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Abstract

Shinagawa Fine Ceramics Co., Ltd (SIFCE) have been recommending SNB, which is a composite
ceramic material consisting of silicon nitride (SizNs) and boron nitride (h-BN), as a material for
metal atomizing spray nozzles.

SNB has excellent thermal shock resistance depending on the property of h-BN, and it is
possible to control the characteristics by changing the amount of h-BN.

By adding zirconia (ZrO.) to SNB, corrosion resistance against molten metal is improved, and it
1s possible to reduce the corrosion damage during use as an atomizing nozzle.

In the case of using nitride X instead of zirconia, the corrosion resistance is equivalent. Also, it is
expected that the occurrence of “icicle” where the metal adheres to the lower end position (outlet
position of molten metal) of the nozzle during atomization is reduced.

1. FC®IC 1. Introduction
SRR, T oM EKEEHERE LT Fine metallic powder has been used as a raw
Hwoin, FRICEHE Rl 2 & & EmEIE, P material for powder metallurgy.
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Co., Ltd.
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Fig. 1

SNB products.
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High purity and fine precious metal powder
is utilized as a target material for forming fine
wiring in semiconductor devices. In recent
years, it has also gained attention as a raw
material for three-dimensional metal molding".

It is important that the fine metal powders
as the starting materials for various applica-
tion have fine, uniform particle size and high
purity.

Fine metallic powders are produced by an
atomization method. With this method, metal is
melted in a crucible, sprayed from a nozzle made
of heat-resistant ceramics, and rapidly solidified.
The particle size of the fine metallic powders
depends on the diameter of the ceramic nozzle.
But there is a technical problem of the nozzle
itself being subject to corrosion from the molten
metal during use, the diameter is enlarged, and
the desired powder particle size is not obtained.
Therefore, the atomizing nozzles are required
to have high corrosion resistance against molten
metal.

Atomizing nozzles are also required to have
both thermal shock resistance because they are
used at high temperatures, and non-wettability
to molten metal in order to form fine droplets.

Therefore, we have been offered silicon nitride
/ boron nitride composite ceramics (SNB) as an
atomizing spray nozzle material (Fig. 1). This
material can satisfy the required strength and
thermal shock resistance by proper combination
of silicon nitride and boron nitride®. In addition,
it has been well accepted by users as a mate-
rial which has a non-wetting with molten metal
property and is easy to handle.

Suppression at nozzle diameter expansion
due to corrosion by molten metal was still insuf-
ficient.

Alumina and zirconia are known to have
high resistance to molten metal. In particular,
zirconia has excellent corrosion resistance to
molten metals other than alkali and alkaline
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earth metals”. It is also known that nitrides are
excellent in non-wettability with molten metal.
This paper reports the results of studies on
SNB with zirconia added (SNBZ) and SNB with
nitride X added (SNBX) for improving the cor-
rosion resistance of the atomizing nozzle.

2. Sample Preparation and Evaluation
Method

All the samples used in this study were
prepared by the following procedure. The
solvent and the binder were added to the raw
powder blended to a predetermined amount,
and mixed by a ball mill. The slurry was dried
and then CIP molded. The molded body was
fired in a nitrogen atmosphere after degreasing
and machined into a predetermined shape. The
amount of h-BN added was fixed at 25 mass
percent, and the addition amounts of zirconia
and nitride X were changed to 0, 0.75a, a,
15a, 2a, 2.5a, 3a mass percent.

The density and the open porosity were mea-
sured according to JIS R 1634, and the strength
was evaluated by the three-point bending test
in JIS R 1601. The thermal shock resistance
conformed to JIS R 1676. The test piece was
subjected to thermal shock by rapid quenching
in water to obtain a temperature difference that
did not show strength deterioration.

For the wettability evaluation, the stationary
droplet method was applied. The corrosion
resistance evaluation was performed by the
crucible method and actual atomization equip-
ment. In the crucible method, a crucible with an
inner diameter of 20mm and depth of 35mm
was used. A Fe-Co alloy was used as the cor-
rosive agent and melted in an Ar atmosphere at
1720 C x4 h. Thereafter, the crucible was cut
into two, and the change in the cross-sectional
area was measured before and after the test.
As a comparative evaluation, a corrosion index
was used, assuming that the corrosion area of
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Table 1 Material properties of ZrO, added SNB

ZrO; BN Bulk density Open porosity Flexural strength :ez‘?srgiLShz(;Tt
mass% mass% gecm?® % MPa K
0 25 1.95 23 127 860
0.75a 25 1.92 32 92 860
a 25 1.98 35 83 750
16a 25 2.05 34 67 700
2a 25 2.12 37 53 700
25a 25 2.23 37 41 550
3a 25 2.33 34 34 550

ZrO2 =0 mass% Zr02=0.75 a mass%

ZrO2 = 1.5 a mass%

ZrO2 = 3a mass%

Fig. 2 Post corrosion test cut section.
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the sample with an addition amount of 0 mass
percent was 100.

