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ABSTRACT 

The use of polycarbonate In transparent ballistic shields has been 
severely hampered by the lack of availability of suitable adhesives. 
In particular the thermoplastic adhesives which have had more prom¬ 
inence in the past are not compatible with polycarbonate. Some 
thermosetting materials have been made available, but these too are 
limited due to inherent fabrication problems and sensitivity to 
moisture. The improved toughness of polycarbonate over acrylic, 
however, is sufficient to warrant the development of a suitable 
thermoplastic adhesive. 

A series of proprietary ephylene terpolymer compositions were made 
available by Monsanto Research Corporation. In a very limited 
experimental program it was shown that at least one of these com¬ 
positions was found to be entirely satisfactory for bonding glass 
to polycarbonate. In addition to the polycarbonate compatibility, 
the advantages of this adhesive are that (1) it provides excellent 
and controllable adhesion to various glasses and polycarbonate, 
(2) it is elastomeric and stable over a broad temperature range, 
(3) it can be made crystal clear, (4) the modulus characteristics 
can be adjusted without the inclusion of a plasticizer, (5) the 
material is a thermoplastic and therefore can be handled with 
standard autoclaving techniques, and (6) the material potentially 
can be made available at a relatively low cost. 

It was demonstrated that glass-polycarbonate laminates bonded with 
the ethylene terpolymer could withstand repeated thermal cycling 
from -60°F to +140°F. Thus the potential for using this in unheated 
aircraft windshields was indicated. While not conclusively demon¬ 
strated, it was shown that the thermal cyclic stability could be 
increased to +l65°F and probably higher. Ballistic tests at 
ities up to 1500 feet per second confirm the excellent bond strength 
of this adhesive to both polycarbonate and glass. 
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SECTION I 

INTRODUCTION 

Transparent armor is an important military item used to maintain the 
usefulness of military aircraft and vehicles. In most combat situ¬ 
ations there is a necessity for direct visual observation by 
personnel using vehicles and aircraft and a need to protect these 
personnel from injury and critical components from malfunction. 
Owing to the critical need for transparent armor in Southeast Asia, 
vastly improved transparent materials have been developed and made 
available through various research programs. 

The best present transparent ballistic shields consist of various 
combinations of high strength glass, tough polycarbonate or acrylic 
plastic, and transparent adhesives for bonding these together into 
laminates of desired thicknesses. Major improvements in the strength 
and hardness of available glasses and the clarity of polycarbonate 
have occurred which make them the most suitable materials for the 
ballistic shield application. Polyvinylbutyral (PVB), a proven 
transparent adhesive through many years of use in automobile and 
aircraft transparent safety shields, continues to provide an 
effective means for bonding various layers of glass together. 
Attempts at modifying polyvinylbutyral, however, to render it 
suitable for use with polycarbonate have been less than satisfactory 
(Ref. 1). At best, the present PVB introduces haze into a poly¬ 
carbonate laminate as is demonstrated in Figure 1. 

Cast-in-place urethanes have been made available for bonding poly¬ 
carbonate to glass, and this material circumvents the compatibility 
problem of the PVB. There are two major problems with the cast-in¬ 
place urethane, however, which make it a much less than desirable 
solution to the bonding problem. First of all, techniques for 
casting in place to bond together two transparent plates are 
unsatisfactory. A good bond layer can be accomplisned only with 
meticulous care to provide for the removal of bubbles and to 
account for shrinkage during polymerization. Second, polyurethanes 
are highly sensitive to moisture, and this property inhibits the 
ready fabrication of a haze-free adhesive layer and can result in 
debonding at the urethane-glass or urethane-polycarbonate surface 
of a laminate. 

As a means of circumventing the problems of these transparent 
adhesives for bonding glass to polycarbonate, Monsanto Research 
Corporation made available a proprietary ser'es of materials based 
on an ethylene polymer. These materials were most attractive since 
they were compatible with polycarbonate (being internally 
plasticized), were not sensitive to moisture or water and were 
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thermoplastic and therefore could be handled in the same manner 
as PVB. These proprietary materials were also elastomeric and thus 
It was anticipated that they could withstand the stresses introduced 
due to the considerably different thermal coefficients of expansion 
of the glass and polycarbonate. 

