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Abstract 

The purpose of this project is to develop and extend the electron beam joining process to applications 
related to Mo/Al2O3 cermets for neutron tube fabrication, glass seals for flat pane1 displays, and ceramics 
for structural applications. The key issue is the identification of the allowable operating ranges that 
produce thermal conditions favorable to robust joining and sealing. High stren,& hermetic braze joints 
between ceramic components have been produced using high energy electron beams. With a penetration 
depth into a typical ceramic of -1 cm for a 10 MeV electron beam, this method provides the capability for 
rapid, transient brazing operations where temperature control of heat sensitive components is essential. 
The method deposits energy directly into a buried joint, allowing otherwise inaccessible interfaces to be 
brazed. The combination of transient heating, with higher thermal conductivity, lower heat capacity, and 
lower melting temperature of braze metals relative to the ceramic materials, enables a pulsed high power 
beam to melt a braze metal without producing excessive ceramic temperatures. We have demonstrated the 
feasibility of this process related to ceramic coupons as well as ceramic and glass tubes and cylindrical 
shapes. The transient thermal response was predicted, using as input the energy absorption predicted from 



_ _ ~  ~ 

the coupled electron-photon anti thermal transport analysis. The joining experiments were conducted with 
an RF linear accelerator at 10- 13 MV. The repetition rate of the pulsed beam was varied between 8 and 120 
Hz, the average beam current was varied between 8 and 120 microamperes, and the power was varied up to 
1.5 kW. These beam parameters gave a beam power density between 0.2 to 2 kW/cm2. The duration of the 
joining runs varied from 5 to 600 sec. Joining experiments have provided high strength joints between 
alumina and alumina and between alumina and cermet joints in cylindrical geometry. These joints 
provided good hermetic seals. 14 series of tests was conducted to determine the minimum beam power and 
exposure time for producing a hermetic seal. An empirical relation has been developed, showing linear 
dependence of strength with exposure time, while the stren-gh is proportional to beam power raised to the 
1.5 power. 
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1. Introduction 

With a penetration depth of -1 cm for a 10 MeV electron beam into a typical ceramic, electron beam 
joining provides the capability for directing energy into a buried, or inaccessible joint, and provides the 
possibility of transient brazing clperations where temperature control of critical components is essential. 
Ceramic sealing and joining are important in the commercial and defense sectors. Ceramic insulators and 
power tubes are increasingly used in generation of high power electrical and microwave components. High 
temperatures (400-1000°C) are needed to form hermetic ceramic seals. Localized heating of the joint by 
an electron beam optimized for imaterials and geometry could open exciting possibilities, such as allowing 
temperature-sensitive electronic components to be assembled into sub-systems prior to brazing. The rapid 
braze rates that can be achieved with this process, typically a five minute total heating cycle, offer the 
potential of a greatly reduced process time for small-lot sealing operations. Ceramics such as Si3N4 and 
S ic  are seeing increasing use for high temperature structural applications such as turbochargers for 
automobile engines, turbines for aircraft auxiliary power units, stator shrouds for gas turbines for power 
generation applications, ceramic armor, ceramic thermal protection tiles, and high energy flux mirrors. 
Although ceramics are being fabricated that can survive these challenging environments, their application 
is still limited by the lack of suitable technologies for joining them to components such as metal shafts or 
for joining them to themselves. A limitation of conventional joining techniques is that they require that all 
of the parts to be joined be exposed to high temperatures, which may degrade the performance of these 
components. Thus alternative joining techniques are being explored. 

2. Radiation and Thermal Transport Modeling 

2.1. Introduction 

In this work, high-energy electrcm beam brazing of ceramic components was modeled numerically in order 
to enhance the design and operation of an experimental brazing apparatus. The transient thermal response 
of the part was predicted, using a s  input the energy absorption predicted from the coupled electron-photon 
transport analysis. The geomeFy of the experimental apparatus varied during the course of the project as 
modeling and experimentation indicated changes necessary to optimize the process; however, the geometry 
shown in Figure 1 is consistent with that used for the analyses. In all analyses, the geometry was assumed 
to be axisymmetric. 

2.2. Numerical Model 

The thermal response of the apparatus was predicted using a one-way coupled electron-photon 
transporthhermal analysis. Coupling of the thermal and electron-photon transport response was 
accomplished by first predicting the temperature independent electron-photon transport within the 
assembly using a Monte Carlo code. The resulting energy deposition rates were then mapped onto the 
finite element mesh for the thermal analysis as energy generation terms. A brief description of the 
numerical models is provided below: 

Energy deposition resulting fromi electron beam irradiation was modeled by simulating the coupled 
electron-photon transport within the apparatus. In the present application, electron-beam energy deposition 
was simulated with the Integrated TIGER Series (ITS) code system.' The ITS system combines 
conventional microscopic (single: scattering) Monte Carlo for photon transport with a macroscopic random 
walk technique for electron transport? Coupling of the two species is complete in the sense that the 
physical model includes all relevant processes for the production of photons by electrons and the 
production of electrons by photons. In addition to elastic scattering, electrons and positrons can produce 
knock-on electrons, bremsstrahlung photons, annihilation radiation, and fluorescence photons and Auger 
electrons following electrodpositron impact ionization. In addition to coherent (elastic) scattering, 
photons can produce electrons via incoherent scattering, electron-positron -- 
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pairs via the pair-production interaction, and photoelectrons, fluorescence photons, and Auger electrons 
through photoelectric absorption.' 

The axisymmetric CYLTRAN [:ode of the ITS system was employed to simulate two-dimensional spatial 
profiles of the beam power deposition throughout the apparatus for the cylindrical brazing experiments. 
The axisymmetric distribution of the source beam, approximately centered on the spinning cylindrical wall, 
was modeled as an annular source of monoenergetic, 10 MeV electrons, normally incident to the part lid 
(see Figure 1). The annular distribution of the source is plotted in Figure 2. The remaining boundaries are 
specified as non-reentrant (i.e., electrons leaving the electron-photon transport computational domain are 
lost). 

