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Abstract

Heating of deformed metals always causes changes in their structure and
properties. These changes are related to annihilation of the crystallographic
defects and rearrangement of the dislocation structure. The currently ex-
isting knowledge on structural transformations occurring during the heating
of deformed metals is mainly based on ex-situ metallographic observation of
samples after they have been cooled to room temperature. In this study we
attempted to observe defect annihilation and dislocations rearrangement in
β-titanium alloy during heating by using in-situ synchrotron X-ray diffrac-
tion (SXRD). For this reason, a thorough peak profile analysis using modified
Williamson-Hall (mWH) and modified Warren-Averbach (mWA) methods
was applied to several hundreds of diffraction patterns obtained during con-
tinuous heating of cold rolled Ti45Nb alloy. Several stages of dislocation
structure evolution were distinguished based on observation of changes in
dislocation density, type of dislocation, energy of dislocations and crystallite
size. Such analysis revealed several phenomena which haven’t been reported
in the literature so far. The results of synchrotron XRD analysis were in
excellent agreement with measurements of mechanical properties.
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1. Introduction

It is well known, that heating of cold-worked metals and alloys leads to
significant changes in their dislocation structure. The issues of structural
changes caused by heat treatment at different temperatures have been stud-
ied for a long time. There exists several classifications of the phenomena
which occurs due to the heating. Among them the classification based on
changes of structure and properties that occur during the annealing of de-
formed materials is one of the earliest and most well-known. According to this
classification, the processes occurring in materials at different temperatures
are divided into three main stages: recovery, polygonization and recrystal-
lization [1]. This approach to subdivision is, however, rather conditional,
since one stage transforms to another quite smoothly.

The kinetic classification, which implies the separation of stages by el-
ementary mechanisms having different activation energy, seems to be more
consistent. According to this classification, the following processes sequen-
tially dominate at different stages of heating: recombination of Frenkel pairs;
migration of interstitial atoms to sinks; migration of vacancies to sinks; re-
combination of screw dislocations; recombination of edge dislocations; forma-
tion of subgrains, their growth and rotation; formation of high-angle bound-
aries and their migration [2].

Optical microscopy, electron microscopy, electron backscatter diffraction
(EBSD) and X-ray diffraction (XRD) are the most common methods for
studying the processes of structural changes caused by heat treatment [3].
Some indirect methods like ultrasound [4] or calorimetric analyzes [5] are also
used for this purpose.

In most of microscopic or diffraction studies the structural changes are
evaluated after the heat treatment was already finished and the material is
cooled down (i.e. ex-situ). However, some of the modern research techniques
allow to study structural changes directly during the heating, i.e. in-situ
(for instance, EBSD [6, 7, 8] or combination of EBSD with scanning electron
microscopy (SEM) [9]). The advantage of these methods is the possibility
of direct observation of changes in the microstructure of materials. Besides,
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it allows evaluating the contribution of percipitation and recrystallization
separately [9]. As a result, the grain growth kinetics, the change of the
individual grain orientation, the material texturing, the energy of low- and
high-angle boundaries were studied in-situ. However, these methods are
mainly used for investigation of transformations on the level of the grain and
subgrain structures, but have only limited application on the more fine level
associated with structure of crystalline lattice.

To study the structural transformations in materials at the level of indi-
vidual crystal defects (i.e. point defects, dislocations and dislocation groups)
X-ray diffraction in combination with advanced mathematical models are fre-
quently used. For example modified Williamson-Hall (mWH) and modified
Warren-Averbach (mWA) methods of peak profile analysis proposed by Un-
gar [10] can be applied to XRD data. These methods combine the classical
Williamson-Hall [11] and Warren-Averbach [12] approaches with dislocation
models of strain anisotropy developed by Krivoglaz [13] and Wilkens [14, 15].
Therefore, they allow evaluating such structural parameters of polycrystals
as crystallite size, dislocation density, the relative distribution of dislocations
by type (or by slip systems), dislocation structure in the material (relative
position of dislocations), etc. Several studies have shown that the results ob-
tained using these models are in good agreement with results of transmission
electron microscopy (TEM) and consistent with the existing classical con-
cepts [16, 17, 18, 19, 20, 21, 22]. Moreover, previously, these methods were
successfully used in ex-situ [23] and in-situ [24, 25] SXRD experiments. It
should be noted that these approaches are currently applicable only to poly-
crystalline materials of cubic, hexagonal and orthorhombic crystal systems
[26].

