
Journal of Student Research

66

Characterization of Vacuum 
Brazed Advanced Ceramic 
and Composite Joints
Logan Jacobson | Senior
B.S. in Manufacturing Engineering 

Abstract
 The microstructure and hardness of nineteen vacuum brazed 
joints of zirconium diboride and silicon nitride made using a 
variety of braze alloys were evaluated. Samples were cut and 
mounted in epoxy, ground and polished, tested for Knoop 
hardness, and examined for joint microstructure using optical 
microscopy. Select multilayer joints were examined in depth 
for microstructure and composition using scanning electron 
microscopy and energy dispersive spectroscopy. Directly bonded 
zirconium diboride (ZrB2) led to better quality joints than directly 
bonded silicon nitride (Si3N4). The larger thermal expansion 
coefficient of Si3N4 than ZrB2 led to greater expansion mismatch 
and a higher propensity for cracking in Si3N4 joints. The incidence 
of cracking in Si3N4 joints decreased with the use of tungsten, 
molybdenum and tantalum interlayers. The joints made using Ti-
containing braze alloys exhibited Ti enrichment of the interface. 
The hardness distribution mimicked the stacking sequence of 
the interlayers.

Introduction
 Because of their high hardness and brittle nature, ceramics 
are rarely machined into finished parts. Ceramic parts are either 
cast to net-shape or assembled from simpler units by joining. 
Ceramics also need to be joined to metallic alloys in applications 
involving implantable electronics (e.g., neuro-stimulators), seals 
for vacuum tubes, microwave reflectors, spark plugs, nozzles and 
cutting tools. Because of the very different physical and chemical 
natures of metals and ceramics, joining ceramics and metals is 
technically more difficult than brazing, soldering or welding of 
like materials. In the following paragraphs, we first review the 
current state of research on joining of ZrB2 and Si3N4 ceramics 
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and then explain the purpose of the current research project. 
Zirconium Diboride
 The transition metal diboride ZrB2 (density: 6,090 kg.m-3) 
has a melting temperature greater than 3,000 K and has been 
identified as a promising material for applications in extreme 
environments such as ultra-high temperatures (2173-2773 K) 
on sharp leading edge of space vehicles reentering the Earth’s 
atmosphere. Additives such as SiC and carbon improve the 
thermal and mechanical properties, and oxidation resistance. 
Zirconium diboride is considered as a family of ultra-high 
temperature ceramics (UHTC) that have been developed 
and characterized for physical, mechanical, thermal, and 
thermomechanical properties [Paul et al, 2012; Gasch et al, 
2005; Zhu et al, 2008; Bellosi and Babini, 2007; Sciti et al, 2006; 
Monteverde et al, 2002]. Studies on joining of diboride-based 
ceramics are, however, scarce. Some researchers (Muolo et al, 
2003) have used Ag-Zr brazes (liquidus temperature, TL ~1323 K) 
whereas others [Singh and Asthana, 2007, 2009 & 2010; Asthana 
and Singh, 2009] have used Ni-base metallic glass, AgCuTi 
and Pd-base brazes to join ZrB2-based ceramics. Still other 
investigators [Valenza et al, 2012; Passerone et al, 2006 and 2007; 
Voytovich et al, 2007] have characterized the wettability and 
chemical interaction of diboride ceramics with Ag, Cu, Au and 
Ni. 

