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Dynamic Recrystallization in Pure Magnesium

Oleg Sitdikov and Rustam Kaibyshev

Institute for Metals Superplasticity Problems, Khalturina, 39, Ufa, 450001, Russia

Microstructural evolution of commercial grade pure magnesium was studied during plastic deformation by torsion under high pressure
at ambient temperature and by compression at temperatures ranging from 293 to 773K and at a strain rate of 3 x 10~ s, Grain refinement
takes place by operation of dynamic recrystallization (DRX) at all examined temperatures. The mechanisms of DRX change with temperature
and strain. As a result, unusual dependencies of recrystallized grain size against strain and recrystallized volume fraction against temperature
are observed. In the temperature interval of 293-623 K the deformation twinning results in “twin” mechanism of DRX, which processes strain
softening at an initial stage of deformation. At T < 423K the other mechanism of low temperature DRX takes place at high strains. Such DRX
is accompanied by strain hardening. In contrast, continuous DRX (CDRX) yielding a steady-state flow operates frequently at temperatures
ranging from 523 to 773 K. CDRX occurs mainly in overall recrystallization process at elevated temperatures. Discontinuous DRX (DDRX)
takes place by bulging of boundaries of coarse recrystallized grains evolved from twins at T = 723 K. DDRX occurs repetitively, but gives
an insignificant contribution into total recrystallization process. The present results suggest that the mechanisms of DRX and the deformation

mechanisms are closely related.
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1. Introduction

Magnesium alloys are expected to be one of the most
promising structural materials for application in aerospace,
automotive and railway industry in as much they have low
density, which can directly and substantially reduce vehicle
weight. In addition, magnesium alloys exhibit good damp-
ing characteristics, dimensional stability, machinability and
low costs, efc. However, these alloys exhibit poor workability
owing to the lower symmetry, and it restricts their commercial
application as wrought materials. As a result, about 85 pct of
commercial applications of magnesium alloys fall on cast ma-
terials. In order to increase the benefits of magnesium alloys,
it is important to improve their workability up to value which
can allows effectively producing complex engineering com-
ponents directly from wrought products. Thermomechanical
processing (TMP) is an attractive procedure to improve work-
ability in hot and warm working conditions. An important
process occurring during TMP of magnesium alloys is dy-
namic recrystallization (DRX).>?

DRX can play a role of softening process, and results in
increased plasticity resource.” Studies of DRX have con-
tributed essentially to improve manufacturing processing. Ex-
amination of microstructural evolution in magnesium under
deformation may provide a better understanding of the DRX
process taking place in materials with low crystal symmetry.
However, DRX in magnesium and its alloys was poorly ex-
amined.>® There is still a lack of the understanding of some
important aspects of DRX in magnesium.

Mechanism of DRX in a low alloy magnesium was found
to involve dynamic polygonization in rotated lattice regions
adjacent to initial boundaries.? Following gradual conversion
of subboundaries into high-angle boundaries results in the
formation of recrystallized grains along original boundaries.
This mechanism of grain formation is continuous recrystal-
lization (CDRX), which normally occurs in materials with
high stacking fault energy (SFE).” CDRX in magnesium with

low SFE, e.g. 10 to 40 MJ/m,%>>% has not been yet explained.
It is known! that DRX proceeds by nucleation followed by
growth. Dynamic nucleation rate in magnesium is the slowest
process> and can control the recrystallization. Nucleation in
cubic metals with low to medium SFE can occur frequently
by bulging”-® or twinning® in addition to subgrain forma-
tion. However, these nucleation mechanisms have not been
reported for magnesium.

The aim of the present paper is to review the recent works
on DRX in commercial grade magnesium (99.9 mass%Mg).
Recrystallization behavior of the magnesium will be summa-
rized in detail. The DRX mechanisms operating in a wide
temperature range of 293-773 K and at a strain rate of about
1073 57! will be discussed. A specific attention will be paid
to the link between microstructural evolution and operating
deformation mechanism.

