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considerable number of published papers related to DRX, however, suffer from non-negligible flaws originating
from inappropriate experimental design. In this paper, the sources of these flaws are critically assessed, including
the misinterpretation of DRX mechanisms, the strain localization on tested samples, the neglected post dynamic
recrystallization and possible phase transformations which mask the real hot deformation microstructure. Solu-

g‘%ﬁiecwswuizam tions to eliminate or quantify these disturbing factors during DRX studies are suggested, yielding more accurate
Post dynamic recrystallization approaches to investigate DRX behaviour of metallic materials.
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1. Introduction

Dynamic recrystallization (DRX), which takes place during hot de-
formation of metallic materials once a critical strain level has been
reached, can significantly modify the microstructures and mechanical
properties of the formed component [1]. Since the 1940s, extensive in-
vestigation has been invested on the development of DRX theory [2], fo-
cusing mainly on the two most widely used structural alloys, i.e., steels
and aluminium alloys. The three typical DRX mechanisms, including
discontinuous dynamic recrystallization (DDRX), continuous dynamic
recrystallization (CDRX) and geometric dynamic recrystallization
(GDRX) have been summarized in recent review papers [3,4]. Driven
by the fast development of new metallic materials, especially those
with low ductility that have to be deformed at high temperatures,
DRX has now become a relatively hot research topic, as reflected by
the large number of published papers, as well as its fast-growing
speed (see Fig. 1).

It appears that the relatively well-developed knowledge of DRX
in steels and aluminium alloys is often vaguely applied to hot work-
ing of other new metallic materials, e.g., titanium alloys, magnesium
alloys, high entropy alloys etc. For instance, CDRX was often claimed
to occur without direct proofs of the gradual evolution of low angle
grain boundary (LAGB) misorientation angle distributions. GDRX
was used to explain the formation of small grains during hot defor-
mation at very small strain levels, neglecting the fact that the critical
strain for GDRX is usually very large. Meanwhile, most DRX studies
are performed by examining the post-mortem microstructures
preserved by quenching after deformation. Strain localization,
which not only changes the local strain levels, but also modifies the
local strain rate, is often unnoticed if DRX analysis is conducted in
this fashion. Quench delay and possible phase transformation
(e.g., titanium alloys, steels) during cooling mask the hot deforma-
tion structure, adding difficulties to the DRX analysis. In order to
get an in-depth understanding of the DRX behaviour and to quantita-
tively tailor the final hot deformation microstructure, solutions to re-
solve the above-mentioned issues are required.

Numerical modelling provides an alternative way for studying
DRX at different length scales, but for the sake of simplicity, the fol-
lowing discussion will be restricted to experimental aspects of
DRX. Interested readers are referred to Refs [4-7] for more details
on modelling of DRX. In fact, the development of more advanced
DRX models relies heavily on the accumulation of systematic and ac-
curate experimental data, which is the focus of the current paper.
This paper also reviews critically the origins of non-rigorous inter-
pretations of high temperature DRX experiments and suggests solu-
tions to avoid them.

2. DRX mechanism
2.1. Common DRX mechanisms and existing problems

During hot deformation of metallic materials with low stacking
fault energy (SFE), DDRX takes place, through two distinct stages,
i.e. nucleation and growth of the nuclei, once a critical strain has
been reached. The characteristics of DDRX have been well
established in textbooks [1] and recent review papers [3-5]. Since
other DRX mechanisms are less present in the literature, DDRX is
often interchanged with DRX. During DDRX, dislocation-free nuclei
are firstly formed at a serrated boundary, which then leads to
necklace-type small recrystallized grains along the original grain
boundaries (GBs) at larger strain levels. This has been the focus of
numerous studies, however, much less investigations can be found
on the progress of DRX after the formation of the first necklace. The
role of twinning in promoting nucleation of new grains during
DDRX was, in particular, evidenced in Refs [8-10].

It is often taken for granted that DDRX will definitely lead to grain re-
finement, however, grain coarsening could easily take place under certain
conditions. Fig. 2a illustrates the grain size changes of pure nickel with dif-
ferent initial grain size during hot working [3]. After DDRX, the average
grain size of the sample with a coarser initial grain size of 60 um indeed
decreases to around 40 pm, but the increased average grain size is also ev-
ident for the sample with smaller initial grain size of 30 um. The mecha-
nism behind is actually easy to follow: since the steady state grain size
is a function of deformation temperature and strain rate, deformation of
materials with small initial grain size at high temperature with low strain
rate could easily lead to a coarser grain structure. The type of flow stress
curve may also change from single peak to multiple peak when decreas-
ing the initial grain size [11], see Fig. 2b.

