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Abstract

Solid-state bonding of reactive systems, such as
SisNs/~Mo often results in the formation of exces-
sively thick intermetallic layers that can be detri-
mental to the final strength of the joint. The objective
of this work was to study the microstructural evolu-
tion of SisN,~Mo interfaces, aiming at maximum

Jjoint strength via a balance between the fraction of

bonded material and the amount of interfacial reac-
tion. Joining was carried out under vacuum or nitro-
gen atmosphere for temperatures between 1100 and
1800°C. Microstructural analyses of the interfaces
revealed the presence of MosSi and MosSi; along
with residual pores. The results from shear strength
tests revealed a strong relationship between the
microstructure of the interface and the mechanical
strength of the joint. © 1999 Elsevier Science Lim-
ited. All rights reserved
Keywords:  intermetallics, interfaces,
diffusion, SisNy.

joining,

1 Introduction

Silicon nitride features a variety of properties such
as resistance to chemically hostile environments,
superior mechanical behavior at high-temperatures
and low-density.'™ However, since it is a brittle
material and expensive to fabricate in large com-
plex geometries, small components of this ceramic
are usually integrated into larger metallic struc-
tures to perform specific tasks. It has been well
established!-%7 that one of the major challenges in
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joining ceramics to metals is to overcome the
thermo-elastic mismatch between the materials. One
alternative to overcome this difficulty is the use of
an interlayer, such as a refractory metal, whose
linear coefficient of thermal expansion («) and
elastic modulus are similar to that of the ceramic.®

Among various options, molybdenum (Mo) can
be readily used as an interlayer between SizNy4 and
most metallic alloys, even if the joint is required to
function in corrosive environments. Pure Mo is
resistant to high-temperature corrosion by most
types of molten glasses and acids found in chemical
plants.® Nevertheless, the use of Mo as an inter-
layer implies a new ceramic—metal interface, i.e.
between SizN,4 and the Mo interlayer. The micro-
structure and mechanical strength of resulting
interface must be studied in order to assess the
mechanical reliability of the approach. If a ceramic—
metal interface is not characterized by a diffusion
or reaction zone, its strength is mainly determined
by the work of adhesion and fraction of bonded
surface. However, non-reactive and non-diffusive
interfaces are limited to just a few ceramic—metal
systems, particularly those involving noble metals,
e.g. AlLOsPt.!1 The majority of ceramic-metal
combinations, such as SisN,~Mo, result in the for-
mation of either an interfacial diffusion zone or a
reaction layer. Thus, it is important to study the
mechanism of interface formation and the effect of
the growth of reaction layers on the final mechan-
ical strength of the joint.

2 Mo-Sis;N, phase equilibria

Figure 1 shows the 1300°C cross-section of the
Mo-Si-N phase diagram!! for the range of partial
pressures of N, studied herein as the joining
environment. The SizN4—Mo interface is also plotted
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in the diagram. The Si;N,—Mo interface intercepts
two tie-lines indicating a sequence of reactions
which can be related to the dissociation of SizNy4
into elemental Si and Ny(g,s), and the diffusion of Si
into Mo. The corresponding reaction products are
the compounds present at the extremities of each
tie-line, i.e. M05Si and N, for the first reaction, and
MosSi; and N, for the second one. This sequence
of reactions indicates that initially MosSi is likely
to form by diffusion of Si into Mo. As the phase
diagram reflects an equilibrium condition, which is
generally not achieved in diffusion-bonded experi-
ments, the transformation from MosSi into MosSi;
may or may not be observed, depending on the
bonding temperature and time. These parameters
affect the concentration of diffusing Si at the inter-
face, and therefore, the nature of the resulting sili-
cide. No Mo-nitride is expected to form under the
partial pressures of N, investigated, suggesting the
possible formation of a porous layer at the inter-
face between Siz;N, and the reaction zone.