3. Effect of Adding Zirconia to SNB
Ceramics (SNBZ)

Table 1 shows the material properties of
SNBZ. The bulk density increased with the
increase in zirconia content, but the open
porosity increased and the bending strength
decreased. The increase in porosity accompany-
ing the increase in the amount of zirconia is
considered to be due to the chemical reaction
between zirconia and silicon nitride during
sintering. Weiss et al. have reported that the
reaction of zirconia and silicon nitride proceeds
according to the following reaction equation
when the temperature exceeds 1600 C *.

6ZrO; + 4Si;N, < 6ZrN + 12Si0O(g) + 5N:(g)

That is, the silicon nitride is decomposed
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Fig. 3 Element distribution of corrosion interface.
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Fig. 4 Index of corrosion by Fe-Co.

at the contact interface between the zirconia
particles and silicon nitride particles, and SiO
gas and N, gas are generated. By this reaction,
zirconium nitride is formed and silicon nitride
disappears. As a result, the porosity may be
increased.

The thermal shock resistance was ATc=850T
when the addition amount of zirconia was
0 mass percent. But decreased to ATc="700T
at 1.5a mass percent and A7c=550T at 2.5a
mass percent. From these results, from the
viewpoint of mechanical strength and thermal
shock resistance, the amount of zirconia added
is preferably 2a mass percent or less.

Fig. 2 shows the results of the corrosion test
by the crucible method using Fe-Co as the
corrosion agent. All the samples were corroded
due to corrosion by the alloy, but the melted
amount decreased with the increase in zirconia
addition content.

Fig. 3 shows the element distribution at the
alloy / sample interface. The Si content in the
interfacial reaction phase for both zirconia 0
mass percent and 0.75a mass percent sample
decreased. On the other hand, in the zirconia
0.75a mass percent sample, the existence of Zr
in the interface reaction phase was confirmed.
According to this element distribution, since Zr
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After use
Zr02 = 0.75 @ mass% ZrO2=1.5a mass%

Fig. 5 Photomicrographs of nozzle before and
after actual use.
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concentrated phase having high corrosion resis-
tance is formed by the addition of zirconia in
SNBZ, the corrosion resistance to Fe-Co alloy
may be enhanced.

Fig. 4 shows the relationship between zirco-
nia addition amount and corrosion index. The
corrosion index decreased with the increase
in zirconia content, and corrosion resistance
improved. When the addition amount of zirconia
is less than 1.5a mass percent, the corrosion
resistance abruptly improves, but at 1.5a mass
percent or more the change was small.

Before use

Fig. 6 Element distribution of nozzle before and after actual use.
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4. Actual Evaluation of Atomization

From the viewpoint of thermal shock and
material strength, it was found that a zirconia
content of 2a mass percent or less, and from
the viewpoint of corrosion resistance, 1.5a mass
percent or more is preferable. From this result,
atomization nozzles with zirconia contents of
0.75a mass percent and 1.5a mass percent
were prepared and evaluated with an actual
machine.

Fig. 5 shows a cross-section images of 0.75a
mass percent and 1.5a mass percent nozzle
before and after use in an actual machine. Inner
diameter expansion due to corrosion occurred
with 0.75a mass percent, whereas the change
of 1.5a mass percent was slight. The element
distribution of the corroded part cross-section is
shown in Fig. 6. In the vicinity of the alloy reac-
tion layer, Si concentration and N concentration
decreased due to the disappearance of silicon
nitride, but the concentration change was found
to be extremely smaller for 1.5a mass percent
than for 0.75a mass percent.

From the above, it was confirmed that the
corrosion resistance was improved by adding
zirconia, and the expansion of the inner diam-
eter could be suppressed even when used in
actual equipment. However, when spraying for
long periods, molten steel “icicles” adhered near
the outlet of the nozzle. When this occurs, the
quality of the fine metal powder decreases, so
the prevention of “icicles” has become a new
problem in practical use.

