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Abstract

Self-joining of St. Gobain Si3N4 (NT-154) using a ductile Cu—AIl-Si-Ti active braze (Cu-ABA) was demonstrated. A reaction zone (~2.5-3.5 pm
thick) developed at the interface after 30 min brazing at 1317 K. The interface was enriched in Ti and Si. The room temperature compressive
shear strengths of Si;N4/Si;N4 and Inconel/Inconel joints (the latter created to access baseline data for use with the proposed Siz;Ny/Inconel joints)
were 140 &£ 49 MPa and 207 4 12 MPa, respectively. High-temperature shear tests were performed at 1023 K and 1073 K, and the strength of the
Si3N4/Si3N4 and Inconel/Inconel joints were determined. The joints were metallurgically well-bonded for temperatures above 2/3 of the braze
solidus. Scanning and transmission electron microscopy studies revealed a fine grain microstructure in the reaction layer, and large grains in the
inner part of the joint with interfaces being crack-free. The observed formation of TisSi; and AIN at the joint interface during brazing is discussed.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon nitride (Si3Ny) is a light-weight ceramic with excel-
lent high-temperature strength, creep-resistance, low thermal
expansion, and excellent resistance to thermal shock, wear, and
oxidation. This material is currently used in reciprocating engine
components, turbochargers, auxiliary power unit components
for aircraft, bearings, and metal cutting tools. There is increasing
interest in Si3Ny4 for use in turbine components of the next-
generation turbo-shaft engines because of its potential to be
deployed without the need for extensive cooling as required
when using metallic parts. Their use projected to significantly
raise engine efficiency and performance.

SizNy is particularly suitable for small turbine engine com-
ponents which may be easier to fabricate than SiC/SiC fiber
composites because of the inherent complexity in weaving cool-
ing channels and sharp edges using the SiC fibers. However,
in a number of applications, relatively complex geometrical
designs of Si3Ny parts are needed. As shaping of SizNy is
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less amenable to machining and conventional manufacturing,
robust and affordable joining techniques that are capable of
integrating geometrically simpler Si3Ny parts into complex com-
ponents play a critical enabling role. Thus, one key aspect
of Si3Ny utilization in emerging applications is its joining
response to diverse materials. In an ongoing research program,
the joining and integration of Si3N4 ceramics with metallic,
ceramic, and composite materials using braze interlayers with
the liquidus temperature in the range 1023-1513K is being
investigated.

Among the filler metals used to join SizNy4 ceramics, Ag—Cu
eutectic alloys containing Ti have been the most widely used.!~
Other notable fillers include Ag—Cu—In and Ag—Cu—Sn contain-
ing Ti. Besides Ti, active elements such as Hf, Zr, Nb and Ta
also have been evaluated for joining SizNy4. In addition, active
brazes 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
premetallized Si3Ny also have been used. The active metal Cr
has been used in Ni-Pd and Ni-Si eutectics.> Numerous other
brazes have been used to join Si3Ny ceramics.®2* Nevertheless,
the Ag—Cu-Ti fillers are known to produce the highest levels of
joint integrity and are most extensively used with silicon nitride
ceramics. There also is interest in evaluating brazes with melting
points higher than the Ag—Cu-Ti fillers to join SizNjy.
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In this study, we utilize an active braze, Cu-ABA, that has a
higher liquidus temperature (71, ~ 1297 K) than Ag—Cu eutec-
tic brazes containing Ti. The self-joining behavior of a widely
available commercial variety of Si3N4 using Cu-ABA is inves-
tigated. In particular, joint microstructure, composition, and
joint strength at room and elevated temperatures, as revealed
by optical microscopy, scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), transmission electron
microscopy (TEM), and offset compression shear test, are pre-
sented and discussed.