3 Experimental procedure

The starting materials used in this work were
Mo-sheet (99-95% pure, Aesar Div., Johnson &
Matthey, Toronto), and SizN, (Ceradyne Inc.,
Costa Mesa, CA, USA) sintered by the manu-
facturer using Al,O; and Y,Oj; as additives. The
original plates were cut into small rectangular
blocks with cross-section 9-0x9-0mm? and thick-
ness of the supplied blocks (6-0 mm for Si;N4 and
2-5mm for Mo). The surfaces to be joined were
ground, polished (1-0 um diamond paste finish),
and cleaned with isopropanol in an ultrasonic bath
for 15min. The diffusion couples consisted of a
block of SizN4 mounted on top of a block of Mo
such that their polished surfaces were in contact.

N

Si3N4

Mo Interface Si
Mo3;Si  MosSi; MoSi;

Fig. 1. Isothermal cross-section of the Mo-Si-N phase dia-
gram (1300°C) showing the Si;N,~Mo tie-line.

The hot-press equipment consisted of a hydraulic
uniaxial press assembled in a graphite resistance
furnace [Fig. 2(a)]. The specimens were placed in a
graphite die (grade AQ-30, Speer Canada, Montreal)
and surrounded by a boron nitride powder-bed
(99-5% pure, Aesar Div., Johnson & Matthey,
Toronto). The diffusion couples were either
annealed under a vacuum of 150 mTorr (20 Pa) or
in a N, atmosphere. For samples joined under N»,
the furnace was evacuated at room temperature to
a pressure of 20Pa or better and then back filled
with gas to pressures slightly above 1atm (110 to
120 kPa). The furnace was then heated up to the
joining temperature at a rate of 15°C min—!. As the
furnace temperature reached 10°C below the set
point, the load was carefully applied to the sample
and monitored by a load cell positioned at the
bottom of the furnace. The temperature was mea-
sured by an infrared pyrometer inserted at the back
of the furnace.

Temperature and pressure profiles are shown
in Fig. 2(b). Temperatures ranged from 1100 to
1800°C, the holding time varied from 15 minutes to
4h, and the uniaxial load was set to 10 MPa. Dur-
ing a joining cycle, the load was maintained within
a range of 1 MPa of the nominal value and the
temperature within a range of 5°C. After the hold-
ing time elapsed, the load was slowly released during
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Fig. 2. (a) Schematic representation of the hot-press assembly;
(b) temperature and pressure profiles for hot-pressing of
Si;N4—Mo diffusion couples.
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the initial stages of cooling. Two cooling profiles
were employed. In the first one, the sample was
simply furnace cooled. Average cooling rates for
the different stages of this profile are estimated in
Fig. 2(b). The second profile consisted of cooling
the sample slowly (5°C min~!) for the first 500°C
after which the sample was furnace cooled. This
profile was used in the preparation of specimens
for mechanical testing, as it resulted in a more
favourable distribution of residual stresses.!?
Rapid furnace cooling was used to study the kinetics
of interface formation. In this case, slow cooling
would have resulted in further reaction beyond the
stipulated holding time, thus altering the kinetic
data. Microstructural characterization of the inter-
faces was carried out using cross-sections of each
joint mounted in cold-setting epoxy resin and cut
using a low-speed diamond saw. The specimens
were ground and polished with diamond paste,
finished with alumina powder (0-05 um), and cleaned
with isopropanol in an ultrasonic bath for 15 min.
The thickness of the reaction zones were measured
using a Leco 2005 image analyzer. Back-scattered
images (BEI) of the interfaces and energy dis-
persive spectroscopy (EDS) analyses were obtained
from a JEOL JSM-840A scanning electron micro-
scope. Electron probe microanalysis (EPMA) of
the interfacial phases and X-ray mapping were
performed in a JEOL-8900 electron microprobe
using wavelength dispersive spectroscopy (WDS).
For SEM and EPMA analyses the samples were
carbon coated using an Edwards E306A Coating
System. X-ray diffraction (XRD) was performed
on fracture surfaces of Mo and Si;Ny4 with Cu-K,
radiation using a Rigaku RU-200B diffractometer.
The angular range 5< 26 < 100° was scanned at a
scan rate of 0-6° min~!. Joint strength was
obtained by shearing the joints on an Instron
Testing System, Model 8500. Prior to shearing, the
samples were surface ground to assure alignment
with the plunger. The specimens were then placed
in the shear jig with its interface plane parallel to the
plane of vertical displacement of the plunger (Fig. 3).
The position of the specimen was adjusted so the
contact area between the bottom of the plunger
and specimen included all its cross-section. The
sample assembly was then moved up towards the
plunger at a vertical speed of 0-5mm min~! until
the applied load fractured the specimen. Four to
six tests were performed for each joining condition.