Even though aluminium alloys are important structural materials
and hot rolling is a standard processing step in industrial practice,
the corresponding DRX behaviour is still under debate [12,13]. The
microstructure evolution of Al alloys through CDRX was put forward
by Perdrix et al. in 1981 [14]. CDRX originally refers to the micro-
structure evolution by progressive transformation of LAGBs into
high angle grain boundaries (HAGBs). However, in standard forming
operations (hot forging, hot rolling and extrusion, etc.) of Al alloys,
complete CDRX is rarely observed due to the presence of stable
grains [13], the misorientation of LAGBs in stable grains does not
steadily increase even after large strain (as shown in Fig. 3)
[12,15-19]. The deformation behaviour of these stable grains should
definitely be further investigated. Three different forms of CDRX
mechanisms were proposed in Refs [4], including CDRX by the ho-
mogeneous increase of misorientation (HIM), CDRX by lattice
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Fig. 1. The fast-growing number of published papers related to DRX from 1970 to 2019.
Data from Web of Knowledge with “dynamic recrystallization” as “Topic” on May 26,
2020.

rotation near grain boundary (LRGB), as well microshear band
assisted CDRX.

GDRX refers to the formation of equiaxed grains during hot defor-
mation by the following three steps: 1) formation of serrations;
2) grain elongation and thinning; 3) impingement of serrated origi-
nal HAGBs at critical strain. Solberg and McQueen, together with
their co-workers, were the first ones to use the term GDRX [20,21].
The GDRX mechanism is only based on geometrical considerations.
It is indeed true that GDRX begins earlier near triple junctions
where the distance between the HAGBs is smaller, but the critical
strain, which depends on the deformation mode, subgrain size and
initial grain size, must be reached before substantial GDRX takes
place. For metallic materials with typical initial grain size of ~50-
100 pm, this critical strain is much higher than the reachable uniform
deformation strain in hot tension or compression tests. Moreover,
the introduction of new HAGBs by grain subdivision or transformed
LAGBs during deformation should be distinguished from the original
HAGBs when interpreting GDRX.

N
~
o

d

T = 923K
$=2x107s"

Pure Nickel

D, =60 ym

Average Grain Size, D/ um

10 T

True Strain, ¢

1 1
00 01 02 03 04 05

2.2. New DRX mechanism and its applicability

Besides the three typical DRX mechanisms, twinning-induced DRX
(TDRX) has been reported extensively in magnesium and its alloys
[22-26]. During TDRX, the new grains first nucleate in twins and at
twin-twin intersections (Fig. 4) [23,27,28], the twin boundaries then
change into ordinary boundaries, and these grains then finally grow
[29]. Although few reports have been documented in high temperature
ranges [30,31], the TDRX mechanism plays an important role in the de-
formation of magnesium and its alloys [32,33]. However, it is rarely re-
ported in materials other than magnesium alloys.

DRX is usually a thermally activated process and a minimum tem-
perature is required to initiate associate atomic mechanisms.
Disclination mediated DRX, which can operate at temperature as low
as T = 10 K in metallic materials during deformation, was put forward
through atomic simulation [34]. Different from dislocation-based
models, this mechanism relies on the formation of special defects of
disclination quadrupoles, which take place during deformation in case
where the grain boundary migration is restricted by structural defects
such as triple junctions, cracks or obstacles. Since the focus of this
paper is placed on the experimental study of DRX, the disclination me-
diated DRX study by atomic simulation will thus not be further
discussed, interested readers are referred to Refs [34, 35] for more
details.

Heteroepitaxial recrystallization (HERX), which was firstly reported
in nickel-based superalloys with a large volume fraction of second-
phase particles [36,37], takes place when a vy shell is formed coherently
on the primary precipitates y’ prior to the deformation and this -y shell
serves as recrystallization nucleus during deformation while maintain-
ing its coherency with the primary vy’ (shown in Fig. 5) [37]. However,
although HERX is intensified at low temperature and high strain rates,
HERX grains will gradually be replaced by DDRX grains under large
strain [38]. Therefore, HERX can be considered as a special case of the
early stages of DDRX or as an auxiliary mechanism for DDRX under
low strain. The HERX mechanism is only likely to occur in low lattice
mismatch superalloys since it is a necessary condition for the develop-
ment of such large heteroepitaxial features [37].

In addition, some “new” mechanisms such as rotational dynamic re-
crystallization (RDRX) [39-41], grain boundary bulging dynamic
recrystallization (GBBDRX) [33,42,43], low-temperature dynamic re-
crystallization (LTDRX) [44,45] have been reported, but these mecha-
nisms are either similar to existing DRX mechanisms or are often
limited to specific materials or deformation volumes.
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Fig. 2. a) Average grain size change of pure nickel in DDRX [3]. b) Typical stress-strain curves characteristic of DDRX in the austenite of plain carbon steels [11].

Reprinted with permission from Elsevier [3,11].
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Fig. 3. The change in average misorientation angle with strain for a) Cu [3,17], b) Fe-20% Cr alloy [3,18] and c) AA7475 [3,19] undergoing CDRX.

Reproduced with permission from Elsevier [3].

