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Chapter

DEFORMATION MICROSTRUCTURE AND
RECOVERY

Tianbo Yu*

Department of Mechanical Enigneering, Technical University of
Denmark, Kgs. Lyngby, Denmark

ABSTRACT

This chapter is devoted to the topics of deformation microstructure and
recovery. The conventional notations and understandings of recovery at low
strains are briefly reviewed, followed by a presentation of materials and
processing parameters controlling recovery and the microstructure-property
relationship  during recovery. New discoveries on deformation
microstructures from the last 30 years are briefly reviewed with focus on
face-centered cubic (FCC) metals with high stacking fault energy. The strong
effect of microstructure on recovery is exemplified by a presentation of novel
dynamic and static recovery mechanisms in ultrafine microstructures.

Deformation microstructure not only determines the properties of a deformed
metal but also provides the driving force for recovery and recrystallization;
recovery competes with recrystallization in restoring microstructure and
properties and at the same time facilitates nucleation of recrystallization.
Therefore, such topics are important in the design, processing and
understanding of novel metals with optimized properties.

Keywords: deformation microstructure; dynamic/static recovery; dislocation;
geometrically necessary boundary (GNB); incidental dislocation boundary
(IDB); triple junction migration
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1. INTRODUCTION

Metallic components are typically produced by thermomechanical processing
where plastic strain and temperature are key parameters. The processing brings
the metal towards an appropriate shape, produces heat, and changes the
microstructure of the metal. The deformed microstructure stores a small fraction
of the total deformation energy in the form of lattice defects, which greatly alter
the mechanical and physical properties of the metal. In the deformed state, the
metal has a high stored energy thus a driving force for the deformation
microstructure to return to its undeformed soft state.

Recovery is the first restoration process taking place in a deformed
microstructure. In a collective review (Doherty et al. 1997), it was defined as “all
annealing processes occurring in deformed materials that occur without the
migration of a high angle grain boundary”, whose misorientation angle is typically
larger than 15°. Recovery is a precursor of recrystallization, which is the
formation of a new grain structure in a deformed material by the formation and
migration of high angle grain boundaries driven by the stored energy in the
microstructure. Recovery includes many processes; depending on the materials
and processing parameters, such processes may also occur during plastic
deformation as dynamic recovery. Dynamic recovery plays an important role
during plastic deformation and, together with deformation mechanisms,
determines the deformation microstructure.

The extensive early work on deformation microstructure and recovery has
been reviewed previously by a number of authors (Beck 1954; Bever 1957;
Perryman 1957; Friedel 1964; Li 1966; Bever, Holt, and Titchener 1973; Gil
Sevillano, van Houtte, and Aernoudt 1980; Nes 1995). Recent reviews can be
found in (Niels Hansen and Barlow 2014; Raabe 2014; Humphreys, Rollett, and
Rohrer 2017) and the proceedings of the 36" Risg International Symposium on
Materials Science (Faester et al. 2015). The present work starts with a review of
old notations and descriptions of recovery (mainly at low strain), and then focuses
on new discoveries in deformation microstructures and recovery mechanisms
found in heavily deformed metals.
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2. RECOVERY OF DISLOCATION STRUCTURES AT LOW
STRAINS

2.1. Dislocation accumulation

Plastic deformation of metals takes place predominantly by glide of
dislocations on the slip plane, causing the macroscopic strain (Friedel 1964; Hull
and Bacon 2001). The stress required to deform the metal increases with
increasing strain—the metal work hardened (strain hardened). This is because
many generated dislocations are stored in the structure thus become immobile.
Plastic deformation is therefore accompanied by an increase in the density of
dislocations, which resist further dislocation glide. Annealed metals typically
contains a dislocation density of 108 - 10! m/m?, and this parameter can increase
to about 10'® - 10'* after 10% deformation and continues to increase as the strain
increases further. The dislocations represent an energy per unit length; the stored
energy of the deformed material is proportional to the dislocation density.

Different from slip by dislocation glide, twinning is a characteristic
deformation mechanism for face-centered cubic (FCC) metals of low stacking
fault energy and hexagonal close-packed (HCP) metals. However, twinning is less
common than slip and twin boundaries are stable during recovery. Plastic
deformation also produces point defects, i.e. vacancies and interstitials, but most
of the point defects typically anneal out quickly after deformation unless the
sample is deformed and subsequently stored at a very low temperature. Therefore,
we shall in this section only discuss phenomena related to the dislocation
structures introduced by plastic deformation.

2.2. Dislocation annihilation

During recovery, dislocation rearrangement occurs by glide, climb and cross
slip of dislocations, reducing the stored energy in the metal as a result of
dislocation annihilation. A number of annihilation processes have been analyzed
in the literature (Friedel 1964; Li 1966) and they depend on many parameters,
such as the material, strain level, strain rate, deformation temperature, and
annealing temperature and time. Annihilation of dislocations may occur in a
number of ways during annealing:

e Dislocations can glide to the sample surface as can be seen from slip

steps;
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e Dislocations can interact with a high angle grain boundary and get

absorbed,;

¢ Dislocation pairs with opposite Burgers vectors can annihilate by glide,

assisted by climb (edge dislocation) and cross slip (screw dislocation) if
they are not on the same slip plane.

These processes reduce the dislocation density in the deformed metal. For
simple dislocation arrays, the kinetics of dislocation recovery was analyzed in
detail by Li (Li 1966). For a complex dislocation structure, the recovery kinetics
is typically found to be close to logarithmic, and it has been expressed as
(Borelius, Berglund, and Sjoberg 1952):

P — [P

i’—t =—-K,P exp(—%) (1)
where P is the stored energy (proportional to the dislocation density), ¢ is the
annealing time, 7 is the annealing temperature, R is the gas constant, Qo is the
activation energy at the end of recovery, and the three fitting parameters Ko, Qo
and S are associated with the active recovery mechanisms. Similar but slightly
different forms have also been suggested initially by Kuhlmann-Wilsdorf
(Kuhlmann 1948). Important in these models is that the apparent activation energy
(Qo-pP) increases as recovery proceeds (Kuhlmann 1948; Cottrell and Aytekin
1950; Borelius, Berglund, and Sjoberg 1952; Michalak and Paxton 1961; Friedel
1964; Nes 1995; Rath and Pande 2013). The increase of the activation energy is
related to the decrease of the stored energy (driving force) during recovery,
making it more difficult for recovery to proceed.

