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Abstract

Investigation to develop and evaluate ceramic adhesives for bonding metallic
alloys = particularly Armco 17-7 PH stainless steel - at firing temperature
of L450°F or less was econducted. Eleven ceramic adhesive frits were formu-
lated for the application; and examined for melting, flow and strength
character‘sties. Lap shear strengths of 700 psi at room température and
900 to 3207 psi at 800°F were developed in the adhesives studied.
Reference: DPratt, D. S.; Shoffrer; J: E.; Turner; H. C.,
o "Development and Evaluation of High Température
Ceramic Adhesives;" General Dynamics/Convair

Report MP 59-110, San Diego, California, 29 March
1960. (Reference attached.)
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The present method of bonding stainless steel honeycomb panels = brazing =
18 expensive and has made necéssary the investigation of other methods of
bonding. 'l'ne inorganic ceramic adhesive offers the advantage of potential
and the absence of ga;l.va.nic cerrosion coupling.

High temperature ceramic adhesives might be developed from one of the follow-
ing systems:

1.

Glass forming materials, i.e., alkalies; alumina, silica, phosphates
and others can be blended to form a multitude of physical properties.

2. Glass Compositions Plus Metal Additione

The addition of finely powdered metals to glass ¢ m*pos' itions is &
recognized method of improving the adhesion of glass to metal.

3.
The control of the composition, and the rate of cooling éan produce
recrystallization products in glass. This new crystal growth would
change the nature of the system into a complex glass-crystalline
grouping with & higher melting point.

b,

Refractory additions, i.e., Al203, 2rsiOy or Zr02 crystalline forma-
tions would resist flowing or shearing at elevated temperatures and
thus increase the tensile shear strength of the adhesive.

This limited investigation was conducted in the first three possible areas.

OBJECT:

The purpose of this test was to develop and evaluate & high temperature
ceramic adhesive for use in metal to metal bonding. Initial bonding would
be made with sheet stock to form a simple lap joint. The ultimate goal of
the program was the assembly of honeycomb sandwich specimens suitable for
further testing.

CONCLUSION:

Ceramic adhesives will produce & lap-shear strength of over 3000 psi at 800°F.
Room temperature lap shear values are not as high as those reached by organic
adhesives. Honeycomb panel bonding was achieved but no testing was done.
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RECOMMENDATTONS :

Ceramic adhesives offer a definite advantage in high temperature bonding.
Being formed at elevated temperatures, they do mot burn when resubjected
to elevated temperatures. Air vehicles of tomorrov will be operating at
temperatures requiring ceramic adhesives. Investigation of ceramic ad-
hesive should be continued 8o that ultimately a material suitable for pro=
duction bonding will be available.

1, It is recommended that an attempt be made to duplicate the aluminum
porcelain enamel frit, 8102, produced by the Minnesota Mining and
Manufactu¥ing Company. Knowing the composition of this glass will
help in making modifications.

2. This glass should be subjected to ¢olloidal grinding to lower the inis
tial melting temperature.

3. Additions in controlled sizes should be made of refractory materials.
These would offer resistance to the shearing of the adhesive. Addi-
tional study is needed in all phases of this program; however, rather
than attempt to do everything, the initial study should be made on
the three points listed. Answers from these will point out the next
phase of study.

TBST SPECIMENS AND PROCEDURES:

0,03;" 17-7 PH stainless steel. ’L‘he contact area was reduced to a 1. 000"
width and the specimens were held so as to produce a lap area of 0.50
square inches with a similar specimen. The details of the lap shear tensile
specimen and its firing holder are shown in Figures 1 and 2.

The honeycomb panels were 2" x 2" x 0.500" overall size. The skins were
0.020" and the core was 1/h" hex cell with 0.003" wall thickness. Five
panels were made fxom 17+7 PH core and skins, and five were from PH 15-7
Mo cores and skins.

Specimen Cleaning - Two common methods of metal cleaning prior to the
bonding of glass to a metal surface are chemical cleaning and sand-
blasting. To evaluate the effectiveness of these methods, six lap
shear specimens were prepared by each method. The adhesive used was
the 1067-1; the temperature was 1750°F and a 50 psi bonding force ap=
plied during f:lring. 'Ihe samples vere tested at 800°F and 1000°F after
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TEST SPECIMENS AND PROCEDURES: (Continued)

Since chemical cléaning gave the best results, the remainder of the
specimens were prepared by this méthod as shown below:

1. vapor degrease = 3 min.
tri-chlorethlene degreaser

2. acid etch
76.0% watey
20.0% nitric acid - concentrated
k0% hydrofluoric acid = concentrated
180=-200°F. 0.031" = 10 min;
0.003" = 3 min.

