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Abstract

Single crystals of LiF with {111 orientation have been dynamically recrystallized during steady state of plastic deformation at
673 K. It is shown that localization of single dislocation glide plays an important role in the initiation of continuous dynamic
recrystallization. Bands of elongated subgrains of rectangular shape are formed in areas of localized deformation at small strains.
Upon subsequent deformation uniform multiple slip occurs and leads to the formation of equiaxed subgrains between bands of
elongated subgrains. Further plastic deformation leads to a continuous increase in misorientation of subgrain boundaries and their
eventual conversion into high angle boundaries. The mechanisms of the formation of recrystallized grains with different grain
boundary configurations and the relationship between grain boundary configuration and character of dislocation slip are

discussed. © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The main mechanism of grain boundary formation
during plastic deformation in materials with a high
value of stacking-fault energy (SFE) is gradual con-
version of low angle grain boundaries into high angle
ones [1-8] through a continuous dynamic recrystal-
lization (CDRX) mechanism. This type of structure
evolution has often been observed in minerals (olivine
[2], sodium and potassium chlorides [3,4]) and metals
(pure aluminum [5], aluminum and B-titanium [1,6,7]
alloys and ferritic steels [8]). However, although the
experimental observations of structural evolution in
these works were quite detailed, some important as-
pects of CDRX mechanism are unclear. It is well
known [1], that the existence of a stable subgrain
structure is a main condition for occurrence of
CDRX. The interaction between sliding dislocations
and a stable low-angle boundary can result in growth
of its misorientation and gradual conversion into a

high-angle boundary. It was assumed [1] that the sta-
bility of subgrain and grain structure in multiphase
materials was mainly caused by pinning of boundaries
by second-phase particles. However, this assumption
is unable to explain the fact of CDRX occurrence in
single-phase materials, such as NaCl [3.,4] or pure Al
[5]. From this point of view, it is interesting to con-
sider the microstructural evolution of a pure high
SFE material in detail. LiF is a classical material with
high value of SFE. Plastic deformation of LiF single
crystals was extensively studied in the past. However,
no dynamic recrystallization behavior was reported.

Relationships between deformation mechanisms and
processes of CDRX are poorly known. It has been
shown [3] that a certain character of dislocation glide
effected a certain shape of subgrains. Consequently, it
can be expected, that configuration of recrystallized
grain boundaries formed during further deformation
may be inherited from and, as a result, can be related
to the operating deformation mechanism.

Thus, the main aim of the present study is to re-
port occurrence of CDRX in (111)-oriented LiF sin-
gle crystal. In addition, the role of dislocation slip in
the formation of the steady state subgrain structure
and the mechanism of CDRX will be considered.



2. Materials and experimental technique

Lithium fluoride single crystals (less than 4 ppm
divalent impurities) purchased from LOMO Ltd.
(Sankt-Peterburg, Russia) were used for our investiga-
tions. Crystals to be deformed under applied stress
parallel to (111 (Fig. 1a and b) were cut out from
cubes of {100%-oriented crystals using a wire saw.
Samples for tests had the shape of a rectangular paral-
lelepiped being normally 8 mm long and 5 mm thick.
The side faces of these samples coincided with {121}
and {101} planes of the LiF single crystal. The orienta-
tion of axes and faces was tested by X-ray technique.
The maximal inaccuracy was 0.5°, The samples were
annealed at 873 K for 4-5 h and cooled in the furnace.
Finally, the samples were chemically polished.

For microstructural examinations, the compression
tests were conducted by use an universal testing ma-
chine ‘Schenck RMS-1000M’ at an initial strain rate of
i=42x 1077 s7' at a temperature of 673 K. The
tests were ended by unloading the samples, which were
cooled in air.