2.3. Dislocation rearrangement

There are a large fraction of dislocations in the deformed microstructure that
are difficult to annihilate by the above mechanisms. During recovery, these excess
dislocations have a tendency to form low energy configurations such as
dislocation walls and low angle boundaries, accommodating the lattice curvature
imposed by the strain. In these configurations, the dislocations mutually
compensate their distortion fields and thus reduce the total elastic energy. For a
low angle boundary, it is described by the Read—Shockley equation (Read and
Shockley 1950) that the total energy y increases but the energy per unit dislocation
length decreases with increasing density of dislocations in the boundary, i.e. with
increasing boundary misorientation angle 6:
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where 7, is the energy per unit area of a high angle boundary and 6, is usually
taken as 15°. These excess dislocations therefore tend to form fewer boundaries of
higher misorientation angles, i.e. reducing their total energy.

A simple case of forming a low angle boundary is termed glide
polygonization, which was first demonstrated by Cahn (Cahn 1949), who bent and
annealed a single crystal and observed that excess dislocations of one kind
distributed on the slip plane will rearrange into low angle boundaries
perpendicular to the slip planes upon annealing, thereby reducing the total stored
energy.

In the general case of deformation of polycrystalline materials, dislocations of
different Burgers vectors are generated and some of them remained in the
structure. During annealing, these dislocations react and arrange into three-
dimensional (3D) structures, where a classic example is a cell structure with a
high dislocation density in the cell walls and a low dislocation density in the cell
interior. With further annealing, recovery proceeds both in the cell walls and in
the cell interior. Cell walls become sharper and sharper by removing dislocation
pairs of opposite Burgers vectors through mutual annihilation and rearranging the
excess dislocations into low angle boundaries. Such a structure with sharp low
angle boundaries and almost dislocation free interior is called a subgrain structure.

2.4. Dynamic Recovery

The rearrangement and annihilation of dislocations occur not only during
annealing but also in the course of deformation as dynamic recovery. Dynamic
recovery is partially thermally activated and stress/strain assisted. It reduces both
the energy storage rate and the work hardening rate. For metals of high stacking
fault energy, dynamic recovery occurs readily during deformation, forming 3D
cell/subgrain structures in the deformed samples (Figure 1).

The organization of the dislocation structure in a deformed sample may be
considered as a result of dynamic recovery. Alternatively, this configuration may
be interpreted based on the low energy dislocation structure (LEDS) hypothesis
(Kuhlmann-Wilsdorf 1989) that dislocations arrange to reduce the energy per unit
length of dislocation line. The ability of dislocations to reach their lowest-energy
configurations is constrained by a number of factors, including the number of
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available slip systems, the dislocation mobility (for both glide and climb), and the
frictional stress.

Figure 1. Montage of a cell structure (in a grain of Cube texture) in the
longitudinal section of Al (99.996% purity) after 10% cold rolling.

2.5. Subgrain growth

The initial size of cells/subgrains depends on the materials and processing
parameters, and is in the order of 1 um. The energy stored in these cell/subgrain
boundaries are the driving force for subgrain growth, which reduces the stored
energy by reducing the boundary area. The growth of subgrains is typically
continuous (uniform coarsening, normal subgrain growth) but it can also be
discontinuous (non-uniform coarsening, abnormal subgrain growth). Figure 2
shows an example of a subgrain structure in annealed Al with very few
dislocations inside subgrains.

Migration of subgrain boundaries (Smith and Dillamore 1970; Sandstrom
1977; Nes 1995; Humphreys, Rollett, and Rohrer 2017) is considered as the
dominant mechanism for subgrain growth. The mobility of low angle subgrain
boundaries is generally lower than that of high angle boundaries, and increases
with increasing misorientation angle. However, dislocation boundaries with very
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low misorientation angles (e.g. below 1°) may have a high mobility, especially
under the influence of local residual stresses. Moreover, such boundaries may
disappear by continuously reducing their misorientation angle through rotation
and coalescence — an alternative mechanism of subgrain growth (Jones, Ralph,
and Hansen 1979; Doherty 1980). However, subgrain coalescence is not
frequently observed.

B

Figure 2. A well-defined subgrain structﬁre in the longitudinal section of Al
(99.9% purity) produced by 80% rolling and annealing at 255 °C for 4 h.

The kinetics of subgrain growth was commonly analyzed in analogy to grain
growth, where a constant activation energy is assumed. Such an analysis neglects
an important feature of recovery of a complex dislocation network structure, i.e.
the increase of the activation energy during recovery (Kuhlmann 1948; Cottrell
and Aytekin 1950; Borelius, Berglund, and Sjoberg 1952; Michalak and Paxton
1961; Friedel 1964; Nes 1995; Rath and Pande 2013). Consequently, many
different growth exponents were reported in the literature. It should also be noted
that the extent of subgrain growth is often limited due to the onset of
recrystallization, thereby making it difficult for the validation of subgrain growth
kinetics.

A unified coarsening model for deformation microstructures was recently
proposed (Yu and Hansen 2016a). The model considers the change of the
activation energy as the microstructure coarsens, and was successfully applied to
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coarsening examples of different structural scales. One example is on subgrain
growth as shown in Figure 3, where Qy is the apparent activation energy at the end
of coarsening.

4 T T T T T T

Q, =176 + 9 kJ/mol

10 107! 10° 10! 107
¢ (h)

Figure 3. Isothermal subgrain growth kinetics of Al-0.05% Si single crystal
channel die compressed by 70% at room temperature. The data were reported in
(Y. Huang and Humphreys 2000) and later fitted by the unified coarsening model
(Yu and Hansen 2016a).

2.6. Materials and processing parameters

Recovery depends on many parameters, where important ones are the
stacking fault energy, solutes, second phase particles, deformation temperature,
plastic strain, strain rate, and annealing temperature.

2.6.1. Material properties

A key material property is the stacking fault energy, which determines the
extent to which a full dislocation dissociates into two partial dislocations, i.e. the
width of the stacking fault between two partial dislocations. Therefore, in metals
of high stacking fault energy such as Al and Fe, dislocations typically appear as
full dislocations, which can easily climb and cross slip, and significant recovery
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may take place during deformation and annealing. By contrast, in metals of low
stacking fault energy such as Cu-Zn brass and Fe-Mn austenitic steel, significant
thermal activation is needed for partial dislocations to constrict into full
dislocations, and the recovery of the dislocation network can be slow.

