaninog
solvents, stretched acrylic laminates for side windows are higai;
reliable, Light scratches can be removed on the surfaces of
stretched acrylic by hand sanding and polishing without affectzng

optical quality.
Stretched acrylic laminates are drilled for attachment to

supporting structure, but should alwavs have edge protection to

Prevent moisture ingress into the basic material.
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6-201.4 Polycarbonate

Aircraft usage of polycarbonate material is limited tc the
Bisphenol-A formulation that is controlled by MIL-P-83310.
Polycarbonate material is available under various commercial
designations such as General Electric (GE) Lexan SL-2000-III and
Mobay Merlon M50U. Some of the initial physical properties of this
material are degraded by the early thermal history during processing,
including the processes of pre-drying, press-polishing, forming, and
coating applications. However, even with this change in its
mechanical properties, polycarbonate has superior toughness and a
higher heat deformation temperature than the acrylics and, therefore,
'should be considered as a candidate for the structural portion of a
transparency system for high performance aircraft. The two most
outstanding characteristics of polycarbonate are its (1) impact
strength, and {2) thermal resistance. Its most obvious deficiencies
are its susceptibility to surface stress-cracking or crazing, its
relatively low resistance to abrasion when compared to acrylics, anad
its inability to have the surfaces mechanically repaired to remove

scratches.

Because of its sensitivity to stress crazing, machining
operations such as edge .finishing and hole drilling are very
critical. Table 6.1 illustrates the affect of the condition of the
hole finishes on the load carrying capability of polycarbonate edge
designs. Therefore, good machined surfaces and protection cf exposed

surfaces is considered mandatory.
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TABLE 6.1. LOAD TO FAILURE FOR EDGE ATTACHMENT
SPECIMENS OF MIL-P-83310 POLYCARBONATE

Condition of Hole Load (pounds) to Failure
Testing Speed, 43 in/sec

Visible stress-cracks 1,225
No stress-cracks 3,260
Reamed to remove 3,000
stress—cracks

Polycarbonate has been used in the monolithic state for forward
facing windshields and canopies on military aircraft with protection
against chemical attack being provided by transparent, protective
coatings. It has also been used in structural applications in a
laminated configuration with thin plies of either glass or acrylic

laminated to the exterior surfaces.

Since polycarbonate is a relatively new material for aircraft
applications, and the service reliability has as yet to be
established, applications of polycarbonate materials to commercial
transport type aircraft structural windows is not recommended at this
time, Each transparency designer, however, should continue to
monitor Air Force reports reflecting the results of testing
accomplished by the Air Force and the various fabricators for

potential application to future commercial aircraft transparencies.
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A new polycarbonate polymer that has initially shown exceptional
promise on laboratory specimens is phenolphthalein polycarbonate.
Most of the properties of this laboratory material were comparable to
the Bisphenol-A type, however, its strength retention at elevated
temperatures indicated that it could be a superior choice for
transparencies for future high performance aircraft. However, the
largest specimens produced to date were 12 in. x 12 in. and the

materials always showed excessive brittleness.

6-202 MATERIAL PROPERTIES

To cover in-depth and in sufficient detail all aspects of
transparent material properties, both physical and mechanical, 1is
beyond the scope of this document. It would be virtuslly impossible
to predict all of the environmental and aircraft operational
requirements that would have an impact on the designer”s selection of

materials for a transparency design.

It is the intent of this document to present illustrative
examples of material properties that were excerpted from Reference
6.3. The transparency designer should follow the six step procedure
presented earlier and cautiously select the material thicknesses,
material combinations, and develop his edge design based on the use
of data from Reference 6.3; Mil Specs, published literature, material

suppliers and fabricators.

6-202.1 Material Sources

Table 6.2 is presented to identify those raw materials suppliers
and fabricators {or users) of currently available transparent
materials used for structural applications or as face plies. In the
case of chemically strengthened glass, the raw material must be

fabricated, including trimming and forming, before tempering. These
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operations must be accomplished by the materials supplier. The
fabricators or users of chemically tempered glass plies may further
process the material by adding bus bars and applying an electrically
conductive c¢oating, applying RCS coatings, or applying an anti-static
coating before performing the process of laminating a ply to a

transparency assembly.

The fabricators/users perform all of the required functions of
fabricating, processing, and laminating the remaining materials

listed.

6-202.2 Mechanical Properties

Table 6.3 presents mechanical properties for transparent
structural materials. The values presented were determined from
tests conducted at room temperature. Those values specified for the
plastic materials such as tensile, compressive, and bearing strengths
should not be used for design allowables. These strengths are
greatly affected by many variables such as temperature, rate of

loading, duration of loading, enviromment and other factors.

It is not the intent of this document to develop a transparent
materials handbook, but rather to informatively supplement Reference
6.3 by making the design engineer aware of some of the problems
associated with designing with transparent materials. Again it must
be strongly emphasized that the designer be thoroughly familiar with
the mission profiles and operational envelope in which the aircraft

and transparencies are expected to operate.
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A series of figures were excerpted from Reference 6.3 pertaining to
the commonly used plastic materials. These materials were purposely
selected because in service they are adversely affected by so many
variables. The discussions relevant to each figure will be directed
toward addressing the effect of these variables and the importance of

knowing the aircraft mission profiles and operational environment.

Figure 6.1 shows the tensile stress-strain curves for the commonly
used thermoplastic materials. The comparative data was obtained from
one source so that variations in testing methods between testing
agencies would be kept to a minimum. These tests represent the
ultimate tensile properties of laboratory specimens and are also
noted in Table 6.3. These values should not be used as design
allowables since actual material applications would be subject to

repeated loads, temperature extremes, environment and other factors.
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Figure 6.1. Tensile Stress-Strain Curves for Some Thermoplastic
Structural Materials at Room Temperature

Crosshead Rate 0.05 In/Minute {(Reference 6.3)
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Figure 6.2 depicts ultimate temsile strengths for three plastic
materials taken over a wide range of temperatures. The specimens
tested were 0.125 in., thickness. The resultant curves indicate the
degrading effects on the strengths of the materials and show the
importance of knowing the temperatures that can be expected during
the life of the aircraft before selecting material thicknesses nd
final design configurations. These curves do not account for

repeated loads, total environment, or other factors.
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Figure 6.2. Tensile Strength vs. Temperature of Candidate

Transparent Plastic Materials (Reference 6.3)
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Figure 6.3 shows curves which represent the decrease in rupture
strength over a period of time for three materials subjected to a
constant temperature of 1600 F. These curves point out a need for
the designer to consider preload conditions and the development of
thermal stresses that could affect the design. On a daily basis in

certain areas of the world, transparency temperatures can easily
exceed 1600 F,

5 A A MIL-P-25690 (75 PERCENT STRETCH)
8 MIL-P-8184
C MiL-P-5425

STRESS (10 psy)

1 L et L L 2L S I R B A i bl
1 5 10 50 100 500 100¢

TIME {HR)

Figure 6.3. Effect of Duration of Loading on the Tensile
Rupture Behavior of Plastics Structural

Materials at 1600F (Reference 6.3).
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Figure 6.4 displays the effect of outdoor weathering on the tensile

rupture behavior of several plastic materials.

