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Abstract

In the present work, first, the wettability of Y—Al-Si—O-N oxynitride glasses on Si;Ny substrates was investigated. It was found
that the wettability of the glass depended on the ratios of Y,03/Al,05, i.e. when the ratio of Y,03/Al,05 increased, the wettability
of corresponding glass on Si;N, substrate improved. Based on the wettability work, Siz;N,4 ceramics can be successfully joined using
glass with the best wettability. It was proved that a proper joining temperature is important for sound joints; a lower temperature
would result in incomplete contact of the glass brazing layer with Si;N, while a temperature higher than 1600° would cause
separation of Si;Ny joints by complete drainage of brazing glass into bulk Siz;Ny ceramics. In the range of experiment time, to
prolong brazing time is of benefit to the shear strength. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicon nitride ceramics has special status in structural
ceramics due to its excellent properties at elevated tem-
perature. However, costly grinding and machining opera-
tions mean complex shape of silicon nitride ceramics
cannot be made easily considering its hardness. Thus,
the joining of silicon nitride has been an active subject
of research in the past years.

The most commonly used technique for silicon nitride
joining is brazing with metal filler, which is typically an
Ag—Cu eutectic alloy that contains 1~5 wt.% Ti.
Although the strength of silicon nitride joints brazed with
such joining agents can reach that of bulk silicon nitride,
its use temperature is usually limited to 600°C.! In past
years, much effort has been made to increase the elevated
temperature strength of silicon nitride joints by using
more refractory braze alloys, such as Pd, Pt,? but they are
too expensive for application on an industrial scale.

In silicon nitride ceramics processing, it is necessary to
add sintering aids, which form a liquid phase with
SizNy, SiO» on the surface of Siz;N4 powder to prompt
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densification during sintering. When cooled, the liquid
phase would turn into a glassy phase on the grain bound-
aries in silicon nitride ceramics; the elevated properties of
the ceramics depend on the refractory of the glassy phase.
The present work is an outcome of the concept that the
prepared oxynitride glass similar to the grain boundary
phases in sintered silicon nitride is to be used as silicon
nitride joining agents. In principle, such joints would
have properties similar to those of bulk silicon nitride; it
is expected that SizNy joining with this kind glass can be
used at much higher temperature.

2. Experimental
2.1. Wettability investigation

In this experiment, three kinds of compositions with
different Y,03/Al,O;5 ratios were designed, as shown in
Table 1. Powders of SizN4 (Ube-10, 96.5% o-SizNy
phase, Ube Inc. Ltd, Japan), SiO, (99.5%, Beijing Che-
mical Fractory, China), Al,O3 (99.5%, Beijing Chemical
Fractory, China), Y,O; (99.5%, Shanghai Yuelong
Chemical Fractory, China) were mixed by agate ball
milling with ethanol for 4 h, and then the dried mixtures
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Table 1
The compositions of Y-Al-Si-O-N oxynitride glasses (wt.%)

Sample Y,03:Al,05: N content (wt.%)
SiOzISi3N4 (W[O/O)
Calculate Analysis
YAI-1 52.9:14.1:22.3:10.7 4.28 4.29
YAI-2 47.9:19.1:22.3:10.7 4.28 4.27
YAI-3 42.1:24.9:22.3:10.7 4.28 4.27

were embedded in a BN lined graphite crucible and
melted at 1650°C in a graphite-heated element furnace
for 1 h under nitrogen atmosphere. After that, the melt
was cooled in the furnace after power cut-off.

The chemical compatibility of the prepared glasses
with SisN, was studied by examining their wettability
on SisNy substrates using the sessile drop method. To
avoid possible reactions between nitrogen atmosphere
and tantalum, the wettability experiment was conducted
under argon atmosphere. The sessile drop apparatus
employed consisted of a tantalum resistance furnace fit-
ted with two windows, enabling the illumination of the
sessile drop of Y-—AIl-Si—O-N glass on Si;Ny4 substrate
and the projection of its image on a screen. The images
were photographed and the diameters and heights of the
sessile drops of the glass could be obtained from the
films. Through the following formula, the contact
angles were calculated:

6 =2tan"'(y/x) (8 <90°) (D)
6 =90° +tan"'(y/x) (6 > 90°) )

where y is the height and x is the radius of sessile drop,
respectively.