In this study, mWH and mWA methods were used to analyze the evolu-
tion of the dislocation structure of the cold-deformed titanium alloy Ti45Nb
during heating. Synchrotron X-ray diffraction (SXRD) measurements were
performed using an in-situ approach. Ti45Nb is a β-titanium alloy with a
single-phase structure possessing a body-centered cubic (BCC) lattice (space
group Im3̄m), which makes it possible to use the mWH and mWA methods
to analyze the structural changes. From the practical point of view this alloy
is a promising biomaterial with high corrosion resistance and low Young’s
modulus [27, 28, 29, 30]. However, the low strength is the significant dis-
advantage of this alloy [31]. Plastic deformation of Ti45Nb can increase
its strength without significant changes in other properties [32]. Finally, β-
titanium alloys are used in the aerospace industry due to their high corrosion
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resistance over a wide temperature range [33, 34]. The use of these materials
in jet engine compressors requires an understanding of the changes of their
mechanical properties, and, consequently, the dislocation structure during
heating to moderate temperatures (up to 770 - 820 K).

2. Experimental procedures

An ingot of Ti45Nb β-titanium alloy was synthesized from technically
pure elements in Buehler ArcMelter AM furnace in high purity argon atmo-
sphere. Before the melting, the furnace chamber was triply evacuated to a
pressure of 2 ·10−8 bar and flushed with argon. A titanium ingot was used as
a getter. The Ti45Nb ingot was remelted 10 times and it was flipped after
every second remelting to ensure its chemical homogeneity. The total weight
of the ingot was 25 g.

The resulting Ti45Nb ingot was cold rolled in several steps. The relative
thickness reduction during each rolling step was ∼ 8 %. The total thickness
reduction was 80 %, so the true strain was 0.59. The specimens for syn-
chrotron X-ray diffraction (SXRD) analysis, microhardness and tension tests
were cut out from obtained material using a wire discharge machine.

A size of the specimen used for SXRD experiment was 10 mm × 5 mm ×
2 mm. Prior to the experiment the surface of sample was electrochemically
polished in an electrolyte consisting of 57 vol. % EtOH, 37 % vol. % i-ProOH
and 6 vol. % HClO4. Electropolishing was carried out for 5 minutes at a
temperature of 243 K. The surface current density was 20 mA · cm−2. After
the polishing the surface was cleaned by ethanol and distilled water.

During the diffraction experiment material was heated by the induction
method using a modified dilatometer Bähr DIL 805 A/D. The maximum
temperature was 1123 K; the heating rate was 293 K/min. To prevent oxi-
dation of the specimen the heating was carried out in an argon atmosphere.
S-type thermocouple spot-welded to specimen surface was used to control
the temperature.

In-situ SXRD experiment was carried out in transmission mode at the
beamline P07 (The High Energy Materials Science) of Deutsches Elektronen-
Synchrotron (DESY) operated by Helmholtz-Zentrum Geesthacht. The wave-
length of the radiation used during experiment was 0.014 nm. The size of the
beam was 1 mm × 1 mm. A 16-in. 2D PerkinElmer XRD 1621 scintillation
detector with resolution of 127 × 127 dpi was used to record the diffraction
patterns. The specimen-to-detector distance was 1.8 m.
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Figure 1: Experimental 2D and azimuthally integrated and normalized 1D diffraction
patterns of Ti45Nb in: (a) - as-deformed condition; (b) - heated condition.

Throughout the entire thermal cycle 2D diffraction patterns were recorded
at a rate of 6 patterns per minute. The total exposition of each measurement
was 4 seconds and it was achieved by summation of 40 frames with exposition
time of 0.1 seconds. More than 400 diffraction patterns were recieved during
experiment. The obtained diffraction patterns were azimuthally integrated
using self-developed Python code based on pyFAI open-source package [35].
Examples of 2D and 1D diffraction patterns are shown in Fig. 1.

Diffraction maxima were fitted using the Pseudo-Voigt function. The
instrument-related broadening was estimated by using diffraction pattern
of the LaB6 standard sample. The relationship between full width at half
maximum (FWHM) and diffraction angle of the peak was described by the
Caglioti function.

Such microstructural characteristics as dislocation density, dislocation
type, crystallite size as well as dislocation arrangement were estimated by
carefull analysis of the peak profiles using mWH and mWA methods. The
theoretical background of these methods is briefly described in Appendix A.

