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The microstructural evolution and a character of dislocation
glide have been examined in <100> oriented LiF single crystals
at 673 K by means of optical microscopy and X-ray analysis. It
has been shown that the continuous dynamic recrystallization
(CDRX) results in the formation of recrystallized grains.
Localization of dislocation glide plays an important role
in CDRX providing the formation of separate band-like
subgrains after small strain. Longitudinal boundaries of such
bands exhibit low migrating ability that prevents collision
and following mutual annihilation of subboundaries of
opposite signs. As a result, highly stable arrays of low-angle
boundaries are formed. Further plastic deformation, leading
to continuous increase in misorientation of subboundaries
and their eventual conversion into high angle ones, results in
the formation of recrystallized grains.

Keywords: LiF single crystal, localization of plastic deformation,
fine-grained structure.

1. Introduction

The main mechanism of grain boundary formation during
plastic deformation in materials with high stacking-
fault energy (SFE) is continuous conversion of low angle
boundaries into high angle ones [1,2] through CDRX.
This type of structure evolution has often been observed
in minerals [3] and metals [4-6]. However, although the
experimental observations of structural evolution in these
works were quite detailed, some important aspects of
CDRX remain unclear. It is known [1], that the existence
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MetofamMy ONTUYECKON MUKPOCKOIMM ¥ PEHTT€HOCTPYK-
TYPHOTO aHa/lM3a MCCIERYIOTCA SBOMIOLUA MUKPOCTPYKTY-
PbI ¥ XapaKTep AMCIOKALMOHHOIO CKO/IbXKEHMS IIPY TeMIle-
patype 673 K B monokpucramnax LiF, opueHTHpoBaHHBIX
BHonb HanpapieHusa <100>. IlokasaHo, 4TO HempepbIBHaA
prHamudeckas pexpucranmmsauys (HIIP) Bexer x dopmu-
POBAaHMIO PEeKPUCTA/UIN30BAHHBIX 3epeH. Jlokanusauusa nu-
CIIOKAIIIOHHOTO CKOJIbXXEHN:A UTpaeT BakHylo ponb B HIIP,
obecne4nBas pasBUTHE IIOJIOCOBBIX CYOCTPYKTYP IIPYU OTHO-
CUTENIbHO HeOObIINX CTeneHsx fedopmannn. IIpogonbHbre
TPaHUIBl TaKMX IHOJIOC JEMOHCTPUPYIOT HU3KYIO CIIOCO6-
HOCTb K MUTPAljuy BO BpeMs edopMaliuu, 4TO MPersiTCT-
ByeT C/IMAHMUIO U IIOC/IeAYIolell aHHUTWIALUY CyOrpaHu,
00pasoBaHHBIX AMCIOKALMSMHU IIPOTUBOIIONIOXKHOTO 3HAKA,
U CIIOCOOCTBYeT 00pa3oBaHMIO CTAOVIIBHBIX CETOK Majoy-
IIOBBIX TpaHull. Ilocnmepylomas ImacTudeckas fedopma-
LM, CONPOBOXKJAIOMIAACA HENPEPhIBHBIM yBeIMYEHNEM
PasOpMEHTUPOBKY CyOIpaHMI] U VX TpaHcpopMmauyell B
BBICOKOYIJIOBbIE I'PaHMUIIBI, IIPUBOJUT K POPMUPOBAHUIO pe-
KPUCTa/INIM30BaHHO CTPYKTYPHI.

KroueBsre cmoBa: MoHOKpucTamibl LiF, mokanusamus gedopma-
VM, METIKO3€PHUCTAsA CTPYKTypa

of a stable network of subboundaries is a main condition
for CDRX occurrence. 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 stability
of subgrain structure in multiphase materials was mainly
caused by pinning of boundaries by second-phase particles.
However, this assumption is unable to explain CDRX
occurrence in single-phase materials, such as NaCl [3]
or pure Al [4]. From this point of view it is interesting to
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consider the microstructural evolution in a pure high SFE
material in details. For this purpose the main aspects of the
microstructural development in <100>-oriented LiF single
crystals are studied in the present work.

2. Experimental Procedure

LiF single crystals were deformed under applied stress
parallel to <100>. Samples for tests had the shape of a
rectangular parallelepiped being normally 8 mm long and
about 6 mm thick. The samples were cleaved along (100)
plane, annealed at 873K for 5 hours and cooled in the
furnace. Compression tests were conducted using a testing
machine “Schenck RMS-1000M” at an initial strain rate of
4.2x107 s, at a temperature of 673 K (=0.6 T_, where T _
is a melting point). After testing, the samples were rapidly
unloaded and cooled in air. For microstructural examination
the samples were cleaved, polished and etched in 30%
aqueous solution of fluoboric acid. The surface relief and the
microstructure were studied with the optical microscopes
“Neophot-32” and Nikon L-150. The X-ray structural
analysis was performed by a photo method using the X-ray
device URS-2.0.