The true stress ¢ was determined as a force per
current average cross section calculated by assuming
constancy of volume and neglecting any barreling that
may have occurred. The true compressive strain, ¢, was
calculated as
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Fig. 1. (a) Sketch of initial specimen. The arrangement of main
crystallographic directions and slip planes in specimen is indicated.
(b) Positions of the compression axis (N) and main crystallographic
directions in the (111) stereographic standard projection of the cubic
symmetry crystal. (c) Sketch of specimen deformed up to e=0.7.
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where /# and A, are the current and the initial height of
the sample, respectively. The values of strain hardening
rate ® were estimated as [9]:
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For microstructural examination, the samples were
cut by a wire saw, chemically polished and etched in
30% aqueous solution of fluoboric acid. For purpose of
quantitative certification of structure elements revealed
by etching a specimen strained up to ¢= 0.36 was cut,
etched and subjected by repetitive deformation with a
true strain of about 0.1. The surface dislocation fea-
tures were analyzed in conjunction with etched struc-
ture. Intersection angles of dislocation features in
neighbor grains were used to evaluate misorientation of
deformation induced boundaries. The surface relief and
the microstructure were studied with the scanning elec-
tron microscope JSM-840 and the optical microscopes
‘Metaval’ and ‘Neophot-32’. The X-ray structural anal-
ysis was performed by a photo method with a CROS
camera using the X-ray device URS-2.0.

Creep tests were carried out to estimate values of the
apparent activation energy for deformation (Q,) and
the stress exponent (n). A number of crystals were
tested at a constant temperature (about 673 K) and
several different stresses or alternatively deformed un-
der constant stress, o,, while the temperature was step-
wise increased in a narrow range from 673 to 703 K. To
ensure that constant stress, ¢, Wwas maintained
throughout the test, additional predetermined load in-
crements were added at engineering strain intervals (.03
to compensate for the increase in cross-section with
compressive strain. Initially, these increments were cal-
culated by assuming constancy of volume. The defor-
mation behavior of the material was analyzed only in
the steady state of plastic deformation. In this case,
there is no difference between deformation at constant
¢ and at constant g, [3].

The shear modulus was taken from [10] as:

0.8(T — 300 K
_¥} GPa

m

G= 45.8[1 3)

where T,, = 1140 K is the melting point of LiF.

3. Results
3.1. Mechanical testing

A true stress-strain curve of the LiF single crystal for
T=673 K and é=4.2x 1073 s~ ! is shown in Fig. 2.
Four stages of plastic deformation can be denoted.
These stages are distinguished by the strain-hardening
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Fig. 2. Stress—strain curve of LiF at T=673 K, §=42x 10" % s~!
and strain hardening rate ® in different strain ranges.
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Fig. 3. Strain rate versus normalized stress for {111} oriented LiF
single crystals in ‘incremental’ strain rate test.
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Fig. 4. Strain rate versus strain for {(111) oriented LiF single crystals
in ‘incremental’ temperature test.

rate, ®. The first stage is very short. There is an
extensive material hardening in stage II with @ =33.6
MPa. The minimal strain hardening rate of 0.6 MPa is
observed in stage I11. This stage is attained at ¢=0.12.
An apparent hardening, which can be caused by influ-
ence of friction, with ® =29 MPa is observed at ¢>

0.7. Therefore, the third stage is in fact the steady state
of deformation. The shape of o—¢ curve presented in
Fig. 2 is essentially similar to that of LiF single crystals
strained along the (100> axis at similar temperature
and strain rate [9,11]. However, in comparison with
{100 oriented LiF single crystals, the {111} oriented
crystal exhibits higher flow stress, stage I is shorter, and
stage III is more extended. Notably, the steady state
stress (55 MPa, 4 x 10~3 s~ 1) fits with high accuracy to
the linear dependence of steady state strain rate, log &,
against steady state stress, log ¢, on a double logarith-
mic scale obtained by Biberger and Blum [12] for {100}
oriented pure LiF single crystals at 7=673 K.

The typical specimen compressed up to true strain of
about 0.7 is presented in Fig. 1¢. It is seen that there
exists no remarkable barreling, that may be expected in
compression at high strain. A slight bending of two
opposite sides of parallelepiped-specimen takes place
(Fig. 1¢). This bending exhibits a complex shape, which
can be interpreted as a result of glide of screw and edge
dislocations. Thus, the plastic deformation of {111}
LiF single crystals is not uniform at the macroscopic
level.

The results of ‘incremental’ temperature and stress
creep tests are presented in Fig. 3 and Fig. 4. It is seen
from Fig. 3 that the deformation behavior of {111}
oriented LiF single crystals at 673 K obeys by the
power law [3,12,13]:
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where 4 is a constant, G is the Shear modulus, R is the
universal gas constant per mole, T is the temperature, n
is the stress exponent being equal to 6.8.