The species and concentrations of solutes in the material also strongly affect
recovery. Solutes may influence recovery in several ways:

e by reducing the stacking fault energy;

e Dby pinning dislocations;

e by pinning dislocation boundaries and thereby reducing their mobility.

Solutes retard dynamic recovery during deformation and stabilize the
deformed microstructure. It leads to a higher stored energy in the deformed
microstructure but also to a higher recrystallization temperature through solute
drag of high angle boundaries. More significant static recovery is therefore
usually observed in a solid solution than in a high purity metal. For example, there
is a pronounced recovery stage in deformed arsenical Cu (Cu-0.35% As-0.05% P)
but not in high purity Cu (99.98% purity) (Clareborough, Hargreaves, and West
1955).

Second phase particles in the material can also stabilize the deformation
microstructure by pinning dislocations and boundaries. The drag force due to the
interaction between particles and boundaries is called Zener drag, which is
proportional to the volume fraction of particles and inversely proportional to the
particle size.

2.6.2 Processing parameters

The deformation temperature is an important processing parameter affecting
the recovery behavior. As different metals have different melting points, it is
convenient to define a homologous temperature, which is the temperature divided
by the melting point (7,,) in Kelvin scale. It follows that room temperature
deformation may be considered as warm for Al (7/7,~0.49) but cold for Ni
(T/T»=0.17). When a metal is deformed at a high homologous temperature,
dislocations obtain a high 3D mobility and dynamic recovery occurs readily
forming sharp subgrain boundaries (dynamic recrystallization may also occur if
the temperature is high enough). As a result, subgrain growth becomes the main
recovery mechanism for the subsequent static recovery. With decreasing
deformation temperature, dynamic recovery is retarded and deformation stored
energy is increased. This typically leads to pronounced static recovery during
annealing, but recovery may be curtailed by an early onset of recrystallization.
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The effect of strain rate is similar to that of the deformation temperature. A
low strain rate provides longer time for thermal activation during dynamic
recovery, thereby facilitating dynamic recovery as in the case of a high
deformation temperature. As a result, the combined effect of the strain rate (&)
and deformation temperature (7) can be expressed in the Zener-Hollomon
parameter (Z£):

. Q
- = 3
Z = exp(—) (3)

where O is the activation energy and R is the gas constant. It should be also noted
that a low Zener-Hollomon parameter not only promotes dynamic recovery but
also facilities deformation, so that creep and hot deformation require a lower
external stress.

With increasing plastic strain, dislocations are continuously created,
accompanied by dynamic recovery. Subgrains/cells may be formed during
deformation with their size decreases continuously with increasing strain. A high
stored energy, as in the case of deformation at a low homologous temperature,
may lead to pronounced static recovery during annealing, but may also cause
early nucleation of recrystallization. In special cases where metals are only
lightly deformed, the deformation microstructure may be simple and complete
recovery may take place during annealing.

The annealing temperature also affects the recovery process. A high
annealing temperature leads to a high recovery rate. As a number of restoration
processes with different activation energy occur during annealing, a change in the
annealing temperature will also change the contribution of different restoration
processes, including the competition between recovery and recrystallization. A
low annealing temperature usually favors recovery since many recovery
mechanisms operate at a lower activation energy than that required by
recrystallization (Yu, Hansen, and Huang 2012).

2.6.3 Parameter summary

In summary, dynamic recovery occurs much faster than static recovery at the
same temperature due to concurrent deformation, i.e. a dynamic microstructure.
The parameters affecting dynamic recovery can be analyzed by characterizing the
deformation microstructure. Dynamic recovery can be enhanced by increasing the
mobility of dislocations and dislocation boundaries and conditions include:

e a high stacking fault energy,

e alow concentration of solutes and particles,
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e ahigh deformation temperature.

The rate of dynamic recovery can be also enhanced by increasing the driving
force (stored energy) and conditions include:

e a high strain,

e a high strain rate.

Static recovery depends on the materials properties and the deformation
microstructure. Static recovery may be enhanced by

e a high stacking fault energy

e a high stored energy

e alow concentration of solutes and particles

e ahigh annealing temperature

However, the last three parameters also lead to early onset of
recrystallization, thereby curtailing the recovery processes. The last two
parameters actually often reduce the fraction of stored energy released by
recovery.

2.7 Property change during recovery

The microstructural change during recovery is accompanied by the release of
stored energy and changes in physical (e.g. density and electrical resistivity) and
mechanical properties (e.g. hardness and flow stress). These changes are typically
smaller compared to those taking place in recrystallization.

2.7.1 Release of stored energy

The release of deformation stored energy during recovery can be measured
directly by differential scanning calorimetry (DSC). However, the interpretation
of the result is not straightforward since the energy release may take place by
different recovery mechanisms, e.g.

e annihilation of vacancies and dislocations,

e rearrangement of dislocations into low energy configurations,

e coarsening of the cell/subgrain structure.

Moreover, precipitation and other phase transformations may also occur
during annealing, and a precise relationship between the stored energy and the
microstructure is difficult to establish. Instead, a simple estimation is often
applied assuming all the remaining energy is stored in cell/subgrain boundaries,
i.e. the stored energy (per unit volume) E; can be expressed as

Eg; = ays/D 4)
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where D is the cell/subgrain size, ys is the boundary energy, which depends on the
misorientation angle, and o is a geometrical constant depending on the
morphology (~3 for an equiaxed 3D structure).

The subgrain size can be readily determined by electron backscatter
diffraction (EBSD) in a scanning electron microscope (SEM), and the boundary
energy can be calculated based on the Read-Shockley equation, i.e. Equation (2),
where the boundary misorientation angle is also determined by EBSD. However,
it is often found that the stored energy estimated from this type of equations is
lower than that measured directly by calorimetry.

If a cell/subgrain structure is not formed, e.g. at a very low strain, then the
stored energy may be estimated as the product of dislocation density p and the

average energy per unit length of dislocation line as

Eq =3 pGD? 5)
where G is the shear modulus and b is the Burgers vector. The dislocation density
may be determined by measuring (i) the projected images of dislocations in a thin
foil and (ii) the foil thickness in a transmission electron microscope (TEM);
alternatively, it may be measured by X-ray line profile analysis (Ungar and

Borbély 1996), where certain assumptions are needed in the estimation.

