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Abstract: The microstructure evolution mechanism in adiabatic shear band in commercial pure titanium (TA2) at high

strain rates( ¥~ 10° = 10/ s) were studied. The nanosized recrystallized grains (about 50 nm in diameter) within the cen-

ter of adiabatic shear band (ASB) were observed by means of transmission electronic microscope (TEM). A Rotational

Dynamic Recrystallization (RDR) mechanism can explain the microstructure evolution (i. e. nanosized grains were formed

within 5710 Hs) in ASB. Kinetics calculations indicate that the recrystallized small grains are formed during the deforma-

tion and don t undergo significant growth by grain boundary migration after deformation.
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1 INTRODUCTION

During the past decade, the microstructure char-
acteristic of adiabatic shear band( ASB) was investr
gated by means of scan electronic microscopy(SEM) ,
transmission electronic microscopy (TEM) and elec
tron backscatter diffraction( EBSD). Typically, the
center area of ASB is composed of equiaxed grains
with a size of 50 ~ 300 nm in diameter. Many re
searchers consider it due to dynamic recrystallization
(DRX)!"™® . Based on quantitative analysis, Andrade
et al”! concluded that the classical recrystallization
mechanisms were far too slow to account for the ob-
served under high-strain, high-strain-rate conditions.
He proposed a possibility that a new DRX mechanism
exists. However, the new mechanism is not clear.
Hines et al'” proposed a model called Progressive
Subgrain M isorientation ( PriSM ).
all ' found that this model is very suitable to explain

PerezPrado et

the microstructure evolution in the ASBs in Ta and
TaW alloys. Recently, Meyers et al'® studied the
ASB in AISI 304L stainless steel quantitatively by us-
ing a model called Rotational Dynamic Recrystalliza-
tion( RDR) mechanism. The result of kinetic calcula
tion showed that the grain with diameter smaller than
or equal to 200 nm can be formed at T/T,= 0.5
within the deformation time. Nevertheless, they in-
dicated that one can not exclude the possibility that
the microstructural evolution continues during the
cooling stage, after deformation has seized. Since the
thermo-mechanical history of the shear localization re-
gions is rather complex, one asks the obvious ques
tions:

1) Do the observed recrystallization features oc-
cur during or after plastic deformation?

2) What is the mechanism of recrystallization?

In this paper, we address these questions for the
ASBs in an explosive cladding TA2 through kinetics
calculations and comparisons for existing several re-
crystallization mechanisms.

2 EXPERIMENTAL

The materials used in the present work were
commercial purity titanium (TA2) and mild steel
(A3). The TA2/ A3 composite was achieved by con-
stant stand-off explosive cladding technique. The im-
pact velocity was equal to 608 m/s. The pressure cor
responding to the velocity was approximately 8. 4
GPa, the strain rate was 5 X 10° ~ 10%/ s and the max-
imum strain was about 5!*'. The deformation time ¢
is simply given by the total strain divided by the
strain rate, that is 5~ 10 Hs. Specimens for TEM
analysis were cut from the central portion of the
sheets in a plane parallel to the jetting direction and
normal to the plane of the clad interface. Investiga-
tions of the microstructure in ASBs were performed

with a JEOL 2010 analytical TEM (operated at 200
kV).

3 RESULTS AND DISCUSSION

3.1 Microstructure characteristic

Our previous analyses'? showed that many ASBs
developed from the interface and disappeared in TA2
matrix but no ASB was observed on the A3 side. The
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The shear bands have
an angle of 45° across the interface direction. And the
measured shear-band widths vary between 4 and 8
Hm.