Due to the inevitable increase in the amplitude of phonons oscillations, as
well as due to the changes in the elastic properties of the material during its
heating several important factors have to be considered prior to application
of mWH and mWA methods:

1. The thermal expansion of crystal lattice was derived from the positions
of diffraction maxima

2. The influence of thermal vibrations of the crystal lattice was taken into
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account using the correction for the dimensionless Debye-Waller factor
[36] according to equation:

I(θ) = I0(θ)e−2M(θ) (1)

where I(θ) is the intensity at a given angle θ ; I0(θ) is the scattering
intensity in the case of a rigid lattice; M(θ) is the Debye-Waller factor,
which can be found as follows:

M(θ) =
6h2T

mkBΘD
2

[
φ(x) +

x

4

](sinθ
λ

)2

(2)

where h is the Planck constant; T is the temperature; m is the mass
of the vibrating atom; kB is the Boltzmann constant; ΘD is the Debye
temperature (542 K for β-titanium [37]); λ is the wavelength; x =
ΘD/T ; φ(x) is the Debye function (the values of which can be found in
[36])

To determine the relationship between the structural parameters deduced
from SXRD analysis and mechanical properties, the microhardness and the
tensile strength of the material were measured. The specimens for mechanical
properties were heated in air furnace with precise control of the temperature
using the K-type thermocouple and the ”Raspberry 3 Model B+” microcon-
troller. The thermocouple was placed directly under the heated specimen.
The specimen was removed from the furnace when the required tempera-
ture was reached and cooled down at calm air. The heating rate during
the annealing was the same as that during the diffraction experiment. The
following heating temperatures were used to prepare the samples for micro-
hardness testing: 298; 373; 473; 573; 673; 698; 748; 798; 823; 873 and 973 K.
Also, several specimens heated to temperatures of 298; 723; 773 and 1023 K
were used for tensile testing.

The microhardness of materials was measured using a Wolpert Group
402MVD semi-automatic microhardness tester. A tetrahedral diamond pyra-
mid was used as an indenter. The load and the dwell time were 0.98 N and
10 s respectively.

The strength of the specimens was evaluated by uniaxial quasi-static ten-
sion using Instron 3369 mechanical testing system. During the tests, the
stress-strain curves were recorded and the value of ultimate tensile strength
(σu) was calculated.
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3. Results and Discussion

The main aim of this study was a detailed analysis of changes in dislo-
cation structure during heating of the β-titanium alloy. This problem was
addressed by thorough profile analysis of the obtained XRD patterns.

For polycrystalline materials there are two main reasons for broadening
of XRD maxima: a decrease in the size of crystallites and an increase in
microdistortions of the crystal lattice. These phenomena affect the width of
diffraction peaks at different angles in different way. Due to this reason it is
possible to deconvolute their influence and quantify their contributions.

The calculations presented in the subsequent sections are based on the
Krivoglaz theory of the dislocations effect on the elastic strains of the crystal
lattice [13]. The development of this theory led to introduction of several
fundamental parameters which are briefly discussed below. The first of them
- the dislocation contrast factor C̄hkl - is a ”visibility” of dislocations during
the experiment. The second parameter denoted in equations proposed by
Ungar et. al. as q [38, 10] describes in cubic crystals the distribution of
dislocations by their type (edge or screw). More detailed description of these
parameters can be found in the Appendix A.

These parameters can be experimentally measured by profile analysis
of XRD patterns and calculated theoretically (Eq. A.3). The comparison
of the measured and theoretical results allows one to estimate the edge-
to-screw dislocations ratio for single-element materials (e.g. copper, iron,
nickel). However, in this study, the determination of the parameters C̄hkl
and q was associated with a number of difficulties. The reason for this was
the lack of precise values of elastic constants c11, c12 and c44 for Ti45Nb al-
loy in currently existing literature. Several studies provide both calculated
and experimentally determined constants for β-Ti [39, 40, 41]. However, the
value of q estimated in this study was beyond the allowed limits for edge
and screw dislocations calculated using elastic constants provided in afore-
mentioned studies. Ungar et al [42] faced a similar problem when analyzing
the dislocation structure of zirconium hydride. They attributed this fact to
the strong anisotropy of the elastic properties of the sample. According to
ab-initio calculations, in the case of zirconium hydride, the anisotropy pa-
rameter Ai may vary in the range from 2 to 7. At the same time, the exact
determination of the parameter q requires knowledge of the parameter Ai
with precision of better than 1 or 2 units. In addition, the lack of c11, c12

and c44 values does not allow to estimate the temperature variation of these
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constants. Due to the above reasons, the quantitative distribution of dis-
locations by types was not received in this study. However, the qualitative
assessment was done based on the variation of the relative value of q.

