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FOREWORD

This report was prepared by Mr. Kenneth L. McHugh and
Mr. Alfred S. Kidwell of The Connecticut Hard Rubber Company,
New Haven, Connecticut, under Alr Force Contract No. AF 33(616)
=248, This contract was initiated under Project No. 333,
"Jet Rotors", Task No. 73496, "Heat Resistant Adhesives," form-
erly RDO No. 582-218, "Heat Resistant Adhesives," and was
administered under the direction of the Materials Laboratory,
Directorate of Research, Wright Air Development Center, wlth
Mr. F. W. Kuhn acting as project engineer.

This report covers work performed during the period 1
June 1954 to 1 May 1955 and is the second report on the same
subject by the same contractor. The first report was published
in August 1954 as WADC Technical Report 54~98 and covered the
work performed during the period 15 January 1953 to 1% January
1954 under Air Force Contract No. AF 33(616)-427.
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ABSTRACT

An epoxy-modified silicone resin composition for use as a
metal~to-metal adhesive has been developed which displays shear
strength values slightly in excess of the target requlrement of
1000 psi at S00°F, and shear strength values at room temperature
of about 1100 psi. The highest shear strength value obtalned at
S00°F in an evaluabtlion of seventy~seven commercial silicone and
organo-modifled silicone resins was 560 psi. A commercial organo-
modified silicone resin produced a much higher shear strength at
room temperature (average, 2300 psil), but a low shear strength
at 500°F (average, less than 100 psi).

Experlimental silicone resins were prepared which dlsplayed
shear strength values appreciably higher than those of the best
commercial silicone resinse. The best high-temperature shear
strength values were found In resins having an R/Si rutio from
1,10 to 1-.30 and a methyl content from 30 to 60 percente.

Epoxy-modified silicone resins were the most promlsing of
almost one hundred modifications prepared with epoxy, alkyd,
phenolic, and polyamine resins. Silicone-isocyanate copolymers,
while not yet practical, showed Interesting results. The Karl
Flscher reagent was found useful for the determinatlon of silanocl
groups in sllicone resins.

Asbestine X and titanium dioxide fillers relinforced the
silicone and organc-modified sllicone resins to some extent.
Glass fabric was of little or no valus as a reinforcement.

PUBLICATION REVIEW

This report has been reviewed and 1s approved.

FOR THE COMMANDER:

)
7 e’

77 A—R. WHITMORE
, Technical Director
' Materials Laboratory

Directorate of Research
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INTRODUCTICN

Great progress was made during World war II in the develop-
ment of adhesives of all types. Thls advance was to be expected
as an indirect result of the tremendous development of synthetic
resins and elastomers during and immediately preceding this period.
Extension of the use of adheslves for the purpose of bonding
metals began toward the end of World War II. Today, adheslves
are available for bonding eluminum, stainless steel and other
metals for service at temperatures as high as 300°F, as required
for the manufacture of various types of sandwich construction,
alrframe wing sectlons, and helicopter rotor blades.

Another aspect of the remarkasble progress in the aircraft
industry is the development of the Jjet and rocket engines which
promise to propel alrcraft at speeds far beyond that of sound.
Under these condlitions, the entire alrcraft ls heated by the
friction of alr passing over 1ts surface so that engineers must
demand component parts having service temperatures as high as
S500°F and even 700°F. An excellent review of the metal-to-metal
adheslve problem in the alrcraft industry today can be found in
a recent book written by George Epstein (8).

The silicone resins and elastomers are the outstanding
synthetlces for high-temperature service, but little work had
been directed toward the application of these materlals as
structural adhesives. The present contract was created with
the thought that a commercially available silicone resin might
be found which would provide the required strength at a temp-
erature of 500°F, when used to bond aluminum and stainless
steel. It was hoped that such an adhesive would withstand
aglng for several hundred hours at 500°F, and would stand
brief exposure to a temperature of 700°F.

A thorough survey of exlsting commercial sillicone resins
and elastomers was made and reported in WADC Technical Report
54-98. Shear strengths of more than 40O psi at 500°F were
found to be attainables During the second phase of thls re-
search, covered in this report, commercially avallable silicone
resins have been modifled by reaction with epoxy and other
organic resins for the purpose of raising the shear strength
at 500°F to 1000psi. Based on this work, there ls consliderable
basis for the hope that further research wlll make possible
the development of a silicone-based structural adhesive for
the bonding of modern high-speed aircraft.

WADC TR 54-98 Pt 2 1



I. EXPERIMENTAL

A. Synthesls of Resins and Resin Blends

Silicone Resins

The synthesls of silicone resins carried out in this work
consisted in mixing the organchalosilane or organcethoxysilane
monomers with water to hydrolyze them to the silanols, followed
by polymerization; or condensation, of the silanols to highly
cross~-linked polymers.

The following general procedure, which was used in the
preparation of most of the silicone resins listed in Table IT,
was developed gradually in the preparation of searlier resins.
The apparatus 1s shown in Pigure 1. Monomeric organosilanes
were welghed accurately into a glass-stoppered Erlenmeyer flask
containing approximately an esgual welght of distilled and dried
trichloroethylene (or other similar solvent such as perchloro-
ethylene, carbon tetrachloride, etc.). Distilled water (600 cc)
and trichlorcethylene (100 cc) were placed in the three-neck
reaction flask. The monomer-solvent mixture was placed in the
dropping funnel, the stirrer was started, and the stopper was
ad justed to allow slow, steady addition of the monomers over
a period of 30 mlnutes. During this addition of monomers, the
temperature of the reaction mixture increased gradually from
room temperature to about 60° to 70°C.

The reaction mixture was stirred for an additional 15
minutes, and then the entire hydrolysis mixture was poured into
a separatory funnel. The lower, trichlorocethylene, layer was
withdrawn, and the agueous layer remaining was washed ~ith a
small quantlty of trichloroethylene. The wash solvent was
withdrawn and added to the original solution. The trichloro-
ethylene-silicone polymer solution was then washed continuously
with water until the wash water was neutral (to remove residual
acid formed In the hydrolysis). The solution was again separated
from the aqueous phase and distilled. Any water dissolved in
the solution was removed by an azeotropic forerun. The distil-
lation was continued until the solution in the flask became
qulte viscous. A quantity of the solvent desired as the vehicle
for the final solution, generally tolusne or Xylene, was added,
and the mixture was refluxed (usually 15 to 30 minutes) to
effect complete solution. The resin solution was ad justed to
the desired solids concentration (generally 50 percent) by
addition of solvent, and then was filtered through glass wool
Into a storage bottles

WADC TR 54-98 Pt 2 2
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FIGURE | - APPARATUS FOR HYDROLYSIS
OF ORGANOHALOSILANES.
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A number of variations of this gensral procsdure were
made for speclfic resins. These variations, where signifi-
cant, are noted in footnotes to Table II, and are discussed
in some detail In the Discussion Ssction of this report,

The types ard proportions of the silicone monomers used
in the preparation of the various silicone resins are indi-
cated by the numbers in the first two colurmns in Table II.
Except where noted by Footnote 3, the monomers were chloro=-
silenes (R81C1l;, R,SiCl, or RR'SiCl,). Ethoxysilane (RS1(0C,iig) 3,
R281(002H5)2 oF RR'Si(OSQHS)e) monomers were used with ten of

the resins, (Footnote 3). "The R group consisted of only methyl
or phenyl, except in the case of two resins, CHR-132 and CidR-138,
where vinyl {CH,=CH~) silanes were used (Footnotes 1 and 2).

The figures in ghe first two columns of Table II are based on mole
percsntages of the monomers used to prepare the resins. The
welght of each monomer used was expressed in moles (the welight
in grams of the monomer divided by the molecular welght of the
monomer ), and the mole percentage of eacn monomer Iin tine mixture
was determined. As an example, a monomer mixture of 30.0 grams
of methyl trichlorosilane (CH,S1Cl,), 25.9 grams of dimethyldi-
chlorosilane ( (CH )281012), 2

(06H531013) would Be indicated as follows in Table IIg

Wtey, _ Mole %

Grams M.W. Moles Mole % XnR: Methyl Phenyl
CH481C1, 30.0 150 0,20 20 20 20
(CH3)281012 25.9 129 0,20 20 L0 40
CeHgs1cl, 126,6 211 0,60 60 60 __ 60

Total 1,00 100 120 60 60

R/Si ratio = 289 = 1,20

il
% Mathyl = Té%.: 50%

P

# Mole Percent times number of R groups

WADC TR 54-98 Pt 2 n
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Organo-Modifisd Silicone Resins

Almost all of the modified resins listed in Table III were
prepared with the use of the same general procedure. The apparatus
shown in Figure 2 is extremely versatlle for the laboratory synthesis
of resinous materials. The flask (A) 1Is composed of two sections
joined by matched ground-glass flangess A lower section having a
500 cc¢ capacity was used 1n thls work. The flask was fltted with a
stirrer, a long-stem thermometer, a Barrett tube, and a condenser.
The Barrett tube serves to lsoclate water formed and distliled from
the reaction mixture. The amount of water Indicates the progress
and extent of the condensatlion reaction.

The desired proportlons of silicone resin solutlon and
organlc resin were welghed and blended to yleld a total welght
(solids) of about 200 grams, and the resin mlxture was poured
into the reaction flask. The mixture was stirrsd and the temp-
erature was raised sufficlently to reflux the solvent present
as the sllicone resin carrier. Thls solvent was generally
toluene (B«Ps 110°C) or xylens (B.P. 131°C), and the resin mixture
temperature at reflux was about ten degrees above the bolling
point of the solvent. As noted in Table II, most of the mod-
ification reactlons did not procsed satlsfactorily at that
temperature. Therefore, to most of the resin-solvent mlxtures,
a higher boiling solvent such as diethyl carbitol (B.P. 188°C)
or dibutyl ocarbltol (B.P. 256°C) was added. The resin-solvent
mixture was heated, and the lower bolling solvent was allowed
to colleot in the Barrett tube where it was drawn off. The
reaction temperature was thus ralsed to 200° or 270°C.

As Iindicated above, a simple means of followlng the pro-
gress and extent of the modiflcation reaction was avallable.
water split off in the ocondensation reaction w~as immiscible
in the solvent and was measured directly as 1t collected 1n
the Barrett tube during the refluxinge The theoretlcal amount
of watar, based on the amount of organloc resin, was calculated,
and as the resction spproached completion the resin mixture was
dlluted with solvent and was allowed to coocles 1In instances
of highly cross-linked silioone and organic reslins, the resin
mixtures gelled prior to ocomplete reactlion and the amount of
water oould not be used as a gulde. In those cases, heatling
was stopped just as the resin mixture reached its gelatlon
point, a small quantity of solvent was added and the solutlon
was oooled. '

A number of the early modified sillcone resina (M-l1, M-€,
and M-=13 through M=37) were made wlth the use of the Linde X-ly

WADC TR 54=-98 Pt 2 5
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FIGURE 2 - APPARATUS FOR ORGANO-MODIFIED
SILICONE RESINS.
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(Later designated as X-821) reactable silicone polymer. These
oondensations proceeded through the elimination of ethanol,
which was socluble in the sclvent, instead of water (see the
Discussion Section). Here the ethancl-solvent distillate was
withdrawn periocdically from the Barrett tube and was titrated
with water untlil a separate phase appeared. By means of phase
dlagrams, the amount of ethancl was quickly approximated.

Purther modifications of this general procedure are brought
out in the Discussion Seotion of this report.

The Karl Fischer reagent was used for titratlon of silanocl
end-groups in eight Dow~Corning resins (Table IV). A standard
procedure and apparatus were used with minor variations as re-
quired by the polymeric nature of the samples (see the Discusslion
Section of this report). The apparatus shown in Flgure 3 was
designed to exclude molisture as much as possible. The extra
hole in the stopper, normally fitted with a drying tube, permitted
the addition of materlal. Before use, the beaker was thoroughly
flushed with dry nltrogen gas to eliminate the possibllity of
moist air remaining in the beaker. The Karl Fischer reagent
was standardized before use agalnst a standard solution of
methanol contalning 1.04 milligrams of water per milliliter.
Commerolal anhydrous methanel, titrated to determine the water
sontent, was used as a solvent for the resin. The resin sample
to be titrated was dried in a vacuum oven overnlight to remove
the residual water and solvent. A resin sample was carefully
welghed into a small stoppered flask, and, at the same timse,

- & second sample was taken for a careful determination of the
percent solids. Ordinarily, the sample would be added directly
to the tltration beaker contalning a known velume of anhydrous
methanol: In the case of the resins, however, 0.5 milliliters
of Xarl Flsoher reagent was added to each flask and the samples
were allowed t¢ atand for 3 hours with intermittent shaking.
The sample was then transferred into the titratlon beaker, a
total of 50 co of anhydrous methanol being used for rinsing
and dilutions The beoaker was flushed with dry nitrogen gas
and was olosed, The stirrer was started, the electrode cir-
cult switoh was olosed, and the further addition of Karl
Fischer reagent wes initiated. As the titration neared the
ond point, the needle of the mlorcammeter began to rlse, attaln-
ing & maximum near the end point and remaining at that maximum.
An exocess of Xarl Fischer reagent was added, and the meter was
adjusted to read 20 microamperes: Then the reaoction mixture
was back-titrated with methanol, containing a known amount of
water, until the needle suddenly dropped to zero. This method,
lown a8 the "dead stop™ method, is favored in titrations of

WADC TR 54~98 Pt 2 7
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this general type (1). The amounts of water in the methancl
used as solvent and in the back-tltration were deducted from
the water equivalent of the total Karl Flscher reagent used.
The flgure remaining represented water formed through reactlon
of the Karl ¥lscher reagent with the silanol end-groups. This
reaction appears below:

1o CHBOH + 803 — CH30803H Solution No. 1 K«F. Reagent
2. 205H5N * Ip -3y 2CcHNI  Solution No- 2 K«P- Reagent

30 = Si-QH + CH3OH CHBOSOBH = Sin=CH3 + 320
—

The water formed then reacts with the iodine-pyridine complex
to glve a potentiometric end polnt.

Total K.F. reagent = cc orlginally added + cc used in hitratlon

Total blank for methanol = cc¢ of methancl solvent X equivalence
of sclvent + cc used in back-titratlion x equivalences.

Total K.Fs = blank = cc of K.F. required to neutralize water formed

cc of K-F. X K-Fo water equivalent = mgs of water per gm of sample.
welgcht ol sample

Data obtained in the calibration of the Karl Flscher deter-
mination using recrystallized diphenylsilanedicl are shown belows

Titration of Diphenylsilanediol with Karl Flscher Reagent

K-F. HRsagent.

