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Application of different diffraction peak profile
analysis methods to study the structure evolution of
cold-rolled hexagonal α-titanium
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Alexander Thöemmes · Ivan A. Bataev

Abstract This paper presents a comparison between the ”classical” and the 
modified Williamson-Hall and Warren-Averabach methods applied to an anal-
ysis of the microstructure of α-titanium. The microstructural parameters of 
cold-rolled titanium specimens were retrieved from analysis of the X-ray diffrac-
tion (XRD) peaks. The high-quality XRD patterns were received at the P07 
beamline (The High Energy Materials Science) at the German electron syn-
chrotron. The dependence of the crystallite size, the inhomogeneous micros-
trains, the average dislocation density, the dislocation cut-off radius and some 
other parameters on the plastic strain were estimated. The results clearly in-
dicate that, due to the consideration of the dislocation contrast effect, the 
modified models are a much better fit to the experimental data in comparison 
with the “classical” models. The results of hardness and corrosion resistance 
measurements of Ti samples can be explained based on the results obtained 
from the XRD analysis.
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1 Introduction

Titanium alloys are among the most common materials for manufacturing of
high-technology products for critical applications. Due to their high corrosion
resistance, low density and unique combination of mechanical properties, pure
titanium and its alloys are used for aircraft manufacturing, shipbuilding, power
engineering, medicine and in other fields of industry [1], [2], [3]. Semimanu-
factures of titanium and its alloys are frequently used in the work hardened
state. A number of ”classical” (e.g. cold rolling (CR)) and ”modern” (e.g.
severe plastic deformation (SPD)) methods are used to strengthen titanium
alloys, as outlined in [4]. For instance, pure titanium subjected to SPD is used
for manufacturing implants due to its high strength, high biocompatibility
and low Young’s modulus compared to stainless steels [5], [6]. According to
currently dominating concepts in the physics of strength and plasticity, the
substantial hardening of metals during plastic deformation in the cold state
occurs due to a significant increase in the concentration of defects, primarily
an increase in the dislocation density [7], [8], [9], [10]. Apart from improve-
ment in strength and corresponding reduction in ductility, the high content of
defects in the crystal structure significantly affects the chemical properties of
materials [11]. In the case of titanium alloys, a possible reduction of corrosion
resistance due to cold working is of the fundamental importance [12].

A lot of studies devoted to characterization of the dislocation structure
of titanium alloys have been carried out. Transmission electron microscopy
(TEM) is typically considered as the most convincing method for analyzing
the evolution of the dislocation structure of titanium alloys [13], [14]. How-
ever, this characterization technique has two significant drawbacks. First, the
TEM sample preparation is associated with considerable difficulties and may
affect the dislocation structure. Second, only a small volume of material is
typically analyzed, which makes it difficult to obtain statistically significant
results. In addition, after the cold plastic deformation, the dislocations tend to
form tangles and clusters, which makes it difficult to accurately visualize indi-
vidual dislocations and properly estimate the dislocation density. Alternative
methods for characterization of dislocation structures are frequently based on
application of an X-ray diffraction analysis. The well-known Williamson-Hall
and Warren-Averbach methods allow us to asses many important parameters
of the microstructure, such as the size of coherent scattering regions (CSR)
and the value of inhomogeneous distortions of a crystal lattice, by analyzing
the width of X-ray peaks or the shape of their profiles [15], [16]. However, it
should be noted that the application of these methods for materials having
significant anisotropy of elastic properties is not recommended. Consequently,
in Williamson and Hall’s original study, the experiments were carried out with
tungsten and aluminum, which are known for nearly isotropic elastic properties
[15].

Given that commercially pure α-Ti under normal conditions (RT and p= 1
atm) has a hexagonal lattice and possess considerably high anisotropy of elastic
properties, the application of classical Warren-Averbach or Williamson-Hall
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Table 1 Samples notation and experimental parameters.

Sample Reduction ratio True strain, ε
CR0 0 0
CR18 0.2 0.18
CR34 0.4 0.34
CR47 0.6 0.47
CR59 0.8 0.59

methods may lead to erroneous or inaccurate results because the theoretical
curves poorly fit to the measured values.

The methods of Williamson-Hall and Warren-Averbach were significantly
modified in the studies of Ungar [17], [18], who showed that taking into account
the anisotropy of elastic properties requires consideration of the dislocation
contrast of a material. The models proposed in the studies by Ungar et al.
are often referred in literature to as the modified Williamson-Hall and the
modified Warren-Averbach methods.