The objectives of the program conducted, therefore, were to (1) 
produce transparent laminates consisting of glass, polycarbonate, 
and the various ethylene terpolymers; (2) to evaluate these systems, 
compared to other existing systems, in terms of optical clarity, 
adhesion, and stability from -65°F to +165°F and (3) to characterize 
the ethylene terpolymers to the extent required for this particular 
application. This series of ethylene terpolymers consisted of nine 
compositions which were considered to encompass the characteristics 
required for the laminating application. Only a very limited amount 
of material was available, however, and therefore it was required 
that a detailed and step-by-step screening program be conducted 
to eliminate the less interesting compositions toward providing the 
one or two best candidates. 

The experimental program was designed to prove that the ethylene 
terpolymer adhesive was adequate and to demonstrate its utility by 
a very limited number of tests. Adhesive availability would not 
allow the preparation of quantities of transparent laminates for a 
statistical ballistic characterization or for other long-term and 
large-scale studies. 
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SECTION II 

SUMMARY AND CONCLUSIONS 

Through a designed experimental program involving nine ethylene 
terpolymer compositions, a range of adhesive strengths and 
rigidities most applicable to the glass-poljcarbonate system 
were defined. Four more promising materials, each which could 
be rated as best for a given temperature-performance region, 
resulted. Finally, the most promising composition, based on 
thermal cycling data on glass-polycarbonate laminates was 
determined. 

The thermal-modulus characteristics of the four more promising 
compositions developed are shown in Figure 2. Each of the 
compositions differed in hydroxyl content as Indicated in the 
figure. For these particular materials, as hydroxyl content 
was increased (which provides for greater adhesive bonding to 
both the polycarbonate and the glass';, the rigidity of the 
adhesive also increased. For the bonding application this was 
in the direction opposite to that which is most desirable. 
Ideally, a highly extensible elastomeric material with maximum 
adhesive characteristics is preferred. 

In this particular system, compromise and therefore optimization, 
was required. It was shown that this optimum combination of 
properties could be achieved. A summary of the parameters from 
the curves shown in Figure 2, as well as some additional data on 
mechanical strength, elongation and Impact, are shown in Table I. 
The increase in tensile strength, adhesive shear strength, tough¬ 
ness (impact), and a corresponding decrease in percent elongation 
as the hydroxyl content of the composition increases are shown. 

Using the four best compositions, and especially the composition 
containing 3-5S hydroxyl (identified as 35772-3,0), the various 
glass-polycarbonate laminates were physically characterized. The 
results were best described qualitatively through photographs of 
the particular laminates. The optical clarity of this adhesive 
was demonstrated and is shown in Figure 3* Two laminates are 
shown: that on the left consisted of two pieces of glass bonded 
together with the adhesive (3>5/S OH): that on the right was two 
pieces of polycarbonate. Clarity and freedom from haze are shown 
to be excellent and any decrease in transparency was attributed to 
the polycarbonate. Naturally, the compatibility with polycarbonate 
was also demonstrated here. 



M
o
d
u
l
u
s
 
o
f
 
R
i
g
i
d
i
t
y
,
 
p
s
l
 

Figure 2. Thermal-Modulus Characteristics of the 
Four More Promising Terpolymers. 
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Figure ^ shows some additional qualities of the adhesive. First 
of all, this is a glass-polycarbonate laminate and therefore the 
compatibility of the adhesive with the polycarbonate was again 
demonstrated. Second, the glass used was aluminum borosilicate 
high-strength glass and the bond to it was thereicre demonstrated. 
Third, in using the total one-inch thick laminate, the freedom 
from distortion and the excellent optical characteristics of this 
system were demonstrated and are shown by the photographs taken 
at both 0° and 45° obliquity. 

Most Important were the bonding characteristics of the adhesives. 
These qualities were demonstrated in photographs taken following 
various characterization tests. Figure 5 shows glass-polycarbonate 
systems that had received ballistic impacts The top photograph in 
Figure 5 shows a soda lime glass-polycarbonate laminate which had 
been impacted with a 17-graln fragment simulator. Of importance is 
the fact that, even though fracture occurred, transparency in the 
unfractured regions was maintained. Thus, adhesion to both the 
glass and the polycarbonate was maintained. Indeed, the only 
fracture that occurred was in the glass Itself; a thin layer of 
glass remained bonded to the polycarbonate after the ballistic 
tests . 