Grams (CéHS)ESi(OH)2 ce mgH 50 Theoretical
0.200 7.20 3344 31.2
0+200 6. 81 31leb 31 .2
0200 _ 6. 930 320 31.2

Standardization: 1 cc of K.F. reagent equivalent to 4.6y mg Hs0
An experiment set up to determins the required time for

reaction of a polymeric material with the Karl Flscher reagent
produced the followlng results:

WADC TR 54-98 Pt 2 9



Experiment with DC-804

Time after Addition Wt. of DC=804

of 0.5 cc K-F. Reagent, (solids) K.F. Reagent mg mg Hy0/
min gms ce HpO0 gm Resin
0 20831 30 65 1501 5°33
20 3.316 6-.10 25.2 T:69
30 3.8456 8.55 35-3 9.18
60 3.467 8.15 33.6 9. 70

Standardization: 1 cc of K.F. reagent equivalent to 4.12 mg H;0

A discussion of the application and accurady of this method
is iIncluded In the Discussion Section of this report.

Silicone-Isocyanate Copolymers

A serles of reactions were carried out using diphenyl -
silanediol and 2,4~-tolylene dilsocyanate (TDI). To prepare
silicone-isocyanate copolymers, 100 cc of dioxane (or toluene)
were placed in a 250 cc flask filtted with a stirrer and a
thermometer. Dried diphenylsilanediol (0.0% mole, 10.4 gms)
was adaed and dissolved with stirring. The redistilled e, -
tolylene diisocyanate (0.10 mole, 17.4 gms) was edded dropwise,
with stirring. Upon complete addition of the TDI, two drops
of the triethylamline catalyst were added. After an induction
period of one to two minutes, the colér of the solution began
to change from yellow to red-brown, accompanied by a rise in
temperature. The reaction mixture temperature increased grad-
ually to approxlmately 45° to '50°C and remained at that ievel.
After 15 to 20 minutes; a solid began to form, as evidenced
by increasing cloudiness of the solution. The sclution was
cooled to 20°C and was stirred for an additional 20 minutes.
The solution was then filtered, and the solid precipitate was
dried. The product was a tan, powdery solid which decomposed
gradually at temperatures in excess of 325°¢, arnd was insolu-
ble in common organic solvents. With the use of toluers as a
sclvent 1n the above procedure and no catalyst {(triethylamine),
the product was found to show partisl sciucllity in ethanol,
acetone and benzene. Benzene waz used to separate the product
into two fractions, the benzene-soluble fraction belng a white
flaky substance, and the benzene-insoluble material being a
powdery, tan substance. The ~hlte flakes softened over &
temperature range from 180° to 230°C, thersafter becoming
discolored; and were found to contain approximately one iso-
cyanate group for every 1.25 silicon atoms. The tan product
decomposed above 200°C, and was fourd to contaln about one

&
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sillcon atom for every 28 isocyanate groups.

The above general procedure was repeated, several varla-
tions of solvents and catalysts being used iIn an attempt to
produce a soluble low-molecular-welght polymer. 1In none of
these cases w~as a significant amount of scluble material pro-
duceds.

Because of the insoluble and Infusible nature of the above
products, an attempt was made to form an adhesive bond in situ
from the silanediol and the TDI. When dissolved in pyridine,
tolylene dlisocyanate forms a dimerlc compound which can be
isolated as a solid. The solid dlmer undergoes cleavage when
heated to 302°F and regenerates the monomer. The solld
diphenylsilanediol melts at 300-310°F. Taking advantage of
these close temperatures, an equimolar dry mixture of TDI
dimer and diphenylsilanediol was dusted on aluminum panels, and
lap jolnts were prepared 1n the standard bonding jigs. The
lap joints were heated for 2 hours at 350°F and thereafter for
16 hours at 4B80°F (see standard evaluation procedure). These
lap joints showed shear strengths of 820 and 420 psi at 70°F
and 500°F respectively.

A brief study was made of the kinetics of the reaction
of diphenylsilanediol and tolylene dilsocyanate. The rseaction
was run 1n a flask fitted with a stirrer and suspended in a
thermostatically controlled bathe. At predetermined periods,
a 10 cc aliquot was withdrawn and weighed in a stoppered flask,
and the lsocyanate content was determined by a method involving
the addition of excess standard amine solution, and back-titra-
ting the excess amine with standard hydrochlorlc acld (2).
Two runs were made by this method, the first without catal yst;
two drops of N-methyl morpholine were added as catalyst in the
second run.

The reaction was found to be of second order. The second
order kinetlc equation 1s expressed as follows:

dx /dt = k (a-x) (b-x)
or, in its integrated form,

1 log a%b-x; =k t
a-b a-x

where:
a = the original number of millimoles of dlphenylsilanediol
b = the original number of mlillimoles of TDI
X & the number of milliimoles of TDI reacted
t = time
k = reactlon constant (slope of the graph)

WADC TR 54-98 Pt 2 11



In the tables below, the number of cc of hydrochloric acid
used to titrate the sample is subtracted from the blank deter-
mlnation and this resuit is multiplied by the normality of the
hydrochloric acid to determine the amount of unreacted isocyanate.

FPirst Run

Diphenylsilanediol 5.00 gms -Tolylene Diisocyanate 6.42 gms

Toluene 200 cc « Dioxane 10 cc
Blank 9.68 ce

Reaction temperature 75°(C

Unreacted Unreacted Log

Time, HCl,cc Isocyanate, Silanediol, (b-x)/
Min Requd. Millimoles(b-x) Millimoles(a-x) {a=-x)
15 lo.q. 80}_}. q_oo 00322
30 0.9 9.0 46 0.292
60 1.2 8.7 Lo3 0.305
90 2.1 77 33 0. 367
120 1.0 8.8 LQoly 0.301
180 1.7 8.1 3.7 0+ 340
21,0 1.8 8.0 306 0.346

Second Run

Diphenylsilanediol 8.00 gms - Tolylene Dilsocyanate 12.82 gms

Toluene 100cc -~ Dioxane 5 cc
N-methyl morpholine (catalyst) 2 drops
Blank 9.47 cc

Reaction temperature 75°(

Unreacted Unreacted Log
Time, HCl, cc Isocyarate Silanediol (b=x)/
Min Requd. Millimoles(b-x) Millimolesiamx) (a=x)
30 0.05 9459 2. 62 0+564
60 0.38 9.25 2.28 0.609
120 ' 1.98 T.62 065 1.069
180 1.84 T-77 0.80 0970

These data are plotted 1in Figure i
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Be Evaluation of Adheslves

Standard Procedure

For the purpose of screenling and for direct comparison, all
commercial sillcone and modified silicone resins, as well as the
sllicone and modified silicone resins prepared in this laboratory,
were evaluated as adheslives by a standard procedure. The results
of the standard evaluation of commerclal resins are listed in
Table I; the data on the Connecticut Hard Rubber resins may be
found in Tables II and III.

In the standard procedure, the resin solution was painted
on the lap area of 24S-T3 clad aluminum panels (4 x 1 x 0«06y
inch} which were previously degreased and chromic acid-cleaned
by Method C~1, described below under Primers and Surface Treate
ments. On the separate panels, the solvent was evaporated by
heating at 150°F for one and one-half hours, and the resin was
partlally cured for one hour at 300°F. The lap jolnts were
then assembled on a thin Teflon film in the jig shown in Fig-
ure 5 to give a one=half inch overlap. (The Teflon film
facilitated the removal of the lap joints later.) Eight com-
plete lap Joints (16 panels) were assembled in the jlg at one
time, care belng taken to make proper aligmment. Shims were
used at each side of the Jig to hold the panels level and
establlish the desired glue line. A shim 0.003 inch in excess
of the panel thickness was normally used, but this procedure
was sometimes changed to allow for various glue lines, as In-
dicated in some of the tables.- A thin Teflon film and the jig
cover were placed on top of the lap joints to complete the
assembly. Low pressure was applled to the Jig by means of
elther Method B-l1 or Method B-2, descrlibed below, and the lap
Jolnts were oven-cured for 16 hours at 480°F, unless otherwise
speclflied in the tables.

In Method B-1, standard heavy-duty cast C-clamps with a
Four-inch span between the anvil and the foot were used to
maintain contact pressure on the bonded panels during the oven
cures After assembly of the jlg, 1t was placed 1n an hydraulie
press under contact pressure for twenty mlnutes at 300°F. After
removal from the press, two C-clamps were applled, at opposite
ends of the jlg, and were positioned to use the full two-inch
depth of the clamps, and to distribute the pressure as svenly
as possible across the Jige The clamps wers tightensd evenly,
with finger pressure only, and the jlgs were placed in an oven
at YB0°F for the lé~hour cure.
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Method B-2 was a simplification and an improvement of
Method B-1 1n that nelther press-cure nor C-clamps were required.
The lap joints were assembled in the jig, as before. Four jigs
were stacked in an oven, and two fifty-pound stesl welghts,
shaped to fit the jig cover, were placed on top of the jigs.

This applied a pressure of 25 psi to the lap Joints in the top
Jig, and an additional 2 psi for each succeeding lower jig, a
maximum of 31 psi being applied to the lap joints in the bottom
jlge The jigs were placed inltially in an oven at 300°F and
after 30 minutes moved to an oven at 480°F for the lé-hour cure.

After cure, the lap joints were tested for shear strength
at room temperature and at 500°F. Shear strengths were measured
on a Dillon Dynamometer, Model K, having a range of 0 to 5000
psi and modifled to have a loading rate of 1200 to 140C psi
per minute. All shear strength tests were run in gquadruplicate.

The procedure and equipment used for shear gdtrenyth measure=
ment at elevated btemperatures were described in somse detail in
WADC Technlcal Report 54-98. Briefly, the lap joints were heated
and maintained at the desired temperature by means of a small
electric tube furnace affixed between the jaws of the Dillon
Dynamcm:ter. The temperature of the test panel was indicated
by an lron-constantan thermocouple wrapped around the bonded
area, connected to a Simplytrol (0 to 750°F) pyrometer. The
lap Joints were inserted in the preheated jaws of the tester,
and the temperature of the lap joints was raised to 500°F and
maintained at that temperature for five minutes before applying
the locad. It should be noted that the pyrometer replaced a
Leeds and Northrup potentlomcter used in earlier work. The
pyrometer could be read far easier and faster, and allowed a
significant increase in the rate of testing samples. The
pyrometer was calibrated against the potentiometer and was
found to be qulte sensitive ind accurate, consistently indi-
cating changes of less than 5°F at 500°F.

Except as otherwise noted on the tables, all bond falliures
were 100 percent adhesive.

Variations from the Standard Procedure

l. B8pecial Curing and Catalyst Requirements

The cure times noted ln Table V (Method B-l, above) ranged
from 2 hours to 16 hours, instead of the standard l6-hour cure
described above.
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The curing catalysts indicated in Tables VI, VII and VIII
were thoroughly blended into the resin solutions lmmediately
prior to preparation of the lap joints. The catalyst concen-
trations were, in all cases, welpght percentages based on resin
solids.

2. Primers and Surface Treatments

The standard procedure for cleaning the alumlinum test
panels, Method C-1 mentioned above 1In the Standard Procedure,
and 1in Table IX, was described in some detail in WADC TR 5u-98.
The 248-T3 clad aluminum panels were degreased by immersion
for at least 16 hours at room temperature 1n trichloroethylens.
The degreased panels were alr-dried and then were placed in a
rack so that approximately one inch of each panel was immersed
for 10 minutes in a chromic acid solution of the foliowing
composition by weight:s 30 parts water, 10 parts concentrated
sulfuric acid and 1 part crystalline sodium dichromate. This
soclution was maintained, with agitation, at a temperature of
150 to 160°F. The panels were rinsed six times with cold
water and were allowed to dry for at least 30 minutes at room
temperature, or for 10 minutes in a circulating-air oven at
150 to 200°F. The cleaned and dried panels were stored in a
desiccator.

The other alumlinum surface treatment speciflied in Table
IX was that of electrical anodizing. 1In this table, haif of
the aluminum test panels are designated as "E-la anodized",
which has reference to Method E-la described 1n the above-
mentioned WADC Technical Report 54-98. Here, the aluminum
panels were dipped in sodium hydroxide solution (about 5 per-
cent) for 30 seconds at 160 to 180°F, and then were rinsed
with cold water. This was followed by a dip in 60 percent
nitric acid sclution for 30 seconds at room temperature,
followed by a cold water rinse. The panels were then anodized
in 15 percent sulfuric acid solution at 78 to 80°F. The
voltage was raised to 18 volts over S minutes and maintalned
at 18 volts for 30 minutes, with a current density of 12 to
15 amperes per square foot. The anodized panels were rinsed
with cold water, dried, and stored in a desiccator until used.
The electrical anodizing was done by the Contract Plating
Company of Strafford, Connecticute.

A number of metal-surface primers prepared by the Linde
Air Products Company were evaluated, as indicated in Tables
IX and X, as well as in the following Glass Tape sections The
GS-1 and X-31 Primers were diluted to 0.1 and 0.05 percent
solids with toluene, and were used as indicated in Table IX.
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The solvent for the VTS primer (vinyltriethoxysilane) was
prepared by dissoclving 0.08 percent by weight of sodium
hydroxide in ethanol. The VIS was dissolved in that solvent
to the Indicated concentration by weight.

Aluminum panels were sent to the Lindse Air Products
Company whsre they were cleaned by the standard method, and
thelr primers were applied and cured, as indicated in Table
X. The primed panels were sealed in a polyethylene bag and
were returned to this laboratory where they were immediately
used for the preparation of lap joints bonded with OHR-122
silicone resin.

The effect of treating the aluminum surface with reducling
agents ls noted in Table XI. 1In the first set, the aluminum
panels were immersed in a 10 percent ether solution of lithium
aluminum hydride until the bubbling ceased {about five minutes).
They were removed from the solution, wiped with a dry cloth,
and dipped Into DC~2103 silicone resin, the panels thus being
exposed to the alr for only cne or two seconds. A check on
thls test was run by treating a sample of DC-2103 resin with
the 10 percent lithium aluminum hydride solution. The solution
was added untll no further bubbling was evident. The resin
solution was used to prepare lap joints. In the second set
In Table XI, the aluminum panels were immersed in a 10 percent
ether solution of lithium aluminum hydride, or 10 percent
aqueous solutlons of ammonium hydroxide, ferrous ammonium
sulfate or sodium thiosulfates The panels treated with 1ith-
lum aluminum hydride were wiped and dipped in resin, as before.
The others were wiped dry, rinsed in distilied water, wiped
dry again, and placed in a desiccator fllled with dry nitrogen
gas. When thoroughly dried, they were brushed with the silicone
resin, and lap joints were prepared.