$
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Figure 6,4. Effect of Duration of Loading During Outdoor

Weathering on Tensile Rupture Behavior of
Several Plastic Structural Materials
(Reference 6.3)
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The concept of the K-value was developed for stretched acrylic
materiai to determine the ability of the material to resist the
propagation of a crack of a controlled size. The formula and test
method is covered in MIL-P-25690. Test specimens of three plastic
materials were subjected to various temperature and tested to

determine the K-values. The results are shown in Figure 6.5.

L-A5A28
8425, STRETCHED CA_ 100 PERCENT

A M
2 MIL-
C MIL-P-25830 (88 PEACENT STRETCH)

K- VALUE (197 Loan M0y

° 1 | ] L 3 1
-0 -40 -] 40 ] 120 180 200

TEMPERATURE (REG F)

Figure 6.5. Effect of Temperature on the K-Value of Structural
Materials (Reference 6.3).

Figure 6.6 depicts the flexural fatigue curves for three plastic
materials. The specimen thicknesses were 0.250 inches. All of the
tests were conducted at room temperature. Although not tested, it is
believed that the results of similar tests using stretched acrylic
(MIL-P-25690) would closely follow the curve noted for MIL-P-8184.
The curves indicate a 30-40Z reduction in the useable strength
allowable of the outer fibers due to repeated cycles for a

transparency that should equal the design life of a commercial
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aircraft which is usually ten years (minimum - 30000 pressurs
cycles). The effects of temperature would further reduce :zhe

allowable strength of the outer fibers due to cyclic loading and
cause earlier failures.
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Figure 6.6. Flexural Fatigue Curves for 0.250-Inch-Thick
Plastics Structural Materials at Room

Temperature (Reference 6.3).
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Figure 6.7 shows the effect of short-time temsile data versus

# temperature for as—cast acrylic (MIL-P-5425).
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Figure 6.7. Effect of Temperature on Tensile Properties (Short-

Time Test) of MIL-P-5425 Material (Reference 6.3}.
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Figure 6.8 shows the effect of temperatures above room

temperature on the temsile strength of

as—cast acrylic (MIL-P-8184),
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Figure 6.8. Tensile Stress-Strain Curves for MIL-P-8184 Material

at Various Temperatures (Reference 6.3).




Figure 6.9 is & cross—plot which shows the effect of temperature
on tensile strength, modulus of elasticity, and strain at failure for
as-cast acrylic (MIL-P-8184). Since thin plies of this material are
used as heat shields to protect stretched acrylie or polycarbonate
laminates, it is recommended that the designs be such that the

stresses are kept to an absolute minimum for this type of application.
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Figure 6.9. Effect of Temperature on Tensile Properties (Short-
Time Test) of As-Cast Acrylic (MIL-P-8184)
(Reference 6.3).

The most commonly used acrylic for structural applications is the
stretched acrylic to take advantage of the superior crack propagation
characteristics. The cross—-linked MIL-P=-8184 acrylic is stretched
65-75% to meet the requirements specified by MIL-P-25690. Material
which has been stretched gains the c¢rack propagation resistant
property but loses laminar shear strength. The change is the result
of an internal realigmment during stretching of the molecular chains

into semiparallel orientations. During this operation the chains
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stresses). It is believed that a production part that had been
stressed to these levels would be undesirable from the standpoint
that elongated holes would allow pressurization leaks. It is not
known whether the values noted would be typical for thicknesses above
0.350 inches.
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Figure 6.12. Effect of Temperature on the Bearing Strength and
Hole Elongation of 0.35-Inch-Thick Stretched Acrylic
(MIL-P-25690) (Reference 6.3).

Polycarbonate material is the newest of the plastic materials
used for structural applications in aircraft transparencies. Because
the forming temperature for polycarbonate is above 3000, moisture
absorption can become a problem during the fabrication processes as

noted in Figure 6.13.
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Figure 6.13.
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Polycarbonate Time to Bubble Versus Exposure
Temperature (Specimen Thickness 0.15 In.)
(Reference 6.3).

. A means of reducing the potential for bubbling is to predry the

material before any of the fabrication processes are attempted. The

predrying cycle

following schedule:

at +260 +5¢©F must be in accordance with the

Thickness (Inch) Drying Time (Hours)
0.125 4
0.250 18
0.375 29
0.500 46,5
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Subsequently the material may be press polished to obtain better

optical quality. After any machining operations the materizl must be

annealed according to the following schedule:

Thickness {Inch) Annealing Time
0.125 45 Minutes
0.250 1 1/2 Hours
0.375 2 1/4 Bours
0.500 3 Hours

Figure 6.14 shows the tensile stress—strainm curves for 1/4 inch

poclycarbonate to represent the temperature effects on the materiai.

The test specimens were exposed to the exXtensive thermal history

previously discussed. Whether the data presented is typical for

polycarbonate thicknesses greater than 1/4 inch is not known.
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Figure 6.14.
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Tensile Stress=Strain for 1/4-Inch=Thick
Polycarbonate (MIL-P-83310) After Thermal
Conditioning - Crosshead Rate 0.2 Inch/Minute

(Reference 6.3).
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Figure 6.15 shows the effect of temperature onm the tensile
strength of polycarbonate material. The curve is based on the yield
point of the material. The test specimens had initially been exposed
to the extensive thermal history previously noted and exposed to

normal test conditioning.
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Figure 6,15. Tensile Strength Versus Temperature of Polﬁcarbonate

{(MIL-P-83310) (Reference 6.3).

Figure 6.16 shows the bearing strength under temperature
conditions for edge distances of attachment for 1.5 times the
attachment hole diameter to the specimen edge and 3.0 times the
attachment hole diameter to the specimen edge. The curves represent
the stresses required to elongate the holes to 4% and the stresses
developed to tear out the edges of the test specimens. Test specimen
descriptions were not available, therefore, it was not known what the

material thickness or the attachment diameter were.
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NOTE:
Eil o BEARING STRENGTH IS BEARING STRESS AT
4 PERCENT DEFORMATION OF HOLE DIAMETER.
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Figure 6,16. Bearing Strength Versus Temperature of Polycarbonate
(MIL-P-83310) (Reference 6.3).

The following selection criteria are recommended for future
designs. Following these criteria will ensure the selection of
Plastic materials that will withstand the expected aircraft

operational environment.

a. Do not select monolithic stretched acrylic for applications when
the operating temperatures are expected to exceed 1600F. Either
laminate the stretched acrylie with an exterior heat shield or

select polycarbonate as noted below.

b, Select the stretched acrylic material thicknesses and edge design

to operate at stress levels below 3000 psi.
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d.

When normal operationzl temperatures are expected to exceed 160°F
consider the selection of polycarbonate for structural
applications. Always protect the exposed surfaces of the
polycarbonate with durable coatings or laminate with face plies

to protect the surfaces.

Select the polycarbonate material thicknesses and edge designs to

operate at stress levels below 4000 psi.
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SECTION 3
INTERLAYER MATERIALS

6-300 INTRODUCTION

Interlayer materials are used to laminate glass to glass, glass
to plastic, or plastic to plastic. Interlayer materials are unique
in that they must be an adhesive, must serve as an energy absorbing
medium, they must accoumodate the differential expansion/contraction
rates between the laminated materials caused by thermal conditions,
provide fail-safe features, and must be of good optical quality.
Because of this, when an interlaver is used the transparency is, by

definition, & composite.