A number of tests were performed to demonstrate the ability of 
this adhesive to maintain bonding throughout thermal cycling. The 
most representative results were indicated by a thermal shock and 
repeated thermal cycling test series. In the thermal shock experi¬ 
ment, two pieces of soda lime glass were bonded with 20 mils of the 
adhesive (3-5^ OH). This laminate was immersed directly from room 
temperature into a -65°F silicone bath, was soaked for ten minutes, 
and then was directly immersed into a +l80oF bath where it was 
soaked for an additional ten minutes. The laminate maintained its 
integrity throughout this thermal shock (however, it would not be 
expected to hold up under repeated thermal shocks of this nature). 

More realistic and representative of the efficacy of this system 
was the stability of a few glass-polycarbonate laminates which 
were bonded^together with 20 mils of the adhesive (3,5% OH). These 
withstood 3b thermal cycles from -65°F to +135^ and an additional 
18 thermal cycles from -65°F to +14CCF, These elastomeric prop¬ 
erties of the ethylene terpolymers at low temperature provide a 
basis for considering this material as a potential for aircraft 
windshield interlayers. The advantage over present materials is 
that electrical heating may not be required. The need for deicing 
equipment (conductive coating type heaters), however, would not be 
eliminated 
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The only limitation of the system shown was some lack of integrity 
in the neighborhood of +150°F to +l65°F. While the mechanism was 
not confirmed, it was felt that too high a degree of softening of 
the adhesive occurred, allowing separation and the formation of 
bubbles within the laminate. One way of correcting this limitation 
is to slightly crosslink the polymer adhesive. This would increase 
its form stability at the higher temperatures. We were not able to 
optimize this degree of crosslinking. The feasibility of this 
approach was demonstrated, however, and we were able to increase 
form stability (as demonstrated by an increase in zero tensile 
strength) by at least il0oF. 
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SECTION III 

EXPERIMENTAL DISCUSSION 

Our experimental program to elucidate the efficacy of the ethylene 
terpolyme" adhesive as a bonding medium for glass and polycarbonate 
consisted of the following four primary tasks: 

(1) Thermal mechanical screening of the ethylene 
terpolymer adhesives; 

(2) Physical characterization of the ethylene 
terpolymer adhesives: 

(3) Preparation of laminates incorporating the 
ethylene terpolymer adhesive; and 

(4) Physical characterization of the transparent 
laminates . 

Because of the very limited amount of adhesive material available 
for the program, it was necessary that the major portion of the 
work be conducted on the first two tasks to screen out the less 
interesting compositions. Of interest was the definition of four 
candidates for characterization in laminates in the third and fourth 
tasks. Also, due to the limited program, it was necessary that 
characterization of the transparent laminates be primarily on a 
qualitative rather than quantitative basis. Toward meeting the 
objectives of the program, this was not at all objectionable and 
indeed was most rewarding. 

THERMO-MECHANICAL SCREENING OF THE ETHYLENE TERPOLYMER ADHESIVES 

Nine ethylene terpolymer adhesive compositions (proprietary) were 
evaluated. These consisted of an ethylene polymer series in which 
the hydroxyl content was varied. The hydroxyl content ranged from 
1.8 to 9.5». 

A complete characterization of all nine of these compositions was 
not provided for. They therefore were screened to provide the four 
most promising or representative. The screening was conducted by 
thermo-mechanical characterization of the adhesives using the Clash- 
Berg modulus technique (ASTMD-1043). The results of the Clash-Berg 
tests were curves representing the modulus of rigidity (psi) as a 
function of temperature (°F). 

12 



The importance of the thermo-mechanical analysis was a determination 
of the modulus of the compositions at their temperature extremes, 
especially at -65°F and +165°F, and the determination of the rate at 
which this modulus changed as a function of temperature. The 
elasticity of the adhesive at the various temperatures would thus 
be known and a relative measure of the toughness of the system 
could be inferred by the breadth and magnitude of the temperature- 
modulus curves. 

Sample identification, their hydroxyl content, and the Clash-Berg 
temperatures corresponding to specific moduli are shown in 'Fable II. 