3. (Glass Tapes

The effects of using varicus types of glass fabric as
reinforcement and as a carrier for the silicone resins are
shown in Tables XII through XVII. Various treatments of the
glass tapes and of the surfaces of the alumlinum test panels
were also evaluated.

The styles of glass fabrics are described in Table XXIXe
While elther No. 116 or No. 128 glass tape was used almost
exclusively 1In this study, a comparison of the effectiveness
of the various tapes may be found in Table XIII. The shear
strength values of selected commercial and experimental sillcone
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resins and organo-modified sliicone resins with glass tapse
reinforcement are listed in Table XII.

Almest all of the resin-impregnated tape samples were
prepared by a standard dip-cocating procedure, although seversl
samples listed 1In Table XII, as indicated there, wsere prepared
on & laboratory coating tower. In all cases, the glass fabric
or tape was heat-cleansd prior to use, by heating for four
hours at 1000°F to burn out all of the oils and starch. 1In
the standard procedure, strips of glass fabric, cut parallel
to the selvage of the cloth, were dipped in a sclution of the
silicone resin, as received from the manufacturer (usually {40,
50 or 60 percent solids). The excess resin was allowed to drlp
off, and the solvent was allowed to evaporate at roocm temperature
until the resin was tack~-free (usually about 16 hours}. A
plece of the impregnated tape was cut one inch wlde and from
three-quarters to one inch long and was placed in the overlap
area (one inch wide by one-half inch long) between the alumlnum
test panels. The lap joints were assembled in the usual menner
and were cured as in Method B-1 or B-2, a3 noted 1n the tables.

In several cases, as Iindicated, & Volan finish was applied
to the glass tapes before they were impregnated with the resin.
The Volan (methacrylato-chromic chloride) solutlon was obtained
from E«I. DuPont de Nemours Co., Inc., and was applled accord-
ing to directions (ammoniacal solution, dried at 200°F).

In other cases, as Indicated, the heat-cleaned tape was
treated with the Linde primers or with aqueous solutions of
reducing agents by the procedure previously described. Also,
as indicated in the tables 1n a number of cases, the surfaces
of the aluminum test panelswere primed with a thin layer of
the resin soclution and air-dried prior to assembly of the lap
joints.

As 1ndicated above, several of the resin-impregnated tapes
described in Table XII were preparsed on a pllot-scale coating
towsr. This equipment (Figure 6), already in existence as part
of the general laboratory facllities, is essentlally a contlnuous
dip~coating device with doctor blades for removal of the solvent
and precuring of the resin. The glass tape to be lmpregnated
was fed from a spindle (1) into a pan of resin solution (2) and
was held submerged by the guiding wheel cylinder (3) at the
base of the tower. The coated tape passed upward between doctor
blades (4) and through the heated tower (5) containing obser-
vation ports (7). The drled and cured tape was gulded by the
idler rolls (8) at the top of the tower and was rewound on a
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FIGURE 6 - PILOT SCALE COATING TOWER
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removable drum (9) with a variable speed drive (10}. The

tape speed was set at a rate of 16 yards per hour, giving a
total heating period of 10 minutes. The temperature in the
tower was controlled by variable transformers (6) torange
from about 200°F at the bottom to about 300°F at the top of
the tower. Under these conditions, the solvent was removed
and the resin was very slightly cured. Tapes prepared by thils
method were tested in lap jolnts by the standard procedure
described earlier.

4. Fillers

The effect of various inorganic fillers in a commesrcial
silicone resin (DC-2103) and in three commercial organo-modi-
fied silicone resins (DC-1360, XR-807, X-2608) is shown in
Table XVIII. 1In order to obtain proper wetting of the flllers
with the resin solutions, it was found that the two materials
had to be ground together in a small mortar. A small quantity
of the resin solutlon, as received, was placed in a mortar,
the indicated amount of the filler was added and the materials
were ground until they appeared to be thoroughly blended. The
mixtures of experimental organco-modified silicone resins and
fillers listed in Table XX were prepared in this same way.

5« Blends

The results of & simple campatibllity study of a series
of Dow Corning silicone resins are shown 1n Table XXI. Each
of the resin solutions was diluted with xylene to approximately
33 percent solids. Equal parts of two of the resin solutions,
as indicated in the table, were placed 1n a glass bottle and
were blended thoroughly. The mixtures were allowed to stand
for 2y hours at room temperature, and any separation, ¢l oudlness
or gelling was notede After this length of time, the solutlon
mixtures were stirred again and poured into alumlnum-foll cups.
The solvent was removed by heating for 1 hour at 150°F, and
the resin filims were oven-cured for 1 hour at 300°F, followed
by 16 hours at 4B80°F. Separation of the solution blend or
separation or appreclable cloudiness in the cured films were
interpreted as indlcatlons of Incompatibility.

The silicone resins found to be compatible were blended

in the proportions indicated 1n Table XXII, and the lap joints
were prepared by the standard procedure (Method B-1).
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6o Aging Studies

High-temperature aging studies were made of a group of
commerclial and experimental silicone and organosilicone resins.
The results are listed in Tables XXIII, XXIV and XXV. 1In every
case, the 16 hour cure was made at elevated temperatures, lap
Joints were prepared by Method B-1, except when as indicated
1n Table XXIII. The lap joints were removed from the jigs
before high-temperature aging was initiated in alr-circulating
ovens. In order to rinimlze any effect of variations in the
curing process, each of the four lap jeints used for test at
70° and at S500°F after any rlven period of aging was taken from
a different jlg.

High-temperature aging studies were also run on silicone
and organo-modified siliccone resins (Table XXV) containing a
filler or reinforced with glass tape. The Asbestine X was
carefully ground into the resin solutions in order to disperse
and wet the inorganic fibers uniformly. The No. 128 glass
tapes were impregnated by the standard procedure described
earlier, and the aluminum pansls were primed with a thin layer
of the same resin solution with which the tape was Impregnated.

To Special Bonding and Testing Technlqgues

The aluminum panels used in this work (4 x 1 x 0.064
inch) were shear-cut to size by means of large bed-type shest-
metal shears. The shear-cutting operatlon, however, leaves
the edge of the pansl with a slight bevel, which, dependling
on the handling of the pieces during the shearing process,
may appear on different edges of the panels. Following a
Suggestion that the slight bevel might cause inconsistencies
In the shear strength values, arrangements were made to have
the edges of the test panels machined square. A comparison
of the shear strengths of lap joints made with DC=-2103 silicone
resln, using either shear-cut panels sslected to have beveled
edges within the glued area or machined-edge panels, may be
found in the first half of Table XXVI. The secord hal f of
Table XXVI shows the results of a similar series of tests,
using orne commercilal silicone resin and one experimental silicone
resin and using shear~cut panels chosen at random as well as
machined-edge panels; but using Method B-2 for preparation of
the lap joints instead of Method B-1 used in the first half
of this tables.

In the standard preparation of lap jolnts, described at
the beginning of thils portlion of the experimental section,
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a shim 0.003 inch in thickness, is normally used in the bond-
ing jlg (Figure 5)« To determine the effect of varylng the
shim thickness, and thus the glue llne thickness, the serles
of tests indicated 1n Table XXVII was run. A complete jig of
eight lap Joints (4 to be tested at room temperature and L at
S500°F) was prepared from DC-2103 silicone resin and cured.

The thickness of the glue llnes was measured accurately before
shear strengths were determined.

N
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II. DISCUSSION

A+« Synthesis of Resins and Resin Blends

Silicone Resin Chemistry

Discussions of the chemistry of the sillcones can be found
in several books (3,4} and in a number of articles. Only a
brief, general picture of silicone resins is presented here.
Specific detalls will be noted later in the discussion of the
experimental work.

Silicone resins have a structure gulte similar to that of
quartz except that a number of the oxygen linkages 1in quartz

are replaced by organic groups. These structures may be repre-
sented:

| I |

-0~81-0-81-0- 0 R
o o ~0-81-0-51-0-
| ~O-éi-0—g1- é é
Quartz -O-%i-o-gi—o-
0

Silicone Resin

The R groups attached to the silicon have a tremendous effect
on the physical and chemical properties of the polymer, depend~
ing on thelr type and number. The R groups used in the present
work were almost entirely limited to methyl or phenyl, and the
R/S1 ratio ranged from 1.0 to about 1.8. An R/S1 ratio of 1.0
represents one R group for every silicon atom, leaving three
oxygen linkages, as indlcated in the structure above. An R/Si

of 2+0 would result in a linear polymer which has a structure
such as shown below:

T
l
-31-0~81~0-51~0--
i | {
R R R
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This structure is typlcal of the silicone elastomer polymer.

_ The silicone resins are prepared indirectly from gquartz
or silicas. The silica is first converted to metallic silicon
by reduction with carbon, or reacted directly with chlorine to
produce silicon tetrachloride. The silicon or gilicon tetra-
chloride is reacted further with organic chlorides elther
directly, or indirectly such as by the Grignard method, to
prepare the organochlorosilane monomers used in this work. The
organochlorosilanes can be converted further by reaction with
alcohol to form the organcethoxysllane monomerse

As described in the experimental section of thils repcri,
the organochlorosilane or organocethoxysilane monomsers were
hydrolyzed to produce the intermediate silanols which condensed,
with the eliminaticn of water, to produce the siloxane polymer
structure, as indicated:

RS1CL 3+3H,0 » RS1(0H); +3HCL
R,S1CL p+2Hp0 » R,S1(0H)+2HCL
A AT
HO-%i—OH_+ HO—?i-OH —_ ~%i—0-%1-0= +H0
OH R o R

The outstanding resistance of the sllicone resins to high-
temperature oxidation and thermaldegradation led to thelr

evaluation in the present program as high-temperature-resistant
structural adheslves.

Synthesis of Silicone Resins

The purpose of thisdevelopment program was to evaluate
commercial silicone resins as structural adhesives, and, 1if
existing compositlons were not suitable, to develop a hipgh-
temperature-resistant structural adhesive based on a gilicone
reain. A large number of commerclally avallable sllicone resin
compositions were evaluated as high-temperature-resistant adhesives.
The results of this evaluation are discussed in some cetall later.
For the most part, the actual compositlions of the commercial
resins were not revealed by the manufacturers, and thus no
correlation could be made of the chemlcal composltlion and the
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adheslve strength of these silicone resins. In order to provide
such a correlation, a program of silicone resin synthesis was
Initiated as an important part of the second half of this contracte

A search of the literature (mainly patents) revealed two
general methods for the preparation of silicone resins. The two
methods are related, ons method employing the organchalosilanes,
the other the organocethoxysilanes. Both methods consist generally
in mixing the monomers with water to hydrolyze them to the silanols,
followed by heating to effect the polymerization of the silanols
formed. The polymer is extracted or Separated from the aqueous
phase with a sultable solvent. The resin is then refluxed with
the solvent for a period of time to remove residual water and acid,
and to effect additional condensation.

After considerable experimentation, the standard procedures
described in the Experimental Section of this repert was developed,
which was initially based on a process described in a natent by
Wolsh and Holdstock (5). It was scon evident that the technique
of preparing the resins was an lmportant factor in the adhesive
strenzth of the product. A large excess of water and the proper
selection of solvent, as well as the type of mechanical agitation,
were Important in the hydrolysis reaction and in the control of
the hydrochlorlc acid produced by the hydrolysis. The bell-shaped
agltator shown in Figure 1 was selected to provide efficlent
Intermixing of the two phases without the formation of a very
troublesome emulsicn. Trichloroethylene was selected as the best
solvent for genseral usse. '

The locaticn of the monomer inlet tube in the hydrolysis
apparatus was found to be quite Importante. Dropping the monomer
mixture from abovs directly Into the water phase caused prematurs
gelling of the polymer. Locating the monomer inlet tube so that
the monomers were delivered intoc the water pPhase also caused
gelling and clogging of the inlet tube. Location of the inlst
tube as low as possible in the trichlorosthylene layer provided
a uniform reaction and produced the best resin products on the
basls of color, clarity, shelf-life and shear strength.

Maintaining the temperature of the reaction mixture at a
polnt below room temperaturs effectsd a lower high-temperature
shear strength in one case {compare CHR-136 with CHR=137) and
a better high-temperature shear strength in another case (CHR-139
and CHR-1y0). 1In nelther case was the preoduct outstanding.

As mentioned above, hydrochioric acid is generated in the
hydrolysis of the chlorcsilanes. Addition of sodium hydroxide
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solution or excess solid sodium bicarbonate inte the reactlion
mixture, to control the pH, caused reduction of the shear
strengths of the resins (CHR-122D and CHR-138).

The question of contamination of the sllicone resin products
was studied briefly. Sillicone stopcock grease used iIn the
apparatus is soluble in the monomeric organchalosilanes and was
considered a possible source of contamination. Reslin A-1 was
deliberately contaminated with a small quantity of silicone
grease, and a second resin {(A-2) was prepared in clean apparatus
assembled without grease. Thils contamination had comparatively
little effect on the shear strength of the products.

At the compietlon of the resin preparation, the product is
flitered thrcugh glass wool when it is poured into the storage
bottle. In order to determine the effect of this step, a resin
was prepared and filtered once through glass wool (A-3). A
portion of this resin was taken for test, and the remalnder
{A-l}) was filtered three more times through glass wool. Agaln,
a portion was set aside for test, and the remainder (A-5) was
passed through very fine fllter paper. The additional filtra-
tions through glass wool showed no lmprovement 1in hlgh-temperature
shear strength, and the final flltration through filter paper
caused a noticeable decrease in shear strength at both room
temperature and ‘at 500°F.

Resin 151B was chosen for further study of the effects of
purification. Thisresin sclutlon was particularly cloudy and
was brown in color. The resin solution was mlxed with actlvated
charcoal, and was agitated for twenty minutes. The slurry was
then filtered through Ceilte, an absorbent diatomaceous earth.
The filtrate was clear and almozst water-whlte. The room-temp=
erature shear strength of thls resin was almost double that of
the original 151B, and considerable improvement in high-temperature
shear strength was noted- As an extension of this work, a
quantlity of CHR-179 resin was diluted with toluene, and the
solution was passed throush a Celite-packed fllter. The resin
filtrate obtalned was a clear, yellow solution (L79A). The
filter cake was dispersed 1in methyl ethyl ketone, and the slurry
was filtered. The fraction whilch was soluble 1In methyl ethyl
ketone {179B) was also clear, but was much darker in color than
the toluene fraction. The high-temperature shear strength of
neither 179A nor 179B was significantly different from that of
the original 179 resin, but the roocm-temperature shear strength
of the methyl ethyl ketone fraction (179B) was conslderably
less than those of the other two. Further work should be done
on the questlon of purlficatlon.
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Resins prepared from all-ethoxy silane monomers used in
place of chlorosilane monomers were, in general, somewhat better
in appearance, but, 1in almost every case, showed lower shear
strength values than resins of the same composition prepared
from chnlorosilane monomers.

