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Abstract
The possibility for making thin coating layer through shock compaction and reaction synthesis from some mixed elemen-

tal powders is discussed, and the microstructure is characterized in the present investigation. Underwater shock wave in the
order of 1-15 GPa derived from the detonation of an explosive was employed for the reaction. Mg plus Si to form Mg2Si
and Ti plus Si to form Ti5Si3 were selected as coating materials. After shock compression, the compacted layer was success-
fully recovered without voids and cracks. Partial or no reaction was observed in the coating layer after shock compaction,
and the followed heat treatment made possible to form reacted intermetallic compound in the case of synthesizing Ti5Si3.
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1.  Introduction
Shock compaction and shock synthesis have been investi-

gated intensively for making various bulk materials1). So
far, some attempts have been made by some of the
researchers2)~4). The making of crack-free samples is a key
issue of the related research area and the use of underwater
shock compression technique enables to decrease the num-
ber of cracks due to relatively long pressure duration2)~4). 

The present investigation intends to suggest a new possi-
bility of compressing thin powder layer on a substrate
material5). The synthesis of intermetallic compounds is
investigated in this study, and Mg plus Si to form Mg2Si
and Ti plus Si to form Ti5Si3 was selected as coating mate-
rials. Mg2Si is known as wear and corrosion resistant mate-
rial6), 7), and Ti5Si3 is expected for its use in high-tempera-
ture applications due to its high melting point and its excel-
lent mechanical properties at high temperature8), 9). The
experimental results suggest that the powder compaction

was successful but the shock-induced reaction was slightly
difficult. The following heat treatment to induce reaction
was also tried for some of the samples recovered.

2.  Experimental assembly used for the 
experiments

For the experiments, two types of underwater shock com-
pressing assembly were employed as shown in Fig. 1 and
Fig. 2. The SEP explosive (produced by Asahi-Kasei
Chemicals Corp., Japan) of density 1300 kg m-3 and deto-
nation velocity 7 km s-1 was employed in all the experi-
ments. The closed type assembly shown in Fig. 1 has been
developed and used for shock compaction of powders,
which is capable of generating relatively high underwater
shock pressure in the order of 5-15 GPa4). The other open
type one as shown in Fig. 2 was developed for underwater
explosive welding10), 11), and the available pressure ranges
from 1-3.5 GPa. In both the assemblies, the shock pressure
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can be regulated only by changing the height of water col-
umn L.

The solid line as shown in Fig. 3 shows the maximum
underwater shock pressure Pm numerically calculated
using AUTODYN-2D at a distance from explosive L for
the open type assembly shown in Fig. 2. Parameters neces-
sary for the calculation has been reported elsewhere10).
Also, the pressure for the closed type assembly has been
calculated4) and is suggested as a dashed line in Fig. 3. The
pressure profile numerically calculated at L=5 mm for open
type assembly is shown in Fig. 4. After attaining a peak
pressure, the pressure gradually decreased in 10 microsec-
onds or more which is longer than the use of hypervelocity
impact of a flyer plate as normally employed1). The same
type of pressure profile can be obtained for closed type
assembly though the order of maximum pressure is differ-
ent4). Such pressures can give better results for recovering
samples without defects4).

The experiments conducted are listed in Table 1. Mg+Si
powders were mixed for 5 h and Ti+Si powders were
mixed for 3 h in Ar atmosphere using a high-energy ball
mill P-7, made by Fritsch to mix these elemental powders
mechanically. Some compaction experiments were also
conducted for mechanically mixed Ti+Si powders further
mixed with TiAl powders as to make a composite layer.
The substrate was ground using abrasive powders (#400).
Initial packing density of powders was fixed about 0.6 in
all the experiments conducted and the powders were put
uniformly on the substrate at a height of 300 µm in thick-
ness for the experiments TS1 & 2 and TSTA1 & 2, and at
1 mm for MS1 & 2. Since we fixed L=5 mm for closed
assembly and L=20 mm for open type assembly, the maxi-
mum underwater pressure Pm was estimated about 12 GPa
and 1.7 GPa, respectively.
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Fig. 1 Closed type assembly for shock compression 
experiments.

Fig. 3 Change in maximum underwater shock pressure 
with distance from explosive.

Fig. 4 Numerically simulated pressure profile where 
distance from explosive L=5 mm.

Fig. 2 Open type assembly for shock compression 
experiments.
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3.  Results and discussion
Most of the samples were recovered successfully as listed

in Table 1. Under a moderate experimental condition as
shown in the upper view (Fig. 5), no macroscopic cracks
were observed and the powders were uniformly com-
pressed to form a coating layer.

The cross-sectional view of the samples is shown in Fig.
6. As shown in the figure, the coating layer was fully den-
sified and no micro-cracks were observed.

The enlarged microstructure of Mg+Si powders (sample
number MS1) is shown in Fig. 7. The XRD patterns of the
sample showed partial reaction to form Mg2Si as con-

firmed in the microstructure. Due to the relatively large
sized Mg powders commercially provided, the reaction
was not induced uniformly due to the non-uniform mixing
condition of the powders. Therefore, the original mixing
condition should further be considered carefully as it is
difficult due to the reactivity and the larger sized Mg pow-
ders. The Vickers hardness of the Mg powder part was
69.6 Hv and the hardness of the reacted part was 250 Hv
as pointed by arrows.