2.7.2 Physical and mechanical properties

The microstructural changes during recovery leads to a number of changes in
the physical and mechanical properties, for example increase of density, decrease
of electrical resistivity, decrease of flow stress, and increase of ductility.
However, the exact relationship between these properties and the partially
recovered microstructure is complex, and these properties are also affected by
concurrent phase transformations. Nevertheless, recovery kinetics is commonly
analyzed through measurement of the flow stress or hardness (the hardness is
easier to measure and is approximately three times the flow stress). The flow
stress o is approximately related to the total dislocation density p (including those
in cell/subgrain boundaries) as

o =09+ aflMGb\/E (6)
where oy is the frictional stress, M is the Taylor factor, and a; is a constant in the
order of 0.2-0.4. An example of recovery in hardness is shown in Figure 4, where
cold-rolled commercial purity Al was isothermally annealed at five different
temperatures and the hardness shows a quasi-logarithmic decay in the recovery
range (Yu and Hansen 2016b). During annealing, the flow stress decreases with
the decreasing dislocation density. However, this total dislocation density is



Deformation Microstructure and Recovery 13

difficult to measure accurately. An alternative way is therefore to relate the stress
to the cell/subgrain size. When the interior dislocations between cell/subgrain
boundaries are ignored, the flow stress ¢ may be expressed in terms of the
subgrain size D as
o=0y+kD™™ @)
where oy is the frictional stress, & is a constant, and m was found to be between 0.5
and 1. Based on the flow stress o, the extent of recovery R can be defined in terms
of the flow stress of the deformed state o4 and the flow stress of the fully
recrystallized state oy as
gq—0
= ﬁ ®)
Consequently, 1-R represents the residual hardening after recovery. By
measuring either the stored energy Eq or the residual hardening 1-R during an
annealing study, the recovery kinetics may be analyzed based on Equation (1) or
other similar kinetics equations.
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Figure 4. Hardness as a function of annealing time at the given temperatures for
Al (99.5% purity) cold rolled to a true strain of 5.5. The arrow indicates
recrystallized states. After (Yu and Hansen 2016b).

3. DEVELOPMENT OF DEFORMATION MICROSTRUCTURES
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In the last 30 year, extensive studies (Estrin and Vinogradov 2013; Niels
Hansen and Barlow 2014; Cao et al. 2018) have been carried out characterizing
the detailed deformation microstructure up to an ultrahigh strain. The deformation
microstructure is affected by a number of materials and processing parameters,
most importantly the crystal structure, the stacking fault energy, the strain, and the
deformation temperature.

For face-centered cubic (FCC) metals with highs stacking fault energies and
body-centered cubic (BCC) metals, e.g. Al, Ni and Fe, deformation is typically
completely accommodated by dislocation slip (Bay et al. 1992; Niels Hansen
2001; Hughes and Hansen 2004; Niels Hansen and Barlow 2014), whereas
deformation twinning is negligible. Dislocations have a high 3D mobility and can
easily cross slip, leading to wavy glide.

For FCC metals with low stacking fault energies, full dislocations dissociate
into partial dislocations and hence cross slip becomes difficult. As a result, plastic
deformation leads to a planar Taylor lattice structure (Kuhlmann-Wilsdorf 1989;
Hughes 1993). With an even lower stacking fault energy, for example in Ag and
many Cu alloys, deformation twinning becomes an important deformation
mechanism (Wang et al. 2010; Cao et al. 2018), supplementing dislocation slip. In
this case, dynamic recovery is suppressed due to the low mobility of dislocations.

For hexagonal close-packed (HCP) metals, the primary slip systems have the
Burgers vectors in the basal plane. However, all of these systems put together
only produce four independent slip systems and are not able to accommodate the
strain along the <c¢> direction. Therefore, additional slip/twinning systems are
required for a homologous plastic deformation according to the Taylor model
(Taylor 1938). Such slip systems can be introduced by changing materials
parameters.

Although there are some differences in the microstructural evolution of
different groups of metals, the trend is similar when the strain in increased.
Therefore, in the following, the microstructural evolution with strain will only be
discussed for FCC metals with high stacking fault energies.

3.1 Microstructural evolution

Dislocation cells and cell boundaries have been studied for many decades but
detailed microstructural characterization in the last 30 years (Bay et al. 1992; Q.
Liu, Juul Jensen, and Hansen 1998; Hughes and Hansen 2000; Niels Hansen
2001; Wert, Liu, and Hansen 1997) showed that cell boundaries coexist with
planar dislocation boundaries. These extended planar boundaries delineate regions
that are further subdivided by cell boundaries (Figure 5). Extended boundaries
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have their origin in a different range of active slip systems in neighboring regions
called cell blocks. Each cell block has been assumed (Kuhlmann-Wilsdorf and
Hansen 1991; Bay et al. 1992) to deform by four or fewer active slip systems, i.e.
falling short of the five required for homologous deformation according to the
Taylor model (Taylor 1938). However, a group of cell blocks may collectively
fulfill the Taylor criterion. In such a cell block structure (Figure 5), boundaries are
therefore classified into two types based on their formation mechanisms
(Kuhlmann-Wilsdorf and Hansen 1991; Bay et al. 1992):
e geometrically necessary boundaries (GNBs), which are extended cell
block boundaries delineating regions of different slip activities;
e incidental dislocation boundaries (IDBs), which are cell boundaries
formed by mutual trapping of glide dislocations.

Y i
- &

Figure 5. A cell block structure in 5% cold-rolled Al (99.99% purityj viewed in
the longitudinal plane. Both GNBs and IDBs are illustrated. Courtesy of Xiaoxu
Huang.

The structural morphology changes as the strain increases. After deformation
to a high strain, for example by cold rolling, the structure is characterized by
extended lamellar boundaries, with interconnecting boundaries and loose
dislocations in the region between extended lamellar boundaries. Lamellar
boundaries are categorized as GNBs and typically of medium to high angle;
interconnecting boundaries are categorized as IDBs and are of low angle. An
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example of such a microstructure is shown in Figure 6 for heavily cold rolled Al
(Yu, Hansen, and Huang 2011). The tracing clearly shows that lamellar
boundaries are not perfectly parallel or infinite. Instead, they form triple junctions,
which are not in equilibrium conditions. Detailed microstructural observations
(Yu, Hansen, and Huang 2011) showed that there are three types of triple
junctions in the lamellar structure (Figure 7):

® Y-junctions, each formed by three lamellar boundaries;

e H-junction pairs, each formed by two lamellar boundaries and an

interconnecting boundary between them;
e r-junctions, each formed by three interconnecting boundaries.