The individual monomers used in the preparation of the
sillcone resins showed tremendously different rates of polym-
erization. For example, the polymerization rate of hydrolyzed
methyltrichiorcsilane is probably more than 1000 times that of
hydrolyzed diphenyldichlorosilane (6). (The diphenylsilane-
diol 1s, in fact, quite stable.) An attempt to copolymerize
these two monomers would be expected to produce a heterogeneous
mixture of the two polymers. For thils reason, diphenyldichloro-
silane was not used in these preparations when 1t could be
avolded, either phenyltrichlorosilane or methylphenyldichloro-
silane being used to supply the phenyl portion of the mixture.
Also, methyltrichlorosilane was converted to methylethoxydichloro-
gsllane as a means of decreasing the reactivity of the monomers.

Irn particular, the preparation of CHR-122 with the use of methyl~
ethoxydichlorosilane resulted in greatly increased shear strength
in comparison with that of the original resin batch prepared with
methyltrichlorosilane. CHR~182 resin prepared with methylphenyl-
dichlorosilane showed a significant improvement in high-temperature
shear strength in comparison with that of CHR-14l resin prepared
with phenyltrichloroslilanes

Incremental addition of the monomers was tried as a further
means of improving the homogeneity of the resin product. Here,
the least reactive monomers were added to the hydrolysis medium
first, followed slowly by the more reactive monomers. This method
was partlcularly advantageous in the case of resins which were
predominantly trifunctional and which contained high percentages
of phenyl constlituents. Resin CHR-128, prepared by the standard
method, broke In the bonding jig. When 1t was prepared by
incremental addition of the monomers, the resin (CHR-1284) showed
good high-temperature shear strength and fair room-tempserature
shear strength. It is felt that further work should also be done
on improving the homogeneity of the resin products by incremental
addition and by other means.

Organo-Modified S1licone Resins

A limited number of sllicone-organic resins are available
commerclially. In almost every instance, however, these resins
are manufactured as coating resins and are considered to be
allicone-modified organic resins rather than organo-modified
Silicone resins. The propertles of these resins will be considered
later in this discussion (sse Evaluation of Adhesives).
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It was felt that a chemical modification or copolymerization of a
silicone resin with a smaller amount cf organic resin would impart
higher shear strength both at room temperature and at 500°F, would
Improve adhesion to metals, and would result in a faster initial cure,
characteristic of the organlec resins. 1In the preparation of the sii-
lcone resins;, the mcnomers (organochlorosilanes or organcethoxysilanes)
were hydrolyzed to the corresponding silanols which condensed under
the influence of heat and acid catalyst to yield a cross-linked polymer
of intermediate molecular weicht. In the solution staze, ready for
application as an adhesive, the silicone resin contains a number of
residual -0H groups attached to silicon, as indicated by the Karl
Flscher titration results in Table IV. These residual -OH groups ars
avallable for rsaction with the residual ~0H groups of alkyd and phen-
olic resing and ~ith the residusal -0H groups and epoxide groups of
epoxy resins. It is also possible that a polyurethane-type addition
may take place with an lsocyanate or dilsocyanate. Most of such
reactions would eliminate water, which would provide an easy method
of following the progress cf the reaction. The polyurethans-type
reaction might provide the outstanding adhesive properties of the
isocyanate. 1In addition, a curing reaction might result which would
proceed withcut the formation of water, which i1s a possible scurce
of trouble in adhesive joints.

Terephthalic acid, tolylene dllisocyanate, and triallyl cyanurate
were used 1In initlal attempts to modify silicone resins, the thought
being that these relatively hsoat-stable materlals would form organic
1inks between portions of the sllicone resin and thus reduce thermo-
plasticity at high temperatures arnd improve adhesion. The DC-BOj res-
in was included in this serles particularly because the Karl Flischer
titratlon values Indlcated that this resln has an unusually high con-
centration of unreacted ~-0H groups. Noticeable Improvement 1n shear
strength resulted 1n several cases; in many cases, however, a decrease
In shear strength was found. The shear strength of these modified
reslins will be considered 1n more detall later-.

The modificaticn procedure Involved a considerablie amounf of
heating and removal of water. This procedure was used in a control
experiment which was run on DC-804 resin, alone, to determine the
effect of advancing the extent of polymerlization, or condensation,
of the resin. This treatment resulted in a considerable increase in
the room-temperature shear strength and a definite decreass 1In the
high-temperature shear strength of the resine.

The X-li series of silicone polymers, which are predominantly
linear and contaln a rather large percentage of residual, active ethoxy
groups, were supplied by the Linde Alr Products Company specificaliy
for use in reactions with a variety of organlc functlonal groups.
Modifications of these resins with alkyd, epoxy and phenolic resins
apparently procesaded satisfactorlily, although elevated reactlon-temp-
eratures were required in order to produce homogenecus products from
the higher epoxy resins and the phenocllic resine.
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DC-803 was selected as a soft, slow-curing resin thought to
contaln a relatively large amount of residual silanol end-groups,
and modlfication of thils resin with a large serles of epoxy resins
was made. Modifications of the resin appeared to proceed readily
except In cases where large amounts of the high-molecular-weight
Epon 1001 epoxy resin was used. Here, the addltion of a small
amount of diethylcarbltol apparently increased solubility suffi-
ciently to permlt modificatione

Three further series of epoxy-modified siliconse resins were
prepared with the use of DC-2103, DC-2105 and DC-996 silicone
resins. Although some difficulty was encountered with the use of
the hard DC-21L03 and DC-2105 resins, satisfactory modifications
of these resina were prepared by the addition of diethylcarbitole.

A number of attempts to prepare slllicone resins modified
with commercial phenclliec resins were unsuccessful. Although
physical mixtures of the two resin solutions could be made at
ordinary temperatures, the phenollic resin separated and gelled
quickly as the temperature was ralsed in the reaction flask. A
serles of relatively stable solution blends of several of the
epoxy-modified silicones with a phenolic resin (Plyophen 5023)
was prepared at room temperature. A series of room-temperature
solution blends of the epoxy-modified silicone resins with a
polyamide resin (Polyamide 100, General Mills Inc.) was prepared.

The desired chemical modification of silicone resins with the
various organlc resins discussed above is dependent upon the pre-
sence of silanol groups in the silicone resin polymers. The actual
number of these groups in commercially avallable silicone resins
1s unknown. A knowledge of the residual silanol groups in the
various silicone resins would allow a more intelligent selection
of the sillcone resin and better control of the modification
procedure. For this reason,a method of determining this informa-
tion was sought. The use of the Karl Fischer reagent for the
determination of the silanol group in monomers and in low polymers
has been described In the literature (7). It is felt that the
application of this methcd to the resin polymers, with proper
modification, indicates comparative amounts of the silanol group
in the resins. In future work, thls method will be used to eval-
uate the abllity of resins to react with other (modifying) resins.

Callbration tests of the Karl Flscher titrations with orys-
tallized diphenylsllanediol produced results within three percent
of the theoretical value. The initlal tests on resins were made
with DC-804 silicone resin which was thoupht to contaln a rela-
tively large number of residual silanol groups. A series of
samples containing the farl Fischer reagent was allowed to stand
for varyling lengths of time. Tlitration results showed that a
relatively long period of time was required before the reaction
was completed. A perilod of three hours was arbltrarily selected,
and the serles of relative values shown in Table IV was obtained
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on eisht silicone resins. Thus, a useful tool for evaluating
silicone resins after preparation and before application as
adhesives or before modification with other resins has been
made avallable. This tool also glves one a measure of the
amount of water to be expected during further condensation
reactions.

Silicone=Isocyanate Copol ymers

A series of experiments was run in an attempt to form a
true copolymeric organo-silicone resin from the monomers. Di-
phenylsilanediol, which is a comparatively stable materlial and
which can be purified by recrystallization, was selected for
these experiments. Repeated early attempts to copolymerize the
silanediol with terephthalic acid, low-molecular-welght tere-
phthalate polyesters, and triallyl cyanurate met wlth no apparent
success. Reaction of the silanediol with diisocyanates, however,
apparently produced an addition product. Because of the out-
standing adhesive properties of the organic polyurethanes, this
work was followed with considerable intereste. '

The product of the rsaction betwesen diphenylsilanediol and
2,i~tolylene diisocyanate was found to have unusual thermal
stabllity, decomposing gradually without melting at temperatures
in excess of 325°C. The material, however, was inscluble in
common organic solvents. :

Further attempts to prepare a soluble or fusible product
were not successful. It is felt, however, that further work
may produce & useful product having good high-temperature re-
sistance, and unusual adhesive strength. Thls opinion 1s based
on the outstanding thermal stability noted above and on the
shear strength of lap joints prepared from the dry monomer mlix-
tures.

Data were presented in the Bxperimental Section on a brief
study of the kinetics of the reaction of dlphenylsllanediol and
tolylene diisocyanate. The data, designating an essentlally
linear relationshlp as shown in Figure 4, indicate that the re-
action 18 of second order; the reaction is therefore dependent
on the concentration of both reactants. It appears that dioxane
enhanced the reaction by increasing the solubility of the reactants.
At the same time, however, dilution of the reactlon mixture
with more solvent decreased the reaction rate. It would appear,
then, that the resaction can be slowed down at any glven point
by sufficient dilution of the reaction mixture. Such a technique
would be promising in any further attempts to prepare the desired
low molecular-weight copolymer. (A low molecular-welght product
which will be soluble or fusible at a low temperature {50 to 150°F)
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is needed in order to apply the resin in bonding applications.)

Be Evaluation of Adhesives

Standard Procedure

l. Commercial Silicone Resins

Data obtained in the evaluation of Seventy-seven commercial

- silicone and modified silicone resins by the standard procedure
described earlier are reported in Table T. Of these resins, the
best shear strencth values at 500°F were dlsplayed by DC-2103
resin and especially by a low-viscosity modification of the same
resin, DC-2103 LV, which had a shear strength at S00°F of 560 psis
Only a few other commerclal silicone resins displayed shear
strengths at 500°F greater than 300 psi. A Dow-Corning phenclic-
mogdified sillcone resin, XR-379, also displayed shear strengths
at 500° greatsr than 300 psi. Other commerclal organo-modified
silicone resins displayed relatively poor bond strength at 500°F.
Most of the commercial organo-modified sillcone resins, howsver,
showed high room-tempsrature shear strength values, the most
cutsvanding being DC-1360, a silicone-terephthalate resin, having
a shear strength of 2275 psi.

These values, while considerably below the high-temperature
target shear strength of 1000 psi, were considered suffieclently
promising to encourage extensive modifications, directed specific-
ally toward the reductlion of high-temperaturs thermoplasticity
and the improvement of adhesion to metal surfaces. This target
shear strength has now been realized with the epoxy-modiflied
silicone resins synthesized in this laboratory.

2. CHR Silicone Resins (see Table I1)

About two hundred silicone resins were prepared in this
laboratory, 1ln which the R/Si ratio varied from 1.0 to 1.5 and
the organic composition varied from O methyl - 100 percent phenyl
to 100 methyl - O percent phenyl. Resins having an R/S1 ratio
of less than 1.2 were difficult to prepare because of premature
gelation, and were, in general , brittle and weak. Resins with
an R/Si ratioc greater than 1.5 were found to be more elastomeric
than resinocus and generally showed low sheap strength values at
high temperatures, duse primarily to thermocplasticity. Most of
the resins were prepared to have R/S1 ratios ranging from 1.2
to 1.4, with the organic constituents ranging from 20 to 60 percent
methyl and the remainder phenyl .
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Tt was found that the difference bstween room-temperature
and high-temperature shear strengths varied generally with
chemical composition. A large difference between room-temperature
ard high-temperature shear strength can be considered an indication
of thermoplasticlty in the resin. This difference was found to
increase generally as the R/Si ratio was increased, 1.e., as
the ability of the resin to cross-link was decreased. The best
nigh-temgperature shear strength values were generally found in
resins with R/Si ratios from 1.10 to 1.30 and methyl contents
from 30 to 60 percent.

It appears that failure of silicone resins on being aged
at high temperature 1s due to a slow Increase in the state of
cure, or brittleness. On this basls, it would be reasonable
to select as a structural adhesive a resin having comparatively
low initial brittleness and relatively sood high-temperature
stability. These criteria would indicate that a resin having
an R/Si ratio of 1.2 to 1.3 and a methyl-phenyl ratio of about
50¢50 should yield a good initial high-temperature shear strength
and should withstand aglng at elevated temperatures for a con-
siderable period of time without excessive embrittlement.

Further efforts to improve the homogeneity of the resins,
as discussed sarlier, would be expected to be an important.
factor in the reduction of thermoplasticity in the resins and
should be important in improving high-temperature shear strength
values obtained 4ith these resins. It is felt that thils factor
is second only to improvement in the adhesion of resins to metal.
The problem of adhesion to metal is discussed under Primers and
Surface Treatmentse

3. Organo-Modified Silicone Resins (see Table III)

With the use of selected commercial silicone resins and
commercial alkyd, epoxy, phenolic, and polyamlne reslins,
almost one hundred organo-mouified silicone resins have
been prepared in this laboratcry. Three organic compounds
were also evaluated as modlfying agentss

Terephthalic acid, tolylene dlisocyanate, and trlallyl
cyanurate were used in the first modifications of silicone
resins. Modifications of DC-804 (M-40 and M-4l) with tolylene
dlisocyanate and with terephthalilc acld showed some promise.
The tolylene dilsocyanate modification displayed shear strength
values sliphtly higher than those of the unmodified resin
(Table I}o
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in a control run (M-39) where DC-804 was run through the
same modificatlon procedure in order to advance its state of
polymerization, a room-temperature shear Strength value considerably
“higher than that of the original resin (Table I) resulted; the
S500°F shear strength value, however, was considerably reduced.
It may be noted here that the water removed from the DC-804 in
this experiment (M-39) was equivalent to about one OH group for
oevery eight silicon atoms, or about two and one-half times as
much a8 was indicated by the Karl Fischer titration value. The
high-temperature shear strength value obtalned by modification
of DC-804 with tolylene diisocyanate was better than that of
this control run M-39.