4 Results and discussion
4.1 Microstructural evolution

SisN4—Mo diffusion couples were hot-pressed at
temperatures varying from 1100 to 1800°C, under

Shear Jlg<

: t

Movement

Fig. 3. Schematic representation of shear jig device and
assembly.

vacuum and in N, atmosphere. Bonding was not
observed for samples hot-pressed at temperatures
lower than 1200°C, in either vacuum or N,. At
1100°C, even for the longest holding times (4h),
the fraction of bonded interface was insufficient to
establish a reliable joint between the ceramic and
metal. As a consequence of limited diffusion, a
high concentration of unbonded islands remained
at the interface between the SizN, and Mo, thus
preventing joining.

In the range 1200 to 1800°C, SisN4 was success-
fully joined to Mo under vacuum and in N, for
bonding times varying from 15min to 4h. All
samples were hot-pressed with a uniaxial pressure
of 10 MPa, as this value is well below the high-
temperature compressive yield strength of Mo.
Samples prepared both in vacuum and under N,
between 1200 and 1500°C, developed single-layer
interfaces, containing Mo;Si only.

Plots of the interface thickness as a function of
joining time for samples hot-pressed at 1400°C are
shown in Fig. 4. The error bars were related to the
wavy aspect of the MosSi layers. The interfaces
grew in a parabolic fashion. Thus, increasing the
holding time from 1 to 4h did not significantly
increase the thickness of the interfaces. Figure 5
shows the interface of a sample joined at 1700°C.
The sample was hot-pressed for 1h under vacuum.
Along with MosSi, a porous layer and a BEI con-
trast could be observed within the interfacial
region adjacent to the Si3N4. EDS analysis attrib-
uted the composition of the new phase to MosSis.
The formation of this compound occurred by
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Fig. 4. Thickness of reaction zone as a function of joining
time (7'=1400°C, under vacuum).

Fig. 5. Electronic image (BEI) of Si;N4—Mo interface. Sample
hot-pressed under vacuum at 7=1700°C, r=2h, P=10MPa.

reaction of Si with MosSi, such that:

5Mo3Si + 4Si = 3Mos5Si; (1)

Moreover, Si3sN4 decomposes and reacts with Mo
according to the following reaction:

SizN4 + 9Mo = 3MOgSi(s) + 2N2(g) (2)

By heating up Si;sN4—Mo couples to the joining
temperature, Ny, was produced. When joining
experiments were carried out under dynamic
vacuum, Ny, evolved according to eqn (2), was
continuously pumped out of the furnace, driving
the reaction from left to right. On the other hand,
when joining was carried out under N, atmo-
sphere, the gas evolved upon the dissociation of
SizN, remained in the environment and would
have little effect on the equilibrium of reaction (eqn
(1)). Hence the concentration of pores at the inter-
face was related to the evolution of Ny

For any particular temperature, SizNy dis-
sociated more readily under vacuum than in the

presence of N, resulting in thicker interfaces and
also in considerable evolution of N,. As no reaction
is expected to occur between Mo and N, under the
partial pressures of N, investigated, Ny resulting
from the decomposition of Si;Ny4, could either dif-
fuse into Mo5Si and Mo, or remain at the interface
between the Si;N4 and the reaction layer, resulting
in porosity. Because of the low solubility of N5 in
both Mo and its silicides, the excess gas remained
trapped at the interface forming a porous layer. It
has been suggested that, depending on its amount,
the N, gas could build up significant pressures
inside the pores, particularly at relatively high
joining temperatures.!’'* However, this would
depend on several factors including how well con-
nected the pores are with the specimen surface.
Increasing the joining temperature to 1700°C,
increased the total thickness of the interface. Por-
osity also increased as a result of the extensive dis-
sociation of SizN4. Within the same interfaces,
substantial transformation of MosSi into MosSis
could be observed.