Silicon Nitride
 Like ZrB2, silicon nitride ceramics have excellent high-
temperature strength, thermal stability, and resistance to creep, 
thermal shock, wear, and oxidation. These materials are used 
in engine components, turbochargers, bearings, and cutting 
tools. In such applications, relatively complex part designs 
are needed. As Si3N4 is less amenable to machining, robust 
joining techniques play a critical enabling role (e.g., in hybrid 
gas turbines with ceramic blade and metallic disk). Among 
prominent applications of multilayer Si3N4-to-metal joints, 
turbo-charger rotors with Si3N4 blades joined to a steel shaft 
with laminated interlayers via active metal brazing is probably 
the most well-known product. It has a soft metal/low expansion 
and hard metal/soft metal interlayer structure (e.g., laminate 
interlayer of Fe/W). 
 Among the filler metals used to join Si3N4 ceramics, Ag-Cu 
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eutectic alloys containing Ti have been most widely used. Other 
common fillers include Ag-Cu-In and Ag-Cu-Sn containing Ti. 
Besides Ti, active elements such as Hf, Zr, Nb and Ta also have 
been evaluated for joining Si3N4 ceramics. Additionally, braze 
alloys such as Pd-Ni-Ti, Au-Pd-Ti, and Cu-Pt-Ti/Nb as well as 
non-reactive brazes Pd-Ni and Au-Pd-Ni in conjunction with pre-
metallized Si3N4 also have been used. Silicon nitride has been 
successfully joined to steel, aluminides, W, Ti, Nb, Inconel, Cu-
clad-Mo and other metals and alloys using either direct bonding 
or with the aid of multilayers [Blugan et al, 2004; Brochu et al, 
2004; Hadian and Drew, 1996; Liu et al, 2006; Zhang et al, 2008]. 
 Silicon nitride is acknowledged to be one of the most 
difficult ceramics to join to metallic materials in spite of its useful 
properties. The difficulty arises mainly from the relatively small 
coefficient of thermal expansion (CTE) of silicon nitride (~3x10-6 
K-1), even compared with other engineering ceramics. High-
temperature alloys such as Inconel have appreciably larger CTE 
(CTEInconel-625: ~16x10-6 K-1). The expansion mismatch generates 
large residual stresses during temperature excursions often 
leading to the fracture of the ceramic. Judiciously selected metal 
interlayers in the bond region reduce the strain energy and 
fracture propensity in the ceramic. For example, strain energy in 
directly bonded Si3N4/Inconel-600 joints is estimated to be 38 
mJ, and with a 0.3 mm thick Ni interlayer, the strain energy drops 
to 15 mJ [Park et al, 2002]. Multilayer Si3N4/steel joints have been 
brazed using AgCuTi brazes in conjunction with Ni and Ni-W 
interlayers with some success.

Research Objectives
 This research had three interrelated objectives: i) examine the 
effectiveness of three hitherto unexplored interlayers (tungsten, 
molybdenum and tantalum) with favorable thermal expansion 
and elastic modulus to bond Si3N4 to metal substrates, ii) 
demonstrate direct bonding of some new and emerging ZrB2 
based composites to metals and alloys, and iii) evaluate the 
effectiveness of multiple commercial brazes, not commonly used 
to join Si3N4 and ZrB2 based materials to bond titanium, nickel-
base super alloys, and copper-clad-molybdenum. 
 Vacuum brazed joints obtained from the NASA Glenn 
Research Center were used in the study. The joints were made 
using a range of active braze alloys with melting temperatures 
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as high as 1,510 K. Because of the high joining temperatures, 
chemical interactions of molten braze alloys with the ceramic 
and metallic substrates were expected to significantly alter the 
joint structure and mechanical properties such as hardness. This 
research evaluated bond integrity, microstructure and micro-
hardness of nineteen Si3N4 and ZrB2 based ceramic joints with 
metallic substrates including some new and promising materials 
(e.g., ZrB2 based composites) that are still under development 
in aerospace industry. Although the study did not focus on a 
specific product such as turbochargers, exhaust valves, and 
leading edge of aircraft wings where use of such ceramics 
is promising, the research outcomes offered insights into 
engineering development of a simple and environment-friendly 
joining technology applicable to such components. 