Modification of the Linde Y-10i4i; resin with triallyl cyanurate
also effected considerable improvement over the original value
for that resin. The high-temperature shear strength, however,
was stlll quite low. '

A series of modifications was made in which alkyd, epoxy, and
shenolic resins were used with the Lirde X-1l silicone polymers
(later designated X-821). These polymers are stated to be pre-
dominantly linear, and contain a rather large percentage of
resldusl active epoxXy groups. They should be particularly sultable
for copolymerization with alkyds, epoxies, and phenolics, intra-
condensation or cross-linking being limited by the presence of
the epoxy groups. Although the room-temperature shear strength
vaiues of some members of this Eroup were good, notably the epoxy
modifications, none showed good high-temperature shear strength.
It is felt that the modifications elffectad insufficlient cross~
linking in these linear polymers, resulting in a product with
relatively high thermoplasticity.

A change was made to the standard silicone resins, and DC-803,
a soft, slow-curing resin, was selected for a falrly complete
serles of epoxy modifications. As little a8 5 percent of Epon 834
(an epoxy resin of medium molecular welght) caused a noticeable
increase in the rocm-temperature sheur Strength, while 8C percent
of Epon 83y produced a room-temperature shear strength value of
3100 psil. Throuchout the serles, however, the high-temperature
shear strength values were somewnat lower than the value for the
urmodified DC-803 and were comparatively unaffected by changes
in percentagze or type of the 8poxy resin.

Another serlss of epoxy-modified resins was prepared with the
use of the best commercial silicone resin, DC-2103, a harder,
faster curing resin than DC=803. This series produced the best
modified silicone resins, those contalning DC-2103 and 5 to 20
parts of Epon 834. Rach of these resins showed room-temperature
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and high~temperaturs shear strength values considerably above
those for the unmodified silicone resin, one rsaching 63 percent
of the 1000 psi target at 500°F. It should be noted here that
later batches of M=60 containing 20 percent Epon 83l showed high-
temperature shear strengths higher than 300 psi and a high-
temperature shear strength of 1035 psi (average of el ght tests)
when 15 percent Asbestine X filller was incorporated. The rooms=
temperature shear strength of this filled resin was 1100 psi. 1In
this same DC-21L03 series, 10 percent of HEpcn 828 also provided
shear strength values better than thcse for the unmodified resin.

Epoxy modification of DC-2105 resin resulted In improved
room-temperature shear strencth values but the high-temperaturse
shear strength values were generally decreased. The room-temperature
shear strength of DC-996 was improved only slightly by epoxy
mocification. The modified resins had no high-temperature shear
strengthe.

A series of room temperature zolution blends of a polyamine
resin with epoxy-modiflied silicone resins displayed very poor
shear strength values at 500°F.

Attempts to prepare copolymers of phenolic resins with
silicone resins were unsuccessful because of lack of compatibility
and premature gelllng of the phenolic resin. An exceptlon was
the modification of DC-803 with phenolic resin, GJQ-11943,
especlally recommended for modification use. While this resin
showed fair shear strength values, it was found to have very
pocor shelf-life. Room-temperature solutlion blends of epoxy-
modifisd sllicone resins with the Plyophen 5023 phenollic resin
showed couparatively low room-temperature shear strength values.
The high-temperature shear strength values, although not particularly
high, showed the most promise of any of the phenolic blendss

lf= Sllicone-Isocyanate Copolymers

The difficulties in preparing a solusle or fusible product
from the silicone~diisocyanate copolymerization experiments have
veen discussed earlier. The lap jolnts prepared from a dry
mixture of the solid silanediol and the solid TDI dimer showed
shear strength values of 820 psi at room temperature and 40 psi
at 500°F. These results, while not exceptionally hign, are
considered unusual for a simple; dry mixture of the monomeric
materials. It 1s felt that more work shouid be done to develop
the ultimate properties of this adhesive system.
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Variaticns from the Standard Procedure

1. Special Curing and Catalyst Requirements

It will be noted that a relatively long hich temperaturs
cure (16 hours at 480°F) was used in the standard evaluation
procedure. Such a rigorous curing requirement obviously 1s not
desirable in the actual application of a structural adhesive.
In the selection of the standard cure for this experimental
work, however, two special factors were considered. First, 1t
1s known that many silicone resins require such a rigorous cure
to develop optimum strength and Tlexibility. Secondly, in
developing an adhesive capable of withstanding long aging periods
at 500°F, a resin which would not withstand an initial aging of
16 hours at y8C°F would be of 1ittle utilitye

In many cases, the cures recommended by the manufacturer
differed considerably from the standard evaluation cure. It
should be noted, however, that most of the resins were devel oped
and recommended for coatings and uses other than as Structural
adhesives.

A number of the commercial silicone resins were selected,
and their curing requirements werse compared by preparing lap
joints in the standard manner and oven-curing for 2, 4, 8, 12
and 16 hours (Table V). With few exceptions; the resins inecreased
in shear strencth both at room temperature and at SQQ°F during
the extended cure period from two hours to 16 hours. A notable
exception was DC-~10899 a sllicone wire-varnish resin. The room=
temperature shear strength of DC-804 decreased, but the high-
temperature shear strength inereased as a result of the extended
cure. Althoush several of the silicone~organic commercial resins
showed increased room-temperature shear strength after the eXxtended
cure at 480°F, all but two showed decreased high-temperature shear
strength. Although the high-temperature shear strength of the
two exceptions, DC-1360 and DC-807, increased, they were still
gquite low. DC-2103 developed 1ts strength sloWwly and required an
extended high-temperature cure.

In view of the long high-temperaturse cupre required by most
of the hlgh~strength silicone resins; a series of catalysts were
tested as a means of reducing this curs requirement (Table VI)s
The effects of a series of amines, octylene 2lycol titanates and
two Dow-Corning catalysts (XY-15 and XY-2ii) high-temperature
shear strensth were compared (Table VI). It will be roticed
that in almost every case the amine catalysts produced some
lmprovement in the high-temperature shear Strength but caused
little or no change in the room-temperature shear strength. The
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octylene glycol titcnates (du Pont) are classifled as titanium
chelates., These materials caused slight iIncrcases in tne snear
strength of a few resins, btut considerably reduced tne shear
strencth of others, The Dow-Corning XY-15 catalyst resulted

in some improvement in the shear strengtn of DC-2106uV. 1In
other cases, however, the Dow-Corning cata2lysts showed no im~
provement,

The effact of trietnsnclarine in DC-2103 resin was tested
further, and tne results are listed in Table VII. The catalyst
showed a remarkable effect on tne nigh-temperature shear strensth,
producing in four hours almest tne full strength obtalnable in
the normal uncatalyzed 1l5-hour cure. The catalyst, howevar, had
practically no effect on tne room-temperature snear strength
over curing perilods ranging from 4 hours to 30 hours. This
catalyst should be of considerable interest as a means of short-
ening the silicone resin cure.

Zinc Octesol, a curing catalyst recommended by Dow-Corning
for use with silicone resinsg, was tested in thres of Lhe Dow
Corning silicone resins (Table VIII), Increasing amounts of the
catalyst (from 0,01 to 0.1 percent) decreased the room-temperature
shear strengthns to one=-third thne values obtainsd witn the
uncatalyzed resins.

2, Primers and Surface Trestments

It has been noted that in almost every case lap jolnts
prepared with tne silicone resins showed adhnesive ratiher Gthan
cohesive failure, i.e., tias fallure occurred between tae metal
surface and the resin rather than internal fallure to the resin
itself, In view of this fact, a considerable amount of work was
done in an attempt to find a sultable metal-surface priming
matarial or surface treating technigue which would increase The
strength of the adnzsive bond up to the cohesive strengcth of the
resin itself. Data obtained in thess tests are listed in Tables
IX, X and XI. The results of further surface treatments and
priming tecinnigues on glass fabric are listed in Tables XIiv, Xv,
XVI and XVII,

The degreasing and ciaromic acid-cleaning of the surface of
the aluminum test panels 1s considered necessary. Unfortunatsly,
none of the primers or surface treatments provided a signlficent
improvament in shear strength eltner at room temperature or at
50C°F, over the standard treatment.

3., Glass Tapes

In the actual application of structural adhesives, an adhesive
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in tspe form 1s gonerally preferred over a solution or hot-melt
adhesive. In many cases, this tape form is obtained either by
solution or hot-melt impregnation of the fabrie witn resin,
followed by a slight precure if necessary. The fabric often adds
the further advantage of acting as a reinforcement. A number of
tests were made with glass fabric as a carrier or reinforcement of
the silicone and organo-modified silicone resins.

The use of glass fabric as a carrier was found to be guite
practical for tne silicone resins, slthough a tiain prime coating
of the silicone resin applied to the test panels was found
necessary to obtain satisfactory adhesion betwean the resin-
lmpregnated glass tape and tne metal surface. The use of glass
fabric with the organo-modifisd resins causes a reduction in the
shear strensth values in almost every case, Little if my
significant reinforcement of silicone or organo-silicone resins
by the glass fabric, with or without various glass fabric and
metal surface treatments, was noted. In a few isolated instances
wnen heavier grades of glass fabrics were used, some increase in
snear strength was noted.

It was found that glass fabric decreased the resistance of
slllcone resins to high-tempersature aging. It is possible that
at the nigh temperature tne glass acted as an alkal ine catalyst
to increase the rate of Hardening and caused premature embrittle-
ment of tne sllicone resin.

Lo Filllers

In general, both the conhesive and the adhnesive strength of
polymerlc materilals frequently can be increased tremendously
by the addition of fillers of fine particle size. A number of
inorgenic fillers were tested in selected silicone resins, and
the results are listed in Tables XVIII and XX. Soms furiher
evaluation of Asbestine X filler in high-temperature aging tests
1s snown in Table XXV.

In the initlal test (Table XVIII) with DC-2103 silicone ressin,
only one flller, titanium dloxide, effected an improvement in the
high-temperature suear strength values. All of the fillers tried
In this serles, including titanium dioxide, decreased tne room-
temperature shesr strength values. The same saeries of flllers
were tested in three sillcone-organic raesins, DC-1360 (silicone-
terephthalate), XR~807 (silicone-alkyd) and X~-2608 {silicone-
alkyd). With DC-13640 resin, titanium dioxide showed consideruble
improvement in the high-temperature shear strength vealues and
some improvement in the room-temperature shear atrength., Two
other fillers which improved the nigh-temperature shear strength
of this resin were Santocel C and sluminum dust. With the other
two silicone-organic rssins, titanium dioxide again Improved the
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high-temperature shear strength as did Santocel C, mica and
Celite in the X-2608 resin. Tt should be noted that zinec oxide
and the magnesium oxide fillers caused a considerable reductlion
in the sheur strength of each of the silicone resins in which
they were tested.

Titarium dioxide, Asbestine X and aluminum dust were tested
in several loadings in four epoxy-moaifled silicone resins pre-
pared in this laboratory, and the results are listed in Table XX.
The Asbestine X was the most effective of the three fillers,
titanium dloxlde being almost as good in most instances. The
gluminum dust in all cases showed higher rcom-tempsrature shear
strensth values, but lower high-temperature shear strensth values
than the other two fillers. It should be noted here that later
work with Asbestine X in CHR-M-60C resin (Table XXV), where the
filler was more thoroughly ground in the resin solution, produced
shear strength values at 50C°F greater than 1000 psl.

It is felt that considerably more work should be done with
filler reinforcement of the silicone and organo-modlfied sillcone
resins.

Se Blends

Tests were made to determine the effect of blending different
gilicone resins found to be compatible with each other (Table XXI)e.
The results of shear strength tests of resin blends (Table XXII)
showed that in almost every case the shear strengths were averages
of the shear strengths of the individual resins. Blends of
experimental siiicone resins prepared in this laboratory, CHR-122
and CHR-l1yl, showed the same result; in fact, the shear strength
values of these blends were found to correspond roughly to the
shear strengths of individual resins having compositions comparable
to that of the blends (from data in Table II).

6. Aging Studles

An important feature of testing a high-temperature
structural adhesive involves aging a lap joint prepared with
the adhesive for an extended period of time at 500°F. Reslstance
to shorter exposures at temperatures of 700°F and higher 1s
also desirablie.

The initial aging studies (Table XXIII) were made on
selscted commercial organo-modified silicone resins. These
resins were cured and aged at temperatures ranglng from yB80eF
up to A00°F, and the effect on shear strencth was determined
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after perlods of 100, 200 and 300 hours. In general, the slllcone
resins withstood aging up to 300 hours at 5509F, but broke after
200 hours at 600°F. The exception was DC-805 which dld not break
until 300 hours at 600°P; 1ts high-tempsrature shear Strength,
however, was quite low. In this series, the high-temperature
shear strength was upheld best by DC-B803, although DC-2103 was
almost as zoods. Of the three silicone-organic resins tested,
DC-1360, 160-30-D, and X-2720, the latter withstood no agling

at S00°F or higher. DC-1360 withstood 100 hours at 500°F but
falled rapldly at 600°F.

In the next aging studies (Table XXIV), a group of epOXy=
modified silicone resins synthesized in this laboratory, as
well as thelr separate sillcone and epoxy resin components,
were aged at 500°F for periods up to 500 hours- The aging
results of the epoxy resins alone did not agree entirely with
the aping results of the corresponding epoxy=-silicone resins.
The shear stren-th at 500°F of Epon 562 was slightly better
after 100 hours at SO0°F than the others of the series. The
corresponding epoxy-silicone resin, however, showed extremely
poor resistance to aging. The epoxy-silicone resin which was com-
prised of DC-803 and Epon 834 showed the best resistance to
aglng in the group, the high-temperature shear strength (310 psi)
after 500 hours of aging at 500°F being almost the same as the
initiel high-temperature shear strength. The addition of alumlnum
dust apparently decreased the aging resistance of three of the
epoxy-silicone resins, but somewhat improved the aging resistance
of the fourth (DC-803 and Epon 864).

The results of aging several sillsone and epoxy-siliicone
resins at 600°F are shown in Table XV CHR~122 sillicone resin
snowed unusually hipgh sheur strength values at 500°F (400 psi),
and 100 psl higher with No. 128 glass tape reinforcement. The
resin withstcod 120 hours accaolerated aging at 600°F, and
broke only after 190 hours. CHR-1l1 resin (R/Si 1.40, 55 percent
methyl) initlally showed a somewhat lower shear stren-th value
at 500°F (450 psi) but withstood the full 240 hours of aging
at 600°F, with, however, a decrease in shean Strength at S0COF
t0 100 psi. With both of the silicone resins , the No. 128
glass tape caused a noticeable reduction in the high-temperature
aging reslstance of the rssins.