2.3. Multiple mechanisms operate sequentially or simultaneously

Now that typical individual DRX mechanisms have been reviewed in
the previous sections, we can turn to more complex situations where
the hot deformation of metallic materials involves more than one DRX
mechanism. Different DRX mechanisms can operate in sequence or in
parallel [23,27,33,39-41,46-51].

The change of DRX mechanism with respect to deformation strain,
deformation temperature and strain rate is well documented in magne-
sium alloys [33,45], steels [52,53] and nickel alloys (Fig. 6) [48-50]. On
the other hand, the simultaneous operation of different DRX mecha-
nisms is a more complex situation. Although a large number of experi-
ments have found that different mechanisms could operate
synchronously [46,50,51], it remains a difficult task to separate different
DRX mechanisms. For instance, HAGBs can be formed by CDRX during
hot deformation, which reduces the distances between HAGBs and trig-
gers “GDRX” (only original HAGBs are considered during traditional
GDRX) at small strain levels (typically <1). It is almost impossible to
judge the DRX mechanism just by looking at the final microstructure
and the flow stress curve, especially when multiple DRX mechanisms
are involved. Moreover, the complex interaction between DRX and
phase transformation (and also second-phase particles) further makes
it difficult to analyse the real DRX mechanism for many metallic mate-
rials. Careful results analysis is required before jumping into
conclusions.

In order to separate different DRX mechanisms, the microstructure
evolution with respect to strain, which provides the gradual microstruc-
ture evolution, should always be investigated. The microstructure evo-
lution should be ideally tracked by 3D in-situ methods. However, even
though a few techniques such as laser ultrasonics [54] and in-situ high

energy synchrotron radiation diffraction have indeed been attempted
[55]. Most of them are targeted on the average state variables such as
crystallite size and dislocation density, whereas the direct monitoring
of the microstructure evolution of individual grains is still unavailable.
The microstructure evolution can also be in-situ tracked on the 2D
free surface during hot deformation within the SEM chamber [56], but
the reachable strain level is limited due to the severe deformation on
the surface. It thus appears that post-mortem microstructure analysis
is still the right approach to distinguish the concurrent DRX mecha-
nisms. DDRX usually takes place for materials with low SFE and it is
characterized by the early nuclei initiated at original GBs with almost
dislocation-free internal structure which then suffers to subsequent de-
formation. A necklace grain structure can be observed after the peak
strain, while twinning plays a role when the original GBs are consumed
[57].1t should be noted that both grain refinement and grain coarsening
are possible depending on the deformation conditions [3,4]. To identify
the CDRX, the progressive evolution of the misorientation angle distri-
bution should always be given, since this provides the key evidence
for traditional CDRX. Before the completion of CDRX, the new potential
grains formed by this mechanism should be surrounded by LAGBs
with a range of misorientation angles up to 10-15°. A gradual increase
in the misorientations between prospective grains is accompanied by
the formation of grain/subgrain boundary net consisting of LAGBs and
HAGBs. Corresponding structural elements, i.e., grains and/or subgrains,
in such microstructure are partially bounded by LAGBs and HAGBs, and
the fraction of the latter ones increases upon CDRX progress [3]. In con-
trast to DDRX, CDRX is characterized by rather homogeneous disloca-
tion substructure evolution during deformation, which is another
common distinctive feature of continuous processes [1,3]. Since new
grains during CDRX form in place of deformation subgrains as a result

Fig. 4. Schematic representation of the TDRX mechanism [28].
Reproduced with permission from Elsevier [28].
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Fig. 5. a) STEM image of a primary precipitate surrounded by a 'y grain. b) Selected area diffraction patterns in [110] zone axis, corresponding to the y grain 1 and the -y’ precipitate 2 [37].

Reproduced with permission from Wiley [37].

of increasing sub-boundary misorientations, the dislocation density
should depend on deformation conditions, but being nearly the same
in all grains/subgrains.

The formation of HAGBs due to progressive lattice rotation near GBs
and the microshear band has been regarded as non-traditional CDRX
[4], and the generation of strong texture under large strain can be an
auxiliary criterion for CDRX [4,19]. CDRX prevails for materials with
high SFE, but it has been evidenced in low SFE materials under warm de-
formation conditions [48]. Depending on the deformation mode, some
stable orientations, within which the average misorientation angle sat-
urates below 10°, may still exist even at very high strain levels [3], this
should not be taken as an evidence to exclude CDRX. The judgment of
GDRX is theoretically simple but still requires attention due to its simi-
larities with CDRX, it was even classified as one special case of CDRX [1].
The critical strain, which is usually much higher than the attainable
strain during hot compression and tension, should be reached if the ma-
jority of the materials is recrystallized by CDRX. Of course, the critical
strain will be much smaller at the acute ends of irregular grains, but
this only accounts for a limited fraction of the total GBs [4,21]. A good

1.0
i Discontinuous
= DRX
g 0.5
‘é I onset of — - T
8. grain .
g boundary Continuous
) bulging DRX
= development of

highly misoriented
0 subgrains
10" 10° 10' 10?

