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Abstract The microstructure and microtexture of
adiabatic shear bands (ASBs) on the titanium side of a
titanium/mild steel explosive cladding interface are
investigated by means of optical microscopy (OM),
scanning electron microscopy/electron back-scattered
diffraction (SEM/EBSD) and transmission electron
microscopy (TEM). Highly elongated subgrains and
fine equiaxed grains with low dislocation density are
observed in the ASBs. Recrystallization microtextures
(28°, 54°, 0°), (60°, 90°, 0°) and (28°, 34°, 30°) are
formed within ASBs. The grain boundaries within
ASBs are geometrical necessary boundaries (GNBs)
with high-angles. Based on the relations between
temperature and the engineering shear strain, the
temperature in the ASBs is estimated to be about 776
1142 K (0.4-0.6 Ty,). The rotation dynamic recrystal-
lization (RDR) mechanism is employed to describe the
kinetics of the nano-grains’ formation and the recrys-
tallized process within ASBs. The small grains within
ASBs are formed during the deformation and do not
undergo significant growth by grain boundary migra-
tion after deformation.

Introduction

Adiabatic shear banding is an important thermovisco-
plastic instability mode of materials at high strain rates.
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Due to the properties of low heat conductivity and high
adiabatic shearing sensitivity, adiabatic shear bands
(ASBs) are easily observed in titanium and its alloys.
Meyers et al. [1], Yang et al. [2], and Chichili et al. [3]
investigated the microstructure in ASBs of commercial
pure titanium by means of optical microscopy (OM),
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), and suggested that the
structure was formed by the dynamic recrystallization.
However, Pérez-Prado et al. [4] observed the micro-
structure in ASBs of Ta and Ta—W alloys and proposed
that dynamic recrystallization was not occurring in
ASBs. Ring-like electron diffraction patterns were also
observed in severely deformed fine grains formed by
dynamic recovery [4]. Electron Back-Scattered Dif-
fraction (EBSD) can readily obtain the crystallo-
graphic orientation of grains and characteristics of
grain boundaries. This method combined with TEM is
helpful to elucidate the microstructure in ASBs of
pure titanium and the deformation/recrystallization
mechanism.

The objectives of this paper are to report observa-
tions of the microstructure and microtexture in ASBs
on the titanium side of a titanium/mild steel explosive
cladding interface and to discuss the microstructure
evolution in ASBs.

Experimental

Commercially pure titanium [TA2(«-Ti)] and mild
steel (A3) are used in the present work. The o-Ti/A3
composite plate was formed by the constant stand-
off explosive cladding technique [2]. The impact
velocity is 608 m/s. The pressure corresponding to this
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velocity is approximately 8400 MPa, the strain rate is
5 x 10°-10° s! and the shear strain is about 5. The
deformation time (¢) is simply given by the total strain
divided by the strain rate, that is 5-10 ps. Specimens
for 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. The
chemical attack for TA2 is 4 ml HNO3+6 ml HCI+5 ml
HF+100 ml H,O; the A3 side is not attacked. Investi-
gations of OM were performed with a POLYVAR-
MET microscope. TEM observations were carried out
with a JEOL-2010 transmission electron microscope
operated at 200 kV. The orientation imaging micros-
copy (OIM) was carried out with a Hitachi-S4300 FE
SEM integrated with a computer aided EBSD system
from TSL OIM 2.6 operated at 20 kV. Due to the
spatial resolution of the EBSD technique (~0.2 pm),
orientation data could only be acquired in isolated
locations in ASBs. For convenience, two sections of
¢> = 0°, 30° in the orientation distribution function
(ODF) are used to illustrate texture components.

Results and discussion
Microstructures

Figure 1 shows an optical micrograph of a TA2/A3
explosive cladding interface. ASBs on the TA2 side are
parallel to each other and have an approximately 45°
inclination to the interface plane. No ASBs are ob-
served on the mild steel side because of differences in
physical, mechanical, thermal properties and crystal
structure [2].

Figure 2a shows the transition region between the
ASBs and the matrix. Close to the boundary of the
shear band, highly elongated subgrains, approximately
0.1 pm in width, with thick cell walls are observed.
Dislocation tangling and thick cell wall formation
suggest that dislocations are active and consistent with
high strain levels in the boundary. Figure 2b shows

Fig. 1 Optical micrograph of the titanium/mild steel explosive
cladding interface
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Fig. 2 Transmission electron micrograph of ASB: (a) bright-
field image of the transition region of the shear band and matrix,
and (b) bright-field image of equiaxed fine grains in the core of
shear band and the corresponding diffraction pattern

equiaxed grains in the center of an ASB. The sizes of
equiaxed grains with low dislocation density are about
0.05-0.2 um in diameter. The characteristics of grains
are obviously different from the grains in the boundary
of shear band and the matrix. The ring-like selected
area diffraction (SAD) pattern inserted in Fig. 2b can
be indexed as close-packed hexagonal (HCP) structure
of «-Ti. It indicates that a large number of small grains
with high angle grain boundaries are present in the
center of the ASB and the o-Ti (HCP) — p-Ti (BCC)
transformation does not occur. These features are
similar to those observed in recrystallization.