The complete modulus-temperature curves for the nine adhesive compos¬ 
itions are shown in Figure 6. The curves shown in Figure 6 demonstrate 
the increased breadth of the temperature transition region as the 
hydroxyl content is increased. This fact was also demonstrated by 
the last column in Table II, which shows the Stiflex Range (SR) for 
each composition. The Stiflex Range is the temperature over which 
the modulus of the polymer decreases from 45,000 to 675 psi. 

Based on the modulus-temperature characteristics and to a lesser 
extent on the availability of the particular composition, four 
materials were selected for further study. The particular adhesives 
were those containing 1.8, 3*5» 5*3» and 1.0% OH. Their modulus- 
temperature characteristics were shown earlier in Figure 2. 

2. PHYSICAL CHARACTERIZATION OF THE ETHYLENE TERPOLYMER ADHESIVES 

To provide a basis for selecting the best adhesive compositions for a 
given application, and to provide engineering parameters for use in 
the design of transparencies, a short study to determine the mechani¬ 
cal properties of the bulk adhesives alone was conducted. 

Tensile strength and elongation, tensile impact, and lap shear 
strengths were measured. The thermo-mechanical characteristics 
described in Section I were also significant for this purpose. The 
results of these tests are shown in Table II. 

All tests were conducted at 23°C (7^°F) and 50$ RH using ASTM standard 
methods. The tensile impact was conducted at 11 ft/sec using a 
pendulum-type impactor, and the tensile strengths and elongations 
were conducted at rates from 0.5 to 20 in/min on an Instron tensile 
tester. Lap shear adhesion was determined on 1 inch wide aluminum 
coupons. 

The results shown in Table I indicate the direct relationship 
between tensile impact, tensile strength, and adhesive strength 
with hydroxyl content, and the inverse relationship between percent 
elongation and hydroxyl content. The direct relationship between 
tensile impact and Stiflex range is also shown in Table II. 

13 
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Figure 6. Modulus of Rigidity as a Function of 
Temperature for the Nine Ethylene 
Terpolymers Investigated. 
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_ _ _ PHF.PAiUTION OF TRANSPARENT TKST LAMINATES

To iiemonstrate the efficacy of the various ethylene terpolymer adhesive 
coTTiposltions, laminates consistinp; of glass-polycarbonate, glass-glass, 
and polycarbonate-ixjiycarbonate, were prepared. A standard polyvinyl- 
butyral anii a modified polyvlnylbutyral bonded laminate was also fabri­

cated in order to demonstrate the problem and the degree of success 
achieved.

The laminates were prepared in an air-type autoclave, which is shown 
in Figure 7. The technique used is similar to that for bonding 
materials with polyvinylbutyral. It involved elevated temperature- 
and pressure-bonding of the transparent plates in the autoclave. Each 
composite structure was first laid up and sealed within an aluminized 
Mylar bag on which a vacuum was maintained throughout the entire auto­

claving cycle'. This provided for removal of all volatiles.

The heatinm was achieved through an exterior oil bath and the pressure 
provided through a cylinder of nitrogen. With this equipment 
temperatures o-f up to 300°F and pressures of up to 150 psi could be 
achieved. In most instances, temperatures of up to 250°F and pressures 
of 15 psi were used. No major effort was expended on determining the 
best laminating conditions. Thus we were conservative and just used 
a temperature-pressure cycle of heating to +250°P in three hours 
followed by cooling to room temperature overnight. The vacuum was 
maintained on the bag and a pressure of 15 psl on the autoclave 
throurhout the entire thermal cycle.

Importantly, also, the glass and polycarbonate were all routinely 
cleaned with appropriate solvents, acids, and detergents solutions 
before use. Following any cleaning procedure, the specimens were 
also dried in a moderately elevated temperature oven. The adhesives 
were dried too, but this was done only as an extra precaution, and 
probably was not required.

The laminates that were prepared are detailed in Tables III, IV and V. 
These tables mlve the identification number of the laminate, the 
type and thickness of adhesive used, the total number of non-adhesive 
plies in the laminate, the number of plies of polycarbonate and glass, 
and the dimensions of the flat surface of the laminate. These tables 
also contain comments regarding the laminates. These comments are 
discussed in Section IV.