2. Mechanical Behavior

Typical true stress-true strain curves for the magnesium at
various temperatures ranging from 423 to 773 K and at a fixed
strain rate of 3 x 103 s~! are shown in Fig. 1(a).'® Two types
of the o — ¢ curves can be distinguished. At T = 423-623 K
a well-defined stress peak is observed. An extensive strain
hardening is followed by a strain softening at initial stage of
plastic deformation. A steady-state deformation is observed
after a strain of about 0.5. The strain at a stress peak (the
peak strain, £peax,) and the steady-state strain, &g, tend to de-
crease with increasing temperature. The ratio between the
peak stress, opeax, and the steady-state flow stress, o, de-
creases from 1.5-1.9 at T =423-523Kto 1.3 atT > 573K.
In the temperature range 673-773 K the steady-state flow is
attained after a small strain of about 0.02. No stress peak is
clearly observed at these temperatures.

The microhardness of specimens deformed by torsion
straining under high pressure at ambient temperature is shown
as a function of strain in Fig. 1(b).!" The microhardness in
unrecrystallized areas at ¢ = 0.5 is about 50 pct higher than
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3 x 1073571 (b) Strain dependence of microhardness for magnesium
deformed at ambient temperature.

that in the initial state. Further straining yields an abrupt re-
duction in the microhardness. Microhardness at strains of
& = 2-4 approaches that of statically recrystallized magne-
sium. At e > 4, however, an extensive strain hardening takes
place again.

3. Microstructure Evolution

Initial microstructure of the magnesium consisted of coarse
grains with an average size of 2 mm. Twins belonging to one
system presented in grain interiors. Twin fraction is about
12 pct of the material volume, and an average width of twin
lamellas was about 8 um.'%!'? The microstructures developed
during deformation in the three different temperature intervals
can be divided into the following three distinct categories.
Here microstructural evolution will be considered at ambient
temperature, 573 and 723 K.

3.1 Ambient temperature
Plastic deformation at room temperature yields an exten-
sive twinning on multiple systems'!!? (Fig. 2) and the for-
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mation of dense dislocation pile-ups within initial grains. The
latter results in increase of lattice dislocation density and in-
ternal elastic strain in the strain interval of 0-1.'" The vol-
ume fraction of twined areas increases up to 45 pct at ¢ = 0.5
and 85pct at ¢ = 1 (Fig. 2). The average width of defor-
mation twins was found to be 2.5 um and 4.5um at ¢ = 0.5
and ¢ = 1, respectively. This suggests that growth of twin
lamellas takes place during deformation. Two processes re-
sult in the formation of crystallites surrounded by twin bound-
aries.!"1? One of them is the mutual intersection of primary
twins. In addition, the secondary twinning occurs within
coarse lamellas of primary twins. As a result, the subdivi-
sion of primary twins by secondary twins takes place. These
crystallites can serve as nuclei and the formation of chains
of recrystallized grains evolved at the sites of former twins.
This process of microstructural evolution is called as “twin
DRX (TDRX)”.'? Recrystallized grains are first evolved af-
ter ¢ = 0.5 (Fig. 3). An extensive migration of former twin
boundaries takes place during following deformation and re-
sults in increase of recrystallized grain sizes and their volume
fraction (Fig. 3). After € = 4, such grains are fully developed
in a whole volume (Fig. 2). Notably the dislocation densi-
ties inside the twin recrystallized grains (p = 10'> m2) are
significantly less than those in unrecrystallized areas (p =
3 x 10 m~2), and grain boundaries exhibit well-defined ex-
tinction contours (Fig. 2). As a result, a dramatic drop in
internal elastic strain is observed in the strain interval of 1-4.

No twinning occurs in a fine grain structure evolved dur-
ing following deformation. Repetitive DRX occurs within
these twin grains and results in the formation of new grains'!
(Fig. 2). Recrystallized grain sizes in the second generation
is 4-5 times smaller than those of twin grains (Fig. 3). These
grains contain high dislocation density!” (o = 2 x 10!*m™~2)
(Fig. 2). In addition, these grain boundaries usually ex-
hibit a specific contrast, which suggests high density of grain
boundary dislocations.'® As a result, a significant increase
in internal elastic strain takes place in the strain interval of
4-7.'D This type of DRX may be called as “low tempera-
ture DRX (LTDRX)”.!') Notably the similar sequence of mi-
crostructural evolution takes place in the temperature interval
of 423-473 K (Fig. 5(a)). Therefore, this type of microstruc-
tural evolution can be inherent in cold deformation range of
magnesium. 317