Fig. 1(a) shows the recrystallized small grains
within the center of ASB. The average grain size is

reason was given in Ref. [ 2].

about 50 nm in diameter. It is 27~ 3 orders of magni
tude smaller than the matrix grain size (about 30 Hm
in diameter). Fig. 1(b) shows the elongated cell
structures in the transition region between ASB and
the matrix. The width of these cell structures is 50 ~
100 nm, which is a similar size of the recrystallized
grains in the center of ASB. These features are simi
lar to the ones observed in pure Cul»*, Ta and its al-
loys! > ' Monel alloy'®, 8089 AFLi alloy!”', AISI
304L stainless steel!®! and Tr6AF4VI'

Fig.1 TEM image showing microstructure of ASB

(a) —Recrystallized small grains within ASB;
(b) —Elongated cell structures of transition zone

3.2 Estimate temperature rise in ASB

At high strain rates (> 10°/s), the deformation
process is extremely short and can be considered as an
adiabatic process. The following equation is used to

calculate the adiabatic temperature rise in AS-
Bl 2:3.5781,

T- To= £I0d8 (1)

where Ty is the environmental temperature, B is
the fraction of plastic work converted to heat, com-
monly B= 0.9, Pis mass density, c is heat capacity,
€is plastic strain and O is stress which can be calcu-

lated by constitutive equation.

Zerillr Armstrong pointed out that HCP metals
have a mechanical response falling somewhere be-
tween BCC and FCC metals. They use the following
equation (Z-A equation) to describe the constitutive
response of HCP metals:

0= Ao+ Bexp[— (B- Bilng) T]+
Bo&rexp[ - (- aln€) T'] (2)

Ao, B, By, C,, qap, a, B() and Bl are ex-
perimentally determined parameters. Their values are
0, 990 MPa, 1. 1x 10" *K~',7.5x 107> K™ ', 0.5,
700 MPa,2.24x 10" K™ ' and 9. 73x 10" K™ ! for
TA2'M | respectively.

The heat capacity of TA2is: C(T) = 514 + 0.
135 7% 107 3T - 3.366 x 10°/ T*(Jokg™ =K~ 1)1,
Substituting it into Eqn. (1) and combining it with
Eqgn. (2), the relationship between temperature and
effective strain will be obtained. The simple relation

where

between true strain and engineering shear strain

st vy= J2exp(2€)— 1 - 1. The relations be

tween temperature and the converted engineering
shear strain are plotted in Fig. 2. At strain rates equal
to 5% 10°/s, the temperature in ASBs will reach 0.
4T (776 K) when the strain Y= 2. 58 ( the corre-
sponding time =5 Hs). The maximum adiabatic tem-
perature is determined to be 1 142 K when the defor
mation has seized. The shear band temperature as a
function of engineering shear strain at different strain
rates is also given in Fig. 2. Lower strain rate results
in lower temperature and smaller temperature rising

rate.
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Fig. 2 Calculations predicting temperature rise
within ASB in TA2 at different strain rates

In order to conveniently express the relationship
between temperature and shear strain, a polynomial
function is used to fit the curve when the strain rate is
5x10°/s. The results show that the following func
tion fits the original data well (Fig. 2):

T= - 4.398 5v*+ 192. 560 5 v+ 293.151 8

(3)
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3.3 Recrystallization mechanism
3.3.1 Recrystallization model comparisons

There are two classic static recrystallization
mechanisms: high angle boundary migration mecha
nism and subgrain coalescence mechanism. The ki
netic equation for high angle boundary migration
mechanism is

t(T)=

where

SLET (4)
6b> V08D gexp(— Q/RT)

S is the recrystallized grain size, L is the av-

erage subgrain diameter, k is Boltzman s constant, T
is temperature in Kelvin, b is the Burger s vector, H
is the shear modulus, 0 is the subgrain boundary mis-

6 is the width of

grain boundary, Dy is a constant related to grain

orientation angle, often 0= 5°,

boundary diffusion, ( is the activation energy, and
R is the gas constant.

The kinetic equation for subgrain coalescence
mechanism is

6Eob*Doexp(- Q% RT)
0. is the angle at which the boundary will

LG [_dﬁ_
8](T) = ~

where
have the maximum energy ( =20~ 25°), QP is the
activation energy for pipe diffusion, it is equal to (O.
4-0.6) Q" Eqis the energy of a dislocation given
by Eo= Ub/47(1- U and Vis Poisson s ratio.