It should be noted that the drawback of the modified methods is their
considerable complexity. This remark is especially relevant when analyzing
materials whose lattice does not belong to the cubic system. Consequently,
only a limited number of papers have been published in the literature that
study the structure of deformed metals using the modified methods. Previ-
ously, Forouzanmehr et. al. used the modified methods to analyze the struc-
ture of cold-rolled iron [19]. A good agreement between the microstructural
parameters evaluated using X-ray diffraction and TEM was observed.

This study attempts to apply the modified Williamson-Hall and Warren-
Averbach methods to analyze the evolution of the dislocation structure of
alpha-Ti caused by cold rolling with various reduction ratios.

2 Experimental part

2.1 Materials

Commercially pure Ti (∼ 99.9 wt.%) plates with initial dimensions of 50 mm
x 10 mm x 10 mm were used as experimental samples in this study. Plas-
tic deformation was carried out in several passes at room temperature using
a rolling mill. The true plastic strains of the samples (ε) was between 0.18
and 0.59. Prior to the cold rolling, the titanium samples were subjected to
recrystallization annealing in a vacuum furnace at 650 ° C for 3 hours.

The samples notation, as well as parameters of the cold rolling are given
in Table 1.

After the plastic deformation, the samples with dimensions 10 mm x 10
mm x 2 mm were cut for synchrotron diffraction analysis. Prior to the diffrac-
tion analysis, the samples were electrochemically polished in an electrolyte
consisting of 57 vol. % EtOH, 37% vol. % i−ProOH and 6 vol. % HClO4.
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Fig. 1 Scheme of diffraction experiment: 1 - incoming beam; 2 - titanium sample; 3 -
detector.

Electrochemical polishing was carried out for 5 minutes at -30 °C. The
current density was 20 mA·cm−2. Immediately after the polishing, the samples
were rinsed in ethanol and in distilled water.

2.2 Synchrotron diffraction analysis

Experiments on the X-ray diffraction were carried out at the beamline P07
(The High Energy Materials Science) at Deutsches Elektronen-Synchrotron
(DESY). The analysis was carried out in a transmission mode (Fig. 1) along
the normal direction (ND) of rolling. The used wavelength was 0.014 nm, which
corresponds to the energy of photons ∼ 87 keV. A 16-inch 2D PerkinElmer
XRD 1621 scintillation detector with resolution of 2048×2048 pixels was used
to record the diffraction patterns. The total area of the detector was 409.6 mm
x 409.6 mm. The distance from samples to detector was 2 meters.

Two-dimensional diffraction patterns were obtained in experiments. These
patterns were azimuthally integrated using pyFAI open-source software pack-
age [20] (Fig. 2). Eight of the most distinct diffraction maxima were chosen for
subsequent profile analysis: (10.0); (10.1); (10.2); (11.0); (10.3); (20.2); (21.1)
and (21.3).

X-ray diffraction peaks were fitted by Pseudo-Voigt function. The instru-
mental contribution to broadening of the peaks was calculated using diffraction
pattern of LaB6 standard and fitted by Caglioti function. The positions of the
diffraction maxima and broadening of the peaks are shown in Table 2.

2.3 Methods used to extract microstructural parameters from profiles of
diffraction peaks

The Williamson-Hall method is the most common approach to analyze the
profile of X-ray diffraction peaks [15]. In general, the Williamson-Hall equation
is as follows:
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(a)

(b) (c)

(d) (e)

Fig. 2 Experimental 2D and integrated 1D diffraction pattern of as-annealed CR0 (a).
Integrated 1D patterns of deformed CR18 (b); CR34 (c); CR47 (d) and CR59 (e) samples.
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Table 2 Parameters of the peaks after subtraction of the instrumental contribution.