Samples of CHR-M~60 epoxy-silicone resin (DC-2103 and
20 percent Epon 834) showed unusually high shear strength values
(830 psil) at 500°F. The addition of 30 percent of Asbestine X
filler to this resin increased the high-temperature shear
strergth to alwost 1000 psi. CHR-M=-61 (DC=2103 and 50 percent
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Epon 63i) showed much lower high-temperature shear strength
values, which were also increased consliderably by the addition
of Asbestine X. These epoxy-sllicone resins falled after
being aged for 70 hours at 600°F. Froper compounding of a
similar modification containing less epoxy resin, however,
should produce a relatively fast-curing high-temperature-
resistant structural adhesive.

It 1s felt that conslderably more work should be done to
calibrate the 600°F aging so that a much shorter period of
time at that temperature may be used as a preliminary screening
test equivalent to 1000 hours of aging at 500°F (Target
Specificationy

7« Special Bonding and Testing Techniques

It was notlced that in the shear-cutting of the aluminum
test panels a slight bevel was left on the edges of the panels.
This condition raised the question of what effect the slight
bevel, in one direction or the other, might cause. Data in
Table XXVI show the comparative effects of the panels with
gllghtly beveled edges, and panels in which the edges were
machined square, on the shear strength of DC-2103 silicone resin.
In the first set of lap joints, prepared by Msethed B-1,the
bsveled-edge panels produced an average room-temperature shear
strength only 7 percent lower than that obtalned with the use
of machined-edge panels. The precision with the machined-edge
panels was considerably better, however, a mean deviation of
5 percent and a maximum deviation of 10 percent being obtained,
as compared with a mean deviation of 9 percent and a maximum
deviation of 27 percent for the beveled-edge panels.

In the second half of Table XXVI, which lists the results
obtainred on DC-2.03 silicone resin prepared by Method B-2,
somewhat better precision was shown with both shear-cut panels
and machlned-edge panels. The beveled-edge panels at room
temperature produced an average deviation of § percent and a
maximum deviation of 12 percent; at 5C0°F, the precision was
nearly the same, an average deviation of 5 percent and 2
maximum deviation of 14 percent. The average shear strength
values, both at room temperaturse and at 500°F, were almost
identical for the beveled-edge panels and for the machined-edge
panels. With the machined-euge panels, the preclsion was quite
good, with an average deviation of only 1 percent and a maximum
deviation of 3 percent at room temperature and an average devia-
tlon of 5 percent and a maximum deviatlon of 10 percent at S00°F.
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An identical series of tests run at the same time on CHR-122
silicone resin showed results gquite similar to those obtairned
with the DC-2103 resine

It appears that the slight bevel on the shear-cut panel s
produced nearly the same average shear strength values as those
obtained 1in using machined-edze panels. The results with shear-
cut panels, however, were considerably less precise than those
obtained with machined-edge panels. The use of machlined-edge
panels was Initiated about halfway through this project, and
aoout half of the results 1n this report were obtained with
the use of these panels. On the basis of this study, however,
1t is not felt that the use of shear-cut panels significantly
affected the results obtained in the earlier work. A similar
opinion is held concerning the use of Method B-1 and Method
B-2, which are also compared in Table XXVI. It is felt that
the precision obtained ~ith Method B-1 is not sufficiently
less than that obtained with Method B-2 to affect the c ompar-
isons made from the resuits of the early screening tests. Method
B-2 was used in about the last quarter of the wsork on this
project, as indicated in the footnotes to the tables.

An experiment was run on DC~2103 silicone resin to determine
the effect of glue line thickness on shear strength. Little
or no variation was obtained either in the room~temperature or
high-temperature shear strength with variation of the zlue line
thickness over the range 1 mil to 3 mils {0-001 to 0.003 inch)e.
It was found, however, that there was a consliderable discrepancy
between the shim thickness and the thickness of the actual
glue line. Preliminary attempts to correct this discrepancy
showed 1t to have 1ittle or no effect on the shear strencth
valuses. ‘
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IV. SUMMARY AND CONCLUSIONS

l. An epoxy-modified sillcone resin structural adheslve,
prepared from 20 percent Epon 83l ard 80 percent DC-2103 resin
(by welght of solids) and compounded with 30 percent Asbestine
X filler, has produced unaged shear strength values at SCQ°F
better than the target requirements of 1000 psi. The room-
temperature shear strength of this composition, CHR M~60, 1s
about 1100 psi.

2e DC-2103 sillicone resin showed the highest shear strength
values at 500°F in an evaluation of seventy-seven commercial
Silicone and organo-modified silicone resins. Of the comumercial
organo-modified sllicone resins, DC-1360 displayed unusually
high shear strength at room temperature (average, 2300 psi) but
low shear strength at 500°F (average, less than 100 psi).

3. Silicone resin adhesives which have been synthesized
in this la.oratory show consistently higher shear strength
valueg than the best available commercial silicone resins
(greater than 1100 psi at room temperature and 600 psi at S500°F).
The best high-temperature shear strength values were found in
resins having an R/S1 ratio from 1,10 to 1.30 and a methyl
content from 30 to 60 percents

e About one hundred organo-mcdified silicone resins
have been prepared in this laboratory, in which commercial
silicene resins were combined with commercial alkyd, epoxy,
phenolic, and polyamine resins, and with several organic
compounds. Of these, the epoxy-modified silicone resins showed
the most promise of ylelding a satisfactory high-temperature-
reslistant structural adhesive compositions

5. The Karl Fischer reacent has been adapted for deter-
mination of silanol groups in silicone resins. Hydroxyl values
obtained are useful in the characterization of silicone resins
and in the control of silicone modification reactions.

6. Silicone~isocyanate copolymerization work, while not
producing a practical product, resulted in thermally stable
materials and adhesive results of considerable interest.

T Amine catalysts were found to be of considerable promise
in reducing the cure requirements of silicone resin adhesive
compositions. In DC-2103, 90 percent of the high-temperature
shear strength (averapge about 500 psi) normally developed after
sixteen hours at 480°F was developed in about four hours at 4+80° ¥,
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8s Primers and surface treatments, beyond the initial
degreasing and chromlec acld treatment; provided no significant
improvement in the adheslion of silicone or organo-modified
silicone resins to an aluminum surface.

9. Glass fabric may be used as a carrier for a silicone
resin adhesive. Little or no reinforcement, however, was added
by the fabric. There were indications that glass fabric de=-
creased the resistance of sllicone resins to high-temperature
aglnge.

10. Asbestine X (a fibrous magnesium silicate) and titanium
dioxide were found to be of value as flllers for reinforcement
in silicone and organo-modified sillcone resins. Zinc oxide
and magnesium oxide fillers reduced the shear strength of the
silicone and organo-modified silicone resins in which they were
tested.

11. Blends of compatible sillcone resins produced shsar
strength values which were approximate averages of the shear
strengths of the individual resins.

12« Several epoxy-modified silicone resins which were
synthesized in this laboratory showed little or no change in
shear strength at S00°F after being aged for 500 hours at
S00°F. Several commercial silicone resins withstood aging
for 300 hours at 550°F, with, however, a 50 to 60 percent
reduction in shear strength at 500°F. A sllicone resln syn-
thesized in this laboratory withstood 240 hours of aging at
600°F, with, however, considerable reduction in shear strength
at S500°F.

13. Silicone resin shear strength values obtalned from
lap joints prepared with machined-edge panels showed an average
deviation of only cne percent and a maximum deviation of three
percent at room temperature, and an average deviation of five
percent and a maximum deviation of ten percent at SQ0°F.

WADC TR 54-98 Pt 2 45



V, RECOMMENDATIONS

It 1is recommended that:

1. The investigation of epoxy-modified silicone resinsa
be continued. This would include a brief study of copolymeri-
zation and solution-blend methods, further modiflcations, over
g limited range, of commercial silicone resins with additional
commerclal epoxy resins, and more detalled work as indicated
below,

2. A more detalled investigation be made of the composi-
tion used in CHR-M-60 epoxy-silicone resin, including studies
of composition, filler, catalyst, and thermal stabillzers.

3. Modifications be made of commercial and experimental
silicone resins and spoxy-silicone resins with phenolic¢ resins.

L. Complete aging studlies with aluminum and stainless
Steel be made on selscted sillicone and epoxy-sillicone resins,
with concurrent calibration of aging at 600F in order that
such a test may be used for accelerated screening.

S. Further improvements be made in the synthesis of
silicone resins for use as high-temperature-resistant adhesives
by the development of practical purification procedures and
by the use of incremental addition of monomers or other tech-
niques for improving the homogeneity of the polymers,

6. Soluble or fusible copolymers of silicone and isocyanate

monomers be developed for evaluation as high-temperature struc-
tural adhesives,
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Resin

Dow Corning Corp.

DC-801
DC-802
DC-803
DCc-80L
DC-805

DC-935
DC-935 HY
DC-993
DC-99L
DC=996

DC-1088
DC-1089
DC-1360
BC-2103
BC-2103 HV

DC-2103 LV
DC-2104L
DC-2105
DC-2106
DC-2106 HV

¥R-100
XR-379
XR-398
XR-513
XR-537

XR~538
XR-5L3
XR-SLL
XR=551
XR-807

IR-859
TR-875
XR-878
XR-380
XR-928
YR-102L
XR-L007

WADC TR ©5L,-98 Pt 2
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TABLES

TABLE T

COMMERCTIAL SILICONE RESINS

Organlc
Modifier?

Terephthalate

Phenolio
Alkyd

Alkyd
Phenolic
|

Alkyd
"

Shear Strength;L Cumulative Average

Room Tempersture

psi

No o Of
Tests3

S00°F

psi

No. of
Tests3

1483
1L88
11390

861
1555

L62
6L0
1420
1142
1354

950
1033
2275

1175

925

875
783
9L0
L5
L50

1156
1140
1454

800

1250

955
1043
8Lé
0
1612

905
690
1050
1580
0

0
525

L7

e e G2 RO R

o

HEwWKH O HFuiviw H\w s

HFHEHHHMFF wHOWWH

183
122
282
316
250

70
110
130

62

88

75
60
91
385
390

560
268
225
255
230

317
310
73
155
8o
110

242
28l

78
95

180
175

0
275
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=
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TABLE I (Contfd.)
Shear Strquthl, Cumulative Average

Room Temperature S00°F

Organic No. of No. of
Resin Modifier? psi Tests3 psi  Testsl
General Electiric Co.
SR-32 952 2 (none)
SR-17 970 1 15 1
SR-53 765 1 80 1l
SR-82 830 1 120 1
SR-98 650 1 65 1
SR-02 390 1 30 1
SR-111 . 7504 1 125k 1
191-14-631 550 1 210 1
813%0 1222 3 (none)
81397 1023 3 268 3
Iinde Air Products Co.
1-62 1160 1 120 1
X-63 837 3 195 3
Y=1027 : 800 2 35 2
Y-1043 Styrene 980 1 20 1
Y=-10LL " 750 3 10 2
Y-1054 750 1 0 1
Y-1166 830 2 0 2
Y-1167 , 860 2 0 2
Y-1203 17124 L 1804 L
Y-12,7 1770k 1 205k 1
Midland Ind. Finishes Co.
160-29-H 1030 6 20 5
160-30~D Alkyd 1633 2 35 1
X-~2608 " 1694 L 62 3
1-2720 Epoxy 1640 3 118 2
RS-513 Alkyd 1265 3 éL 3
R8-554 " 1327 2 160 1
Bakelite Corp.
BRQ-12427 1250 1 Lo 1
BRQ-12431 : 890 1 10 1
GRQ-1255L 560 1 0 1
GRQ-12555 590 1 8 1

1, The lap joints were prepared from the resins in aoccordance with the standard
procedure (Method B~l, except as noted below in footnote L) described in the
Experimental Section, and were oured for 16 hours at L8O*F,

2. Where disclosed hy the manufacturer.

3« Bach test consisted of shear tests on two lap joints, prepared, oursd and
tegted in the same batoh.

L. Prepared in accordance with Method B-2.
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TABLE II

CHR-SYNTHESIZED SILICONE RESINS

R/Si % Resin R.T. Shear Strength, psi S500°*F Shear Strength, psi
Ratio Methyl CHR Ne, Aver, Hig Low Aver, High Low
1,00 20 1284 L75 500 1150 L8O L0 1470
1.10 (10)% 132 700 750 650 1,50 L60 LLO
1,17 LL 178 €20 610 600 L85 510 L6560
1.20 30 147 175 200 150 0 0 0
1,20 30 155 250 300 200 525 710 370
1.20 30 15583 685 730 640 L62 490 uho
1,20 3L 133 650 700 600 1470 490 450
1.20 L0 1366 875 $00 850 270 - 280 260
1,20 JNe) 137 800 850 750 515 520 510
1,20 (20)2 1364 400 1:00 100 17 165 130
1,20 Ls 139 575 650 500 107 185 160
1,20 50 233 685 775 600 255 350 160
1.20 50 122¢ 615 660 580 432 490 380
1.20 50 12205 780 800 750 275 300 260
1,20 50 12283 605 &80 560 347 370 300
1,20 50 122-1 590 €00 575 - 420 L2s LOO
1,20 50 1222 740 800 700 630 650 610
1.20 50 135 775 800 750 530 sho 520
1.20 60 1514 710 750 650 422 450 1400
1.20 60 1518 710 860 600 375 430 300
1.20 €0 15187 1450 1,80 1390 525 540 510
1,20 €5 2353 685 700 675 170 190 150
1,20 65 2883 525 550 500 160 170 150
1,20 66 170 870 900 BLO héo- L4180 Lo
1,20 67 159K 535 650 380 147 180 90
1,20 Lo 181 635 650 620 L25 L&0 390
1,20 50 179 900 900 900 405 L60 3%0
1,20 50 17947 915 930 900 390 L10 370
1.20 50 1798 550 600 580 400 L00 400
1,20 &0 180 820 880 760 397 Lo 385
1,20 33 194 L55 W60 Lso 210 240 180
1,20 37 193 L0 510 L70 190 150 190
1.20 L2 192 590 590 590 325 330 320
1.20 L6 191 610 6L0 580 325 360 290
1,20 ol 189 920 9L0 900 300 310 290
1,20 8 188 990 1000 980 265 290 21,0
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R/Si % Resin,
Ratio Methyl CHR No.
1,20 62 - 187
1.20 66 186
1.20 70 185
1,20 7% 8L
1,25 35 157
1,20 LS 1500
1.25 50 163C
1.25 50 16305
1.25 50 16k
1.25 1 156
1,25 55 15683
1.25 6l 173
1,25 65 15883
1.25 65 171
1,30 L0 15483
1,30 L5 183
1.30 L0 154
1.30 50 153

" 1.30 60 152
1.30 60 15283
1.30 60 150
1.3 63 172
1.40 Lo A-18
1.40 Lo A-2
loho LLO A"B
1.40 - 40 A=l
1.40 Lo ~ A-5
1,40 55 11
1.40 55 1L1A
1.40 55 1L1B
1.L0 55 uac
1.40 55 1,1p°
1.40 55 14183
1.L40 57 182

WADC TR 5L4-98 Pt 2

TABLE IT (Cont'd.)