3. ¢6ld running water rinse = 10 min.

4, alkali solution - 180=200°F = 20-30 min.
ocakite cleaner 91 at 6 oz/gal.

5. ¢old water rinse = 10 min.

Adhesives - Eleven different ceramic frits were formulated, smelted,
fritted, ground, and studied in the Lietz Heated State microscope along
with a frit formulated by the University of Illinois, and a low melting
glass produced by the Minnesota Mining and Manufacturing Co:s Formilas
tions for frits C=1 through C-11 will be found in Table I. The bvatch
formulations for these frits and the milling formulas for all adhesives
are also found in Table I.

In the remainder of the report the ceramic adhesive frit is referred to
by C=, the number indicating the sequence in thich the formula was
developed i.e., C-4 was formulated before C-8. When the frit has been
prepared into an adhesive it is referred to as C-1l-1, C-1-2 and so on.
The second number indicates the prepared adhesive is the first, second,
or later formulation to be made from that particular ceramic frit. The
frit, made by Minnesote Mining and Mamufacturing Co., 8102,will be re-
referred to as "8102". This glass was developed by the Minnenota Mining
and Manufacturing Co. for porcelain enamel on aluminum. This frit has
a melting temperature of approximately 1100°F and would be close to the

temperature range ultimately desired.

A short explanation of theories contrdlling the melting temperature of
gla.sses is given in the appendix. The techniques d.iscussed vere em-
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TEST SPECIMENS AND PROCEDURES: (Continued)

Heated Stage Microscope Study = After fritting and drying each new batch
of adhesive, a @ heated stage microscope study was made to learn the thermal
behavior of the adhesive. The frit was dry ground in a mortar and pestle
to pass a 100-mesh screen, (0.0059" openings), and mixed with a few drops
of alcohol. The damp frit was hand pressed into a 1/8" cube, dried,
placed on a small piece of 17=7 PH 0.010" foil, and observed through
15X microscope &s the temperature was reised. The temperature was allowed
to rise at 28°C per min. The observations would stop when the adhesive
slumped to & flat shape. The melting temperature referred to in this
report 15 the temperature required to cause the glass frit to pull into

a sphere. The flowing temperature is that temperature at which the
adhesive slufips to a low mound; losing all identity as a cube oxr sphere.
'These conditions are shown in Figures h and 5. After cooling, the fused
pellet was examined at 60X magnification for corrosive effect oA the
metal. This provided an opportunity to observe any stress cracking
caused by difference in coéefficient of éexpansion.

Furpace Design = To insure good contact between the ends of the lap shear
specimens, it was necessary to apply a uniform pressure during firing.
None of the existing equlpment could be modiﬁed. It was necessary to

A sketch of the equipment is shown in Figure 3. By cha.nging the lever
arm distances arl the variable weight, it is possible to achieve a wide
range of pressures on the samplés The current was controlled by a
variable transformer. A chromel-alumel thermocouple, calibrated to + 5°F
in the temperature ranges used, was located at the bottom of the stack
of samples and indicated the temperatu;e through a Leeds and Northrop
potentiometer.

Adhesive Slip Preparation plication and Firing - The adhesive frits
selected for temsile testing were (;round ‘in water until all particles
were less than 0.0017" diameter. See Table I for mill formulations.
The milled adhesive slip was adjusted to a specific gravity of approxi-
mately 1.6. Ideally all adhesives would have been sprayed at the same

specific gravity, but differences in viscosity prohibited tnis.

The adhesives were applied by spraying a coat that was 0.001"' to 0.006"
thick after drying. The coating was brushed from the edges of the speci-
men and the specimens loaded into the firing holder so as to make a lap
contact area of 0.50 in. sq. A dhromel-alumel thermocouple was inserted

in the bottom of the holder. The pressurepad was placed on the stacked
specimens, and the entire unit pushed into the furnace. The lever arm

was lowered into place on the pressure pad and thus applied a predetermined
loading on the lap areas. The temperature was raised as rapidly as
possible to the desired temperature and then held for the time considered
necessary to cause the adhesive to flow and bond.

