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Recrystallized grains, less than 200 nm in diameter were observed in heavily shear zones of a
high strength low alloy steel and a Ni-based alloy, and Also grain refinement, less than 3 um in
diameter was made in high purity aluminum by ECAE at ambient temperatur=. The experimental
results showed that high strain rate and large deformation could induze dyrzmic recrystallization.
Based on dislocation dynamics and grain orientatior: <nange enhanced by plz2stic deformation,
a model for the recrystallization process s developed. The model is used to explain the ultra
fine grains which are formed at a temperature still much ‘cwer than that for the conventional

recrystallization

1. Introduction

Very small recrystallized grains were observed in
the adiabatic shear bands in metals when they were
heavily deformed at high strain rates, which were
zones of highly localized plastic deformation!!~5.
Pak(! found that shear bands in a commercially pure
titanium were consisted of small grains of 50~300 nm
in diameter with well-defined boundaries. Chokshil?!,
Andradel® and Hines!¥ also observed the recrystal-
lized grains with 100~200 nm diameters within the
shear bands of copper. Cho!®} showed that there were
equiaxed cells with the sizes of 200~500 nm in the
shear band of HY-100 steel during dynamic torsional
deformation. Recently, ultra-fine grained metallic ma-
terials were obtained using equal channel angular ex-
trusion (ECAE), in which an intense plastic strain was
imposed upon a polycrystalline sample by pressing the
sample through a special diel®~11, These experiments
mentioned above were usually carried out at ambient
or elevated temperatures, but the temperature was
still much lower than that for the conventional re-
crystallization temperature.

Based on Bailey and Hirsh's nucleation mecha-
nism for recrystallization!?!, Derby!!3~15] developed
a theory of dynamic recrystallization and gave a
general formula for the grain size and deformation
stress. According to the recrystallization kinetics,
Hines and Vecchiol®!, however, concluded that the ob-
served recrystallized small grains formed in the shock-
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prestrained copper could hardly be explained in terms
of the existed recrystallization kinetics. Based on a
“bicrystal” approach, Hines et al!l®l used plasticity
theory to predict the evolution of subgrain misorien-
tation. They recently proposed a model of progressive
subgrain misorientation recrystallization to account
for the shear band microstructures. It is apparent
that the dislocation activity and plastic deformation
enhance subgrain misorientation. There is not as yet
an understanding of the relationship between the plas-
tic strain and the subgrain misorientation angle.

The purpose of this paper is to present our recent
observations on the recrystallized grains in the shear
bands of Monel alloy and a high strength low alloy
steel deformed at high strain rate of order 10% s™1.
The small grains of high purity aluminum heavily de-
formed by ECAE at room temperature are also ob-
served. Consequently, based on subgrain misorienta-
tion, a model of dynamic recrystallization induced by
high strain plastic deformation is here further devel-
oped. It will be revealed that the dislocation mobility
with strain hardening effect during the deformation
plays a key role in the recrystallized grain formation.

2. Experimental

Three materials used in this study are a high
strength low alloy steel, a Monel alloy (Ni-based alloy)
and a high purity Al. Their chemical compositions
are listed in Table 1. The samples of the steel were
quenched from 890°C and then tempered at 600°C for
2 h. An orthogonal cutting test was carried out on a
lathe at high cutting speed. Many shear bands



436 1. Mater. 8ci. Technol , Vol 153 No.5, 1085

Table 1 Chemical compositions of three tested materials

High strength low alloy steel

C:0.30, Cr:1.03, Mo:0.46, Ni:3.0, V:0.13

Monel alloy

Ni:65,1, Cu:29.5, Al:3.00, Ti:0.48, Fe:0.9, Mn:0.67, C:0.15, Si:0.20

High purity aluminum

Al: 99.949

-

b 4100

Fig.1 TEM mcrographs of vecrvstallized grams m the shear band forued i thie high strevgth iov. alioy steel