Table III describes the laminates that consisted of a single ply each 
of glass and polycarbonate. The ethylene polymers having 1.8, 3-5,
5.3^ and 7.0" OH were used to bond these laminates together. The 
laminates listed in Table IV all consisted of two plies of soda lime 
glass and were bonded with the same ethylene terpolymer compositions 
as those shown in Table III.



(a) Autoclave and Acsoclatei Kqulpment,

(b) Mylar Bagged Laminate (Vacuum Port 
Attached).

Figure 7. Equipment for Pressure-Vacuum Laminating.



Table III
COMPOSITION AND CHARACTERISTICS OF GLASS-FOLYCARBONATE 

LAMINATES PREPARED FOR OPTICAL AND MF.CHANICAL EVALUATION
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Table IV
COMPOSITION AND CHARACTERISTICS OF GLASS-GLASS 

LAMINATES PREPARED FOR OPTICAL AND MECHANICAL EVALUATION
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Table V

COMPOSITION AND CHARACTERISTICS OF MISCKLLANEOUS 
EXPLORATORY LAMINATES PREPARED FOR OPTICAL AND MECHANIC EVALUATION
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Table V lists some miscellaneous laminates that were prepared for the 
program for various purposes. They Included the bonding of two 
pieces of polycarbonate; the use of PPG aluminum boroslllcate glass; 
the fabrication of a 10 Inch x 10 Inch laminate and glass-glass 
and glass-polycarbonate laminates bonded with a modified polyvlny- 
butyral and the polyvlnylbutyral presently used In safety windows.

4. PHYSICAL CHARACTERIZATION OF THE TRANCPARI-NT LAMINATES

obtained in a selective manner on the laminates prepared were 
(1) a qualitative description of their optical performance by 
photographing through them; (2) a determination of adhesion through 
ballistic impact analysis; (3) a characterization of the adhesive 
and laminate stability by thermocyclic exposure; and (4) a minor 
amount of form stability improvement through crosslinking.

a. Qualitative Optical Description

One of the best ways to demonstrate the optical clarity and freedom 
from distortion available In transparencies (bonded together by 
the various adhesives) was to visually observe and to photograph 
a printed surface through them. Photographs were taken both through 
the specimen to a printed transparency, which was back-lighted by a 
diffused light, and to an opaque photographic glossy from which 
light was reflected. In order to show differences, portions of the 
uncovered printed matter were also Included in the photograph.

The results of the visual examination of each of the laminates are 
summarized In Tables III, IV, and V and are Indicative of the results 
in general. To demonstrate the past adhesive problem, a specimen 
consisting of two pieces of polycarbonate bonded by a modified poly­

vinyl butyral and Including two pieces of soda lime glass was prepared. 
A description of this laminate is given in Table V and photographs of 
this laminate were shown earlier In Figure 1. Because of the con­

figuration of this laminate, four surfaces of the polycarbonate were 
exposed to the modified polyvlnylbutyral. The haze Is the result of 
the crazing of the polycarbonate by this modified polyvlnylbutyral 
and demonstrated one of the primary problems of the polycarbonate 
for use in transparencies, l.e., the lack of suitable adhesives.
Figure 8 is a photograph of a laminate prepared from normal polyvinyl- 
butyral and Indicates the unacceptable high degree of crazing due 
to this adhesive.

To demonstrate the clarity and compatibility of the ethylene terpolymer 
adhesive, two laminates were made which Incorporated the adhesive 
35772-30 (3-5% OH). One specimen consisted of two pieces of soda 
lime glass bonded together, and the other two pieces of polycarbonate 
bonded together, both with 30 mils of the material. Transmission 
through these two transparencies Is shown in Figure 3 in Section II. 
Note the very slight reduction in optical transparency and that any 
reduction that did occur was purely a result of the polycarbonate and 
not of the adhesive.
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To assist in showing the lack of any effect on transparency due to a 
particular ethylene terpolymer composition or to its thickness, 
laminates consisting of one plate of soda lime glass and one plate 
of polycarbonate (each l/1* inch thick) were prepared with two differ¬ 
ent compositions at two different thicknesses. Photographs of these 
two laminates are shown in Figure 9. On the left is a specimen 
bonded together with 10 mils of the adhesive containing 1.855 OH and 
that on the right from 30 mils of the 3.5$ OH adhesive. Note the 
insignificant difference in appearance between these two laminates 
and the small loss in the optical clarity due to either one. 