Strain

Fig. 6. Schematic drawing showing the various DRX mechanisms responsible for new
grain development during plastic working of Ni-20%Cr alloy [48].
Reproduced with permission from Elsevier [48].

and simple way to avoid GDRX is obviously to increase the initial
grain size of the investigated material.

In additional to the post-mortem microstructure analysis, knowing
the SFE of the investigated material, as well as analysing its stress-
strain curves at different conditions up to large strain levels may also
help to distinguish different DRX mechanisms. For instance, dynamic re-
covery in high SFE materials promotes dislocation redistribution during
deformation that is accompanied by a gradual increase in the flow stress
approaching a saturation at large strain. DDRX is rarely observed for al-
uminium alloys (except pure aluminium) which possess high SFE, but
stress-strain curve with evident peak (or even multiple peaks) followed
by a steady state plateau suggests DDRX since stress peak is usually not
seen for both GDRX and CDRX.

3. Strain localization
3.1. Sources leading to strain localization

Strain localization refers to the narrow zone of larger-than-average
strain on the deformed sample, with necking being one of the typical ex-
amples. Strain localization not only leads to the increased strain level in
that particular zone, it also affects the corresponding strain rate, both of
which have a significant role on the DRX behaviour of the material. Even
though the accumulated strain level can be estimated in the strain local-
ized area, it is much more difficult to estimate the history of strain rate.

Temperature gradients along the tested samples are one of the most
common sources of macroscopic strain localization during hot deforma-
tion. Localized deformation heating further promotes temperature gra-
dients and strain localization [58]. During a hot tensile test, for example,
there is, at sufficient strain rates, a significant temperature rise in the
necking zone [59]. Sample-anvil friction during compression test is
one of the main causes of inhomogeneous strain in this type of test,
which causes changes in metal flow characteristics [60,61]. Strain local-
ization near the surface of the rolled sheets by strong shear deformation
is frequently observed during hot rolling due to the friction between the
rolls and the sheets. Friction between billet and die also leads to dead
metal zone and shear zone during extrusion. The geometric parameters
of the sample, including those induced by machining, are also influenc-
ing factors of strain localization, which are analysed in detail in Refs
[61-63]. Deformable second-phase particles in the metallic matrix can,
on the other hand, also result in or increase microscopic strain
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Reproduced with permission from Elsevier [69].

localization, e.g. through the formation of shear bands. For example,
strain localization almost doubled when introducing very fine and co-
herent TisAl (o) precipitates in Ti-6Al-4 V alloys [64-66]. In general,
strain localization occurs preferentially near grain boundaries and
twin boundaries (as illustrated in Fig. 7) due to the lack of efficient
mechanisms for strain transfer across such interfaces [67-70]. In addi-
tion, the constraint imposed by neighboring grains also leads to strain
localization [71]. Inversely to strain localization, stable grains, which
do not transform into smaller grains even after very high strain level,
are frequently observed during hot deformation of Al alloys [3,4].

3.2. Methods for determining strain localization

In common deformation experiments of DRX studies such as hot
tensile, compression and torsion tests, a practical way to measure po-
tential strain localization is to examine the final shape of the deformed
sample. During hot torsion, it is enough to draw a shallow but straight
line on the gauge length of the sample with a sharp tool before the
test. After deformation, the spacing between the spiral lines should be

uniform in the case of homogeneous deformation. Attention should be
paid on the rough surface either due to orange peel effect (see Fig. 8)
[72], related to a large initial grain size, or scales caused by oxidation,
since both of them can make the marked line invisible after deforma-
tion. Under hot compression, the friction between the sample and the
anvils leads to a non-uniform strain. However, comparing the final
shape of the deformed sample with that simulated by finite element
analysis (FEA) under homogeneous temperature can be used to quan-
tify strain localization in 3D. During hot tension, in addition to visually
observing obvious strain localization such as necking, strain distribution
can be determined within a certain range by Digital Image Correlation
(DIC), or simply by analysing the stress-strain curve using the Considére
criterion [73].

Recently, High Resolution Digital Image Correlation (HRDIC) has
been used to quantify microscopic strain localization in multiple exper-
iments [65,69,71,74]. As shown in Fig. 9, since the spatial resolution is
then at the um-scale, this method provides highly resolved strain infor-
mation. The specific strain level of the deformation zone can be clearly
presented, and the different strains can be accurately quantified [74].
However, this technique has many drawbacks, including the small
analysed area and the complex data smoothing procedure etc., as de-
tailed in Ref [75].