4.2 Interfacial reaction kinetics

The microstructural evolution of the SizN4Mo
interfaces after joining under vacuum and in N,
indicated that a similar sequence of events occurred
in both cases. However, for joining in N,, higher
temperatures and longer times were required to
obtain the same microstructures observed for sam-
ples hot-pressed under vacuum. The change in
atmosphere from vacuum to N, delayed the forma-
tion of Mo5Si, the growth of the porous layer, and
the transformation of MosSi into MosSi;. Never-
theless, changing the environment did not result in
different reaction products, nor was the mechanism
of diffusion affected. Consequently, the activation
energy for interface formation under the different
atmospheres remained unchanged. Figure 6 shows
an Arrhenius plot of the coefficient of penetration,
K, as a function of the absolute temperature.
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Fig. 6. Arrhenius plot of the coefficient of penetration (K, for

SizN4—Mo diffusion couples hot-pressed under vacuum and in
No.
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Fig. 7. WDS mapping of atomic species across interface shown in Fig. 5.

K, = Koexp(—Q/RT) (3)

The activation energy, Q, for the formation of
interfaces was calculated from the slope of the lines
obtained under vacuum and N,. From the SizN4—
Mo samples hot-pressed under vacuum, an activa-
tion energy of 440kJ mol~! was obtained. Hot-
pressing in N, did not result in a significant change
of the value of the activation energy (450kJ
mol~!). Although these values were considerably
higher than data found in the literature (165kJ
mol~")* for samples prepared in a similar manner,
they are typical of solid-state diffusion'>!¢ and
interdiffusion in silicides,> which are the likely
controlling mechanisms of diffusion-bonding. One
difference between the curves for vacuum and N,
was a slight shift of the frequency factor (pre-
exponential term, K;) to a lower value for the
samples hot-pressed in N,, which accounts for the
thinner interfaces compared to the specimens pro-
duced under vacuum.

4.3 Electron probe microanalysis

A study of the distribution of atomic species across
the Si3sN4—Mo interface shown in Fig. 5 was carried
out by WDS mapping. The main elements ana-
lyzed were molybdenum (Mo), silicon (Si), and
nitrogen (N). In addition, since Y,03 and Al,O;
were used to sinter SisNy, yttrium (Y) and alumi-
nium (Al) contents were also measured. The corre-
sponding maps are shown in Fig. 7, where the