3.2 Intermediate temperature

At T = 573K, TDRX begins to operate extensively at
strains less than the steady-state strain, &5;. Deformation twin-
ning on multiple systems results in increase of volume frac-
tion of twins up to 60% at a strain of about 0.1 (Fig. 4). The
average width of deformation twins was about 8 um.'%!? Nu-

‘cleation in twin lamellas occurs by similar ways as that at

room temperature (Fig. 4). The formation of secondary twins
within lamellas of primary twins plays an important role in
TDRX at this temperature (Fig. 4(b)). In addition, subdi-
vision of coarse twin lamellas by transverse subboundaries
takes place (Fig. 4(c)). As a result, the extensive formation of
nuclei exhibiting rectangular shape occurs (Fig. 4(a)). Their
size is determined by width of twin lamellas. With increasing
strain the formation of chains of recrystallized grains takes
place in the regions of former twins (Fig. 4(d)). An average
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Fig. 2 Microstructures evolved in magnesium deformed by torsion under high pressure to various strains at ambient temperature. (a)

e=1,(b,c)e=4,and(d)e =7.
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Fig. 3 Strain dependence of (a) the average recrystallized grain size, drec,
and (b) the volume fraction of recrystallized grains, Viec, evolved by tor-
sion under high pressure at ambient temperature.

size of such recrystallized grains corresponds to an average
width of twin lamellas. A slight growth of twin grains, which
provides their equiaxed shape, occurs during following defor-
mation.!? However, an increase in mean recrystallized grain
size with strain (Fig. 5(a)) can be caused mainly by concurrent
operation of CDRX mechanism.

In vicinity of initial grain boundaries the dislocation pile-
ups were observed at £ = 0.1 (Fig. 4(e)). The lattice disloca-
tion densities in the mantle regions (o = 10'* m™2) are higher
than those in the grain interiors (p = 10> m~2). As a result,
subgrain structure is formed in the mantle region.!” After
& = 0.2-0.3, the chains of recrystallized grains are evolved
along initial grain boundaries (Fig. 4(f)). The average size
of CDRX grains is larger by a factor of 1.7 than that of twin
grains'? at ¢ = 0.2-0.3. The formation of CDRX grains is
observed at higher strains than that for the twin grains. As
a result, the average size of recrystallized grains tends to in-
crease from a mean twin grain size to that of CDRX grains
with increasing strain from ¢ = 0.1 to ¢ = 1.4!9 (Fig. 5(a)).
Notably, the formation of CDRX grains was also observed
near some former twin boundaries at & > 0.5.19 A progres-
sive increase in the volume fraction of recrystallized grains
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Fig. 4 Microstructure of magnesium deformed to various strains at T = 573K, (a, b, ¢) ¢ = 0.15, (d) ¢ = 0.7 (arrows indicate former

twin parts), (e) ¢ = 0.15, and (f) ¢ = 0.7.

occurs in the strain interval 0.1-0.7 (Fig. 5(b)), where CDRX
and TDRX concurrently operate. A slight increment of the re-
crystallized volume fraction takes place at higher strains (Fig.
5(b)), where only CDRX occurs. Such microstructural evolu-
tion and strain effect on recrystallized grain size take place in
the temperature interval of 523-623 K.!%1® This is a range of
warm plastic deformation in magnesium.'>-17)

3.3 High temperature

No deformation twinning occurred at 7 = 723 K. A rapid
growth of the volume fraction of twins up to 30 pct at ¢ = 0.1
mainly takes place due to extensive migration of initial twin
boundaries (Fig. 6(a)). It can be clearly seen that twin bound-
aries become wavy and corrugated. An evidence for extensive
migration of prior twin boundaries during following deforma-
tion was observed by polarized microscopy.'? It is known,!?
that such twin growth can occur by migration of incoherent
segments of twin boundaries, and leads to increase in the aver-
age width of twin lamellas up to 50 pm at ¢ = 0.1-0.15. The
subdivision of the twin lamellas occurs by formation of trans-
verse subboundaries.'®!? As a result, the nuclei surrounded
by a pair of twin boundaries and by a pair of low-angle bound-
aries are formed. These nuclei exhibit rectangular shape and

their sizes are in proportion to width of twin lamellas. Af-
ter ¢ = 0.3, first new grains exhibiting irregular shape are
evolved in the sites of former twins and.they comprise half of
overall recrystallized grains at & = 0.5.!? These twin grains
are fully developed at around ¢ = 0.7.

