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ABSTRACT

The formaticn of a crack-free seal between a 300 series stainless steel and a
glass-ceramic has in the past been very difficult. The primary cause of this difficulty
has been in cbtaining glass—ceramic ccompositions whose coefficient of thermal expansion
(CTE) approaches that of the 300 series metal piece parts. Stainless steels of the 300
series have very high CTE values that range from approx. 180-220 x 10~/ cm/cm/°C
(RT-300°C). Therefore, the corresponding glass—ceramic should have a similarly high
CIE to enable the formation of stress-free seals. Both at EG&G-Mound and at EG&G
Electrcnic Components, lithia-alumina-silica (IAS) glass-ceramics have now been
successfully developed arnd sealed to 304L stainless steel. These crack-free seals have
teen routinely fabricated using two techniques: by adjusting the parent glass carposition
or by adjusting the sealing/crystallazation (or sealing/devitrification) cycle that is
routinely used in forming seals between IAS glass-—ceramic arnd nickel-based alloys. All
seals were determined to be hermetic, with leak rates of < 1078 cc/sec of STP helium.
Additional data on CTE values and alloy yield strengths will be given which show the
feasibility of using these materials in the marufacture of various camponents including
feedthroughs and pyrotechnic camponents. Metallography, SEM and wavelength dispersive
spectroscopy (WDS) results show the quality and integrity of the glass-ceramic/stainless
steel interface. Whenever possible, these data are campared to similar studies

accamplished on the Inconel 718/IAS-glass seal system. 0{)3/ ' E\ /i STE
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herecin do not necessarily state or
reflect those of the United States Government or any agency thereof.




INTRCDUCTICON

In the fabrication of feedthrouchs or pyrotechnic hct-wire ignitors and actuators,
glass—ceramic to metal seals are made which typically provide electrical isolation
between the various metal piece parts.(lfz) Photographs of two typical camponents (a
feedthrough and a pyrotechnic device) are presented in Figure 1. Besides providing
electrical isolation, the glass-ceramic also must be chemically inert. This is
especially true in varicus pyrotechnic applications where the energetic material is in
direct contact with the'glass-ceramié.(l) During activation of these camponents, the
metal /glass—-ceramic seai must be strong encugh to withstand the pressure that is
develcped when the energetic material is ignited. In additicn, the seal must maintain
its hermeticity to assure the cptimum function of the camponent. Depending cn the
application, it beccmes apparent that the seal must exhibit excellent physical and
chemical properties. For very high strength requirements, glass-ceramic/metal seals that
utilize precipitation-~hardenable superalloys, such as Inconel-718, have been
J?velcped.(z) However, these superalloys have various deficiencies which have limited
their usefulness in variocus applications. From experience, it has been determined that
these superalloys are tricky to machine and are very temperamental in their welding
characteristics. When high strength is not a requirement, other materials such as
stainless steels may be preferred. A stainless steel, such as 304L, is a widely
available material which is easy to machine ard has very good weldability, particularly
when canpared to a superalloy. Because of these advantages, research was undertaken to
fabricate glass-ceramic/metal seals utilizing 304L. Early on in the research, it became
apparent that the principle thrust of the investigation was obtaining glass-ceramic
materials which exhibited high CTE values. High expansion glass-ceramics are known to
exist in other tertiary glass systems, such as Li,0-ZnO-S5iO, glass.(4) However,
this work deals only with IAS campositions primarily because of the degree of success at
Mound and other DoE sites that has been noted in pyrotechnic device development when
sealing with IAS glasses. Therefore, this paper deals only with development of IAS

glass-ceramic/304L seals.




Two different approaches were used to cbtain IAS glass—ceramic materials which
exhibited very high thermal expansions in the 170-200 % 107/ a/an/°C range. The
first technicque was based on the development of parent glass campositions which would
crystallize into high thermal expansion glass-ceramics after being subjected to a defined
time-temperature sealing/crystallization (or sealing/devitrificaticn) cycle. This cycle
is presented in Figure 2. This first technique was simplified somewhat due to an earlier
study which was pe.rforméd by same of the authors. (3) From that study, one glass
campesition in particular (which will be referred to as the 'high expansion' glass) was
identified as showing pramise in forming seals with metals having high CTE values. The
campesition of this glass is presented in Table 1; the glass has a very small
cencentraticn of Al,05. Ancther glass composition which is presently used at Mound
in manufacturing glass—cexamic/Incénel 718 seals is also shown in Table 1. This
compesition will be referred to as the 'baseline' glass. (6)

The secerd technique was based on developing a time-temperature sealing/
crystallization cycle which could ke used with the ;baseline' IAS glass composition, and
result in the desired very high thermal expansion glass—-ceramic. The specialized
time-temperature sealing/crystallization cycle which was develcped is similar to the
cycle shown in Figure 2, but at this time it is undergoing patent evaluatiocn so the exact
cycle must remain propriety. (7) 1n any case, the cycle is not difficult to perform arnd
could be accamplished in any reasonable programmable furnace typically used in forming
glass-ceramic compeositions. This second technique was also successful in cbtaining a

very high thermal expansion glass-ceramic.