The choice of available interlayer material is limited to
polyvinyl butyral, polyurethane, and silicone bases. The bases are
proprietary to the various transparency fabricators. Other
interlayer materials that have been developed and used experimentally
or have limited usage include ethylene terpulymer, polyester, methyl
methacrylate and copolymer type bases. Interlayers provide an
optimum location to imbed electrical heating and temperature sensing
elements. The materials to be laminated must often have proprietary
surface preparations and primers applied. Interlayers are available
as either sheet material or as cast-in-place (CIP)} compounrds. The
final thickness of an interlayer using sheet material is accomplished
by a buildup of individual sheets, while the desired thickness of CIP
must be accomplished by creating a measured void between two
structural plies, sealing the edges and injecting the CIP under

pressure to £ill the void.

Interlayers are considerd to be nonstructural because they do not
directly support aircraft loads. However, they do become stressed as
a result of differential thermal expansion/contraction between the
adiacent panes. This stress is concentrated z2long the bond lins and

can be grester than the adhesive strength of the bond resulting
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in delamination or glass "cold chipping" (in the case of a PVB/glass
interface). Careful consideration must be given to the selection of
thickness so that the material may deform without adhesive failure.
Thermal studies must beA conducted to determine the amount of
expansion or contraction of the adjacent plies and an evaluation made
to determine the elongation or shear required so that the thickness
selection will reliably meet these requirements. To reduce these
adhesive bondline shear stresses a softer interlayer might be
considered. However, this may well be counter~productive because
while it decreases the shear stress, it simultaneocusly increases the
shear deflection, which increases the tensile deflection component
that results from the shear offset at the panel edges. It is this
tensile component which contributes to delamination failures,

initiating a prying or peeling actiom.

Edge chipping and/or cracking can be the result of cold edges of
a glass laminated transparency or at the edges of glass—face plies
adjacent to metal structure. Generally, when the outer ply is glass
it usually carries an electrical conductive coating for anti-icing.
Between bus bars, where the electrical power is concentrated, the
glass maintains a temperature above + 320F on the exterior surface
and as high as + 1100F next to the interlayer. Including the width
of the bus bar and-ihe glass edges the temperature may get as low as
=1000F. 1In this area, the interlayer is trying to contract, but it is
tending to eXpand between bus bars, therefore, putting high tensile
components on the edge of the face ply that can cause edge chipping
or cracking of a PVB/glass interface or delamination for other
materials. The glass laminating fabricators also may install slip
plane materials between the bus bars and the interlayers in an
attempt to prevent cold chipping, but the slip plane material does
not prevent delamination. Some research has been undertaken by
several commercial airlines to install electrical heating devices
around the entire periphery of glass laminated windshields to heat

the edges, These devices have been installed on three different
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types of aircraft that represent three different designs. The
tesults of these tests, to date, reveal that the frequency of cold
chipping has been greatly reduced and the amount of delamination,
which has always been a problem, has been reduced to an acceptable

amount.

If the edge attachment design is not symmetrical (e.g., not all
structural plies bolted to structure) then uniform loading due to
pressure or in-plane membrane loads is not possible and tensile
stresses at the edge are again present and tending to cause
delamination, cracking, or edge chipping. The magnitude of the load
differential on the individual plies is dependent upon the stiffness
of the laminates. Another mode of introducing temnsile stresses at
the edge is .during manufacture - the autoclave pressure used during
lamination may squeeze the face plies together somewhat and after the
cure cycle, when the pressure is removed, the face plies tend to
return to their original shape, but the cured interlayer resists this

regression and tensile forces arise.
The strength of an interlayer is dependent upon three variables:

a. Temperature; which affects the basic physical properties of the

interlayer material;

b. Geometry; which is important because of the nonlinear, large

displacement characteristics of most interlayers;

c. Substrate Material (including coatings); which has an affect on

the adhesive strength of the interlayer depending upon the basic
structural material and coatings relative to the laminating

processes,
The information and data supplied in this section should be

supplemented with data from transparency fabricators, Mil Specs, and

industry reports.
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6-301 CHARACTERISTICS OF AVAILABLE INTERLAYER MATERIALS

The function of an interlayer is to accommodate the relative
movement between structural plies and/or face plies of a laminated
transparency. The relative movement is caused by thermal or
pressurization loading conditions. In order to do this
satisfactorily, the interlayer must be elastic. It must remain
elastic over a wide range of temperatures — at low temperatures most
elastic materials become brittle and at elevated temperatures they
become softer and provide less resiliancy. Light transmission and
haze properties, as well as the adhesive bond to the adjacent
materials, must not be degraded by exposure to the operational and/or

environmental spectrum,

6-301.1 Polyvinyl Buteral (PVB)

PVB is the oldest and most commonly used interlayer material for
laminating aircraft transparencies. Tts optical properties are
excellent, but its low heat resistant capability limits its use for
modern high performance applications. The properties of the PVB
changes drastically with temperatures. At low temperatures it
becomes very brittle and at elevated temperature (above 1200F) it
softens and becomes sensitive to moisture absorption which can cause
bubbles in the interlayer and a loss of adhesive to the adjacent

materials,

Figure 6,17 shows the effect of temperature and the time it tazkes
to bubble the PVB. The high temperature could be the effect of some
high performance requirements resulting from aerodynamic heating or
overheating caused by a defective electrical system. 1In the
laboratory it has been shown that the PVB will bubble within ten

minutes when a defective electrical system generates heat to 2750F.
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FIGURE 6.17 Effect of Temperature on Time to
Produce Bubbling of Pelyvinyl
Butyral Interlayer (Reference 6.3)

The PVB used to laminate glass to glass per MIL-G-25871 is
plasticized with 21.0 + 2 parts by weight of triethylene glycol
di-2-ethyl butyrate per 100 parts resin. This plasticize content was
determined by FAA bird impact tests and provides for optimum

performance when "bagging" a four pound bird when the PVB is hezted
to 10QcF.

The PVB used to laminate acrylic to acrylic per MIL-P-25374 is
plasticized with 37.5 parts of dibutyl sebacate. The plasticizer
content of this material 1is usually determined in accordance with
MIL-P-9071. Most transparency fabricators deviate from this
requirement and have developed their own proprietary processes. The
PVB and plasticizer content for laminating glass to acrylic are
proprietary to the fabricators. Most plasticizers used with PVE
cause crazing of polycarbonate; therefore, PVB is not used for

laminating with polycarbonate.
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6-301.2 Silicomne

There are many formulations of silicome based interlayer materials,
but they are all proprietary to the individual transparency
fabricators. All available silicone interlayers are castable and are
not available in sheets. These materials can operate in a wide
temperature range and are the most heat resistant interlayers

available.