The formation of recrystallized grain chains evolved by
CDRX!'? occurs along both the initial grain boundaries and
the boundaries of twin grains.'” These grains comprise man-
tle of recrystallized grains (Fig. 6(b)). The mantle fraction
tends to increase with increasing strain. The formation of re-
crystallized grains along the initial grain boundaries begins to
occur at lower strains (even at ¢ = 0.1-0.15) and the rate of
this process is higher than that along prior twin boundaries.!?’
It is worth to note that at 7 = 723K the average size of
twin grains is larger than that of CDRX grains.'? Since twin
grains are formed and grow extensively only in early stages of
plastic deformation, an increase in the mean size of recrystal-
lized grains takes place with increasing strain in the region of
e < 0.5 (Fig. 5(a)). A subsequent decrease in the average size
of recrystallized grains (at ¢ = 0.5-1.4) is mainly caused by
refinement of coarse twin grains due to repetitive formation
of recrystallized grains by CDRX mechanism.'?

Additionally, a repetitive DRX, which takes place in coarse
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twin grains at ¢ > 0.7, occurs also by mechanism associ-
ated with local migration of high-angle boundaries (Fig. 6(c)).
This can be discontinuous DRX (DDRX). Firstly, the bulging
of parts of grain boundaries are developed. With increasing
strain these regions of bulging are cut off the grain matrix by
development of low-angle boundaries.'¥ These boundaries
convert into high-angle boundaries with following straining
and then eventually new recrystallized grains are formed.
There is, however, a poor evidence for operation of such DRX
mechanism in vicinity of initial grain boundaries. Repetitive
DRX results in a gradual decrease in recrystallized grain size
in the strain interval of 0.7-1.4. The volume fraction of re-
crystallized grains gradually increases with increasing strain
(Fig. 5(b)). This type of microstructural evolution was ob-
served in magnesium in the temperature range of 673-773 K,
which is corresponding to a range of hot deformation in mag-
nesium.'® 17" ’

4. Effect of Temperature and Strain on DRX

It can be concluded from the results and analysis mentioned
above that four different DRX mechanisms operate in com-
mercial grade pure magnesium in dependence on temperature
and strain.'® Figure 7 represents a map of DRX mechanisms
operating in magnesium. Some unusual strain dependence
of recrystallized grains (Figs. 3 and 5) is caused by changes
in contributions of different DRX mechanisms into total re-
crystallization process.'®!1!9 Ag a normal rule, no strain ef-
fect on recrystallized grain size takes place during DRX.V It
seems that in such cases the grain refinement occurs due to
the operation of a single DRX mechanism.

Temperature dependence of the contribution of TDRX and
CDRX into total recrystallization process causes an unusual
temperature dependence of the volume fraction of recrystal-
lized grains (Fig. 8(a)). In the temperature range 423-573 K

Fig. 6 Microstructures of magnesium deformed to various strains at T = 723K. (a) ¢ = 0.1, (b)) e = 0.3, and (c) e = 1.
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the TDRX takes place frequently with increasing temperature
and a gradual increase in the volume fraction of recrystallized
grains occurs. In the temperature range 573-673 K the con-
tribution of TDRX into total recrystallization process tends
to decrease and the contribution of CDRX increases with in-
creasing temperature. As a result, the volume fraction of re-
crystallized grains is independent on temperature at a fixed
strain. At T = 673-773 K, arate of CDRX increases with in-
creasing temperature and the volume fraction of recrystallized
grains increases. The size of recrystallized grains gradually
increases with increasing temperature (Fig. 8(b)).

