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ABSTRACT

Large strain, high-strain-rate experiments conducted on copper, titanium, and tantalum, representative
of the three most important metallic crystalline structures (FCC, HCP, and BCC, respectively)
revealed, in regions of large strain, a microcrystalline structure that is. attributed to dynamic
recrystallization, enabled by the thermal excursion due to the adiabaticity of the deformation process.
These results show that dynamic recrystallization can play a key role in the formation of shear bands,
by propitiating the softening mechanism for localization. Two possible mechanisms (migrational and
rotational recrystallization) are described and their applicability to the very short duration of the
deformation and cooling process (0.02 - 0.2 ms) is discussed.

INTRODUCTION

Adiabatic shear localization, or adiabatic shear band formation, is 2 phenomenon that has a
profound effect on the kinematics of the plastic deformation process. Under special conditions,
especially at high strain rates, plastic deformation tends to localize itself in narrow regions with

characteristic thicknesses varying from 5 to 200 pm. The high strain rate propitiates adiabaticity or
quasi-adiabaticity of the deformation process within these narrow regions. The formation of these
bands was first reported by Tresca [1] in the 19th century, and was correctly described by Zener and
Hollomon [2] in the 1940's, as being due to the thermal softening becoming greater than work
hardening. Shear bands have been identified in a large number of metals and alloys[3-5]. These
regions are often precursors to fracture, and are, therefore, very important.

The formation of these bands has been variously attributed to phase transformations
(“transformed” bands), or other effects. These various interpretations are due to the absence of
obvious metallographic features in many bands. It is only through transmission electron microscopy
that the microstructure within shear bands can be revealed.

EXPERIMENTAL OBSERVATIONS

Some of the earliest observations were made by Grebe et al. [6), and by Meyers and Pak [7]
on shear bands produced in Ti-6Al-4V and commercial purity titanium, respectively. Figure 1 shows
a TEM micrograph of a shear band, observed under an accelerating voltage of 1 MV. The shear band

has a thickness of approximately 10 pm and cuts through the micrograph in a diagonal manner. The
electron diffraction patterns inside and outside of the shear bands are radically different; outside the
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Figure 1 (a) TEM micrograph of shear band in Ti-6Al-4V; (b) Microstructural details within band.
(From Meyers and Pak [7]).
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Figure2 Two experimental techniques applied for large strain, high strain-rate deformation of
metals: (a) hat-shaped specimen; and (b) thick-walled cylinder method.

band, the characteristic pattern for a single crystalline orientation is clear. Inside the band, a ring-like
pattern, produced by many crystallographic orientations, is apparent. Ata higher magnification, the
detailed structure inside of the shear band is revealed (Figure 1(b)). It consists of equiaxed grains,

with apparent diameters of 0.05 - 0.2 um. The dislocation density is relatively low. This led to the
suggestion by Meyers-and Pak [7] that the structure was due to dynamic recrystallization.

The experimental set-up used to generate the shear bands identified in Figure 1 did not produce
controlled strain or strain-rate. Hence, quantitative measurement of critical parameters could not be
established. The techniques presented in Figure 2 result in the formation of shear bands, under
conditions of controlled strain for a known strain rate. The hat-shaped specimen, developed by
Meyer and Manwaring [8], was used on titanium [9), copper [10,11], and AISI 4340 steel [12]
specimens. The principle of operation is simple. The incident bar impacts the specimen (top of the

hat), producing a displacement § with respect to the bottom of the hat. Plastic deformation takes place
in a narrow region between the bottom and top of the hat. The thickness of the spacer ring establishes

the displacement 8, and therefore the shear strain ¥. The engineering shear strain y is defined as the
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Figure 3 TEM micrograph of microcrystalline structure generated within a shear band in copper
(From Andrade et al. [10]).

ratio between the displacement 8, and the thickness w of the shear band. Shear strains of 1 - 4 at
shear strain rates > 10 s°! can be generated. Some materials require higher shear strains to reach the
temperatures at which recrystallization occurs. The thick-walled cylinder method, shown in Figure
2(b) is well suited to producing shear strains as high as 10. This technique was developed by
Nesterenko and Bondar [13). A thick-walled cylinder is collapsed radially by energy provided by the
detonation of an explosive. The collapse velocity of the central hole can be measured and provides
data on the strain rate. The collapse can be arrested at different stages, providing different global
strains. The thick-walled cylinder was applied to tantalum [14].