Larger pieces of soda lime glass and polycarbonate (10 inch x 10 
inch) of greater thickness (1/2 inch, 1/2 inch) were laminated 
with the ethylene terpolymer 35772-3,0 of 20 mils thickness. This 
is sample 696 shown in Table V. The clarity of this laminate is 
well demonstrated in Figure 10 at both 0° and 45° obliquity. 
Shown are both the clarity and freedom from distortion. 

In order to demonstrate that the aluminum borosilicate glass 
(PPG #7428) presented no problem, 1/4 inch plates were bonded 
together with 20 mils of 35772-3,0. A photograph of this laminate 
is shown in Figure 11. Bonding of the high strength glass to poly¬ 
carbonate was also demonstrated using 30 mils of the 35772-3,0; 
both the glass and the polycarbonate were 1 inch thick and the 
laminate was 6 inch x 6 inch. Photographs of this laminate at 0 to 
45° are shown in Figure 4, Section II. Since the polycarbonate had 
been rippled slightly on the back we found it desirable also to 
attach a 1/4 inch thick piece of soda lime glass to eliminate any 
optical distortion at the surface. This laminate, therefore, was 
almost 1-1/2 inches thick. 

The photographs of the laminates discussed above all demonstrated 
the excellent clarity provided by the ethylene terpolymer adhesive 
compound on a qualitative basis. On top of the clarity shown it 
was known that a certain amount of impurity existed in the ethylene 
due to processing and handling, since the initial material had not 
been made for optical purposes. It was therefore considered that 
the clarity could be improved to an even greater extent, and that 
all haze and color could be eliminated. 

b. Analysis of Adhesion Through High Rate Impact 

To demonstrate the adhesive quality of the ethylene terpolymer composi¬ 
tions, laminates were fabricated with the 35772-3.,0 adhesive. One 
laminate consisted of two 1/4 inch pieces of soda lime glass (Table IV, 
652-II); the second was a 1/4 inch piece of soda lime glass and a 
1/4 inch piece of polycarbonate (Table III, 652-2); the third was 
aluminum borosilicate glass and polycarbonate each 1/2 inch thick 
(Table V, 696-3). 
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Figure 10. Soda Lime Glass-Polycarbonate (1/2 In. 
+ 1/2 In.) Laminate Bonded With 35572-3,0. 
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To qualitatively lemonstrate the adhesive ability between the 1/^ 
inch glass and the 1/4 Inch polycarbonate and glass, the 5 inch 
X r> inch laminates were impacted with a single 17-grain fragment 
simulator at 1000 feet per second. The results of these impacts 
are shown in Figure 5 and Figure 1/. 

Figure 12 shows the impacted glass-glass laminate. Fracture 
occurred in both the front and back glass plate and considerable 
spalling resulted at the back plate. There was, however, no 
adhesive failure between the glass and the ethylene terpolymer. 
All failures occurred cohesively within the glass itself. The 
optical clarity that remained (as shown in the photograph) was 
evi ience of the retained adhesion. (In the right portion of the 
figure some bubbling in the interlayer is noted. This particular 
imperfecticn was inherent In the laminate prior to impacting and 
ha i no bearing on the results). 

The glass-polycarbonate laminate which was impacted on the glass 
si le caused fracture of the glass as shown in Figure 5. As with 
the glass-glass laminate, the projectile, however, did not penetrate. 
The polycarbonate did not fracture and, as demonstrated by the 
retained clarity, no delamination or failure of the ethylene terpolymer 

a ihesive resulted. 

In the bottom of Figure 5 and in Figure 13 is shown the impacted high 
strength PPG glass-polycarbonate specimen having approximately a 
total thickness of 1 inch. This specimen was impacted with a 
caliber .30 AP projectile at about 1500 feet per second. Of prime 
importance in these results was the fact that no adhesive failure 
occurred between either the polycarbonate or the glass and the 
ethylene terpolymer. This is well demonstrated in the 0° obliquity 
photo (Figure 5) where clarity was maintained following the impact 
‘the listort ion was caused by the fractured glass). As shown in the 
phot in Figure 13 at 45° obliquity, viewing through such a laminate 
wo.il be impossible. Any lack of performance of this laminate, 
however, was not due to the ethylene terpolymer and, in fact, the 
laminate performed as was expected. 