Thermal transport was assumed to be governed by the thermal diffusion equation, with temperature 
independent density and thermal conductivity. Specific heat was assumed constant for all materials except 
the braze. Braze specific heat was assumed to vary, with an increased value between the liquidus and 
solidus temperatures to account for latent heat effects during melting. Thermal boundary conditions were 
typically assumed to be radiative from exposed surfaces while convective losses were assumed negligible 
as the experiments simulated were performed in a vacuum. The thermal analysis was performed using 
COYOTE IIY3 which is a finite dement code for solving the non-linear heat diffUsion equation. Energy 
deposition rates calculated by the electron-photon transport code were mapped to the finite element 
quadrature points using a code developed for this project and the USRVHS.f routine in the COYOTE I1 
user subroutine library. 

2.3. Modeling Results for Ceramic and Glass Tubes and Lids 

A large number of simulations were performed during the course of this project to define the thermal and 
radiation parameters for the problem. Parametric simulations for a range of beam currents were performed 
in addition to variations in thermal boundary conditions and apparatus, braze and part materials in order to 
optimize the experimental apparatus and process. An overall summary of the results is provided in the 
following. 

In order to estimate the penetrating power of the 10-MeV beam for various apparatus components, 
numerous one-dimensional radiation transport simulations were performed using the TIGER code of the 
ITS system. Of particular importance were depth profiles in the various lid materials to ensure that the 
magnitude and uniformity of the deposition in the vicinity of the braze would be adequate. Fiawe 3 is an 
example of such a profile in alumina ceramic. It shows that alumina lids with thickness greater than about 
0.8 cm could prevent adequate penetration of a 10-MeV beam. 

Once the beam profile and lid thickness were defmed, simulations were performed to optimize the thermal 
response of the system. Specifically, the initial apparatus design incorporated only a thin layer of thermal 
insulation between the ceramic part and base plate and provided no insulation for radiative thermal losses. 
Numerical simulations indicated that with this design, a beam current of 60 PA (the upper limit of beam 
current possible with the acceleirator used in the experiments) was required to heat the braze to its melting 
temperature. As a result, the fxturing was revised to add more thermal insulation as well as add a radiation 
shield around the ceramic part. With the added insulation and radiation shield, the predicted current 
requirement was found to be about 20 PA, or 200 watts beam power. 

Both ceramic and glass parts were considered in the analyses. The time to liquidus temperature, plus 50' 
C ,  is shown in Figure 4, as a function of beam current for both ceramic and glass tubes. These results are 
presented in a non-dimensional scaling relation in Figure 5, in which the dimensionless time, Fo, is related 
to the dimensionless beam current, i, by the following relation: 

where 
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Figure 5 .  Non-dmensional scaling of process time and beam current, from simulations. 
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V,, is the braze volume, t is time, h is the braze thickness, I, is the beam current, E, is the beam kinetic 
energy, k, is the tube and lid's thermal conductivity, a is the thermal diffusivity of the braze, T, = T, + 50" 
C, and T,,, and Ti are the liquidus and initial temperatures respectively. This relation should prove useful in 
future electron beam brazing work as it provides a simple method to calculate possible braze melting time. 
Of course, caution should be exercised when using Equation 1 as it was developed for a specific part 
geometry and material properties. Results obtained from the equation should be taken only as a guide with 
detailed modeling required for accurate results. 

2.4. Thermal Response Modeling of the Ceramic Tensile Strength Specimen 

Modeling of the experimental tensile strength specimens has been conducted to predict the temperature 
profiles and evaluate the optimal power profiles. Fiewe 6 shows the model geometry for this analysis. In 
this case, the beam is incident on the sample at the equator, centered on the braze region. Because the 
brazing is done in vacuum, radiative transport is the only loss mechanism from the part. Radiative loss was 
modeled as gray diffuse, with braze and ceramic emissivities assumed to be 0.1 and 0.8 respectively. All 
other boundaries are assumed to be insulated. 

Fiewe 7 shows the thermal response history of the braze material €or a low beam power profile and a high 
beam power profile. The high beam power case is a constant at 840 watts for the entire process time. The 
low power case starts with 532 watts until the braze melt temperature is reached, and then it is reduced to 
280 watts for the remainder of the process. Although high heating rates may be advantageous from the 
standpoint of process time, these high rates can produce large thermal gradients that are beyond the stress 
limit of the ceramic. Thus, there is an upper limit on the power and thermal gradient that can be used. The 
low power profile in Figure 7 was found to give a proper balance between rapid processing and tolerable 
temperature gradients. This profile allows the sample to reach braze melt quickly, but maintains the peak 
temperature to values only slightly above braze melting point. Figure 8 shows the thermal gradients 
associated with these runs. Figure 8 (a) is for the low power profile, and Figure 8 (b) is for the high power 
case. The left hand side shows the temperature gradient at 15 percent of the melting time, and the right 
hand side is the gradient at melt temperature. The lower power profile, and minor changes to it, were 
found experimentally to give good joint strengh, while avoiding thermal stress cracking that was apparent 
with excessive temperature. For instance, for the high power case, the peak temperature reaches about 
1500 K, and these experimental samples showed severe thermal cracks. The lower power profiles did not 
crack. More discussion of the thermal stress limits is presented in section 4.7. 

3. Electron Beam Joining Experiments and Hardware 

Fifty eight ceramic tensile stren,Wsealing specimens, twenty-one ceramic tubes, thirty-five ceramic 
coupon combinations, and nineteen Pyrex glass tubes were joined using a matrix of beam power and 
exposure time settings to identify successful operating ranges. The substrate and joining materials, and 
their melting points and compositions, are included in the Appendix. The quality of the joint was evaluated 
based on appearance, hermeticity, and strength. The descriptions of these evaluations can be found in 
Section 4. 

Three specimen geometries were tested. The first consisted of two square coupons with approximate 
dimensions of 1 cm x 1 cm x 0.4 cm. Joining was conducted by placing the joining material between the 
two coupons on the 1 cm x 1 cm face. The samples were stationary and the beam axis was perpendicular 
to the 1 cm x 1 cm face of the coupons. The second joining geometry consisted of cylindrical tubes with 
circular discs for lids. The tubes had an outside diameter of 2.54 cm and a wall thickness of 0.3 cm, and 
len,@h of approximately 2.54 cm. The lids were 2.54 cm in diameter and varied in thickness from 1-2 mm 
for the alumina, 1.5 mm for the cermet, and 3 mm for the Pyrex glass. The braze thickness was typically 
75 pm, although a thicker, 250 pm Ticusil braze was also used for a few tests. The third geometry was 
used for tensile testing, and consisted of two funnel-shaped alumina pieces brazed together at the narrow 
end to form an hour-glass shape (see Figure 6). The specimen was rotated under the electron beam, which 
was aligned perpendicular to the braze joint. 

