
1. Introduction
Shock-induced chemical reaction has been investigated

to synthesize various intermetallics by researchers１）-４）.
This technique has good potential for obtaining ultra-fine
grained structure which is expected to improve the prop-
erties of the synthesized materials５）６）. The ultra-fine
grained structure in the order of nanometer size can be
obtained by the intensive deformation in a short period of
time caused by the rapid change in the physical state in-
cluding pressure as well as the temperature. The synthe-
sis of intermetallics by the use of an extremely high pres-
sure has been investigated by gas-gun or explosively ac-
celerated assembly１）-４）. Using such system, pressures up
to the order of several tens of GPa can be applied to the
mixed elemental powders placed in a metal capsule to in-
duce chemical reaction to form various intermetallics.

A different method for synthesizing nitrides through
high-velocity chemical reaction was developed by some of
the authors７）. The method uses wire explosion by an elec-
trical discharge. In this case, a titanium wire was exploded
in liquid nitrogen and reaction products were fully reacted
into titanium nitride powders whose size was several tens
of nanometers. The same type of reaction may be possible
when a metal is accelerated to the same range of velocity.
The use of high-velocity collision of elements is essential
to induce such reaction. The authors have developed a
new method for shock-induced synthesis using conical
shaped charge. Conical shaped charges are well known for
making holes on a thick metal plate８）. A metal jet formed
by an extremely high-velocity material flow having an ex-
tremely high kinetic energy is generated ahead of the colli-
sion point of the metal cone. This metal jet plays an impor-
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tant role to remove the collided metal part. In this investi-
gation, an aluminum metal jet was penetrated into liquid
nitrogen mixed with titanium powders. Since the ceramics
namely, titanium nitride, aluminum nitride and titanium-
aluminum nitride, are well known for its application in en-
gineering 9) 10), the authors tried to investigate the basic
phenomenon from the recovered samples.

2. Experimental
The assembly used for the experiments is illustrated in

Fig. 1. The thickness of the aluminum cone was 1.2mm
and the cone angle α was fixed at 450. The diameter of
charge φ was 33.5 mm. An explosive SEP, produced by
Kayaku Japan Co., Ltd, of 5mm thickness was set on the
cone. The detonation velocity and the density of the SEP
explosive are about 7.0km s－１ and 1300kg m－３, respec-
tively. The mass of the explosive used for the recovery ex-
periment was 24 g and the explosive was detonated by an
electric detonator placed on the upper side of the cone.
Prior to the recovery experiments, the assembly was used

for penetration experiment in which the metal jet fully
penetrated 10 layers of steel plates, each of 2mm thick-
ness. Two experiments were conducted by changing the
distance d between the cone base and the liquid nitrogen
mixed with spherical titanium powders (average diameter
45µm, OSAKA Titanium technologies Co., Ltd.). The dis-
tance d was set at 10 and 20mm for the experiments, but
only in the experiment when d = 10mm small reacted
blocks were recovered as shown in Fig. 2. The blocks were
small fragments in the order of several mm in length.
The velocity of the jet is estimated based on a simple

geometrical relationship as illustrated in Fig. 3. At first, the
velocity of the metal plate Vp was estimated based on the
Gurney equation８) expressed as follows,

��� ��� ������������������ (1)

where E is Gurney energy and E = 2.16 × 106 J kg－１ 11) for
SEP explosive used, and R (= c m－１) is the mass ratio of ex-
plosive c and metal plate m . Then, the velocity of the
metal jet Vj is estimated based on the Brikhoff’s equa-
tion 12) as follows,

����������������	
�������������
���	
����� (2)

where β is the dynamic bending angle and γ is the col-
lapse angle of the cone. Using the equation, the velocity of
the aluminum jet was estimated as 5999m s－１ which is

Fig.２ Appearance of small blocks recovered (d = 10mm).

Fig.１ Assembly used for recovery experiments.

Fig.３ Geometrical relationship for estimation of jet velocity.
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high enough to induce chemical reaction. Optical observa-
tions are required to estimate the actual velocity of metal
jet. However, it is quite difficult to observe and measure,
so we focused only on detecting a chemical reaction
caused by a metal jet.
The samples recovered were characterized for the mi-

crostructure using optical and scanned electron micro-
scopes (SEM), and electron probe microanalyzers (EPMA).

3. Results and discussion
As shown in Fig. 2, the reaction seems induced only for

the case d = 10mm. Figure 4 shows the macro- and mi-
croscopic structure when d = 20mm. The SEM image
(Fig. 4 (b)) shows recovered powder for the condition d =
20mm, and it seems that an aluminum droplet was
trapped on a spherical titanium powder. As seen in the X-
ray diffraction pattern shown in Fig. 5, no reacted product
was confirmed by this experiment. It is considered that
the reaction was not induced due to the decrease in the ve-
locity of the metal jet during relatively long travelling dis-
tance in air. From these results, it is clear that the reactiv-
ity is effected by the distance d which causes the change
of velocity and pressure for inducing chemical reactions.
The velocity and pressure of metal jet for inducing the
chemical reaction require more research.
One of the recovered samples obtained under the condi-

tion d = 10mm was cut and polished to characterize its mi-
crostructure. The picture taken by optical microscope is
shown in Fig. 6 and it is confirmed that the cross-section
contains many pores. These pores are formed during the
cooling from the molten phase. The average micro-Vick-
ers hardness under load 0.098N (10g) was in the order of
650-1200 HV, which is quite harder than the metals, and
this fact is considered as one of the evidences to form ni-
tride ceramic(s). The details of the hardness distribution
will be discussed later.
The X-ray diffraction pattern for the sample d = 10

mm, is shown in Fig. 7. In the figure, no aluminum or tita-
nium peaks are found and the peaks of titanium nitride
(TiN) and titanium-aluminum nitrides are confirmed. The
titanium-aluminum nitrides are identified as Ti２AlN and