The tensile strength and elongation characteristics of silicone
are low, but they remain constant over a relatively wide temperature
range. The silicone interlayers have four properties that are
desirable when used in a laminated transparency system that utilizes

both glass and plastic., These properties are:
a. They retain full adhesion despite prolonged exposure to weather.

b. Their flexibility is almost constant over a wide temperature
range. These are flexible at low temperature thereby
accommodating the differential contraction between a glass face

ply and a plastic structural ply.

c. They have excellent high temperature capabilities. This is an
important characteristic for applications on high performance
military aircraft where serodynamic heating -is great. The
silicones can also tolerate electrical system malfunctions for

a much longer period of time before bubbling.

d. They are chemically compatible with polycarbonate.
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6-301.3 Polvurethane

There are several formulations of polyurethane based interlayer
materials, but they are all proprietary to the respective
transparency fabricators. These materials have a relatively high
strength at room temperature and have a moderate heat resistance at
elevated temperatures. However, they are generally brittle at low
temperatures and some formulations are prone to discoloration after
exposure to elevated temperatures for long periods of time.
Polyurethane materials can be either castable or sheet material and
can be bonded to any of the transparent structural materials. The
material has been used as an interlayer and for commercial aircraft
has been used by adding one sheet 0.030 inches thick between the
outer glass ply and PVB. This application has improved the service
life of windshields by reducing the susceptibility of PVB/glass

interfaces to delamination and pulling cold chips from the glass.
6-302 MATERIAL PROPERTIES

To cover in-depth and in sufficient detail all aspects of
interlayer properties, both physical and mechanical, is beyond the
scope of this document. The transparency designer should follow the
six step procedure presented earlier in Section 1 and cautiously
select the interlayer and interlaver thickness to be compatible with
the structural materials under comsideration. All interlayer
materials are proprietary to either the material supplier or the
transparency fabricators. Additional data may be obtained from
Reference 6.3, published literature, material suppliers and
fabricators while keeping in mind the data limitations mentiomned in
6-101.

Table 6.4 presents the properties of identified interlayer
materials. Since several materials are available for each material
described, a range of values is presented. The actual identification
of the material and the source of the material is presented in the

following list:
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Polyvinyl Butyral (PVB):

MONSANTO 3GH (MIL-G-25871)
38DBS (MIL-P-25374)

Silicone (CIP)

GOODYEAR F4X-2B
SIERRACIN $-100
SWEDLOW §8-5272Y
TEXSTAR TSP-1600
Polyurethane:
GOODYEAR . F5X-3A
PPG PPG-112
SIERRACIN §-120
TEXSTAR TSP-275
TSP-1100
TSP-1200
TSP-1300

Because of the ever increasing demand for iaterlayers tHat will
perform more reliably and to meet ever changing needs for high
performance aircraft, most of the above material suppliers and
fabricators have on-going programs for the development of new
interlayer materials. During the material selection phase for a new
design, the transparency designer should become knowledgeable of the
specifics for each of the above materials and the technology for the

materials evolving from the laboratories.
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SECTIOR 4
COATINGS

6-400 INTRODUCTION

Transparent glazing materials may require the application of
additional coatings to improve performance and/or for protection.
These coatings fall into two general categories: (1) Protective and
(2) Conductive. These coatings may be applied to the exterior
surfaces of a transparency or to an internal interface of a laminated
transparency. The function and applicatiom of various coatings to

satisfy specific requirements are included in Section 6~401 and 6-402,

Transparent coatings can provide a desirable way of altering
physical characteristics of transparent materials because they are
lightweight and can be applied selectively. The metallic coatings,
however, usually require relatively high temperatures for application
and, therefore, may not be compatible with most plastics and some
glasses. (The one exception to this is the application of gold
coatings to plastics which result in a low adhesion, but usable,
metallic coating system.) Also, the coating application may affect
the base mechanical properties of the substrate. The need for one or
more coatings must be carefully considered because in addition to
increasing the complexity and cost, each coating may decrease the

lumincus transmittance of the transparency.

Generally, metallic coatings will reduce luminous transmittance
while transparent protective coatings applied to plastics cause an
apparent slight increase in transmittance by decreasing the surface

haze.

Many satisfactory coatings are available for specific
applications. However, most are proprietary, either as to their
composition or the process of adhesion to the substrate, or both., It

is the responsibility of the designer to supply the fabricator with
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the criteria that must be met by the finished product. In order to
do this, the designer should be aware of the complexities and

peculiarities of these coatings.
6~401 PROTECTIVE COATINGS

As the name implies, these coatings are used to protect the
transparency material and ranges from opaque through fully
transparent. For opaque coatings, chemical compatibility with the
substrate and durability are the primary concerns. Suppliers data
may be sufficient in this area, but verification should be

accomplished.

6-401.1 Abrasion Resigtant Optical Coatings

As transparency designs progress from monolithic glass to
monolithic plastic to laminated, composite structure, the exterior
surfaces (inboard or outboard) of the transparency system may end up
being made of a2 plastic material. Plastic materials are much softer
than the glass surfaces and, in order to be practical for use, it may
be desirable for them to be protected from abrasion. Polycarbonate
is particularly vulnerable to environmental exposure and must be

protected in some manner.

There are two methods that are generally used to apply these
coatings: (1) Flow coating, and (2) vacuum depositiomn. The
materials and processes involved are usually proprietary. These
coatings have the advantage of providing for a very lightweight
design and for unusual shapes, but are somewhat susceptible to the

following:
8. Dust and sand abrasion.

b. Solvent attack.

¢. Long term weathering.
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Adequate protection against these variables is measured by how
well the coating retains its optical qualities and also how well it
adheres to the substrate during its design service life. First

generation abrasion resistant surface coatings for pclycarbonate were

the same as attempted many years earlier for acrylics, and were not
too satisfactory in that exposure to ultra-violet radiation and kigh
humidity weakened the bond between the coating and the substrate,

resulting in the coating peeling.

A second generation coating system which was developed
specifically for polycarbonates has shown improvements and has been
utilized on the F-16 aircraft. In addition, vendor reccating
capabilites can decrease the life cycle costs to be competitive
with acrylics. Third generation coatings are being evolved which also
show a high degree of promise so that continuous liaison between the
transparency desigmer and all fabricators is particularly important

in this area.

6-401,1 Rain Repellents

The purpose of these coatings is to assist in the removal of rain
during approach, landing, and takeoff under the design conditions
(usually "heavy rain" per Reference 6.3, Table 6.4-1),

There are two basic types of repellants, (1) in-flight applied, and

(2) ground applied.

The ground applied coating is of a semi-permanent nature which
has to be reapplied after every interval of a specified number of
flight hours. This is the simplest., lightest. and cheapest method of

satisfying the criteria.

The in-flight applied "coating”™ is much more complex because it
requires an on-board distribution system (nozzles, manifold, etc.), a
fluid reservoir, tubing, a pump, and an electrical circuit to
activate the pump. Also, there must be some prevision to service and

refill the reservoir on the ground.
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With either of these methods there are two different principles
of water removal. The first one uses a wetting agent to collapse the
droplets into a thin fi;Im which will spread out and permit better
visibility than would occur with normal rivulets. The second
principle uses a balling agent that acts exactly the opposite. The
droplets act as though on wax and fall or are blown off as soon as

they contact the surface.
6-402 CONDUCTIVE COATINGS AND RESISTIVITY

This category contains electrically conductive coatings that
serve to maintain vision (as in defogging or anti-icing), or protect
the transparency system from damage due to electric phenomena {such
as static or lightning), or radar reflective cosatings for military

applications.

