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FOREWORD

This report was prepared by Mr. Alfred S. Kidwell
and Mr. Kenneth L. McHugh of The Connecticut Hard Rubber
Company, New Haven, Connecticut, under Alr Force Contract
No. AF 33(616)-2448. This contract was initiated under
Project No. 3343, "Jet Rotors", Task No. 73496, "Heat
Resiatant Adhesives™, and was administered under the
direction of the Materials Laboratory, Dlrectorate of
Research, Wright Alr Development Center, with Mr. F. W. Kuhn
acting as project engineer.

This report covers work performed during the period

1 May 1955 to 1 November 1955 and is the third report on
the subject by the same contractor.
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ABSTRACT

Wide variations in the composition of the CHR-M-60
epoxy-modified DC-2103 silicone resin with Asbestine X
filler, which has shown shear strength values as a meital-
to-metal adhesive in excess of 1000 psi at S0Q°F, havse
been made and the results plotted to indicate composition
areas ylelding maximum shear strength values. Extended
high-temperature aging tests have shown DC-803 silicone
resin and epoxy-modified DC-803 to have better aging re-
sistance than DC-2103 and epoxy-modified DC-2103, respectively.
The DC-803 showed little loss in shear strength at 500°F after
aging 1200 hours at 500°F on both aluminum panels and stainless
steel panels (residual shear strength about 300 psi at 500°F).
™is resin also withstood Y0 hours at 600°F on stainless steel
and D0 hours on aluminum. The 20 percent epoxy-modified DC-803
lasted 800 hours at S00°F and 100 hours at 600°F (residual
strongth in each case about 350 psi at room temperature and 150
psi at SO00°F).

A number of silicone-epoxy-phenolic resin blends were
prepared, which showed shear strength values and high-tempera-
ture aging resistance slightly better than those for the epoxy-
modified sllicone resins.

Up to 20 percent of epoxy resin in epoxy-modified DC-2133
silicone resin was found to have relatively little effect on
the change in shear strength values when tested over a tempersa-
ture range from -70°F to +900°F; the epoxy resin mainly improved
the strength over the lower half of the temperature rage.
Shear strength at 900°F was about 100 psi.

PUBLICATION REVIEW

This report has besen reviewed and 1a approved.

FOR THE COMMANDER:

*M. R. WHITMORE
Technical Director
Materials Laboratory
Drectorate of Research
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INTRODUCTION

Recent progress in the development of jet and rocket en-
gines, promlising to propel eircraft at aspeeds far beyond that
of sound, has brought forth new requirements for metal-to-metal
structural adhesives capable of maintaining strength at-tempera-
tures of S00°F and even 700°F. The silicone resins and elastomers
are the outstanding synthetic¢ polymers for high-temperature serv-
ice, but until recently little work had been directed toward the
application of these materials as structural adhesives. The
present contract was created with the thought that a commerclally-
avallable silicone resin might be found which would provide the
required strength at a temperature of 500°F to bond aluminum and
stainless stesl parts to each other. It was hoped that such an
adhesive would withstand aging for several hundred hours at S500°F,

and withstand brief exposure to a temperature of T700°F.

A thorough survey of existing commercial silicone resins and
elastomers was made and reported in WADC Technical Report S5i4-98,
Shear strengths of more than ;00 psi at S00°F were found to be
available. During the second phase of this research {WADC TR
54-98 Part 2) commerclally available silicone resins were modi-
fied by reactlon with epoxy and other organic resins, resulting
in a raising of the shesar strength at 500°F to 1000 psi. Rela-
tionships were also determined between chemlcal composition and
adhesive strength with silicone resins synthesized in the labor-
atory. In the current phase of this research, covered iIn this
report, a study was made of variations in the composition of the
best epoxy-modified slilicone resin adhesive selected from pre-
vious work, and of the preparation and evaluation of simlilar

epoxy-moedl fied end epoxy-phenolic-modified commercial and ex-
perimental silicone resins.

WADC TR 54-98 Pt 3 1



I, .BEBXPSRIMENTAL
A, EPOXY-MODIFIED COMMERCIAL SILICONE RESINS

Object: To prepare epoxy-modified sllicone resins from commer-
cial sillicone and epoxy resins, and to evaluate these resins
as metal-to-metal adheslives.

Resulta: A series of thirty epoxy-modified sllicone resins have
been prepared which cover a composition range of 5 - 4O percent
epoxy wlith a serlies of epoxy resins. These resins have all
been tested as adhesives on aluminum panels and selected resins
have been tested on stainless steel,

The combination of high room-temperature shear strength
with high shear strength at S00°F was found generally in a
composition range of 10 tc 30 percent epoxy resin in the modi-
fled silicone resins (see Section E on Fillers).,

In general, Epon 834, md Araldite 6020 have consistently
resulted in better modifications with silicone resins than other
resins of the series. These epoxy resins, which are almost
1dentical in composition, have an average molecular welght of
650 and an epoxide equivalent of 3.1 to 3.5 epoxy-groups per
kilogram of resin. They also contain at least one hydroxyl group
per molecule. These resins show good compatibility with the
sllicone resins and presented no difficulties during modifica-
tione ’

The stalnless steel bonds showed about the same shear
strength values at room temperature as the alumlnum bonds, but

at SO00°F the values for the stainless steel panels were con-
siderably lower,

Materials: DC=-=2103 (siliconse) Araldite 6010 (epoxy)
DC=-2103HV " " 6020 "
DC=-2103LV " " 6030 "
DC-803 " " 600 "
DG-Bug " " 6060 "
Epon Sgﬁ (epoxy)
" 1001 "

WADC TR 54-98 Pt 3 2



Procedure: The resin-modifications were prepared in a 500 cc-
capaclty resin reaction flask fitted with & paddle~type
stirrer, a thermometer and a Barrett tube-condenser assembly
(Figure 1). One hundred and twenty grams (solids) of the
silicone resin (50 percent solution in xylene) were placed in
a beaker, and the required welight of epoxy resin was added.
The mixture wes heated on a steam bath to melt the organic
resin, and was blended by stirring. The resin mix was then
poured inte the reaction flask. The stirrer and the heat
were then turned on, and the reaction mixture was allowed to
come to a gentle reflux (pot temperature, 120°-140°C). The
water formed In the reaction was collected and wlthdrawn by
means of the Barrett tube. When the formation of water, as
observed in the Barrett tube, was no longer significant, the
reaction was cooled and the resin was poured out. The heating
perlod was generally about two hours.

One specific epoxy and silicone resin combination (80
parts DC-803 and 20 parts Epon 83l ) was selected for a brief
study of controlled variations In the modification procedure,
Modification M-187 was prepared in the standard manner des-
cribed above, the temperature of the reaction mixture averaging
140°C. M-188 was prepared in the same manner except that a
stream of nitrogen was passed through the mixture during the
entire reaction period, resulting in a reaction mixture tempera-
ture of 130°C. Diethyl carbitol was used as the reaction
solvent in M-189, end the reaction mixture was refluxed at
195°C under a nitrogen atmosphere. M-190 was prepared in the
standard manner except that "Minl-lab" equipment (see Procedure
under Section B) was used instead of the larger reaction equip-

ment used for M-187.

Lap joints were prepared and tested as described in the
Appendlx to this report.

Data: The results of the shear strength tests on the epoxy-
modified commercial sllicone resins appear in Table I.