Analysis of Adhesive Strength Through Thermal Cyclic Exposure, 

One of the 
for use in 
thermal sho 
the basis f 
si lere i to 

best means to demonstrate the efficacy of the various adhesives 
laminates is to prepare laminates and expose these to various 
ck and thermal cyclic conditions. This was done and was 
or the final screening and selection of the materials con- 
be best for the application. 
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tî!!rrnal j!?ock exposure consisted of direct immersion of the 
1 iTulnitc specimen into 3. — 6^°!^ slilcone v 1 4 for 3 neri i >r 1 ,T1 * „!lt." oiii^one bath, followed by soaking 
directlv int\ ^ hen 1 ransErring the specimen 

,5;' !n;'° a +: ' F water bath, and soaking there for an 

it was" not exoe^^ f -bár Thlt’ iS a quite severe test, and while 
ther*'"!1 * sh Vr'r ■ ‘at larr--naT es would hold up under repeated 
better^ imïnate from r ifUre? ?he ^chni^ readily separated the iaminateo from those of less interest. 

was heateJ1lnyaí1?veíP^Uí’r^?n?l3ted(0f a ^°16 ln which laminate ... 11 ,1 m an^ ven to 165 F (sometimes less) held for H-l/U 
hour cooled to -65 F, and held there for 1-1/4 hours. Both the 
heating and^cooling of the environmental chamber occurred within 

’nti’ïp«ei'that'theSîamî '1 th8t portlon of the cycle. It was 
from tt è -,h cnateS Were at temperature within 30 minutes 

‘ ^V * iea ~UP or cool-down. This thermal cycle allowed 
.our up-and-down excursions during a 24 hour period. However for 

vi“ nsne-hoS^fT" °( tWO CyCleS were ru" per day sõ that Visual Inspect.on of the laminates could be conducted. Also since 
cooling was provided by direct Injection of liquid CO, th. ?’ ? .Í 
were.wrapped In aluminum foil to prevent non-uniform looling^th*8 

The thermal shoe 
of a 1/4 in' i pi 
lime glass bonde 
This laminate is 
condition of thi 
is demonstrated 
bubbles are show 
bubbles were the 
A similar tberma 
(Table V, 676-2) 

k test was conducted on a laminate which consisted 
ece of polycarbonate and a 1/4 inch piece of soda 
d together with adhesive 35772-3,0 (3.5% OH). 
described in Table III as sample #676-1. The 

s laminate following exposure to the thermal shock 
by the photograph in Figure 14 (in the figure some 
n around the extremities of the laminate. These 
re prior to thermal exposure and were unchanged). 
1 shock test was conducted on a glass-glass laminate 
with similar positive results. 

iae test quite severe and consisted of a thermal shock 
greater .ran any that would be expected in an aircraft. The results 
however, were indicative of the anticipated excellent perfS?mance * 
of t ne et ..y iene terpolymer. Therefore to provide for a more realistic 

conta^nlníPe2cheof°theSfo3S“glaSS ^ ^lass-polycarbonate laminates 
each of tne four mcr,e Premising ethylene terpolymer 

i“i0n" we^e.exposed t0 the thermal cyclic exposure. The 

o7ioTiirre nch X 5 lnch in width and had anPinterlayer thickness 
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anH !™mber of thermal cycle exposures required to fail the laminates 
i V °Sp Particular laminates used are described In Tables III IV 

îng 1*8 Ts fSh°r that -"PosUlons cintlin- in, 1.0, 5.3, and 7.0^ OH could not withstand the thermal cycles 

It Wlth.the l0Wer hy^oxyl content seemed to softer 
.. higher temperatures, and allowed a slight amount of bubblinr 
to occur, while those with the higher hydroxyl contents, apparently 
because they were too rigid, caused a shear failure In the glass 
(significantly, however, adhesion to the glass and the polycarbonate 
was maintained at these higher hydroxyl content levels). 