Fig.2 TEM micrographs of recrystallized grains in the shear band in Monel alloy impacted by Hopkinson bar

were observed in the chip. The plastic shear strain
(¥) , strain rate (4) and shear stress (7) were eval-
uated previously, ie. 4=15.5, 4=3.5x10% s~! and
7=216 MPal'"l. Small recrystallized grains within the
bands were observed by TEM as shown in Fig.1

“Hat-shaped” samples of the Monel alloy were im-
pacted by split Hopkinson pressure bar at ambient
temperature. The experimental procedure was de-
scribed elsewhere!!®/. The intensely deformed bands
with a width of ~20 um were produced during dy-
namic loading. The shear strain, strain rate and
shear stress were 10, 4.3x10° s~! and 350 MPa re-
spectively. TEM micrographs shown in Fig.2 reveal
clearly the microstructural characteristics of the re-
crystallized grains with very sharp grain boundaries
in the center of the bands.

Several billets of high purity Al (10 mmx
10 mmx70 mm) with initial grain size of ~1 mm
were simply sheared using a new technique of ECAE.
The shear strain produced by each passage depends
on the channel angle in the die and a strain formula-

tion was given by Iwahashi et al'%l, In our labora-
tory, a new die with channel angle of 100 degree was
designed, and the shear strain obtained by each pas-
sage was as high as 1.57. After the billet was pressed
through the die for 3 times, the accumulated shear
strain amounts to 4.71. Then, a specimen cut from
the center of the billet was observed by SEM using
electron backscattering channel contrast technique.
Figure 3 shows the microcrystalline structure with a
grain size of 2~3 um, which is quite consistent with
the TEM results reported earlier by Nakashima!®! and
Iwahashil'®, The majority of the grain boundaries
were sharp, although some of them were still thickly
populated by dislocations.

3. Kinetics of Grain Formation and Growth
for Recrystallization

Cho et all®! indicated that a lot of cell structures
were formed during plastic deformation. They showed
that, with increasing strain or strain rate, substantial
dislocations were produced and then joined to the cell
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Fig.3 Micrograph of recrystallized grains in high purity
Al heavily sheared by ECAE technique

walls, making the subgrain boundaries gradually in-
creasing their misorientation with respect to their
neighbors. Adonting this basic idea, the process of dy-
namic recrystaii..ation is postulated and formulated
as follows: During plastic deformation, the complex
dislocation structure resulting from high strain rate
and/or high strain becomes progressively lois uni-
form. There will be relatively disiccation free cells
or subgrains surround< oy dislocation-tich bound-
aries. These suzbgrains ure separated from each other
by peripheries wuh their respective misorientation.
Further deformatiou induces more dislocations join-
ing to the sub-boundaries with the result that a cer-
tain subgrains will become more dislocation free cells
but with increasing misorientation with respect to the
neighbors. In other words, these subgrain boundaries
are becoming movable so that after fulfilling the re-
quirement of a critical size, these cells start to migrate
rapidly and the recrystallization begins. So, it is nec-
essary, first, that either a large strain or a high strain
rate could progressively concentrate a lot of disloca-
tions to the subgrain boundaries to make them be-
coming high angle boundaries. Starting from a simple
energy balance equation, we obtain:

Ay 2_ s dPw
(mrD )= apb'rD6— @ (1)
_ In(8)
= aubf(l — m) (2)

where 7 is the specific subgrain boundary energy(®®,
D is the equivalent diameter of the cell structure (or
subgrain), a is a constant of 0.5~1.0, b is Burgers vec-
tor, & is the cell wall thickness, # is the grain boundary
misorientation, dp,/d?¢ is the dislocation density in-
creasing rate within the cell wall. On the other hand,
dpw /dt depends on the strain rate, that is('®l

ddL: = (g)m(&.) md? (3)

where p,, is the mobile dislocation density. We still
seek the relationship between p, and the strain +.