The microscopic observations made within these areas of intense plastic deformation in copper
and tantalum are shown in Figures 3 and 4. The microstructures for these different crystal structures

are remarkably similar: approximately equiaxed micrograins with diameters between 0.1 and 0.3 pm.
The grains have a relatively low dislocation density, and the dihedral angles at grain boundary triple
points indicate that the boundaries have energies consistent with high-angles. Three such triple points
are marked by arrows. For tantalum, a dark-field micrograph is shown in Figure 4(b), to better
illustrate the morphology of the grains. The microstructures shown in Figures 1, 3, and 4 are clearly
indicative of recrystallization. ‘

RECRYSTALLIZATION MECHANISM(S)

Since the thermo-mechanical history of the shear localization regions is rather complex, one
asks the obvious questions:

a) Do the observed recrystallization features occur during or after plastic deformation?

b) What is the mechanism of recrystallization?

First, calculations will establish for titanium, copper, and tantalum, what plastic strains are
required to produce temperatures at which diffusional processes become important; this temperature 1s

set as 0.4Tp, where Tr, is the melting temperature. This can be readily done assuming adiabatic
conditions for the deformation process and using a constitutive equation that incorporates strain
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Figure4 TEM micrographs of microcrystalline structure generated in tantalum. (a) bright field; (b)
dark field. (From Nesterenko et al. [14]).

hardening. strain-rate hardening, and thermal softening. One possible constitutive equation, useful
due 1o its simplicity, is the Johnson - Cook [15] equation with modified thermal softening component.

o= (0,+ ke‘il +Cln (-ée—)}z';*"” (1)

N

where @, is the flow stress at the reference temperature T;: k and n are strain-hardening parameters; C
and &, are strain-rate hardening parameters; and A is a thermal softening parameter. The temperature

is obtained from the conversion of the deformation energy to internal energy using the parameter B
and integrating:

_[B _ o Ly (BAY € k .
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The temperatures, normalized with respect the melting temperature, are plotted in Figure 5(a)
as a function of plastic strain for titanium, copper, and tantalum. The strains required to reach the

recrystallization range are material dependent. For titanium, the value is reached for € = 1.2; for
copper (shock-hardened) the strain is approximately 1.9; and for tantalum, the required strain is much
higher, approximately 4.4. The strains generated in the hat-shaped specimen are sufficient to create
these favorable thermal regimes for Cu and Ti; for Ta, the thick-walled cylinder method was required.
The strain-rate imparted by both methods is fairly similar, approximately 4 x 104 s1.

The cooling times can be estimated from a computational heat-transfer analysis. The results

are shown in Figure 5(b). Shear-band thicknesses were tzken as 10, 200, and 100 pm for titanium,
copper, and tantalum, respectively. If the recrystallized structure forms after deformation, a
migrational mechanism is required.

It is possible to estimate the size of the recrystallized grains assuming migrational
recrystallization. To a first approximation, it is assumed that the following simple grain growth
equation can be used:
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Figure 5 (a) Normalized temperatures as a function of plastic strain for titanium, copper, and
tantalum. (b) Shear-band cooling curves for titanium, copper, and tantalum.

Ad =k At' "exp (- TKQIF)') d=k, fo [cxp (— -ZR—%—‘Q-)}A[' ‘n (3a,b)

where Ad is the change in the instantaneous grain size d, K, is a rate constant, Q is the activation

energy for grain growth, At is the change in time t, and T is the absolute temperature. The activation
energy for grain boundary migration can be taken as the activation energy for self-diffusion. The pre-
exponential factor k, can be estimated fro experimental results reported in the literature. The exponent
n varies between 2 and 10 depending upon impurity content (e.g. n = 2 for ultra pure metals). The
final grain size is obtained by numerically integrating Equation (3a). This formalism was applied to
the three metals and predicted grain sizes were obtained. The activation energies, pre-exponential
factors, and predicted grain sizes are given in Table 1. It can be seen that the calculated grain sizes
assuming migrational recrystallization during cooling are inconsistent with the observed results. Itis
also instructive to establish the deformation time. The deformation time t;is simply given by the total
strain divided by the strain-rate. These times are, respectively, for titanium, copper, and tantalum: 0.4
x 104 0.25 x 10-*; and 10-4 s. Only a fraction of this deformation time occurs at a temperature
sufficient to induce recrystallization. Hence. the time for recrystallization, t, is given by:

EC
L=t-t=t-= 4)

These time ranges, for the specimens analyzed, are from 0.2 10 0.5 x 104 s. This time is of the same
order as the cooling time. This indicates that a migrational mechanism alone cannot account for the
recrystallized structure.