The honeycomb panels were fired in a manner very similar to that employed
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TEST SPECIMENS AND PROCEDURES: (Continued)

Lap Shear Testing - The five adhesives selected from the heated stage
microscope study, 8102, C-2, C=8, C<10 and C-11 were sprayed on chemis
cally cleaned piéces of 17-7 PH lap shear tensile specimens. Adhesives
8102, C-2, C=8 and C-10 were sprayed on 10 pairs of metal, while the C-=11
wag sprayed on 5 pairs. The C=2, C-8 and C=10 samples were fired at two
temperatures, one near the melting temperature and the other about 200°F
higher. The 8102 and C-11 samples Were fired at 1050°F. This i& near

the melting temperature of the 8102 adhesive, and over the maximum temperas
ture needed for the C=1l adhesive.

Mill Additions to Adhesives - Knowing some mill additions improve the
bonding of glass to metal, a few tests were made with the addition of
verious oxides to the adhesives being testeds (1 ) Four different
metal oxides were added to Adhesive UI 1067-1. These were ammo onium
molybdate; cobalt oxide, nickel oxide, and manganese oxide.

To adhesives C-2-1, C-8-1, C-10<1, C-11-1, and 8102-1 a 10% addition

of minus 325 mesh (minus 0.00L7") - Fep03 vas made. This new adhesive
wes sprayed on chemically cleaned 17-7 PH samples as before.

Honeyéomb Panels - Table V gives the construction, adhesive, and alloys

used in the fabrication of the honeycomb paneks.

Sendblasting vs. Chemical Cleaning - In examining the pieces after

testing, it appeared the adhesive bonded more uniformly to the chemical-
1y cleaned samples than the sandblasted ones. The adhesive was uniformly
divided between the pieces of the lap joint in the chemical ¢leaning but
stuck to one side on the sandblasted pieces. There also appears to be

a very definite correlation between a reddish color formed at the inter-
face of the chemically cleaned pieces and the ultimate strength. Within
each group, in each temperature range, there is an increase in the lap
shear tensile strength as the intensity of the reddish color imcreases.

Heated Stage Microscope - This instrument revealed differences in
melting temperature between the various adhesive frits. These are
shovn in Figure 6. The information showed the melting and flowing
differences developed in the frits because of formulation changes.
Prits C-3, C-4, and C-5, modifications of C-2, show little change in
melting and flowing temperatures as nickel, silver, and copper are
substituted for lithium.

Frit C-6, a modification of UI 1067, has a slightly lower melting temp-
erature than the UI 1067 frit, but surface tension keeps the adhesive
together to a much higher temperature before flowing.




w CONVAIR = QAN BIEGO EONVAIR DIVISION GD

N o o OENERAL DYNAMICS CORBORATION Caat
modet  REA 8011 SAN DIEGO 12, CALIFORNIA et 6

L B seponr o, ME-59-110

RESULTS: (Continued)

Heating Stage

Frits C=7, C=8, C=9; C=10 have zin¢ and barium introduced at the expense
of the sodium: There was little change in the melting tenqaera.-tu‘res.

The 5% Zn added in C=7 lowered the flowing temperature of the C-2 frit
approximately 180°C.

Besides indicating melting end flowing temperatures, information as to

1 effect of the adhesive on the metal was also learnmed by this study.

| Frits UI 1067 and C<6 have a corrosive action on the metal at the metal=
adhesive interface. The other frits did not corrode.

From these frits; five were selected for further study. These were

8102, €=2, C=8, C-10 and C=1l. The frit 8102 vas selected because it
represented a g],aes with a known low fusion temperature. Frit C<2 was
seiecte& as & simpie compound with a mderate temperature requirement.

as the oxides, respectively. These were me];ted into the gla.ss to impmve
the modulus of elasticity. (1) The lead-sodium-silicate frit in
formula C-11 was selected after a study of phase diagrams. (12) The

8s5. l‘2“' lead, 10.2% boron, U4.6% silica blend has a low melting eutectic

at 473°C.

Lap Shear Testing - The shear values achieved by these adhesives at

roonm tempereture and 800°F are given in Table III.

Mill Additions to Adhesives = The results were not as favorable as that
achieved by “the adhesive alorie. See Table IV for listing of values.
The difference in values was not considered significant so no further
investigation was made. The tensile values obtained by the adhesives
with the Fe203 addition are shown in Table IV. Examples of the speci-
nmens after testing are shown in Figure 7.

Honeycomb Panels - The results of the honeycomb panel bonding are shown

of bonding existed between the honeycomb adhesives s a.nd ek.ms. Some
bonding is believed to be affected by the "keying' of the adhesive to
the chemically roughened surface of the metals, There was some indica-
tion ¢f a diffusion zone between the adhesive and the metal, but this
was not definite. What other types of btonding might exist cannot be
ascertained. Panels 7 and 10 are shown in Figure 8. The filler in
the bottom sample is a plastic added to aid in the metallographic

polishing.
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The simple ceramic adhesive developed by the University of Illinois gave the

best lap shear values at yoom and elevated temperatures. The three component
1 adhesive UL 1067-1 gave average lap shear values of 1350 psi at room temperas=
ture and 3070 psi at 1000°F. The other three component adhesive C=2-1 with=
" §tood a 970 psi room temperature load and a 1305 psi load at 800°F.

