
J M A T E R S C I 4 1 (2 0 0 6 ) 3 5 0 1 –3 5 0 5

Amorphous and nanograins in the bonding zone

of explosive cladding

Y. YANG ∗, B. WANG, J. XIONG
School of Materials Science and Engineering, Central South University, Changsha 410083,
Hunan, People’s Republic of China
E-mail: yangyang@mail.csu.edu.cn

Published online: 12 April 2006

The amorphous and nanograins in the bonding zone of the titanium/titanium explosive
cladding were investigated by means of transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM). The nanograins with perfect
crystal structure range from 2 to 50 nm in diameter were in coherent with the matrix. While the
amorphous were in the state of the long-range disorder and coexisted with the nanograins. The
formation of the amorphous and the nanograins as well as their coexisting were due to the
high cooling rate (range from 3.55 × 106 to 7.8 × 106 K/s at the amorphous transition
temperature) within the bonding zone, and the high pressure as well as the high shear stress
during the explosive cladding. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Amorphous was characterized by topological disordering
of atoms in three dimensions and with no grain boundary
and stacking fault in its microstructure. What’s more, ar-
range of atoms in amorphous didn’t like those in ideal gas
that were completely disorder. In order to distinguish the
amorphous and nanograin, the short-range ordered area
of amorphous should less than 1.5 nanometers (nm) [1].
The preparation methods of amorphous were usual di-
vided into two modes. The first one was extremely rapid
solidification at high temperature, such as fast cooling of
metal [2], sputtering [3] and so on. The second one was
prepared at the room temperature or a little higher by a
certain method, such as mechanical alloying, solid-state
reaction amorphous [4]. Recently, some special materi-
als, such as semiconductor phases (Si, Ge, Sb, Bi) and
semiconductor compound, could be amorphous by the
pressure-quenching technique quenched at liquid nitro-
gen temperature under certain pressure. It was named as
the third mode [5].

The bonding zone in the explosive cladding was a
transition area of the components, structures and perfor-
mances of the base metals and had high strength. Gen-
erally, it was considered that the high strength bond was
caused by the amorphous and nanograins in the bonding
zone [6]. Although the width of the diffusion layer in the
bonding zone was only several hundreds nm, diffusion
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reactions were occurred during the explosive cladding of
different kinds of metals, for example, the FeTi, TiC and
Fe5C2 etc. were existed in the diffusion layer of the tita-
nium/mild steel explosive cladding [7]. In order to neglect
the effect of the diffusion reaction, the titanium/titanium
(Ti/Ti) explosive cladding was chosen. The objectives of
this paper were to report observations of the amorphous
and nanograins within the bonding zone and to discuss the
formation reasons of amorphous and nanograins as well
as the coexisting area.

2. Experimental
The annealed commercial purity titanium [TA2(α-Ti)]
was used in the present work. Its grain size was ∼40 µm.
The α-Ti/α-Ti composite plate was achieved by con-
stant stand-off explosive cladding technique which was
described elsewhere [8]. The detonation velocity of the
selected explosive was approximately 2400 m/s and the
density of the explosive was 0.95–1.1 g/cm3 and the flyer
plate was about 608 m/s. Specimens for TEM and HRTEM
analyses were cut from the central portion of the sheets
in a plane parallel to the jetting direction and normal to
the plane of the cladding interface. TEM observations
were carried out in a Hitachi H-800 analytical operated at
200 kV; and HRTEM observations were performed with
JEOL 2010 TEM operated at 800 kV.

0022-2461 C© 2006 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-5677-2 3501



3. Results
Fig. 1 showed the microstructure in the α-Ti/α-Ti ex-
plosive bonding zone. The titanium on both sides of the
interface was mainly composed of twins. While, the bond-
ing zone was made up of lots of amorphous marked by
“A” and nanograins marked by “UG”.

Fig. 2 showed the pattern of nanograins in the bond-
ing zone. It could be seen that the sizes of nanograins
were range from several nm to 50 nm in diameter and
distributed non-homogeneously.