WADC TR 54-98 Pt 3 3
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FIGURE 1 - APPARATUS FOR ORGANO-MODIFIED
SILICONE RESINS.
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B, EPOXY-MODIFIED CHR SILICONE RESINS

Object: To prepare epoxy-modified silicone resins from commer-
clal epoxy resins and silicone resins of known composition
prepared in this laboratory, under different controlled con-
ditlons, and to evaluate these resins as metal-to-metal
adheslives.

Results: Epoxy-modifications of CHR-122, the hardest of the
three silicone resins compared in this group, displayed
shear strength values at S00°F (LOO to 700 psi) which were
somewhat better than those of the other epoxy-modified sili-
cone resins. Neutralizing the hydrolysis medium during pre-
paration of CHR=-122 resin produced, in genersal, lower shear
strength values; and maintaining the hydrolysis medium at &
constant temperature of 18°C had little effect on the shear
atrength values,

Variatlons in the method of preparing CHR-141 resin
produced, in each case, shear strength values somewhat lower
than those obtalned by the standard method. Variations in
the preparation of CHR=-183 resin produced shear strength
values slightly higher than those normally obtained. Adding
the silane monomers separately to the hydrolysis medifum pro-
duced poor results with sach of the resins.

A resin (CHR-203) somewhat harder than CHR-122 (lower
R/Si ratio and higher methyl content) was prepared and epoXy-
modifications made and tested. Shear strength values, while
nearly equivalent, were no better than those for CHR-122.

Materials:

Epon 83l

Monomers for:
CHR=122 Resin 3R/Si 21,
CHR-141 Resin {(R/Si = 1.
CHR-183 Resin (R/S1 = 1.
CHR=203 Resin (R/S1 = 1,

20; 50% methyl, 50% phenyl
1,0; Z% methyl, gﬁ% phenyl
; 6% methyl, S[% phenyl
5 S4% methyl, 46% phenyl)

Procedure: The following procedures were used to prepare the
slllcone resins. The code letters added to the resin numbers
in Table II correspond to the four different procedures oute
lined below.

Standard Method: Approximately one-half pound of each
of the CHR silicone resins listed above was prepared in the
followlng manner. The monomeric organochlorosilanss were
weighed into a glass-stoppered Erlenmeyer flask, md 250 ce
of distilled, dried, trichloroethylene was added. This

WADC TR 54-98 Pt 3 7



solution was added dropwise into the bottom (solvent) layer
of a two-phase system of 250 c¢c of trichlorocethylene and
three liters of water. The mixture was well stirred during
the addition, no amttempt being made to cool the solution,

The hydrolysis mixture was stirred for one-half hour after
complete addition of the monomers (approximately forty-five
minutes). The two layers were separated, and the trichloro-
ethylene-silicone resin layer was washed in a separatory
funnel as follows: 3 washings of 2 liters each of water,

1 washing with 2 liters of S percent sodium blcarbonate
solution, 3 washings of 2 liters each of water. The tri-
chloroethylene was distilled off until the resin solution
became rather viscous. Two hundred and fifty cc of xylene
was then added, and the resin was refluxed for 30 minutes

to lnsure complete solution. The resin was then poured into
a storage bottle, and a small sample was removed for a solids
determination and a Karl Fischer silanol end-group titration.

T-(Isothermal Hydrolysis): The procedure and quantities
of materiasls were identical to those used in the standard
method except that the entire flask was immersed in en lce.
bath and the internal temgerature of the hydrolysis mixture
was maintained at 18° + 1°C.

N-(Neutralized Hydrolysis): The procedure was identical
to the standard method except that a quantity of sodium bi-
carbonate, sufficient to neutrallze all of the hydrochloric
acid formed in the hydrolysis or the organochlorosilanes;
was added. Also, in earlier runs, the frothing accompanying
the neutralization was quite troublesome, and it was found

necessary to use half the quantity of monomeric organochloro-
silsnes, diluted with 250 cc of trichloroethylene, in order
to reduce the frothing to a point at which it could be con-
trolled. The trichloroethylene-silicone resin mixture was
washed 3 times with 2 liters of water. No attempt was made
to cool the reaction mixturse.

NT-(sothermal and Neutralized Hydrolysis): This pro-
cedure was identical to that of "N" with the exception that
the temgerature of the reaction mixture was maintained at
18° + 1°C throughout the hydrolysis.

I-(Incremental Addition of the Monomers): The procedure
was identical to the standard method except in the mamner in
which the monomeric organochlorosilanes were added. Only two
monomers were required in the preparation of CHR-141 and
CHR-183 resins. The monomers for these resins were welghed;
diluted with trichloroethylene, and added to the hydrolysis

WADC TR 54-98 Pt 3 8



medium individually. The least reactive monomer, dimethyl-
chlorosilane, was added first, over a period of 15 minutes,
and then the more reactive monomer, phenyltrichlorosilans,
over a period of 30 minutes. Since three monomers wers re-
gquired in the preparation of CHR-122 resin, at lsast tw
combinations of staggered addition were possible, i.e.,

adding the three méonomers consecutively, or adding the two
least reactive monomers first, and then the most reactive,
Both procedures were used. The temperature was not controlled
during the hydrolysis.

Bach of the silicone resins was then modified with Bpon
834 in the proportions indicated in Table II. In order to
utilize best the quantity of silicone resin produced above,
these modifications were prepared in "Mini-lab" L/ equipment.
This equipment is similar In design but considerably smaller
than the spparatus used in Section I - A. The minimum ca-
pecity resin-reaction flask for the larger apparatus is 500 cc
while the maximum capeacity flask for the "Mini-lab" equipment
1s 100 cc, thus permitting preparation of more modifications
from one lot of silicone resin. Actual testing requires only
a small amount of resin.

The silicone and organic resins were weighed into a tared
beaker and warmed on a steam bath. The mixture was blended
with a stirring rod and transferred to the "Mini-=lab" reaction
flagk. The stirrer and the heat were turned on, and the mix-
ture was brought to and malntained at a gentle reflux until
the dlstillate no longer contained a significant amount of
water {usually 12 to 2 hours). The reaction mixture was
cooled and poured into a storage bottle.

The CHR-203 resin was prepared and modified by the stan-
dard methods described above.

Lap jolnts were prepared and tested as described in the
Appendix to thlis report.

Data: The results of the shear strength tests on the epoxy-
modified CHR silicone resins appear in Table II.

Remarks: The preparation of the resins proceeded with no diffi-
culty except for the "I" series. In several attempts to pre-
pare CHR 122I and CHR 183I, the resins gelled either during
the hydrolysls or washing steps.

1/ Ace Glass Co., Vineland, N.J.

WADC TR 54-98 Pt 3 9
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C. PHENOLIC-MODIFIZD SILICONK RESINS
Object: The preparation of a phenolic-modified silicone resin.

Results: No satlsfactory phenolic-modified silicone resin was
prepared. In every -case the two materials separated after a
brief perliod of time and were not considered worth testing.