The joining experiments were conducted with the Titan RF Linac accelerator at 10-13 MV. The repetition 
rate of the pulsed beam was varied between 8 and 120 Hz, the average beam current was varied between 8 
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and 120 microamps, and the power was varied up to 1.5 kW. These beam parameters gave a beam power 
density between 0.2 to 2 kW/cm*. The duration of the joining runs varied from 5 to 563 sec. Most 
experiments were run at a vacuum of less than 1 mtorr, and the pressure was less than 100 mtorr for all 
tests. 

A rotating fmture was designed ,and fabricated for sealing glass tubes and lids, and alumina tubes and 
alumina and cermet lids. The ellectron beam from the Titan 10 MeV Linac was aligned so that the area to 
be joined was uniformly heated <around the circumference as the part rotated under the beam at a speed of 
1000 rpm or 16 rpm. To reduce thermal loss, the rotating fixture included a radiation shield and thermal 
insulation (Coors R-38) between the ceramic tube and the base plate. 

4. Joint Evaluations 

4.1. Introduction 

Representative samples from most of the materials combinations and sets of joining conditions have been 
examined and tested. Optical and scanning electron microscopy (SEM) were used to evaluate melting and 
wetting of the bonding materials, and to evaluate the degree of reaction between the braze metals and the 
ceramic substrates. The mechanical integrity of coupon and cylinder joints has been evaluated using shear 
stren,@h tests. Prior to shear testing or sectioning for microstructural examination, some samples were 
examined non-destructively using ultrasound to evaluate the degree of bonding in the joint area. 

4.2. Hermeticity Testing 

Hermeticity tests were conducted on tube and lid joint samples, using a helium leak test at a vacuum level 
of lo-’ torr as the standard. The results of these tests are included in Section 4.7. A series of tests with 
alumina tubes and tensile samplels were conducted to evaluate the range of power required for hermetic 
sealing. The results showed the upper and lower power limits, dictated by thermal stress-induced 
microcracking at the upper end, and braze melting at the lower end (see Figure 21). Ten of the thirteen 
Pyrex tubes sealed with the Schott glass frit were hermetic. All three of the Pyrex tubes joined with the 
Johnson Matthey frit leaked at a rate >lO”/cc He/sec, even though the glass appeared to have melted and 
bonded. Section 4.8 (Figure 23) gives the glass tube hermeticity data as a function of beam power. 

4.3. Optical Examination 

As-joined coupon and cylinder simples were examined optically to determine if braze and fkit melting had 
occurred during exposure to the electron beam. Low magnification observations could in most cases be 
used to c o n f m  that melting had or had not occurred; however, because of the non-uniformity of the beam, 
braze material in one region of the joint may have melted while regions farther from the beam center may 
have remained unmelted. Thus o‘bservation of the outside of the joined specimens may not have been 
sufficient to reveal whether melting occurred in the specimen interior if the beam were misaligned relative 
to the center of the specimen. 

Because of the transparency of the glass samples, regions where melting occurred were easier to 
distinguish. Unmelted vs. melted regions of the Schott frit in the same joint are shown in Figure 9. 
Although optical examination of Pyrex cylinders bonded with glass frit showed that frit melting had 
occurred, optical observations alone were not sufficient to determine why a particular sample was or was 
not hermetic. Microcracking, or very small scale irregularities, may be responsible for leaks at very low or 
very high power levels. 

4.4. Ultrasonic Examination 

Ultrasound was used to obtain a non-destructive qualitative picture of bonding of coupon specimens prior 
to sectioning or shear testing. The ability to determine the quality of the bond is based on the principle that 
well-bonded regions do not produce as strong a return signal as those that are weakly bonded or unbonded. 
Exams of coupon samples indicated that bonding is generally uniform, although there were unbonded 
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regions. This may be due to the fact that in some cases the braze was not completely flat prior to melting 
and there was insufficient applied pressure to flatten it. Non-uniform bonding may also occur due to the 
non-uniformity of the beam. This can lead to high temperatures at the beam center and decreasing 
temperatures as a function of distance from the beam center. Examples of well-bonded and poorly-bonded 
specimens are shown in Figures 10 and 1 1. 

4.5. Scanning Electron Microscopy (SEM) Examination 

Joined specimens were sectioned and polished using standard metallographic preparation techniques. SEM 
examinations revealed that with the appropriate electron beam power and exposure parameters, melting, 
wetting, and bonding of the joint material “appears” to have occurred for each of the materials 
combinations. The difficulty with evaluating the true behavior of the braze materials using sectioned and 
polished samples is that the braze materials are quite soft relative to the substrate materials and can be 
smeared into the substrate surface. 

SEM examination showed why some cermet lids bonded to alumina tubes were not hermetic. Fi-we 12 of 
sample A6 shows that although the Cusil ABA braze has melted, its coverage of the cermet and alumina is 
not uniform and it is not adhering completely to either material along the length of the joint cross-section. 
This sample was from the first group of tubes joined when the vacuum was insufficient and braze oxidation 
appeared excessive. A much better bond is shown in the SEM micrograph in Figure 13. Uniform joint 
coverage has been achieved and a close-up of the joint in Figure 14 shows a thin Ti-rich reaction layer 
between the braze and both adjoining materials. 

Fi,pres 15 and 16 show the Ticusil braze joint for two alumina joints. The braze appearance is more 
homogeneous in Figure 16 than in Figure 15 and this is consistent with optical observation of the sample, 
which indicated that the braze had not hlly melted. Figure 16 also shows evidence of a Ti-rich reaction 
layer between the braze and the alumina which would indicate that the braze was hot enough to melt and 
react with the alumina substrate. 