(7)) o e ——

0 e Ly
Figure 6. A lamellar structure in Al (99.5% purity) cold rolled to a true strain of
5.5. (a) TEM image viewed in the longitudinal plane; (b) tracinging of lamellar
boundaries (black) and interconnection boundaries (gray). After (Yu, Hansen, and
Huang 2011).
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Figure 7. Illustrations and examples of three types of triple junctions in lamellar
structures. (a) A Y-junction formed by three lamellar boundaries (GNBs); (b) two
H-junctions (an H-junction pair) formed by two lamellar boundaries and an
interconnecting boundary (IDB) between them; and (c) a r-junction formed by
three interconnecting boundaries. Triple junctions are highlighted in bold lines
with dihedral angles 26 indicated. Both Y-junctions and H-junctions are lying
close to the rolling plane, whereas r-junctions are oriented almost parallel to the
normal direction (ND). After (Yu, Hansen, and Huang 2011).

At an ultrahigh strain, the structural refinement by deformation is counter-
balanced by dynamic recovery. The structural morphology generally follows the
shape change of the bulk material, for example forming a lamellar structure in
rolling and a fibrous structure in wire drawing. For monotonic deformation,
elongated structural morphology can be found in the longitudinal section with the
aspect ratio depending on materials and processing parameters.

3.2 Microstructural parameters

Both cell block boundaries at low strains and lamellar boundaries at high
strains are GNBs delineating regions with different slip activities, whereas both
cell boundaries at low strains and interconnecting boundaries at high strains are
IDBs formed by mutual trapping of glide dislocations (Kuhlmann-Wilsdorf and
Hansen 1991; Niels Hansen 2001). For both GNBs and IDBs, the average
boundary spacing decreases and the average misorientation angle across the
boundary increases when the strain is increased (Figure 8). The GNB spacings
and misorientation angles evolve much faster than those of the IDBs, indicating
different mechanisms controlling their evolution.
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Figure 8. Boundary spacing and misorientation angle in Ni (99.5% purity)
deformed by high pressure torsion (HPT) to an ultrahigh strain. (a) Boundary
spacing; (b) misorientation angle. Based on data reported in (H. W. Zhang,
Huang, and Hansen 2008).

When an ultrahigh strain is achieved, saturation is approached in both
boundary spacing and misorientation angle. It has been showed that when Ni
(99.5% purity) was deformed by high pressure torsion at room temperature, the
GNB spacing reaches about 60 nm and the GNB misorientation angle reaches
about 40° (H. W. Zhang, Huang, and Hansen 2008), see Figure 8. During
structural refinement, there is a continuous increase in the fraction of high angle
boundaries, which at large strain can approach about 60-80%. The evolution in
boundary spacing is related to the dynamic recovery processes, whereas the
causes behind the evolution of misorientation angle are not only dynamic
recovery but also crystal symmetry and creation of new low angle boundaries.

Besides the average values of the microstructural parameters, their
distributions have been studied extensively by applying a scaling hypothesis
(Hughes et al. 1997; Hughes et al. 1998; Godfrey and Hughes 2000). This
hypothesis is based on the assumption that similar underlying mechanisms control
the formation of deformation microstructures. The scaling hypothesis reduces the
amount of tasks in microstructural characterization and provides a general tool for
analysis of structural parameters as demonstrated in analyses of the evolution in
boundary spacing and angles with increasing strain. The distributions of these
parameters at a given state depend on strain, but the scaling hypothesis
demonstrates that the distributions may be represented by a strain-independent
distribution using as a scaling parameter either the average boundary spacing or
the average misorientation angle at each strain. The distribution functions used
when applying the scaling hypothesis have been analyzed theoretically for the
misorientation angle distributions (Pantleon and Hansen 2001). It should also be
noted that the scaling of GNB misorientation angle breaks down at very high
strains when the distribution becomes bimodal as it contains both low and high
angle boundaries.

3.3 Orientation dependence

Microstructural subdivision during plastic strain can be significantly affected
by the crystallographic orientation of the grain. This has been demonstrated in
many single crystal and polycrystal studies (Driver, Juul Jensen, and Hansen
1994; Q. Liu and Hansen 1995; X. Huang and Winther 2007). The cause of this
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orientation dependence of microstructure has been related to the orientation
dependence of slip systems (Winther and Huang 2007). Three different structural
types have been identified (X. Huang and Winther 2007; X. Huang and Hansen
1997) relating to the grain orientation (Figure 9):
e The type 1 structure is a cell block structure with cell block boundaries
(GNBs) aligned approximately with the {111} slip planes (within 10°).
e The type 2 structure is a cell structure without GNBs.
e The type 3 structure is also a cell block structure similar to type 1, but the
GNBs deviate substantially from the {111} slip planes (>10°).

[111]

(100] [110]
Figure 9. Crystallographic orientation of the tensile axis for three types of
deformation microstructures.

The orientation dependence of microstructural subdivision leads to different
stored energy depending on the local texture. In a study of deforming Al single
crystals of three typical rolling texture orientations to a true strain of 1.5 (Godfrey,
Hansen, and Jensen 2007), it was found that different cell block structures formed
in crystals of different orientations and also showed that the stored energy is
higher in {112}<111> Copper and {123}<634> S orientations than in
{110}<112> Brass orientation. The difference in stored energy is expected to play
an important role when the samples are annealed.

When the strain is increased during rolling, the three types of microstructures
transform to a finely spaced lamellar structure, where most of the cell blocks
rotate to various variants of the rolling texture components (Copper, S and Brass)
separated by lamellar boundaries on a very fine scale. It was shown that rolling
texture components often form wider bands than other texture components (Q. Liu
et al. 2002), leading to a texture dependence of the spatial distribution of high
angle boundaries. Detailed observations (Xing, Huang, and Hansen 2006) also
showed that both the average GNB and IDB misorientation angles are smaller in
bands of rolling texture components than in bands of other texture components.



20 Tianbo Yu

This difference in the microstructure leads to a higher stored energy in bands of
other texture components. As a result, during subsequent annealing much higher
recovery rate was found in bands of other texture components (Xing, Huang, and
Hansen 2006). Similar orientation dependence of deformation microstructure and
recovery was reported in a study of channel die deformed Al-0.1% Mn crystals
(Albou et al. 2011).