Materials: Phenollic Resins: Plyophen 5015, 5023, 5516
Silicone Resina: CH%—183 (R/S1 = 1,30,
6% Methyl)
DC-803

Procedure and Observatlons:

1. 240 grams of DC-803 solution {50 percent solids) was
poured into a resin reactlon flask fitted with a paddle-

type stirrer, a thermometer, anl a Barrett tube-condenser
assembly (Figure 1). While being stirred, the resin solu-
tion was heated to reflux temperature (125-130°C). LO grams
of Plyophen 5023 solution {80 percent solids in methanol) was
diluted to 100 grams with methanol and added dropwise to the
silicone resin solution over a period of 45 minutes. After
approximately 15 minutes of this addition, the phenolic resin
was observed to be solldifying into small bead-like particles.
After complete addition, the resin mixture was cooled and
filtered. The s0lid materisal was washed, dried, and weighed,
and was found to correspond closely to the weight of phenolic
resin added. The material was discarded.

2. The above procedure was repeated using the same quanti-
tles of materials, with the phenolic resin neutralized and
made just acid by means of 5 percent agueous hydrochloric
acid. The same effect as above was noted with the exception
that the hard bead-like particles of procedure (1) were, in
this case, soft and gummy but were easily flltered out of

the mixture.

3. 240 grams of DC-803 solution was welghed into a tared
beaker and L0 grams of Plyophen 5023 was neutralized, made
just acid (pHS%, and added to the silicone with stirring.
The mixture was heated on a steam bath with intermittent
stirring for four hours. At the end of this time, the mix-
ture was stirred vigorously and then sllowed to stand over-
night. The phenolic resin again separated and formed & skin
over the liquid similar to that found on paint which has
been allowed to stsnd in air.

WADC TR 54-98 Pt 3 13



4. A 240 gram sample of DC-803 was placed in a vacuum oven

and heated under reduced pressure (40°C and approximately 25
millimeters of mercury) until a constant weight was obtained
(corresponding to 90 percent removal of solvent). The resin
was then divided into three equal portions of Yl grams each.
Each of the three portions was dissolved in a different solvent,
viz. methanol, ethanol, and acetone. 1l grams of Plyophen 5023
(pHS) was added to each of the three portions, mixed with a
stirring rod snd then mixed for 5 minutes in a Waring Blendor.
The resin mixtures in the alcohols seperated wlithlin one hour
after removal from the Waring Blendor. The resin-mixture 1n
acetone required almost 2 hours to separate. When the latter
mixture was heated on a steam bath, however, separation occurred

within three hours.

5. CHR-183 resin (R/Si 1.3, Methyl 46%) was dissolved in
acetons, snd three equal portions of L0 grams (solids) each
were weighed into individual beakers. To each of these three
portions was added 1 grams (solids) of each of the following
phenolic resins diluted to 40O grams with acetone and neutralized
with 5 percent hydrochloric acid: Plyophen 5015, 5023, 5516.
The resin mixtures were blended with & stirring rod and poured
into a Waring Blendor, mixed for ten minutes, then poured into
beakers. As before, all of the phenolic resins settled slowly,
but after standing one day they werse found separated into two
distinct layers. Each mixture was again blended in the Waring
Blendor and heated for two hours on a steam bath. The mix-
tures werse allowed to stand in bottles and were remixed daily
by shaking. Over a period of two weeks, all of the phenolie

resins gelled.

The comblnation of CHR-183 and Plyophen 5015 appeared to
be the most compatible mixture tested, although all were con-

sl dered poor,
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D, SILICONE-EPOXY-PHENOLIC RESIN SOLUTION BLENDS

Object: To prepare solution blends of & ternary mixture of a
silicone resin, an epoxy resin and a phenolic resin.

Results: Certain phenolic and epoxy resins were found to be
readily miscible, and the mixtures did not separate easily
on standing. Upon the additlion of silicone resins, however,
these mixtures showed a definite tendency to separate, the
phenollic dropping out of solution and the epoxy remaining
in solution. This separation was found to take place any-
vhere from one hour to approximately four days after mixture,
depending on the resins involved. Refrigeration greatly ex-
tended the shelf life of these mixtures. Lap joints prepared
from the freshly mixed blends yielded good shear strength
values at 500°F. Of the twenty blends tested in the initial
series, eight showed high-temperature shear strength values
in excess of 600 psi, while more than half of the val ues were
over 500 psi. A blend of six parts of DC=803, one part of
Epon 1001 and one part of Plyophen 5010 displayed average
shear strength values of 1380 at 70°F and 920 psi at 500°F.

A second series of ternary blends based on DC=803 and
Epon 834 showed good, although somewhat lower, adhesion
values. The use of fresh lots of phenolic resins showed a
small overall improvement. (The results of adding fillers
and oven aging are described in later sections.)

Materials:

DC-803 (50% in xylene) Plyophen 5010 (60% 1in alcohol}

DC-2103 (60% in toluens) 5012 (60% in alcohol
5015 (65% in water)

Epon 828 5023 (

" 834 5027 (

" 1001 : 5516 (

(As received, percent solids and solvent in parentheses)

0% in alcohol)
0% in water)
0% in water)

T =2 2

Procedure: A series of epoxy-phenollc mixtures (l:1) were pre-
pared from the three epoxy resins and the six phenolic resins
listed above (all reslns or solutions were used as received,
except Epon 1001, a solid, which was used as a 50 percent
solution in acetone). All of the mixtures appe ared compatible
even after prolonged standing. Portions of these mixtures
were then added to each of the two silicone resin solutlions;
DC-803 and DC-2103, to produce final resin mixtures of 6
parts silicone resin, 1 part epoxy resin, and 1 part phenolic

WADC TR 54-98 Pt 3 15



resin (by weight of resin solids). After the blends had been
thoroughly mixed, lap joints were prepared and tested, as des-
cribed in the Appendix to this report.

Portions of the blends were then allowed to stand un-
disturbed, at room temperature, and the time of separation
was noted. Separate portions of the blends (M-200 to M-205)
(Table III) were placed under refrigeration (4O°F) and the
time and extent of sepsration was noted. Of this particular
series, the blends containing Plyophen 5015 and 5516 separated
first, and incidentally gave the poorest high-temperature shear
strength values.

The second series of blends shown in Table IIT were pre-
pared by blending the organic resins and adding to the silicone
resin solutions, as above.

Data: The results of the shear strength tests on the silicone-
epoxy-phenolic resin solution blends appear in Table III.

Remarks: The blends which separated immedliately were considered
incompatible. A serious problem of shelf storage exists,

- however, on those considered compatible, in that the phenolic
resins polymerize slowly st room temperature and eventually
separate from solution. It should be noted here that three
of the blends which separated in four days at room temperature
atill remained homogeneous after fifteen days at LO°F.
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E,

EVALUATION OF FILLERS

ObjJect: To determine the effect of a group of selected inorganic

fillers on a pure silicone resin and on epoxy and epoxy-phenolic
modifications of that silicone resin, and to select the optimum
filler loading in several selected modified silicons resins.

Results: As in previous work, the use of fillers in conjunction

with pure silicone resins was found to offer 1little significant
improvement in the shear strength velues. In the case of only
one filler, ferric oxide, was there a amall general improve-
ment in both room-temperature and high-temperature shear
strengths. Asbestine X and Titanium dioxide offered some
improvement in the shear strength values of the epoxy-modified
silicone resin. It will be noted in Table VI that the Asbes-
tine 5X produced shear strength values at 500°F somewhat
superior to those of the other Asbestine types. In later

data, the 5X appeared equivalent or slightly better than the X.