2. Experimental procedures
2.1. Joint fabrication

St. Gobain Si3N4 (NT-154) containing 4 wt.% Y,03 as a
sintering aid was used for joining. Studies have shown that
thin nanometric intergranular amorphous films of yttrium sil-
icate glasses form at grain boundaries in Si3Ny containing
yttria.>> The Si3N, material was self-brazed using a commer-
cial Cu-Si—Al-Ti braze alloy, Cu-ABA (from Morgan Advanced
Ceramics, CA), with a nominal composition (in wt.%) of
92.75Cu—3Si-2Al1-2.25Ti, and with the solidus and liquidus
temperatures of 7s ~ 1231 Kand 71, ~ 1297 K, respectively. The
Cu-ABA braze has high ductility (42%) and was obtained in foil
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form (thickness ~50 pm). The elastic modulus, yield strength
and tensile strength of Cu-ABA are 96 GPa, 278 MPa, and
520 MPa, respectively, and its coefficient of thermal expansion
(CTE) is 19.5 x 10~%/K.

The substrates and braze foils were sliced into
254cm x 1.25cm x 0.25cm  pieces, and ultrasonically
cleaned in acetone for 15 min. Two braze foils were sandwiched
between the substrates, and a load of ~1-2N (~3.5-7.2kPa
pressure) was applied during brazing. The assembly was heated
in a furnace to ~15-20K above braze 71 under vacuum
('\110’6 Torr), soaked for 30 min, and slowly cooled to room
temperature.

2.2. Mechanical testing

The shear strength testing was done both at room temperature
and two elevated temperatures (1023 K and 1073 K) under com-
pressive loading on an Instron 8562 machine using hydraulic
grip platens and a SS316 die for loading. For elevated tem-
perature tests, a special hot stage was attached to the Instron
unit. The temperatures of 1023 K and 1073 K represent rather
severe test conditions, and are just 208 K and 158 K, respectively,
below the braze solidus. A loading rate of 50 N/s was used and a
deflectometer (Instron LVDT 2602-061) was used to record the
displacement. Typically 3—-5 specimens were tested for strength.
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Fig. 1. (a—c) Joint microstructure and (d) elemental distribution in self-joined St. Gobain NT-154 Si3N4 material brazed at 1317 K for 30 min. The EDS data in (d)

correspond to the point markers shown in (c).
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Microhardness scans were made across the joint region with
a Knoop micro-indenter on a Struers Duramin A-300 machine
under a load of 200 g and loading time of 10s.

2.3. Microstructural observations

The brazed joints were prepared for metallurgical exami-
nation and observed using SEM and EDS on a Philips XL.30
electron microscope. Foils were prepared from the joints using
conventional techniques and ion thinned to electron trans-
parency. Microprobe EDS microanalyses were also performed
on these foils. TEM observations were done using a Philips
CM200 electron microscope.

3. Results and discussion
3.1. Microstructure

Fig. 1a displays a brazed silicon nitride joint made using the
St. Gobain material (NT-154). Brazing with Cu-ABA for 30 min
led to a homogenous, featureless (in the SEM observations) and
compact reaction layer which is about 2.5-3.5 pm in thickness
(Fig. 1b and c¢). This featureless product phase layer presumably
formed from the coalescence of coarsened silicide crystals. It is
conceivable that the product phase growth is initially controlled
by the rate of the chemical reaction and later, when an appre-
ciable thickness has developed, the growth kinetics are limited

(@)

. )

by the slower process of diffusion of reacting species across an
already formed reaction layer.

Joint formation is promoted by the reactions which yield low
contact angles of braze on Si3Ny substrates. In the case of Cu-
ABA, pure Cu does not wet Si3N4 but Al wets Si3sN4 under
low pO; and high-temperatures because of disruption of oxide
film on Al and formation of AIN or SiAION compounds (Si
in Cu-ABA improves the braze fluidity but probably does not
affect the contact angle). Contact angle measurements”%—28 show
that Ti-containing brazes rapidly wet the ceramic, and the most
significant gains are achieved at small (2-10%) amounts of Ti
at which braze ductility is not impaired but there is sufficiently
high Ti activity for reactions with Si3Ny4. The metallurgically
sound joints formed using Cu-ABA in this study attest to the
role of Ti in improving the wetting and bonding of Si3Nj.

