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ABSTRACT

The development of a transparent interlayer material
for laminated glass possessing thermal stability within the range
of 400° to 500°F was the object of this research by the Dow Corning
Corporation AQuring the period of 15 April 1953 to 15 April 1954,
Nine polysiloxane materials were introduced and evaluated for
sultabllity as interlayers. A Type J interlayer was found which
possessed tensile strength of 400 to 800 psi, 80 to 85% transmission,
4 to 10% haze and thermasl stability of several hours at 450°F,
This interlayer lends itself well to commercisl fabriocation
technioues. The optical properties may require some improvement
bgfore this material will be completely satisfactory for airoraft
glazing.

PUBLICAT ION REVIEW
This report has been reviewed and 1s approved.

FOR THE COMMANDER:

M. R. WHITMORE
Technical Director
Materials Laboratory
Directorate of Research

WADC TR 54-207 111



INTRODUCT ION
SECTION I
Part 1
Part Il
Part III
SECTION II
Part 1
Part II
Part III
Part IV
Part V
Part VI
Part VII
Part VIII
Part IX
SECTION III

WADC TR 54-207

TABIE OF CONTENTS

GENERAL

Materials

Equipment

Test Methods
FACTUAL DATA

Type A Interlayer
Type B Interlayer
Type C Interlayer
Type D Interlayer
Type E Interlayer
Type F Interlayer
Type G Interlayer
Type H Interlayer
Type J Interlayer
SUMMARY



Figgre

10
11

12

13
14
15

16

17

LIST OF ILLUSTRATIONS

Fluld Polymer Chase « . o o o o o o o o ¢ o o o » . .
Gun Trap ASSemMblY « o . « « & o o o o o o ¢ s o o o o

Gun Trap Interior showing Laminate Rack
Positioned for Bullet Impact. « « « o o o o « o 2 o

Gun Trap Interior Showing Laminate Rack
Positioned for Falling Ball Impact. « o & o « o & o o

Sketoh of Laminate Cross-section Showing
oraters caused by High Velocity Impact of Bullet. . .

Typical Type A leminate After Several
HO'I.I.I'S at 300°Fo . L] . L] * L] . K J - L] L] - . L . L] L] [ ] L ]

Type B laminate After 17 Hours at 480°F . . . . . . .
Type DIaminate o o v v ¢ o « o o + o o o o o o o o+ &
First Type E Laminate o ¢ o o v o « o & o o « o o 4
Exit Crater of Type E laminate No, 3 in Table 9 . . .

High Velocity Impact Comparison of a PVB Laminate
with Type E Laminate No. 5 Table 12 v v o o o o o o+

Falling Ball Impact Comparison of PVB Laminate
with Type E leaminate No, 4 Table 12. . . . « .+ « . .

Type F laminate Exit Crater From High Velocity Impaot
Type G Laminate Exit Crater From High Velocity Impaoct
Type J Laminate on Left and PVB Iaminate on Right
Simulating Focusing the Eye on a Distant (bject Through
the Laminat e L ] L] - L] L L[] L ] L ] L] 2 L] - L * - » L ] L4 L] [ *

Type J leminate on left and PVB laminate on Right
Simulating Focusing the Eye on the Laminate . . . . .

Tyve J Tensile Strength vs Temperature. . . . . . . .

WADC TR 54-207 v

10

14
17
24
25
31

49
53



LIST OF TABLES

Table
1 Type A leminates. . « ¢ ¢ ¢ o = ¢ o o o o « o o
2 Type Blaminates., . « « & « ¢ o o o ¢ ¢ ¢ o o
3 Type C leminates. . . . ¢ ¢ & o o o s o o o o &
4 Effect of Initial Gelling Conditions of Type C.
5 Type C LaminatesB. « + « o o ¢ o o « o o o ¢ o
8 Tensile Strength of Type C. . &« & ¢ ¢ ¢ ¢ o o o
4 Type E laminates. . + + « + o o o ¢ o o o o o &
8 Stabilization of Type E . v & ¢ ¢ o & ¢ ¢ » o &
9 Type E laminatesS. « « o o ¢ o o o s o o o o o o
10 Glass Treatment to Improve Adhesion of Type E .
11 Adhesion Tests of Type E Containing Additives .
12 Type ELaminateB. o+ + « + ¢ « o ¢ o ¢ ¢ o o o @
13 Tensile Strength of Type E. ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ o
14 Type F Interla¥er . . « o o o o o s o s o & o
15 Type G Interlayer o« o o« o o o o o o o ¢ o ¢ o &
16 Properties of Type J Laminates. « « +« « o + « &
17 Adhesive Tegts With Type J. o o o o «. 6 o o o o
18 Comparison of PVB with Type J

(a)} Glass Laminates

(b) Interlayer Alone . . . « o o &

WADC TR 54-207 vl

Page
13

16
19
21
22
23

26
28

30
32
32
33
36
38

51

56



INTRODUCTION

Early in the 1930's the automobile industry began replacing
rlate glass windows in the new cars with plastic reinforced laminated
glass., The purpose was to make the windows shatter-resistant and
thus lessen the serious injuries due to broken glass. Plasticized
cellulosge nitrate was one of the first materials commercizlly used as
an interlayer material, About 1935 plasticized cellulose acetate
began to replace plasticlized cellulose nitrate as the interlayer for
auto safety glass, largely because of the instability of the nitrate
to sunlight, By 1940 plasticized polyvinyl butyral was replacing
both cellulose esters, primarily because of its superior stability,
and adhesion even at low temperatures,

A very important application for laminated glags and
laminated plastic windows is in the aircraft industry. Until the
advent of Jet propelled aireraft the butyral type interlayer met
most reouirements quite well, However, the high speeds encountered
with Jet planes necessitate many major changes in materials and design
of the airplane. One of the factors leading to many changes 1s the
high skin temperature developed by friction with the atmosphere. One
of these changes will be the incorporation of heat stable shatter-
resistant windows and ocanopies. At present there are no interlayer
m%8§§1als avallable that are operable at temperatures in excess of
4 .

Silicones have created a name for being one of the most
heat stable groups of polymeric ocompounds known today. Not only are
these materials thermally stable, but they are also generally trans-
parent. Silicones, therefore, represented a logical ochoice for
potential interlayer development.