Microtexture measurement
The EBSD technique was used to measure the local

orientations of grains within the ASBs and in a region
adjacent to them. From the measured orientations, the
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ODFs are calculated and shown in Fig. 3. The ¢4, ¢
and ¢, angles are the conventional Euler angles. The
orientation data are rotated and then the reference
system is taken so that the shear plane normal (SPN)
and the shear direction (SD) are parallel to x- and y-
axes of the figure, shown in Fig. 3a.

Figure 3 illustrates microtextures of grains within an
ASB and in a region adjacent to it. It can be seen that
grains adjacent to the shear band are elongated in the
shear direction. Grains adjacent to and in the core of
the ASB can be chosen by the OIM analysis software
and the ODF can also be obtained as shown in Fig. 3b
and c, respectively. Figure 3c shows that a fiber texture
is formed in the core of shear band and it is similar to
that obtained in the grains adjacent to shear band,
shown in Fig. 3b. The point-to-point misorientations
are plotted versus distance along path A, as shown in
Fig. 3d. It can be seen that misorientation between the
grains in the ASB is much larger than 15°. Liu and

Fig. 3 (a) OIM map showed
grains within and adjacent to
the shear band. (b) ODF of
the grains adjacent to the
shear band. (¢) ODF of the
grains within shear band. (d)
Point to point misorientation
along path in (a)

3.00 u m= 30 steps
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Hansen [5] had classified deformation-induced
boundaries into incidental dislocation boundaries

(IDBs) and geometrical necessary boundaries (GNBs).
The cellblock structures were bounded by GNBs and
the ordinary dislocation cell structures were bounded
by IDBs. The misorientation across GNBs should be
much larger than across IDBs and should rise faster
with increasing strain [5]. In order to accommodate the
imposed shear strain and maintain neighboring grains
compatibility, grains in ASBs continue to subdivide
and the resulting grain boundaries are high-angle
GNB:s.

Besides the fiber texture described the above, the
microtextures of grains in the core of ASBs are peaked
at (28°, 54°, 0°), (60°, 90°, 0°) and (28°, 34°, 30°), shown
in Fig. 3c. These microtextures are obviously different
to those deformation textures in neighboring regions.
Therefore, recrystallization should be occurring in the
ASBs.
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Estimate of temperature within Adiabatic Shear
Bands

At high strain rates ( > 10° s™), the adiabatic temper-
ature rise in ASBs is calculated by the following
equation [2, 6].

&
1,22 [ sae (1)
pec Jo

where T is the temperature within the ASBs, Ty is the
environmental temperature, p is mass density, c is heat
capacity, ¢ is plastic strain and o is stress calculated by a
constitutive equation.

The o-Ti is a highly rate sensitive material. The
constitutive response of it can be described as the
Zerilli-Armstrong equation [7]:

o=o0y+ Be*wo*/jl Iné)T + Bogcne*(%(roq Inég)T (2)

Where oy, B, By, C,, o9, %1, fo and f5; are the param-
eters determined by a regression analysis procedure.
Their values for o-Ti obtained by Xue et al. [7] are
0 MPa, 990 MPa, 1.1 x 10* K™, 7.5 x 10° K", 0.5,
700 MPa, 2.24 x 10 K™! and 9.73 x 107 K, respec-
tively. The data set includes high rate data up to
25 x 10°s™
The heat capacity of o-Ti is given by

C(T) =0.514 +1.357 x 107*T — 3.366 x 10°T 2

3
+2.767 x 108 T*[J/kg K] @)
Substituted Eq. (3) into Eq. (1) and combined with
Eq. (2), the relation between temperature and true
strain is obtained. Culver [8] introduced a simple rela-
tion between true strain and engineering shear strain.

y=V2e% —1-1 (4)

It should be mentioned that this conversion relation
is for simple shear case. The state of stress for the
formation of ASBs under explosive clad loading is
of approximate pure shears. From Egs. (1-4), the
relations between temperature and the engineering
shear strain are plotted in Fig. 4. The shear band
temperature is expressed as a function of engineering
shear strain at different strain rates. In order to
conveniently express the relationship between tem-
perature and shear strain, a polynomial function is used
to fit the curve when the strain rate is 5 x 10° s™'. The
result shows that the following function fits the original
data well, as shown in Fig. 4.
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Fig. 4 Calculations predict temperature rise within shear band in
titanium at different strain rates

T = —4.3985)% + 192.5605y + 293.1518 (5)

In the present works, the strain rate is approximately
5% 10°-10° s! and the deformation time is 5-10 ps.
When the strain rate reaches 5 x 10° s, the tem-
perature within the ASBs is 0.4 Ty, (776 K) at a strain
y = 2.58 (the corresponding time =~ 5 ps), as shown in
Fig. 4. The maximum adiabatic temperature is deter-
mined to be 1142 K when the deformation have ceased
(the corresponding time ~ 10 u s), as shown in Fig. 4.
It can be concluded that the adiabatic temperature in
the ASBs should be 776-1142 K (0.4-0.6 Ty,).