interface is aligned in the vertical direction; Mo is
at the left side and Si;Ny4 at the right. In the Mo-
map, the different contrasts from left to right cor-
responded to the decrease in the concentration of
the element from pure Mo to pure SizNy4, passing
through MosSi and MosSi; areas. No diffusion of
Mo into the ceramic was observed, resulting in the
dark region characteristic of SisN4. The porous
layer could be seen as a dark area indicating that
Mo was not present in the region along and
beneath the pores. For the Si map, a decrease in
intensity, corresponding to a decrease in the con-
centration of Si, was observed in the direction of
Mo, passing through the MosSi; and Mo;Si layers.
The porous layer was also seen as a zone depleted
in Si as compared to the Siz;Ny4 region. Residual Si
was observed in the Mo, indicating the presence of
traces of dissolved Si, which is consistent with the
Mo-Si phase diagram.!” The concentration of Y
and Al increased close to the ceramic interface,
clearly delineating the porous layer. However, no
diffusion of Al or Y into Mo was observed.
Diffusion profiles across the interface were
obtained by WDS line analysis (Fig. 8). Data was
collected starting at a distance of about 6 um inside
the SizNy region (x=0pum). Until about x=15 um,
the main elements present were Si and N with
maximum concentrations 589 and 40-3wt%,
which are in good agreement with the nominal
composition of SisNy: 60 and 40 wt%, respectively.
At x=2um, an increase in the Y and O signals
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suggested that the probe may have scanned a grain-
boundary area containing N-melilite (Si3Y,N4O3).
The Al profile indicated the presence of a residual
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Fig. 8. Quantitative line analysis across interface shown in Fig. 5.
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and well distributed concentration of Al (around
1 wt%) across the SisNy area (0<x<4um). The
Mo and Si profiles showed good agreement with
the data obtained from WDS mapping. The differ-
ent interfacial phases (Mo3Si and MosSi3) could be
seen through the variation of the intensities of the
WDS signal for these two elements. An increase of
the Mo intensity is matched by a decrease in the Si
signal indicating the transition from one Mo-sili-
cide to another. For instance, the Si signal reached
its maximum at the Si;N4,—MosSi; boundary where
the Mo signal reached its minimum. The region
corresponding to the pore (6-5<x< 8-5um) was
characterized by an abrupt increase in the Al, Y,
and O intensities, thus confirming the presence of
Al and Y deposited within the porous layer, possi-
bly in the form of oxides. The maximum con-
centrations of Y and Al were respectively 9-3 and
3-4 wt%, which corresponded to typical concentra-
tions of Y,0O3 and AlLLO; used to sinter SizNy.
Therefore, although a suspension of Al,O; powder
was used to polish the analyzed surface, the
observed concentrations of Al were not unusually
high, and could not be attributed to residual Al,O;
from the polishing procedure. Moreover, pores in
the SizNy region were also analyzed and did not
show any spurious increase of the Al signal. As for
the O profile, a peak was observed in the same
position as the Y-peak, which suggested the pre-
sence of a Y—O phase in the area corresponding to
the pore. In the same area, the intensity of the N
signal showed a slight increase whereas that of Mo
decreased, confirming that the porous region con-
tained N but was depleted in Mo. The presence of O
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Fig. 9. X-ray diffraction of (a) Mo and (b) Si;N, fracture surfaces for sample hot-pressed at 1700°C for 2h under N,.
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(4-1 wt% max) in the porous region was established
by the existence of a well-defined peak. The same
element was not found in the silicide layers and in
Mo. A residual intensity of about 1-5wt% was
observed along the entire profile, and could be
related to the formation of a surface oxide and/or
to background noise. Y and Al were not observed
outside the porous layer in the direction of Mo,
confirming the corresponding X-ray maps, and
indicating that these elements did not diffuse
towards the metal.

4.4 X-ray diffraction

X-ray diffraction analyses were performed on frac-
ture surfaces of sheared SizN,—Mo diffusion couples.
One of the specimens studied was hot-pressed at
1700°C for 2h in N,. The XRD spectra from these
surfaces are shown in Fig. 9. Comparing the pat-
tern of the Si3Ny4 fracture surface with that of the
original material, it could be seen that upon shear-
ing, most of the interface remained attached to the
metal. However, as a consequence of brittle frac-
ture, SizNy particles remained attached to the Mo
fracture surface as well. The main peaks in the
SizN4 spectrum corresponded to hexagonal pB-
Si3N4. An intergranular crystalline phase was also
observed, consisting in a tetragonal phase of struc-
ture similar to that of the mineral melilite
(Ca,MgSi,0O), and referred to as N-melilite (Y,Si3
N4O3). Peaks of Al,O; were not observed, sug-
gesting the presence of an amorphous phase also
containing silicon. Comparing these results with
the WDS line analysis, within and beneath the
porous layer, a mixture of N-melilite and an alu-
mino-silicate or oxynitride glass remained. Low
intensity peaks attributed to residual MosSi; were
also observed. No peaks could be attributed to any
Mo-nitride phase, confirming the thermodynamic
analysis and WDS results. The X-ray pattern cor-
responding to the Mo fracture surface revealed the
presence of the metal. Residual S-SisN, was also
observed as a result of low-intensity peaks, many
of which overlapped with other phases present in
greater abundance. The intergranular N-melilite
phase was not observed in the Mo fracture surface.
The main reaction compounds detected on that
spectrum were tetragonal MosSiz and cubic Mo3Si.
The concentration of MosSi; was slightly higher,
confirming the results obtained from BEI and
WDS, and was due to substantial transformation of
MosSi to MosSiz at 1700°C. Furthermore, no Mo-
nitrides were identified on the Si;N, fracture surface.