The objJective of this program was to develop a silicone or
fluorocarbon interlayer material for laminsted glass and laminated
polymethylalpha~chloroacrylate assemblies which possessed thermal
stability at temperatures in the range of 400° to 500°F, optical
¢larity, adecuate tensile strength, adhesion of surface sheets to the
interlayer, and resistance to shattering under high velocity impact.
Since no plastic surface sheets were availlable having thermal stability
up to 400°F or sbove, the work under this contract was restricted to
glass surface sheets,

The initial approach to the problem of developing a suitable
thermally stable interlayer centered upon the evaluation of the
avallable polysiloxane compounds which were considered potentially
sultable for the application. Asg work progressed, special new compounds
were developed by various Dow Corning research groups and their thermal
stability was evaluated,

The interlayer materials studled were referred to as Type A,
Type B...... In relation to these interlayer materials, the following
specific items were investigated:
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1.

2.

Technique of conditioning the interlayer materials prior
to forming laminates.,

Teohnique of forming the laminates, including temperature
conditioning.

Effect of interlayer thickness on the target properties,

The use of adhesives to improve the bond between the
gurface sheets and the interlayer materials.

This report is divided into three main sections. These

are named CGeneral, Factuel Data, and Summary. In Section I the
gubjects are Materials, Ecuipment, and Test Methods. In Section II
each type of interlayer 1is discussed individually and data are
presented. Section III summarizes the results collectively and
points out the important findings of this work.

WADC TR 54-207 2



Section 1
GENERAL

Part 1 Materials

The primary materials used in this work were polysiloxane
interlayers and glass surface sheets of double strength sheet glass.
Ozher materials used were polysiloxane adhesives, and a variety of
additives,

Part II Equipment

The equipment used may be divided into processing equipment,
and testing equipment.

A, Processing Equipment

Conventional two-roll rubber mills were used when necessary
to work a partioular interlayer material into an easy fabricating
condition,

Steel ohases were used for preparing laminates with high
consistency interlayers., The chase enmabled a laminate of desired
uniform thickness to be prepared. A Silastic gasket was used in the
chase cavity between the chase and the laminate to prevent run-off
of interlayer material during the oross-linking proocess.

A special fluid polymer chase was designed for interlayers
having a free flowing consistency prior to forming a laminate
Figure 1 shows this fluid polymer ochase with the glass surface
sheets 1in place., The bottom corners of the chase were hinged so
that both sides of the chase could be moved. The top of the chase
was held seocure by two long bolts. Blue asbestos sheetling served
as an edge seal to prevent the loss of the fluid interlsyer during
the oross-linking process. The surface sheets were easlly aligned
by placing a steel shim of the desired thickness between the surface
sheets while they were being clamped in place. The shim was long
enough to extend beyond the surface sheets so that it could be
easily removed. The interlayer was poured between the glass surfaoce
sheets with the aid of an aluminum foil funnel.

Alr ociroulating vented ovens were used to cure laminates
held intaoct with the fluld polymer chase, These ovens were also
uged to glve extended high temperature ocures to laminates formed
and precured in a press,
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Figure 1

Fluid Polymer Chase
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B, Testing Equipment

Thermal aging of laminates was done in vented air
ciroulating ovens. Temperatures as high as 600°F were possible
with these ovens.

A General Electric Spectrophotometer was used to obtain
optical measurements of the laminates. These data were obtained
as a service from the Dow Chemical Company.

A Soott L-6 tensile testing machine was used to obtain the
tensile elongation properties of the interlayer materials. Adhesion
measurements were also obtained with the L-6 testing machine, A
Scott IP-4 tensile tester fitted with a high temperature box was
used for obtaining tensile values at elevated temperatures.

A speolal gun trap was designed and built so that high
velooity projectile impact tests could be performed on laminates.
A .22 caliber Hornet rifle having a muzzle velocity of 2800 feet
per second and an impact energy of approximately 750 foot pounds
wag used with the trap. Figure 2 shows the whole gun trap assembly.
The gun and gun trap are labeled A and B respectively. The trap
consists of a double walled steel construction throughout with
insulation between the two walls. The bullet entrance hole may be
seen in the door of the trap. A hole may also be seen in the top
of the gun trap through which a steel ball may be dropped through for
falling ball impact tests. The bracket, through whioch the one-half
pound steel ball may be dropped, is labeled C. Letter D is a Brown
Pyr-O-Vane temperature control-indicator for the gun trap. It
controls over a temperature range of -100° to +600°F. The gun trap
1s heated by two heating elements which may be seen in Figure 3,
Letter B, Letter A in Figure 3 shows the laminate rack in position
for bullet impact. The bullet is deflected off a deflecting plate
into a four inch bed of sand. The fan which circulates the air
within the chamber may also be seen immediately behind the heating
elements. For operation at low temperatures the gun trap is cooled
by placing orushed dry ice in a wire basket, lettered B in Figure 4.
The temperature 1s regulated at low temperatures by ocontrolling the
amount of ciroculation of air by the fan through the dry ice con-
tainer. Also shown as letter A in Figure 4 is the laminate holder
in position for falling ball impsot tests.

Part III Test Methods
A, Thermal Aging

Thermal aging of laminates to determine their stability
at elevated temperatures was acocomplished in vented air ciroculating
ovens., The general procedure followed was to determine at what
temperature the laminates failed after various continuous periods
at a particular temperature. The failure temperature was considered
to be the temperature at which the interlayer or the adhesvie bond
between the interlayer and surface sheets developed optical flaws
or underwent thermal degradation.
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Figure 2

Gun Trap Assembly
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Figure 3

Gun Trap Interior Showing Laminate
Rack Positioned for Bullet Impact
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Figure 4

Gun Trap Interior Showing Laminate
Rack Positioned for Falling Ball Impact
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B, Optical Examination

The luminous transmittance and percent haze determinations
were obtalned as a service from the Dow Chemical Company Spectroscopy
Laboratory., A General Eleotric Speotrophotometer was used for the
optical measurements with I1,C.I. illuminant C according to Federal
Specification L-P 408b Method No, 3022,

C. High Velocity Impaot

High veloolty impact tests were made using a .22 ocaliber
Hornet rifle desoribed in Section I, Part IIB of this report. The
test procedure was as follows: A four by four inch laminate was clamped
in the laminate rack, A in Figure 3 and placed in position within the
gun trap. The door was then closed and the high velocity projectile
fired into the laminate. When test temperatures other than room
temperature were used, a conditioning period of one hour at test
temperature was used before the test was performed.