Despite the disadvantages mentioned above, the combination of several
methods of profile analysis is an undoubted advantage of this research. It
allowed to study not only the change of the dislocations density, but also
the variation of dislocation type, relative position of the dislocations and
dynamics of the whole dislocation structure.

The whole picture of changes in the dislocation structure was obtained
by simultaneous analysis of several parameters received by mWH and mWA
methods:

• ρ - total dislocation density, m−2;

• < xarea > - area weighted average crystallite size, nm;

• Re - dislocation outer cut-off radius, nm;

• M - the dimensionless Wilkens parameter, showing the relative position
of dislocations: an increase of the parameter indicates a decrease of
the stress screening and formation of chaotic dislocation systems; a
decrease indicates an increase of the screening and formation of ordered
dislocation arrangement;

• q - the dimensionless parameter depending on the type of dislocations
in the material: an increase of its value indicates an increase of screw
dislocations fraction. And contrary - its decrease indicates an increase
in the fraction of edge dislocations.

The results of this study indicate that the process of materials heating is
characterized by several distinctive stages, accompanied by significant struc-
tural changes (Fig. 2, 3). Three large stages were clearly distinguished -
recovery (to 673 K), polygonization (from 673 to 793 K) and subsequent
heating phenomena (793 - 1028 K). Moreover, each of these stages is divided
into smaller stages:

1. Recovery (298 - 673 K):

• Stage I (298 - 548 K): slight increase of dislocation density;

• Stage II (548 - 673 K): annihilation of dislocation dipoles.
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2. Polygonization (673 - 793 K):

• Stage III (673 - 768 K): rapid annihilation of dislocations and
growth of crystallite sizes, formation of highly distorted disloca-
tion systems;

• Stage IV (768-793 K): decrease of the dislocations annihilation
rate and growth of crystallite sizes, beginning of dislocation walls
formation;

3. Phenomena during the subsequent heating (793 - 1028 K)

• Stage V (793-853 K): beginning of annihilation of edge disloca-
tions;

• Stage VI (853-1028 K): low rate of dislocations annihilation, the
formation of dislocation walls with a constant velocity, rapid de-
crease of the fraction of edge dislocations.

In the subsequent sections of this study, each of this stages is described in
better detail. The boundaries between key stages are marked with red mark-
ers on the plots of parameters derivatives. These stages were distinguished
according to specific changes of structural parameters and their temperature
derivatives.

3.1. Recovery

The first large stage lasts up to 673 K. In classical literature it is called
the recovery stage. At this stage, migration and recombination of point and
linear defects occurs, as well as a partial restoration of material’s ductility.
It is interesting to note, that this stage starts with a slight increase in the
dislocation density which was not previously reported. This is clearly seen in
Fig. 2b), that shows the change of dislocation density with respect to that
of as-rolled sample (∆ρ = ρ− ρ0). Moreover, a slight reduction of crystallite
size occurs (Fig. 3a). An increase in the density of dislocations occurs up to
548 K. This phenomenon may be expained by the process of point defects
diffusion to sinks (e.g. grain or subgrain boundaries, dislocations). As a
result a slight increase of the length of dislocation lines occurs. However, the
temperature increase also contributes to the formation of new point defects.
As a result, the rate of the process will be determined as V = V + + V −,
where V + is the rate of point defects formation; V − is the rate of point
defects diffusion to sinks. The detailed description of the kinetics of these
phenomena is presented elsewhere [2, 43].

9



300 400 500 600 700 800 900 1000 1100
Temperature (K)

2

4

6

8

10

12

14

 (m
2

10
14

)

0.150

0.125

0.100

0.075

0.050

0.025

0.000

d
/d

T 
([m

2 °
C]

1
10

14
)

300 400 500 600 700
Temperature (K)

0.5

0.0

0.5

 (m
2

10
14

)

300 400 500 600 700 800 900 1000 1100
Temperature (K)

2.2

2.3

2.4

2.5

2.6

2.7

2.8

q

0.0050

0.0025

0.0000

0.0025

0.0050

0.0075

0.0100

0.0125

0.0150

dq
/d

T 
(K

1 )

Figure 2: (a) - variation of dislocation density during the heating; (b) - ∆ρ = ρ−ρ0, where
ρ is dislocation density at a certain temperature, ρ0 is dislocation density in as-deformed
state; (c) - temperature variation of parameter q. The dashed lines correspond to the
temperature derivatives of the evaluated parameters.
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The process of dislocations annihilation starts above 548 K and continues
throughout the entire subsequent experiment. Apparently, the initial stage
of the annihilation process (i.e. up to 673 K) is a recombination of dislocation
dipoles.