2.2. Joining experiments

The Si3Ny specimens for joining were prepared by the
hot-pressed process, in which Siz;N4 powder compact
was sintered with Y,03+ Al,03 (10 wt.%) additives at
1800°C for 1.5 h and then was cut into 5x4x4 and
5x6x4 mm® blocks, respectively. After that, these
blocks were polished to a final finish with 1 pm diamond
paste. Before joining, the ceramics specimens and pre-
pared equal size oxynitride glass blocks used for joining
were ultrasonic-cleaned in acetone for 20 min. After
that, the small piece of SizN,4 ceramics was put on the
big one and then the prepared glass block used for
joining was put beside the small Si;N4 ceramic block in
order that, when melting, the glass melt can be absorbed
into the welding seam by capillary force. The assembled
joints were then put into a furnace equipped with a
graphite heater and brazed at different temperature and
time in flowing nitrogen atmosphere. The heat rate was
20°C/min.

2.3. Mechanical test and microstructure analysis

Cross-sections of the brazed specimens were made
with a diamond saw and polished to a final finish with
0.5 um diamond paste, examined in scanning electron
microscopy (SEM) with an energy dispersive spectro-
scopy (EDS). The microstructure of the interface was
investigated by transmitted electron microscopy (TEM).
The TEM specimen was prepared by the standard proce-
dures of grinding, dimpling, and argon-ion-beam thin-
ning. The strength of joints was measured by shear test
at a displacement rate of 1 mm/min. The specimen con-
figuration for shear tests and shear test arrangement are
shown in Fig. 1.

3. Results and discussion
3.1. Variation of wettability

The wettabilities of three kinds of Y-Al-Si-O-N
glasses on Si;N4 substrates were examined as described
above. Fig. 2 shows the wetting contact angle changes of
sample YAI-1 with temperature. It can be seen that there
were three stages of contact angle changes of the glass.
While the temperature was below 1425°C, the contact
angle was kept nearly unchanged, since DTA analysis
indicated that the glass completely melted temperature
of YAI-1 is 1400°C. It is postulated that the high visc-
osity of the glass deters it from spreading. When the
temperature was higher than 1425°C, there was a sudden
fall of contact angle. This is attributed to the decrease of
viscosity, and the increment of driving force for spread-
ing with temperature. While the temperature was higher
than 1460°C, only a slight fall of contact angle was
observed below 1500°C.
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Fig. 1. Specimen configuration for shear tests and shear test arrange-
ment: (a) side view of specimen; (b) top view of specimen; (c) specimen
mounted in test jig.
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Fig. 2. Variation of contact angle of sample YAI-1 with temperature.

The wetting behaviour changes of the other two kinds
of glasses are similar to that of YAI-1; however, as the
ratios of Y,03/Al,05 changed, the wettability of Y-Al-
Si—O-N glasses was different. Fig. 3 shows the variation
of contact angle of Y-AIl-Si—-O-N glass with ratios of
Y,03/Al1,05 at 1500°C. It can be seen that the contact
angle of Y—AI-Si—~O-N glass decreases with increment of
Y,03/Al,05. K-Diedrich et al. reported that the surface
tension of oxynitride glasses is nearly twice as high as the
corresponding oxide glasses due to the incorporation of
nitrogen, so it is important to keep the nitrogen content in
glasses the same. This is not difficult to get, since the
additions of Si3N4 and SiO, are the same in glass batches,
and these three kinds of glasses were melted simulta-
neously at the same temperature in one furnace. The
right column in Table 1 shows the analysis nitrogen
contents in these three kinds of glasses. It is found that
the nitrogen content varies very little and, thus, the effect
of nitrogen content variation on the wettability can be
neglected.

The main cause for the changes of contact angles of
the glass with ratios of Y,03/Al,O3 is now under inves-
tigation. Recently, Kitayama et al.# found that B-Si;Ny
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Fig. 3. Variation of contact angle as a function of ratios of Y,03/
Al,O3 when experiment temperature maintained at 1500°C.

seed in Y,03-Si0,—Si3Ny liquid with Y,05/SiO, molar
ratio of 2/1 grew much larger than in the liquid with Y,03/
SiO, molar ratio of 1/2, indicating that the solubility of
Si3N4 in the Y203 richer Y203*Si02fsi3N4 hquld is
higher. Kramer et al® reported that when he studied the
grain growth of silicon nitride dispersed in Y-Al-Si—-O-
N oxynitride glasses, only grains with diameters larger
than 0.1 pm grow, while those grains smaller than 0.1
pm would dissolve in the glass. On account that TEM
observation found no reaction phases at the interface
(as shown in Fig. 7), it is believed that the dependence of
wetting contact angle on Y,03/Al,05 is due to the dif-
ference of Si;N,4 dissolution rates into glass at the inter-
face. Thus, it can be postulated that the different mass
transportation between Si3Ny substrates and oxynitride
glasses with different Y,03/Al,05 ratio would result in
the interfacial energy variation. We do not have more
knowledge about the variation of the glass surface tension
with the ratios of Y,053/Al,03 but, comparing with that of
the interfacial tension, the devotion of the surface tension
to wetting of the glass melt on SisN, substrate is small.