Figure 17 shows the Ticusil braze for the cermet joint. This figure shows a reaction layer between the 
braze and the adjacent substrate materials that promotes bonding between the braze and these materials. 
Figure 18 shows a Nioro braze joint between cermet and alumina. Although there is no evidence of a 
reaction layer between the braze and the substrate materials, in some regions of the braze joint there is 
segregation of the gray phase (vanadium and nickel rich) to the cermet side of the joint. This behavior may 
be related to how hot the braze became in some regions. Optical observation of the outside surface of these 
coupons showed that very little or no melting of the braze had occurred. Much higher temperatures are 
required to melt the Nioro ABA braze because of its higher melting point (960°C). . 

SEM examination of glass frit bonded cylinders was useful in elucidating why some samples were not 
hermetic. For G3, which was hermetic to lo-’ cc Hehec, but was not expected to be based on the optical 
exam results, SEM revealed that it contained large bubbles, but they appeared to be isolated from one 
another. Conversely, for sample G4, which was not hermetic, but appeared to be well bonded based on the 
results of an optical exam, SEM showed that the glass contained numerous small pores that may have been 
connected across the joint producing a continuous leak path. Sample G-4 was processed for a longer time 
than G3, and thus the melted frit had longer to fill in the small pores. 

4.6. Joint Strength Testing 

The joint shear stren,oth was tested by placing coupon or cylindrical samples in a 4340 steel fixture with 
shims to achieve very close tolerances. The top coupon or the circular lid were then pushed off in 
displacement control, at a rate of 0.0 1 mm/sec. The shear stress at failure and the cross-sectional area of the 
joint were used to calculate the joint shear strength. In many instances the joint may have been stronger 
than the measured shear strength, because the adjoining material failed, not thejoint. Thus the strenee 
results provide a lower bound for the joint shear strength. Results of these tests are given in Tables A.2 
and A.3. Not all of the specimens were tested because some were used for SEM examination and some 
were archived. Some of the large strength variability that was observed may have been due to the 
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difficulty of fixturing the samples. Both pieces were not always perfectly aligned and this may have 
produced local stress concentrations and bending stresses in the substrate and joint that contributed to their 
failure during shear testing. 

4.6.1. Shear Strength of Coupon Specimens 

Electron beam brazing was conducted with four brazes: Cusil ABA (melt temperature 815 'C), Ticusil(850 
'C), Incusil ABA (71 5 'C), and :Easy Flo 45 (6 18 'C). Cusil ABA appeared to give the best results based 
on its melting, wetting behavior., joint appearance, and properties of the joints. The use of Ti (1.75%) as an 
active element in this braze alloy helps promote wetting of the alumina surfaces and reactive bonding by 
the braze. At vacuum pressure higher than a few millitorr, we observed significant oxidation problems 
with Ticusil, which has the highest Ti content and is thus most susceptible to oxidation. Below 1 millitorr, 
we observed no evidence of oxidation. The higher melting point of Ticusil ABA caused some cracking of 
the ceramic due to thermal shoclk. Microcracking of the braze and non-uniform reactions were observed 
with Incusil ABA braze. Easy Flo 45, without a reactive component, did not form a reaction layer. 
Therefore, Cusil ABA was used as the braze of choice for most of these experiments with alumina. 

Shear stren,@h tests indicated that most of the joints had good mechanical integrity, with the exception of 
the Sic-Sic joints. Strengths ranged between 88 MPa (12.7 kpsi) for Si3N,- Si3N4 coupons bonded with 
Ticusil and 220 MPa (3 1.9 kpsi) for Al,03- A1,0, coupons bonded with Ticusil. The strongest Si,N4 - 
Si3N4 bonds were produced with Ticusil braze and silicon-coated Si3N4 surfaces. The stren-oth in this case 
was in excess of 185 MPa, the limit of testing for the shear stren-gh test fixture. Cermet on alumina 
samples also produced high strengths in the range of 170-1 80 MPa with both Ticusil and Nioro ABA 
brazes. Table 1 gives the strength measurements for these materials, ignoring the effect of braze choice. 
To frrst order, the choice of braze material appears to have limited effect withii the statistical error of the 
experiment. Ultrasound results findicated poor contact of Sic-Sic coupons bonded with Ticusil. 

Ceramic Material 

Silicon Nitride 
Silicon Carbide 
Alumina 

Table 1 
Summary of Coupon Sample Shear Strength 

Numlber of Mean Shear Standard Dev. (MPa) 
Samples Strength (MPa) 

!? 152 43 
3 57 20 
3 192 20 

Std. DevMean 

0.28 
0.34 
0.10 

4.6.2. 
Stren,ghs of six Pyrex cylinders bonded to circular lids with Schott glass frit ranged between 5.3 MPa (769 
psi) and 10.1 MPa (1459 psi). The average was 7.8 k2.1 MPa (1 125k300 psi). This favorably with the 
strengths of three conventionally bonded joints that had an average shear strength of 5.8 *2.2 MPa 
(844h312 psi). 

Shear Strength of Cylinders with Circular Lids 

The average stren,gh of cermet lids bonded to alumina cylinders with Cusil ABA braze was 8 1.1 zk22.5 
MPa (1 1.8 zk3.3 ksi). This compares favorably with the tensile stren,ghs of cermet-Kovar joints bonded 
conventionally with Nioro ABA braze, which are typically in the range of 7-1 5 MPa (1 - 2.2 ksi); however, 
caution is necessary when comparing shear strengths to tensile stren-ghs because of the differences in the 
stress state and the fixturing. 
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Figure 9 Optical micrograph of the top view through a Pyrex glass lid of a Schott 
glass frit joint. Unmelted and melted regions of the frit are shown. This 
seal was not hermetic. 
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Figure 10 

Figure 11 

Ultrasonic scan through two coupons of Si,N4 bonded with Ticusil braze. 
The uniformity of the ultrasonic image indicates the uniformity of the 
bonding. The strength of the bonding decreases fiom the center to the 
outer edges. 

Ultrasonic scan through two coupons of Si,N4 bonded with Ticusil braze. 
The nonuniforrnity of the ultrasonic image indicates that the bonding is 
non-uniform[. Black regions indicate complete lack of bonding. 
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Figure 12 Scanning electron micrograph of the Cusil ABA braze interface between 
cermet and alumina materials. The braze, although it appears to have 
melted, does not form a complete bond with the adjoining cermet and 
alumina. 