According to Eqns. (4) and (5), we can calcu-
late the needed time for recrystallization at some cer-
tain temperatures for high angle boundary migration
mechanism and subgrain coalescence mechanism, re-
spectively. Note that the integral in Eqn. (5) is not
constringent, changing the integral upper limit O to
10 ~ 300, the integral result will be 6. 0619. The rel
evant constants used in calculations are listed in T able
1. Numerical method is used to write Matlab pro-
gram. The kinetic curves are shown in Fig. 3.

Table 1 Relevant parameters of pure
titanium (TA2)'"

IV .
5/100""m W GPa _<3) 810 m Dy
m
3.0 45.6 1.19 6.0 1.0x 1073
Q/(kJe K/(J R/ (] O/ (kGe S/N
mol™ ) K- h mol™ ) m~3) o
204 1.38x10" % 8.314 4.51x10° 50

It is shown that the high angle boundary migra-
tion mechanism and subgrain coalescence mechanism
are too slow to satisfy the deformation and cooling
time, they are at least 3 =4 orders of magnitude slow-
er than the cooling curve.

3.3.2 Dynamic recrystallization
Derby! ' classifies the dynamic recrystallization

mechanisms into rotational and  migrational types.

Subgrain coalesence ‘
* mechanism

_.Rotational DRX

mechanism
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Fig. 3 Comparisons of mechanism kinetics for
high angle boundary migration model and

subgrain coalescence model and RDR model
('The cooling curve data was from Ref. [ 13])

Meyers et al® '

quantitatively analysed =~ RDR
mechanism model by using dislocation kinetics and
energy lowest principle. The process of subgrain
boundaries rotate to form high angle boundaries by
the driving force of grain boundary energy and the

mechanical press is described as the following equa

tion'® I
L, kTf(0)
'= 45D exp(~ Q1 RT) (6)
where Dyo is a constant related to grain boundary

diffusion, Tl is the grain boundary energy, L is the
average subgrain diameter, and ()}, is the activation
energy for grain boundary diffusion, here we choose
Qb= (0.470.6) QM Qs the subgrain misorienta
tion, and

f(e): 3tan( Q) — 2cos( 9\+ _2__ 4;.5

6sin(®) T3 9 M, [
4J§1 tan( /2y - 2— [3 N

n
9 tan( 0/2) — 2+ /3
From Eqn. (6), the needed time for recrystal-

lization at some certain temperatures for RDR mecha-
nism can be calculated. According to RDR mecha-
nism, the subgrains need to rotate about 30°to form
recrystallized grains'®'*'. However, f(0) is a post-
tive infinity when 0= 30°. Choosing 0= (30—
10" '%° and L= 100 nm, the kinetic curve for RDR
mechanism will be obtained as shown in Fig.3. At
the same temperature, the needed time for recrystal-
lization for RDR mechanism is at least 4 orders of
magnitude shorter than that of high angle boundary
migration mechanism and subgrain coalescence mech-
anism. The kinetic curve intersects with the cooling
curve.

The predictions of Eqn. (6) for the subgrain
misorientation evolution during the deformation in
ASB in TA2 are shown in Fig. 4. In Fig. 4(a), the

temperature varies from 0.357 , to 0. 5T, for a sub-
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Fig. 4 Angle of rotation of subgrain boundary in
TA2 as a function of needed time for (a) different
temperatures for L 1= 100 nm and (b) different
subgrain size at 0.45T ,,

grain size of 100 nm; in Fig. 4(b), the subgrain size
L varies from 100 nm to 1 Pm at T = 0.45T ,( 873
K). The rate of rotation decreases with increasing
strain. The subgrain misorientation finally asymptoti
cally approaches 30°. Larger subgrain size and lower
temperature result in more needed time for recrystal-
lization.