2θmax FWHM 2θmax FWHM 2θmax FWHM 2θmax FWHM
10.0 10.1 10.2 11.0

CR0 0 0 0 0
CR18 0.0126 0.0108 0.0125 0.0225
CR34 3.18 0.0190 3.63 0.0170 4.72 0.0193 5.52 0.0336
CR47 0.0241 0.0214 0.0262 0.0407
CR59 0.0250 0.0230 0.0290 0.0406

10.3 20.2 21.1 21.3
CR0 0 0 0 0
CR18 0.0183 0.0147 0.0331 0.0189
CR34 6.11 0.0287 7.26 0.0266 8.61 0.0467 9.92 0.0319
CR47 0.0383 0.0370 0.0576 0.0409
CR59 0.0401 0.0397 0.0576 0.0485

∆K =
0.9

D
+ 2ε ·K (1)

where K = 2 sin θ
λ is a reciprocal space coordinate; ∆K = cos θ·2∆θ

λ ; ε is a
relative distortion of elementary cell; λ is a wavelength; and D is the average
visible size of the crystallites. At this point it is reasonable to mention that
different authors use different notations in equations relating the shape of
the peaks profiles with the parameters of materials microstructure. In this
paper we will use notations proposed by Ungar et. al [18], [21], unless stated
otherwise.

Another classical but less commonly used approach is the Warren-Averbach
method [16]. This approach is based on the analysis of the discrete Fourier
transform of the diffraction peaks.

According to the kinematic theory of X-ray diffraction, any diffraction
maximum is the result of the convolution of the ”size” and ”distortion” profiles:

IP = IS · ID

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

According to Warren and Averbach theorem, the Fourier coefficients of a
profile of a Bragg reflection A(L) are also a product of the ”size” AS(L) and
”distortion” AD(L) coefficients. Consequently, the Warren-Averbach equation
is as follows:

lnA(L) = lnAS(L)− 2π2g2L2 < ε2K > (2)

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

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

direction of the diffraction vector g. (θ2−θ1) is an angular range of diffraction
profile; < ε2K > is a mean square strain.
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As mentioned previously, the classical Williamson-Hall and Warren-Averbach
methods do not allow us to take into account the anisotropy of the elastic prop-
erties of the crystalline lattice, which leads to a large deviation of measured
values from those predicted by these methods. There are several approaches
to reduce the errors in determining the structural parameters.

The first method was offered by Hall [22]. According to this method, it is
preferable for elastically anisotropic metals to assume the isotropic distribu-
tion of stresses rather than strains. It is well-known that stresses and strains
are related by Hooke’s law: ε = σ/Ehkl. Therefore, it seems possible to use
the Young’s modulus correction during the diffraction profile analysis. Conse-
quently, the Williamson-Hall equation is written as follows:

∆K =
0.9

D
+

σ

Ehkl
·K (3)

where σ is an isotropic elastic stress which is assumed to be independent of
direction (or according to [22] it is a ”Laue breadth of the stress distribution
function”); Ehkl is the Young’s modulus along the direction which is normal
to the (hkl) plane.

As will be shown later, this approach does not allow us to address the
anisotropy issue sufficiently. Therefore, it is preferable to use modified methods
based on the dislocation theory.

It is known that lattice distortions arise due to the certain structural de-
fects and inhomogeneities. The most common are dislocations, stacking faults,
twinning planes, microstresses, long-range internal stresses, grain boundaries
(especially triple junctions), sub-boundaries, heterogeneity of chemical compo-
sition, point defects and precipitations of another phases. [18]. The dislocation
model of strain anisotropy mainly considers those defects that provide the
largest contribution to the broadening of the diffraction maxima; that is, dis-
locations, grain boundaries and boundaries of subgrains.

The correlation between diffraction peak shape and lattice defects (es-
pecially dislocations) has been discussed in terms of the lattice defects by
Krivoglaz [23]. Within the framework of this model, the mean square strain,
< ε2g,L > in eq. (2) can be evaluated as:

< ε2g,L >=
ρChklb

2

4π
ln(

D

L
)

whereD is the size of the scattering crystal, b is an absolute value of Burgers
vector; ρ is an average dislocation density; Chkl is a dislocations contrast factor.

Based on the dislocation model of strain broadening, Ungar and Borbely
[17] developed the modified Williamson-Hall (MWH) and modified Warren-
Averbach (MWA) methods.

In MWH equation of the full width at half-maximum (FWHM) of each
peak is described using the following equation:

∆K =
0.9

D
+

(
πAb2

2

) 1
2

· ρ 1
2 ·KC 1

2 +O · (KC 1
2 )2 (4)
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Table 3 The main slip systems in hexagonal crystals.