EBarlier data on the three-component system, DC-2103, Epon
83); and Asbestine X, were plotted on triangular graphs
(Pigures 2A and 2B), and new data were produced to fill in
promising areas. A similar series of samples was prepared
for the systems DC-803, Epon 83l, and Asbestine X, and CHR=-122,
Epon 834, and Asbestine X (Figures 3 and ). The effect of
filler loading varies somewhat In the three systems, but, in
general, 50 to 100 parts is about the optimum loading in the
epoxy-modiflied silicone resins.

Two hours of ball-mill grinding appeared to be sufficient
to blend a 50 part loading of Asbestine X with epoxy-modified
DC=2103 sllicone resin. Further milling showed no significant
improvement in the shear strength values (Table IV).

Procedure: The resin solutions were adjusted to 50 percent

solids (by addition of xylene). The resin solution was weighed
directly in the ball-mill jar, and the quantity of filler in-
dicated in Tables IV to XI was added. The same number of one-=

half inch pobcelain balls was used in each test. The jars

were rolled for sixteen hours {except as indicated in Table IV),
and the resin-filler mixtures were separated from the balls by
filtration. Lap joints were prepared immediately and tested

as described in the Appendix to this report.

Data: The results of the shear strength tests appear in Tables

IV through XI.
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Remarks: Although the data in Table IV showed that two hours
of grinding on the ball mill was sufficlent, sixteen hours
was selected as & convenlent period which would insure
wotting of the different types of flller materials at the
various loadings.
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F, CURING CATALYSTS FOR EPOXY-MODIFIZD SILICONE RESIN

Object: To develop a curing agent for epoxy-modified silicone
resins which would substantially reduce both the time and
temperature of the cure required to produce maximum adhesive
strength.

Results: One formulation tested iIn this preliminary study
offered definite promlse as & curing agent for the epoxy-
modified silicone resins., The addition to CHR-M-60 epoxy-
modified silicone resin of a mixture of one part of dicyan-
dlamide dissolved in two parts of dimethyl formemide pro-
duced in three hours at 320°F 80 percent of the average
room-temperature shear strength developed after the long
high-temperature cure, {16 hours at 480°F). The test results
were, however, quite erratlc.

Materialsy DC-2103 Dimethyl formamide
CHR=-M=60 resin m=Phenylene diamine
Phthallic anhydrids Triethanolamine
Dicyandiamide

Procedure: Phthalic anhydride and dicyandiemide were tho-
roughly ground into separate samples of CHR-M=60 or DC-2103
resin solutions. The solution of dicyandlamide in dimethyl
formamlde and the amines were blended into the resin solu-
tion by stirring. The mixtures were applied to aluminum
panels, and allowed to stand for one and one-half hours at
room temperature to allow evaporation of solvent. The lap
Joints were then assembled in the Jigs and oven-cured at
320°F under 25 psl for the period of time indicated in
Table XII.

Data: The results of the shear strength tests appear in
Table XII.
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G, SHEAR STRENGTH OF RESINS AT TEMPERATURES FROM -70° to 900°F

Object: To determine the effect of increasing amounts of epoxy
re3in on the shear strength of a dilicone resin at elevated
temperatures.

Results: The silicone end epoxy-modified silicone resins ex-
hibited a consistent decrease in shear strength as the tempera-
ture was raised from -70°F to +900°F (Figure 5). The epo
resin (uncatalyzed) displayed an increase in shear strenggg
between -70°F and +70°F, and then exhibited a steady and rather
rapid decresase.

It 1s interesting to note in Flgure 5 that the shear
strength of the three silicone adhesives had a tendency to
level off at 700°F to 900°F, and the adhesives showed at least
a significant retention of strength at 900°F.

Materials: DC=-2103
Epon 83}

CHR-M-109 {90 percent DC-2103: 10 percent Epon 83&;

. CHR-M-60 (80 percent DC-2103: 20 percent Epon 83}

Procedure: The resins were gplied to aluminum panels, and lap
Jolnts were prepared as described in the Appendix to this
report (cured 16 hours at }80°F). Lap joints were pulled at
each temperature after a ten-minute sogk at that temperature,
with the exception of the tests at 900°F.

In our normal testing procedure, the thermocouple is
attached to.the panels at the lap Joint. The portable furnace
1s then placed around the lap Jjoint which had previocusly been
clamped in the jaws of the test machine. It was found that
the wire c¢lip used to attach the thermocouple wire began to
fail after five minutes of heating at 900°F. 1In addition, the
temperature did not show a continuocus rise; instead, it climbed
to approximately 820°F in 45 to 50 seconds, thereupon leveled
off untll the metal became a dull red color (aggroximately
2% minutes), and then resumed its climb to 900°F (approximately
15 seconds). A one-minute scak at 900°F was allowed, and then
the shear strength was determined.

Data: The results of the shear strength tests are listed in
Table XIII and are shown graphically in Figure 5.
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Remarks: It should be noted that no curing catalyst was added
to the epoxy resin (or other resins). It is lmown that higher
shear strength values would be shown by the epoxy resin if 1t
contalined a curing catalyst and if less rigorous curing condi-
tions were used.
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TABLE XIV

SHEAR STRENGTH OF RESINS AT TEMPERATURES FRQM -70°F to S00°F

Glue Shear Strength, psi®
Test Line,
Resin No. Temperature Mils Aver, High Low No, Testis
DC-2103 -70°F 2-2 1480 15810 1450 2
" © 70°F 2-2 1075 1140 1010 2
" 300°F 2-2 1020 1040 1000 2
n S00°F 2-2 L8o 500 L60 2
" TO0°F 2.2 150 200 180 2
" 900°F 2-2 100 110 90 2
Epon 83 -70°F 2=2 1330 1390 1270 2
» 70°F 2-2 1415 1430  140o 2
" 300°F 2-2 7% 390 360 2
" 500°F 2-2 0 0 0 2
" T00°F 2=2 0 0 0 2
" S00°F 22 0 0 0 2
M-109P ~T0°F 2.2 1386 14,20 1350 2
" 70°F 2-2 1318 1340 1290 2
" 300°F 2-2 1155 1170 1140 2
" SO0°F 2.2 590 670 510 2
" 700°F 2-2 120 130 110 2
" S00°F 2.2 115 130 105 2
M-60° -70°F 2-2 1645 1670 1620 2
" 70°F 2.2 1630 1700 1560 2
" 300°F 2.2 1305 1390 1220 2
" SO0°F 2.2 570 590 550 2
" 700°F 2.2 260 270 250 2
" 900°F 2-2 105 130 80 2

a, Failure, in every case, was 100 percent adhesive
b. 90 percent DC-2103, 10 percent Epon 834
¢. B0 percent DC-2103, 20 percent Epon 834
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H. HIGH-TEMPERATURE AGING STUDIES

Object: The object of these experiments was twofold: (1) to
study the effect of high«temperature aging on sillcone and
epoxy-modi fied silicone structural adhesives, and (2) to
to correlaste the effect of aging at 600°F with the effect
of aging at S00°F, to set up an accelerated aging test.

Resaults: The effect on the shear strength of the resins when
aged at both 500°F and A00°F in the initial aging experiment
is shown in Figures 6 to 13 and Tables XIV-A and XIV-B.
DC-803 exhibited considerably better resistance to. aging
then DC-2103; and; similarly, the modification of DC-803
with Epon 834 showed better resistance to aging than did
the modification of DC=2103 with Epon 834. The room-
temperature shear strength values with the stainless stsel
penels were about 40 percent higher than those with aluminum
panels; but no corresponding increase was found in the high-
temperature shear strength values.

