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ABSTRACT

A solid-state diffusion technique involving the placement of a gold
foil between INCONEL X-750 and a machinable glass-ceramic "MACOR™ was
shown to be successful in bonding these two materials. This technique
was selected after an exhaustive literature search on ceramic-metal
bonding methods. Small expansion mismatch between the Inconel and the
MACOR resulted in fracture of the MACOR when the bonded body was sub-
jected to tensile stress of 535 psi. The bonded parts were submitted
to a cyclic loading test in an air atmosphere at 1 Hz from O to 60 KPa,
Failure was observed after 700,000 cyclds at 650°C. Ceramic—Inconel
bonding was not achieved with this method for boron nitride and silica

glass.
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1. Introduction and Background

A high temporature transiducor capable of continuous operation was
designed and tested for NASA in 1977 (NASA Report No, Cr. 1352{%, Contract
No. NAS-3-19556). A key part of the trensducer was the diaphragm which was
made of & thin plate of silica glass. Tho maximum use temperature was to be
650°C, It was not certain if silica glass was the ideal material.
Subsequently, a one-~year research effort was conducted at UCLA under NASA
sponsorship (NASA Contract No, NAG-3-69) to evaluate a large number of solids
to ascertain their relative merits as high temperature diaphragm materials.
It was coacluded that a glass—ceramic material called '"MAOOR,'’ manufactured by
Corning Glass Works, was probably the best candidate material rather than /
silica glass., The major disadvantage of silica glass was its very low
coefficient of thermal expansion, Other candidate materials, also probably

superior to silica glass, were boron nitride (BN) and silicon nitride (SIBBQ)

In the origisial design of the high temperature preéssure transducer using
the silica glass diaphragm, the sensor was positioned tightly within an
Inconel X-750 alloy outer casing via a spring. Sealing was achieved
mechanically via a gold O-ring at the top and an alumina washer at the bottom,
(See Figure 1, a reproduction of Figure 47d from NASA Report No. Cr-135282).
In other words, the sensor was not hermetically sealed, that is, not

chemically bonded to the Inconel casing,

The objective of this project was to examine the feasibility of forming
a chemically bonded seal between materials such as 'MACOR, '’ BN, Si3N4 and even
silica glass with Inconel X-750 alloy. If this was possible, the gold O-ring

and/or the alumina washer cf the original design could be eliminated. The
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main problem in tho successful continuous operation of the transducer wag
considered to be the expansion mismatch between Inconel X-750 and the
diaphragm materials such as '"MAOOR'' and BN although the mismatch was very
significantly less than that involving silioca glass. After ropeated heating
and cooling of the transducer ascembly over a long period of time, the
expansion mismatch between the ceramic material and the metal ocasing must
constitute a serious problem. A comparison of the expansion coefficients of
some of these materials is shown in Figure 2. The expansion mismatch problem
can be minimized by (a) the use of & graded seal, (b) the use of materials
with very low elastic modulus, and/or (c) the proper design of a seal, for
example, one having a bellow—type structure, The materials used must of
course be bondable to Inconcl X-750 on the ozu side and to the ceramic on the
other., It must of course be able to withstand prolonged exposures to an

oxidizing atmosphere up to 650°C, No such seal design was known in 1982,

This project was initiated in the summer of 1982 and was to be divided
into two phases. The first phase was a non-experimental program, mainly
consisting of literature search plus some theoretical considerations. The
second phase was to be experimental in natire and would be concerned with the
preparation of seals between Inconel X-750 and some of the above—mentioned
ceramic materials and the testing of the seals. This is the final technical

report of the one~year project.



2. Non-Exporimental Program

In the ultimate design of the seal, considorations must boe given to the
materials selected, the behavior of such materials under cyclic troatment at
the elevated temperatures and oxidizing atmosphere in question, the manner in
which a chemical bond is to be formed, the minimization of stresses arising
from expansion mismatoh and the optimun design which would provide maximum

strength, For instance, a chemical bond could be formed by the use of frit or

[N

by the use of eleotric—field assisted diffusion, etc, Minimization of stross

=

could be achieved if the two materials in question have differeént expansion

et

coefficients by the use of a graded seal and/or by a bellow~type design., In

the first phase of this project, a thorough literature search was made with J
the help of the computer—aided seaxch facilities of the UCLA Resecarch Library

to obteain information on the formation of seals, the design of seals and the

best sealing materials available, Some of the most appropriate references are

listed in Table 1.