3.3. Elimination or reduction of strain localization

Once strain localization is quantified, methods should be proposed
to avoid it. The essence of strain localization is the inhomogeneity of
metal plastic flow. First, uniform temperature distribution is the most
important factor to avoid strain localization. The temperature along
the deformation section of the tested samples should be kept as homo-
geneous as possible. This can be carried out by long soaking time,
smooth transition zone between the gauge section and sample shoul-
ders for tensile and torsion tests. It should be noted that long soaking
time can generally make the temperature of the sample more uniform,
but it may have limited effect at extremely high deformation tempera-
ture (>1000 °C). It is highly recommended to install thermocouples in
different parts of the sample to monitor the temperature uniformity
whenever it allows. Since the deformation heating becomes more sig-
nificant at high strain rates, and an increase of strain rate tends to
change the conditions from isothermal to adiabatic, deformation at
lower strain rate is recommended as long as it is allowed, in order to
avoid additional strain induced temperature gradients [76].

It is also an effective method to choose the appropriate deforma-
tion conditions in terms of deformation temperature and strain rate

Fig. 8. Wrinkling on the surface of a) a torsion sample, b) a cylindrical tensile sample, and c) a flat square type tensile sample after fracture.

Reprinted with permission from Elsevier [72].
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Reprinted with permission from Elsevier [74].

(which can be jointly considered through the Zener-Hollomon pa-
rameter), according to the material processing map [77,78]. For in-
stance, deforming at a condition with a low strain rate sensitivity
value usually leads to strain localization [77]. According to the
Considére criterion for tensile test, strain localization on a macro-
scopic scale, such as necking, may be delayed by increasing the
work hardening rate which then promote large uniform plastic de-
formation [79,80]. In terms of deformation mode, torsion testing is
particularly appropriate for large deformation testing at high tem-
peratures, since a constant cross section is maintained throughout
the test. Using proper lubrication, true stress-strain curves can also
be obtained and analysed after compression tests, but this usually
only holds true when the true strain is <1.0. It should be noted that
possible strain heterogeneity is easily controlled by the shape of
compressed specimen.

In general, samples with good surface finish and smooth geometrical
transitions help reducing strain localization during hot deformation.
However, it was reported that compression samples with concentric
shallow grooves (i.e. rough surface) on both ends lead to more homoge-
neous deformation since they help keeping a sufficient amount of

lubricant during hot deformation [81]. At the same time, lubricants
such as graphite, powdered glass and mixtures of powdered glass and
boron nitride powder should be selected differently depending on the
material and deformation conditions [81]. Finally, the uniformity of
(micro)chemical composition and microstructure of the deformed sam-
ple should be ensured as much as possible, proper homogenization
treatment and examination of the initial microstructure are necessary
before hot deformation.

4. Post dynamic recrystallization (PDRX)
4.1. Characteristics of PDRX

PDRX, also known as metadynamic recrystallization (MDRX), oc-
curs once deformation stops while deformation temperature does
not drop sufficiently fast. The freshly nucleated DDRX grains then
continue to grow without requiring an incubation time [2,82-86].
Even though PDRX is not a new phenomenon, it has been often
neglected, sometimes resulting in ungrounded conclusions. PDRX
could take place extremely fast, especially after hot deformation
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conditions with very high temperatures and large strain rates. The
onset of PDRX significantly modifies the deformation microstruc-
ture, leading to a complex mixture of original deformed grains, dy-
namically recrystallized grains with subsequent strain-hardening,
and fresh DRX grains that have grown by PDRX. Fast PDRX kinetics
is illustrated in Fig. 10, where a hot deformed nickel sample was
quenched by hydrogen gas after holding at the deformation temper-
ature for 0.03 s, which was not sufficient to prevent PDRX. The devel-
opment of dislocation density distributions in PDRX microstructures
was analysed in Ref [3, 83]. During PDRX, another central question is
whether SRX could still take place when the deformation stops but
the temperature is kept high. It is often claimed that PDRX is the
only softening mechanism, both from experimental studies [83]
and numerical simulations [87,88]. However, in a recent study
using in situ characterization of Inconel 718, it was found that SRX
could still take place in addition to PDRX, as long as the initial dy-
namically recrystallized volume fraction is low enough [89]. Even
though PDRX should usually be avoided in DRX studies since it
masks the deformation microstructure, it can also be intentionally
used to tailor the final microstructure. In fact, PDRX is difficult to
avoid in many industrial practices when very large ingots are hot de-
formed under multi-pass conditions. It is even more so for metallic
materials with low thermal conductivities. Even though not related

to PDRX, attention should also be paid to the possible SRX when
heating samples with an initial deformation microstructure.