4.5 Shear strength

Joining of SisN4 to Mo was achieved for tempera-
tures as low as 1200°C. The development of resi-
dual thermal stresses close to the interfaces did not

result in debonding of the joints even for the highest
temperature tested (1800°C), which is contrary to
previous investigations.* Figure 10 shows plots of
the shear strength of Si;N4y—Mo samples as a func-
tion of the joining temperature, time, and atmo-
sphere. All samples were slowly cooled at 5°C
min~! for the first 500°C, and then furnace cooled
to ambient temperature. For samples hot-pressed at
1400°C under vacuum, the average joint strength
increased from 30 to 57 MPa, as the bonding time
increased from 15min to 1h. This improvement
was attributed to the initial stages of inter-
face reaction and the formation of a chemical
bridge between the two materials. However, as
the bonding time increased from 1 to 2h, and
subsequently to 4h, the average joint strength
decreased to 20 and 15MPa, respectively, as a
consequence of the increasing porosity present at
the interface. Samples hot-pressed for 1h under
vacuum revealed a similar trend, however, the
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20-{ ii.

1200 1400 1600 1800
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Fig. 10. Shear strength of Si;N,~Mo joints as a function of
joining time, temperature, and atmosphere.
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effect of the temperature was more pronounced
than the effect of time. Increasing the joining tem-
perature from 1400 to 1500°C decreased the aver-
age joint strength from 57 to less than 20 MPa. The
variation in the effect of the temperature and time
was clearly related to different growth rates of the
reaction zone as a function of these parameters, i.e.
exponential versus parabolic.

Strength tests were also performed on joints hot-
pressed under N, for 1h. A maximum average
strength of 53 MPa was achieved for samples hot-
pressed at 1500°C, after which the joint strength
decreased as the joining temperature increased. A
similar trend was observed when comparing the
results obtained from the samples hot-pressed for
1 h under vacuum and in N,. However, the samples
hot-pressed under N, achieved their maximum
strength at 1500°C, whereas the maximum average
strength for the samples hot-pressed under vacuum
was attained at 1400°C. The maximum joint strength
occurred at about 100°C higher for the samples
hot-pressed in N5, which further confirms that there
is a strong relationship between interface micro-
structure and joint strength. The average joint
strength for samples hot-pressed under vacuum at
1400°C and in N, at 1500°C, for 1 h, were essentially
the same within the error limits for the strength data.

A direct comparison between solid-state bonding
and brazing of SisN, to Mo was obtained. Under
optimum conditions (vacuum, 1400°C, 1h), an
average shear strength of 57 MPa was measured for
Si3;N,—Mo diffusion couples. This value represents
a significant improvement when compared to shear
strength values of the order of 28 MPa reported for
Si3sN4 brazed to Mo at 1300°C using Ni—Cr—Si
alloys.'® Moreover, as a consequence of the nature
of the test, shear values are significantly lower than
their flexural counterparts. This implies that the
actual service strength of the joints produced in
this study are potentially higher than the values
obtained herein, depending on joint design.

5 Conclusions

1. Molybdenum was joined to Si;Ny4 at tempera-
tures between 1200 and 1800°C. The joining
sequence started with the dissociation of
SizN4 into Si forming MosSi and further
reaction to form MosSis.

2. Nitrogen gas evolved, but as a consequence of
its limited solubility in the Mo and Mo-silicide
layers, the excess gas remained trapped at the
interface between SisN; and Mo-silicides
resulting in the formation of a porous layer.

3. Joints produced under vacuum showed
thicker interfaces than those prepared in N,

for similar conditions. Joining in N, affected
only the kinetics of the process, and therefore,
the activation energies for interface formation
of interface had similar values for joining in
both vacuum and N,.

4. Although residual thermo-mechanical stresses
resulted from the joining process, none of the
joints prepared in the temperature range of
1200 to 1800°C debonded upon cooling.

5. Joining was not achieved for temperatures
lower than 1200°C implying that the extent of
the reaction between SizN, and Mo was a
determining factor in the mechanical relia-
bility of the joints.

6. Shear tests revealed an intimate relationship
between the interfacial microstructure and
joint strength. The best shear values were
obtained for samples hot-pressed under
vacuum at 1400°C and in N, at 1500°C.
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