4. RECOVERY OF LAMELLAR STRUCTURES AT HIGH STRAINS

Classical analyses of recovery are largely based on the activities of
dislocations and evolution of cells and subgrains. However, the deformation
microstructure after a high monotonic strain (e.g. by rolling or compression) is
commonly characterized by a finely spaced lamellar structure with a high fraction
of high angle boundaries. The deformation stored energy is stored in these
lamellar and interconnecting boundaries, and the recovery of this boundary
network is important. Annihilation and rearrangement of dislocations still occur at
high strain (Yu, Hansen, and Huang 2012). Due to the small boundary spacings at
high strain, however, there are increased dislocation-boundary interactions and
decreased dislocation-dislocation interactions.

In this section, focus is on novel recovery mechanisms in lamellar
deformation microstructures. Recovery is favored in Al in the competition
between recovery and recrystallization, and therefore commercial purity Al
(99.5% purity) has been chosen as a model material to demonstrate important
recovery mechanisms.

4.1 Microstructural coarsening during deformation

4.1.1 Removal of lamellar boundaries

The decrease of the lamellar boundary spacing with increasing strain was
found to be much slower than the externally imposed shape change at large strains
(Langford and Cohen 1969; Godfrey and Hughes 2000), see the sketch (Figure
10). It follows that there much be a dynamic recovery mechanism removing
lamellar boundaries during deformation, counteracting the structural refinement.
Such a mechanism has been recently observed experimentally during cold rolling
of commercial purity Al (Yu et al. 2014).
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Figure 10. Illustration of the evolution of the boundary spacing measured along
the ND. At low strains, the spacing decreases faster than geometrical reduction
but at high strains it is slower.

4.1.2 Dynamic Y-junction migration

As shown in Figure 7a, a Y-junction is a special type of triple junctions
connecting three lamellar boundaries. Consequently in a 3D structure, all lamellae
are bounded by Y-junctions. In a longitudinal viewing plane, all lamellae are
terminated at two Y-junctions as shown in the orientation maps (Figure 11)
obtained from electron backscatter diffraction (EBSD) experiments, and the
density of Y-junctions can be related to the average lamella length and spacing
(Yu, Hansen, and Huang 2011). It can be further seen from Figure 11 that there
are many pairs of separated lamellae with similar orientations (similar color in the
EBSD orientation map). These configurations are considered as a result of break-
up of lamellae followed by Y-junction migration in the bulk interior during
deformation (Yu et al. 2014).
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Figure 11. EBSD orientation maps showing deformation microstructures in an Al
(99.5% purity) sample cold rolled to a true strain of 5.5. The maps are colored
according to the crystallographic orientation of the transverse direction (TD).
Separated pairs of lamellae are marked. (a) In the longitudinal section; (b) in the
transverse section. After (Yu et al. 2014).

Direct evidence of Y-junction migration has also been observed during an ex
situ study (Yu et al. 2014). In that study, heavily cold rolled Al was initially
characterized by EBSD and electron channeling contrast (ECC) imaging in a
scanning electron microscope, and then the samples were additionally cold rolled
by a small amount of reduction and characterized by EBSD and ECC again. These
processes were repeated a few times to follow the microstructural change in the
longitudinal/transverse section during further deformation of the lamellar
structure. Figure 12a shows the evolution of the microstructure in a selected area
in the longitudinal section before and after additional rolling with thickness
reductions of 5% and 20%. The Y-junction indicated by red arrows migrated
along the RD during additional rolling, leading to a decrease of the length of the
middle lamella (indicated by black arrows) and an increase of the thickness of the
original neighboring lamellae. After 5% additional rolling, parts of two
boundaries of misorientation angle ~20° were replaced by a single boundary of
misorientation angle 4°. Figure 12b shows another example of Y-junction
migration (red arrow) and also an example of break-up of a lamella (yellow
arrow). The break-up of the lamella may be caused by localized shear so that two
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neighboring lamellar boundaries meet each other. This creates a pair of triple
junctions, and is typically followed by migration of the triple junction pair away
from each other as can be seen in Figure 11.

(b) 0% 52°

111

D

001 101

Figure 12. EBSD orientation maps showing Y-junction migration observed in the
longitudinal section of cold rolled Al (99.5% purity) samples during additional
cold rolling. The amounts of additional rolling are indicated within the maps. The
two migrating Y-junctions are marked by red arrows, and the corresponding
shortening lamellae are marked by black arrows. Boundaries with misorientation
angles larger than 2° are shown by white lines, and the misorientation angles of
lamellar boundaries forming the migrating Y-junctions are indicated in the
sketches. (a) Initial strain 5.5; (b) initial strain 4, where the yellow arrow indicates
break-up of the lamella by local shear during deformation. After (Yu et al. 2014).

Dynamic Y-junction migration counteracting the structural refinement during
deformation:

e it replaces two lamellar boundaries by one, increasing the lamellar

boundary spacing;

e it removes interconnecting boundaries and dislocations in swept regions,

reducing the dislocation density;

e it may create low angle boundaries due to a texture effect (Figure 12a),

reducing the fraction of high angle boundaries.

Dynamic Y-junction migration modifies the microstructure in a continuous
manner and its directional feature leads to the retaining of the lamellar
morphology. Dynamic Y-junction migration can be enhanced by thermal
activation and is stress/strain assisted. Examination of large areas in heavily
deformed Al revealed that this mechanism preferentially removes thin lamellae
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and strongly cancels out the microstructural refinement by rolling. It rationalizes
many typical features of high strain deformation, for example:

e the average lamellar boundary spacing is reduced but only to a small

extent;

o the average length of lamellae decreases;

o the fraction of high angle boundaries reaches 60% ~ 80%;

e the work hardening rate is low.

The configurations shown in Figure 11 are common in deformed lamellar
structures, and dynamic Y-junction migration has been observed, e.g. in tantalum
deformed by high pressure torsion (Renk, Ghosh, and Pippan 2017) and Ni
deformed by accumulative roll bonding (F. Liu et al. 2018).

At ultrahigh strains, the lamellar structure often has a tendency to gradually
reduce its aspect ratio and become more equiaxed, due to either inhomogeneous
shear deformation or enhanced boundary mobility. In this case, dynamic boundary
migration loses the directional feature and becomes normal boundary migration
(Legros, Gianola, and Hemker 2008; Renk et al. 2014).