The excellent high temperature strength of the 3M=1082 adhesive is worthy
of more investigation. The literature indicates the formulation as an
alkali-barium-boron-phosphate glass. Spéctrographic analysis lists the
main constituents as Na; K, Li, B, Sr_ and Cd. o

action on the metal This cerrosion ma.y bé "keying" the adhesive to provide
the strong bond achieved. Boron; known to be corrosive to steel, composes
57% of the raw oxide composition and may ceause the corrosion. Frits C=6 and
C=11 contained 29% and 10.2% boron; but they did not corrode the metal as did
the UI 1067 frit.

Initially, the corrosion by the UI-1067 frit was not considered desirable and
the formulation for the C-2 frit was selected. Lithium is a powerful fluxing
agent and along with sodium is able to lower the melting point of silica to
1300°F from approximately 3200°F. No ring of corrosion products is seen with
this adhesive or any of its modifications.

The mill additions of cobalt, nickel and manganese oxides adversely affected
the strength of the UI 1067-1 adhesive. The 10% addition of minus 0.0017"
Fep03 to adhesives C-2-1, C-8-1, C-10-1, C-11-1, and 3M=8102-1, had en adverse
nrfect on their strength. Whether this adverse affect would be continued

if the metals were introduced in another form; i.e., pure metals, is not

The lap shear tensile values of the C=2-1 adhesive =
room temperature 970 psi
800°F 1305 psi

are the best of the Convair-developed adhesives. These values are not as
good as the UL 1067 adhesive, perhaps because the C-2 does not corrode the
metal as does the UI 1067. The values obtained are approximately those

first desired, 1000 psi from room temperature to 800°F. These need to be

checked in creep, a8t room and elevated temperatures, sub-zero temperatures,
and by other means.
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FIGURE 7.

0R=2 1530psi

B2 450psi

W-81C2~1 2676psi

VARIOUS LAP SHEAR TENSILE SPECIMENS AFTER TESTING AT 800°F.
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* FIGURE 8. HONEYCOMB PANELS BONDED WITH CERAMIC ADHESIVES

PH 15+7 Mo SKINS AND CORE BONDED WITH ADHESIVE 3M-8102-1.
DONDING PRESSURE 15 PSI, FUSING TEMPERATURE 1150°F.

PH 15-7 Mo SKINS AND CORE BONDED WITH ADHESIVE C-10-1.

BONDING PRESSURE 15 PSI, FUSING TEMPERATURE 1325°F.
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FIGURE 9.  FUSIOY FLOW BLOCK
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HONEYCOMS PANELS: ALLOY, ADHESIVE, AND RESULTS

Panel o Firing
‘fuiéli‘ it —— Ang—‘lé" A ———— ‘Mh_e&sijv'é — T‘e:gli o

. Results

177 c-11-1 1150°F Failed to bond

1
2 17-7 C=11=1 1150°F A heavy application
failed to bond

17=7 3M=1082-1 1050 Failed to bond

ar

N 177 3M-1 on skins 1125 Weakly bonded
C=11-=1 on core
17=7 C=10<1 1625 One skin failed by
"peeling"' force

W

6 157 C=11s1 1150 Broke apart when sawed
in two

7 157 3M-1082-1 1125 Firm looking and feeling
bond

8 15-7 C-8-1 1350 Firm looking and feeling

9 157 C=2-1 1400 Firm looking, but broke

when pried with fingers

10 15-7 C-10-1 1325 Fim looking and feeling

Bonding pressure = 15 psi
Firing time = 5 min. after recovery to

firing temperature
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INTRODUCTION:

When applying an enamel as an adhesive in the heat treat process (1050°F), a
lov maturing temperature composition is required. Initial lap-shear tensile
tests indicated that non-lead compositions are superior.

THEORY :

A more detailed review of the theories of glass structure has been presented. (2)
The basic model is the silica tetrahedron which is linked in a random network
and can be changed structurally by the addition of modifiers and other inters
mediates and network formers.

The practical application of structural consideration 18 now presented for the
development of low melting glasses. (1) Enamels are basica.lly glasses with
minor additions for adherence or pmceasing purposea. Changes in composition

ring point.