5. Surface observations

The surface features of strained magnesium were found
to be strongly dependent on temperature. Single slip occurs
mainly at low temperatures'® (Fig. 9(a)). Long slip lines are
crossed in grain interiors. Maultiple slip systems are opera-
tive at T = 523 K, in some grains (Fig. 9(b)), however, only
single slip takes place in most of the grains at this tempera-
ture. At 7 = 573K, wavy slip lines associated with cross-
slip operation appear in the vicinity of initial boundaries (Fig.
9(c)). These lines are essentially short. Their mean size is
about 1 um. Extensive deformation twining takes place at
temperatures ranging from 293 to 623 K (Fig. 4(b)).'>'® At
T = 723K, cross-slip predominantly occur (Fig. 9(d)). Long
and wavy lines of basal slip propagate through whole grain
areas and twin lamellas. Intersection of these slip lines with
twin boundaries brings about a change in their direction (Fig.
9(d)). Therefore, mobile dislocations can glide through grain
boundaries in basal plane. Extensive non-basal slip occurs
both in the vicinity of initial boundaries (Fig. 9(e)) and twin
boundaries (Fig. 9(d)).

Figure 10 summarizes the deformation mechanisms in the
magnesium on the base of surface observation and analy-
sis of mechanical data.'®!” It is seen that a temperature in-
crease hinders deformation twinning and facilitates opera-
tion of cross-slip and dislocation slip on multiple systems.
At elevated temperatures cross-slip occurring in accordance
either with Fridel-Escaig or Fridel mechanism'” can be a
rate-controlling process.

6. DRX Mechanisms in Magnesium

6.1 TDRX mechanism

Some DRX mechanisms associated with twinning play an
important role in plastic deformation of magnesium. TDRX
mechanism involves the three elementary processes: i.e.
nucleation, transformation of twin boundaries into random
boundaries and grain growth (Fig. 11).!? Three nucleation
mechanisms can operate; namely.

(a) Mutual intersection of primary twins results in the for-
mation of crystallites surrounded by twin boundaries
(Figs. 2(a), 4(a), 11(a)).

(b) The other nuclei can be formed as a result of secondary
twining within primary twin lamellas (Figs. 4(b) and
11(b)). These nucleation mechanisms are associated
with deformation twinning.

(¢) In addition, deformation or annealing twins can be
subdivided into nuclei by development of transverse
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Fig. 9 Surface observations of magnesium deformed to a strain of 0.15 at £ = 3 x 1073571 (@ T = 423K, (b) T = 523K, (¢)

T =573K, and (d), (e) T = 723K.

low-angled boundaries (Figs. 4(c) and 11(c)).

The second stage of TDRX mechanism is to transform twin
boundaries into high angle random boundaries due to devia-
tion of misorientation angle from coincident site lattice rela-
tionship on a value over than the standard Brandon criteria.??
This transformation can result from the formation of misfit
dislocations comprising a dislocation wall. This wall provides
a change in misorientation angle of coherent twin boundaries,
which transform into random boundaries due to an additional
increase in the misorientations. Misfit dislocations (b3 and b4
in Fig. 11(d)) are formed to compensate the change in the dis-
location glide direction, when a lattice dislocation intersects
a twin boundary and passes from matrix grain to twined area
(Fig. 9(d)). Transverse subboundaries in coarse twin lamel-
las transform to high-angle boundaries by CDRX mechanism,
which will be discussed in next paragraph.

Random boundaries have a high ability of migration and
are not transparent for mobile lattice dislocations. Migration
of such boundaries leads to the elimination of large number
of lattice dislocations. Thus, TDRX gives a significant con-
tribution in strain softening taking place during deformation
in the range of low and intermediate temperatures. An ap-
parent steady-state flow at 7 = 293 K and steady-state defor-
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Fig. 10 A map of deformation mechanisms operating in Mg. Controlling
mechanisms of plastic deformation are indicated in brackets.

mation at temperatures ranging from 423 to 623 K are estab-
lished by TDRX. Moreover, an extensive migration of for-
mer twin boundaries results in the formation of equiaxed twin
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Fig. 11 Schematic representation of “twin” DRX mechanism.'? (a) Nu-
cleation by mutual intersection of primary twins 1 and 2; (b) nucleation
by subdivision of coarse primary twin lamellas 1 by fine secondary twins
2; (c) nucleation by subdivision of primary twin lamellas by transverse
low-angle boundaries; and (d) scheme of formation of orientation misfit
dislocations (with Burger’s vectors b3 and b4) in twin boundaries provid-
ing a change in misorientation of twin boundaries.

grains with triple junction angles close to 120°.! Random
twin boundaries can play a role in the operation of CDRX.