Figure 13 A more complete bond has formed between the Cusil ABA braze and the 
adjoining cermet and alumina compared to Fig. 12. This may be an 
indication that there was better melting of the braze. 
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Figure 14 A higher magnification SEM micrograph of the Cusil ABA braze joint 
shown in Fig. 13. There is a thin reaction layer between the braze and the 
adjoining materials that is Ti rich. 

3 

m m 

Figure 15 SkM mcrogapn 01 an alumina to lumina joint wth a 1 icusil braze. The 
large gray regions in the braze indicate that it may not have melted fully. 
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Figure 16 SEM micrograph of an alumina to alumina joint with a Ticusil braze. The 
distribution of the gray regions in the braze indicate that it probably 
reached a higher temperature than the braze in Fig. 17. There is also a thin 
gray region at the interface between the braze and the adjoining materials 
that is a Ti-rich reaction layer. 

Figure 17 SEM micrograph of the Ticusil braze joint between two cermet coupons. 
There is a Ti-rich reaction layer at the braze-cermet interface. 
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Figure 18 SEM micrograph of the Nioro ABA braze between coupons of cermet and 
alumina. There is segregation of the vanadium and nickel-rich phase of the 
braze to the cermet interface. 
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4.6.3. Tensile Strength with Cylindrical Pull Test Samples 

Tensile strength measurements employed an ASTM standard ge~metry .~  For this test, an hour-glass shaped 
sample was produced by joining two funnel-shaped ceramic sections at the middle, with a joint diameter of 
1.6 cm. The sample was then pulled until fracture occurred. The results of those tensile tests are given in 
Figures 19 and 20. Two sets of experiments are shown in the figure. The first is at 840 watts beam power, 
approximately the maximum power at which alumina can be joined without inducing thermal shock. 
Tensile stren,* is seen to increase rapidly with increased process time. The second sample set was 
operated with an initial beam power of 530 watts, until the braze melt temperature was reached (100 
seconds). The beam power was then reduced to 280 watts, maintaining the temperature at the melt point 
for the remainder of the process. This approach avoided overheating the ceramic, while providing time to 
form the reaction zone. The plot indicates that longer time is needed to develop the reaction zone, on the 
order of 600 seconds to reach the strength range of 100 MPa. We also conducted experiments with a 
conventional oven braze process, in which the sample was held constant at the braze melt temperature for 
600 seconds. The average strength in that case was 98 ma, consistent with the extrapolation of strenag 
vs. process time for the low power electron beam processing. 

Figure 19 

0 50 100 150 200 250 

Process Time (seconds) 

Tensile strength of alumina-Cusil ABA-alumina ceramic samples in a “tensile button” 
test configuration 5. 

A total of 4, sample strength measurements have been made, with a range of beam power from 280 to 840 
watts, and a range of process times from 80 to 555 seconds. We observed the melt time for these 
experiments with video camera monitoring. We fit these data with an empirical formula which gives a 
good comparison to the measured strength data. The tensile stren,&, in MPa, for CuSil ABA braze and the 
alumina tensile button geometry, is given by the formula: 

t,=2.5 x 10 ‘/(PI - 250 ) (3) 

P, = beam power during braze melting phase, 
P, = average beam power after braze has melted. 

Fi,me 20 shows the quality of the data fit for the 46 strengtb tests with CuSil ABA and the alumina tensile 
button samples. The measured stren,*, divided by P, , is plotted against t - f. The slope of this curve 
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is the scaling constant of 2.41 x lo-'. Measured and calculated points are correlated with a 0.93 correlation 
coefficient, and a standard deviation in the y-axis of 0.0014, showing excellent repeatability and fit to the 
data. 

Strength - Process Time Scaling 

0.01 t 
0.0081 

0.0061 

SIP"1.5 
0.004 

* 1/1/// 
*Y 

* *  / 
/ 

0 100 200 300 
T - Tm (sec) 

400 500 

Figure 20. Measured tensile strength scaled with beam power and process time, as given in Equation 2. 

4.7. Alumina Pull Test Sample Sealing Data 

Hermeticity, or the ability of the sample to maintain a vacuum, was measured for each of the cylindrical 
pull samples, using a helium leak detector at l o 9  torr vacuum. These seal data are shown in Figure 2 1,  
where the beam power and process time are plotted for samples that were hermetic, shown by squares, and 
those that were not hermetic, shown as diamonds. Those samples with power exceeding the upper curve 
on Figure 21 were damaged by thermal stress cracking in the braze region and in the ceramic, and were 
thus prone to leaks. Below the upper curve, thermal stress cracking was not observed. A lower limit to 
hermetic sealing is given by the liower curve on Figure 2 1, which represents the melting point limit for 
these samples (Equation 1). The available processing window for these samples, in this geometry, is thus 
given by the region between the two curves. This processing window is determined by the specific thermal 
and mechanical limits of the material and the fixture-beam geometry, and should be determined for each 
specific processing situation. 
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I 
Power-Time Limits for Thermal Stress Cracking of Alumina 

900, , 
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Figure 2 1 
thermal stress limit for the joint, and the lower curve is the melt limit for the braze. The acceptable 
operating range for hermetic sealing lies between these limits. 

Ultrasound transmission was used to obtain a non-destructive picture of the joint. The quality of the bond 
is determined by the principle that well-bonded regions transmit the ultrasonic signal more effectively (or 
have a lower impedance) than those that are weakly bonded. The microstructures of these joints were 
studied, placing special attention on the differences between "strong" and "weak" bond regions. In general, 
we found that regions with a "strong" bond exhibited a thicker reaction layer with a coarser eutectic 
microstructure in the braze, as shown in Figure 22. Development of a reaction layer, like most chemical 
reactions, depends on the processing temperature and time. This immediately suggests that a combination 
of sufficient processing temperature and reaction time is essential to develop a thick reaction layer for good 
bonding. Comparing the active brazing alloys, Cusil ABA seems to work best with the e-beam joining 
process and yields the best hermeticity and bond strength. The reaction layer was found to be much 
thinner for Incusil ABA than for Cusil ABA, and Incusil ABA tended to form microcracks in the braze 
material. 