A method was developed to obtain a quantitative index of
adhesion by oomparing the entrance and exlt craters of the experimental
laminates with those of a glass-polyvinyl butyral laminate., The poly-
vinyl butyral standard was plasticized with 37.5 parts dibutyl sebacate
and was one sixteenth inch in thickness. The entrance and exit oraters
for this laminate were 0,37 and 0.75 inches respectively. The orater
diameters represented the area surrounding the perforation in the
laminate that was completely void of glass. Figure 5 gives a sketch
of a shot glass laminate. As adhesion was improved, more glass adhered
to the interlayer and the crater dlameters decoressed. The exit crater
values were considered more significant than the entrance oraters,

D. Felling Ball Impact

A one half pound steel ball was used in this test. The
gun trap was used for the falling ball test by placing the laminate
rack in the position shown in Figure 4, letter A, The distance the
ball fell was altered by ad)usting the height of Bracket C in Figure 2,
The laminates subjected to this falling ball test were qualitatively
evaluated. The degree of delamination served as a qualitative measure
of adhesion,

E, Tensille Test

Tensile tests at room temperature were performed with a
Scott 1-6 tensile testing machine using specimens cut with a standard
rubber tensile die D, Procedure for test was followed as described in
A,S,T,M, Designation D412-51T., This test method was used because the
interlayer materials studied in this work were more like rubber than
‘plast ia,

The elevated temperature tenslile properties were obtained
uging the Scott IP-4 tensile testing mechine fitted with an air
circulating oven. Samples were allowed 15 minutes to reach equilibrium
at test temperature before testing. The load and elongation were
plotted on a chart on the IP-4 machine,

WADC TR 54-207 9



NN

\E

T
\

GLASS

52
H

DIRECTION DIA. GEL
—»  ENTRANCE
OF BULLET CRITED

N

GILASS

-~ I

INTERLAYER

Figure 5

Sketoh of leminate Cross-section Showing Craters
Caused by High Velocity Impact of Bullet

WADC TR 54-207 10



F, Adhesion Test

There were no specific methods presoribed for evaluating
adhesion so the following three procedures were used in this work.
The high velocity impact test gave an index of adhesion from the
diameter of the entrance and exit oraters. The delamination by
falling ball impaot gave a oualitative measure of adhesion. The
third method used in this work for evaluating adhesion yielded a
guantitative measure. This was accomplished by peeling strips of
interlayer from the glass surface sheet at an angle of 90 degrees
to the plane of the glass with the Scott L-6 tester, The test
heads of the testing machine separated at & rate of 20 inches per
minute. The adhesive strength was expressed as pounds per inch
width of interlayer. For example, 1f an interlayer sample gave 20

pounds per inch adhesion, this would mean that a 20 pound forece would

be required to peel a strip 1 inch wide from the glass surface.
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Section II
FACTUAL DATA

Part I Type A Interlayer
A, Desoription of Type A

Type A interlayer was a high molecular weight cross-linked
polysiloxane possessing a high degree of tack. Although the polymer
was oross-linked, flow could be accomplished by the application of
heat and pressure,

B. Fabrication of Type A

Fabrication of Type A utilized the fact that it could be
forced to flow by the application of heat and pressure. A desired
ouantity of Type A was placed between two glass plates and the laminate
was then formed in a press by the applicstion of heat and pressure.

A steel chase was used to insure the desired uniform thickness
throughout the laminate. A Silastic gasket was also used to assist
in keeping the interlayer restrained between the glass plates,

C. Discusslon of Data on Type A

The general properties of Type A were not fully evaluated
because thermal stability above 300°F could not be achieved with
this interlayer. Eighteen hours at 300°F without bubbling was the
most severe test that Type A withstood. The tensile strength was
around 25 psi or less. Many of the laminates prepared showed poor
adhesion. The laminates were fairly good optlcally.

Typlcal data on laminates prepared using Type A interlayer
are given in Table 1. A Type A laminate after several hours aging
at 300°F ig shown in Figure 6. The large bubbles seen in this
laminate are typical of this interlayer material.
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Figure 6

Typical Type A laminate After
Several Hours at 300°F
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Part II Type B Interlayer
A. Desoription of Type B

Type B interlayer was a polysiloxane which at the stage of
preparing a laminate had a viscosity in the range of 10,000 poises.,

B, Fabriocation of Type B

The fabrioation of Type B was complicated by its moderate
viscosity coupled with the extended time at very high temperatures
required to set the interlayer. When thin films were desired, laminates
were fabricated by placing an adequate quantity of Type B between two
glass vplates, then pressing by hand until the desired film thickness
was obtained. Silastic pressure sensitive tape (made from Dow Corning
Corporation adhesives, XC-269 or XC-271) was wrapped around the edge of
the laminate to confine the interlayer while 1t was being ocured at
elevated temperatures. For laminates with interlayers one sixteenth
inches or greater in thickness, a chase and Silastic gasket was found
sultable to obtain the desired uniform thickness and at the same time
prevent run-off of the interlayer. Also, desirable rreliminary
setting was asccomplished by heating at 392°F for 15 minutes or longer
in a oress under pressure. The laminates did not flow nearly as much
after preliminary setting which greatly simplified the wrapping of
the laminates with Silastic pressure sensitive tape to prepare them
for further oure.