From approximately 573 K, a gradual increase of the parameter q starts
(Fig. 2c). It indicates that a decrease in the fraction of edge dislocations in
the system (i.e. their annihilation) occurs, while the density of screw dislo-
cation doesn’t decrease or decreases much slower. This phenomenon is most
likely associated with the complex structure of screw dislocations cores in
BCC structures. Screw dislocations in BCC structures can form complex
sessile dislocation configurations and can dissociate in several non-parallel
planes forming highly complex non-planar cores [44]. In the same time, the
dissociated edge dislocations in BCC structures have typically planar con-
figuration. Due to this reason edge dislocations in BCC metals are more
mobile than screw dislocations, which explains higher rate of their annihi-
lation. Moreover, for BCC metals the limiting process of dislocation move-
ment depends on temperature. For T < 0.25Tm (where Tm is the melting
temperature) the limiting process is associated with overcoming the Peierls-
Nabarro barrier by dislocations, which occurs by dislocation slip. However,
for T > 0.25Tm the limiting processes are the interaction of dislocations with
point defects, diffusion and climb [45]. In this way, the annihilation rate of
the screw components of the dislocations dipoles in BCC structures is lim-
ited by dislocation slip. As a result, only narrow edge dipoles recombine at
low temperatures. Subsequent temperature increase enables recombination
of wider dipoles of different types [2].

Up to 673 K the recombination rate of both screw and edge dislocations
is not significant and does not exceed −0.025 · 1014(m2 ·K)−1. In addition,
at this stage, there are no significant changes in the < xarea > and Re.

In order to understand the dynamics of Re (Fig. 3b), it is important to
take into account that the stress field of the dislocation structure depends not
only on the dislocation density, but also on the relative position of disloca-
tions. If the stress fields of individual dislocations shield each other, the total
strain of the crystal lattice decreases with respect to that of non-shielded dis-
ordered dislocation arrangement, which leads to a decrease in the value of Re.
Strong stress shielding is a typical characteristic of dislocation dipoles and
dislocation walls. The dimensionless Wilkens constant is frequently used
to analyze dislocation screening and relative position of dislocations (M).
Wilkens constant can be found as M = Re

√
ρ [46]. Up to 673 K the value
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Figure 3: Change of (a) - cristallite size; (b) - dislocation cut-off radius; (c) - Wilkens
constant of Ti45Nb during the heating. The dashed lines correspond to the temperature
derivatives of the plotted parameters.

of M doesn’t change (Fig. 3b,c). It should be noted that dislocation dipole
is the most shielded system consisting of two dislocations. Therefore, their
recombination should lead only to a slight decrease of the elastic strains of
the crystal lattice. Thus, this stage is most likely associated with recom-
bination of dipoles. So the total dislocation density decreases, however, it
does not lead to significant changes in the distortion of the crystal lattice
and observable changes in Re and M .

3.2. Polygonization

A further increase of temperature leads to sharp changes in the rate of
all parameters. In addition, in the temperature range from 673 to 793 K
a sequential increase and decrease of the Re occurs (Fig. 3b). Firstly, Re

increases from 7.4 to 22 nm in the temperature range 673-768 K. Then it
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decreases from 22 to 16 nm in the range 773-793 K. This behavior can be
explained by considering the interaction energy of dislocations.

This behavior can be explained by considering the interaction energy
of dislocations. One of the most descriptive methods of the dislocations
interaction energy calculation is based on molecular dynamic simulations.
However, this approach requires knowledge of interaction potentials between
atoms in the system. Unfortunately, the correct potentials for Ti-Nb system
are not available in the literature for Ti45Nb composition. Therefore, to
calculate the energy of elastic deformation of a crystal due to interaction
of dislocations, a simple model based on the linear theory of elasticity was
used in this study. Two dislocations A and B create stresses σAij and σBij
and strains εAij and εBij in crystal. Then, the energy of a crystal with two
dislocations is equal to [47]:

Estrain =
1

2

∫
V

σΣ
ijε

Σ
ijdV (3)

According to the superposition principle, the total stress and total strain
of the crystal are equal to:

σΣ
ij = σAij + σBij (4)

εΣ
ij = εAij + εBij (5)

The energy of the system can be rewritten as follows:

Estrain = EA
strain+EB

strain+EAB
strain =

1

2

∫
V

σAijε
A
ijdV+

1

2

∫
V

σBijε
B
ijdV+

∫
V

σABij εABij dV

(6)
where EA

strain and EB
strain are the energies of dislocations A and B, respec-

tively, and EAB
strain is the energy of A and B interaction.