This has been given by Gilman/?!l,

pm = (py + M‘r)expiﬁgl (4)

where p, is the initial dislocation density, M is a dis-
location multiplication coefficient, H is a hardening
coefficient, 7, is the applied shear stress. During the
incubation period when the subgrains are not suffi-
ciently large enough to grow, the continuous defor-
mation could be able to increase their misorientation
angles. In order to obtain the changing misorientaion
with the increasing strain, we assume that the sub-
grain size D keeps a stable scale below the critical
dimension before growth. So, let D = constant just
before grain growth, substituting Eqs.(2), (3) and (4)
into Eq.(1), the kinetics for subgrain misorientaion
angle (#) can be described by the following equation,

dé 4m(l - v)aD ‘2\1/3
Ay 4w(l —v)x - | - i{E) \3)
H~
(P + M) oxg t-2"—‘ (5)

This is =r =xpression indicating that the subgrain
boundary misorientaion angle is changing with the
strain just before recrystallized grain growth. The
values of M of some metals were given by Gilman(?!|
and H could be obtained by fitting the stress va
strain curvel???_ p  can be evaluated from initial
state of the material and D can be determined by
microstructural observations of a series of deformed
samples. Hines et all'®l gave the stationary subgrain
sizes for Cu, Al, Ni and Cr, which were in a range of
100~400 nm. Figures 4(a) and 4(b) show the vari-
ations of g, and 8 vs the strain % calculated from
Eq.(5) by using the appropriate parameters. It can
be seen that when p., starts to increase rapidly, the
misorientation also show a steep rise until a saturation
value is reached. The variation of the misorientation
with strain for different metals will be discussed be-
low.

4, Discussion

The microstructural evolution in highly deformed
zones of metallic materials may be basically separated
into following three stages. Firstly, at the beginning
of plastic deformation, a great deal of dislocations are
produced, the mobile dislocation density is sharply in-
creased [Figs.4(a) and 4(b)] and the dislocation tan-
gles and cell structures start to form. Secondly, with
continuous deformation, the cell structures are elon-
gated along shear direction, and the dislocation walls
are formed, which results in many small subgrains in
the initial grains. Finally, the subgrain boundaries
will be progressively populated by moving disloca-
tions, so that they finally become high angle movable
boundaries. As soon as the subgrain size reaches a
critical dimension which i8 very small for a heavily
deformed metal, rapid recrystallization immediately
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Fig.4 Subgrain misorientation angle () and mobile dis-
location density (pm) vs shear plastic strain(y)
curves calculated using different work-hardening
coefficient-H (a) and different dislocation multi-
plication coefficient-M (b), taking po=10""m™2
and 7,=200 MPa as an example, thin lines rep-
resent pm, — v, coarse lines represent 8 — v

takes place in the matrix. The relationship of the sub-
grain misorientation angle () with plastic shear strain
can be described by Eq.(5). There are two main pa-
rameters, M and H, which have their different effects
on increasing misorientation respectively. Fig.4(a) in-
dicates that the final subgrain misorientation angle
decreases with the increasing H, which is consistent
with the fact that work hardening will hinder grain
orientation change. Figure 4(b) shows that the fi-
nal subgrain misorientation angle is increased with
increasing M. Therefore, movable subgrain bound-
aries in Al and Cu are easily formed, so that ultra-fine
grain Al and Cu only have been obtained using the
ECAE technique.

5. Conclusion

Small recrystallized grains were observed within
the shear bands of three materials heavily deformed
during dynamic loading. The shear bands of Monel
alloy was initiated by split Hopkinson pressure bar
impact at a shear strain rate of 4.3x10% s~! and
a high strength low alloy steel was cut by the or-

thogonal cutting machine at a shear strain rate of
3.5x10% s~!. The bulk of high purity Al was heavily
deformed by ECAE. The experimental results showed
that the high strain and/or high strain rate deforma-
tion could induce dynamic recrystallization. Based on
dislocation dynamics and subgrain boundarys misori-
entation change enhanced by plastic deformation, a
model for describing the dynamic recrystallization is
developed further. The subgrain boundary misorien-
tation angle can be raised to a much higher value if
the work hardening coeflicient is sufficiently low or the
dislocation multiplication coefficient is large enough.
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