Hermeticity data for the cylindrical alumina pull test samples. The upper curve is the 

Figure 22 Scanning Electron Micrograph (SEM) cross-section through an alumina-Cusil ABA- 
Alumina braze joint: (a) strong, hermetic joint, and (b) weak, non-hermetic joint. 
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4.8. Pyrex Glass Tube Sealing 

The e-beam experiments conducted with Pyrex glass tubes and lids are also shown in Table A.2 (G-series). 
During heating we were able to see phase changes in the Schott glass frit using a remote video camera, and 
could record the time at which the frit melted and wetted the lid surface. We were concerned that too rapid 
heating or cooling would lead to cracking, but this was only observed for one sample. Temperature ramp 
rates of 3OO0C/min and radiative cool-down rates of some 100 "C/min of the sample were sufficiently slow 
that cracking due to stresses caused by thermal gradients was not observed upon heating and cool-down, 
even when the beam power was turned off abruptly at the end of the run. 

The glass sealing data are plotted in Figure 23, where the experimental processing time is plotted against 
beam repetition rate, showing the minimum time required to obtain hermetic seals. Samples that were 
hermetically sealed are shown a s  diamonds, and those not sealed are plotted as squares. The processing 
time required to produce good s8eals is shorter as the beam repetition rate increases. For a given beam 
repetition rate, shorter times are required to produce hermetic seals for the lower melting temperature glass 
frit than for the higher melting temperature brazes. 

Hermetic Sealing for Glass 

600 

500 

5 200 
cp" 

100 

0 

+ 

+ 

I 

7 

0 100 200 300 400 

kposure Time (sec) 

Fibme 23. Sealing data for glass tubes and lids. 

5. Summary 

We have successfully joined and sealed ceramic tubes, demonstrating the feasibility of deep penetration 
electron beam joining with 10 MeV electrons. Joining experiments have provided high strength joints 
between alumina - alumina, and alumina - cermet in cylindrical geometry. Joint stren,*s of up to 1 18 
MPa (17.1 kpsi) were measured. Square coupon samples were also joined and tested for shear strength. 
Shear strengths of over 200 MPa (29.0 kpsi) were measured for Si,N, - Si,N, and Al,O, - A1,0, samples. 
Hermetic seals between tubes a n d  lids of alumina - alumina, alumina - cermet have been obtained. A series 
of tests was conducted to determine the minimum beam power and exposure time for producing a hermetic 
seal. An empirical relation was developed to predict the joint stren& for cylindrical joints, as a h c t i o n  
of beam power and process time. That relation, given in Equation 2, shows that the strength is related to 
the 1.5 exponent of beam power, and linearly with exposure time after braze melt. Thermal stress cracking 
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was found to be an important limiting factor for hermetic sealing, and the upper limit for power and 
processing time for the geometry of the alumina pull stren,@h samples, are given in Figure 2 1. Beam 
deposition and thermal modeling was used to evaluate temperature distributions and thermal limits. The 
modeling results showed good agreement with experimental results. 
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APPENDIX 
Table P . Joining materials used in electron beam joining experiments. 

Material 

Ceramic substrates 
Si,N, 

Sic  
A1203 

Mo- A120, cermet 

Metal substrate 
Kovar 

Brazes for ceramic 
joining 

Glass substrates 
Pyrex Glass 

High PbO frit 

- 
Prod. Desig. 

- 
- 
AS8100 

- 
Hexalov 

- 
Easy Flo 45 

-- 
Nioro ABA 

-- 
7740 

-- 
Replaces 
Schatt G017- 
334 

Experimental 

Supplier 

Allied Signal 

Carborundum 
Vesuvius- 
McDanel 

Sandia (Roger 
Moore) 

Sandia neutron 
tube part 

Handy- 
Harmon 

Wesgo' 

Wesgo 

Wesgo 

Wesgo 

Coming 

Schott via 
Plasmaco 

Johnson 
Matthey 

Composition 
(wt% unless 
otherwise 
noted) 

Si3N, + 
proprietary 
sintering aids 

96wt % A1,03, 
4 wt% glass 
sintering aids 
27 vol% Mo, 
83 vol% of94% 
A1,0, (6 wt% 
glass) 

15.0% Cu, 
16.0% Zn, 
24.0% Cd, 
45.0% Ag 
1.25% Ti, 
12.5% In, 
27.25% Cu, 
59.0% Ag 
1.75% Ti, 
35.25% Cu, 

4.5% Ti, 
26.7% Cu, 
68.8% Ag 
15.5% Ni, 
82% Au, 
1.75% v ,  
0.75 Mo 

63% Ag 

2% A120,, 

B203, 81% SiO, 
Assumed 60% 
PbO, 40% SiO, 
based on 4.8 
g?cc density 
Proprietary 

4% NqO,, 13% 

Melting 
Temperature 
("C>$ 

6 18°C 
(1145°F) 

715°C 

815°C 

850°C 

960°C 

Tm-325"C 

$ The melting temperature is the liquidus temperature for braze alloys. 
' ABA= active braze alloy 
* Wesgo Technical Ceramics and metals, 477 Harbour Blvd., Belmont, CA 940002 
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Table A.2. 
Experimental Conditions and Properties for Glass and Ceramic Tube Joints 

Sample Rate Time Substrate & Join Material Comments Shear 
(Hz) (set) Strengh 

WPa) 

- 
G-1 8 
0-2 16 
G-3 16 
G-4 16 
G-5 16 
G-6 16 
G-7 22 
G-8 16 
G-9 32 
G-10 32 
G-11 32 
G-12 40 

G-13 40 
G-14 32 
G-15 32 

G-16 50 
G-17 50 

A-1 30 
A-2 32 
A-3 35 
A-4 32 
A-5 32 
A-6 32 
A-7 32 
A-8 32 
A-9 32 
A-IO 25 
A-11 25 
A-12 25 
A-13 38 
A-14 38 
A-15 35 
A-17 70 