The more conclusive and interesting results were observed on the 
laminai« bonded with 35772-3,0 (3.5* OH) and the rlsuits on glass- 
polycarbonate laminates are shown in Table III. There was one 
major difference, however, in the thermal cycles used to estables! 
more positive results. This difference was that the thermal cîcle 
upper temperature was limited to 130°F and raised to U0oF only 

of ?woSnfbíííty at tíe l0Wer temPer’ature was verified. A photograph 
to +130°F fnrS^SPeCiirnene ^ thermal cycled from -65¿F 

ISO F for 36 cycles followed by 18 cycles from -65°F to +1¿40°F 
are shown in Figure 15. Their retention of clarity indicates the 

tiens1160 adhesion and stablllty of the laminates under these condi- 

3 f thermal cyclic analysis, it was shown that the 
3-5% OH ethylene terpolymer was the most promising but was limited 
to exposure to upper temperatures in the range of 140 to 150°F. 

a^will1^1^^10^ axisted» a colectivo measure was made available and will be discussed in paragraph d. 

d. Incorporation of Form Stability Through Crosslinkinr 

One of the best ways of providing form stability to a polymer at 
temperatures above normal softening temperatures is to incorporate a 
degree of crosslinking. This technique is not always usable in 
thermoplastic systems but in this particular instance, it is indeed 
applicable. These same hydroxyl groups which are part of the 

as Grossi inkiness itpq6 atrenSth and rigidity can be used 
as crosslinking sites. Naturally, their use as crosslinking sites 
would be competitive with their bonding characteristics. 

^therefore investigated the crosslinking of the ethylene terpolymer 
which contained 3.5$ OH. Due to the proprietary nature of the 
material, neither the crosslinking agent nor the technique for cross- 
linking can be disclosed. However, crosslinking was achieved, and it 
was demonstrated that the zero tensile strength (the temperature at 
which a material can no longer support its own weight plus a small 
added weight) could be increased by a factor of 40°F (from 155°F 
to I95 t)# 
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Figure 15. Soda Lime Glass-Polycarbonate Laminates 
Bonded With 35772-3,0 Following Exposure 
To ca. 50 Thermal Cycles. 
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The zero tensile strength data for the uncrosslinked versus the 
crosslinked ethylene terpolymer is shown in Figure 16. Note 
that this represents only an indication of the form stability 
and does not necessarily relate to degradation temperatures. 

Therefore, the feasibility of using crosslinking in this system 
was demonstrated and its applicability to providing additional 
form stability to the adhesive was indicated. Time was not 
available to optimize this crosslinking and to prepare laminates 
for inspection. Therefore, further work is required to demonstrate 
its actual use. Development of these techniques, however, will 
require only time; the development of new technology is not needed. 
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Figure 16. Zero Tensile Strength Curves for Unmodified 
Ethylene Terpolymer and a Crosslinked 
Ethylene Terpolymer. 
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I] abstract 

The use of polycarbonate In transparent ballistic shields has been severely 
hampered by the lack of availability of suitable adhesives. In particular 
the thermoplastic adhesives which have had more prominence in the past are 
not compatible with polycarbonate. Some thermosetting materials have been 
available, but these too are limited due to Inherent fabrication problems 
and sensitivity to moisture. The Improved toughness of polycarbonate over 
acrylic, however, is sufficient to warrant the development of a suitable 
thermoplastic adhesive. 

A series of proprietary ethylene terpolymer compositions were made available 
by Monsanto Research Corporation. In a very limited experimental program it 
was shown that at least one of these compositions was found to be entirely 
satisfactory for bonding glass to polycarbonate. In addition to the poly¬ 
carbonate compatibility, the advantages of this adhesive are that (1) it 
provides excellent and controllable adhesion to various glasses and poly¬ 
carbonate, (2) it is elastomeric and stable over a broad temperature range, 
(3) it can be made crystal clear, (4) the modulus characteristics can be 
adjusted without the inclusion of a plasticizer, (5) the material is a 
thermoplastic and therefore can be handled with standard autoclaving tech¬ 
niques, and (6) the material potentially can be made available at a relatively 
low cost. 

It was demonstrated that glass-polycarbonate laminates bonded with the ethylene 
terpolymer could withstand repeated thermal cycling from -60°F to ♦li)0oF. Thus 
the potential for using this' in unheated aircraft windshields was indicated. 
While not conclusively demonstrated, it was shown that the thermal cyclic 
stability could be increased to +l65°F and probably higher. Ballistic tests 
at velocities up to 1500 feet per second confirm the excellent bond strength 
of this adhesive to both polycarbonate and glass. 
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