C. Discussion of Data on Type B

The physical properties of Type B interlayer were encouraging
from the aspest of thermal stability. Sample 8b in Table 2 demonstrated
the exoellent thermal stability by withstanding 71 hours aging at 280°F
without becoming discolored or developing bubbles. A Type B laminate
which was cured 66 hours at 392°F, gave 82,8% transmission and 3.9%
haze. This laminate had an interlayer thickness of one-sixteenth
inches. A big physical drawback to Type B interlayer was its tendency
to be brittle which led to poor shatter-resistance, For example, a
laminate was shattered when a one~half pound steel ball was dropped
four feet on the laminate. In another test, upon impact of a high
velooity bullet (2800 ft/sec.) the laminate disintegrated.,

Table 2 gives data on a number of Type B laminates. Laminate

3d, which had been cured 17 hours at 480°F, is shown in Figure 7.
The excellent optical properties of this laminate may be seen.
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Figure 7

Type B laminate After
17 Hours at 480°F
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Part III Type C Interlayer
A. Desoription of Type C

Type C interlayer material was primarily a linear poly-
81loxane. The initial viscosity of the various modifications of
Tyre C covered a broader ranze than other interlayer materisls
studied. The viscosities ranged from 20 to 200,000 poises. This
whole viscosity range allowed excellent flow for forming laminates,

B, PFabriostion of Type C

The fabrication of Type C was dependent upon the viscosity
of the starting interlayer polymer. The fluid polymer chase worked
well for viscosities of approximately 5000 poises or less. The
interlayers prepared from these low polymers usually were partially
get up at room temperature followed by a cure at temperatures of 300°F
or greater. Type C having an initisl viscosity greater than 5000
poige was more easily prepared into a laminate by pressing between
two glass surface sheets in a press. A steel chase fitted with a
B1lastic gasket to prevent loss of interlayer during the setting up
process was used to obtain the desired interlayer thickness. The
temperatures recommended to cross-link Type C are glven in the
following discussion of the data because the conditions were altered
ag progress was made,

C. Discussion of Data on Type C

The firat work on Type C showed some good and some poor
poasibilities for this interlayer. These results are given in Table 3.
The results indicated that 1t was Possible to prepare a laminste which
had good adhesion, good optical properties, and good thermal stability
for at least 48 hours at 480°F, This was true if s low viscogity
volymer was used. However, the resulting interlayers of these early
;amnles)were ruch too thin. (In prarticular, note samples 1 and 2 in

able 3},

The results of higher viscosity polymers were not as encouraging.
Numbers 3 through 6 in Table 3 demonstrate the typical early results
for this higher viscosity Type C, The samples exhibited good optical
vrroperties, but the thermal stabillity and adhesion were both poor.

Numbers 7 and 8 in Table 3 were attempts to lessen bubbling
by adding stabllizing ingredients to Tyve C. Higher laminating
temperatures were also employed. No improvement of Type C was
achieved in these trisls,

WADC TR 54-207 18
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An investigation was carried out to study the effect of
changing the degree of oross-linking in Type C, This was done by
comparing two analogous series. One of the series contalined &n
initial polymer of lower viscosity than the other serles. Each
sample was given a oure of 120 hours at room temperature followed
by 192 hours at 300°F, The cures were made in open aluminum dishes.
At the end of the heat treatment, all of the samples of both series
had gelled. The gels were perfectly clear, colorless, and bubble
free. The adhesion of each gel to the dish was excellent. It was
further noted that the hardness of the gels increased with the
amount of crosslinks to a point at which the sample became cheesy.
In this way the optimum amount of oross-linking was determined. The
gamples prevared from the higher viscosity material gave tougher
gels than those from the lower viscosity polymer. This investigation
yielded valuable groundwork for the further development of Type C.

The effeot of initial gelling conditions of Type C on the
fins]l laminate when using low viscoslity polymer is given in Table 4,

It was found that room temperature gelation ylelded a
more stable laminate than if heat was used to hasten the initial
gelation. Sample 1 in Table 4 was subjected to the high velocity
impact test and exhibited encouraging results. The entrance and
exit oraters were 0.5 and 0.83 inches respectively.

Up to this point the work showed that the major diffioulty
with Type C was its tendency to bubble between 320° and 356°F. This
bubbling was due mainly to entrapped air and reaction products.,

From the study of gelation rates it was found that for the lower
molecular weight polymers, initial gelation at room temperature was
the most successful. On the other hand, for the higher molecular
weight polymers, it was found to be better to use 30 minutes at
300°F as the initial gelation conditions. Another approach to
eliminating bubbles was to evacuate the polysiloxane before
fabrication of the laminate. This method was tried with slight
success, Table 5 gives some of the typical results obtalned during
the course of this study.

During the seventh and eighth months of work, Type C was
modifted to yleld laminates which possessed stabllity above 400°F,
Phis latest version of Type C lended itself to fabrication better
than some of previous Tyve C materiasl because of its high viscosity.
The fabrication method for this new version of Type C was to first
place the proper amount of interlayer between glass surface sheets.
These were then placed in a chage fitted with a Sllastic gasket and
put in a press at 194°F under 2000 psi pressure for one hour. The
temperature was increased to 266°F for one hour and then to 320°PF
for two hours after which it was released cold. The laminates were
then placed directly into a 400°F oven without fear of bubbling,
delamination, or discoloration. One such sample was subjected to
480°F for 38 hours without visible change.
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A series of moldings of Type C was made to observe the
change in tensile strength with time and temperature. Becaure of
the adhering power of this interlayer, it was extremely difficult
to prepare samples suitable for cutting into tensile test bars,
Up to two days were required for the production of any one sample
which could be released sufficiently well from the molding plates
for testing purposes, Table 6 contains typical examples of these
results, all of which fell within the same range.

Table 6
Tensile Strength of Type C

Tensile
Strength Elongation
Cure pel %
300°F, 10 min, 28 415
392°F, 18 hrs, 22 315
392°F, 48 hrs. 21 280

Part IV Type D Interlayer
A, Description of Type D

Type D interlayer material was a linear polysiloxasne.
The viscosity of this interlayer prior to laminating was approximately
100,000 poises and thus required pressure to create flow. The oross-
linking of Type D was accomplished at elevated temperatures.

B. Fabrisation of Type D

A portion of Type D was placed between two glass surface
sheets and messed to the desired thickness with the ald of a press
and chase, An oven ocure at temperatures up to 480°F was required to
permanently set the interlayer.

C. Dimocussion of Data on Type D

The first laminate prepared from Type D was a one inch square
hand pressed laminate. The interlayer in this laminate was a thin
£ilm, This laminate was subjected to 480°F for 48 hours without
bubbling. The optical properties were good, but the adhesion was
only fair.