6.2 CDRX in magnesium

Occurrence of CDRX can be attributed with dislocation
slip in the mantle regions of initial grains. Surface observa-
tions'® 1219 and analysis of Burgers vectors of lattice dislo-
cations? showed that multiple slip occurs near initial bound-
aries and former twin boundaries. Only rearrangement of
lattice dislocations belonging to different slip systems can re-
sult in the formation of low-angle boundaries.?? In addition,
high density lattice dislocations sufficient for subgrain for-
mation are accumulated only near random high-angle bound-
aries. Thus, subgrains predominantly form in the mantle re-
gions.

It is known that cross-slip of lattice dislocations is the slow-
est process of dislocation rearrangement in magnesium.2? As
a result, this process is a rate controlling process of plastic
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Fig. 12 Schematic representation of continuous DRX mechanism. (a) Dis-
location pile-ups in the vicinity of initial grain boundary; and (b) nucle-
ation and gradual increase of misorientation of subboundary due to trap-
ping mobile dislocations. )

deformation at intermediate and high temperatures,'®!? and
also can control the rate of subgrain formation. It is known
that SFE in the first order pyramidal and prismatic planes of
magnesium is higher by a factor of 4 than that in the basal
plane.>® Dislocations of non-basal slip systems, therefore,
can easily recombine and cross-slip, as these are suggested by
surface observations. In addition, our examinations of defor-
mation mechanisms!®!” showed that SFE in the basal plane
of magnesium is about 40MJ/m?. As a result, dislocations
belonging to the basal system also exhibit ability to cross-slip
at high temperatures, as this is evident by direct observations
(Fig. A(d)).

It was shown that a-dislocations lying in the basal plane
generally rearrange into tilt boundaries perpendicular to basal
planesz) (Figs. 12(a), (b)). Deformation induced subbound-
aries evolved in the basal plane consist of dislocations be-
longing to non-basal slip systems. Two pairs of low-angle
boundaries comprising of basal and non-basal dislocations
are required for the formation of a two dimensional nucleus.
Formation of twist boundaries consisting of dislocations be-
longing to non-basal slip systems may be a slowest process,
and control nucleation. Thus, CDRX mechanism typically
observed in materials with high SFE occurs in the magne-
sium.

Mobile dislocations introduce subboundaries evolved dur-
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ing following deformation (Fig. 12(b)). The trapping of lat-
tice dislocations by low-angle boundaries results in gradual
increase in their misorientation. Transformation of low-angle
boundaries into high-angle ones takes place with strain. Fol-
lowing migration of high-angle boundaries provides equiaxed
shape of recrystallized grains. CDRX can result in a strain
softening followed by a steady-state flow in the range of in-
termediate and high temperature.

6.3 “Bulging” mechanism of DRX

It was shown'®? that DRX mechanism associated with lo-
cal migration of initial boundaries is operative in grains hav-
ing optimal localization of dislocation glide at high temper-
atures. The latter is a necessary condition for operation of
bulging process (Fig. 13(a)).'* In pure magnesium the local
migration of boundary occurs toward areas with high den-
sity dislocations, leading to the development of grain bound-
ary irregularities. It is known®7-® that grain boundary slid-
ing taking place on such non-planar boundaries can result in
strong strain gradient near the boundaries (Fig. 13(b)). Ac-
commodation of plastic deformation is provided by opera-
tion of grain boundary dislocation sources, which emit dis-
locations into grain interiors (Fig. 13(b)). These dislocations
usually belong to non-basal systems.'? Interaction of these
dislocations with basal dislocations yields the formation of
subboundaries, which cut off the protrusion from the grain
body (Fig. 13(c)). The misorientation of such subboundaries
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Grain - boundary
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Fig. 13 Schematic representation of “bulging” DRX.! (a) Local migra-
tion of boundary toward slip localization in magnesium, (b) partial grain
boundary shearing, leading to the development of inhomogeneous strain
gradients and cutting of protrusion by a multiple slip band, and finally (c)
formation of medium to high angle boundaries at the place of bulging out.
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gradually increases with increasing strain due to trapping of
lattice dislocations (Fig. 12(b)), finally leading to the devel-
opment of high-angle boundaries. The DDRX is assisted by
operation of grain boundary sliding>”-® and, therefore, can
take place frequently with increasing temperature.