Experimental Procedure
Joining Procedure
 The joints were created using vacuum brazing (vacuum 
pressure ~10-6 torr) in the Ceramics Branch at the NASA 
Glenn Research Center. The substrates and braze foils were 
ultrasonically cleaned in acetone and the braze and metal 
interlayers were sandwiched by the substrates. A load of ~1-2 N 
(~3.5-7.2 kPa pressure) was applied during brazing. The assembly 
was heated in a furnace to about 15-20º above braze liquidus 
and soaked for 30 min., followed by slow cooling to room 
temperature. 
 A total of 19 joints listed in Table 1 were characterized. 
Commercial braze alloys that were used along with their 
composition and liquidus and solidus temperatures are listed in 
Table 2. 
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St. Gobain Si3N4 (NT-154) containing 4 wt% Y2O3 as a sintering aid 
was used for silicon nitride joints and three ZrB2-based ceramics, 
called ultra-high-temperature ceramics (UHTC) were used to 
create joints. The three ZrB2-based ceramics, named ZSS, ZSC 
and ZS, have the following compositions: 

(i) ZSS (ZrB2 + 20 v/o SiCp + 35 v/o SiCf), contains SCS-9a fiber and 
particulate SiC,
(ii) ZSC (ZrB2 + 14 v/o SiCp + 30 v/o Cp), contains particulate SiC 
and carbon, and 
(iii) ZS (ZrB2 + 20 v/o SiCp), contains particulate SiC. 

 These ceramics were fabricated by hot-press diffusion 
bonding. The ZSC and ZS achieved full-densification but the 
hot-pressed ZSS had ~30% residual porosity (determined from 
weight and volume measurements) and micro-cracking due 
presumably to residual stresses resulting from the mismatch 
of coefficient of thermal expansion (CTE) between the SCS-9a 
fibers (CTE~4.3×10-6/K) and the matrix. 
 The metallic substrates (Table 1) used in bonding were 
obtained either from Inco Specialty Metals or from Good Fellow.  
The interlayer metals included foils of W (20 µm), Ta (50 µm), 
and Mo (20 µm) and were used to create multilayer joints with 
Si3N4. The CTE and yield strength of the selected substrate and 
interlayer materials are given in Table 3. 
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Metallurgical Preparation  
 Samples were first mounted in epoxy to allow for easier 
handling when grinding and polishing. The polishing step allows 
for a mirror/micro finish of samples, which in turn allows for a 
clear view at high magnifications. The grinding and polishing 
procedure consisted of the following steps:

i) Grind on 240C grit paper (speed: 100 rpm, duration: 10 min., load: 25 
lb., lubricant: water) 
ii) Grind on Cameo Platinum II Disc (150 rpm, 10 min., 25 lb. load, 
lubricant: water)
iii) Polish on Cameo Silver Disc (100 rpm, 10 min., abrasive: 6µm 
diamond paste, lubricant: isopropyl alcohol mixture)
iv) Polish on Cameo White Disc (100 rpm, 10 min., abrasive: 3µm 
diamond paste, lubricant: isopropyl alcohol mixture)
v) Polish on Cameo Grey Disc (100 rpm, 10 min., abrasive: 1µm 
diamond paste, lubricant: isopropyl alcohol mixture)
vi) Final polish on Cameo Grey Disc (100 rpm, 10 min., abrasive: 
colloidal silica, no lubricant).

Microhardness testing 
 For micro-hardness testing, a Buehler Micromet-2001 tester 
with Knoop indenter was used with a 500 gram load. This 
allowed for enough of an indentation of the harder ceramics 
and did not overly scar the softer metals. The hardness tester 
was calibrated prior to testing to ensure reliability using the 
calibration materials provided with the tester. Samples were 
securely mounted in the fixture, an appropriate testing location 
was found using the microscope attached to the tester, the 
indentation was made, and the indentation size was measured 
and converted to the Knoop hardness number. Multiple 
hardness scans were made to check the reproducibility of the 
measurement.

Microscopy
 The microstructures of all polished joints were examined 
and recorded at various magnifications (x50 to x500) using 
an optical microscope. Selected samples were characterized 
for microstructure and composition using Scanning Electron 
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) at 
the NASA Glenn Research Center.
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Results and Discussion
ZrB2-base Ceramic Joints 
 The microstructures of some ZrB2 ceramics joined to 
themselves and to Cu-clad-Mo and titanium are shown in Figs. 1 
and 2, respectively. 