The EDS analysis (Fig. 1d) of brazed SizN4/Cu-ABA/SizNy
joints shows that the layer is rich in Ti and Si. The X-ray
spot analysis at several point markers along the reaction layer
(Fig. 1b) revealed that the approximate average atomic concen-
tration of this layer is 63Ti—25Si-9Cu—3N. This is qualitatively
consistent with the literature studies according to which forma-
tion of complex Ti—Si—~Cu—N compound layers is observed in
silicon nitride joints brazed using Ag—Cu—Ti brazes.> There is
no evidence of interfacial de-cohesion in the joint region.

EDS compositional maps were obtained during SEM (Fig. 2a
and b) to determine the elemental spatial distribution. The
compositional maps showed clearly that titanium was mainly

Fig. 2. (a) EDS compositional maps of the joint. Titanium segregation to the reaction layer can be easily visualized. Only small cluster Ti rich areas Ti remain in the
joint interior. (b) Composition obtained superimposing the EDS compositional maps of the joint. (c) Lineal EDS profiles indicating the signal intensity corresponding
to each element. (d) Composition obtained superimposing the line EDS profiles that shows the relative position of the compositional distributions.



1312

—
E2h

s 8§ B
=

Counts
8 &5 8 B

2

i
L
1) ‘I'”Ll

i |
‘ | [ RPN YT T e
10 ™ TR i |

& ]

g

Si

Counts
EE388¢8 88

- 8

I
Position (micrometers)

[
f

M. Singh et al. / Journal of the European Ceramic Society 31 (2011) 1309-1316

k1 nlCI_ . 50 . ® 0
Position (micrometers)

Cu

S i s
(gl R J Al illflll.,‘

£ o

@0 N 0 M
Position (micrometers)

0 ahun o WAt L

0. 50 6 0
Position {micrometers)

(d) 1000
900
200
700
600 B

500 si
—Ti

Counts

400

300 4

200

[—cu)|

40 50 60 70 80
Position (micrometers)

Fig. 2. (Continued ).

deposited at the Cu-ABA/Si3N4 interface. Only small cluster
areas containing Ti remain in the joint interior, whereas the
copper was uniformly distributed along the joint region. It is
interesting to note how the Ti-rich clusters are spatially coin-
cident with Si rich clusters. The EDS compositional maps also
show a fine bright contrast of the Al and N concentration at the
Cu-ABA/Si3Ny interface, by far less evident than the Ti signal,
but still noticeable.

The line EDS compositional lineal scan obtained during SEM
observations (Fig. 2¢), agrees with the previous observation and
give additional spatial resolution. The high Ti concentration at
the Cu-ABA/Si3Ny interface is clear, and some evidence of
N and Al segregation at the Cu-ABA/Si3Ny interface can be

inferred. Fig. 2d shows a composition scan obtained by super-
imposing the line EDS profiles that indicates the relative position
of the compositional distributions.

TEM observations showed that the SizN4 had a morphol-
ogy consisting of large grains (micron size), but the reaction
layer microstructure (Fig. 3a) had finer grains (in the range of
20-50nm, Fig. 3b and c). The inner part of the joint was thinned
rapidly during sample preparation, and it had a grain size inter-
mediate between the one of the silicon nitride and the reaction
layer. The interfaces between these three regions did not show
cracks or defects that could nucleate failure. It is interesting
to note that the reaction layer thinned during ion milling at a
slower rate than the metallic inner part of the joint and the SizNy,
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Fig. 3. TEM micrographs showing (a) the reaction layer at the Si3N/braze interface and dislocations in braze, (b) titanium silicide formation, and (c) a higher

magnification image of region shown in (b).

indicating the formation of new phases, most probably titanium
silicides.