Selected modified silicone resins, filled with Asbestine X
or aluminum powder, were aged for 24 hours and 72 hours at
600°F., All of the samples containing Asbestine X filler lasted
through the 72~-hour aging perlod, and showed shear strength
values at 500°F ranging from 165 psi to 310 psi. Those con=-
taining aluminum powder showed considerably less reslistance
to aging.

Three resins, a pure silicone; an epoxy-modification of
that silicone; and an epoxy-phenolic-silicone blend; were aged
for 72, 100, and D0 hours at 600°F. All three of the resins
showed fair room temperature strength after the 200-hour
accelerated aging, but only the pure silicone resin was useful
at SO0°F after the 200-hour sging. The ternary blend showed
good retention of strength at 500°F after 72 hours at 600°F,
but failed on the high-temperature test after 100 hours. The
epoxy-modified silicone resin showed considerable loss of high-
temperature strength after 72 hours at 600°F.

Procedure: For the inltial saging experiment (Tables XIV=-A and
XIV=B), a large number of lap joints, sufficient for the entire
aging study, were prepared as described in the Appendix to this
report. Lap joints for each resin were tested after the ini-
tial cure of 16 hours at 480°F, and thereafter four lap joints
which had been aged for tHe period specified were tested (two
at 70°%F and tw at 500°F).
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Data:t The results of the shear strength tests appear in
Tables XIV-A and B, XV, and XVI, and in PFigures 6 to 13.

Remarks: The scales of Figures 6 to 13 were adjusted so that
the time of fallure of the resins at 600°F could be compared
with the time of fallure at 500°P. Although the relation of
aging at 600°F to that at S500°F appesrs to be different for
each resin and metal, it 1s felt that a short accelerated
aging test at 600°F (e.g., 72 or 120 hours) can be extremely
helpful in screening varlous adhesives; inatead of a prohib-
itively long (seven weeks) aging test at 500°F,
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TABLE XIX

DESCRIPTION AND SOURCE COF COMMERCTAL MATERIALS

Aluminum Company of America

Atomized Aluminum Dust 101 Aluminum dust

Ciba Company, Inc.

Araldite 6010 Epoxy resin
n 6020 " n
n 6030 n ]
» 6040 " "
" 6060 n "

Dow Corning Corporation

DC-803 Silicone protective coating resin
pC-8L0 Silicone blending resin
DC-2103 Silicone bonding resin

International Talc Co., Inc.

Asbestine X Natural magnesium silicate, crystalline
® x » small amount fiber
" X n " " large amount fiber
" FT " " " fibrous

Reichhold Chemicals, Inc.

Plyophen 5010 Phenolic resin
c012 " "
n 5015 L] ]
n 023 L] "
" 5027 " "
L] 5516 " "

Shell Chemical Corporation

Epon 828 Epoxy resin
" 834 " n
n 86h ] ]
] 1001 n n

Titanium Pigment Cornoration

Titanox RA Ti0s, rutile, O.l4 micron
Titanox RA-163-10 T0p, anatase, 0.3 micron
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II, DISCUSSION
EXPERIMENTAL PROGRAM.

The program for the experimental work under this phase
may be broken down into two broad classifications: (1) a
study of means of improving the CHR-M-60 epoxy-modified
sllicone resin developed previously under this contract,
and (2) extension of the basic method of modification to
other combinations of silicone and organic resins, with
particular emphasis on silicone resinsg of known composition
prepared in this laboratory. The first part of the program
consisted of a detailed examination of the copolymerization
or modification method, and a study of the composition
variables of the CHR-M-60 adhesive mixture, including fillers
and solvents. A brief study was made on the effect of curing
agents as a means of shortening both the curing time and the
curing temperature required to develop optimum shear strength
of the resins. An extended aging study was also run with the
CHR=M-60 epoxy-modified silicone resin on stainless stesl and
aluminum test panels at 500°F and at 600°FP. One object of
this study was to set up a relationship so that 600°F aging
could be used as an accelerated aging test in place of the ex-
tended aging (1200 hours) at 500°F. A determination of the
shear strength at tempersatures from -65°F to +900°F was also
made on the CHR-M=60 epoxy-modified silicone resin and the
component resins.

The second phase of the program centered on the prepara-
tion of silicone resins in this laboratory and the use of
those resins of known composition to prepare modifications
with the organlc resins which proved most successful with the
commercial silicone resins.

The effect of variations in the preparatory procedure of
the sllicone resins, lknown to affect the extent and to some -
degree the direction of the polymerization, was studled as a
means of Improving the adhesive strength of the organo-modified
silicones. An extension of thls work was the modification of
silicone resins wlith phenolic resins, and the preparation of
ternary blends of silicone-epoxy=-phenolic resins.

EPOXY-MOOIFIED COMMERCIAL SILICONE RESINS

As indicated in the sectlion above, initial work was based
on the CHR-M=60 epoxy-modified silicone resin, consisting of
20 parts of Epon 834 and 80 parts of DC=2103 resins. A number
of variations were made around this composition, coverlng =a
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range of 5 to 4O percent of epoxy resin, and using a series
of Epon and Araldite epoxy resins. Epon 834 and Araldite
6020, which are very simllar in composition and molscular
welght, have consistently shown the best results when used
to medlify DC-2103 and other silicone resins. These epoxy
resins have a molecular weight ranging from about 600 to 800,
and contain an average of tw epoxy groups and one hydroxyl
group per molecule,

Modificatlions of DC~2103 showed the highest shear strength
values at 500°F;, and good room-temperature shear strength.
DC-2103 LV (low viscosity) displayed shear strengths consider- -
ably better than those obtained with DC-2103 HV %high viscosity).
Modifications of DC-803, while showing lower initial shear
gtrength values than modifications of DC-2103, were found to have
outstanding resistance to aging at 500° and 600°F (see High
Temperature Aging Study, Section H)}). An epoxy modification of
DC~-840 showed good room-temperature shear strength, but only
fair high-temperature shear strength.

Four samples of epoxy-modified DC-803 resin were prepared
for a study of the effect of several varlations iIn the modifi-
cation procedurs. The sample prepared in "Mini-lab" equipment
showed a somewhat higher shear strength value at S00°F than
the other samples. In the larger reaction flask, reduction
of the resction mixture temperature caused by passing nltrogen
gas continuously through the mixture apparently resulted in
noticeably lower shear strength values. A considerably higher
reaction mixture temperature resulting from the addition of
Diethyl Carbitol led to significantly higher shear strength
values. This improvement in the modification procedure was
found near the end of the work under this contract, too late
to be incorporated as a change in the standard procedure.

Several of the epoxy-modified silicone resins were tested
on stainleas steel panels instead of the standard aluminum
panels. These bonds showed normal shear sirength at room
temperature, but considerably lower shear strength at S00°F.

EPOXY-MODIFI&ZD CHR SILICONE RESINS

Three different CHR silicone resins were prepared under
neutralized and i1sothermal conditions, and by ineremental addi-
tion of the silane monomers, and epoxy-modifications of these
resins were prepared and tested. Shear strength data obtalned
in tests on these resins varied so little that only in a few
cases could specific conclusions be drawn concerning the effect
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of variations in the method of preparing the silicone resins.