In this study such calculations were done for two dimensional mesh with
total size of 200 nm2. The energy of the system due to the interaction of
two parallel edge dislocations of the same sign depending on their relative
position is shown on Fig. 4. The first edge dislocation is located in the
central position. The position of the second dislocation changed with 0.1 nm
step and the Eq. (6) was applied to each of these cases. The values of the
energy were normalized by using the maximum value of the energy which is
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Figure 4: The energy of a crystal depending on the relative position of two positive parallel
edge dislocations. Numbered points are indicate the possible positions of first dislocation.

achieved when the distance between two dislocations is twice the core radius
[48, 49].

From Fig. 4 it is clear that the most stable configuration of two edge
dislocations of the same sign is achieved when one of them is located above
or below another. Applying this approach to multiple dislocations will lead
to a conclusion, that the lowest energy of the system corresponds to the
situation when edge dislocations form a dislocation wall. The average elastic
energy due to existence of dislocations in the crystal < Estrain > is related to
Re as < Estrain >≈ ln(Re/r0), where r0 is the dislocation core radius. Thus
it is proportional to dislocation outer cut-off radius. From here it follows,
that the increase of Re from 7.4 to 22 nm and subsequent decrease from 22
to 16 nm indicates, that < Estrain > increases in the range from 673 to 768
K and then rapidly drops down in the range from 768 to 793 K. Thus, the
process of dislocation walls formation occurs in two stages.

At the first stage the growth of Re in the range from 673 to 768 K ob-
served by SXRD experiments and the corresponding growth of < Estrain >
may be associated with approach of considerable number of dislocations to
each other at a distance of several values of the Burgers vector. As an exam-
ple, it’s easy to calculate, that increase of Re from 7.4 to 22 nm corresponds
to 35% of < Estrain > growth. This change of energy can be achieved by slid-
ing of one dislocation from the position 1 to 2 during 9 nm, or by climbing
from the position 3 to 4 during 4 nm. However, this should mainly occur by
dislocation glide, while the dislocation climb at this stage is limited due to
its higher activation energy. One may notice, that Re in temperature range
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673-768 K increases with growing rate (Fig. 3b). This can be explained
by decreasing of Peierls-Nabarro barriers with temperature. It is known,
than dislocation movement through Peierls-Nabarro barriers occurs with the
formation of double kinks and their further expansion. However, for disloca-
tions in BCC structures such motion is difficult due to the structural features
of their core and an increase of the temperature is required to increase the
dislocations mobility. The main reason of this effect is the coherent thermal
motion of atoms, and a detailed solution of this problem for the simplest
materials in an analytical form is given in [50]. However, in terms of this
model the quantitative estimation of the decrease in barrier resistance can
be performed only for the simplest systems (e.g. germanium or silicon). The
implementation of the solution for complex alloys and for BCC crystals is not
possible. Despite this issue, it can be argued that at temperatures well above
the Debye temperature, the Peierls-Nabarro barrier decreases with temper-
ature at a rate which is close to exponential. This conclusion is in a good
agreement with nearly exponential growth of Re, observed between 673 and
768 K.

During the next stage (from 768 to 793 K) Re rapidly decreases to 16 nm
(Fig. 3b). This stage is most likely associated with the activation of dislo-
cations climb and the formation of low energy tilt boundaries [3]. In other
words, due to the climb phenomenon the dislocations of the same sign move
apart from each other, forming stable configurations having lower energy,
which explains decrease in Re. I.e. the dislocations occupy positions one
above the other as it was discussed for the case of two dislocations shown in
Fig. 4. It also can be confirmed by the dynamics of other structural param-
eters. Firstly, from the 768 K, the growth rate of the parameter q increases.
From 793 K a fast and constant growth of this parameter is going on (Fig.
2c). This indicates that from 768 K there is a rapid increase in the fraction
of screw dislocations in the system. This stage is also characterized by a
decrease in the total dislocation density (Fig. 2a). Therefore, an increase
in q can only be associated with the beginning of annihilation of the edge
components of dislocations. Secondly, at this stage there is a rapid decrease
of the parameter M . This indicates that the shielded dislocation systems, in
this case, dislocation walls are formed.

The structural changes described above are part of the polygonization
process and they are in very good agreement with the data presented in the
classical literature [51]. Polygonization includes the processes of formation,
growth, and reorientation of subgrains in crystals containing an excess of
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dislocations of the same sign.