Major slip system Sub-slip system Burgers vector Slip plane Burgers vector type
Edge dislocations

Basal BE < 21̄1̄0 > [0001] < a >
Prismatic PrE < 2̄110 > [011̄0] < a >

PrE2 < 0001 > [011̄0] < c >
PrE3 < 2̄113 > [011̄0] < c+ a >

Pyramidal PyE < 1̄21̄0 > [101̄1] < a >
PyE2 < 2̄113 > [21̄1̄2] < c+ a >
PyE3 < 2̄113 > [112̄1] < c+ a >
PyE4 < 2̄113 > [101̄1] < c+ a >

Screw dislocations
S1 < 21̄1̄0 > < a >
S2 < 2̄113 > < c+ a >
S3 < 0001 > < c >

where A is a parameter determined by the effective outer cut-off radius
of dislocations, b is the absolute value of Buergers vector, ρ is the average
dislocation density, C is a dislocation contrast factor, and O stands for non-
interpreted higher-order terms.

Dragomir and Ungar [24] showed that in the case of hexagonal materi-
als, the expression of the average contrast factor relative to the diffraction
reflection indices (hk.l) is as follows:

Chk.l = Chk.0(1 + q1x+ q2x
2) (5)

where x =
(
2
3

) (
l
ga

)2
; Chk.0 is the average contrast factor corresponding

to (hk.0) reflections; q1 and q2 are parameters that depend on the elastic
properties of the material; and a is the lattice parameter.

By combining equations (4) and (5), the MWH equation for hexagonal
crystals can be written in the following quadratic form (hereafter for hexagonal
systems all hkl indexes will be denoted as hk.l):

∆K2 − α
K2

w βChk.0(1 + q1x+ q2x
2) (6)

where α = (0.9/D)2; β = πA2b2ρ/2
The MWA equation can be written as:

lnA(L) = lnAS(L)− πρ

2
· L2 ln(

Re
L

)(g2Chk.lb2) +O · (g2Chk.lb2)2 (7)

where Re is the effective outer cut-off radius of dislocations.
To carry out the analysis by MWA method, one needs to known the value

of Chk.lb2 for every diffraction vector g. Therefore, it is necessary to analyze
the activity of dislocations in the main slip systems.

According to Dragomir and Klimanek [24] [25] there are 11 slip systems in
hexagonal crystals (Table 3 and Fig. 3).
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Fig. 3 The main slip systems of edge dislocations in hexagonal crystals.

To determine the relative activity of the three main types of slip systems,

it is necessary to find the parameters q
(eff)
1,2 for every possible combination of

slip systems and compare them with experimental values q
(m)
1,2 , found from eq.

(6). The possible values of q
(eff)
1,2 are calculated by equations:

q
(eff)
1 =

hab
2
a

Na
A∑

j=1

C̄
(j)
hk.0q

(j)
1 + hcb

2
c

Nc
A∑

j=1

C̄
(j)
hk.0q

(j)
1 + hc+ab

2
c+a

Nc+a
A∑
j=1

C̄
(j)
hk.0q

(j)
1

hab2a

Na
A∑

j=1

C̄
(j)
hk.0 + hcb2c

Nc
A∑

j=1

C̄
(j)
hk.0 + hc+ab2c+a

Nc+a
A∑
j=1

C̄
(j)
hk.0

(8)

q
(eff)
2 =

hab
2
a

Na
A∑

j=1

C̄
(j)
hk.0q

(j)
2 + hcb

2
c

Nc
A∑

j=1

C̄
(j)
hk.0q

(j)
2 + hc+ab

2
c+a

Nc+a
A∑
j=1

C̄
(j)
hk.0q

(j)
2

hab2a

Na
A∑

j=1

C̄
(j)
hk.0 + hcb2c

Nc
A∑

j=1

C̄
(j)
hk.0 + hc+ab2c+a

Nc+a
A∑
j=1

C̄
(j)
hk.0

(9)

where q
(eff)
1,2 are calculated parameters; q

(m)
1,2 are measured parameters; ha,

hc and hca are fractions of dislocations with Burgers vectors types a, c and

c+a; and C̄
(j)
hk.0 and q

(j)
1,2 is the theoretical contrast factor and q is the parameter

for each possible slip system.

The calculated values of q
(eff)
1,2 should be compared with the experimentally

measured values of q
(m)
1,2 by using the tolerance conditions. This procedure is

explained in detail by Ungar et. al. [26].