Reference 6.3 provides a good synopsis of coating resistivity
measurements in so far as the measurement theory is concermed. It
should be noted, however, that some of the earliest work in this
field (Reference 6.5) reported problems in coating uniformity and
consistency. Over twenty years later it has been shown (Reference
6.6) that this is still a problem and deserves very close attention

by the transparency designer and his quality control department.

It should also be noted that relatively recent studies (Reference
6.6) has shown a need for appropriate shielding and grounding of
these electrically conductive coating systems, such as has not been

accomplished previously.
6-402.1 Anti-Tcing

This is by far the most widely used type of coating on aircraft
transparencies. The principle is to apply a thin metallic film to

the transparency and supply it with electrical power, through bus

bars, which is converted into heat due to the resistivity of the
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film. The heat then is conducted through the glazing to maintair an
exterior surface temperature of approximately +350F, which is
sufficient to prevent ice formation. This temperature is controlled
by strategically placed heat sensors to limit the power supplied and

preveunt overheating.

The film is applied to the substrate using vacuum deposition
techniques, except for a stamnous oxide coating on glass, which
requires a pyrolitic process., This film is usually placed on the
inboard surface of the outer ply of a laminated design. This ply is
then laminated to the main structural ply with a flexible interlayer.
The surface temperature (+350F) is dependent upon the thickness of
the glass ply and the temperature of the film, The temperature of
the film is primarily limited by the adjoining interlayer”s tolerance
of heat.

So now, by working in the reverse order we may design this
portion of the transparency. From the material suppliers we can
obtain the maximum temperature that can be applied to the interlayer
material before it fails by bubbling or discoloring. Using this
value as the maximum temperature of the film (after accounting for
any tolerance limits or safety factors desired) and combining it with
the thermal conductivity of the outer ply, we can calculate the
maximum thickness of the outer ply in order to maintain its surface
temperature at +350F under the worst design comditions. It 1is not
quite this simple, because the remainder of the laminates (inboard of
the coating) drain much of the heat away from the outer ply. All of
these plies and interlayers and their corresponding coefficients of
thermal conductivity must enter into this calculation. As mentioned
previously, the limiting factor in coating temperature is usually the
interlayer material. Power requirements for anti-icing coatings are
up to 8 watts/in2. Allowable coating temperature in contact with
polyvinyl butyral is limited to +1300F and for contact with silicone

interlayers is limited to +2500F.
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The coating material used depends upon the substrate material.
Plastic substrates usually use gold films, and glass substrates are
coated with tin oxide. The tin oxide coatings have the advantage of
higher resistivity and higher light tramnsmittance, but a disadvantage
of having to be applied using heat treat. Tin oxide c¢annot be
applied to plastic at all because the temperature required (11000F)}
even degrades the properties of chemically tempered glass. A newer
development consists of an alloyed indium oxide film which is applied

at 5000F and does not degrade some tempered glass.

To complete this coating system it is mecessary to apply bus bars
and power leads at opposite edges of the transparency, adding heat
sensors and appropriate wiring in the proper positions to control the
applied power, and attach these internal wires to a properly
positioned terminal block. The resistance of these films is
considered in two different terms: (1) the bus~to-bus resistance of
the entire system is measured in CHMS, and (2) the sheet resistivity
is measured in OHMS per square and is used primarily in determining

the thickness of the coating.

In order to potentially control the uniformity and consistency
of the early (and current) tin oxide coatings used for anti-icing, a
system of Power Constants was presented in Reference 6.5 to describe

the important windshield heat pattern characteristics:

P

K. = average power _A
A power at the control point PC
K = DPower at the hot spot = Py
H power at the control point o
€
- average power - p
Ky power at the hot soot _A
P
H
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"The power constant Kj indicates the relative rises above ambient
of the average and control-point film temperatures. Since it is the
average temperature which is of primary concern in deicing
calculations, the constant Ka describes the deicimg characteristics
of the windshield. The control-point temperature is normally
maintained constant by the temperature control system, and the
temperature rise at the control point is the difference between the
ambient and control-point temperatures. Knowing the power constant
KA for a given windshield, the average temperature of the conductive
film for any ambient temperature can be readily determined. Curves
of calculated average film temperatures versus ambient air

temperature are shown in Figure 6.18 for various values of Ka.

"The power constant Ky indicates the relative rises above ambient
of the hot-spot and control-point film temperatures. The
relationship between hot spot film temperatures and ambient air
temperature is shown in Figure 6.19 for various values of the
constant Kg. A most difficult concept to grasp is presented in th;’.s
figure, where it is predicted that the temperatures at points having
a power dissipation greater tham that at the control point will rise
as the ambient air temperature decreases. Normally it is expected
that 2 low ambient air temperature should be accompanied by lowered

glass temperatures; however, this is not the case.

It can be seen that the constant Ky for a windshield to be
operated at —650F with a control temperature of 1100F must be 1.3 or

less if the hot-spot temperatures are to be limited to 1600F.

"The constant KM represents the ratio of average to maximum powver

dissipation and, therefore, is a direct indication of over-all

heat~pattern quality. The constant KM is always equal to KA/KH and
is the only one of the three constants which does not change the

sensing-element location.

6.055




"It has been shown that by means of the power constants the
important properties of a given windshield heating pattern zre
described. It was logical then to use the power constants as the
basis for production quality control of the conductively coated
panels. This was done and limiting values for each power constant
were specified. To realize the greatest advantage from the use of
the power-constant quality control method, it was necessary for
certain areas of the panmel to be designated within which the sensing
element could be located. It can be seen by studying the nature of
the constants Kp and Ky that their values are dependent upon the

power dissipation at the particular point chosen as the control point.

"By moving the sensing element to the hot spot, the constant KH
becomes unity and the constant Kj becomes smaller, maximum
temperatures are limited to the control point temperature, and the
average temperature is lowered resulting in poorer deicing
performance. As the sensing element is moved into an area of average
power dissipation, the constant Kj approaches unity and the constant
KH increases, the average film temperatures will be maintained
constant resulting in good deicing performance, while hot-spot
temperatures will be allowed to rise above the control-point
temperature and overheating may result. A compromise between these
two exXtremes may be achieved by proper choice of power-constant
limits and by allowing sufficient latitude in the location of the

temperature—-sensing element.

Typical power—constant limits for an aircraft windshield are as

follows:
KA = 0.75 or greater

KE = 1.3 or less
KM = 0.65 or greater

6.056

7Y



"A windshield having perfectly uniform power dissipation would
have all three power constants equal to unity. The power=-constant
system of heating=~patterfi quality control is sufficiently flexible so
that manufacturing improvements can be reflected in power-constant
limits which become closer to unity as the heating pattern becomes

more uniform.”

TYPMICAL TEMPERATURE  VARIATION
WITH CONSTANT POWER INPUT
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and Variable Power Input (Reference 6.5)
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TYPICAL TEMPERATURE VARIATION
WITH CONSTANT POWER INPUT
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Constant Control-Point Temperature and

Variable Power Input (Reference 6.5).