The very fine, dark and dispersed platelets are SiCp and the 
continuous light-gray phase is the ZrB2. The evenly distributed 
round features are SiC fiber cross sections in the ZSS material. 
The ZrB2-based ceramic (ZSS, ZSC and ZS) joints that were 
characterized in the study are listed in Table 1. Overall, the joints 
made using ZS, ZSC, and ZSS with Palco braze and copper-clad-
molybdenum were defect-free. Joints 4 and 17 (Table 1), both ZS 
joined to titanium, exhibited large cracks in the ZS. This may due 
to the large differences in their moduli of elasticity (116 GPa for 
Ti, 421 GPa for ZS) and thermal expansion [Park et al, 2002]. ZS 
to ZS joints made using Palco and Ti-375 brazes (7 and 13, Table 
1) turned out quite well, but in sample 7 (Palco braze), small 
vertical cracks appear perpendicular to the joint in the reaction 
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zones. No such cracks formed in sample 13 (Ti-375 braze) due 
presumably to the fact that Ti-375 is a lower temperature braze 
and less reactive than Palco. No reaction zone formed in sample 
13. The joints made using Palco and Palni exhibited considerably 
thicker interaction zones than joints made using other brazes. 
 Interestingly, unlike joints made using Cu-clad-Mo in which 
Cu cladding acted as a stress absorbing interlayer (ductility of 
Cu: 55%), in self-joined ZSC with Palco braze, hairline cracks 
and penetration of Pd into ZSC, were noted. In self-joined ZSS 
using Palco, the pre-existing microcracks and pores facilitated 
braze penetration that led to presence of Pd in interaction zone 
away from the braze matrix and formation of a prominent but 
somewhat diffuse interaction zone. Unlike Palco braze, the Palni 
braze led to poor bonding and cracking. The lower ductility and 
higher yield strength (ductility: 23%, yield strength: 772 MPa) of 
Palni than Palco (ductility: 43%, yield strength: 341 MPa) inhibited 
effective stress relief and led to unsound joints even though 
joints made using Palni could be used in applications that 
require higher operating temperatures.
 It is conceivable that dissolution of Si and Zr from ZS, ZSS 
and ZSC in molten braze could saturate the melt with solutes 
resulting in the formation of intermetallic phases upon cooling 
and solidification. In addition, silicides and complex ternary 
compounds could form via chemical reaction in the interfacial 
zone. A detailed analysis of the chemical reactions kinetics and 
thermodynamics in these complex multi-component systems 
may not be feasible. Simple thermodynamic considerations 
could be invoked to suggest possibilities. For example, chemical 
reactions between ZrB2 or SiC and Ni, Pd, and Co in braze could 
form borides (Ni2B, Ni3B, CoB, Pd5B), silicides (CoSi2, Ni2Si, PdSi) 
and carbides (Ni3C, CoC, PdC). The free energies of reactions 
between ZrB2 or SiC and Ni and Co show that Ni could react with 
SiC to form Ni2Si. In contrast, the reaction of ZrB2 with Ni or Co 
to form Ni2B, Ni3B, and CoB is thermodynamically unfavorable. 
Similarly, formation of CoSi2 and Ni3C from the reaction of SiC 
with Ni or Co is unlikely. 