20 
A-18 70 
A-19 70 

25 
30 

A-20 70 
30 

KA-1 38 
KA-2 38 
KA-3 38 

200 
120 
270 
180 
240 
360 
180 
780 
150 
210 
210 
90 

75 
86 
120 

70 
70 

300 
330 
600 
3 60 
480 
300 
420 
3 60 
300 
3 60 
423 
5 00 
170 
300 
600 
100 
100 
60 
70 
40 
60 
70 
100 

280 
250 
190 

Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 
Pyrex, Schott glass frit 

Pyrex, Johnson Matthey Frit 
Pyrex, Johnson Matthey Frit 
Pyrex, Johnson Matthey Frit 

Pyrex, Schott glass frit 
Pyrex, Schott glass frit 

Al,O,-Al,O,, Ticusil 
A1203-A120j, EZ Flo 45 
Al,O,-Al,O,, EZ Flo 45 
Cermet-Al,O,, Cusil ABA 
Cermet-Al,O,, C u d  ABA 
Cermet-Al,O,, Cusil ABA 
AlzOj-Al,O,, Cusil ABA 
A1,O,-AI,Oj, Cusil ABA 
Cermet-Al,O,, Ticusil 
Cermet-Al,O,, Cusil ABA 
Cermet-Al,O,, Cusil ABA 
Cermet-Al,O,, Cusil ABA 
Cermet-Al,O,, Cusil ABA 
Cermet-Al,O,, Cusil ABA 

A120j-A1,0j, Cusil ABA 
AlZOj-Al203, C u d  ABA 

Al,O,-AI,O,, C u d  ABA 
AI,O,-AlZOj, Cusil ABA 

Al20,-A1,0,, Cusil ABA 

A1,0, on Kovar, Incusil ABA 
A1,03 on Kovar, Incusil ABA 
A1,0, on Kovar , Incusil ABA 
Kovar on A1,O1, Incusil ABA 

Unmelted, Too low power, not Hermetic 
Bonded, not Hermetic 
Bonded, Hermetic 
Bonded, Not Hermetic 
Bonded, Hermetic 
Bonded, Hermetic 
Bonded, Hermetic 
Open Air, Not Hermetic 
Open Air, Hermetic 
Open Air, Sample Slipped, Hermetic 
Open Air, Hermetic 
Open Air, Hermetic 

Open Air, Not Hermetic 
Open Air, Not Hermetic 
Open Air, Not Hermetic 

Open Air, Hermetic 
Open Air, Hermetic 

Bonded - Not Hermetic 
Not Bonded 
Not Bonded 
Bonded, Hermetic 
Bonded, Hermetic 
Bonded, Not Hermetic 
Dirty Heat Shield, Bonded, Not Hermetic 
Bonded, Hermetic 
Bonded, Not Hermetic 
Bonded, Not Hermetic 
Bonded, Not Hermetic 
Bonded, Hermetic 
Bonded, Hermetic 
Bonded, Hermetic 
Air, Not Bonded, Not Hermetic 

10.1 
6.4 

8.8 
9.8 

6.1 

5.7 

5.3 

67.6 

73.9 
62.1 
82.9 
118.9 

Controlled cool-down, Bonded, not Hermetic 

Lid cracked, suspected from previous damage. 
Controlled power to maintain constant T after melt 
Bonded, not Hermetic 

maintain constant T after melt 
Bonded, not Hermetic 

5.9 

Bonded, 
Bonded, Hermetic 
Bonded, Hermetic 
Bonded, Not Hermetic 
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Expt. No. Beam 
rep 
rate 
(fi) 

17-2 8 
17-3 8 
18-1,2 8 
18-3 8 
19-1 8 
19-2 8 
20- 1 8 
20-9 12 
20- 10 16 
!O-11 16 
21-1 8 
!2- 1 8 
12-2 8 
!3-1 8 
!3-2 8 
!4-2 2 
!4-3 8 
5N- 1 (4 pieces) 70 

5N-3 (3 pieces) 70 

3N-4 (4 pieces) -7- 
SN-5 (4 pieces) 90 

3N-6 (3 pieces) 90 

3N-7 90 
3N-8 90 
3N-9 90 
3C-1 (2 pieces) 100 
3C-2 (3 pieces) 120 

3C-3 (2 pieces) 90 
3C-4 (2 pieces) 90 
3C-5 12 Dieces) 90 
3C-Til 90 
3C-Ti2 (3 pieces) 90 
3N-Til 90 
3N-Ti2 90 

Table A.3 Coupon Test Summary 
-[aterials Combo. 

3 13 
313 
3 75 
3 13 
375 
375 
3 13 
83 
31 
39.8 
3 13 
3 13 
375 
500 
563 
200 
50 
10 

Si-coated Si,N, 

lSi3N4 to Si,N, 
Si,N, to Si,N, 
Sic to SIC 
,Sic to Sic 
AI,O, to Al,O, 
A f203 to Al,O, 
A1,Oj to Al,O, 
A 1,03 to Al,O, 
cermet-cermet 
cermet on Al,O, 
cermet on Al,O, 
cermet on A1,Oj 
cermet on Al,O, 
Glass on glass 
Glass on glass 
Si,N, to Si,N, 

t Si3N4 to Si,N4 

- 

Si. N to Si,N, T 4  
10 

B.5 

- 
Si:,N, to Si,N, 

- 
Si,,N, to Si,N, 

Si,N, to Si,N, 

Si,N, to Si,N, 
12 Si,N, to Si,N, 
11 SLN, to SLN, 

Si(: on Sic 
Si(: on Sic  

12 
15 
15 
13 
15 
14 
14 

Si(: on Sic 
Si(: on Sic 
SIC on Sic  
Si(: on Sic 
Si(: on Sic 
Si,N, to SijN, 
Si,N, to Si,N4 

- 

- 

- 

Braze 

Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 
Nioro ABA 
Nioro ABA 
Schott frit 
Schott frit 
Cusil ABA 

Cusil ABA 

Cusil ABA 

[ncusil ABA 

[ncusil ABA 

clusil ABA 
Cusil ABA 
hcusil ABA 
[ncusil ABA 
[ncusil ABA 

Cusil ABA 
ricusil 
ricusil 
Ticusil 
Ticusil 
Ticusil 
Ticusil 

Comments 

3ffset 
3ffset 

Zrooked 

Braze unmelted. 