Fig. 3 showed the characteristics of nanograin with the
diameter only several nm. The fringes of crystal lattice im-
age were orderly and symmetrically and the grains with
perfect crystal structure were in coherent with the crystal
plane (112̄2) of the matrix. The fringe spacing of grain
“A” in three dimensions were 1.6940Å, 1.2479Å, and
1.1189Å, respectively. They were close to the interplanar
distances of (101̄2),(112̄2), and (202̄2) in the α-Ti, which
were 1.7241Å, 1.2455Å, and 1.1189Å, respectively. From
above analysis, the indices of crystallographic plate were
standardized, as shown in Fig. 3. Grain boundaries marked
by “GB” were characterized by coherent, shown in Fig. 3.
The angles between the fringe directions of the grain “A”
and the matrix were 42 and 103◦, respectively, shown in
Fig. 4. It was concluded that the crystal structure was
still close-packed hexagonal (H.C.P.) structure and the
titanium in this area maintained α phase and the grain
boundaries were coherent and the coherent grain bound-
aries guaranteed the high strength of grain boundaries.

Hammerschmidt [9] pointed out that, with the subse-
quent extreme rapid cooling, the newly formed nanograins
within the center of the bonding zone were equiaxed
grains and had rather random distribution of orientations.
Therefore, the nanograins within the bonding zone should
be the result of fast cooling.

Fig. 5 showed the crystal lattice image of the selected
area within the bonding zone. The fringe images of many

Figure 1 Microstructure in the Ti/Ti explosive bonding zone.

Figure 2 Nanograins in the Ti/Ti explosive bonding zone. (a) bright field
image; (b) corresponding dark field image.

Figure 3 High-resolution crystal lattice image of nanograin in the Ti/Ti
explosive bonding zone.

regions in the Fig. 5a were nonexistence, e.g. “G” area (in
Fig. 5b). Therefore, amorphous was located in “G” area.
Although fringes in “A” areas in Fig. 5a were distinct,
the scales of the short-range ordered area were less than
1.5 nm, therefore, they should be considered as amor-
phous. The scales of the short-range ordered area within
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Figure 4 Schematic plan of coherent grain boundary.

Figure 5 High-resolution crystal lattice image of selected area. (b) was the
amplification of “G” area in (a).

Figure 6 Coexistence of amorphous and nanograins in the Ti/Ti explosive
bonding zone.

“B”, “C”, “D”, “E”, and “F” regions were range from 2 to
4 nm and the directions of fringes were different. So they
were nanograins and the grain sizes were range from 2 to
4 nm.

Fig. 6 showed the coexistence of the amorphous and
nanograins in the bonding zone. The up-right region was
the lattice image of grain and the “II” area in the down-
left region appeared as the characteristics of amorphous.
Between them, the fringe patterns were ambiguous and
the scales of the short-range ordered were still in certain
degrees. Therefore, the “I” area was a transition area of
amorphous and nanograins.

4. Discussion
Formation of amorphous and nanograins in the explo-
sive bonding zone were usual considered as the result of
the extreme rapid solidification. When the cooling rate of
the melt was larger than 103 K/s, the number of crystal
nucleus was increasing rapid and the grains were short
of long-distance diffusion conditions before crystalliz-
ing, the homogeneous nanograins with or without obvious
dendrite structure were formed. As long as the melt was
super cooled to a certain degree, such as the amorphous
transition temperature (Tg), the diffusion processes were
terminated and then the amorphous were formed. How
much was the cooling rate under the extreme conditions
of the explosive cladding? Were there any other factors
in favor of the formation of amorphous and nanograins
during the explosive cladding?

4.1. Cooling rate
Formation of amorphous not only depended on a fast cool-
ing rate at the beginning, but also required the cooling rate
reaching a certain degree at the amorphous transition tem-
perature (Tg) [10, 11]. Thus the study on the formation of
amorphous in the bonding zone should build the temper-
ature model of the bonding zone at first and then defined
a Tg.
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YAN and LI [11] had build the temperature model of
the explosive bonding zone and pointed out that the distri-
bution of temperature and cooling rate within the bonding
zone could be expressed as follows:

T (0, t) = Tm

√
tr
t

(t > tr) (1)

∂T

∂t
= −Tm

2

√
trt

− 3
2 (t > tr) (2)

where Tm was the melting point, t was time, and tr was the
time of tension wave back to explosive cladding interface
which defined as follows:

tr = 2H

C0
(3)

where C0 was the velocity of body wave and 2H was the
thickness of plate.

In the present study, parameters of the flyer plate were:
H = 10 mm, Tm= 1941 K, C0 = 4695 m/s. Substituted
these data into equation (1) and (3), and the cooling rate
was:

∂T

∂t
= −2.003t− 3

2 (4)

When the time t was larger than 4.26 µs, the relation
between time and the cooling rate in the bonding zone was
showed in Fig. 7. With the increase of time, the cooling
rate fast declined. At the beginning stage, the cooling
rate reached approximately several 108 K/s, which was
approach to the result (approximately 109 K/s) calculated
by the cooling rule of the titanium plate [12].