3. Results

3.1 Mechanical testing.A true stress-strain curve of the
LiF single crystal for T=673 K and e=4.2x10° s is shown in
Fig. 1. It is seen that four stages of work hardening [7] can
be denoted on this curve at € < 0.5. In comparison with the
number of other ionic and metallic crystals [8] the transition
regions (¢ and g, ) between stages with constant hardening
rates were found to be more extended and their duration was
comparable with that of “main” work - hardening stages (e,
e, and ¢ ). The great majority of the deformation proceeded
in stage IV. The duration of this stage exceeds the duration
of other stages of I, II and III. The stages revealed are
distinguished by the work-hardening rate, ® = % (do/de) [7].
The minimal ® of 3.9 MPa is observed in stage III. At the

same time there is a relative extensive material hardening in
stages IT and IV (with ®=33.6 and 31.3 MPa, respectively).

Thus the flow stresses in LiF single crystals at 673K
increase monotonically with strain. At €>0.5, the flow stresses
trend to saturate at ¢ — 60 MPa. However, no steady state
of plastic flow was reached even when & = 0.6-0.7. Note
that a similar mechanical behavior was earlier reported for
some <100>-oriented simple ionic crystals at strain rates
10° - 10 s! and at homological temperatures of about 0.4-
0.6 T [7,9-11].Itis in the contrast to the higher temperatures
of T>0.7T_, when the flow stresses under conditions of active
loading [10] or strain rates in creep tests [9,11] were essentially
constant over a large range of strains. For <100>-oriented LiF
single crystals the transition from curves exhibited four stages
of plastic flow to those exhibited the stage III with ® — 0 in
a wide strain interval takes place with increasing temperature
from 673 to 873 K [7,10].

3.2. Surface observations. The metallographic surface
features were found to be dependent on strain. At the end
of stage I, two operating orthogonal {110} <110> slip
systems were observed (Fig. 2a). The long straight lines of
both systems intersected the body of a single crystal. Their
distribution was quite homogeneous. Each slip system was
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Fig. 1. True stress-strain curve and values of work-hardening rate (®)
in LiF single crystals.
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dominant on opposite sides of crystals. At the central parts of
the specimen the dominant system was not revealed.

With increasing strain, the features of simultaneous slip
on two pairs of orthogonal slip systems were revealed. The
well-defined traces of the third or the third and fourth slip
planes belonging to (110) family were observed on both
“edge” and “screw” surfaces of specimens at the end of stage
IT/onset of stage III (Fig. 2b,c). As it is evident in Fig. 2c,
the additional slip along an oblique (110) plane is involved
into general deformation process at these strains. The coarse
traces of this slip system shear the earlier formed horizontal
slip lines toward the slip direction, resulting in a characteristic
wavy surface relief. This implies that slip becomes more
heterogeneous on the mesoscale level and can be related to
the development of shear bands. Generally, it can also be
concluded that the strong interaction between dislocations
belonging to various slip systems takes place.

At the strains corresponding to end of stage III/onset
of stage IV the long slip bands with a width of about 30-
50 pum were observed in central parts of specimens (Fig.
2d). These bands were roughly parallel to <210> direction
and composed by slip lines belonging to two orthogonal
systems of {110} <110>. Inside each band the slip occurred
separately. The multiple changes in slip direction from one
slip system to another took place when the slip line arrived
at the boundary of band. In comparison with the body of
bands, the band boundaries, which are revealed as long strait
bands with width of about 5-10 um, did not contain slip
lines. In neighboring slip bands the slip lines of equivalent
systems were misoriented on an angle of about 3-5°. But no
progressive accumulation of misorientations was observed in
transition across several bands.

3.3 Microstructure evolution. The microstructure
developed in LiF single crystals in the earlier stages of
deformation was quite similar to that in NaCl deformed by
compression at ambient to intermediate temperatures [9,12].
So, the typical microstructures formed in stage III consist of
areas of uniformly distributed dislocations interspersed with
light patches oflower etch pit densities and long subboundaries
oriented approximately in the <100> direction.