4.2 Microstructural coarsening during annealing

4.2.1 Microstructural changes

The heavily deformed microstructure contains a high stored energy, serving
as the driving force for recovery and recrystallization during annealing. Such a
deformation microstructure can be seen in Figure 13a, showing a typical lamellar
morphology (Yu, Hansen, and Huang 2013). After annealing below the
recrystallization temperature, dislocation annihilation and microstructural
coarsening occurred. As shown in Figure 13b, there is an increase in the lamellar
boundary spacing and a decrease in the dislocation density, but the lamellar
morphology was largely maintained. An important recovery mechanism has been
identified accounting for this pattern of microstructural change (Yu, Hansen, and
Huang 2011).
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Figure 13. TEM micrographs showing microstructures in the longitudinal section
of Al (99.5% purity) samples. (a) Deformed to a true strain of 5.5; (b) after
annealing at 180 °C for 1 h. After (Yu, Hansen, and Huang 2013).

4.2.2 Uniform coarsening by Y-junction migration

Direct in situ and ex situ TEM observations of thin foils during annealing
revealed that the uniform microstructural coarsening is due to thermally activated
Y-junction migration. One example is shown in Figure 14, where a Y-junction
terminating the middle lamella migrated up during annealing, leading to local
increase of the lamellar boundary spacing but maintaining the lamellar
morphology.
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Figure 14. An example of triple junction migration observed in the longitudinal
section of Al (99.5% purity) cold rolled to a true strain of 5.5 and annealed at 120
°C for different time intervals, as marked.

During migration of a Y-junction, there is a strong interaction between
attached interconnecting boundaries (i.e. IDBs) and the Y-junction. Figure 15
shows such an example (Yu et al. 2015). The Y-junction in the center of the
micrograph (arrowed in Figure 15a) was initially pinned by a neighboring
interconnecting dislocation boundary, which was attached to one of the receding
lamellar boundaries on the left side of the Y-junction. As the Y-junction migrated
downwards (Figure 15b), this interconnecting boundary was forced to extend and
bow, exerting a large pinning force on the connected lamellar boundary. Four
dislocations are visible in this interconnecting boundary, which is sketched in
Figure 15j. With further annealing, these four dislocations were unpinned
successively from the moving Y-junction (Figure 15b-i). For de-pinning of each
dislocation, the incubation time is much longer than the time used for glide. After
all of the four dislocations in the interconnecting boundary had been unpinned, the
Y-junction migrated further before it stopped near the next set of interconnecting
boundaries.
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Figure 15. Migration of a Y-junction and its lengthy interaction with an attached
interconnecting boundary in Al (99.5% purity) cold rolled to a true strain of 4
during annealing at 180 °C. The time sequence from 0 to 145.0 s is shown in each
micrograph. The arrows in (a) and (b) point to the Y-junction, whose migration
was retarded by the attached interconnecting boundary; each small arrow in (c)—
(i) points to an interconnecting boundary dislocation which was unpinned after
bowing. In the corresponding sketch in (j), lamellar boundaries are shown in bold
lines, and the interconnecting boundary is composed of four dislocations, which
are shown by thin lines. In the sketch, the big arrow indicates the direction of Y-
junction migration, whereas the small arrow indicates the direction of dislocation
glide during de-pinning. After (Yu et al. 2015).

Thermally activated Y-junction migration was found to be the key recovery
mechanism in heavily deformed Al (Yu, Hansen, and Huang 2011; Yu, Hansen,
and Huang 2013), leading to

e an increase of the lamellar boundary spacing,

e adecrease of the stored energy,

e agradual transition from a lamellar to an equiaxed structure .

Uniform coarsening by Y-junction migration is followed by nucleation of
recrystallization and growth of nuclei, and therefore it is considered as a recovery
mechanism (a high strain counterpart of subgrain growth). This new recovery
mechanism involves migration of deformation induced high angle boundaries and
is therefore different from recovery taking place in lightly deformed
microstructures.
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The geometry of a Y-junction is important in determining its stability, in
particular the spacing D and the dihedral angle 26 associated with the middle
lamella (Figure 7a). Thin lamellae delineated by high angle boundaries have a
high tendency to be removed by Y-junction migration due to a high driving force
from the grain boundary surface energy. Consequently, thin lamellae of other
texture component imbedded in rolling texture components are preferentially
removed, leading to sharpening of the rolling texture when a dominant texture
variant is present (Mishin et al. 2013). The preferential removal of thin lamellae
results in a uniform coarsening and a more symmetric distribution of the lamellar
boundary spacing, i.e. the skewness of distribution decreases slightly (Yu,
Hansen, and Huang 2011).

Thermally activated Y-junction migration causes uniform coarsening of
deformed lamellar structures in many systems, for example pure and impure Al
(T. Huang et al. 2014; Sun, Li, and Hsu 2016), Cu-Ni alloy (Tian et al. 2013), and
pure and impure Ni (Y. B. Zhang, Yu, and Mishin 2017; Yu and Hughes 2018).
The progress of uniform coarsening leads to the onset of recrystallization. Solutes
can increase the recrystallization temperature and thereby enlarge the window for
uniform coarsening by Y-junction migration (Yu and Hughes 2018).

4.2.3 Model of coarsening Kinetics

The driving force for recovery coarsening results from the stored energy in
the deformed materials, mainly stored in the form of deformation induced
boundaries as expressed in Equation (4). The coarsening kinetics may be analyzed
by combining this equation with the recovery kinetics equation, i.e. Equation (1).
Such a combination leads to (Yu and Hansen 2016a):

dD k

— =kDexp(—*= 9
i 1 p( DT) ©)

where £ is temperature dependent and 43 is a constant, written as
0

k = K,exp(-=% 10

1 0 €xp( R T) (10)
apfy
k, = E (11)

where D is the boundary spacing, ¢ is the annealing time, 7T is the annealing
temperature, R is the gas constant, y is the boundary energy, and Qo is the
apparent activation energy at the end of recovery. The three fitting parameters Ko,
Qo and f are associated with active recovery mechanisms.
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Equation (9) can be solved with the aid of exponential integrals (Vandermeer
and Rath 1990), resulting in the following relationship (D=Dy at =0)

k,
D,T
where Ej( ) is the exponential integral of the quantity inside the bracket.