Epoxy modifications of CHR-122, a relatively hard silicone
resin with an R/81i ratio of 1.20 and containing 50 percent
phenyl groups attached to the sillicon-oxygen structure, showed
somewhat better shear strength values at S00°F than the other
modified silicone resins., Neutralization of the hydrolysis
medium during preparation of CHR-122 resin produced, in general,
lower shear strength values. Meintaining the hydrolyslis medium
at a constant temperature of 18°C had little effect on the shear
strength values. With CHR-141 resin (R/Si ratio 1l.40 and 57
percent methyl), variations in the method of preparing the resin
produced, in each case, shear strength values somewhat lower than
those obtalned by the standard method. Variations in the prepara-
tion of CHR-183 resin (R/8i ratio 1.30 and 46 percent methyl)
produced shear strength values slightly higher than those nor-
mally obtained. Adding the silane monomers separately to the
hydrolysis media produced poor results 1n each of the three cases.

CHR-203 (R/S1 ratio of 1.10 and 5S4 percent methyl), a some-
what harder resin than CHR-122, showed shear strength values
nearly equivalent to CHR-122, but no better,

The bonds on stalnless steel panels showed considerably
higher shear strength values at room temperature and lower
values at S00°F.

PHENOLIC-MODIFIED SILICONA RESINS

Attempts to modify the silicone adheslve-type resins di-
rectly with commercial reactable phenolics were unsuccesgsful,
The phenolic resins as received from the manufacturer were "A"
stage resins and contained some material such as hexamethylene
tetramine which acted as a basic catalyst and supplied the ne-
cessary methylens crosa=linking groups. The use of basic
catalysts with the phenolic resins promotes a rapid reaction
to form a reticulated polymer. Acid catalysts tend to form a
more linear polymer at a somewhat slower speed. The initial
modi fication experiments with the phenollc resins in baslec
medium falled due to rapid gelling and separation of the phenolic
resin. The silicone condensation 1s known to proceed much more
rapidly in an acidic medium than in a basic medium, therefore it
was felt that an acidic medium might be more advantageous for
this modification resction. Indeed, the modificatlion experiments
with neutrali zed and slightly acidic phenolic resins indicated
at least borderline compatibllity. Later work on ternary blends
(phenolic, epoxy, silicone, Section D) showed much more promising
results.
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SILICONE-EPOXY-.PHENOLIC RESIN SOLUTION BLENDS

Earlier attempts to prepare phenolic-modified silicone
resins (Section C) were not successful because of the lack
of compatibllity between the phenolic and silicone resins and
the relatively high speed of polymerization, or cure, of the
phenolic resin. Certain phenolic and epoxy resins, however,
have besn found to be readily miscible. These mixtures were
added to silicone resin solutions, and relatively stable solu-
tion blends were produced. Lap joints prepared from the freshly
mixed blends ylelded good shear strength values at 500°F, several
of these being in the range of 800 to 900 psi.

The varlous ternary blends were found to separate after
standing at room temperature for periods of from one hour to
four days. These same blends, stored in s refrigerator at LO°F,
remained homogenous for periods from two weeks to more than
three months. Apparently the gradual polymerization of the
phenolic resins, which can be almost eliminated by refrigera-
tion, caused a separation of the phenolic portions of the
mlxtures.

The shear strength velues of these ternary blends approached
those of the best modified sillcone resins prepared to date.
The results of filler addition and oven aging were also promis-
ing (see later sections of this discussion section). _

EVALUATION OF FILLERS

A group of selected inorganic fillers was teasted over a
range of concentratlons in DC-2]103 sllicone resin and in the
epoxy-modified DC-2103 resin. The fillers provided little or no
improvement In the high-temperature shear strength of the straight
silicone resin. Iron oxide showed a 10 percent improvement in
high~-temperature shear strength; aluminum dust showed a small
improvement;sand Asbestine X at 25 and 50 parts loading caused no
change in the high-temperature shear strength, and the 75 part
loading caused a noticeable reduction in both the room-tempera-
ture and high-temperature shear strength values. Both types of
titanlum dioxide resulted in lower shear strength values at 500°F,

In the CHR-M-60 epoxg-modified silicone resin (80 percent
DC-2103, 20 percent Epon 83l), both the Asbestine X and one of
the titanium dioxides improved the shear strength at 500°F,
giving values of nearly 1000 psi. The other fillers provided
little or no improvement in the shear strength of this resin.
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As indicated under Experimental Section E, earlier data
obtained on the three-component system, DC-2103, Epon 83,
and Asbestine X, were plotted on triangular graphs to show
the areas of highest shear strength values (see Figures 2A
and 2B), and new data were produced to fill in the promising
areas in the graphs. With few exceptions, the values fell
into relatively well-defined areas according to shear strength
at room temperature and at S00°F. On Pigure 2A, 1t can be
seoenn that the highest room-temperature shear strength values
(1200 psi to 1500 psi) were found for compositions ranging
from about 15 percent to 50 percent Epon gBhs and 85 to 50
percent DC-2103 with loadings up to 75 parts of Asbestine X.
The areas of high shear strength values at S00°F are much more
closely defined than the areas for the room-temperature values.
The highest shear strength values at 500°F (800 psi and above)
were found in an area representing 10 to 30 percent Epon 834,
90 to 70 percent DC-2103, and 75 to 150 parts loading of
Asbestine X. The polnts shown in Figures 2A and 2B 1indicate a
thorough coverage of this epoxy-modified silicone resin svstem,
representing the variations in composition of the CHR=-M-60 resin
(80 DC-2103, 20 Epon 834) indicated in the discussion of the
experimental program, and cover a wide range of loadings with
the best inorganic filler (Asbestine X) found for the epoxy-
modified sillicone resins.

High-temperature aging studies on the epoxy-modified sili-
cone resins indicated the resins based on DC-803 or CHR-122
gilicone resins to be considerably better in high-temperature
aging reslstance than the modified resins based on DC-2103
gilicone resin. PFor this reason; selected samples were pre=
pared covering the three-component systems, DC-803, Epon 83l
and Asbestine X, and CHR-122, BEpon 834 and Asbestine X, and
data from these samples were plotted on triangular graphs
(Figures 3 and 4). The DC-803 system showed a general decrease
in room-temperature shear strength values with increasing load-
ing of Asbestine X; the shear strength values at 500°F; however;
coversd a comparatively small range, from 300 psi to 500 psi,
and the variations did not appear to correlate with composition.
The CHR-122 series agasin showed a gradual decrease 1n room-
temperature shear strength values with increased loading of
Asbestine X; the shear strength values at S00°F showed compar-
atively little variation with resin compositi on over the small
range covered here (5 to 20 percent epoxy) but showed a de-
finite varistion with Asbestine X loading, maximum shear strength
values occurring at about 50 parts loading of the filler.

Several grades of the Asbestine filler, ranging from
crystalline to fibrous, were tested in three different samples
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of the CHR«M=60 epoxy-modified silicone resin at a loading of
thirty parts of filler per hundred parts of resin. Little
difference was found in shear strength values produced by the

di fferent grades of Asbestine at this filier loading, although,
in each case, the Asbestine 5X provided high~temperature shear
strength values slightly greater than those produced by the
other aAsbestine samples. Later data (Tables X and XI) confirmed
the slight superiority of Asbestine 5X over Asbestine X.

Asbestine 5X filler in the silicone-epoxy-phenolic ternary
blends effected a small general increase in the shear strength
values at 500°F, but caused a decrease in the room temperature
shear strength values (Table XI).