3.3. Phenomena during the subsequent heating

A subsequent increase in temperature from 793 to 1028 K leads to de-
crease in the rate of all structural changes. However, the tendency of these
processes does not change: there is a gradual decrease of ρ, Re and M , and
increase of < xarea >. As during the previous stage, dislocations in the
specimens are rearranged in the subgrain boundaries.

3.4. Mechanical properties

The correlation of the structural properties of polycrystals and their me-
chanical properties is a fundamental concept of materials science and dislo-
cation theory of strengthening. The increase in mechanical properties can
be achieved by optimizing the number and distribution of defects. This is
due to the dual role of the defects. They can both strengthen materials and
create prerequisite for their failure [2].

The main features of the fine-grained structure obtained by plastic defor-
mation methods are: the high grain growth rate with increasing temperature;
the anisotropy of the structure and properties; the presence of a crystallo-
graphic texture; the reduced ductility and deformability. Therefore, heat
treatment of plastically deformed materials is often a necessity.

There are several models linking the basic structural parameters and me-
chanical properties of materials. For homogeneous single-phase materials
these models are based on dislocation strengthening theories.

First type of models describes the hardening of materials by the inter-
action of dislocations. Taylor in 1934 [52] proposed the following equa-
tion for growth of the yield strength with the dislocation density increase:
σTaylor = αGb

√
ρ , where G is the shear modulus; b is the absolute value

of Burgers vector; α is a geometry parameter, depending on the type and
relative position of interacting dislocations. For example, the value α ≈ 0.1
is typical for the interaction of parallel dislocations in one slip system. In the
same time, large values are typical for the chaotic dislocation systems [53].
The value of α is usually estimated based on σ − ρ curve.

Basinski proposed the modernization of Taylor equation: σBasinsky =
αGb
√
ρ ln(1/Re), where Re = 1/ρ [54]. However, due to the particulari-

ties of the dislocation structure of BCC and HCP materials, this model is
mainly applicable only for materials with FCC structure.
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Figure 5: Correlation of dislocation density and crystallite size with microhardness and
ultimate tensile strength according to the Kuhlmann-Wilsdorf and Taylor models.

Second type of models links strengthening with the sizes of structural
elements of materials. The most common is the Hall-Petch equation: σHP =
Kd−0.5 , where d is an average grain size; K is a constant, which depends on
material. According to this model, grain boundaries provide an additional
strengthening acting as obstacles to moving dislocations. Since this model
operates with sizes of grains (but not with sizes of crystalites, which are
measured by XRD analysis) it requires results of microscopic analysis [55].

Besides, there exist models of substructural hardening associated with the
subgrain structure. In this case, subgrain walls are considered as dislocations
sources. Subgrains contribution to the overall strengthening is determined
by their length. According to the Kuhlman-Wilsdorf model, the contribution
of subgrains to the yield strength of the material is related to their diameter
l as follows: σKW = kcl

−1 , where kc is a constant that describes the re-
sistance of subgrain boundary [56]. Therefore, Kuhlmann-Wilsdorf equation
was used in this study to describe the correlation between structural changes
and mechanical properties. Due to the close correlation between processes
occurring during tension and indentation of many metallic materials, these
equations are often used to describe the microhardness.

The correlation of crystalline size and dislocation density with mechanical
properties according to Taylor and Kuhlmann-Wilsdorf models are shown in
Fig. 5.

It can be seen that both ρ and < xarea > correlate with the strength and
microhardness of materials. One may notice that both parameters have re-
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ciprocal dependence on length, besides, it is reasonable to assume that with
increase of dislocation density the subgrain size should decrease, which ex-
plains the observed correlation. However, according to the equations of Tay-
lor and Kuhlmann-Wilsdorf the influence of these parameters on mechanical
properties should be slightly different. Unfortunately, the exact determi-
nation of the coefficients α and kc of the Taylor and Kuhlmann-Wilsdorf
equations is very difficult task. This is due to the fact that several compet-
ing processes occur during heating, including the reorientation of dislocations
and the gradual change of a partially subgrain structure to a grain one. For
this reason, the constants α and kc will also have a functional temperature
dependence.

4. Conclusions

In this study SXRD data obtained from continuously heated Ti45Nb
specimen were analyzed using mWH and mWA methods to explain the rear-
rangement of its dislocation structure. Several distinctive stages of structural
evolution were observed. In addition to well known stages (i.e. recovery and
polygonizatin) several smaller substages can be highlighted.