Type D presented a problem in adhesion, so several additives
were tried to improve this characteristic. These additives caused
the polymer to have less heat stablility. The laminates bubbled at
300°F and darkenad on further cure,
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© A Type D laminate 18 shown 1n'F1gure 8 with several small
bubbles visible, . ‘ ; ' = :

Pigure 8

Type D lLaminate

: These problems of 1naﬁffioient§adhe31on, tendency to
bubble and darken at high temperatures, and the requirement of
hiq; temggratures to set the interlayer discouraged further work
on Type D, , ~

Part V Type E Interlayer
A. Desoription of Type'B

Type E interlayer is a linear polysiloxane. During the
stage of forming a laminate this interlayer had a viscosity in the
range of 100,000 to 200,000 poises. Three hundred degrees Fahrenheit
were required to orosslink Type E, 18 .

B, Fabriéation of ije*B

Pressure and heat greatly aided& in the fabrication of Type E.
This meant that a press with heated platens was well suited for this
interlayer in the same manner as for some of the previously desoribed
high viscosity linear polysiloxanes such as Type C and Type D. . This
involved placing the desired amount of Type E between two glass =~
surface sheets. These were placed within a steel chase fitted with
a Silastic gasket to obtain the correct laminate thickness, and then
pressure and heat were applied. At least 10 minutes at 300°F were
used in setting the interlayer.
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C. Discussion of Data on Type E

The first laminate prepared using Type E gave very '
discouraging results. The laminate was pressed at 2500 psi pressure
for 15 minutes at 300°F, The laminate was heated 1 hour at 392°F
causing slight bubbling. The laminate at this point was hazy and had
poor adhesion. It was then heated for 1 hour at 480°F., This extreme
heating caused severe bubbling and an increase in haze. This
particular sample is shown in Figure 9 and is listed in Table 7
as sample number one. Sample number two in Table 7 had the glass
surface sheets coated with a titanate to improve adhesion. The

titanate caused additional discoloration with no apparent
1mprovement in adhesion. L

Figure 9
- Pirst Type E Laminate
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It was found that the interlayer thickness could be
decreased from one quarter inch to one eighth inch wlthout harming
the shatter resistance and at the same time making an improvement
in the optical properties. Sample 123-6B having a cure of 1 hour
at 300°F plus 1 hour at 392°F and a thickness of one quarter inch
gave 58.2% transmission and 24.2% haze. Sample 123-9H having a
oure of 2 hours at 300°F plus 2 hours at 392°F and a thickness of
one eighth inch gave 89.0% transmission and 17.5% haze.

Prehaatinngype E-at 300°F for three to five hours improved
the thermal stability of the laminates, Samples 3 through 7 in
Table 7 represent this work. L

Three series of experiments were conducted in order to
improve this material. Numbers 8-10 of Table 7 were precured for
various time intervals in order to remove any low molecular weight
volatiles. In each ocase the precure caused the interlayer to set
up to a voint where it could no longer be easily pressed or adhered
to the glass., _

Numbers 11-13 of Table 7 represent changes in formulation
designed to inorease the stability. All three resulted in excessive
bubbling above 392°F,

In Table 8 an attempt was made to determine the feasibility
of thermally stabilizing Type E interlayer. Four basic formulations
were used. The materisl was molded at 300°F, and a strip was heated
at 480°F to observe changes in stability. The stability of the strips
of interlayer inoreased down the table but haze also increased.

Table 8
Stabilization of Type E

Sample Heat Exposure Bemarks
1. 128-I-6b 480°F 8 hrs. Bubbled
2. 126-I-54 480°F 50 hrs. Bubbled
3. 128-I-6¢ - 480°F 11 days Decomposed
4, 126-I-5b 480°F 32 hrs. No bubbles, Material hazy

Samples 1 and 2 in Table 9 demonstrated that Type E withstood
varied continuous heating for better than 500 hours at temperatures up
to 437°F, B8light delamination occurred after 3 to 4 days at 300°F,

A s8light increase in haze developed after 3 to 4 days when heated in
the range of 338° to 356°F, The laminates withstood 203 hours at
374° and 392°F with no 111 effects. Depolymerization after 72 hours
at 437°F was noted.

Adhesion of Type E was constantly a problem in the work
discusged thus far. Several glass treatments, samples 3 through &
in Table 9, were tried to improve adhesion. Comparisons were based
on the dimensions of craters formed by the high velocity bullet test.
At this stage of development the adhesion of Type E was not as good
as that of polyvinyl butyral laminate of equal thickness on the basis
of high speed projectile results at room temperature. The entrance

WADC TR 54-207 28



orater for Type E was 1.5 inches in diameter against 0,37 inches for
polyvinyl butyral while the exit orater was 1.75 inches in diameter

against 0,75 inches for polyvinyl butyral. A photograph, Figure 10,
was taken of the exit orater of sample 3 Table 9,

Further studies were carried out to improve the adhesion
of Type E, Two methods of approach were used to improve adhesion.
The glass surface sheets were treated and the results are listed in
Table 10. The glass treatments were performed by preparing solutions
in isopropanol of ethyl silicate, methylhydrogendichlorosilane,
methyltrichlorosilane, trimethylchlorosilane, and vinyltrichlorosilane
in varying strengths. The glass was first washed with isopropyl
aloohol to remove foreign matter, then dipped in a solution of one
of the above silicone oompounds. The gla ss was sllowed to dry at
room temperature and then baked at a specified temperature and time.
laminates were then prepared with this treated glass by pressing at
2800 psi pressure at 300°F for 10 minutes. The glass was intentionally
oracked and a oracked portion was removed to note adhesion. No success
wash:ttained using this approach, as all specimens separated readily
by hand.