4.2. Assessment and controlling of PDRX

The fast kinetics of PDRX discussed in Section 4.1 requires appropri-
ate quantification methods. The double-hit experiment, consisting of
two separate deformation stages, is considered to be an effective
method for assessing PDRX [90]. According to the stress-strain curve
of the double-hit isothermal experiment, the degree of softening caused
by PDRX during two hit intervals can be quantified through the notion
of softening fraction [86]:

03—0,
03—0)

Xs = x 100

where 07 is the yield stress at the first hit, 0, the yield stress of the sec-
ond hit, and o3 the stress at the end of the first hit. It should be noted
that the effect introduced by static recovery cannot be distinguished
from the recrystallization effect with this method. For this reason,
double-hit experiment stress-strain curves combined with microstruc-
ture characterization by electron backscattered diffraction (EBSD)
and/or TEM are commonly used (see Fig. 11 [91]). The degree of PDRX

During DRX

X ——d

During annealing (i.e. post-DRX)

Fig. 10. TEM micrographs of DRXed nickel kept at the deformation temperature of 1050 K for a) 0.03 s, b) 10 s. Three types of dislocation density distributions develop in the
microstructure, c) a DDRX nucleus, d) a growing DDRX grain, and e) a critically strain hardened DDRX grain [3].

Reproduced from [3], with permission from Elsevier.
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Fig. 11. Results of the double-hit compression tests carried out on C—Mn steel samples [91]. a) The true stress-strain curve of sample deformation at 915 °C, b) Austenitic microstructures
according to the GOS method with the recrystallization curve determined by samples at a deformation temperature of 1000 °C.

Reprinted with permission from Springer [91].

after hot deformation can be understood more directly, but this, again,
requires fast quench after hot deformation. Recently, Nicolay et al. [92]
reported a new approach for distinguishing PDRX grains from the DRX
grains based on the analysis of intragranular misorientations in EBSD
maps with enhanced angular resolution.

In order to avoid or mitigate the interference of PDRX with DRX,
samples should be quenched as quickly as possible after hot deforma-
tion. Compared with the traditional practice of moving hot-deformed
samples into a cooling medium, in-situ spray cooling can ensure faster
quenching. Moreover, the gas quenching method can also achieve
rapid cooling if appropriate gas temperature, gas pressure and gas
flow rate are employed [83]. Even though the importance of timely
quenching is self-evident, quench delay is usually unavoidable experi-
mentally [93]. In fact, large workpieces are often not quenched after
hot deformation during production [94], and even if they are quenched,
the core of the workpiece will be cooled more slowly than the surface,
i.e. the quench delay there is almost inevitable. Moreover, the low

thermal conductivity of certain materials is another key factor that de-
lays fast quenching.

If immediate quench is difficult, an effective way to avoid significant
PDRX is to reduce the stain rate and/or deformation temperature during
laboratory DRX studies. For example, in a coarse-grained two-phase ti-
tanium alloy, PDRX after a small strain rate (0.01 s~!) deformation at
1080 °C proceeds much slower than that with large strain rate
(0.1 s=1) [95]. Similar results are also verified in 300 M steel [96] and
0.34% plain-carbon steel [90]. The temperature dependence of PDRX
lies in both the number of DRX nuclei, and in their growth rate [96].

5. Phase transformation

In order to study the DRX behaviour, metallic materials are usually
deformed at high temperatures, after which the deformed samples are
cooled down to examine their microstructures. When the samples are
cooled down from high temperatures to room temperature, phase

Slab Reheating

Accelerated
cooling

Temperature

Direct
Quench

Recrystallized Austenite

Time

Fig. 12. Schematic diagram of thermomechanical controlled processing of HSLA steels and the different microstructures that result from this process during cooling [99].

Reproduced from [99], with permission from Taylor & Francis.
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transformation can take place for many metallic materials, typical ex-
amples include steels, titanium alloys. Another less studied type of
phase transformation is the strain induced phase transformation, also
called dynamic transformation, during hot deformation [97], which
will be discussed later. Once the different types of potential phase trans-
formations related to hot deformation are known, it is possible to ac-
count for their disturbing effect when investigating DRX.

5.1. Static phase transformation

It is textbook knowledge that typical structural metallic materials
like steels and Ti alloys usually experience phase transformation from
austenite to ferrite and from bcc 3 to hcp a phase, respectively, when
cooled from high temperatures (in austenite or (3 region). The addition
of alloying elements can lower the transformation starting temperature
and stabilize the high temperature phase, which then suppress phase
transformation. For this reason, austenitic stainless steels and 3-Ti alloys
are often chosen as model alloys to study DRX. But for many other me-
tallic materials such as high strength low alloy (HSLA) steels, carbon
steels and o + P Ti alloys, martensitic phase transformation does take
place during fast cooling, leading to a completely different microstruc-
ture than the hot deformed one, which shields many characters of the
hot deformation (sub)structures [98]. The different microstructures
after cooling of hot deformed HSLA steel are schematically shown in
Fig. 12 [99].

As a typical type of model steel for DRX studies, austenitic stainless
steel does not experience phase transformation after quick quench to
room temperature. It can be seen from Fig. 13 that the hot deformation
substructures in terms of LAGBs are reserved [100]. The size, volume
fraction and location of DRX grains, which are all important parameters
for DRX studies, are accessible for direct quantitative analysis. On the
other hand, the hot deformed austenitic structures are replaced by mar-
tensite after quenching for many other steels such as advanced high
strength steel 22MnB5 steel [101], as shown in Fig. 14. Quantitative
analysis of the DRX behaviour is thus almost impossible, even though
the prior austenite GBs can be reconstructed using the orientation rela-
tionships between martensitic and austenitic grains as will be detailed
later. Even though only examples of steels are shown here, it should
be noted that similar situation can also be found for other metallic ma-
terials such as Ti alloys.