In the current work the main attention was paid to the
structural changes in the later stages of deformation. In stage
IV the bands composed by etch pit and bounded by thick
high density dislocation walls (or by pair of more thin walls)
are revealed in the structure (Fig. 3a). These structural bands
are roughly oriented along <210> direction. Their width and
their boundary width are approximately the same as those
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leads to appearance of (sub)grain structure in the place of
bands (Fig. 3b). Etching reveals both the long thick low-angle
boundaries consisted of etch pits and more thin fragments
that obviously are the high angled ones. The orientation of
these long boundaries roughly corresponds to that of former
bands. Concurrently shorter longitudinal and transverse
boundaries are formed inside the bands. This provides the
formation of (sub)grains with preferred rectangular shape
and transverse size of about 10-20 pm. Further deformation
results in development of more equiaxed crystallites within
the bands. Their volume fraction is gradually increased with
increasing strain. A structure consisting of equiaxed grains
is evolved after strains of beyond 1.4 (Fig. 3c). The grain
size is ranging from 10 to 15 um. The volume fraction of the
recrystallized structure formed is about 60%.

3.4 X-ray analysis. Data from the photo method support
the results of microstructural observations. At the end of
stage I/ onset of stage II the diffraction spots in the Debye
shear patterns become diffused; that is indicative of bending
of the crystal lattice upon upsetting. With further straining
in stages III and IV, the diffraction patterns exhibit spots
non-uniformly arranged within segments, which reflect low-
angle misorientation of the developed (sub)grain structure.
The typical pattern at strain of about 0.25 is represented in
Fig. 4a. It is seen that the diffraction spots are highly diffuse
and form segments of rings specifically oriented with respect
to <100>-direction in the crystal, reflecting, probably, the
preferred orientation of deformation-induced subboundaries.
At higher strains (¢20.5) the spots tend to form whole rings;
that are typical of deformation polycrystals (Fig. 4b).

4, Discussion

The results show that CDRX occurs in LiF single crystals
during plastic deformation at 673 K. Namely, it was found
that the low angle boundaries are developed in material in
the earlier stages of plastic deformation and some of them
eventually convert into high angle ones at higher strains
[2,6,13]. Such microstructural behavior of LiF single crystals
may be in a contrast to that at higher temperatures(T>773
K), when an extensive migration of deformation-induced
subboundaries created in initial stage of plastic flow resulted
in their annihilation [14-16]. Since the most of intergranular
interfaces evolved in material were swept by migrating
subboundaries, this process was the main restoration
mechanism that played a major role in the establishment of
steady state of plastic flow [15].

Fig. 3 Microstructure of LiF deformed at T=673K: (a) €¢=0.3, (b) €=0.5, (c) €=1.05+0.1 (additional straining after polishing/etching).
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Fig.”4 Diffraction patterns of LiF deformed at T=673K: (a) €=0.25,
(b) e=0.7.

It has been shown in [14] that the boundaries evolved in
the structure at T=773 and 923 K constituted of the simple
tilt dislocation walls of opposite signs. Those were formed
during hot deformation in the power-law regime [10,11] due
to localized slip on one preferred system [10] and dislocation
rearrangement by dislocation climb. These boundaries
were very feasible for migration and subsequent collision
during deformation [14,15]. The velocity of their migration
was found to be rather high and increased with increasing
temperature; that hindered CDRX, i.e. recrystallization
behavior of <100> - oriented LiF single crystals was found
strongly depended on deformation temperature.

At the same time, the occurrence of CDRX at 673 K
cannot be explained only by the temperature effect on the
rate of subgrain boundary migration [15]. Besides, it is also
caused by the character of (sub)structural evolution, which
differs substantially from that at higher temperatures [14-16].
The data in Fig. 2 suggest that dislocation walls formed in
LiF at 673 K are the main prerequisite for development of a
stable (sub)grain structure that provides CDRX occurrence.
The distinctive features of subboundaries developed at 673 K
are caused by the fact, that they are sufficiently immobile. Let
us discuss how these features are connected with peculiarities
of dislocation glide and cause formation of new grains.

4.1 Shape of c-¢ curve and slip systems. In contrast
to fcc metals, which normally exhibit three stages of work-
hardening at low-to-moderate strains [8], four stages of
plastic flow were detected in stress-strain curves of LiF single
crystals at 673K and stage IV was the most prolonged (Fig.
1). This difference is most likely arisen from the peculiarities
of dislocation properties and glide conditions in ionic crystal
at temperatures of 0.4-0.7T_ [7]. Note, that four stages in o-¢
curves in this temperature interval were earlier reported for
MgO and LiF single crystals, deformed by both compression
and tension [7]. The existence of stage IV can be explained by
successive glide in four {110} <110> equivalent slip systems
[7]. The present data on dislocation structure and slip features
in stages III and IV in LiF single crystal confirms indirectly
this suggestion [7,12]. According to [17], if four slip systems
are concurrently operative in a simple ionic crystal, a reaction
between dislocations capable of gliding on {110} planes and
having Burgers vector 1/2a<110>:

1/2a[101]+1/2a[011]->1/2a[110] 1)

is favored. The new dislocation with Burgers vector 1/2a[110]
should be capable of gliding on the (112) plane (see Fig. 2),
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since this plane contains both its line and its Burgers vector.
Since (112) is not a normal slip plane for ionic crystals,
however, the new dislocations will be relatively immobile
[17]. Obliviously, the appearance of these low-mobile
dislocations in LiF crystals at 673 K takes place in stage III
when third and fourth {110} <110> slip systems begin to
operate (Fig. 2b). Their accumulation in {112} planes results
in formation of dislocation walls, which subdivide the
deformed crystal into several bands. These dislocation walls
(revealed to be parallel to a <210> direction in a {100} plain)
act as obstacles for the dislocations of the major slip systems.
Accordingly slip becomes localized on the narrow regions
between dislocation walls. As a result the separate slip bands
bonded by dislocation walls are formed leading to a strong
localization of plastic flow on the mesoscopic level. Note
that the specific multiple slip caused by multiple changes
in slip direction of edge dislocations from one <110>{110}
slip system to another is operative inside these bands. In
accordance with dislocation reactions [17] this leads to
appearance of orientation misfit dislocations in the vicinities
of slip band boundaries. The transition to stage IV (i.e. stage
of higher work hardening) occurs likely due to formation
of structural bands and enhancement of dislocation density
in them. The lattice dislocations get held up at the band
boundaries. As a result the regions adjacent to dislocation
walls are saturated by dislocations of various signs causing
the enhanced elastic strains in slip bands [12].

42 CDRX. As mentioned above, dislocation
subboundaries frequently develop in the earlier stages of
deformation in the deformed LiF crystals due to some
mechanically induced events. Hence, these boundaries may
be rather non-equilibrium and diffuse interfaces (see Fig.
3a). Dynamic recovery that occurs with high rate at elevated
temperature can assist the transformation of such strain-
induced non-equilibrium boundaries to more equilibrium
ones, leading to rapid occurrence of CDRX [13]. Inspection
of the data [10,11] represented for <100>-oriented LiF single
crystals allows concluding that 673 K is a warm deformation
temperature, in vicinity of which a “power-law breakdown”
takes place. Accordingly a low-temperature dislocation
climb on short-range distances can control the deformation
process [10,18]. Dislocations can be rearranged by climb
inside dislocation walls during deformation. This intrinsic
dislocation rearrangement in conjunction with persistent
accumulation of lattice dislocations in dislocation walls causes
the fast transformation of these walls into more equilibrium
and flat (sub)grain boundaries [12,19]. Concurrently, the
transverse low-angle boundaries begin to form inside the
bands. This process probably occurs due to rearrangements
of dislocations on longer-range distance by climb and hence
the rate of formation of transverse boundaries is lower than
that of longitudinal boundaries.The transverse subboundaries
may also be formed by a crystal subdivision process as a result
of microshear banding (Fig. 2¢) that is caused by intrinsic
structure instability during deformation [13,19].

Note that the longitudinal boundaries formed in the
place of dislocation walls remain essentially stable, since
they are composed mainly of low-mobile dislocations [17].
As a result, stabilized arrays of (sub)grain boundaries are
formed in the place of bands. The new crystallites have a non-
equilibrium elongated rectangular shape that is typical for the



Curpukos O.III. / ITucema o marepuanax 1.3 (2013) 29-33

dominant dislocation slip on two orthogonal slip systems [3].
At further deformation a progressive increase in boundary
misorientation takes place (Fig. 4), which is attributed to
trap of gliding dislocations by low-angled boundaries. As a
result the latter gradually converse into higher angle ones
[6]. Recrystallized grains form in the site of former elongated
subgrains and inherit their shape. This configuration of high-
angle boundaries is of non-equilibrium type and subsequent
grain boundary migration provides the formation of an
equilibrium network of high-angle boundaries [19] in the site
of prior band structures.

5.Conclusions

1. Plastic deformation of the <100> oriented LiF single
crystals at an intermediate temperature (673 K) results in
formation of new grain structure. New grains with size
ranging from 10 to 15 um are developed at strains of beyond
1 due to occurrence of CDRX.

2. Localization of plastic deformation providing
development of stable band-like substructures after relatively
small strains plays an important role in CDRX. Longitudinal
boundaries of such bands have low migrating ability;
that prevents collision and further mutual annihilation of
subboundaries of opposite signs. As a result, stable arrays of
low-angle boundaries are formed.

3. Further straining, leading to continuous increase
in misorientation of subboundaries and their eventual
conversion into high angle boundaries, results in the
formation of recrystallized grains.
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