Adhesion ocomparisons were alsoc made after several additives
had been lncorvorated in Type E. These additives were two experimental
sllicone compounds and tertiary butyl hydroperoxide. The laminates
were prepared as other Type E laminates have previously been formed.
The laminates were intentionally oracked as for glass-treated laminates.
The glass was separated from the interlayer by hand, noting the adhesion.
The additives used in thie series did not improve the adhesion. The
results are given in Table 11, - '

In continmuation of the silane treatment of glass, gilicone-
oressure-sensitive adhesives XC~269 and XC-271 were used to coat the
glass. The glass was oleaned with organic solvents, dipred in the
adhesive, and baked., No success was attained using this method.
These s1licone adhesives were added to the Type E polymer and good
adhesion resulted. However, severe bubbling resulted at elevated
temperatures, (See sample 2, Table 12). o

Some success in improving the adhesion was obtained by
the addition of 0,5 parts of ethyl silieate to the Type E interlayer.
In order to complete the adhesive action of ethyl silicate, a cure of
18 hours at 392°F was neocessary., Bullet impact orater dimentions
were reduced, indicating better adhesion. The room temperature
falling-ball test likewise showed encouraging results. (See samples
4 and 5, Table 12; .and Figures 11 and 12). -

It is of interest to compare Figure 11 with the forper
Figure 10 to see the improvement in adhesion by the addition of ethyl
silicate to Type E. Polyvinyl butyral samples are also included
for comparison. - '

B The pre-heat treatment of Type E polymer improved the
thermal stability. However, the preheated polymer and ethyl silicate
laminates were only about 76 vercent reproducible as they oocaslonally
bubbled after 18 to 20 hours at 392°F, '
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Figure 10

Exit Crater of Type E
laminate No. 3 in Table 9
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'Olass Treatment to Improve Adhesion of Type E

Isopropanol used

No, Sample
1 . 125-320

2, 123-22D
3. 123-23A
4, 123-23B
5. 123-24B
6. 123-25A

w, 123-25D

Adhesion Tests of

No. Sgmple
1. 123=-24D

2. 123-.25B
3. 123=28C

4, 123-26D

5. 123-27A

WADC TR 54.207

Table 10

as Solvent in Solutions

Glasé Treatment
and Exposurs

10% ethyl silicate
Heated 2 hrs./480°F

1% MeHSiCl,
Heated 2 hrs./480°F

1% MeS1Cl,
Heated 4 hrs./392°F

1% Me 3SiCl
Heated 4 hrs./392°F

1% ViSi1Cl,
18 hrs,/392°F

10% V1SiCl, '
Heated 4 hrs./392°F

10% MeSiCl,
Heated 18 hrs./392°F

Table 11

Type E Containing Additives

Adaitive to Type E

2 pte. experimental
gilicone No. 1

18 pts. tertiary butyl
hydroperoxide

5 pts. experimental
silicone No, 2

50 pts. experimental
silicone No, 2 plus
50 pts. experimental
silicone No. 1

10 pts. experimental
gilicone No, 2

plus 10 pts. experimental
silicone No, 1

32

Adhesion

Poor
Poor
Poor
Poor
Poor
FPoor

Poor

Adhesion

Poor

Poor
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Poor
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Most of the target properties were approached quite well
with Type E. One exception was the tensile strength, The preparation
of Type E samples for the evaluation of tensile strength proved to be
a difficult problem, This was due to the good adhesion of Type E to
the molding plates, The samples broke 1n most cases in the process
of removing them from the molding plates. After much work, a few
gsamples were successfully prepared. The results are listed in Table 13.

Table 13
Tensile Strength of Type E

Tensile Elongation
Cure psi
300°F, 10 min. 26 175
300°F, & hrs. 26 185
392°F, 18 hrs. 17 160
392°F, 48 hrs. 17 160

Part VI Type F Interlayer
A, Desoription of Type F

Type F interlayer consisted of a combination of condensed
polysiloxanes., Thig interlayer reauired speciasl handling techniques
since it would orosslink under very mild conditlons if not properly
controlled.

B, Fabrication of Type F

The fabrication of Type F was most readily accomplished by
casting from solvent solution. The other possiblllty was to quiockly
blend the ingredients on a two-roll mill, place between glass plates
and press into a laminate,

C. Discussion of Data on Type F

Very 1ittle work was done on this Type F interlayer material
due to variability of the ingredients, fabrication diffliocultlies, and
lack of thermal stability of the finsl laminates. The limited data
on this interlayer however, did show some promise. The high speed
projectile impact properties of Type F laminates were fair compared
with polyvinyl butyral laminates. The entrance crater was 0.75 inches
against 0,37 inches for PVB, and the exit orater was 1.0 inch as
against 0,75 inches for PVB laminates.

The results are listed in Table 14. Also listed in Table 14

are the results of aging Type F to evaluate 1ts thermal stability when
not confined between glass surface sheets.
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The result of a high velocity impact on a Type F
laminate 18 shown in Figure 13,

Figure 13

Type F Laminate Exit Crater
From High Velocity Impact
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Part VII Type G Interlayer
A, Desoription of Type G

Type G interlayer consisted of condensed polysiloxanes,
At the laminate forming stage it was pormally a rather viscous
fluid. However, it could be partially gelled if desired by heating.

B, Fabrication of Type G

The fluid polymer chase worked ideally with Type G in
preparing laminates. Specifically, this entailed pouring Type G
between the two glass surface sheets and heating the assembly to
gel the interlayer,

C. Discussion of Data on Type G

Listed in Table 15 are the results of several Type G laminastes.
The Type G interlayer seemed very tough at room temperature and
possessed excellent optical properties. The major limiting character-
istic was its tendency to be thermoplastic. Thie problem did not
appear to have a sultable answer,

Figure 14 shows a Type G laminate after being subjected to

high velocity impact. The exit orater is shown for sample number 4
in Table 15,
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Figure 14

Type G Laminate Exit
Crater from High Velocity Impact
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Part VIII Type H Interlayer
A, Desoription of Type H

Type H interlayer was a free flowing fluid of several hundred
poises viscosity prior to being cross-linked into a suitable interlayer,
Type H was introduced during the seventh and eighth months of contract
work.

B, Fabrication of Tyve H

The fluid polymer chase desoribed earller was necessary to
prevare laminates with Type H, The ouring cycle used for Type H
was slow, beginning at 194°F to obtain initial gelation followed
by an increase of about 27°F per hour up to 392°F,

C, Discussion of Data on Type H

The first samples of Type H had good optical properties
and adhesion, but on heating above 392°F exhibited a tendency to
produce large oracks in the interlayer.