Silicon Nitride Joints
 Figures 3 and 4 show representative Knoop hardness profiles 
for two joint configurations: Si3N4/W/Mo/Inconel (Fig. 3) and 
Si3N4/W/Ta/Inconel (Fig. 4)
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These figures also show magnified hardness profiles in the 
multilayer regions. The baseline hardness of Inconel-625 in all 
joints is 300-400 HK200, and the hardness of Si3N4 substrate 
is in excess of 2000 HK200. Periodic increase and decrease of 
hardness across the refractory metal interlayers is noted. The 
hardness peaks around the minima in the figures represent the 
interlayers and follow the expected trend in material hardness 
of stacked layers (e.g., HK200 of W is greater than HK200 of Mo). 
It is conceivable that modification of braze metallurgy from the 
dissolution and redistribution of alloying elements together with 
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the residual stress effects could modulate the hardness values 
of the braze and refractory metal interlayers compared to their 
values in a pristine state. 
 Figures 3(a) and 4(a) also showed the physical location of 
the various interlayers in joints. Each interlayer is well-bonded 
to its neighbors and does not exhibit warping or cracking 
generally confirming that the joints are microstructurally sound. 
The Si3N4/W/Mo/Inconel-625 multilayer joint was selected for a 
more complete evaluation of the interfaces. Figures 5 through 8 
show the microstructure and elemental compositions across the 
various interfaces in this joint.
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 Titanium segregation was observed at the Si3N4/braze 
interface in all joints that were made using Ti-containing braze 
alloys. The metal interlayers appear to be well-bonded to the 
adjoining braze layers. While there is no evidence of interfacial 
de-cohesion in the joints, a single hairline crack, visible to the 
unaided eye, and parallel to the joint had formed in the Si3N4 
substrate approximately 2 mm from the seam. Upon removal 
from the brazing furnace, the joints were visibly crack-free; 
however, it could not be ascertained if the hairline crack had 
developed in the subsurface regions due to residual stresses 
during brazing or if it had formed during sectioning of epoxy-
mounted joined assemblies prior to metallurgical polishing. 
The EDS analysis revealed small quantities of Cr from Inconel 
at the Si3N4/braze interface in joints made using Inconel. It is 
evident that Cr has diffused across the different interlayers 

the residual stress effects could modulate the hardness values 
of the braze and refractory metal interlayers compared to their 
values in a pristine state. 
 Figures 3(a) and 4(a) also showed the physical location of 
the various interlayers in joints. Each interlayer is well-bonded 
to its neighbors and does not exhibit warping or cracking 
generally confirming that the joints are microstructurally sound. 
The Si3N4/W/Mo/Inconel-625 multilayer joint was selected for a 
more complete evaluation of the interfaces. Figures 5 through 8 
show the microstructure and elemental compositions across the 
various interfaces in this joint.
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within the joint resulting in a concentration gradient with the Cr 
concentration progressively decreasing from the Inconel side to 
the Si3N4 side. Indeed, in directly brazed Si3N4/Inconel 625 joints 
without interlayers, Cr could react with Si3N4 to form chromium 
nitrides (CrN and Cr2N) and chromium silicides (CrSi2, Cr3Si, and 
Cr5Si3), and Ni from Inconel could form nickel silicide (NiSi, Ni2Si, 
NiSi2, Ni16Ti6Si7) could also form at the interface. 
 In designing the Si3N4/W/Ta/Inconel and Si3N4/W/Mo/Inconel 
joints, the goal was to create a CTE gradient across the joints. 
For example, the CTE (in ppm/K) variation from the Si3N4 side 
to Inconel side is 3.3/4.5/6.5/13.1 for Si3N4/W/Ta/Inconel joint, 
and 3.3/4.5/4.8/13.1 for the Si3N4/W/Mo/Inconel joint. A graded 
CTE variation is expected to mitigate residual stress buildup 
from joining. A trade-off exists between relief of CTE-mismatch 
induced residual stress in the ceramic and plastic deformation in 
the metal interlayer. The yield strength of a metal is, therefore, 
also important in reducing the strain energy (and fracture 
tendency) in the ceramic. Unfortunately, interlayer materials with 
small CTE generally have high yield strength. Hardness will vary 
considerably across the joints, not only because of different 
materials being joined but also because of un-known reaction 
zones between materials being created. 

To better understand occurrences in microstructure such as 
voids, cracks, and abnormal bonds, a residual stress analysis was 
performed using Equation 1 listed below.