All anti-ice electrical coating systems require at least three
auxiliary components; (1) a power source, (2) a controller, and (3)
a sensor. There should be a separate set of components for each
anti-iced panel. The power source is the aircraft electrical system.
Controllers are commercially available and are specifically designed
for this usage. Sensors are of two general types; (1) surface
mounted, or (2) cast in the flexible interlayer material. One
advantage of the surface mounted type is that it can easily be
replaced, i1f desired. Ancther sensor should be added as a
temperature limit sensor or as a fail-safe unit. The sensors are
small, but must be located in the least objectionable vision area of
the transparency. (See Chapter 7 and Reference 6.7 for additional

information on the design of the electrical system.)
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6-402,2 Defogging

The basic principles are exactly the same as for anti-icing,
except that the power required is only approximately 1 watt/in?2
(versus 8 watts/in2) and the surface to be heated is the interior
(versus exterior). The function of the coating is to keep the
exposed inner surface of the glazing at a temperature above the dew
point of the cabinm air. It is the designers responsibility to
determine this dew point under the worst operational conditions.
Because of the uncertainty of the variables involved in this
determination, the design temperature must be specified slightly
higher than the theoretical value. {(Refer to Chapter 7 for more

information on design and analysis.)

These coatings also require the same kind of heat transfer
calculations as for the anti-icing coatings, ever though the coating
is at or near the inner surface, because the cold exterior surface
causes the heat to flow outboard also. The two most common methods
of application are; (1) directly on the unexposed (outboard) surface
of the inside ply of a structural laminate, and (2) applied to a thin
transparent layer having a hard surface and then laminating this

substrate to the structural ply with an adhesive interlayer.

6-402.3 Radar Reflection

The purpose of this coating is to minimize the return signal of a
radar beam from any portion of the transparency — exterior surface,
interior surfaces and cormers. This is generally termed reducing the
radar cross section of the aircraft and is normally accomplished
within the present state-of-the—art by coating the transparency with
a metallic film that is optically transparent, but which also
reflects an impinging radar beam and prevents it from entering the
cockpit, It cannot be prevented 100 percent, but at least 1t will

decrease the concentration (intensity) of the return signal, Even
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when some of the radar beam enters the cockpit and is reflected back,
it is further attenuated as it is reflected and passes back out
through the transparency and metallic film. A more detailed

unclassified discussion can be found on this subject in Reference 6.3.

The coating is a vacuum deposited metallic film, which should be
grounded for electrostatic purposes. However, if the transparency is
equipped with an electrically conductive coating for the purpose of
anti-icing (or anti-fogging) this will normally satisfy the criteria
for radar reflection. Defensive search radar signals are present in
a wide range of frequencies, therefore, the reflective coating should
be effective over a broad band from 3,000 to 20,000 MHz. A coating
which is of sufficient thickness to repel any particular radiation
accomplishes two principal actions; (1) the majority of the signal
is reflected at a nonreturning angle to the generator/receiver, and
(2) the coating plus the transparency is reacting as an inefficient

radome having an extremely high dielectric constant.

NOTE: Since flying radar stations (AWACS) are becoming more
numerous, there are no "nonreturning angles"” for signals reflected

from curved surfaces.,

Coating thicknesses must be kept to a minimum so as not to cause
too great a loss in light transmission., Once coating thickness
criteria are established, a means of checking this thickness on the
substrate is required. The simplest method is bus-to-bus resistance,
but if the coating is only required for radar reflection, while
ignoring the p-static and lightning requirements, it would be
unnecessarily complex and expensive to fabricate bus bars into the
system. (If the coating is also used for anti-icing, then it already
has bus bars included.) During production, an economical method is
to coat small witness samples having bus bars along with the
transparency. This permits some degree of confidence in production
quality control, but subsequent checking in the field for coating

deterioration is still difficule.
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6-402.4 Radjation Protection

This is required to protect the pilot from radiations from his
own electronic detection systems. It should cover the transparency
as completely as possible to prevent high power signals from entering
the cockpit. This is the same type of coating as for radar
reflection (see conductive coatings, Chapter 7) and where a radar
reflective coating is used it might also be designed for use as a

radiation protection for the aircrew (if necessary).

6=-402.5 Solar Protection

This is a requirement that can be very important in designs
utilizing canopies, but can generally be disregarded for large
aircraft using relatively small transparencies. Continuous exposure
to solar radiation causes pilot discomfort and fatigue. Also, the
‘infrared radiation into the cockpit tends to heat up the enclosure
and add to the cooling load. 1In general, the IR spectrum is
transmitted best through glass and acrylic and least through
polycarbonate, although the sensible heat (the low IR band) is not
significantly affected by any of the structural materials without a

metallic coating.

The primary mode of protection from solar radiatiom is,
therefore, a metallic coating. However, this protection is usually
obtained as a fringe benefit of a metallic coating necessary to
satisfy other requirements. When metallic costings are required to
satisfy other criteria, it would be impractical to add an additional
coating only for solar radiation because of the severe optical and
cost penalties that would be incurred. Other methods capable of
providing protection from solar radiation are: (1) Bandpass filters,
(2) photochromic materials, and (3) electrochemical devices. These
methods are generally heavier, more complex, and more expensive than

a simple coating and have not been perfected or widely used.
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Bandpass filters consist of alternating layers of very thir glass
plies with coatings of different indices of refraction or may be a
build up of various coatings on one substrate. In these applications
they are designed to permit transmission of the visible spectrum and

rejection of the infrared band.

Photochromic materials are available as glass additives, but are
not as yet available for cost effective applications to aircraft
transparencies. They are light-sensitive materials that darken upon
exposure to any bright light and are thus able to change (or adjust)
to varying conditions. Existing problems with this material.
however, are time response, life expectancy, and cost. This material
is being evaluated for protection agaimst nuclear flash, but
generally the materials do not clear (become visually transparent)
quickly enough to prevent blinding the pilot to his surroundings.
Regular tinted glass, such as used on automobiles, is not used
because it“s low transmission qualities severely restricts visicn at

night.

Electrochemical devices are the most complex of the methods
considered. This method requires auxiliary equipment to energize a
coating of electrochromic material to cause it to change color. This
has been investigated and found to be a satisfactory solution, but
not a practical one because of the complexity and additional
equipment necessary. However, it is interesting because it might
allow the pilot to select the degree of shading comfortable to him
regardless of the light intensity. {(This concept has also been
evaluated for the nuclear flash threat and a personal protection

device (helmet) has been developed.)
As mentioned previously, it is very important to maintain close

coordination with the fabricators because as new and improvecd

coatings are developed they will be of a highly proprietary nature.
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6-402.6 Anti-Reflection

The purpose of this type of coating is to eliminate (or reduce)
the sunlight reflection (glint) off of an aircraft transparency and
to reduce or eliminate internally generated lighting. This is a
problem for military aircrft such as helicopters and ground support
aircraft in tactical situations. When sunlight is reflected it
causes a brilliant image to be visible for a great distance, which
aids in detection of the aircraft. 1In other words, it draws
attention to an aircraft that would otherwise go unnoticed. Also,
these coatings reduce reflections from within the cockpit, such as
instrument images, which contribute significantly to eye fatigue and

are very distracting at night.