The average value of Q. (=~ R In(¢,/&)/(1/T,—1/T}))
[3,13]) calculated for each temperature jump was about
72 kJ mol—"' (Fig. 4). This value of Q, is in good
agreement with the data obtained for {100)-oriented
LiF crystals strained at similar temperature-strain rate
conditions [11]. It supports the assumption of invari-
ance of apparent activation energy with crystal orienta-
tion [13]. The experimental value of stress exponent
(n=6.8) found in the present study is considerably
higher than that reported in [11] for {100) oriented LiF
single crystals (n=3.9). At the same time it is in
agreement with the results (# = 6.6) obtained both in
[14] for polycrystalline LiF and in [12,15] for <100
oriented pure LiF single crystals.

3.2. Surface observations

The metallographic surface features were found to be
dependent on strain. At the end of stage I (‘easy-glide’
region of plastic flow in the fcc metals [16]) two operat-
ing cubic {100} {110} slip systems were observed (Fig.
5a). One of them is dominant. The long straight lines of












Table 1
Values of S, for various slip planes and orientations of compres-
sion axes (in brackets, number of equivalent slip systems) [22]

Slip plane Orientation of axis of compression

[001] [111] [110]
{110} 0.50 (4) 0.00 (0) 0.25 (4)
{100} 0.00 (0) 0.46 (3) 0.35 (4
{111} 0.20 (8) 0.27 (6) 0.20 (4)

lographic orientation [17]. Therefore, as initial orienta-
tion strongly effects dislocation glide in LiF single
crystals, the recrystallization behavior of {111»-ori-
ented LiF single crystals can be associated with features
of dislocation slip. Thus DRX in these LiF single
crystals are affected by the operating deformation
mechanism as in metallic materials [21].

4.1. Analysis of deformation behavior

Careful inspection of the deformation behavior of
(111> oriented LiF single crystal has shown that the
value of the apparent activation energy for plastic
deformation was in good agreement with the value of
activation energy for cation vacancy migration in LiF
(Qr,+ = 063-69 kJ mol — ' [13]). The value of Q, =72 kJ
mol ~! can be interpreted in terms of high temperature
dislocation climb, as a controlling process for plastic
deformation [3,13]. However, a value of Q, (72 kJ
mol ~1) is considerably less than activation energy for
migration of slower-moving anions (Q._ =214 k]
mol ~! [10]). This is not typical for high temperature
creep of ionic crystals [3,10]. In addition, the stress
exponent, 7 ~ 7 is not in consistent with high tempera-
ture climb. It is seen that deformation behavior of
(111> oriented LiF single crystal is very complicated
and there is an unambiguity in its interpretation. It is
possible to presume that the temperature of 673 K
(=~ 0.6 T, where T, is the melting point) at strain rate
4.2 %1073 s~ ! lies in the range of warm deformation
for the single crystal as for metallic materials [10]. i.e.
the low temperature dislocation climb can take place.
This type of dislocation climb is controlled by vacancy
diffusion along dislocation cores and may cause dislo-
cation rearrangement at small distances. In addition, it
can be concluded from surface observations that cross-
slip plays an important role in dislocation rearrange-
ments. The results obtained indicate that the dynamic
recovery occurring at temperature of 673 K is not so
extensive to reduce significantly the dislocation density
stored during deformation. Therefore, the steady state
flow stress could be associated with occurrence of
CDRX.

4.2, Slip systems

Two different types of recrystallized structure distin-
guished by the configuration of grain boundaries and
formed at the steady state can be attributed to two
types of dislocation glide operating in (111> oriented
LiF single crystals. It is known [16,22], that no {110}
(110> slip systems can operate in a <{111)-oriented
single crystal of cubic symmetry due to the fact that
their Schmid factor, S, is equal to zero (Table 1). For
this single crystal orientation, three cube planes {100}
are most favorable for slip (Table 1 Fig. 1b). However,
it was found for materials having the sodium chloride
structure that a {110} (110> system can be operative at
an insignificant (less than 3-5°) deviation of the of
crystal axis from the given (111> orientation [22]. This
is caused by the fact that there is a large difference
between values of the critical shear stresses (z,) for
dislocation slip on {100} and {110} planes. The ratios
1/1, for primary {100} (110> and secondary {110}
(110> slip systems, where 7 is the shear stress in a slip
plane, become comparable even at S g, < 0.25 ) for
NaCl [22] and at S0y < 0.1y for LiF [9].