Aluminum dust was tested in several loadings in both the
epoxy-modified silicone resin and in the silicone-epoxy-phenoliec
resin blends and showed no consistent improvement in shear
strength values. In the high-tempsrature aging studies, the
addition of aluminum dust to the 8llicone-epoxy-phenolic resin
blends was found to reduce the 1life of the bonds considerably.

CURING CATALYSTS FOR EPOXY-MODIFIED SILICONE RESIN

A relatlively long high-temperature cure (16 hours at }80°F)
has been used in the standard evaluation procedurs. Curing agen ts
have been tested from time to time as & means of substantially
reducing both the time and the temperature of the resin cure re-
quired to obtain the desired high adhesive strength, and not
affect retention of this strength during long high-temperature
aging. Date in Table XII revealed that the addition to CHR=-M=60
epoxy-modified silicone resin of a mixture of one part of di-
cyandiamide dissolved in two parts of dimethyl formemide showed
considerable promise of reducing the time and temperature of the
cure. The results of this preliminery study; however, were
quite erratic. TPurther tests should be made on other modified
silicone resins, and aging studies carried out. In any further
work, a curing agent may be selected which will be consumed during
the cure as a result of reaction with epoxide or hydroxyl groups,
and will shorten the cure time without harmful effect on high-

temperature aging of the resin.
SHEAR STRENGTH OF RESINS AT TEMPERATURES FROM =70°F to 900°F

The effect of increasing amounts of ep oxy resins on the
shear strength of a sllicone resin at elevated temperaturss was
determined. It will be noted from the curves in Figure 5 that
the modi fication of DC-2103 allicone resin with amounts up to
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20 percent of Epon 83l epoxy resin had comparatively little
effect on the change in shear strength at temperatures up to
900°F. The main effect noted from the addition of the epoxy
resin was that of considerably improved shear atrength at
temperatures below 500°F. Prom 500°F to 900°F, the epoxy-
modified silicone resins still showed generally higher shear
strength values than those of the pure silicons resin, but the
differences between the shear strengtha were relatively small
at the elevated temperatures.

The silicone and modified silicone resins displayed a
considerable decrease in shear strength between 500° and 700°F,
but it 18 interesting to note that each of the three silicone
adnesives showed at least a significant retention of strength
at 900°P. It will be observed that these values were obtalned
on the unfilled resins; considerably higher shear strength
values and less loss 1n strength at the elevated temperatures
should be expected with filled resin compositions.

As noted in the experimental section, the low shear strength
values for the pure epoxy resin were undoubtedly due to the lack
of curing agent and the rigorous curing conditions.

HIGH TEMPERATURE AGIHG_STUDIES

Four silicone-based resins were aged for total perlods of
1200 hours at 500°F and 300 hours at 600°F. The four resins
selected were two silicone resins, DC-2103 and DC-803, and
epoxy modifications of those two silicone resins, CHR-M-60 and
CHR-M-42. DC-803 and epoxy-modified DC-803 were found to be
considerably more resistant to high-temperature aging than
DC=2103 and its epoxy modification. The epoxy-modified resins
showed significantly higher initial shear strength values than
the pure silicone resins, but they also showed a more raplid loss
in shear strength with aging and failed after a shorter period

of time.

The difference between the two silicone resins was more
pronounced on stainless steel panels than it was on aluminum
penels. It should also be noted from the figures (6 through 13)
that the stainless steel lap joints exhibited about 4O percent
higher initial shear strength values at room temperature than
the aluminum lap joints. The high-temperature shear strength
values on stainless steel and on esluminum were found to be very
nearly the sams. The difference in the resistance of the resins
to high-temperature aging on the al uminum panels as compared
with the stainless steel panels varied somewhat with the differ-
ent resins end did not appear to be significant.
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The scales of the graphs were adjusted so that the time of
fallure of the resins at 600°F could be compared with the time
of fallure at 500°F. The relation of the effect of aging at
600°F with that at 500°F appears to be different for each resin
and each metal. In spite of these differences, however, 1t was
felt that a short accelerated aging test at 600°F (e.g., 72 or
120 hours) would be extremely helpful in screening various ad-
hesives, instead of a prohibitively long (seven weeks) aging

teat at S00°F,

Various loasdings of Asbestine X filler in selected modified
8ilicone resins caused little improvement and no apparent harm
in the accelerated aging (600°F) of those resins. It was quite
apparent, however, that aluminum dust filler in the ternary resin
blends (silicone-epoxy-phenclic) caused a serious reduction in
the resistance to aglng at 00°F (Table XV).

Three resins, DC-803 silicone resin, epoxy-modified DC-803,
and a ternary blend of 80 parts DC-803, 10 parts epoxy and 10
parts phenollc, were selected and aged for periods up to 200
hours at 600°F. These resins were 100 percent, 90 percent and
80 percent silicone, respectively, and all three of the resins
showed fair room-temperature sgstrength after the 200 hour aging.
Confirming the earlier high-tempsrature aging results, however,
only the pure silicone resin was useful at S00°F after the
200=hour accelerated aging, retaining 70 percent of its 1nitlal
high-temperature shear strength.

As a result of the aging studles on the various silicone
and modified silicone resins, it appears that the best silicone-
based structural adhesive resin wuld be one based on DC-803 or
on a similar slow-curing, high-temperature-resistant silicone
resin containing a small amount of an epoxy-phenolic resin combi-
nation as a means of obtaining high initlal shear strength values
from a catalyzed low-temperature cure. The organic resins should
be present in sufficiently small amount sc that they will not
affect the long-term-high-temperature-resistance of the sllicone
resin. It is apparent that more thorough studles of the basic
gilicone resin, of filler reinforcement; and of silicone metal
surface wetting are needed to ralse the entire shear strength
level of the basic silicone resin composition. It is quite
probable that introduction of thermally stable, highly polar
stde groups on the silicone chain; such as in the chloro-
substituted phenyl silicones which have shown such a marked
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improvement in the metal surface wetting properties of silicone
lubricants %{, may add the needed increase in shear strength to
the inherently stable silicone structural adhesive.

1/ Rlliott, J.R., Prober, M., and George, P.D. Carbon Functionals =
The New Silicone Frontier. Chemical and Engineering News.

Volume 33. 2l October 1955. pp 4513-1l,
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ITI., SUMMARY AND CONCLUSIONS

1. The three-component system of epoxy-modified DC-2103
silicone resin containing Asbestine X filler, which, when
tested as a structural adhesive for &l uminum, produced shear
strength values at 500°F better than the target requirement
of 1000 psi, has been investigated thoroughly, and triangular
graphs prepared showing composition ereas yielding maximum
shear strength values. Maximum room temperature shear strength
values {1200 to 1500 psi) were found in a composition area
ranging from 15 to 50 percent Epon 834 and 85 to 50 percent
DC-2103, with loadings up to 75 parts of Asbestine X; maximum
shear strength values at S00°F (800 to 1000 psi) were more
closely defined in an area representing 10 to 30 percent Epon
834, 90 to 70 percent DC-2103, and 75 to 150 parts loading of
Asbestine X, 3imilar graphs have been prepared for the systens,
DC=803 silicone resin, Epon 834, and Asbestine X, and CHR-122
silicone resin, Epon 834, and Asbestine X. These systems showed
considerably less variation in shear strength with composition
over the limited range covered.