Further work eliminated the orack formation problem and
also simplified the curing oycle., The curing oycle was simplified
to 1 hour at 230°F followed by 1 hour at 300°F, and then finished
with 18 hours at 400°F,

Haze and transmission data were obtalned on laminate 126=-11-
90F. Percent transmission was 86.8., Percent haze was 1.8.

As in most of the previous type interlayers discussed, the
oroblem of low tensile strength was present along with an additional
problem of poor low temperature properties. An extensglive investigation
was oarried out on variations of Type H in an effort to find improve-
ment in these two property limitations. The findings indicated that
it was impossible to obtain improvements in the low temperature
characteristics of Type H and at the same time malntain adequate
optical elarity. In addition, the tensile properties did not show
jmprovement. In the light of these faocts further investigation of
Tyve H was dilscontinued.
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Part IX Type J Interlayer
A, Desoription of Type J

During the ninth and tenth months of contract work a new
interlayer material was introduced which possessed a combination of
properties which were the most promising of the interlayers studied.
This interlayer material was called Type J and basically consisted
of a volysiloxane polymer filled with a treated silioca.

Type J possessed tensile strength of several hundred pounds
per souare inch and thermal stability above 400°F, Because of 1its
physical strength Type J offered for the first time the possibility
of forming laminates using a tough, strong, free sheet of a poly-
siloxane interlayer material. This form would be compatible with
current commercial fabrication techniques. Type J offered two
aquestion marks, one with regard to optical properties, the other with
regard to adhesion.

B. Pabrication of Type J

The fabrication of Type J was altered during the progressive
development of this interliayer. At the start of work with Type J,
the preparation of laminates was identical with the technique used
for Type E, Briefly, interlayer materlal was placed between glass
surface sheets under heat and pressure whille in a chase, and released
00ld after the interlayer set up. After tensile properties were
improved, the fabrication was altered to the use of prefabricated
sheets which could then be laminated between glass surface sheets
with the use of sultable adhesives,

In most ocases the adhesives were applied by brush to hot-
shromic-acid~cleaned-glass surface sheets followed by a 10 minute
heating at 122°F before forming the laminate. A ten minute press
period at 300°F was used to adhere the surface sheets securely to
the interlayer. The pressures used varied up to about 500 pounds
per souare inoh. .

C. Diseussion of Data on Type J

In the initial stages of development of Type J, effort
was concentrated on the improvement of tensile strength. Early
Tyne J tensile strengths ranged from 400 to 600 pounds per square
inch, The data presented in Table 16 show the general inorease in
tensile strength as improvements were made on Type J. Tensile
values of 800 to 1100 psi after exposures of 24 hours at 480°F were
not uncommon on the improved versions of Type J.
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After substantisl improvement was achieved in tensile
strength, the emphasis for improvement was directed towards optical
and adhesion properties., Soms of the early samples were too poor
to consilder for measuring transmission and haze, Some of the
laminates tested gave quite poor results such aa No, 13 in Table 18
which had 69.8% transmission and 15,8% haze. Some of the better
results of the first two months work on Type J gave a range of 5 to
6.9% haze and 80 to 83% transmission. However, it was noted at this
stage of development that Type J laminates offered quite good vision
despite haze of at least 5 percent and transmission of the order of
80 percent. This was partiscularly apparent when viewing distant
objects. As a means of capturing this fact, two photographs were
taken to simulate the human eye looking through a Type J laminate
as compared with a polyvinylbutyral laminate, In Figure 15, the
two laminates (Type J-123-58B on the left, polyvinylbutyral on
the right) were positioned one foot from the camera lens and the
newspaper located eight feet from the camera lens. The oamera was
fooused on the newsprint in this case. This photograph represented
quite well the vislonal impairment when viewing objects through a
typlcal Type J laminate at distances ranging from several feet to
several miles. Figure 16 gives the condition where the camera was
fooused on the same laminates as used in Figure 15. The camera-to-
laminate distance was 2 feet, with the printed matter lying on the
table next to the vertiocally positioned laminates. By foousing on
the laminate rather than at a distant point, the haze and transmission
deficiencies of Type J were more apparent.

It was found for the Type J laminates discussed thus far
that the optical characteristics exhibited a temperature sensitivity.
By visual observation it was noted that haze incressed at temperatures
above 400°F, but returned to the original condition when the temperature
was reduced to room temperature,

The temperature sensitivity of the optlcal properties vastly
improved during the finsl two months of work. In order to accomplish
this, it was necessary to sacrifice some tensile strength. Tensile
strengths on the limited number of samples prepared of this latest
revised Tyve J have ranged from 400 to 800 pounds per square inch.

During the ninth and tenth months adhesives were not given
concentrated effort because Type J was only in the process of being
evaluated. During thils period 1t was found to be very advantageous
to ¢lean the glass surface sheets with hot chromic acid prior to
lamination with Type J. It was found that vinyl«triacetoxysilane
or ethyl acrylate treatments did not improve adhesion with Type J.
Due to the fact that Type C possessed good adhesion to glass, sheets
of Tyve J were coated with Type C prior to lamination. Little or no
success was achieved with Type C as an adhesive,
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Adhesion is of paramount importance for the success of a
laminate. Consequently, much effort was directed toward adhesion
improvement during the last two months of contract work. Table 17
gsummarizes the work on adhesion. The adhesives were brushed on the
glags surface sheets which had previously been cleaned with hot
chromic acid solution. Numbers 1, 2, 3, 5 and €6 were then laminated
with Type J while all the rest of the samples received a 10 minute
heating period at 122°F prior to laminating. The laminating conditions
were 10 minutes at 300°F under 250 to 500 pounds per square inch
pressure., It should be mentioned that all of the adhesives listed
in Table 17 are special experimental adhesives prepared by one of the
groups at the Dow Corning Corporation.