Normally, both surfaces of the substrate are ccated with a
coating that has a refractive index less than that of the substrate.
The thickness required cam be calculated with respect to the wave
length of incident light and the index of refraction of the ccating.
These coatings are generally electrically conductive and should be

grounded to prevent accumulation of a static charge.

The coating material most commonly used today is magnesium
fluoride which is a quarter (1/4) wave retarder and must be vacuum
deposited at relatively high temperatures for plastics (which makes
it extremely impractical). As a result, it can only be applied to
glass substrates (or plastics that can tolerate the high heat) and
even then cannot hold up to any significant handling or abrasion in
use. There are other anti-reflective coating systems that are being
developed and/or continuously investigated for application to plastic
substrates but there appears to be little promise of a major

breakthrough.
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6-402,7 Anti-Static

The purpose of these coatings is to prevent the buildup of
electrostatic charges on the exterior surface of plastic enclosures,
thereby preventing damage to the transparency or injury to personrel
by a discharge of the accumulated charge. Plastic materials have an
affinity for electrostatic charges as a result of almost any
frictional impingement, whether it be from rain, snow, dust, or even
wiping during a cleaning operation., These charges can interfere with
radio signals and also can attract dust particles thus obscuring
vision. Further, when cleaning the glazing to remove this
accumulation of dirt, damage may occur as a result of abrasion

(wiping).

An anti-static coating does not have to be grounded, but it
allows the many charges (both positive and negative) to "flow" over
the surface and effectively neutralize each other. This type of
coating must be applied to the exterior surface of the plastic
transparency, but it is not too durable and must be continually
reapplied. A metallic coating would serve very well, but if there is
another metsllic coating on or within the transparency, the loss of

light transmittance would be too great.

Another method which uses an anti-static compound mixed in the
basic material as-cast or extruded is under investigation, but is not
presently in use, The affect of these compounds on the physical and

optical properties of the basic plastic is not known.

The best solution presently in use for plastic transparencies is
to use a dielectric coating which has a polar mobility permitting
oppositely charged areas to neutralize themselves. Hydrophyllic
compounds and some silicore o0ils possess the necessary structure to
perform the anti-static function. Charges on a plastic transparency
will remain indefinitely until neutralized by a humid atmosphere,

water film, or other agent.
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None of the solutions to the anti~static problem are entirely
satisfactory at the present time. However, if a2 glass outer ply is
used in a laminated design this problem is eliminated, of course at
the expense of a complex and costly transparency system. If the
coating is grounded to the airframe, it may be considered as a static

discharge coating.
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SECTION 5
SEAT ING MATERIALS AND APPLICATIONS

6-500 INTRODUCTION

Sealing is an important factor in the design of a transparency
system. The transparency installation to the structure must be
sealed to protect the crew compartment from the exterior weather
elements and to prevent pressurization leaks. To assurs that a
transparency system will attain the design required service life Bl
components within a transparency must also be protected against

various environmental elements.

Rubber seals of a solid material or inflatable fabric reinforce<
configurations have been used ss weather and pressurizatsion seals
for permanently installed transparencies or openable canopies.
Another approach to sealing against weather and pressure has been th:
use of either or both a pliable mastic tape or wet sealants. Varions
techniques and sealants have been used to protect the components i a

laminated transparency against the envirommental elements.
6~501 WEATHER SEALS

The function of a weather seal is to prevent water and solvents
from finding entry between the transparency and the struccure into
the crew compartment or becoming trapped next to structure that coulc
result 1n stress corrosion. Not only would solvents entering the
crew compartment be an arnoyance to the crew, but the solvents could

easily cause electrical equipment malfunctions.

Permanently installed transparencies are usually installed with
either a "dry-seal" or "wet-seal'" and openable transparencies zre

installed with "dry-seals.”




6-501.1 "Dry-Seal" Applications

"Dry-seals" are generally molded silicone rubber designs that are
cemented to the transparency. The silicone is of a low shore
durometer hardness (SDH) in the order of 20 to 35 SDH. The shape of
the seal is designed to displace when a force is applied in order to
compensate for the fact that rubber does not compress under load and
must be displaced or deflected. The maximum thickness of a molded
seal is usually 0.100 to 0.150 inches. When the transparency is
installed on the aircraft structure the seal displaces to a thickness
of 0.060 to 0.090 inches when the attachments are torqued to 35=50
inch pounds. This displacement generally will flow into minor

machined surface irregularities and prevent mecisture or solvent

ingress.

Mastic tape may also be used to seal a transparency. In this
case, the tape has to be cut teo length and placed on the mating
structure. When the transparency is installed on the structure and
the attachments are torqued the intent is to force the tape to flow
and fill all irregularities in order to prevent moisture or solvent
ingress. Generally, for this type of installation the initial
recurring hardware costs are lesé, compared to the initial cost of a
molded seal, but requires a lot of manhours to install (or remove);
the transparency installation is not always clear; and, depending on
how well the edges of the tape at the corners are matec (butt
joints), there may be small leak paths for solvent ingress. The
mastic tape, however, may be better utilized for large
transparencies, such as canopies, where the gaps between structure
and transparency may vary and the thickness of the tape may have tc

vary in order to seal.

A third opticn would be an extruded silicone seal of a low shore
durometer hardness in the range of 20-3° SDK. The design shape cf
this seal should have nodes or protrusions so that the material wouls

displace on installation. The thickness would be similar tc the
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molded seal thickness. This extruded seal would be cut to length and
could be cemented to either the transparency or structure. If
installed on the structure then each time the transparency is
replaced the seal should also be replaced. The butt joints,

particularly the corners, should be carefully matched to prevent leak.

It must be noted that either a polysulfide or silicone wet
sealant must always be applied around the bolt shank and head to
prevent dissimilar metal reactions and to prevent pressurization

leaks around the bolt.

6-501.2 "Wet-Sealant" Applications

Silicone and polysulfide wet sealants have been used to fill
voids and gaps between the transparency and structure for weather
sealing. The amount of sealant used must be based on preliminary
estimates of gap dimensions and sealant then applied to structure
approximately iS-SOZ thicker than the finished gap will be. The
sealant materials are either applied with a spatula or under pressure

from a sealing gun.

The use of wet sealants has many disadvantages even though the
materials will perform the required sealing functionms. Prior
sealants installed must be removed before a mew transparency is
installed. In a timely manner the sealants have to be available.
Generally, all sealants are a two part mix. After the two part
materials have been completely mixed the useful worklife is one-half
to two hours depending on the mix. In the event the transparency
installation is not as planned, it is possible that a lot of sealant mav
be scrapped for exceeding the useful worklife. The time required for
the sealants to be completely cured requires 72 hours at temperatures
above room temperature. These sealants are messy and difficult to

clean from the adjacent areas after the transparency
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nave a let of wmovement in the direction of opening, clesing and
translation to close and lock. The inflatable seals utilized usuallvy
~ollapse so that when the vast amount of wmovement takes place they
are hidden and cannot be damaged. The material is usually of
silicone construction with several layers of dacron cloth embedded

for reinforcement. The seals are automatically inflated with a

s

~.