R.T. Shear Strength, psi

Aver., High Low
120 730 710
720 730 710
905 920 890
855 910 800
L1z L50 Loo
475 500 L50
655 690 600
295 320 280
880 920 8Lo
632 650 600
905 1000 720
710 720 700
347 Loo 300
8Lk 900 780
515 5Lo 500

1108 1120 1090
587 650 500
612 650 600
650 700 600

1065 1100 1000
BC0 Q00 700
780 820 740
500 o -
925 - -
800 -= .
850 - o
700 -— -
960 1080 900
850 900 800
587 675 550
879 960 800
835 900 800
760 810 750
935 1000 870

50

500°F Shear Strength, psi

Aver,

300
310
355
300
365

360
L72
L30
300
L8O

315
280

67
380
120

610
415
L27
B2
220

Los
L95
290
100
L8o

390
330
300
177
302

375
325

67
L85

Hgh

300
330
370
310
LoO

370
510
L60
310
520

3L0
310

80
390
160

620
L50
L&O
L10
260

510
510

185
310

100
340

510

Low

300
290
3Lo
290
320

350
L20
Loo
2590
L10

300
250

50
370
100

600
Loo
Loo
350
200



TABLE IT (Cont'd.)

1. 10 mole % methyl, 30 mole % vinyl, 60 mole % phemyl

2, 20 mole % methyl, 20 mole ¥ vinyl, 60 mole % phenyl

3. Ethoxy-silane monomers used in place of the usual chloro-silane monomers
4. Sodium hydroxide solution added during hydrolysis to control pH

5. Excess of sodium bicarbonate present during hydrolysis to control pH

6. Temperature of hydrolysis reaction mixture maintained below 10°C.

7. Purified (See Discussion Section)

8. See Discussion Section

WADC TR 5L4-98 Pt 2 51



0 056 oft
0 Sen ote
1012 ans 002
ST 095 0etT
022 0zé 002
#] 4] "
0 0 02T
0 Q "
0te 089 “
96T ogh 002
082 T »
08¢ 000T. "
25Tt sLzt "
QL ong M
0 089 8
0g 00g »
e 00T "
0 09 o
00T VAR "
0t O0TT »
0 0z¢ "
G 0z 0et
d,004 *L°H o

18d saniegadus],
13uailg Ivayg UoT1oEeYy

0t
ar

Ot

ot
0T
0T
o1
ot

" " " M ® mi-x eT-H
" u - » » YHi-X Ye2-K
TTaug Axodyg 295 uody " YiT-X £2-W
" " » T oom " " ont-1 8T~
" - » STE-X “ an-X 61K
» M " 698X w " Vii-X N~k
u M » " " " T-X €T-H
" » u » » " Yii-X IT-H
» " » » ) " ¥ire-X 1=K
pTue ey uy pANTY STE-X T4zey spulq I-1 02=H
PToe o1TRyjydeda] " u nog-oa =W
ojeuef20sTIp SUSTLTOL u » Tog-0a o=k
g " M Mog=-0a 6K
ojeanueds TATTRTIL " “ Mog=ad LW

(aourq)
91 BUBADOSTIR 9USTATO] " 0 Tog-od 9=H
oqeanuess TATTRTIL " w  £0T2-0a S=H

(asuT)
27eUeADoSTIp BUATATOL “ M £0Te~-od R
91eURAV0STIP sUSTATOL 3Jutuio)d Mo £0T2-od €=
" " W oT-% 6~
aqeanuelo TATTETI] » £N0T-% G-I
21eUeLD0STIp AUaTLATOL 8 vi-X =N
pToe o1Teyrydeds] apuT] L ¢ =K
Ja1rddng adL] punodwon 1o ‘uissy Ie T ddng Utssy °oN MR
ursey

1013304 JI9TILIPCH 2TUEBZID

CSNTSHY ENOSITIS TVIDHIWHOD QATJIDW-ONYOHD
IIT FI9VYL

UOT3I0d SUODTTTS

-38 Pt 2

St

WADC TR



o1t 0s¢1

0af Sent M
929 A "
819 SETT OfT
0s - 0402 "
622 0081 SET
S6T oSt 0ft
TAS 5222 "
0ST ofee 0sT
221 sioz "
on 00TT "
[7A Q61T ™
g6 0502 »
Sgt 060¢ "
00T 0102 “
591 0SLT "
G4T 085T »
09T 00gt »
00T 52LT "
502 0021 »
1577 SLET £
0 065 M
O 004 »
0 agh »
- 096T "
1021 ST6T 0L2
0g qat 0z1
Q Q02 »
06T 0%€T "
08 065 002
Jd5005 °L°d Jo
* 18d santedadus],
nﬂpwzmhu,m hmwﬂm uoTl1oesy

174
ot

Oc

0
0¢
0g
99
£t

474
ot
O¢
o®

£e
107

O¢
Oc

0c
0e
Qe
02

™ '} . 0w = - » T9-H

M u " " " » % 09=K

u " . ® » " » 65=H
TI8uUS u neg uodg . " £0Te~0a gS-H

" " 0209 Tos4H u » » L=H
uojyanoy " Ud 0009 Tosdy » " » g=H
" . L00T uodyg " " " 82-K

" » W M » » » £9-H

» . » ® » » " 29~

» - O™ " “ " T9=H

" - » 0w » " » YOS-K

) " TOOT uodg » » " 08-H

= " f9g uodg " . " af=K

" " P " ™ » LS-H

" » M " " " » o L

" » PR " u » Q9 KW

® » ¥ » " » =N

" " e g uody » » » 61=H

) ") geg uody " o » -
T1eUS £xody 295 uodg " " » £1-H

u " EM6TT Bro  Futurod mo(d cog-a o=}
3qTiedeqg  9TITOUSUd £6TT Bro » " LE-KH
» . 0209 Tosiy » . GE =KW
uoqysnoH " Bd 0009 Tos4H » T28=-X He=i
" n g uody n Y- Le=H

w » g uodg » anr-x €E-H

» " B n # ont-X LT=K

u " 295 uody » » OT-K

" W 29s Lxody “ " 2-H
TTeus Lxodg 295 uodg apuTT ant-X 22=H
JaTTddng adA], punoduwicy) 40 Sursay JoTTddng (FeT) ' “oN HHO
utrsay

UOT4.10d Z9TJTPON OTUe3I

(°piquo)) IIT FIEVL

UoTja0d 2UODTITS

53

WADC TR 54-98 Pt 2



S9¢
0

59
an

1A

CO oo

0

0
sl
%
yxA

0gT
72

561
08T
oL

0g

0.4
0z€
it
00t

522
08T
02
06€
o1t

45005

1sd

099
0

SO0T
alé

S81

S8LT
0961
00£T
ST9T

0091
0421
0eé

082t
SLIT

0z
025T
09T
STET
9821

09"
0£9T
SEMT
061
09.

S2LT
00LT
G2lt
SgsT
SLL

*L°d

0e1

e 3 BRE

02t

01t
"
»

0lLT

ott

-
0oLt

O_H..m

y13dualls JIesyg

Jo
axnjedadus],
uwToray

05
at
St
ST

ST

ot
0T
0t
Or

ot
o1
0t
(N
o1

ot
0T
0t
0T
0T

Ot
ot
Ot
0t
0c

ot
ot
0T
OT
ot

¥

pToYyotIay  OTTOULyd £209 usydofd " 89-K 68-W
" " - - " - €0 9N
" " " » w = LM Le~K
» u " (] N M T9-K og-N

Jeqqny
STITH °useD epTweiiod O0T# spTwedTod  PI=H°Wiod 69N S8-H
» a $ST--fNs-EX
u " TOOT uodg . s ¥58-50T2-00 MoK
» n LOOT undg - " " £o-H
" u ToOT uodg " - " 29N
" " fi9g uodg » ™ " T8-K
» " nEg uodyg - » » 08-K
n u g2y uodg ™ N » 6L-W
" " 295 uodg . » 966~ gL-M
» ™ 600T uodg - . . 69-K
™ H LooT uodg - - . 99K
" » MOOT ucdg " " - Lo-H
" " TOOT uodg " " » 99-M
» - n9g uodg » " " 99~H
- - neg uodg [ " " -
M “ geg uodg " " » £9-K
TT8US » 299 uodg " " S0t~ 29K
" n 0209 Tosfy » " .- LL~K
uogyanoH “ ad 0009 TosAy - " " 9L-H
" " nootT uody " " . Sl
" " TOOT uody » " " NS-K
u " TOOT uodmg " . » LR
» M tiog uody " » " €L-K
" » i€ g wodg » » " ZL-H
» » geg uodg - " » TL-K
TTeus £xodg 295 uodg  JuTudc) mo€  £OTZ-XI OL=R

JaTrdang adL punodwoy Jo ‘ursey JeTTddng ulsay °ON HHD

ugsey

UCT3I0d J9TJTPOH OTuRdIQ

(*pi3uoD) IIT FI9VL

UOT3JI0J QUCITTTS

5k

WADC TR 5L-98 Pt 2



S5
0

0z€
08¢
She
582

08¢

4,005

Tsd

*{uoT308g TequawTIadxy 98S5) SpUSTq 8UCAT[Ts~ouedao ayy Fursedsad

ut se £LeM aWES Y] UT SUOTE UISSJd SUODTTIS ay3 JuTyood £q paoueape uoTjezIdswATod Jo saxdeq °f

§1581 8aJy} Jo adelaay °Z

§1597 oM} JO adelsay °T
0LT " » » - u - T9=KW 96-H
009 » » - u " " 19-H G6~HW
otl » - ™ " " » 09~ f16-H
0LS " “ " » " " 09-K £6-H
0gs - " ™ " » " 65~ 26K
oS " " “ " » ™ 49=-H Té6=K

Jaqquy

ogL °1°Y pTOyuUSTey  OTTouUsyd €205 uaydoLtd pIEH * UU0y Ba-H 06-R
°1°y Do JoTTddng adfy punoduoy J0 fuTsoy Jatrddng UTSaY *oN HHO
sangedadusy, utTssy

‘yjduallg Jeayg uUocT1oeay

wTGI0d I8 TJIPCOH 2Tueda)

{(°p.3uon) III TIAVL

uo T1Iod aUoT ITTIS

55

WADC TR 54-98 Pt 2



TABLE IV

KARL FISCHER SILANOL END-CROUP TITRATIONS OF
COMMERCIAL SILICONE RESINS

Wt. of Resin K.P. Reagent, mg. Hy0/

(s0lids) gms ce, ng. H-0 gm. Tresin
DC-801 2.86 1.35 L.k 1.52
DC"'803 2-03 21»]45 8.1 3092
DC-80L 2,80 9.15 29.5 10,440
DC~993 0,92 1.01 3.25 3.61
DC-996 1.52 0.90 2.94 1.94
DC-2103 3.14 1,00 3,20 1,01
DC-210L 3.04 3.7 12,0 3.90
DC-2106 3.12 1.45 L.72 1.51

Standardization: 1 cc of K.F. reagent equivalent to 3.31 mg Hp0
Time allowed for K.F, resctions three hours
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TABLE XII
GLASS TAPES IMPREGNATED WITH SILICONE RESINS

Shear Strength, pei, Shear Strength, psi; Shear Strength, psi,
Control (No Taps) Metal Unprimed Metal Primedl
Resin R.T. SO0°F R.T. S00°F R.T, 500°F

116 Glass Tape

DC=B0kL 950 255 ' 760 560 $50 £2%
DC-8052 1555 250 290 0 500 0
DC-996 1450 27 880 82 1035 130
DC-17360 19ko L2 1750 155 1800 102
DC-2103 1340 LLo 10L0 225 975 385
DC-21052 L0 225 600 0 1170 Lo
DC-21062 745 255 480 55 1060 370
XR-100 1330 380 1125 255 1025 250
YR-3982 1,54 73 200 0 8L5 15
XR-5LL 835 225 S00 305 8L5 320
XR-807 15L0 60 1300 27 1225 53
160~29=H 9Lio 270 820 250 735 255
160=30=D 1600 25 970 5 1110 200
RS-513 1190 82 320 L2 830 L5
X-2608 1710 10 1060 5 10L0 8
CHR-1L0 690 L8o 910 L20
CHR~150 800 Los 10L0 220
CHR-151A 710 L22 : oo 355
CHR-151B 710 375 850 180
CHR-M-L8 1790 150 1590 150
CHR-M-L9 725 300 900 185
CHR-122R 605 350 1005 570 9403 6003
CHR-1L1E 760 70 950 365 9303 4153

128 Glass Tape

DC-80k 950 255 690 315 80O 390
DC-8052 1535 250 860 0 750 0
DC-996 1450 27 72% 70 520 25
C-1360 1940 L2 1800 250 1560 120
DC-2103 1340 LLO 875 535 675 735
DC-21052 9Lo 225 755 0 1010 140
DC-21062 715 255 865 220 950 325
IR-100 1330 B0 870 215 760 220
TR-3982 1L,5h 73 370 0 1110 0
IR-5L) 835 225 7L0 375 770 480
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TABLE XIT (Cont!d.)

Shear Strength, psi, Shear Strength, psi, Shear Strength, psi,
Control {(No Tape) Metal Unprimed Metal Primedl
Resin R.T. S500°F ReTo 500°F R.T. S00°F
160-29=~H 9Lo 270 770 305 885 295
160-30-D 1600 25 890 17 970 215
RS-513 1190 82 795 L2 500 57
X-2608 1710 10 410 0 920 35
CHR=-152 735 335 _ 670 160
CHR-153 670 385 600 70
CHR-154 650 - 215 sho 215
CHR-156 580 260 800 165

1, Metal surface primed with a thin layer of the same resin used to impregnate tape
2. Tape impregnated and pre-cured on laboratory tower (see Experimental Section)
3. Volan~treated tape (see Experimental Section)
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TAZLE XITI

EVALUATION OF DIFFERENT TYPES OF GLASS TAPES

Average Percentage Difference from Control {(No Tape)

Class Tape Penels Unprimed
No, R.T. 500°F No Tests
Imprernated with Siliccne Resin82
116 -20 -23 16
128 -23 =17 1
108 -18 +1 o
D-9l -39 +6 2
126 +19 +8 2
162 Ho Test +13 2
184 -3 -39 2
184 -32 +80 2
1000 +3 +7 2
112
1L3

Impregnated with Organo=-8ilicone Resins3

116
128
108
D-S4
126
162

164

184
1000

1.

