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ABSTRACT 

Joining structural ceramics is possible using high melting point metals such as Mo and Pt that 
are heated with a high energy electron beam, with the potential for producing joints with high 
temperature capability. A 10 MeV electron beam can penetrate through 1 cm of ceramic, 
offering the possibility of buried interface joining. Because of transient heating and the lower 
heat capacity of the metal relative to the ceramic, a pulsed high power beam has the potential for 
melting the metal without decomposing or melting the adjacent ceramic. We have demonstrated 
the feasibility of the process with a series of 10 MeV, 1 kW electron beam experiments. Shear 
strengths up to 28 MPa have been measured for Si3N4-Mo-Si3N4. These modest strengths are 
due to beam non-uniformity and the limited area of bonding. The bonding mechanism appears to 
be a thin silicide reaction layer. S13N4-S13N4 joints with no metal layer were also produced, 
apparently bonded by an yttrium apatite grain boundary phase. 
This work was supported by the United States Department of Energy under contract DE-AC04-
94AL85000. 

INTRODUCTION 

Ceramics such as S13N4 and SiC are seeing increasing use for high temperature structural 
applications. 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 other metal or ceramic components. Success has been demonstrated for braze metal 
joints subjected to low or moderate temperatures, on the order of 550°C [1]. There is a need for 
joints that can withstand higher temperatures, and alternative joining techniques are being 
explored. Low energy electron beams, in the range of 20-150 keV, have been used to join 
ceramics [2, 3], but with limited success because of the shallow penetration and high power 
density of the beams. Electron beams with energy in the range of 10 MeV are able to penetrate to 
depths of more than 1 cm in ceramics, and can directly heat the metal braze without exposing the 
ceramic to excessive power. The objective of our project is to evaluate the feasibility of high 
energy electron beam joining of ceramic using refractory metals such as Pt and Mo, using the 
deep penetration and transient thermal characteristics that can be achieved with a high energy, 
high power electron beam. 

HIGH ENERGY BEAM JOINING EXPERIMENTS 

Joining experiments were conducted at 10 MeV, using an RF linear accelerator at Titan. A 
standard set up of 10 MeV, 0.18 A beam current, 6 usee pulse width, and 11 J per pulse was used 
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for most of the testing. Average beam power was changed in the experiment by varying the pulse 
repetition rate up to 100 Hz. Experiments were conducted both in air and in vacuum. A thin 
titanium foil window (130 um) was used to separate the accelerator column from the processing 
chamber, which could be operated either at atmospheric pressure or in vacuum. Figure 1 shows a 
schematic of the sample arrangement for beam exposures. The beam power profile is shown in 
Fig. 2. GN10 Si3N4 samples were obtained from Allied Signal Ceramic Components. 
Molybdenum and platinum foils of 25 and 50 urn were used for braze metals. 

Compressive shear strengths were measured on a mechanical testing frame, at a loading rate of 
0.1 cm/min. We measured shear strengths of 11 to 28 MPa for these specimens. Ultrasonic 
scans of the joints indicated considerable non-uniformity of the bonding, with the central region 
being unbonded, the adjacent region being relatively well bonded, and the outermost region being 
poorly bonded or unbonded. A Si3N4-Mo sample, after shear testing, is shown in Fig. 2. Metal 
melting has occurred, but because the Mo does not wet the Si3N4, the molten metal appears to 
have retreated to the edges of the unmelted metal. Surface damage to the Si3N4 is apparent in 
the region of metal melting at the center of the beam, where the peak power exceeded 3000 
W/cmr. The Si3N4 cross section from this test (Fig. 2b) shows uplifting and cracking coinciding 
with the peak beam intensity. The bonded region occurs in an annulus, where the power density 
is between 1000 - 2000 W/cm .̂ This appears to be the best range for beam joining, where 
temperatures are sufficient to achieve bonding reactions, but low enough to avoid material 
damage. Previous shear strength measurements for low-temperature braze alloys, using 
conventional braze techniques, have been in the range of 30-320 MPa [4-6]. Thus we have 
achieved strengths in the low end of this range. 

Cross sections of these joints were examined using scanning electron microscopy (SEM) and 
electron microprobe analyses CEMPA) to identify the bonding mechanism. Metal silicide 
reaction layers from 2 to 30 urn thick were identified. The Pt silicide layers showed little thermal 
stress cracking, but Mo silicides showed some lateral cracking perpendicular to the interface. 

Si3N4-Si3N4 joints with no metal braze layer were also fabricated using the 10 MeV electron 
beam. After shear testing, optical examination of the debonded surfaces revealed spots of glassy 
looking material in the region where the beam was focused. The bonding mechanism appears to 
be the flow of grain boundary phases out of the Si3N4 into the interface when the ceramic is 
heated by the high energy electron beam. Strengths up to 27 MPa were measured for these joints. 
From X-ray diffraction data, this bonding material appears to be an yttrium apatite phase similar 
in composition to the grain boundary phase of the Si3N4, which contains yttrium, strontium, and 
silicon. 

Four point bend strength measurements were made on bend bars of as-received GN10 Si3N4, and 
on bend bars exposed to the 10 MeV electron beam. We measured a mean strength of 607 MPa 
for samples exposed to the maximum beam intensity, compared to the as-received strength of 970 
MPa. The strength of beam-damaged Si3N4 represents a retained strength of only 62%, but we 
expect that with further beam optimization we can achieve higher retained strengths. 

THERMAL SIMULATIONS 

Beam energy deposition and thermal diffusion were modeled using the ACCEPT code of the 
Integrated TIGER Series and P/THERMAL thermal analysis code. Energy was allowed to 



radiate from the exposed faces of the ceramic to surrounding surfaces. Thermo-physical 
properties were modeled as temperature dependent quantities, and the ceramic-metal surface was 
modeled as a resistive interface. Temperature calculations for Mo and adjacent Si 3N 4 nodes are 
presented in Fig. 3. Note that the Mo temperature is about 600 °C higher than Si 3N 4- the Mo is 
just over its melting point, and the Si 3N 4 is just below its decomposition temperature.' These are 
the conditions that we observe in the experiments, and are the non-equilibrium conditions that 
lead to bonding. 

CONCLUSIONS 

These experiments demonstrated the feasibility of melting refractory metals with a high-energy 
electron beam, and using this layer as a bonding material in buried interfaces between Si 3N 4 

pieces. Reactions between the metal (both Pt and Mo) and ceramic produced silicides that bond 
the metal to the ceramic. Compressive shear strengths measured for Si3N4 bonded to ShNd 
with Mo and Pt ranged from 10 to 28 MPa, which are at the low end of the range of strengths 
achieved with conventional techniques. These strength results are limited by the non-uniformity 
of the beam and the resultant non-uniform bonding. Further experiments will be conducted with 
a uniform beam over the entire sample. With these experiments, we hope to produce uniform 
bonding and higher strengths, while minimizing or eliminating damage to the ceramic material. 
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Fig. 1 Beam absorption in multi-layered materials, in this case a buried layer of platinum foil 
between two ceramic slabs. 
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Fig. 2 a) Top view of melting of Mo in a 
S13N4 - Mo -S13N4 sample exposed to the 
electron beam at peak power of 5225 
W/cm2 for 28 sec. Damage to the Si3N4 in 
the beam center is evident, b) A cross 
section view of the S13N4 sample, 
c) Beam power density profile. Surface 
damage occurs in the region where power 
density exceeds 3000 W/cm2, and bonding 
occurs in the range 1000-2000 W/cm2. 
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Temperature versus time for the molybdenum and adjacent Si 3N 4 grid nodes, for the 
geometry from Fig. 1. 