Fig. 3 includes higher magnification TEM micrographs
(Fig. 3b and c) showing details of the reaction layer/Si3N4 inter-
face in which evidence of the early stages of the titanium silicide
formation (Fig. 3c) can be found. After an initial thickness of the
reaction layer is formed, the process must be controlled by Ti
diffusion through this reaction layer. The inner part of the joint
(Cu-ABA) shows the presence of dislocations, indicating plas-
tic deformation generated during brazing or subsequent testing.
Si3Ny4 shows small strain fringes indicating stresses associated
with elastic deformation to accommodate strain. However the
mismatch strain, associated with the different dilatation coeffi-
cients, is not significant and does not create any damage in the
joint area.

Fig. 4 shows electron diffraction patterns in the vicinity of the
reaction layer/SizN4 interface. The SizN4 and Cu structure is in
agreement with the diffraction pattern. Fig. 4b also includes an
electron diffraction pattern in the reaction layer. These diffrac-
tion patterns are difficult to obtain due to the higher thickness
of the foil in this region after ion thinning. The combination of
higher thickness and nanometric grain size results in complex
diffraction patterns.

EDS measurements were taken with a microprobe in the TEM
mode to obtain analytical higher resolution (Fig. 5). The detail
of these measurements in the SizNy—reaction layer interface,
gives additional information on concentration distribution of the
phases present. There is an increase in the Al concentration at this
interface in a region of less than 500 nm width. This thin region
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Reaction Layer

T
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Fig. 4. (a) TEM micrographs showing the joint microstructure. Fine grains
(<50 nm) form the reaction layer. (b) Electron diffraction patterns of the Si3Ny,
reaction layer and joint interior (Cu-ABA).
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Fig. 5. Microprobe EDS analysis on TEM, that shows in more detail the com-
positional distribution in the vicinity of the interface SizNy-reaction layer.

has lower Ti and Si concentrations, and higher N concentration
than the rest of the reaction layer, supporting the possibility
of AIN formation. This is consistent with the thermodynamic
calculations discussed below.

Reactions between Ti (in Cu-ABA) and SizNy4 could form
titanium nitride (TiN) and titanium silicide (Ti5Si3) during braz-
ing. Al in the Cu-ABA could also react and form AIN. Possible
chemical reactions and the corresponding free energy changes
(per mole of Ti or Al) at 1317 K (1044 °C), calculated using
the software HSC Chemistry version 4.1 (Outokumpu Ra, Oy,

Finland), are:
1/4Si3Ng +Ti = TiN + 3/4Si, AG317x= —136.46kJ

ey

1/5Si3N4 +Ti = 1/5TisSiz +2/5N,
AGi317k = —56.19k] )

1/4Si3N4 + Al = AIN + 3/4Si, AGi317k= —97.36kJ

3
Ti + 2Si = TiSi2, AGp317x = —162.13kJ )
1/9SisN4 +Ti = 4/9TiN + 1/9TisSis,
AGi317k = —126.15Kk] 5)

2/3Si3N4 +Ti = TiSio +4/3N2, AGi317k = +43.56k]

Q)

TiSi, formation from reaction (6) is unlikely as AG317x >0.
In addition, TiSi; formation from reaction (4) is also unlikely
even though AG1317x = —162.13 kJ, because there is no free Si.
On the contrary, Ti5Si3 formation is likely because the reactions
(2) and (5) responsible for its formation both have AG <0 (par-
ticularly reaction (5) with AGi317x =—126.15kJ). Regarding
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Fig. 6. Stress—strain plots from compression shear stress test at room
temperature on brazed SizN4/Cu-ABA/SizN4 (NT-154) joints, and Inconel/Cu-
ABA/Inconel joints.

AIN formation, the reaction 1/4 SizNy + Al=AIN +3/4 Si has
AG1317x = —97.36 kJ, which shows the thermodynamic feasi-
bility of AIN formation. These conclusions are consistent with
the EDS/TEM observations.

The analysis described above indicates that the reaction
layer must be rich in the TisSi3, which is in good agree-
ment with the atomic composition ratio and thermodynamic
calculations. These analyses also support the AIN forma-
tion at SizNg-reaction layer interface. Additionally, complex
Ti—Si—Cu—N compound layers could also form in SizN4 joints
brazed using Ag—Cu-Ti brazes.