Equation (12) describes the continuous coarsening of a deformation structure
during isothermal annealing. To estimate the model parameters k1 and k2 at one
annealing temperature, coarsening data, i.e. (¢, D) pairs, are inserted into Equation
(12) and a curve of k1 vs k» is calculated for each (¢, D) pair. A maximum
convergence point (k2, k1) is then determined manually by superimposing ki vs k>
curves of all annealing times at that temperature. The model thus gives a fitting of
the isothermal coarsening kinetics. When such a procedure is carried out for other
temperatures, different convergence points (k2, k1) can be obtained, but the
estimated temperature independent constant k> may vary slightly. Therefore an
important subsequent procedure is to use a single average k» for all temperatures
to re-fit the coarsening data. Such a collective fitting can reduce the fitting error
significantly, especially for estimating the activation energy Qo based on Equation
(11). Subsequently, the apparent activation energy (Qsp) at any stage of
coarsening can be obtained as

0,,-0,-2¢ 13

The above coarsening model is considered to be universal for uniform
coarsening of deformation microstructures (Yu and Hansen 2016a). It can be
applied to both coarse structures, e.g. subgrain growth during annealing of metals
deformed to low/medium strains (Figure 3), and fine structures, e.g. grain
coarsening in nanocrystalline metals produced by plastic deformation to ultrahigh
strains. To ensure a satisfactory accuracy, typically three to four annealing
temperatures are required, in combination with four to five annealing periods at
each temperature.

Ei(—%) — Ei(——2-) = —k ¢ (12)

4.2.4 Kinetics of Y-junction migration

The kinetics of uniform coarsening via Y-junction migration can also be
analyzed based on the above model. For example, it was shown that the
coarsening kinetics of heavily deformed Al follows this model (Yu and Hansen
2016a). Based on Equation (12), an average value of k> = 1.87x10* m'K can be
obtained and the corresponding coarsening curves by collective fittings are drawn
in Figure 16a, showing a good agreement with the experimental data over a time
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span over four orders of magnitude. The temperature dependence of ki can be
determined by a collective fitting according to Equation (10), and it follows that
Qo = 214£12 kJ/mol. Based on Equation (13), the dependence of the apparent
activation energy on the boundary spacing can also be calculated, for example
Qupp = 149 kl/mol at Dy = 0.24 um. The apparent activation energy increases
rapidly at the beginning but slowly at later stages. By combining Equations (12)
and (13), one can also derive the time dependence of the apparent activation
energy during annealing at different temperatures (Figure 16b). The apparent
activation energy increases approximately logarithmically with the annealing
time, and at a given annealing time the apparent activation energy increases with
increasing annealing temperature.
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Figure 16. Recovery kinetics in Al (99.5% purity) cold rolled to a true strain of

5.5. (a) EBSD (solid symbols) and ECC (open symbols) data for the average

lamellar boundary spacing during isothermal annealing at 5 different

temperatures; (b) the apparent activation energy during recovery coarsening at

different temperatures. After (Yu and Hansen 2016a).

The estimated apparent activation energy Qo is consistent with the diffusion
of Fe in Al, suggesting solute drag as an important rate controlling mechanism.
Lower activation energies at early stages of coarsening are related to the heavily
deformed microstructure, which provides a high driving force and short-circuit
diffusion paths. The model has also been successfully applied to the uniform
coarsening of the deformed lamellar structure in commercial purity Ni (Yu and
Hughes 2018), showing the apparent activation energy increases during annealing.
The increase of the activation energy makes coarsening of deformation
microstructure significantly different from grain growth in a fully recrystallized
coarse microstructure, where the apparent activation energy is considered to be a
constant.
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4.2.5 Y-junction migration and recrystallization

Y -junction migration and recrystallization are both driven by the deformation
stored energy and are competing processes during annealing. However, uniform
coarsening by Y-junction migration also provides the nuclei for recrystallization.
The sketch and example shown in Figure 17 indicate how Y-junction migration
gradually transforms the finely spaced lamellar structure to be more equiaxed. At
later stages of Y-junction migration, the activation energy was found to be similar
to that for recrystallization, pointing to a continuous microstructural evolution and
a strong effect of solute drag on recovery and recrystallization (Yu, Hansen, and
Huang 2013).

ﬁg»ﬂ_ﬁ:@; | recrystallization

annihilation
of mobile
dislocations

apparent activation energy

0.2um

annealing time/temperature

Figure 17. Sketch showing a continuous increase in the apparent activation energy
and a gradual transition in the structural morphology during annealing of a
deformed lamellar structure. An example of Y-junction migration is shown in the
inset. After (Yu, Hansen, and Huang 2013).

5. CONCLUSION AND OUTLOOK

In the last 30 years, detailed microstructural characterization has led to new
understandings of the deformation microstructure and recovery processes,
especially for metals and alloys deformed to high strains. Quantification and
analysis of structural parameters has shown for a variety of metals and processes
that the microstructural evolution follows a universal and hierarchical pattern of
grain subdivision on multiple length scales by the formation of GNBs and IDBs.
The deformation microstructure is free of long range stresses and can be analyzed
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by the low energy dislocation structure (LEDS) hypothesis. During annealing,
recovery shows a quasi-logarithmic kinetics with an increasing apparent
activation energy. Recovery mechanisms directly relate to the deformation
microstructure, leading to a strong orientation (texture) dependence of recovery;
at high strains a finely spaced lamellar deformation structure leads to uniform
coarsening by Y-junction migration during deformation and annealing.

The new discoveries and understandings of deformation microstructures and
recovery processes have been closely linked to the invention and development of
advanced microscopic techniques, which enable structural parameters to be
quantified with a high accuracy and a high speed. Novel techniques such as those
based on high energy X-rays allow nondestructive characterization of bulk
samples, allowing 3D in situ observations during deformation and annealing. New
techniques have also been developed for chemical analysis and correlating
transmission electron microscopy and atom probe tomography. An application of
such techniques may lead to break-through in the understanding of the effect of
solutes on recovery mechanisms and kinetics. In parallel, modelling and
simulation techniques have advanced significantly and can now cover several
length scales reaching towards the possibility of coupling models over multiple
length scales. Further development of in situ characterization techniques provides
the possibility for validation and improvement of numerical modelling, and
together they are expected to bring new knowledge on deformation and annealing,
so that dynamic and static recovery mechanisms and kinetics are better controlled
and stronger and thermally more stable metals and alloys can be produced with
less energy.
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