6.4 LTDRX mechanism

High density dislocation pile-ups are formed in fine grains
resulted from TDRX. It provides a strong bending of crystal
lattice. Examination of LTDRX mechanism is in progress, but
it is possible to assume that grain boundaries can be evolved
as a result of local planar dislocation accumulation. This ac-
cumulation provides a decrease in energy of dislocation sys-
tem. Short-range dislocation rearrangements yield a bound-
ary containing high density grain boundary dislocations.'?
Long-range stress fields originated from these dislocations
causes a bending of crystal lattice within grains evolved.?>?%
As a result, a strong increase in internal elastic strain and,
consequently, microhardness is observed during LTDRX.

7. Deformation Mechanisms and DRX

Analysis of the deformation mechanism map (Fig. 10) in
conjunction with microstructural mechanism map (Fig. 7) al-
lows establishing a strong correlation between DRX mecha-
nisms and operating deformation mechanisms. This is caused
by the fact that a specific mechanism of plastic deformation
can result in a respective DRX mechanism. Thus, such fea-
tures of recrystallization behavior of the magnesium, namely
in the strain dependence of recrystallized grain size (Figs. 3(a)
and 5(a)) and the unusual temperature dependence of recrys-
tallized volume fraction (Fig. 8(a)), are caused by effects of
temperature and strain on operating deformation mechanisms,
which are closely related with the mechanisms of DRX nucle-
ation.

In support to this conclusion, Fig. 14 represents a relation-
ship between dynamic grain size evolved and flow stress at
high strains. It is seen that a transition in DRX mechanisms
results in a change of the slope of the relationship of & ~ dY,
where o is the flow stress, d. 1S the recrystallized grain size
and N is a constant. It is seen clearly in Fig. 14 that two linear
relationships of ¢ ~ d_N can result from different dynamic
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grains evolved by LTDRX and CDRX mechanisms.

Q \
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w [ ]
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Fig. 14 Relationship between normalized applied stress, /G, and average
recrystallized grain size, diec, in magnesium. The grain sizes evolved by
LTDRX and CDRX was taken into account.
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8. Conclusions

(1) DRX occurs in coarse-grained pure magnesium in
the wide temperature range 293-773 K. Three temperature
ranges, namely the low temperature interval 293—473 K, the
intermediate temperature interval 523-623 K and the high
temperature interval 673-773K, can be distinguished by
characteristics of microstructural evolution.

(2) TItis concluded that the four different mechanisms of
DRX nucleation and the operating deformation mechanisms
are closely related. Twin DRX is associated with mechanical
twinning at low and intermediate temperatures, and transfor-
mation of annealing twin lamellas at the high temperatures.
This mechanism plays an important role in the strain interval
of 0.1-4 and processes material softening at 7 = 293-623 K.
Continuos DRX takes place during steady-state flow in the
temperature range of 523-773 K. This DRX mechanism is
related with operation of cross-slip on multiple systems near
high angle boundaries. CDRX plays an important role in the
establishment of steady-state flow in the ranges of intermedi-
ate and high temperatures. Discontinuous DRX plays a mi-
nor role of a repetitive DRX mechanism at high temperature
and associated with localization of dislocation glide. Mech-
anism of low temperature DRX results in the formation of
grains with a mean size of about 1 um at ambient tempera-
ture. LTDRX occurs due to low ability of lattice dislocations
to rearrange and yields strain hardening.

(3) Temperature dependence of recrystallized grain size
can be caused by changes in contribution of different DRX
mechanisms in total microstructural evolution with increasing
temperature.

(4) Different strain dependencies of recrystallized grain
size in the three different temperature intervals can be caused
by changes in contribution of different DRX mechanisms in
total microstructural evolution with increasing strain at the
three different temperature regions.
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