(1) incre_aseitpe_ en Ratic

The lowest oxygen to silica ratio (2:1) occurs in 8405 glass and causes a
strong continuous, 3 dimensional network. The addition of one mole of Ne.eo to

ofee of 5102 increaees the oxygen ratio to 2.5:1, camples of change in
omex. ratio are as follow:

Sodium 8ilicate Glasses 8i O  Ratio
- 8i0p 1 2 2:1
NagO. 2810p 2 5 2.5:1
Nag0. 810p 1 3 341
2Né.20- 8102 1 b k]
N&a@ . Cal . 5102 1 & b:1

The oxygen ratio of commercial soda-lime glasses is between 2:1 and 2,5:1. A
ratio of 4:1 will not permit glass formation and 3:1 produces weak metasilicate
glasses. The modifiers, Na20 or Cal, increase the oxygen ratio and decrease the

melting point. At cr above 3:1 oxygen ratio, devitrification occurs more
frequently.

o e A e ————— i _ — So— ——
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THEORY: (Continued)
(2) Use Network Formers of High Valency

The use of phosphates (PzOs)gla.ss former; also tetrahedral structure;
furnishes an oxygen ratio of 2.5:1 and corresponds to a sodium disilicate
glass in ratio. A phosphate glass of the same maturing point as a silicate
glass will contain, therefore, less modifier (Nap0' etc.).

(3) Useiof & Network Former with Lower Valency

03 glass exhibits a high thermal expansion. When added to silicate
composition (amounts o 15 percent) the expansion is lowered by chancigg to
four fold coordination. Above 15 percent the By03 forms a weak triangula:
strictufe and the expansion increases.

(4) Use Monovalent Modifiers

(a) Sige of Modifier - The replacement of an alkali ion,with one of
smaller size, decreases the maturing point. This effect is explained by the
more pronounced weakening of the bonds because of the closeness of an ion of
higher positive potential.

Valency Ii Na K Pb Cs
'75 ; l033‘ los 1075

l?33 l ‘0075 0066 0957

] ; - A mixture of size of ions exhibits a lower melting point
than the equivalent single ion composition. The effect is not identical with
eutectic or liquidus curves and is more pronounced below the working temperatures.

(a) The prediction of maturing point by the size of the ion is more complex
because of the bond of the ion to oxygen.

(b) The complexity effect is the same as for monovalent ioms.
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THEORY: (Continued)
(6) Use Momovalent Anions (Halogen Ions)

~ Fluorine can be used to replace part of the oxygen in silicate, phosphate,
or torate glasses:s The increase O + F ratio lowers the maturing point.

4 Nap0. 126102 3 Nag0s 2 NaF 12810,
Ratio 2-4/12:1 Ratio 2<5/12:1

The development of lov maturing glasses is at all times limited by devitrification, |

imniscibility, volatility, and chemical instability.

APPLICATION:

A typical nom-lead, lov maturing composition is es follows:

0.20 Li50 0.417 A1503

0.55 Nag0 0.208 B03

Ionic Formula
0.40 Li 0.834 A1 5.75 0
0.5 Na 0.416 B Lo p
1.250 P
Corrected Glass Formers to Total 1.00

0.16 Li 0.33 A1 ,30 0
0,70 Na 0.17 B 216 F

R

Other compositions are found with oxygen to former ratios ranging from 2.11 to
2.98.
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(Conttmed)

pllowing investigation vas completed t6 illustrate principles two and three,
the use or netvork formers of higher and lover valencies. U.:I.ng conotant nets
vork modifiers (to lover test renge) of a percentage normally en pes
centages of P, Al, and B vere varied,as shova in Figure 10, and batches formilated.
After melting, the frits were ground to pass a 100-mesh screen and loaded in
the fusion blocks, as shown in Figure 9. The hlocks vere placed in an electric
nsce and the temperature raised slowly until the frits, softened, compacted and
thd viscosity decreased to a point that flov occurred. The temperature at which
the liguid reached the first mark on the hlock is recoﬂled as the maturing point.
The time of flov at constant temperature betveen the remaining marks affords
an indication of the viscosity of the gl.a.u. The results of the fusion hlock
tests are also shovn in Figure 10.

'n:ree ceqonit:l.om, Mgure 11; vere eva.‘l.usted, holding the glass former constant
mdiﬁ.er. The areas 6f lov maturing compositions are shown in the

The above Work is presented as a method of approach. Detailed work following
this method will yield the lov maturing ensmels desired subject to other physical
and chemical requirements.
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