Sample laminates of Type J were prepared to submit to the
Materials lLaboratory for evaluation. One laminate had dimensions
of 18 by 18 inches with an interlayer thickness of one-gixteenth
inoch., Five laminates had dimensions of 4-3/4 by 8-1/2 inches with
an interlayer thickness of one sixteenth lnoch,

The latest version of Type J was used in the samples to
insure the best optical properties over a wide temperature range.
The adhesive used to prepare the laminates was the same as that
used in Number 18 of Table 17. The properties of these final
Type J laminates are as follows:

1. Thermal stability: A laminate withstood 18 hours at 400°F
plus 6 hours at 436°F plus 18 hours at 454°F with no signs
of delamination or breskdown. However, this laminate broke
down during an overnight exposure of 18 hours at 480°F,

2. Optiocal Properties: A laminate analogous to the samples
seif to the Materials laboratory gave 84% transmission and
8.7 haze,

3. High Velocity Impact: Laminates were tested with high
velocity projectiles at -87°, 77° and at 400°F,

The broad span of temperature appeared to have no effect
on the results of the high velocity impact test. A4ll three laminates
hed identiocal exit orater dimensions of 0,75 inoches, This was also
the exit crater dimension oreated at 77°F in a polyvinyl butyral
laminste having the same interlayer thickness of one slxteenth inch,

4, Tensile vas Temperature: Type J interlayer was examined over a
wide temperzture range to determine the effect on tensile
strength.
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Table 17
Adhesive Teste with Type J
Peel Strength

Reference 1bs./inch
No, 126-2- Adhesion of width Bemarks
l. 23E Good ——— Adhesive darkened at 392°F
2. 24A Good ———— Adhesive turned white
3. 24B Fair ———— Whitened at 300°F
4. 25B None wmme memeceececcceman . re—a——-
5. 25C Good 10.0 1l plate laminate
6., 25D Good ————— 2 plate laminate
7. 26A None ——— Adhesive thermoplastic
8. 26B None -——— Adhesive thermoplastic
9, 26C None ——— Adhesive thermoplastioc
10, 26D Poor ———- Delaminated at 392°F
11. 28E Pair ———— No delamination at 392°F
12, 26F Fair ———— No delamination at 392°F
13, 286 Pair 4.4 No delamination at 392°F
4. 28H Pair 5.0 No delamination at 437°F
15, 88J Good 10,0 Cured 1 hour at 392°F
16. 27E Fair 5.6 Aged 1 hour at 392°F
Good 8.8 Aged 2 hours at 392°F
Good 10.8 Aged 17 hours at 392°F
17. 2%H Fair 8¢ =  cecrececweccanaa et L LT -
18, 284 Very good 268.5 Cured 25 min. at 300°F
Very good 228.0 Aged 18 hours at 392°F

Interlayer broke
before adhesive bond,
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Samples were allowed 15 minutes to reach equilibrium at

test temperature before testing. Previous high temperature
test data showed that a 15 minute oonditioning period was
adequate to reach equilibrium for the size test samples used.

The results are given in Figure 17. The tensile strength
of the particular sample tested was 483 psi at 77°F and was
reduced to 264 psi at 450°F, This degree of drop-off could
be expected for other samples of Type J, but the room
temperature tensile strength might be higher or slightly
lower. The tensile values at room temperature have ranged
from 400 to 800 psi for different batches of the final
modification of Type J.
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Section III

Summary

Originally, five types of polysiloxane materisls were
chosen to be evaluated. These potential interlayer materials were
designated Types A through E. Preliminary tests showed the following
characteristics!?

Tensile
Type Optical Thermal Adhesion Strength Handl ing
A Very good  Poor Fair Fair Fair
B Very good  Very good Good Poor Fair
C Good Very good Good Fair Poor
D Very good Good Fair Good Poor
E Fair Fair Poor Fair Good

After further work, Type A was dropped because of the poor
thermal properties. Type B was discontinued because of its poor
strength., Type D was eliminated because of its tendency to darken
on heating and because its other properties were parallel to those of
Type C, This left only Types C and E of the original five,

In addition to concentrating efforts on Types C and E, a
gearch for new materials was continued. One of these materials,
Type F, was investigated and showed some promise, but had to be
sidetracked due to material inoconsistencles,

A Type G was studied, but its thermoplastic character
could not be improved, so work on this interlayer was discontinued,

By the end of the first gix months of work, Type E had been
improved to the point where it was the best lInterlayer material.
Six month samples of Type E laminates were given to the Materials
Laboratory for evaluation.

Shortly thereafter, a substantial improvement was made on
Type C which resulted in slightly better thermal stability and better
adhesive strength than Type E, Other properties were about equal to
those of Tyve E,

During the seventh and eighth months of work Type H was
introduced, but was eliminated because of voor low temperature
charaoctericticos and no advantage in tensile strength over Type C or E,

The ninth month of work produced Type J. Type J possessed
tensile strengths of 400 to 800 psi, 80 to 85% transmission, 4 to 10%
haze and thermal stability at 454°F, Type J offered the possibility
of using commercial fabrication techniques. At the very end of the
contract work, an adhesive was introduced to use in laminating Type J
which gave adhesive peel strengths greater than 20 pounds per inch
width. A laminate prepared from Type J and this adhesive withstood
18 hours at 400°F plus 8 hours at 436°F plus 18 hours st 454°F with no
signs of delaminstion or breakdown. Given in Table 18 is a comparison
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of the properties of PVB with Type J. Properties are given of glass
laminates as well as the interlayers themselves. The comparison
points out the fast that the optieal properties of Type J interlayer
may require some improvement before this material will be completely
satisfactory for aircraft glazing.

A new contract will be started shortly to evaluate Type J
laminates with the objective of improving the optical and adhesion

properties while retaining the present tensile strength and thermal
gtability.
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Tgble 18
Comparison of PVB with Type J
(a) Glass Laminates

Property pvBt Silicone-Type J

Thermal Stability- 300°F for o 454°F for greater

No degradation about 1,25 hrs, than 18 hours

of any sort

Adhesion Exce%lentz Good

Haze .2% 4-10%

Light Trensmission  91% 80-85%

High Velocity Impact O,75 inch dia, 0.75 inch dia.
exit crater exit crater
at 77°F at -67°, +77°, +400°F
(b) Interlayer Alone

Tensile Strenggh 2000 psi® 400-800 psi

Hz0 Absorption 2.47% by wt. 0,32% by wt.

1., PVB with 37.5 parts by weight of DBES.

2, Values given by Lt. R. Mandel, Transparent Materials Section,
Materisls Laboratory, Wright Air Development Center,

3, Determined According to Federal Specification L-P-406Db,
Method 7031.
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