:rooked 
:rooked 
Zrooked 
hcomplete melt. 
hcomplete melt. 

rop glass cracked 

12 mm depth 
12 mm depth 
12 mm deDth 
'oorly aligned. , 
3ne piece broke off or i 
lidn't bond. 

Ti interlayer 
Ti interlayer 
Ti interlayer 
Ti interlayer 
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I .  D. Freq, (Hz) 

Table A.4 
Tensile Test Sample Summary 

Tensile Testing Samples Cusil mils 

Time, (sec) Herrneti Strength Ultraso Remarks 
ABA 

city (MPaj n 
T- 1 60 80 leak 
T-2 60 
T-3 60 
T-4 60 
T-5 60 
T-6 60 
T-7 38 

T-8 38/20 
T-9 38/20 
T-IO 38/20 
T-11 38/20 
T-12 38/20 
T-13 38/20 

120 
150 
90 
150 
120 
100 

100/1 00 
100/150 
100/1 50 
100/150 
100/150 
100/100 

leak 
leak 
leak 
leak 
leak 
leak 

pass 
pass 
pass 
pass 
pass 
Dass 

T-I 4 50 
T-I 5 45 
T-I 6 38/22/20 
T-I 7 38/22/20 
T-I 8 50/25/20 
T-I 9 45/25/20 
T-20 38/22/20 
T-21 38/22/20 
1-22 38/22/20 

T-23 38/22/20 
T-24 45/25/20 
T-25 45/25/20 
1-26 50/45/20 
T-27 60/45/25/20 

200 
220 

100/220/235 
100/100/300 
80/20/200 
8512011 95 

10011 00/300 
100/100/198 
100/100/131 

100/100/300 
85/20/300 
85/20/400 
40/40/370 

40/30/20/195 

leak 
leak 
pass 
pass 
leak 
pass 
pass 
pass 
pass 

pass 
pass 
pass 
pass 
pass 

12.3 
71.9 
79.9 
25.7 
64.4 
41.5 
4.8 

21.8 
17.6 
0.0 
16.3 
15.4 
8.8 
59.3 
51.0 
49.5 
44.6 
0.0 
32.5 
44.4 
11.1 
9.9 

51.2 
42.4 
50.0 
57.5 
0.0 

T-32 40/50/40 

1-33 40/50/40 

T-34 40/50/40 

30/70/100 

30/70/100 

60/80/60 

leak 

leak 

85.4 

78.4 

T-35 40 128 

T-36 40 

T-37 40/30 
T-38 40/30/25 
T-39 40/30/25 

T-40 40130 

300 leak 82.2 

120/280 leak 
120/230/150 leak 

120/81 

84.9 
91.4 

120138 > 22.9 
8x1 0"-5 

29 

med rc+mc 
strong rc+mc+sma 
strong rc 
strong rc+mc 
rned rc+mc 
med rc+mc 

weake rc+rnc 

med mc 
week rnc 

st 

micro. study 
sma 
sma 
ma 

strong 
strong 
strong 
strong 
med 

strong 
strong 
weak 

weake 
st 

rned 
med 
rned 

strong 
rned 

rc+braze failure 
rc+creamic failure 
braze failure 
braze failure+srna 
rc+rna: micro. study 
ceramic failure+sma 
ceramic failure+sma 
ceramic failure+sma 
ceramic failure 

braze failure+srna 
braze failure 
ceramic failure+sma 
braze+cerarnic failureisma 
ma: micro. study 

T-28 60/45/25/20 40/30/20/240 pass 13.7 strong braze failure+ma 
T-29 40/60/40 30/70/100 leak 86.7 2rc + 7 cracks close to 

T-30 40/60/40 30/70/100 fogot to rotate sample 
T-31 40/60/40 30/70/100 sa rnple s hatte red/bea m 

misaligned 
sample shatteredlbeam 
misaligned 
rc + 7 cracks close to braze 
line 
rc + 8 cracks close to braze 
line 
Sample worked off 
alignment 
rc + 7 cracks close to braze 
line 
7 cracks close to braze line 
8 cracks close to braze line 
Sample worked off 
alignment 
7 cracks close to braze line 
+ma 

braze line 



T-41 40/30 120/230 >2X10”- 77.9 1 crack close to braze line 
5 

T-42 30 450 Pass 60.0 no cracks + ma 
T-43 35/40/20 100/100/50 3 mi1,bearn misaligned, - 

worked off 

study 

sides 

T-44 30/40/20 100/100/50 3 mil, sma, no cracks, micro 

T-45 30/40/20 100/100/50 57.8 2 mil, Radial cracks on both 

T-46 30/40/30/25/2 100/50/200/100/5~0/50 85.8 2 mil, no cracks, joint didn’t 

TI31 Standard brazinglbaseline pass 97.7 strong Micro. Study 
TB2 Standard brazing/baseline pass 84.3 strong 
TB3 Standard brazing/baseline pass 97.8 strong 
T49 40 100 NDL 10.8 ma 

011 0 fail 

(Pass) 

O / l  0 50/50 (Pass) 

0/10 50150 (Pass) 

(Pass) 

T50 30/40/30/25/2 100/50/200/100/ NDL 

T51 30/40/30/25/2 100/50/200/100/ NDL 

T52 38/45/30 100/85/200 NDL sma 

T53 38/45/30/15 100/85/50/50 gross sma + radical cracks on 

T54 38/45/30/15 100/85/50/50 gross ma + mc +radical 

T55 30/40/30/25/2 100/50/200/100/ ,1.5 X 

T56 30/40/30/25/2 100/50/100/50/5 gross 

T57 60/45/25/20 40/30/20/240 I‘JDL (same as T28, strength 
(Pass) repeat) 
I‘JDL 0.0 nice looking for display 
(Pass) 
NDL (pass) 1 X10A-9cc/sec) 

lleak both sides 

leak cracks+rnicro study 
Motor power supply blow 

radial cracks 
0/10 50/50 ‘1 0”-6 

011 0 0/50 leak 

T58 40 100 

0.0 

75.3 

92.4 

65.3 

0.0 

78.2 

55.4 

64.2 

sma + micro. study 

Notes: 
ma: misali,onment 
mc: micro cracking 
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