Therefore, in the {111)-oriented LiF single crystals
the operation of the {100} {(110>-systems is dominant
only at small strains. The dominant slip is localized at
mesoscopic level in the form of slip line bands. Devel-
opment of localized deformation leads to the formation
of dislocation pile-ups and a strong bending of the
crystal lattice (Fig. §). The gradual Ilattice rotation
facilitates the operation of the {110} (110> slip sys-
tems, and, as a result, non-cubic slip of dislocations
with Burgers vector b, (Fig. §) and cross-slip become
operative. This results in the interaction between dislo-
cations belonging to various slip systems and the strong
strain hardening at the second stage of plastic deforma-
tion [22].

4.3. CDRX

Onset of CDRX results in the establishment of
steady state of plastic flow at which a dynamic equi-
librium between hardening by dislocation storage and
softening by recrystallization takes place. As it was
mentioned above, an extensive collision of deformation
induced low angle boundaries of opposite sign leads to
their complete dissolution in (100> LiF single crystals
[18] in which the steady state is associated with mutual
dislocation annihilation. This process does not occur in
(111> LiF single crystals, in which the localization of
dislocation slip in one cubic plane results in the forma-
tion of highly stable low angle boundaries. In the
regions of localized deformation, the forming pile-ups
of lattice dislocations belonging to {100} (110> system
play a role of barriers for mobile dislocations of other
systems (Fig. §). As a result, an extensive accumulation






with short-range stress fields originated from other
deformation induced low angle boundaries. This inter-
action provides high stability of transverse sub-
boundaries and low angle boundaries formed in the
areas of uniform deformation. It prevents collision of
migrating subboundaries [1§] and, as a result, no re-
markable coarsening of subgrain structure [25] takes
place.

Mobile lattice dislocations intrude into low angle
boundaries during subsequent deformation (Fig. 9b).
This process results in an increase of dislocation density
of subboundaries, and low angle boundaries eventually
convert to high angle boundaries. The longitudinal
subboundaries containing enhanced dislocation density
primarily transform into true high angle boundaries. At
further deformation, a gradual increase in the misorien-
tation of the transverse boundaries and the low angle
boundaries formed in the areas of uniform deformation
leads to their transformation into high angle
boundaries too. As a result, the first recrystallized
grains form at the sites of former bands of elongated
subgrains and inherit their shape (Fig. 9¢). In areas of
uniform deformation, the equiaxed subgrains gradually
evolve into recrystallized grains with strain and the
formation of recrystallized grains are detected here at
higher strain. Subsequent grain boundary migration
provides the formation of an equilibrium network of
high-angle boundaries in the site of prior band struc-
ture. The new grains formed have the equilibrium shape
with angles in triple junctions of about 120°. Despite
this fact, no remarkable growth of crystallites takes
place.

5. Conclusion

Three stages of plastic deformation distinguished by
strain-hardening rate are revealed at the true stress—
strain curve of the {111 oriented LiF single crystal for
T=673 K and é=4.2x 1073 s~ At stages I and II,
the localization of {100} (110> dominant single slip
takes place at the mesoscopic level in the form of slip
line bands. At further deformation, the lattice rotation
initiates {110} <110 slip system operation. As a result,
uniform multiple slip is operative in stage II1.

The stress dependence of the steady-state strain rate
for the {111>-oriented LiF single crystal at a tempera-
ture of 673 K can be described by the power law
equation with a value of the stress exponent #=6.8§.
The activation energy for plastic deformation at a
strain rate of 4.2 x 10 =3 s~ ! was found to be equal to
72 kJ mol — 1.

Continuous dynamic recrystallization occurs in the
{111>-oriented LiF single crystal in steady state at a

temperature of 673 K and strain rate of 4.2 x 107 3s 1,
A fully recrystallized structure forms after true strain of
0.7.

Localization of dislocation slip plays an important
role in CDRX occurrence. Two different structural
components form in material during deformation. In
the site of localized deformation, the elongated
(sub)grains form and in the site of uniform deforma-
tion, the equiaxed (sub)grains form. Plastic deformation
results in gradual conversion of subgrains into recrys-
tallized grains.
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