Besides SizNy joining, the different wettabilities of Y—
Al-Si—O-N oxynitride glass with various ratios of Y,05/
Al,Oj3 are also very important in deciding the ratio of
Y,05/A1,03 in SizNy sintering additives. From the
wettability results it can be concluded that higher Y,O;
contents in Y,O3+ Al,O3 sintering additive are bene-
ficial to producing dense SizN,4 ceramics, which is why
Y,03 richer sintering additives are widely used in SizNy
ceramics fabrication.®®

3.2. Joining investigations and microstructures

Based on the wetting results, Y-AI-Si-O-N oxyni-
tride glass with the best wettability was chosen as SizNy
joining agent. Unlike other studies,”!'? pre-melting oxy-
nitride glass joining agents would lower joining tem-
perature and relieve the pressure applied on the
assembled joints during joining, which is beneficial to
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Fig. 4. Effect of joining temperature on shear strength of Si;N, joints
(the joining time is 30 min).



2688 J. Chen et al. | Journal of the European Ceramic Society 20 (2000) 2685-2689

300
250

ol ;E/ !
-

150

Shear strength(MPa)

100

50 ! 1 " ! ! L
10 20 30 40 50 60

Joining time(min.)

Fig. 5. Effect of joining time on shear strength of Siz;N4 joints (the
joining temperature is 1550°C).

fabricating complicated shapes of SizN, products. In
addition, pre-melting oxynitride glass exhibited better
wettability on Si;N, substrates compared with in-situ
synthesis of glass joining layer using powder paste, for
example. Xie et al.!' reported that the undissolved o-
Siz;Ny4 phase in powder paste would deter melting glass
from spreading. Fig. 4 shows the effect of joining tem-
perature on the shear strength of the joints. As can be

seen in this figure, when the joining temperature
increased, the strength increased and reached 164 MPa
at 1550°C, but further increase of temperature resulted
in the decrease of SisNy joining strength. At 1500°C, a
non-uniform continuous glassy layer was observed.
Besides this, there were some voids present at the joining
interface. It is obvious that, at lower temperature,
although the capillary force of the glass pulled the two
Si3Ny4 blocks together, the higher viscosity of the glass
prevented the glass from easily going into the weld seam
by capillary forces and inhibited contact with Si;Njy.
When the temperature was raised to 1550°C, the viscosity
of the glass decreased, leading to an intimate bond. In
this case, the joining interface was difficult to ascertain
in places. However, if the temperature was too high, for
example when it reached 1650°C, the viscosity of the
glass decreased too much, hence the glass would be
drained away from the interfacial region under the larger
capillary forces in bulk SisN4 and this would lead to
separation of the joints. Thus, in order to get sound
joints, a proper joining temperature was desirable.
When changing joining time at 1550°C, we got var-
ious values of shear strength at different time (as shown
in Fig. 5). In the experiment range of joining time, the
strength of Si3Ny joints increased with joining time.
SEM observation found that when the joining time was

# L6228

Fig. 6. Cross-sectional SEM micrographs of Siz;Ny joints and its corresponding composition maps.
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Fig. 7. TEM micrograph of Si;N4 microstructure near joining inter-
face.

prolonged, the contact of oxynitride glass with SizNy
would be more intimate, which led to the increase of
shear strength. As shown in Fig. 6, it can be seen that
the joined region is so uniform that it is difficult to find
where the joining interface is in the second electron
image unless it was investigated by using element X-ray
maps.

Unlike another study,'> TEM observation on the
interface of the joints found no Si,N,O phase, as shown
in Fig. 7. This may be due to the joining agents having
already been pre-melted, hence there was no possibility
for the reaction between SiO, and Si;N4 to occur or, as
explained by Mecartney et al.,'3 that the concentration of
nitrogen in the glass was not high enough for forming the
Si,N,O phase. Anyway, complete or nearly complete
crystallization of the joints to increase its strength is an
object yet to be achieved.

4. Conclusion

In the present work, the wettability of Y-Al-Si-O-N
glasses with various ratios of Y,0O3/Al,03 was studied.
It was found that the wettability of Y-AI-Si—O-N glasses
improved with the increment of Y,0O3;/Al,0;3;. Using
glass with the best wettability as brazing agent, sound

Si3Ny joints can be fabricated at 1550°C for 1 h. A lower
temperature would result in incomplete contact of glass
brazing layer with SizN4 while a temperature higher
than 1600°C would cause separation of SizNy joints by
complete drainage of the brazing glass. In the range of
experiment time, prolonged brazing time is of benefit to
the shear strength. TEM observation did not find a new
reaction phase occurred at the interface besides the dis-
solution of small B-Si;N,4 grain into brazing glasses.
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