ENERGY ANALYSIS

Derby [16) classifies dynamic recrystallization mechanisms into rotational and migrational
types. Rotational recrystallization needs concurrent plastic deformation. It is well documented for
geological materials such as quartz [17]). halite [18], marble [19], and sodium nitrate [20]. The
observations in shear bands of copper [10], tantalum [14] and titanium [9] are suggestive of this
mechanism. Figure 6 shows the primary features of the process by which dynamic recrystallization
occurs. As can be seen from this figure, a homogeneous distribution of dislocations rearranges
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Figure 6 Schematic illustration of microstructural evolution during high-strain-rate deformation.
(a) Randomly distributed dislocations; (b) Eloncated dxslocauon cell formation (i.e.

dynamic recovery); (c) Elongated subgrain formanon, (d) Initial break-up of elongated
subgrains; and (e) Recrystalhzed microstructure.

themselves into elongated dislocation cells (i.e. dynamic recovery). As the deformation continues,
these cells become elongated subgrains. Eventually, the elongated subgrains break-up into
approximately equiaxed micrograins.

The strain energies per unit volume for dislocation Configurations 1 and 2 (see Figure 6(a)

and 6(b)) are given by [21]:
2
E -(A]Jb )Pln (7bp1/2) 2 (Aub ) %{ }‘] (5’ 6)

where A is a constant depending upon the character of the dislocation, p is the shear modulus, b is the
magnitude of the Burger's vector, & is a constant which takes in account the core energy of the

dislocation, p is the dislocation density, e is natural exponent, and S and V are the surface area and
volume of the ellipsoid, respectively. The dislocation cell geometry was assumed to be ellipsoidal

with aspect ratio is k. The cell walls are modeled as tilt boundaries. For an ellipsoid with aspect ratio
k, the surface area S and volume V are given by:

2 2
S= 27tf(k)wz V= -4-71}(\\[3 fh) =1+ - k —K  sin- )( k-1 ) )

3 Jii-1 k

where 2W is the cell width.

Equations (5) and (6) give the total energy per unit volume due to the dislocations in
Configurations 1 and 2, respectively. Equating these equations gives the following expressions for
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Figure 7  Critical dislocation density p* and resulting misorientation angle 6" as a function of cell
width 2W.

the critical dislocation density p* and misorientation angle 8* at which Configuration 2 is of lower
energy than Configuration 1 :

_[3effR)Y 1\ -_3feY(fk)Y b
H TR - (8. 92)

It can also be shown that the energy difference between Configurations 1 and 2 is a maximum for k
— +ee, from which f(k)/k = /2. Substitution into Equations (8a) and (9a) gives the following
expressions for the critical dislocation density p* and resulting misorientation angle 8*:

. [3ef 1)} . 3¢*b
) =[‘s‘(w)] 6 =8_n(W) (8b, 9b)

Equations (8b) and (9b) are plotted in Figure 7 as a function of cell width for tantalum (b = 2.333 A
for {112}<111> dislocations). The predicted misorientation angles for the observed cell widths are in
excellent agreement with measured values. It is interesting to note that maximum energy difference

between Configurations-1 and 2 is given for an aspect ratio k = +e=. This is also consistent with
observation that once the dislocation cells initially form, they are very long.

These results are consistent with the TEM observations. A typical cell width varies between
0.1 and 0.3 um, and cell formation occurs at a strain of approximately 1.8, with a temperature rise of
400 K. This corresponds, approximately. to a dislocation density of 10!0 cm-2, in agreement with
predictions.

After the dislocation cells have formed, there must be a net increase in dislocation density as

plastic deformation continues. If this increase in dislocation density is primarily accommodated at cell
walls, then if cells do not dissociate, the misorientation between cells is expected to increase

(consistent with observations). The misorientation angle 6 is given by:
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As observations show, the elongated cells eventually break-up longitudinally. This must be due 1o a
slow down in the cell walls ability to accommodate dislocations. This leads 1o a reorganization of
dislocations into Jow-energy boundaries perpendicular to the cell walls.

SUMMARY AND CONCLUSIONS

Experimental observations show that the temperature rise during plastic deformation can lead
to dynamic recrystallization in Cu (FCC), Ta (BCC), and Ti (HCP) metals. This temperature rise is
accomplished by the adiabaticity of the process ensured by high-strain-rate deformation. The

recrystallized structure is composed of small, equiaxed grains with 0.1 - 0.5 pm diameter. A
rotational mechanism for recrystallization is the most likely process, and is obtained through a
microstructural evolution from dislocation cells, elongated subgrains, break-up of subgrains, and
finally, to a microcrystalline structure. The energetic calculations are in good agreement with these
observations.
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