From the literature search and from theoretical considerations, a
soiid~state diffusion bond using gold foil as the material between Inconel and
the ceramic appeared to be a promising approach. The plan was to use gold
foil alone as a start. If bonding was achieved and the bond strength was
adequate, then cyclic tests would be performed. If the strength was
inadequate then other foil materials could be used in addition to the gold so
that graded seals could De formed on both sides of the gold, A glass—type
frit was originally considered. However, the MACOR'' supplier, Corning Glass
Works, wés unable to supply the proper frit. An independent frit development

program for ''MACOR'' would require a separate research and development project.
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Other raadily available frits wore considerod to be unlikely candidate
matorials becausoe of the 650°C upper temporature of oporation of the
transducer assembly, At such tempecatures, deformation and/or devitrification
of the frit was considered to be a major problem, The exporimental program
carried out thus involved only solid~state bonding utilizing metallic foils,

and mainly gold foils.

3. Bonding of Inconel X-750 to Coramics

A small apparatus was designed and constructed for the formation of the
ceramic-metal bond via the gold foil, This apparatus is shown in Figures 3—7.
The bonding method involved the placement of an Incomel X-750 rod, 1/4 inch in
diameter and 1 - 1/4 inch in length, on top of a ceramic rod of the same
dimensions. A gold foil of 12.5 microns thickness was placed between the
Inconel and the ceramic, Pressure up to 285 psi was applied for 1 to 1l ~ 1/2
hours at temperatures between 875° and 950°C in dry nitrogen. This technique
enabled the bonding of Inconel %o 'MACOR.'" An adapter was designed and
constructed to measure the bond strength in tension in an Instron apparatus,
Figure 8 shows the assembly mounted in an Instron apparatus. The highest
fracture stress at room temperature for the Inconel—MACOR bond was 535 psi
(3,700 KPa). The fracture always resulted in a comne-shaped piece of ''MACOR"
still bonded to the Inconel as shown in Figure 9. It appeared that the bond
was fairly strong at the two interfaces but that expension mismatch between
""MAOOR'* and Incorel had resulted in a lowering of the strength and hence

fracture on tensile loading.



Figure 10 shcws & oross—seotlon of the intorfaces in question,
Interdiffusion profiles are shown in Figures 11 and 12, Dispimiiar diffusion
coofficients had appaxrently led to the formation of Hartley~ Kirkendall voids
as soon in the gold layer in Figure 10. Results in Figure 11 are somewhat
surprising in that silicon had apparently migrated from the 'MAOOR'' through
the gold into the Inconel, Both nickel and chromium had migrated into the
gold and a4 small amount of chromium had even ponetrated into the ''MACOR,'’
Intordiffusion rosulting in bond formation in the presont Inconel~Gold-MACOR

system jis obvicusly highly complex.

In order to minimize the erxpansion mismatch between '"MACOR!' and Inconel,
an Ascoloy alloy was inserted between two geld foils., However, bonding was
unsucce 3sful on the '""MACOR' interface, Aluminum foil was tried in place of
gold. Results were unsatisfactory, Mo bonding was possibie between silica
glass and Inconel and between boron nitride and Inconsl using the gold foil
method and under the same conditions as for 'MACOR,'’ Attempts to machine
silicon nitride rods to the same dimensions as the Incomel and ‘'MACOR'’ rods
were unsuccessful. Such rods were also not readily available from veadors.
Thus no experiments were conducted with the bonding of silicon nitride to
Inconel., A summary of the diffusion bonding experiments is shown in Table 2,

A sunmary of the materials tested, their chemical compositions and the

suppliers used are shown in Table 3.
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4. GCvolio Exporimente with Incone!~MACOR Donds

Bocauss the tensile strengts of 535 psi obsorved for the Inconel-MACOR
bond was fairly high and the possibllity existod that the bond strength could
be increased with furthor experiments, it was considoered that fatigue tests
wndor cyoclic conditions should bo curried out, A fatigue tosting sysvoem was
thus dosigned and constructed. A schematic repressntation of this apparatus
is shown in Figure 13, Dotails of the sample holder arc shown in Figure 14,
Figure 15 r2d 16 are photographs of the system and the two-way pressure cycle
valve respectively, ''MAOOR'’~gold~Inconel samples bonded at 950°C as desoribed
abov) and in the configuration shown in Figure 14 were mounted in the sample
holder and placed in an electrically heated furnace at 650°C, Pressure was s
applied on the gold seal through the Inconel tube as shown. Air wes
alternately pumped into the Inconel tube and withdrawn from the tubes at one
cycle per second via the two—way cycle valve. The maximum pressure exerted
was 60 KPa. Fracture was obs..ved after an average of 700,000 cycles under

these conditions,

5., Conclusions

(a) Inconel X~750 alloy can be bonded to '"MACOR'' machinable glass—
coramic by the use of & gold-foil diffusion bonding method, The tensile

strength of the bond is in excess of 500 psi,

(b) The '""MACOR'*~gold-Inconel type bonds can be kept at 650°C and
subjected to some 700,000 cycles of air pressure from 1 to 60 KPa at 1

Hz before bond failure was observed.
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(¢) It is probable that the bond stzongth and the bond 1ife could both

be improved with additional devoelopmental efforts,
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