3.2. Mechanical properties

A compressive shear stress versus strain plot for SizN4/Cu-
ABA/Si3Ny (St. Gobain) joints at room temperature is shown in
Fig. 6. The plot does not reveal any non-linearity which suggests
that the braze and Si3Ny4 presumably did not plastically deform
during testing. The fracture stress obtained from multiple tests is
in the range 103-211 MPa, with the mean and standard deviation
values of 140 MPa and 49 MPa, respectively. Observations of
tested Si3N4/SizNy joints showed that fracture had propagated
through Si3Ny4, not in the joint region. A shear stress versus
strain plot for Inconel/Cu-ABA/Inconel joint is also shown in
Fig. 6. The fracture stress of the Inconel/Inconel joint, based on
multiple tests, was in the range 190-220 MPa, with the mean
and standard deviation of 207 MPa and 12 MPa, respectively.

High-temperature compressive shear tests (Fig. 7) yielded the
strength values of the SizN4/Si3Ny joints at 1023 K and 1073 K
as 45 £ 10 MPa and 35 £ 5 MPa, respectively, and the strength
of Inconel/Inconel joints at 1023 K and 1073 K as 110 &= 10 MPa
and 78 &+ 5 MPa, respectively. These initial test results are very
promising as they suggest that even at 260 K above a temperature
equal to the 2/3rd of braze solidus, the SizN4/Si3Ny joints had a
shear strength comparable in magnitude to the room temperature
yield strength of pure Al (35 MPa). The temperatures of 1023 K
and 1073 K represent rather severe test conditions because these
temperatures are just 208 K and 158 K, respectively, below the
braze solidus temperature.

Knoop microhardness data are shown in Fig. 8. Fig. 8a shows
indentations performed at the same load (200 g) in the joint
and the SizNy4 sample. In Fig. 8b the Knoop hardness is plot-
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Fig. 8. (a) Optical micrograph of Knoop indentations at the joint layer (upper
one) and at the SizNy piece (lower one). (b) Plot of the Knoop hardness through
the joint interlayer.

ted versus the distance across the joint. Knoop hardness of
1800 4 100 HK was measured for SizNy4 and of 130 + 40 HK for
the joint. Multiple profiles accessed across the joint confirmed
the reproducibility of the hardness measurements. Indentations
performed in the SizNy/joint interface did not create cracks
indicating a strong bond.

4. Conclusions

Robust self-joining of St. Gobain SizN4 (NT-154) using a
ductile Cu—Al-Si-Ti active braze was demonstrated. A reac-
tion zone (~2.5-3.5 pm thick) of an approximate composition
(in atom%) 63Ti—25Si—9Cu-3N developed at the interface after
30 min brazing at 1317 K. There was no interfacial excess of Y
(from Y03 which is added as a sintering aid to NT-154) and the
SizNgy/braze interfaces were enriched in Ti and Si. TEM observa-
tions showed that the Si3N4 had a morphology consisting of large

grains (micron size), but the reaction layer microstructure had
finer grains (in the range of 20-50 nm). The analysis indicated
that the reaction layer is rich in the TisSiz phase, which is in good
agreement with the atomic composition ratio, compositional
maps, and thermodynamical calculations. It seems also plausible
that AIN is formed at the SizNy—reaction layer interface.

The room temperature compressive shear strengths of
the Si3N4/Cu-ABA/Si3N4 and Inconel/Cu-ABA/Inconel joints
were 14049 MPa and 207 £ 12 MPa, respectively. High-
temperature compressive shear tests yielded the strength
values of the SizN4/SizNy joints at 1023 K and 1073 K of
45+ 10 MPa and 35 £ 5 MPa, respectively, and the strength of
Inconel/Inconel joints at 1023 K and 1073 K as 110 &= 10 MPa
and 78 &+ 5 MPa, respectively. These initial results are promising
as they suggest that even at 260 K above a temperature equal to
the 2/3rd of the braze solidus, the SizN4/SizNy joints had high
shear strength.
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