During the first steps of recovery the slight increase of dislocation density
occurs. It can be associated with diffusion of point defects to dislocations as
sinks. During the next steps of recovery a slight annihilation of dislocation
dipoles and a decrease of dislocation density occurs.

Polygonization stage can be characterized by significant structural changes.
Firstly, rapid annihilation of dislocation and growth of crystallite size occurs.
Also, this stage is associated with the sharp increase of the energy of the sys-
tem. It was shown that this phenomena can occur if several dislocations of
the same sign come close to each other by slip. The last stages of polygo-
nization in Ti45Nb alloy are associated with slight decrease of dislocation
density, increase of the fraction of screw dislocations and formation of dislo-
cation walls by climb of edge dislocations.

Appendix A. Theoretical background of profile analysis methods
used in this study

According to the kinematic theory of X-ray diffraction, any diffraction
maximum is a result of convolution of the ”size” and ”distortion” profiles:
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IP = IS · ID (A.1)

where IP is a ”peak” profile; IS is a ”size” profile; ID is a ”distortion”
profile.

The approaches to separation of the contribution from these factors to
the broadening of diffraction maxima can be divided into convolutional and
deconvolutional. Convolutional approaches include, for example, Enzo [57]
and Balzar [58] methods. Williamson-Hall (WH) [12] and Warren-Averbach
(WA) [11] methods are the most common among deconvolutional approaches.
All these approaches have both advantages and disadvantages [59]. Currently,
the deconvolutional approaches are the most commonly used for the analysis
of the structural parameters of materials. Due to their widespread, these
approaches have many modified and refined versions. Two of them, namely
the modified Williamson-Hall (mWH) and the modified Warren-Averbach
(mWA) methods, were proposed by Ungar et al [10, 60].

For cubic crystal systems (mWH) equation can be written as follows:

∆K2 − α
K2

w βCh00(1 + qH2) (A.2)

where K = 2 sin θ/λ is the reciprocal space coordinate; ∆K = cos θ ·
2∆θ/λ; λ is the wavelength; 2∆θ is the full width at half maximum (FWHM);
α = (0.9/D)2; β = πA2b2ρ/2; D is the crystallite size; b is the absolute
values of Buergers vector; ρ is the dislocations density; A is a parameter
determined by the effective outer cut-off radius of dislocations; H2 = (h2k2 +
h2l2 + k2l2)/(h2 + k2 + l2)2; h, k, l are the Miller indexes of the diffraction
maximum.

Parameters Ch00 and q should be found experimentally and compared
with theoretical values. Theoretical values of these parameters for cubic
materials possess the following functional relationship:

f(Ai, c12, c44) = a(c12, c44)
[
1−exp

(
−Ai/b(c12, c44)

)]
+c(c12, c44)Ai+d(c12, c44)

(A.3)
where c11, c12, c44 are the elastic constants of material; Ai = 2c44/(c11 −

c12) is the anisotropy parameter; a(c12, c44), b(c12, c44), c(c12, c44), d(c12, c44)
are the parameters which depend on c12/c44 ratio.

The values of these parameters for some materials and detailed description
of functional relationships can be found elsewhere [38].
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The mWA equation has the following form:

lnA(L) = lnAS(L)− πρ

2
· L2 ln(

Re

L
)(g2Chklb2) +O · (g2Chklb2)2 (A.4)

where g is the diffraction vector (g = K at the exact Bragg position);
L is the Fourier length [the distance between two lattice points in the ideal
average crystal which are aligned normal to the planes (hkl)] defined as
L = na3 (where n ∈ Z); a3 = λ

2(sin(θ2)−sin(θ1))
is the unit of the Fourier length

in the direction of the diffraction vector g; Chkl is the average dislocation
contrast factor; Re is the dislocation outer cut-off radius.

Approximation of mWA Eq. A.4 by quadratic equation y = S+Y z+Oz2

, where y = lnA(L) ; z = g2Chklb2 allows one to obtain two coefficients that
are required for subsequent calculations. The coefficients S and Y describe
size and distortion contributions, respectively.

Langford and Wilson [61] showed that for spherical particles, the mean
squared crystallite size is proportional to the parameter L0 ; that is, to the
value of L, when A(L) = 0. To find the average crystallite size, one has
to approximate the initial values of the size Fourier coefficients by a linear
function.

In turn, the values obtained for the coefficient Y can be written using the
following functional relationship:

Y

L2
= ρ

π

2
lnRe − ρ

π

2
lnL (A.5)

Linearization of this relationship allows us to obtain the ρ and Re.
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