5. Effect of Adding Nitride X to SNB
Ceramics (SNBX)

5. 1 Evaluation of addition of nitride X

In order to use the atomization nozzle for a
long time, in addition to having high corrosion
resistance against molten metal, it is desirable
to have non-wetting so as not to generate
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Fig. 7 Metal wetting comparison of ZrO, content
1.5a mass percent product and nitride X
content 2a mass percent product.
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“Icicles”. Zirconia is an oxide. Oxides are gen-
erally highly wettable with molten metal. On
the other hand, nitrides are harder to wet than
oxides. Therefore, we focused on nitride X as
an additive to replace zirconia and examined
the effect of adding it.

Fig. 7 shows the metal wettability evaluation
results of SNBX (2a mass percent) and SNBZ
(1.ba mass percent). The static droplet of the
Fe-Co alloy is closer to the sphere at the SNBX
than in the case of the SNBZ, and the contact
area with the ceramics is also small. These
results prove that SNBX is superior to SNBZ
in non-wetting property for the Fe-Co alloy. By
using SNBX, there is a high possibility of pro-
ducing a nozzle that suppress the occurrence of
“icicles”.

Table 2 shows the material properties of
SNBX with nitride X added. SNBX decreased
density and bending strength and increased
open porosity as the amount of nitride X addition
increased. Especially, when a mass percent was
added, the bending strength became 50 MPa or
less, and further addition of 3a mass percent
drops to 20 MPa. The result suggests that the
addition of nitride X inhibits the densification
of SNBX. In addition, the addition of nitride X
reduced the thermal shock resistance (A7c) of
SNBX, ATc=600C with the addition of 0.75«
mass percent, A7c=550TC with the addition

Table 2 Additive amount of nitride and material properties

Nitride X BN Bulk density Open porosity Flexural strength Iehs?srgilcghzgé
mass% mass% g.cm® % MPa K
0.75a 25 1.95 29 104 600
a 25 1.84 30 47 550
15a 25 1.84 32 31 550
2a 25 1.83 31 30 550
25a 25 1.86 35 32 500
3a 25 1.86 36 20 500
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Fig. 8 Relationship between nitride X content and
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of a mass percent. From this fact, it was
found that the addition of nitride X enhances
the non-wetting property of SNBX, but on the
other hand, it lowers the material strength and
thermal shock resistance which are important
as a thermal shock resistant material.

Fig.8 shows the results of the corrosion
test by the crucible method using Fe-Co as
a corrosion agent. For comparison, the results
of SNBZ measured in the same way are also
added. As the amount of nitride X added to
SNBX increased, the corrosion index decreased
and corrosion resistance improved. Especially
2a mass percent showed high corrosion resis-
tance equivalent to SNBZ. However, when the
addition amount exceeded 2.5a mass percent,
the corrosion index increased and the corrosion
resistance decreased. It is considered that since
the porosity increased due to the excessive
addition of nitride X, molten metal intruded
into the inside of the pores and corrosion easily
progressed.

5. 2 Effect of sintering aid addition to
SNBX ceramics

In order to give high corrosion resistance
and non-wettability to SNBX, it is preferable
to add 2a mass percent or more of nitride X.
However, in order to put it into practical use as
an atomizing nozzle, it is necessary to further
enhance material strength and thermal shock
resistance. Therefore, an appropriate sintering
aid was investigated for nitride X in 2a mass
percent addition of nitride X.

Fig.9 shows the relationship between the
amount of sintering aid (0 mass percent to
45 mass percent) added to SNBX (2a mass
percent) and the bulk density, bending strength.
The bulk density increased with an increase
in the amount of sintering aid. When 28 mass
percent or more was added, the bulk density
increased to 1.90 g:cm™ or more and the bend-
ing strength improved to 70MPa or more.
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Fig. 9 Relationship between sintering aid amount,
bulk density and bending strength.
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Unfortunately, although improvement of thermal
shock resistance by addition of sintering aid
was not observed, it was possible to maintain
ATc=550T, which is necessary for practical
use.

Taken together, it seems appropriate that
the amount of sintering aid added to SNBX is
about 28 mass percent. Regarding the materi-
als developed this time, we made the prototype
atomizing nozzles and we are presently evaluat-
ing actual equipment.

6. Summary

We have been providing SNB ceramics as
heat-resistant materials, which show excellent
thermal shock resistance. In this paper, we
tried to improve the corrosion resistance of
SNB material by adding zirconia and nitride X,
targeting application to atomizing nozzles.

(1) By adding zirconia to SNB ceramics, cor-
rosion resistance to Fe-Co alloy could be
improved while maintaining the thermal
shock resistance of SNB ceramics.

(2) By adding nitride X and the sintering aid
to SNB ceramics, realizing high corro-
sion resistance to Fe-Co alloy, as well as
non-wetting property, suppressing “icicles”
generated in actual atomizing machines is
highly anticipated.
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