σ = EMEC/EM + EC (Tb - 30)(a
m
 - a

c
)

 
 Where EM = elastic modulus of metal; EC = elastic modulus of 
ceramic; Tb = brazing temperature, a

m
  = thermal expansion 

coefficient of metal; and  = a
c thermal expansion coefficient of 

ceramic. The results of the theoretical calculations are shown in 
Fig. 9
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Silicon Nitride has a very low expansion coefficient, which 
causes the residual stress in the samples to be much higher 
than in ZrB2-based ceramic joints. The zirconium diboride-based 
ceramics exhibit much lower residual stresses, due in large part 
to their higher coefficients of thermal expansion (over twice that 
of silicon nitride). This allows the zirconium diboride samples 
to more consistently match the alloys’ expansions that they are 
bonded to, giving less prevalence of major cracking.
Conclusions
 Joint microstructure and micro-hardness were characterized 
in a number of vacuum brazed ceramic/metal joints made using 
a wide variety of braze alloys and combinations of technical 
ceramic and ceramic/metal joints made using silicon nitride, 
zirconium diboride, titanium, Inconel 625, and copper-clad-
molybdenum with and without stress absorbing interlayers 
of tungsten, molybdenum, and tantalum. Directly bonded 
zirconium diboride-to-metal joints exhibited better integrity 
and less interfacial defects than directly bonded silicon nitride-
to-metal joints with the latter exhibiting a greater propensity 
for cracking because of residual stresses arising out of a large 
mismatch of thermal expansion coefficients of bonded materials. 
Residual stress management with the aid of stress absorbing 
metal interlayers yielded better quality silicon nitride-to-metal 
joints. Further research shall be needed to optimize interlayer 
thickness and interlayer ordering in order to create perfectly 
bonded joints. The interfaces in joints that were made using 
Ti-containing brazes exhibited Ti enrichment. The distribution of 

within the joint resulting in a concentration gradient with the Cr 
concentration progressively decreasing from the Inconel side to 
the Si3N4 side. Indeed, in directly brazed Si3N4/Inconel 625 joints 
without interlayers, Cr could react with Si3N4 to form chromium 
nitrides (CrN and Cr2N) and chromium silicides (CrSi2, Cr3Si, and 
Cr5Si3), and Ni from Inconel could form nickel silicide (NiSi, Ni2Si, 
NiSi2, Ni16Ti6Si7) could also form at the interface. 
 In designing the Si3N4/W/Ta/Inconel and Si3N4/W/Mo/Inconel 
joints, the goal was to create a CTE gradient across the joints. 
For example, the CTE (in ppm/K) variation from the Si3N4 side 
to Inconel side is 3.3/4.5/6.5/13.1 for Si3N4/W/Ta/Inconel joint, 
and 3.3/4.5/4.8/13.1 for the Si3N4/W/Mo/Inconel joint. A graded 
CTE variation is expected to mitigate residual stress buildup 
from joining. A trade-off exists between relief of CTE-mismatch 
induced residual stress in the ceramic and plastic deformation in 
the metal interlayer. The yield strength of a metal is, therefore, 
also important in reducing the strain energy (and fracture 
tendency) in the ceramic. Unfortunately, interlayer materials with 
small CTE generally have high yield strength. Hardness will vary 
considerably across the joints, not only because of different 
materials being joined but also because of un-known reaction 
zones between materials being created. 

To better understand occurrences in microstructure such as 
voids, cracks, and abnormal bonds, a residual stress analysis was 
performed using Equation 1 listed below.

σ = EMEC/EM + EC (Tb - 30)(a
m
 - a

c
)

 
 Where EM = elastic modulus of metal; EC = elastic modulus of 
ceramic; Tb = brazing temperature, a

m
  = thermal expansion 

coefficient of metal; and  = a
c thermal expansion coefficient of 

ceramic. The results of the theoretical calculations are shown in 
Fig. 9
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micro-hardness in multilayer joints was broadly consistent with 
the stacking sequence of metal interlayers; however, diffusion 
layers and reaction products that formed during joint formation 
at elevated temperatures yielded hardness values that could not 
be matched with the expected hardness because such layers and 
interfacial compounds were not identified in the present study. 
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