Ti３AlN. It is interesting to note that aluminum is not the
major component of the reaction products even though an
aluminum jet was used. It is considered that the aluminum
jet plays a role to ignite a sustainable reaction between the
components placed at the position based on the SHS (Self-
propagating High-temperature Synthesis) 13) 14) process.
A SEM image is shown in Fig. 8. Figure 8 (a) shows the

cross-section of one block and the central large cavity

Fig.４ Appearance of recovered powders (a) and its SEM image (b) (d = 20mm).

Fig.５ X-ray diffraction pattern (Cu-Kα) for recovered pow-
ders (d = 20mm).

Fig.６ Microstructure of cross-section of reacted sample (d =
10mm).
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suggests that the block is formed by cooling from a molten
part. The backscattered image (Fig. 8 (b) and (c)) illustrates
the distribution of the elements where bright area is com-
posed of heavy element(s) and dark area includes light ele-
ment(s). In Fig. 8 (c), there are two compositionally differ-
ent areas. Since the bright region is composed of heavy
element(s), such region close to the central cavity seems to
be titanium nitride. The other area close to the edge of a
block is considered as titanium-aluminum nitride(s). The
mapping of elements taken by EPMA is shown in Fig. 9,
and the results of point analysis by EPMA are listed in Ta-
ble 1. The number (1 or 2) corresponds with it as shown in
Fig. 8 (c) and in Fig. 9. The results of the analysis also sug-
gest that the central area is composed of titanium nitride
(TiN) and the other area is composed of titanium-alumi-
num nitride whose composition is closer to Ti３AlN. The
area composed of Ti２AlN is not clearly confirmed by the
SEM and EPMA images because of the slight difference in
the chemical composition in the area containing titanium,
aluminum and nitrogen. Since titanium-aluminum nitride
was confirmed especially in the edge of the block, the loca-
tion should be closer to the central axis of the powder con-
tainer. Therefore, a process inducing reaction from center
(aluminum jet part) to periphery (Ti-N reaction) as illus-
trated in Fig. 10 is suggested. During the cooling from liq-
uid, the area was separated into small fragments (blocks)
and central and other cavities as illustrated in the figure
are formed.
The average micro-Vickers hardness of TiN was 767

HV (648 HVmin- 839 HVmax), and 1067 HV (876 HVmin- 1219
HVmax) for titanium-aluminum nitride part. These values
are not in correspondence with the reported data for these
materials 15) 16). These values are slightly lower than the re-
ported data which may be caused by the presence of the
cavities in the bulk region recovered after cooling from
molten phase.

The velocity and pressure of the metal jet should be un-
derstood to describe the mechanism of the chemical reac-
tion. However, without this understanding, the data from
this experiment shows that the aluminum jet reacted with
the titanium and nitrogen to achieve bulk nitrides with
high hardness. The authors will describe the mechanism

Table１ Chemical composition measured by EPMA for recov-
ered block (d = 10 mm).

Position
No.

Ti content
(at %)

Al content
(at %)

N content
(at %)

1 40.30 4.07 55.63

2 60.86 18.22 20.92

Fig.７ X-ray diffraction pattern (Cu-Kα) for recovered block
(d = 10mm).

(a)

(b)

(c)
Fig.８ SEM image of recovered block (d = 10mm) (a), its

backscattered electron image (b), and enlarged
backscattered image (c).
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after establishing measurement methods in future.

4. Conclusions
A new method to synthesize nitride ceramics using

conical shaped charges is proposed and the possibility to
induce chemical reaction of the elements is demonstrated.
An aluminum cone was highly accelerated as metal jet in

the order of 6km s－１ and collided with liquid nitrogen
mixed with titanium powders. Under a moderate condi-
tion, some small blocks having high hardness were recov-
ered and the blocks were composed of titanium nitride
and titanium-aluminum nitrides formed by chemical reac-
tion. The reaction process was discussed based on the
chemical component analysis at different positions in the
cross-sectional area.
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Fig.１０ Schematic illustration of reaction process.

Sci. Tech. Energetic Materials, Vol．７１, No．５,２０１０ 115



コニカルシェープトチャージによって生じた金属ジェット
と液体窒素の反応による窒化物の合成

外本和幸＊†，和田直之＊＊，堤慎一郎＊＊，秋吉一徳＊＊，
田中茂＊＊＊，甲斐彰一郎＊＊＊＊，氏本泰弘＊＊＊＊

本研究では，新しい窒化物化合物の合成法について研究を行った。本方法における窒素の供給源は液体窒素であり，こ
れとコニカルシェープトチャージによって生じる金属ジェットとの間に生じる反応を誘起させることを行った。アルミ
ニウム製コーンを用いたアルミニウムジェットをチタニウム粉末を混ぜた液体窒素中へ打ち込む実験が実施された。そ
の結果，ある条件において２－３mmの寸法を有するいくつかの塊状物が回収され，それらは解析の結果，窒化チタンや
窒化チタンアルミニウムといった金属間化合物からなることが確認された。
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