It is noted that in Fig. 3 and Fig. 4, we take
temperature as a fixed value, which in fact is increas-
ing continuously during the deformation (Fig.?2).
Substituting Eqn. (3) into Eqn. (6), the variable T
will be eliminated. The angle of subgrain rotation as a
function of time for subgrain size L= 100 nm will be
obtained as shown in Fig. 5. It can be found that in
the frontal about 4 Hs, 0 is very small. This is be
cause in the early stage of deformation, the mr
crostructure evolutions in severe plastic deformation
zone are dislocations accumulated to form elongated
cell structures and cell structures break up to form
subgrains. At about 4.5 Hs(the corresponding Y= 2.
25, T= 700 K), the subgrain misorientation reached
5°and began to rotate asymptotically, approaching 30°
within about 2 Hs. To RDR mechanism, the sub-
grains rotating sharply means that DRX begins. The

critical recrystallization temperature is 700 K and it is
lower than the conventional recrystallization begin-
ning temperature (0. 47, 776 K). This is because
the high dislocation density increases the driving force
for recrystallization.

The needed time for subgrains ( 100 nm in diam-
eter) rotating to high angle boundaries (> 15°) is less
than 3 Hs(Fig. 5). The deformation time is 10 Hs.
So, RDR mechanism is very consistent with experi
ment in time. One can conclude that, according to
RDR mechanism, grain with diameters smaller than
or equal to 100 nm can be formed within the deforma-
tion time.

Engineering shear strain
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Fig. 5 Angle of subgrain rotation in TA2 as a
function of time for subgrain size L= 100 nm

As we know, migrational recrystallization mech-
anisms are all based on diffusion which is temperature
dependent and will surely occur when the temperature
is very high. For migrational recrystallization mecha-
nisms, the following grain growth equation can be

used to calculate the recrystallized grain sizel "

N

d = ko ]

=0

exp(- 2_1”1%) aYt (8

where koand n are constants related to material, (

is activation energy for grain growth, and Az is the
change in time. For pure Ti, ko= 4.3, n= I
over the entire time, the calculated grain size d is
about 0. 12 nm, which is much smaller than the ob-
served 50 nm. So, we have reason to conclude that
migrational recrystallization mechanisms are too slow
to account for the recrystallized
microstructures. The influence of migrational recrys-

observed

tallization mechanisms is minor. During the cooling
stage, the microstructure evolution must be a migra-
tional mechanism, because of the absence of mechant
cal assistance. Therefore, the observed recrystallized
nano-grains were formed during the deformation.
The observation by TEM shows that the recrys
tallized small grains in the center area of ASB have



* 674 -

Trans. Nonferrous Met. Soc. China

Aug. 2004

the similar size as that near subgrains (Fig. 1). This
is very consistent with RDR mechanism. If the new
recrystallized grains are formed by RDR mechanism,
they have not undergone significant growth by grain
boundary migration.

4 CONCLUSIONS

1) Adiabatic shear bands ( ASBs) are found on
the pure titanium side in the TA2/A3 explosive
cladding interface. The observation by TEM show
that the center area of ASB is composed of recrystal-
lized grains with a diameter of 50 nm, the feature of
the transition region between ASB and the matrix is
elongated cell structures.

2) Based on Zerillr Armstrong constitutive equa
tion, the temperature within ASB in TA2 increases
with increasing strain, and the maximum temperature
reaches 1 142 K when the deformation is seized.

3) The quantitative calculations for the kinetics
of recrystallization of TA2 show that:

(a) The microstructure evolution within ASBs
can be well explained by rotational dynamic recrystal-
lization mechanism. Within the deformation time (5
~ 10 Us), the grains can carry out the following pro-
cess: dislocations accumulate to form elongated cell
structures, cell structures break up to form sub-
grains, subgrains rotate and finally form recrystallized
grains with a diameter smaller than or equal to 100
nm.

(b) The migrational recrystallization mecha
nisms such as high angle boundary migration mecha-
nism and subgrain coalescence mechanism are too slow
to account for the observed fact( the calculated grain
size is 2~ 3 orders of magnitude smaller than that ob-
served). Their influence in the whole stage is minor.
One has reason to conclude that the observed recrys
tallized nanosized grains are formed during the defor-
mation.

[ 14]
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