~-26 =33 1L
-3 ~9 1L
-28 +58 2
-57 +55 2
~51 +147 2
No Test +6L ?
=67 +8 2
=75 +67 2
=41 +19 2

Metal surface primed with a thin layer of the same resin used to

impregnate the glass tape,

2-

3.

Various silicone resins, but the majority using DC-2103,

Various organo-silicone resins, but the majority using DC-1360,

WADC TR 5L-98 Pt 2 68

Panels Primedl

R, T. S00° F No Tests
-1 -10 36
-6 -8 L8
-8 an L

-31 +8 b
+9 -5 2

+38 +17 2
+1 =28 L

+12 <31 2

+26 =47 2

-2l +16 2
+3 +5 2

=28 +11 18

-27 +l 1

-29 +40 L

-5 -1, N

-39 +19 b

62 -9 L

=50 -1 L

-5 +1l k4
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TABLE XV

METAL SURFACE PRIMERS WITH SILICONE RESIN IMPREGNATED GLASS TAPES
(No. 128 Glass Tape)

Panel Glue Line, Shear Strength, psi
Resin Primer Tape Primer Mils R.T. 500° F
DC=2103 None -2 1 1290 165
n 0.5% X-172 None 6 1000 155

" 0.05% X-31 " 6 780 355

f 0.05% GS=-1 " 6 620 140

" C.13% VTS n 6 590 75

" None 0,05% X-172 L 1120 170

" " 0.05% X-31 S 1345 220

f n 0,05% GS-1 i 1240 250

" " 1,3% VIS n 1180 350

" 0,05% X-172 0,05% X-172 N 985 190

" 0.05% X-31 0,054 Xw31 k 1110 85

" 0.05% G8-1 0.05% GS-1 5 1120 150

" 0,13% VTS 1.3% VTS 4 940 70

" None -2 1 1000 L08

1 # None 7 1350 525

" 0.1% X-172 " 7 1025 2Ls

n " " 0.1% X-31 7 1200 400

" " " 0.1% Gs-1 7 1050 1185

" # " 1,3% VIS 7 850 410,
XR-100 None . 1 1050 295

" " None 7 950 305

" 0.1% X-172 " 7 1000 250

" " J 0,1% X=31 5 1100 60

" " " 0.1% GS-1 6 850 125

" H n 1,3% VTS 7 825 155
XR=541 None -2 1 600 230
" " None 7 1075 215

" 0,1% X-172 J 7 1000 255

" " " 0.1% X=31 7 750 375

" 0 n 0,1% GS-1 7 750 450

n " " 1.3% VIS 7 800 380
160-29-1 None -2 1 700 210
" " None 7 900 180

" 0,1% X-172 " 7 850 210

" n " 0.1% X-31 7 800 260

" " " 0.,1% 0S-1 7 850 2L5

" o " 1.3% VTS 7 900 165

1. The primers are products of the Linde Air Products Company. VTS is vinyltri-
ethoxy51lane, X-31 is vinylpolysiloxane, GS=-1 is a vinyl resin emulsion, and
X-172 is a water-soluble vinyl-polysiloxane resin. :

2, Resin alonej no glass tape,
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TABLE XVIII

INORGANIC FILLERS IN SILICONE RESINS

Filler, gl Reinforcing Fabric Shear Strength, psi
R.T, 300°F GOO°F JOO°F

DC-2103

None 1450 365 175

10 Mica 260 70

10 Santocel C 640 385 90

10 Valron (8i09) 315 50

10 Celite 760 355 110

10 Tio, 2 375 160

10 Agerite Alba 650 430 340

10 Agerite Alba _ 340 155

20 Al Dust 510 260

20 Al Dust 850 260

20 Mg0 400 110

20 Zno 965 150

10 Ti0,+10 Zno0 1100 325

20 Ti0,3 800 400

20 Zr0; 750 1L0

20 CaTiO3 800 180

20 CaZrd 580 210

50 A1 Dust 870 80

20 Al Dust D-9L Glass 770 360

None Dacron 800 105

20 Al Dust n 515 140

DC-1360

None 2100 90 T0

10 Mica 1525 130 80

10 Santocel C 2505 170 95

10 Valron ($105) ' 2330 200 L0

10 Celite 2050 190 90

10 Agerite Alba 2295 150 85

10 Ti0, ' 24,00 430 75

20 Al Dust 1500 120

20 Mica 1525 110 80

20 Santocel C 2700 760 165
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Filler, %l

20 Valron (8i09)
20 Celite

20 Aperite Alba
20 Mg0

20 Ti0,

20 Zn0

10 Ti0o+10 Zno
20 Ti0p3

20 2r0;

20 CaTi03

20 Ca2r03
30 T102
None

20 Ti02
None

30 T102

XR-807

None
20 TiO2
None
20 TiO2

X-2608

None

10 Mica

10 Santocel C
10 Valron (8i0,)
10 Celite

10 Agerite Alba
10 Ti0,

20 Ti0,

None

20 T10,

TABLE XVIII (Cont'd.)

Reinforecing Fabric

116 Glass
L] ]

n "
" "

116 Glass
" n

116 Glass
] ]

Shear Strength, psi

R.T. 300°F G00°F [OO°F
1270 LLo 60
2200 650 90
1840 500 95
720 0
1925 1450 310 165
350 10
1100 90
1575 300
1400 7%
1050 110
1200 70
24,00 2Ls
1250 LS
1500 135
2100 125
2125 400
2150 0
1650 95
1550 55
1650 145
1955 170 70
1945 70 110
1295 190 110
1380 50 70
1610 70 130
2060 Lo 60 -
1720 180 270
1975 180
1100 0
550 55

1. Percentage by weight in the filled resin mixture.

2. Except where footnoted (3), the TiO, is Titanox RA,.

3, Ticon T (see Table XIX),
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TABLE XXII

SILICONE RESIN BLENDS

Blend Composition Shear Strength, psi

Hesin A Resin B Wt. % of B RoT. S00°F
DC-2103 {none) - 1062 612
" DC-80L 25 862 420
" " 75 700 Lo0
" " . 100 757 3hL7
" DC-935 50 600 0
" " 100 L62 70
" DC~993 S0 250 0
" " 100 1420 130
" DC-994 50 1680 200
# . 100 112 62
" DC-996 50 550 0
# " 100 1850 88
" DC-1360 50 1755 200
" " 100 2275 91
" 160-29-H 50 1080 415
" " 100 1030 207
DC=-21031 (none) _— 1160 422
" DC-80L 25 917 L2
" " 75 8z2 337
" " 100 695 305
DC-21032 (none) - 1087 392
" DC=804L 25 1162 372
" " 75 1000 352
# ® 100 912 357
pC-80k4 (none) - 860 320
" DC-210L 50 0 0
U " 100 783 268
" DC-2105 50 550 30
" w 100 9LO 225
" DC-2106 50 610 0
w " 100 U5 255
" XR=5Lk 50 625 0
" " 100 8L6 284
" XR-856 50 0 0
" . 100 905 95
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TABLE XXIT (Cont'd,)

Blend Composition

Shear Strength, psi

Resin A Resin B Wt., £ of B R.T. SO0°F

CHR-122 {none) - L0 510
" CHR-141 25 675 500
" " 75 805 410
" n 100 1100 300

CHR-1222 (none) - 1025 620
" CHR-141 25 1000 o5
" " 75 925 L72
" " 100 951 300

1. Resin or resin blend impregnated in No. 128 glass tape. Panels primed
with same resin,

(SR
L]

Resin or resin blend impregnated in No. 116 glass tape. Panels primed
with same r esin,
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TABLE XXVI

COMPARISON OF SHFEAR CUT AND MACHINED EDGE ALUMINUM PANELS

Room Temperature Shear Strength, psi

Shear Cut Panels, Machined Panels,
Selected Beveled Edges Square Edges nly
Within Glued Area In Glued Area
Resin DC-2103%

1. : 950 1220
2e 950 1110
30 1440 1350
L. 1200 1300
5. 950 1180
6. 1150 1300
7o 1220 1200
8. 1200 1150
Average Shear Strength 1133 1223
Range L90 250
Maximum Deviation 308 128

- oA o D ar M e P D SO e Ep 4B MR s MR SO OR W wmk W e %D M GE wm e mm ep mA mm w P e ON e e W e o W

Shear Strength, psi
Shear Cut Panels,

Random Choice Machined Panels
R.T. SO0°F R.T, S00°F
Resin BC-21032
1. 1180 430 1100 LS50
2, 950 510 1100 500
36 1000 570 1100 520
Lo 1100 500 1050 5LO
Average Shear Strength 1058 503 1088 503
Range 230 140 50 90
Maximum Deviation 123 73 38 53
Resin CHR-1222
1. 800 cLo 650 550
2e 800 650 700 530
3. 700 350 680 120
L. 650 190 750 510
Average Shear Strength 738 507 695 503
Range 150 300 100 130
Maximum Deviation 83 157 55 83

1. Method B-1 (see Bxperimental Section)s glue lines 2 mils, average
2. Method B-2 (see Experimental Section); glue lines 1 mil, average

-
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TABLE XXVIIT

DESCRIPTICON OF COMMERCIAL MATERIALSY

Dow-Corning Corporation

DC=80L Silicone Protective Coating Resin

DC-802 " " " "

DC-803 " " " "

DC-B80L n Q " n

DC-805 " " " n

DC-935 " Electrical Insulating Varnish Resin
DC=993 " " n n "
DC-99L " " " w "
DC=996 n " n " L]
DC-1088 " Insulating Wire Varnish Resin
DC-1089 " " " n

DC~1360 ] Wire Enamel Insulating Varnish-Silicone-

Terephthalate Resin

DC=2103 # Bonding Resin

DC-2104 n " "

DC-2105 bl " "

DC=2106 " Laminating Resin

XR~100 Experimental Siliccne Resin

XR-379 " . * (Phenolic Modified)

XR-398 n * *  (Alkyd Modified)

XR-513 it " "

XR-537 " » n

XR-538 " " ®* (Similar to DC=-935)

XR-543 n e} "

XR-5LL " ] "

XR-~551 " U * (Similar to DC-2103,
but more brittle)

XR~B07 " n *  (Alkyd Modified)

XR-859 " " ®* (Phenolic Modified)

XR-875 " ] " " " }

IR-878 " " % (Alkyd Modified)

XR-8680 " " " (Alkyd Modified)

IR-928 L] " "

XR~1024 " n ®*  (Similar to XR-928)

XR-L007 " " * (Similar to DC=-2103,
but more flexible)

Xy-15 Curing Catalyst for Silicone Resin

XY=2h " " n " ]

General Electric Co,

SR-17 Silicone Flexible Insulating Resin for Extreme

Hot or Cold
SR=32 Silicone Resin
SR=53 " ® for water repellency

SR-82 " "

1, See Table XIX for inorganic fillers,
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TABLE XXVIII(Cont‘d,)

General Electric Co, (Contid,)

SR-98 Silicone Varnish; High Temperature Hard Flexible
Film Resin

SR=02 Silicone Resin

SR-111 Experimental Silicone Resin

191-1h-631 Silicone Resin

81390 Experimental Silicone Resin (Class H Insulation)

B1397 ' L n n

Linde Air Products Co,

G8-1 Vinyl Silicone Resin
VTS Vinyltriethoxysilane
X-1LA Low-Molecular-Weight Limear Polysiloxane Cone
taining Some Residual Ethoxy Groups
X-1LB Low-Molecular-Weight Linear Polysiloxane Cone
taining Some Residual Ethoxy Groups
X-14C Low-Molecular-Weight Linear Polysiloxane Conw
taining some Residual Ethoxy Groups
X-31 Vinylpolysiloxane
X-62 Silicone Resin
X-63 n "
Y-1027 " Coating Resin
Y-1043 Silicone-Styrene Copolymer -~ Experimental Potting Compound
Y-104Lk " " L L] " L]
Y-105L Silicone Wire Enamel
Y-1166 " " "
Y-1167 w Protective Coating Resin
Y-1203 " Adhesive Resin
Y-12L7 " " "

Midland Industrial Finishes Co,

160-29-H Clear 8Silicone

160-30-D Silicone Alkyd, 011 Modified

R84513 " ]

R§-556 n ® 0il Modified

X-2608 " "

X=2720 *  Epoxy

Bakelite Corp.

BRQ-12427 8ilicone Molding Reain (Phenolic Modified)
BRle2h3l ] ] n n "
GRQ-1255L " " w

GRQ-12555 " " "

GJQ-11943 Phenolic Resin
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TABLE XXVITI(Cont'd, )

The Connecticut Hard Rubber Co,.

Cohrlastic 260 Silicone-Metal Surface Primer

8hell Chemical Coc.

Epon 562 Epoxy Resin
® 82§ " "
® o 83) " "
® 86 " w
® 1001 “ J
® 1004 L "
* 1007 ] "
¥ 1009 " #

American Cyanamid Co,

PDL-7669 A Polyester: Partially polymerized triallyl cyanurate
Rezyl X-315 Alkyd Resin
Rezyl X-869 " n

Houghton Chemical Co,

Hysol 6000 PR Epoxy R851n
Hysol 6020 "

Gerneral Mills, Inc,

Polyamide Resin
100 Polyamide Resin

Reichhold Chemicals, Inc,

Plyophen 5023 Phenolic Resin

E. I. Du Pont de Nemours & Co.

0GT-21 Octylene Glycol Titanate, 2 moles R:1l mole Ti

0GT=-2,21 " s 2.2% " 0

0GT-31 " " ) , 3 " n ow

TPT Tetra isopropyl titanate, titanium ester from Pigment Dept,
TBT Tetra n-butyl " * " " " "
Volan Methaerylat o .chromic chloride solution in isopropanol
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TABLE XXIX

DESCRIPTION OF GLASS FARRICS

Breaking Strength,

_ Thickness, Count - 1bs/ina
Style 0z/59.yd. mils Ends and Picks Warp Fill Weave Finish
106 85 1.5 56 x 56 Lé g2 Plain
108 o443 2 60 x L7 70 Lo "
116 3,16 N 60 x 58 150 140 "
126 5.37 6.5 3 ox L2 229 195 "
128 6.00 7 L2 x 32 250 200 n
162 12,20 15 28 x 16 L50 350 n
164 12,60 14.5 20 x 18 500 Lso n
18L 25.90 27 L2 x 36 950 800 8 H. Sate.
1000 10.1 13 S 163 L26 Plain
D-9L1 2.1 i 20 x 28 Leno 1142
Marquisette

1. Hess Goldsmith Company
2, 11k Finish - Heat-cleaned to completely desize. Treated with Methacrylate
chromic-chloride to improve adhesion.
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