In order to calculate the cooling rate at Tg, Tg should
be estimated at first. Tg was a dynamic parameter de-
termined by specific heat, coefficient of viscosity, and
obvious change of specific heat within a narrow tem-
perature interval in which the liquid metal was trans-
formed into amorphous alloy. Because of the high melt
point and strong activity and low possibility of formation
amorphous, Tg of titanium alloy couldn’t be easily deter-
mined. Nishiyama, et al. [13] prepared the titanium–based
amorphous Ti50Cr10Ni20Cu20 by the two-stage quench-
ing. Investigated by the differential scanning calorimetry,
it showed that the cure of heat-release and temperature
changed continuously and peaked at 630 K. That was
to say, the titanium grains were precipitated from amor-
phous parent metal at the temperature closing to 630 K.
Therefore, the Tg was less than 630 K. Generally, Tg of
amorphous metals, such as Ni, Fe91B9, Fe79Si15B11, Ge,
Te and so on, were range from 0.25 to 0.62 Tm [1]. Thus
Tg of titanium should be larger than 485 K (0.25 Tm of
titanium). It was concluded that Tg of titanium was range
from 485 k to 630 k.

Substituted equation (4) into equation (1), the relation
between the cooling rate and temperature could be ob-

Figure 7 The cooling rate versus time curves obtained within the bonding
zone.

Figure 8 The cooling rate versus temperature curves obtained within the
bonding zone.

tained, shown in Fig. 8. It could be seen that the cooling
rates were 3.55 × 106 K/s and 7.80 × 106 K/s at the tem-
perature 485 K and 630 K, respectively. They were larger
than the usual requirement of cooling rate (105 K/s) of
the formation of amorphous. Therefore, this condition
was in favor of the formation of amorphous. In the bond-
ing zone slightly away from the interface, the cooling
rate was not enough to form the amorphous and then the
nanograins were formed. So the coexisting of amorphous
and nanograins was formed within the bonding zone.

4.2. Other factors
Yang [12] pointed out that the carbon atoms in the
bonding zone were in favor of the formation of amor-
phous. Li and Liu [14] proposed that the monocrystalline
gallium arsenide could generate nanocrystalline organi-
zation composed of nanograins and amorphous by the
indentation method for the reason of combined action of
high static pressure and shear stress. The lattices of the
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monocrystalline gallium arsenide were distorted by
the high pressure and shear stress and then formed the
amorphous.

In the present study, the high pressure and high shear
stress within the explosive bonding zone should be con-
sidered.

The flyer plate velocity was about 608 m/s and the im-
pact pressure of explosive cladding corresponding to the
velocity calculated by the impedance matching technique
[15] was approximately 6.4 GPa. Under this high pres-
sure, the grain density increased and the space of atom
movement reduced and the long-range diffusion became
difficult. These were not in favor of the formation of grain.
Although the formation energy of steady-state phase was
lower than the amorphous, the dynamic conditions of the
formation of the steady-state phase were not enough un-
der this pressure. So the super high pressure was favorable
to form amorphous.

What’s more, during the explosive cladding, the flyer
plate collided with the base one at a certain angle and
then the high shear stress generated in the interface. The
crystal lattice was distorted by the high shear stress and
led to local disorder. Added to the short duration of
high temperature, the amorphous and nanograins were
formed at last. It was concluded that the high pressure
and shear stress within the bonding zone were favor-
able factors for the formation of amorphous and nano
grains.

5. Conclusion
1. Nanograins and amorphous were formed in the Ti/Ti
explosive bonding zone. Nanograins with perfect crystal
structure were in coherent with the matrix and the grain
sizes were range from 2 to 50 nm in diameter. Amorphous
coexisted with nanograins were in the state of the long-
range disorder.

2. High cooling rate in explosive bonding zone was
the main reason for the formation of amorphous and
nanograins. The amorphous transition temperature of ti-
tanium was varied from 485 to 630 K. Quantitative
analysis indicated that the cooling rate reached ap-
proximately magnitude of 108 K/s at the beginning of
the explosive cladding and that was range from 3.55
× 106 to 7.8 × 106 K/s at the amorphous transition
temperature.

3. The pressure in the bonding zone was approximately
6.4 GPa during the explosive cladding. Crystal lattice was
distorted by the high pressure as well as high shear stress
and led to local disorder. Therefore they were also the
favorable conditions of the formation of amorphous.
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