In this way, acceptable values q
(eff)
1,2 and average relative fractions of dis-

locations of three main slip systems < ha >, < hc > and < hca > are used for
further calculations of Chk.lb2 according to the following equation:
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Chk.lb2 =hab
2
a

1

Na
A

Nc
A∑

j=1

C̄
(j)
hk.0[1 + q

(eff)
1 x+ q

(eff)
2 x2]+

hcb
2
c

1

N c
A

Nc
A∑

j=1

C̄
(j)
hk.0[1 + q

(eff)
1 x+ q

(eff)
2 x2]+

hc+ab
2
c+a

1

N c+a
A

Nc
A∑

j=1

C̄
(j)
hk.0[1 + q

(eff)
1 x+ q

(eff)
2 x2]

(10)

The values Chk.lb2 for every diffraction vector g are then averaged and used
for further calculations.

Approximation of MWA equation (7) by quadratic equation y = S+Y z+
Oz2, where y = lnA(L); z = g2Chk.lb2 allows us to obtain two coefficients that
will be necessary for further calculations. The coefficients S and Y describe
size and distortion contribution, respectively.

Langford and Wilson 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 [27]:

< x >area=
3

2
L0 (11)

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 rewritten in the
following functional relationship:

Y

L2
= ρ

π

2
lnRe − ρ

π

2
lnL (12)

Linearization of this relationship allows us to obtain the dislocation density
ρ and the size of the elastic distortion area Re, caused by the presence of
dislocations.

In addition, the ratio of these two values (M = Re
√
ρ) allows us to esti-

mate the arrangement of dislocations in the material [28]. High values of this
parameter (M >> 1) denote that dislocations are randomly distributed in
the material; that is, have chaotic arrangement. In contrast, low values of this
parameter (M << 1) indicate that dislocations are structured and form some
kind of wall systems.

3 Results and discussion

As mentioned previously, titanium has a strong anisotropy of elastic properties.
This significantly affects the results of the classical Williamson-Hall analysis
of X-ray peak broadening, as can be seen in Fig. 4.
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Fig. 4 Classical Williamson-Hall plot.

One may notice a significant deviation of the experimental values from the
trend line (see values of R2 in Fig. 4) for all of the studied materials. Thus,
it is necessary to make some corrections to the analysis and account for the
influence of lattice distortions on the broadening of the peaks. It is known that
the Young’s modulus of a crystal depends on the crystallographic direction.
For hexagonal crystals, the Young’s modulus along the direction [uvw], which
is normal to a plane (hk.l) is found from the ratio, which includes the material
compliance coefficients Sij , and indices of the plane normal vector [29]:

E−1
hk.l =

(u2 + v2 − uv)2S11 + w4c4S33 + (u2 + v2 − uv)w4a2c2(S44 + 2S13)

[(u2 + v2 − uv)2a2 + w2 + c2]2

(13)

By using Sij for α - Ti [30] the values Ehk.l were calculated for normals to
each plane of interest (Table 4).

Despite consideration of the Young’s modulus, the deviation of the approx-
imation function from the experimentally obtained data is still large (Fig. 5).
Nedjad et. al. [31] and Forouzanmehr et. al. [19] have shown, that for cubic
materials, the corrective action of Young’s modulus leads to a significant de-
crease in the error. However, in the current study, this analysis did not provide
a significant improvement.
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Table 4 Ehk.l for each diffracted plane.

Diffraction plane Diffraction vector Ehkl [GPa]

(10.0) [1 0 1̄ 0] 103.95

(10.1) [5 0 5 2] 108.37

(10.2) [3 0 3̄ 2] 114.91

(11.0) [1 1 2̄ 0] 103.95

(10.3) [3 0 3̄ 4] 129.40

(20.2) [5 0 3 2] 108.37

(21.1) [10 5 15 2] 104.59

(21.3) [13 7 20 8] 109.60

0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11
K/Ehkl, (nm GPa) 1

0.01

0.02

0.03

0.04

0.05

0.06

0.07

K,
nm

1

CR18 R2 = 0.4479
CR34 R2 = 0.6035
CR47 R2 = 0.6584
CR59 R2 = 0.8197

Fig. 5 Williamson-Hall plot by using correction of broadening with consideration of Young’s
modulus.

The use of the MWH method based on the dislocation theory made it
possible to significantly reduce the approximation error (Fig. 6).

By using the values of parabolic approximation of MWH q
(m)
m (Table 5), it

is possible to calculate the relative fractions of dislocations for the three main
slip systems.