Since phase transformation during cooling masks the high tempera-
ture structure, the traditional way to characterize the microstructure of
the cooled samples at room temperature is not applicable. Alternative
approaches have been proposed, they are summarized below.

The most straightforward way to study DRX in materials with phase
transformation is by combining hot deformation with in-situ character-
ization techniques, including in-situ SEM-EBSD deformation [102], in-
situ TEM deformation [103] or even in-situ synchrotron radiation dif-
fraction deformation [104]. During in-situ SEM-EBSD deformation, the
slow data acquisition is a major concern since small scanning step size
is usually required to capture accurately enough the microstructure
evolution. While this issue may be tackled with the fast development
of the EBSD technique, it is more challenging to keep the scanning sam-
ple surface flat during deformation, which causes serious problems for
high quality indexing. On the other hand, a very small surface area is
typically analysed when dealing with in-situ TEM deformation, whereas
DRX is a quite heterogeneous process-efforts must therefore be invested
to ensure the right area is chosen. In practice, DRX studies by in-situ
TEM are rarely reported. In both SEM-EBSD and TEM techniques, the
microstructure is observed close to free surfaces, which may introduce
artefacts. In contrast, no free surface effect is involved for in-situ syn-
chrotron radiation diffraction deformation, however the data analysis
procedure is complex, and often user dependent. It should be noted
that DRX can also be indirectly studied by indentation at high tempera-
ture [105].

Since in-situ observation of dynamic microstructure evolution often
requires special equipment, the reconstruction of the hot deformation
structure from the “frozen” (room temperature) microstructure is per-
haps the most widely used approach. Before the emergence of EBSD,
the hot deformation structure before phase transformation was usually
characterized using special etching process/agents, see Fig. 15 [106].
However, it is unclear whether all high temperature GBs can be re-
trieved using this method, especially when different etching recipes
are used in different research groups. With more and more reliable
EBSD measurements, crystallographic models [107] are able to recon-
struct the hot deformation microstructure before phase transformation
occurred. These models are based on orientation relationships between
high and low temperature phases (typically austenite and martensite).
An example of reconstructed austenite grain structure after friction
stir welding is shown in Fig. 16 [108]. The hot deformation substructure
(sometimes even the fine precipitates), and in particular the surround-
ing environment of the DRX nuclei, is however lost after the phase
transformation when using these reconstruction methods.

5.2. Dynamic transformation (DT)

In general, most of laboratory studies on DRX of steels are conducted
above the Ae; temperature but below the delta ferrite formation tem-
perature, where austenite is the equivalent phase. Austenite can be

Fig. 13. EBSD micrographs showing the details of the deformed microstructure of the 304 L
samples deformed at 1000 °C to € = 0.5. Low angle grain boundaries with misorientation
angle 1° < 0 < 15° were plot in grey. a) 0.01 s~!, b) 0.1 s~! [100].

Reprinted with permission from Elsevier [100].
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Fig. 14. The EBSD micrographs of an advanced high strength steel (22MnB5 steel) deformed to € = 1 (a-c) EBSD orientation mappings (IPF color coding with respect to the sample surface)
and (d-f) EBSD band contrast images superimposed with the reconstructed parent austenite grain boundaries (black lines), the packet boundaries (red lines) and block boundaries (green
lines) of martensite. (a + d) 850 °C/0.01 s~ %, (b + e) 950 °C/0.01 s~ !, (c + f) 950 °C/0.8 s~ ' [101].

Reprinted with permission from Elsevier [101].

readily transformed into ferrite during deformation between the Aes
and Ars temperatures, however, DRX is not prevailed at this low tem-
perature [109]. Therefore, only selected hot deformation experiments
performed at temperatures above the Aes are further discussed in this
paper. DT, which refers to the transformation of austenite to ferrite dur-
ing deformation, has been reported since 1980s in the pioneering work
by Yada et al. [110]. However, the nature of the DT mode is still unclear,
various transformation modes are proposed in the literature including
the diffusional transformation [111,112], massive transformation
[113,114], displacive transformation [115]. Meanwahile, the thermody-
namics of DT have been studied using different approaches, i.e., stored
energy, stress activation and transformation softening models [97].
More details on DT can be found in a recent review paper on hot defor-
mation of steels [97]. It should be note that DT also takes place on tita-
nium alloys [116,117], this is, however, not further discussed.