Figure 8 shows the enlarged microstructure of Ti+Si
powers (sample number TS1). The powders were fully
compressed but the Ti and Si powders were not reacted as

No.

TS1

TS2

TSTA1

TSTA2

MS1

MS2

Assembly

Closed
type (Fig. 1)

Open type
(Fig. 2)

Closed
type (Fig. 1)

Open type
(Fig. 2)

Closed
type (Fig. 1)

Open type
(Fig. 2)

Powders

Ti:Si

(5:3)*

Ti:Si(5:3)*
(40 mass%)

TiAl
(60 mass%)

Mg:Si
(1:2)*

*atomic ratio

Base plate

Titanium

3 mm-thick

JIS AS31

(Mg alloy)

1mm-thick

Cover plate

JIS SUS304
2 mm-thick

Aluminum
0.1 mm-thick

JIS SUS304
2 mm-thick

Aluminum
0.1 mm-thick

JIS SUS304
2 mm-thick

Aluminum
0.3 mm-thick

Main explosive

SEP
50 mm-thick

SEP
5 mm-thick

SEP
50 mm-thick

SEP
5 mm-thick

SEP
50 mm-thick

SEP
5 mm-thick

Results

Fully recovered,
no reaction

Fully recovered,
no reaction

Fully recovered,
no reaction

Fully recovered,
no reaction

Fully recovered,
partial reaction

Partial recovery,
partial reaction

Titanium powder : -45 µm, Sumitomo Sitix Corp.
TiAl powder : -150 µm, Sumitomo Sitix Corp.

Silicon powder : -325 mesh, CERAC
Magnesium powder : -20 mesh, Furuchi Chemical

Fig. 5 Upper view of samples recovered 
(sample number TS2 and TSTA2).

Fig. 6 Cross-sectional view of samples recovered 
(sample number MS1 and TS2).

Table 1 List of experimental conditions.
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found in Fig. 8 and confirmed through XRD analysis.
As listed in Table 1, the results for closed and open type

assemblies were almost similar though the pressurizing
condition was quite different. Thinking about the pressure
applied to the Ti+Si powders, it was confirmed that the
pressure applied for closed type assembly is enough to
induce reaction for making large-sized bulk materials4), but
the reaction was not induced in the present experiments.
The reason should further be discussed in future but there
is a possibility that the use of small amount of reactive
powders may not ignite to induce reaction.

Since our final goal is to synthesize intermetallic com-
pound, the following heat treatment at 1000 ˚C for 1 h in
Ar atmosphere was conducted for Ti+Si samples (TS1,
TSTA1). The synthesizing temperature was expected to
decrease due to the activation through shock processing as
reported earlier4). The Ti+Si sample (TS1) was not fully
reacted still showing Ti peaks in XRD analysis. The Ti+Si
and TiAl composite (TSTA1) was also heat treated under
the same condition. The microstructure of the heat treated
sample is shown in Fig. 9. The Ti5Si3 area suggested by an
arrow was reacted showing high Vickers hardness 850Hv.

It is slightly lower than the value measured in the former
investigation4), but still higher than the Ti5Si3 commercial-
ly available (300~400 Hv). Such a high hardness is due to
a very fine substructure induced by shock processing and
the following heat treatment as reported earlier4). Figure 10
shows the XRD pattern for the reacted part measured
using micro-focus X-ray diffraction machine. It is con-
firmed that Ti5Si3 is synthesized through the following
heat treatment. No separation of the coating layer through
heating was generated but the formation of other inter-
metallic compound layer less than 10 µm in thickness was
confirmed between the coated layer and a mild steel sub-
strate. As far as the brittle intermetallic zone is thin, it does
not harm the bonding strength much12) but it should be con-
sidered carefully when the temperature or the time of heat
treatment is increased. A thin reaction zone was also
observed between the TiAl and Ti5Si3 parts, which is con-
sidered Ti2Al (a’ phase) as found in Fig. 10. Some areas of
the mixed Ti+Si part of this sample were not reacted. It is
considered that the initial mixing condition was still not
enough and should further be mixed in the order of µm or
less to make possible to induce reaction easily.
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Fig. 7 Enlarged microstructure of Mg+Si powder layer 
(sample number MS1).

Fig. 8 Enlarged microstructure of Ti+Si powder layer 
(sample number TS1).

Fig. 9 Microstructure after heat treatment at 1000˚C 
for 1 h (sample number TSTA1).

Fig. 10 XRD pattern for heat treated sample TSTA1 using 
micro-focus X-ray diffraction machine.



4.  Conclusions
A new method of surface coating through shock com-

pression and synthesis was proposed and the possibility for
compacting a thin layer was suggested. Since the synthesis
reaction through direct shock pressurization was not easy
due to the limited amount of the powders used, the follow-
ing heat treatment was performed for Ti and Si powder
compacts, and the formation of intermetallic compound
Ti5Si3 was confirmed as expected. High hardness in the
synthesized Ti5Si3 intermetallic compound part was
obtained due to the fine substructure through shock pro-
cessing in a composite mixed with TiAl powders.
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