For this purpose, a mathematical algorithm was developed that made it
possible to calculate all possible solutions of the equations (8) and (9) and

compare them with experimentally obtained values q
(m)
1,2 . Consequently, the

histograms of the probability of finding the dislocations in one of the three
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Fig. 6 Modified Williamson-Hall plots.

q
(m)
1 q

(m)
2

CR18 -2.54 1.75
CR34 -2.29 1.59
CR47 -2.19 1.58
CR59 -1.73 1.28

Table 5 Values of q
(m)
m in MWH equation.

slip systems were obtained. An example of a histogram for the most deformed
sample (CR59) is shown in Fig. 7. The X coordinate axis is divided into 100
intervals and the number of solutions are calculated for each interval ha, hc,
hca that satisfy tolerance conditions.

The mean values < ha >, < hc > and < hca > for three main types of
dislocation were found for each of the histogram.

In Fig. 8 one may clearly see, that the relative distribution of dislocations in
slip systems does not change with the increasing degree of plastic deformation.
Most of the dislocations belong to the type < a > (above 60 %). This is
directly related to the fact that the formation energy of dislocations having
this Burgers vector is much smaller than for others (see the the lengths of the
Burgers vectors for different dislocations in titanium in Table 6).

At the same time, it is clear that the increase in the deformation degree
leads to a slight decrease of the activity of the planes < a >. This fact is
consistent with the results of study [32], where the dislocation activity of Zr
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Fig. 7 A typical histogram of the frequency distributions of the valid fractions of < a >,
< c >, < c+ a > dislocation types for the sample CR59.
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Table 6 Burgers vectors lengths for some dislocations in α -titanium.

| #»
ba| [nm] | #»bc| [nm] | #   »

bca| [nm]
0.295 0.468 0.553

Table 7 < xarea >, Re, ρ and M calculated for all experimental samples.

< xarea > [nm] Re [nm] ρ [1015m−2] M
CR18 73.80 7.56 1.51 0.29
CR34 56.27 6.08 2.05 0.28
CR47 46.43 5.44 2.83 0.29
CR59 47.71 5.16 2.74 0.27

subjected to tension was investigated. Furthermore, study [33] shows, that in
case of high temperature deformation of titanium, a significant increase in the
relative number of dislocations of the type < a > and simultaneous reduction
of their number in the slip planes < c+a > occurred. This indicates a difference
of the mechanisms of plastic deformation depending on temperature.

According to eq. (10) the values Chkl.lb2 were calculated by using the aver-
age values of the relative dislocation fractions. This made it possible to carry
out a profile analysis of the samples using the MWA method, as well as to
study the dislocation structure of different samples. The analysis of CR59 by
MWA method is shown if Fig. 9.

All of the calculated structural parameters: average grain size (< xarea >),
dislocation outer cut-off radius (Re), dislocation density (ρ) and Wilken’s pa-
rameter (M) are shown in Table 7.

It can be seen that up to the strain value of 0.47 (CR47), the size of the
crystallites monotonously decreases, and the dislocation density increases (Fig.
10 (a)). However, after this, a decrease of the density of dislocations occurs
and the reduction in the size of crystallites stops. Most probably this is due to
the fact that in the process of plastic deformation at such high strains, a large
amount of heat is released, which enables the processes of dynamic recovery.
The decrease in the Wilkens parameter at this stage also indirectly indicates
occurrence of recrystallization processes. Despite this, the size of the elastic
distortion region changes monotonically with increasing degree of deformation.
All the results obtained are in a good agreement with currently available data
on the measurement of the structural parameters of titanium by the XRD
profile analysis [24], [34], as well as by transmission electron microscopy [4],
[35].