2, High-t emperature sging studies for periods of 1200 hours
at 500°F and 300 hours at 600°F were carried out on a %roup of
silicone and epoxy-modified silicone resins. DC-803 silicone
resin showed conslderably better resistance to high-temperature
aging than the DC-2103 silicone resin, and also the epoxy-modi fied
DC-803 resin showed better resistance to aging than epoxy-modified
DC=2103 resin (CHR-M-60). The DC-803 lasted the full 1200 hours
at S00°F on both aluminum panels and stainless steel panels, and
withstood 300 hours at 600°F on stainless steel and 200 hours on
aluminum. These agings resulted in little or no loss of shear
strength at 500°F for the DC-803 (200 to 350 psi residual shear
strength), but a 30 to 50 percent loss in shear strength at room
temperature {600 to 800 psi residual). The 20 percent epoxy-
modified DC-803 resin lasted 800 hours et S00°F (residual 300 psi
at room temperature and 150 psi at 500°F) and 100 hours at 600°F
(residusl 380 psi at room temperature and 160 psi at 500°F).

3, An accelerated sging test for periods up to 200 hours
at 600°F verified the above results with DC-803 silicone resin.
4 ternary blend of 80 percent DC-803, 10 percent epoxy, and 10
percent phenolic resins, while showing fair retention of room
temperature strength after the 200-hour aging, snd only 33
percent loss in shear strength at S00°F after 72 hours, falled
in the S500°F shear strength test after 100 hours of aging at

600°P,
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4. The shear strengths of DC-2103 silicone resin and of
several epoxy-modified DC-2103 resins were determined at tom-
peratures from -70°F to +900°F. Up to 20 percent of epoxy
resin showed little effect on the change in shear strength
with temperature up to 900°F. The mein effect of the epoxy
resin was to improve the shear strength over the lower half of
the temperature range, causing a large improvement at tempera-
tures up to 500°F and very 1ittle improvement from 500°F up to
900°F (residual shear strength at 900°F was about 100 psi).

S. Ternary solution blends of silicone, epoxy and phenolic
resins were prepared which showed shear strength values as good
&3 the best epoxy-modified silicone resins Prepared to date.

The addition of Asbestine X filler showed some improvement in
sheaer strength values. The ternary blends were somewhat more
resistant to high-temperature aging than the epoxy-modified
8llicone resins, but considerably less resistant than the
8tralght silicone resins.

6. A number of commercisl and 1l eboratory synthesized
silicone resins have been modified with epoxy resins. Epon 834
and Araldite 6020, similar in composition and molecul ar welght,
have conslstently shown the best results in thess modifications.

7. A mixtuwe of dicyandiamide and dimethylformamide was
found to be quite effective as a curing catalyst for 8poxXy -~
modified siliconse resin in a brier lnvestigation of curing
agents.

8. The best reinforcing fillers found thus far for the
epoxy-modified silicone resins are Asbestine 5X and Asbestine X,
Aluminum dust caused no consistent improvement in shear strength
values, and was found to reduce the high-temperature aging re-
sistance of silicone-epoxy-phenclic resin blends.

9. Samples of the different types of silicone-based ad-
hesives developed under the contract work were prepared, tested,
and forwarded to Wright aAir Development Center. Four sanmples
were selected and submitted. Tw samples were of ep oxy-modified
commerclal silicone resins, one (M=60) which showed eonsistentlg
the highest shear strength values at 500°F, and the other (M=42
which showed outstanding retention of strength after aging at
500°F. The third sample was M=117, selected as the best 8pOXy~
modified CHR silicone resin, and the fourth was M-207, the ,
ternary resin blend (silicone-epoxy-phenolic) showing the highest
shear strength values at 500°F. A sample of unmodified DC-803
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silicone resin was also incliuded for comparison testing. Resins
M-60 and M=-117 were prepared with 75 parts and 50 parts res-
pectively, of Asbestine X per hundred parts of resin; the other
sarmples were supplied unfilled. Instructlions for use were
supplied with the samples.
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IV, APPENDIX
PREPARATION OF LAP JOINTS

The resin solution was painted on the lap area of 248-73
clad aluminum panels (4 x 1 x 0.06k inch) which were pre-
viously degreased and chromic acld-cleaned by Method C-1 or
on stainless steel panels, 18-8 half hard (4 x 1 x 0,050 inen),
degreased and cleansd by Method C-5, (cleaning method described
below). On the separate panels, the solvent was evaporated by
heating at 150°F for one and one-half hours, and the resin was
partially cured for one hour at 300°F. The lap joints were then
assembled on a thin Teflon film in the Jig (shown in Figure 5
WADC Technical Report S4=98, Part 2) to give a one-half inch
overlap. (The Teflon film facilitated the removal of the lap
Joints later.) Eight complete lap joints (16 panels) were
assembled in the jig at one time, care being taken to make
proper alignment. Shims were used at esch side of the jif to
hold the panels level and establish 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 indicated 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. Pour jigs were stacked in an
oven, and two fifty-pound steel weights, shaped to fit the jig
cover, were placed on top of the jiga. This gpplied a pressure
of 25 psi to the lap joints in the top jig, and an additional
2 psi for each succeeding lower Jjig, a maximum of 31 psi belng
applied to the lap joints in tne bottom Jig. The jigs were
placed initially in an oven at 300°F and after 30 minutes moved
to an oven at ugO°F for the l6-hour cure,

After cure,'the lap jolnts were tested for shear strength
at room temperature and at 500°F.

CLEANING METHOD C-1 {for clsad aluminum)

The 24S-T3 clad aluminum panels were degreased by immersion’
for at least 16 hours at room temperature in trichloroethylene.,
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 following
composition by welght: 30 parts water, 10 parts concentrated
sulfuric acid and 1 part crystalline sodium dichromate. This
solution was maintained, with agitation, at a tempserature of
150 to 160°F. Ihe panels were rinsed six times with cold water
and were allowed to dry for at least 30 minutes at room
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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.
CLEANING METHOD C-5 (for stainless steel)

The stainless steel panels were degreased with trichloro-
ethylene, alr-dried, and placed in a rack as in Method C=1,
sbove. They were immersed to one inch for 5 minutes in a
hydrochloric acid solution, containing 15 percent hydrogen
chloride by weight, maintained at 80°F, followed by a water
rinse, They were then immersed to one inch for 30 minutes 1n
a nitric acid solution, containing 30 percent nitric acid by
weight, maintalned at 80°F., The panels were rinsed tho-
roughly with cold water, dried, and stored as in Method C-1l.

MEASUREMENT OF SHEAR STRENGTH

Shear strengths were measured in a Dillon Dynamometer s
Model K, having a range of 0 to 5000 psi and modified to have
a loading rate of 1200 to 1400 psi per minute. A1l shear
strength tests were run in duplicate.

The procedure and equipment used for shear strength
measurement at elevated temperatures were described in some
detall in WADC Technical Report S4-98. Brlefly, the lap Jolnts
were heated and maintained at the desired temperature by means
5f a small electric tube furnace affixed between the jaws of
the Dillon Dynamometer. The temperature of the test panel was
indicated by an iron-constantan thermocouple wragped around the
bonded area, commected to a Simplytrol (0 to 750°F) pyrometer.
The lap joints were inserted in the preheated Jaws of the testery
and the temperature of the lap Joints was raised to 500°F and
maintained at that temperature for five minutes before applying

the load.
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