Recrystallization mechanism

The formation of ASBs includes the deformation and
the cooling processing. The above analysis of the
microstructure and microtexture of the ASBs suggest
that the rotational dynamic recrystallization (RDR)
mechanism took effect on the microstructure evolu-
tion.

According to RDR, the process of subgrain bound-
aries rotating to form high angle boundaries is driven
by the minimization of the interfacial energy, and is
described as following equation [6]:

L LKTFO)
40nDyo exp(—Qp/RT)

where { is time, J is grain-boundary thickness, 7 is the
grain boundary energy, D,0 is a constant related to
grain boundary diffusion, L, is the average subgrain
diameter, , is the activation energy for grain
boundary diffusion, 0 is the subgrain misorientation.
Here Qp, = (0.4 — 0.6)Q is chosen and Q is the activa-
tion energy for grain growth, and

(6)
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The parameters for commercially pure titanium
used in Eq. (6) are 0 =6.0x 10" m, y = 1.19 T m™2,
Dy0 = 1.0 x10° m*s™", Q =204 kI mol™', k=138x
102 J K, R=8314J mol™ [9]. According to the
RDR mechanism, the subgrains need to rotate about
30 ° to form recrystallized grains. Therefore, from Eq.
(7), some predictions are obtained. In Fig. 5a, the
temperature is varied from 0.35 to 0.5 Ty, for a sub-
grain size of 100 nm; in Fig. 5b, the subgrain size L, is
varied from 100 nm to 1 pm at 7=0.45 T, (873 K).
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Fig. 5 Angle of rotation of subgrain boundary in titanium as a
function of need time for (a) different temperatures for
L; =100 nm and (b) different subgrain size at 0.45 Ty,

Larger subgrain size and lower temperature result in
more time needed for recrystallization.

Substituting Eq. (5) into Eq. (6), the angle of sub-
grain rotation as a function of time for subgrain size
L; = 100 nm is obtained as shown in Fig. 6. The rota-
tion angle 0 is very small in the region [A — B] since
during the early stage of deformation, dislocations in
the severe deformation zone are accumulated to form
elongated cell structures and those cell structures
break up to form subgrains. The subgrain misorienta-
tion reaches 5° at about 4.5 pus corresponding to
y =225 and T is 700 K. The subgrain rotation
asymptotically approaches 30° within about 2 ps in the
region [C — D]. To RDR mechanism, the subgrains
rotating sharply suggest that dynamic recrystallization
begun. The critical recrystallization temperature is
700 K, which is lower than the conventional recrystal-
lization beginning temperature (0.4 T, 776 K)
because the high dislocation density increases the
driving force for recrystallization. The needed time for
subgrains with diameters of 100 nm rotate to high
angle boundaries ( > 15°) is less than 3 ps, as shown in
Fig. 5b. The total deformation time is 5-10 ps. Thus,
fine equiaxed grains with diameters smaller or equal to
100 nm can be formed during the deformation
processing.

During the cooling stage, the RDR cannot be took
effect due to the absence of mechanical assistance,
and the microstructure evolution must to be a migra-
tional mechanism. Migrational recrystallization
mechanisms are based on diffusion, which is tempera-
ture dependent and is surely occur when the temper-
ature becomes very high. According to migrational
recrystallization mechanisms, the recrystallized grain
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Fig. 6 Angle of subgrain rotation in titanium as a function of
time for subgrain size L; = 100 nm
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size is calculated by the following grain growth equa-
tion [10].

d = kg ﬁ: [exp (- ZRL;(Q))} At/ (8)

where ko, n are material constants, and At is the change
in time. For pure Ti, kg and n are equal to 4.3 and 1,
respectively [10]. During the whole process including
the deformation and the cooling, the calculated grain
size d is about 0.12 nm, which is much smaller than the
observed 50 nm. So, it is concluded that migrational
recrystallization mechanisms are too slow to account
for the observed recrystallized microstructures.

Therefore, the observed recrystallized nano-grains
are formed during the deformation. If the new recrys-
tallized grains are formed by the RDR mechanism,
they have not undergone significant growth by grain
boundary migration.

Conclusion

The microstructures in ASBs in o-Ti are fine equiaxed
grains with low dislocation density, approximately
0.05-0.2 um in diameter in the core, and highly elon-
gated subgrains with thick cell walls in the boundary of
the shear band. Recrystallization microtextures (28°,
54°, 0°), (60°, 90°, 0°) and (28°, 34°, 30°) are formed in
the ASBs. The grain boundaries in ASBs are GNBs
with high-angle. Based on the relations between
temperature and the engineering shear strain, the

@ Springer

temperature within the ASBs is estimated to be about
776-1142 K. The kinetics of formation of the fine
grains is successful calculated by the RDR mechanism.
The small grains within ASBs are formed during the
deformation and do not undergo significant growth by
grain boundary migration after deformation. Within
the deformation time (5-10 ps), the grains can carry
out the following process: Dislocations accumulate to
form elongated cell structures, cell structures break up
to form subgrains, subgrains rotate and finally form
recrystallized grains.
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