. 304L stainless steel housings were prepared to evaluate seal integrity. Two types cf
campenents were fabricated using either Hastelloy C-4 or Hastelloy C-276 as pin
materials. Figure 1 shows photographs of the two types.

Physical characteristics of the campenent, such as hermeticity, alloy yield strength
and CTE were measured using classical techniques. CIE measurements were performed using
a Theta dual pushrod dilatameter and the results are shown in Table 1. Single crystal
sapphire was used as the reference material and the furnace was heated at 8°C/min from
room temperature to 300°C. Hermeticity was measured on the finished components with a
Veeco helium mass spectrameter leak tester. A test piece was considered hermetic if it
was fourd to have a leak rate of <10™° of STP helium/sec. A total of thirty-one
camponents were helium leak tested; twenty feedthroughs and eleven pyrotechnic actuators
(see Figure 1). All the camponents passed the helium leak test. Standard AST™™ tensile
samples were fabricated from 304L stainless steel and the effect on their tensile
strength was determined as a function of the time-temperature sealing/crystallizaticn
cycle. BAs-received 304L was measured to have a yield strength of 61 ksi. After the
cycle of Figure 2, the strength decreased to 28 ksi.

Samples were made for metallography by the usual method of cutting, mounting and
polishing. For the SEM/WDS studies, the polished samples were carbon~ccated. The
optical photographs were recorded on a Zeiss Metallograph and the SEM/WDS results were

recorded on a JECL 733 Superprcbe.




+ RESULTS AND DISCUSSION

Sealing of a metal to a glass-ceramic requires the corsideration of several
parameters. For the sealing of 304L stainless steel to IAS glass, these parameters can
be divided into two main categories. First is the matching of the CTE 's of the
glass-ceramic to the metal, and the second is the maximizing of the strength of the
metal, the glass~ceramic and the interface formed between the two. If CTE matching does
noct occur, uwanted tensile or compressive stresses can develop which could lead to
eventual destruction of the seal. High strengths within the metal/glass-ceramic sealed
system are often required; the magnitude of the strength is dictated by the final use of
the canpeonent.

In most metal/glass—ceramic systems, the metal has the higher CTE. Thus, the goal of
this work was to find suitable IAS glass compositior'zs which, following devitrificatien
(or crystallization), would yield comparable expansion coefficients. Figure 3
illustrates the CIE plots of the two IAS glasses, 304L stainless steel, and the pin
materials of Hastelloy C-4 and Hastelloy C-276. The data show 304L stainless to have a
very high expansion coefficient, approx. 185 x 107/ an/aw®c (RP-300°C), and thus
requires a high expansion glass-ceramic for a match. The glasses in Table 1 can be
devitrified (or ceramed) to give the prcper CTE. The final glass—ceramic is not only
stronger but chemically more duraiole than the original glass. The devitrified glass that
contains < 1 wt% alumina, the 'high expansion' glass, has an expansicn that is closely
matched to the stainless steel. The high CTE value for this glass was determined to
result fram the formation of tridymite and/or cristcbalite during crystallization. (3)

A match was also found with the 'baseline' glass that had been sealed to the stainless
with the proprietary sealing/crystallization cycle. (7)  1In either case, resultant seals
were found routinely to be crack-free and hermetic.