The existence of DT during hot deformation has been unambigu-
ously proved by torsion test of Fe-6Ni-(0.0008-0.29)C alloys samples
40 °C above the Aes with in-situ X-ray experiments [97,113]. It was
shown from Fig. 17 that a line corresponding to (1 1 0), was present to-
gether with the (11 1), line. This clearly showed that y — « transfor-
mation occurred during deformation. More evidences were later
established through EBSD, TEM and APT results [97].

Once the existence of DT during hot deformation is confirmed, its
relevance to DRX can be now examined. It is now well accepted that
there is a critical strain for DT below which phase transformation does
not take place. The values of the critical stresses (o) for the onset of
DT and DRX can actually be estimated by the so-called double differen-
tiate method [118,119] using the flow stress curve and 6 vs. o curves,
where 0 is the work hardening rate 6§ = (00/0¢). An example is pre-
sented below in Fig. 18 [97,120]. It should be noted that the critical

Fig. 15. Prior austenite grain boundaries are revealed by special etching agents in 300 M steel isothermal compression at a) 1180 °C and b) 1140 °C [106].

Reproduced with permission from Elsevier [106].
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Fig. 16. Inverse pole figure map combined with image quality map of the room temperature microstructure a), and reconstructed prior austenite inverse pole figure map b) after friction
stir welding of a ferritic steel (orientations of white prior austenite grains were not recoverable due to low number of active ferrite variants) [108].

Reproduced with permission from Elsevier [108].

strain for DT is always lower than that for DRX, which means DT will al-
ways take place earlier than DRX under conditions where both phe-
nomena take place. Since DT consumes the stored energy in the
original austenite phase during hot deformation, it is thus not surprising
that it retards the DRX of the parent austenite phase.

The effect of deformation conditions in terms of deformation
temperature and strain rate on DT and DRX is now discussed. DRX
is promoted at high deformation temperatures, however, the
amounts of DT ferrite decrease as the deformation temperature is in-
creased (still below the delta ferrite temperature). This is expected
since the Gibbs energy barrier to the y-to-a transformation in-
creases with deformation temperature. In other words, DT can be
largely prohibited when studying DRX at high deformation

a)

(11o)a~Fe

(111),5

(110),.5
(1115,

Fig. 17. Typical X-ray diffraction patterns a) before heating, b) at the austenitizing
temperature (790 °C), and c) on the application of torsional deformation at 720 °C (i.e.
paraequilibrium Ae; + 40 °C) temperature [97,113].

Reproduced with permission from Elsevier [97].
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Fig. 18. a) Stress-strain curve from hot torsion on a 0.79 wt% C steel deformed at 763 °C
(i.e. Aes + 30 °C) at a strain rate of 4.0 s~ . b) 6-o plot derived from the fitted curve.
Here the two o values are associated with two of the points of inflection. The **’ on the
plot corresponds to the local maximum in the inset [97,120].

Reprinted with permission from Elsevier [97].
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temperatures. Lowering deformation temperature favors DT and re-
duces the resultant ferrite grain size, but DRX may be sluggish or
even prohibited at such deformation temperature range. In terms
of strain rate, lower strain rate is always preferred during DRX, but
its effect on DT is twofold. On one hand, increasing strain rate retards
DRX of austenite which then accumulates more stored energy to pro-
mote DT. On the other hand, larger strain rate reduces the deforma-
tion duration, which is unfavorable to DT since it is a time dependent
process. The net effect of strain rate on DT thus depends on the bal-
ance of the above two factors, which provides the guidance to
avoid DT by varying strain rate during DRX studies.

DT takes place by transforming the harder austenite phase to softer
ferrite phase during hot working [97]. As a consequence, deformation
may concentrate on the DT-ferrite, which increases the driving force
for the onset of DRX in this transformed phase (not the original austen-
ite phase since it is less deformed). Since recovery is enhanced in ferrite
at elevated temperature as compared to austenite, the critical strain to
initiate DRX when deforming single ferrite phase sample at relatively
low temperature (in the DT temperature region) is typically very
large. However, DRX of DT-ferrite occurs at a relatively small macro-
scopic strain because applied strain significantly concentrates on DT-
ferrite [112], i.e., DT promote DRX of the transformed phase. It should
be noted that the DT phase may subject to further transformation dur-
ing deformation or unloading since it is metastable [97,117,121],
which adds difficulty to the analysis of DRX behaviour of the parent
phase.

6. Summary

In response to the typical problems encountered in experimental
studies of DRX, the following topics were addressed in this paper:

1) The current misunderstandings related to the three common DRX
mechanisms, i.e., DDRX, CDRX and GDRX, were discussed and clari-
fied. New DRX mechanisms were also presented, including their ap-
plication conditions and limitations.

2) Various sources of strain localization and their consequence on DRX
studies were identified; specific methods to eliminate or reduce
strain localization were described.

3) Phase transformation and post-dynamic recrystallization (PDRX)
and, which may take place during or after hot deformation and
mask the high temperature structure, are considered as key
disturbing factors for DRX studies. Practical solutions to deal with
such phenomena were examined.
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