L -

eciai pneumatic system on the aircraft that pressurizes this seal
nnly. The inflatable seal concept is somewhat complex which allows
tor a lower reliability than a passive seal. This is an area where

terial or

additicnal research is needed to determine if a seolid m

o

some skinned foams could be designed to replace the inflataole scal
copcepe.  ihe design and the material selecticn spovid atnempt oo

LTAVENT easy wpuncture Jr tearing in service.
IS5 TRANSPARENCY CONMPONENT PRUTECTION

There are several components within a laminated transpar-acv that
must be protected from external environmental elements. Thée cdies
zust be protected against the ingress of sclvents to the iaterliayer
materizis because the material recctions will cause bubtling.
zutericr edge of an outer ply wmust be procected to prevent solwvents,
wneluding water, from entering the edoe and causing cox=fing

“ecle ion, bubbles or delamination.

Several approaches have been used to protect the laminated trans-
parency edges. Formed sheet metal pans have been used in combination
with a polysulfide sealant applied between the pan and the transparency.
Since there are several variations of polysulfide sealants the selection
should be based on using the sealant with the least amount of solvents or
plasticizers. In glass laminates it has been shown that a polysulfide seal-
ant with a high solvent content will migrate into the interlayer. Silicone or
polysulfide sealants have been applied directly to the edges of laminated

transparencies. When silicone is used the laminate must be
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thoroughly cleaned and a primer applied so that the silicone sealant
will bond to the materials. Before any of these sealants are used 2
determination should be made regarding the compatibility of the
materials so that stress-cracking or crazing of the plastic
materials will not occur. Adhesive-backed tapes have also been

applied to transparency edges.

Various techniques have been used to prevent solvent ingress into
the laminated transparency next to the outer ply edge. Figure 6.20
shows a vulcanized solid silicone material next to the ocuter ply.
For subsonic aircraft this type of seal has proven to be very
reliable. When wet sealants are substituted for this material the
sealants do not seem to have the same service life. Figure 6.21
shows another approach to the protecticn of the outer ply. The
weather sealant used has been either siliconme or polysulfide sealant.
The silicone sealant is a popular and commonly used material.
However, it has been replaced for advanced applications because it
easily erodes due to the gerodynamic effects of air and particles in
the air such as dust, ice and rain. Polysulfide 1s superior to
silicone in resistance to erosion and moisture penetration, but is is
susceptible to deterioration due to aging effects as evidenced by
weather checking and crazing. This was determined to be caused by
ultra-violet exposure, so carbon black (an ultra-violet screen
material) was added to the polysulfide sealant material and resulted
in a sealant that was resistant to aging. This improvement extended
the service life, but erosion is still the final cause of failure.
It is recommended that periodic applications of fresh sealant be

applied to extend the service life,
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SECTION 5
LAMINATED TRAMNSPARENCIES

6-60C INTRODUCTICN

Historicalily, laminated glass windshields have been fabricated ir
accordance with MIL-G~25871, and laminazted acrylic windows have been
laminated in acccrdance with modified versions of MIL~P-25374, Since
the introduction of chemically strengthened glass and polycarborate
transparent structural materials there have been many other

approaches to laminating transparencies as noted in Chapter 2.

Generally, when glass and plastics are laminated they have been
referred to as composite transparencies, but the combinations must be

laminated with interlayer materials.

As new high performance aircraft cre conceived, the requirements
for transparency subsystems are becoming more stringent. Several
materials have been presentec in prior sections that have desiratble
properties that will satisfy some of the criteria; however, no
material will satisfy all requirements for structural, thermal and
electrical systems. When designing a transparency subsystem to
accommodate these new high performance criteria, combinaticns cf
these materials may be necessary. Therefore, the most desirable
feature of seversl matesrials must be investigzted, subseguent iy
selected and.combined in a laminated, composite transpavercy design.
The detracting aspects of this type of design are high coste and
reduced optical performance. Increased weight may occur when
compared to a monolithic plastic part but when plastic can bHe
substituted for glass in a laminate there is a considerable weight

savings.
6=-6C1 STRUCTURAL CHARACTERISTICS

One of the functions of a laminated composite transparency is to

enhance the mechanical characteristics of the overall assembly. One
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or more plies of structural materials form the structural core
combined with abrasion resistant face plies connected by resilient
interlayer to achieve a superior (even fajl-safe) assembly. When
properly designed it may be possible to carry fuselage loads across
the cutout for the transparency thus permitting a lighter more
efficient transparency and support structure design. For this type
of design, care must be excercised to maintain fail-safe capabilities
of the adjacent structure and the selection of transparency material

combinations must reliably meet the service life requirements.

6-602 OPTICAL CHARACTERISTICS

The optical characteristics of a laminated composite transparency
subsystem are much more difficult to assess and maintain than for a
monolithic transparency design. The laminate is always degraded
because of light transmission loss due to increased thickness,
reflections that result from dissimilar index of refraction for the
various materials, and manufacturing associated problems. This
degradation is usually more than compensated for by an increase in
functional durability of the mechanical properties when compared to a

monolithic.

Some optical problems that may become evident in a laminated

composite transparency are:

a. The many surfaces existing within a laminated transparency
combine to cause multiple images, depending on the slope of the

transparency, which can be very distracting, especially under low

light or nighttime conditions.

b. The several different materials having differing indices of

refraction lead to greater deviation.
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c. Distortion is also potentially greater because of non-parallelism
of the surfaces due to uneven compression of the sheet
interlayers, or tooling problems in the case of a cast-in-place

(CIP) interlayer.

d. Light transmission is more a function of the material used than
the fact that many materials are used. However, there is a3 loss
of light transmittance due to the many interfaces which have

primers and possibly coatings applied.

e. Birefringency will be more prominent, especially in plastic
laminates because some interlayer materials are good light
analyzers, thereby enhancing the natural birefringency of

polycarbonates and acrylics.
6-603 THERMAL CHARACTERISTICS

A design constraint in the selection of monolithic materials for
high performance aircraft is that the maximum thicknesses will not
retard the amount of heat transferred to the crew as a result of
aerodynamic heat generated. To limit the amount of heat transferred
the designer must perform thermal analysis for a laminate, as noted
in Chapter 7, and select thicknesses and materials for face plies,
interlayers and the number of structural plies teo limit the heat on

the inner surface of the transparency to 1600F as noted in Chapter 7.

6-604 ELECTRICAL CHARACTERISTICS

The requirements for anti~icing, defogging, RCS and precipitation
static discharge are more efficiently met by utilizing electrical
conductive coatings. The conductive coatings for anti-icing and
defogging cannot be exposed; therefore, a face or face plies are

required to be laminated to structural plies. The precipitation
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static discharge is best accomplished with tin oxide costing ground.:
to the structure, which requires a glass face ply laminated ur
structural plies. The RCS coating may be combined with tas
precipitation static coating or it may be embedded on the laminzted
side of either a glass or acrylic face ply. Whenever possible, when
all four requirements must be met, as many requirements as possitble

should be combined s¢ that the number of coatings are minimized.
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