In making glass-ceramic to metal seals, the molten glass must be capable of
adequately wetting the metal surface and subsequently must be capable of forming a seal
with the metal surface. Normally, seal formation involves adherence of the glass to the
netal as a result of chemical reactions between the hot glass and the metal(8/9) which
sccurs during the sealing step of Figure 2. These chemical reactions result in the

formation of products that are located a few microns from the metal/glass interface and
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maxe—p the 'reacticn zone'. In additicn, attack cf the het glass on the metal causes a
'diffusion zcre! to form which externds 200 to 300 microns from the metal and into the
glass-ceramic. Figures 4-6 illustrate an optical photograph, a SEM image ard a WDS
analysis of a polished cross-section of a typical 304L/IAS ‘baseline' glass-ceramic seal
of a campenent illustrated in Figure 1. The results show the reaction zone to contain
chosphides of iron and chromium, and the diffusicn zone to contain chromium (Figure 6).
In the seal, no cracks or interfacial porosity can be cbserved. These results are very
similar to the chemlstry cbserved when sealing the LAS glass to Inconel 718 in previous
investigations. (8-10)

Yield strength of as-received 304L stainless steel, that is befcre the defined
time-temperature sealing/crystallization cycle, was measured to be 61 ksi; however, after
the cycle, the strength decreased to 28 ksi. This decrease in strength can be attributed
to the amnealing of the stainless steel which causes softening of the metal. Yield
strengths were also measured for Inconel 718 under the same conditions, that is following
the cycle withcut precipitation hardening (see Figure 2). In Inconel-718 the strength
was found to increase after the cycle because of formation of the precipitation-hardening
phase, NijNb. Thus, the fact that the stainless steel is weakened quring the
sealing/crystallization cycle means that coamponents made with 304L have the potential of
not being as strong as camponents made with Inconel 718. Although the stainless
camponents may not be as strong, this work shows they can be routinely produced, and

their seals can be made crack-free and hermetic. Thus, 304L would be better suited for

ccmpenents which do not require very hich strengths.




CCNIIISICNS

Crack-free and hermetic 304L/IAS glass-ceramic camponents can be routinely fabricated
using elther one of two developed techniques. The techniques involved either altering
the IAS parent glass camposition, by reducing the Al,0, content, or altering the
sealing/crystallization cycle. The camponents that were produced by either procedure
were relatively stress-free due to the M"matching” of the coefficients of thermal
expansion between the 304L stainless steel housing and the glass-ceramic. Seais
fabricated with 304L ha\;e been determined to form by means of a chemical reaction.
During sealing the 304L metal shell reacts with the hot glass causing the formation of an
interface consisting of reaction and diffusion zones similar to the well-studied Inconel
718/1AS system. Yield strength determinaticons on the 304L camponents showed that these
systems weuld be useful for lower strength applicaticns. The fact that 304L is more
readily weldable than the Ni-based alloys also makes it attractive for pyrotechnic

campenents where next assembly often requires laser welding.
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(data given in wt%)

Table 1
Materials Used In Fabricating Stainless Steel/
Glass—Ceramic Components

*

_,CIE
_ , , . (107" emy/en/c)

Material —_Si0,  _Liy00, _Al;0, K0 BO3 = __By05 _RT-300%¢)
'baseline' 75.0 12.3 4.75 4.2 1.3 2.45 ~1357>%
glass E ~175
lhigh .
expansion' 77.7 12.2 <0.94 4.6 2.41 2.72 ~175
glass

Te cr Ni Mo co W Mn si c TES
304L 72.0  18.5  10.0 - - - - <0.1 <0.04 ~180
Hastgllcy ‘
C-4 3. 16. 61. 16. 2. - 1. 0.08 0.15 ~126
Hastelloy
c-276 5.1 14.8 55.1 15.9 2.5 3.9 1.5 0.08 0.02 ~125

CIE Coefficient of Thermal Expansion.

Hastelloy C~4 also contains 0.7 wt% titanium.

e Je ok

Resultant CIE after sealing/crystallization cycle shown in Figure 2.
Resultant CIE after proprietary sealing/crystallization cycle.



Figure 2.

Figqure 3.

Figure 4.

Figure 5.

Figure 6.

Two Complex Camponents Fabricated with 304L Stainless Steel/Glass~Ceramic

Seals: a) Feedthrough and b) Pyrotechnic Device.

Time-Temperature Crystallization/Sealing Cycle for Processing Glass—Ceramic to

Metal Seals.
Coefficient of Thermal Expansion (CTE) Plots of the 'Baseline' and 'High
Expansion' Glass-Ceramics, 304L Stainless Steel, and the Nickel-Based Alloys,

Inconel 718, Hastelloy C-4 ard C-276.

Optical Photograph (20x) Showing a Crack-Free Pyrotechnic Device Fabricated

with 304L Stainless Steel.

SEM Photamicrograpn (150x) Showing Reaction and Difussicn Zones at the
Metal/IAS Interfaces. Metals are 304L Shell and Hastelloy C-276 Pin.

WDS Results Showing Diffusion of Chromimm from 304L Stainless Steel into IAS

Glass.
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