From a practical point of view, the influence of microstructural param-
eters on mechanical properties is of great interest. Attempts to relate the
strength and hardness of an alloy to its dislocation structure were done in a
large number of theoretical and experimental studies carried out in the sec-
ond half of the 20th century. The summarized description of main strength-
ening mechanisms may be found in [36], [37], [38]. It is typically believed,
that the strength of material is defined by the combination of the following
main factors: (i) Paierls barriers (σp), (ii) strengthening due to the interac-
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Fig. 9 MWA plots for CR59: (a) the main MWA plot. lnA(L) as function of g2Chk.lb2 (eq.
(7)); (b) the size Fourier Transform. The AS(L) values are plotted as a function of L (eq.
(11)); (c) distortion Fourier Transform. The Y
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investigated materials.
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tion of gliding dislocations with forest dislocations (σf.d.) and different kinds
of dislocation walls (σd.w.), (iii) solid solution strengthening (σs.s.), (iv) pre-
cipitation strengthening (σpres.) and (v) grain boundary strengthening (σg.b.).
Previously, Forouzanmehr et. al. used Petch-Hall grain boundary strength-
ening model to relate the crystallite size measured using MWH approach of
cold-rolled iron [19] to its hardness. Fan et. al. used Taylor strengthening model
to relate the calculated dislocation density to the hardness of deformed in ten-
sion Zr [32]. In both cases, a reasonable correlation between the microstructure
estimated by MWA and MWH models and the mechanical properties of the
alloys was observed. However, one may notice, that the cold rolling of pure
Ti leads to simultaneous activization of grain boundary strengthening, dislo-
cation forest strengthening and dislocation walls strengthening mechanisms.
Thus, a more rigorous analysis requires to consider the synergistic effect of at
least three mechanisms on the yield strength or the hardness. In the case of
the current study such analysis is complicated by the need to properly relate
the crystallite size to the size of subgrains (or dislocation cells), besides an in-
dependent microscopic analysis is needed to estimate the grain size. While an
accurate quantitative analysis will be carried out in future studies some simple
qualitative analysis may be done by comparison of diagrams shown in Figs. 10
(a) and (b). One may observe a clear correlation between the calculated struc-
tural parameters and the microhardness. The microhardness grows as long as
the dislocation density increases and the crystallite size decreases. At the last
stages of the cold rolling the microstructural parameters reach some plateau
and similar behavior is observed in the graph of the microhardness.

3.1 Conclusions

Using the classical and modified methods of X-ray diffraction profile analy-
sis, a number of structural parameters of plastically deformed titanium were
evaluated. It was shown that in the case of elastically anisotropic hexagonal
materials, the use of modified methods of analysis is a necessary condition be-
cause they significantly reduce the approximation error of the profile analysis.
Using the MWH method, it was found that during the cold deformation, the
dominant plane of dislocation slip is the < a > plane; however, a slight de-
crease in its activity and an increase in the activity of the < c > and < c+a >
planes occur with an increase in plastic strain. The application of the MWA
method allows us to determine changes in the dislocation density and crystal-
lite size during cold plastic deformation. It was shown that with an increase
in strain of up to 0.47, an increase in the dislocation density and a decrease in
crystallite sizes occur. However, this process stops when the strain increased
up to 0.59 at the later stage. This indicates the occurrence of a recovery process
during the last passes of the cold rolling. The structural results that we have
obtained are in a good agreement with the measurements of the microhardness
test results.
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17. T. Ungár, A. Borbély, The effect of dislocation contrast on x-ray line broadening: A
new approach to line profile analysis, Applied Physics Letters 69(21), 3173 (1996)

18. T. Ungár, Dislocation model of strain anisotropy, Powder Diffraction 23(2), 125 (2008)
19. N. Forouzanmehr, M. Nili-Ahmadabadi, M. Bönisch, The analysis of severely de-

formed pure Fe structure aided by X-ray diffraction profile, The Physics of Met-
als and Metallography 117(6), 624 (2016). DOI 10.1134/S0031918X16060077. URL
http://link.springer.com/10.1134/S0031918X16060077



Title Suppressed Due to Excessive Length 19

20. G. Ashiotis, A. Deschildre, Z. Nawaz, J.P. Wright, D. Karkoulis, F.E. Picca, J. Kieffer,
The fast azimuthal integration python library: pyfai, Journal of applied crystallography
48(2), 510 (2015)

21. T. Ungár, G. Tichy, The effect of dislocation contrast on x-ray line profiles in untextured
polycrystals, Physica status solidi (a) 171(2), 425 (1999)

22. W.H. Hall, X-ray line broadening in metals, Proceedings of the Physical Society. Section
A 62(11), 741 (1949). DOI 10.1088/0370-1298/62/11/110. URL https://doi.org/10.

1088%2F0370-1298%2F62%2F11%2F110

23. M.A. Krivoglaz, Theory of X-Ray and Thermal Neutron Scattering by Real Crystals
(Plenum Press, 1969)

24. I. Dragomir, T. Ungár, Contrast factors of dislocations in the hexagonal crystal system,
Journal of Applied Crystallography 35(5), 556 (2002)
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