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Dislocation structure and crystallite size
distribution in plastically deformed Ti
determined by X-ray peak profile analysis

Ultrafine-grained titanium produced by equal channel an-
gular pressing and subsequent cold rolling is studied by X-
ray diffraction. It is found that a texture exists in which the
hexagonal basal planes are parallel to the longitudinal axis
of the billet. The crystallite size distribution and the dislo-
cation structure are determined by X-ray diffraction peak
profile analysis. The median and the variance of the crystal-
lite size distribution are obtained as m = 39 nm and
r = 0.14, respectively. The dislocation model of anisotropic
broadening of peak profiles enables to determine the active
slip systems. It was found that all three possible hexagonal
Burgers vectors of dislocations exist, with the composition
of 66% <a> type, 33% <c> type and 1% <c + a> type.
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1. Introduction

Severe plastic deformation (SPD) techniques, e. g. equal
channel angular pressing (ECAP) and high-pressure torsion
(HPT), are effective for producing fully dense, bulk ultra-
fine-grained (submicron-grain-sized or nanostructured) ma-
terials [1]. The nanomaterials produced by SPD techniques
have an attractive combination of high strength and good
ductility due to their 100% density, low contamination and
unique nanostructures [2–4]. A two-step SPD process,
ECAP followed by cold rolling, has recently been devel-
oped to obtain high strength in nanostructured, commer-
cially pure Ti [5]. The ECAP was conducted at 400–
450 �C since Ti lacks sufficient ductility at lower tempera-
tures. The warm ECAP processing increased the yield
strength of commercially pure Ti by 68% [2] to 640 MPa,
and the cold rolling at room temperature further increased
the yield strength to over 900 MPa [4, 5] while maintaining
a strain to failure of 9.2% under tensile load. One of the
most significant features of the stress –strain curves of na-
nostructured Ti is the lack of strain hardening.
The first step to understand the mechanical behavior of

nanostructured Ti produced by ECAP is to characterize its
microstructure. This can be done locally by transmission

electron microscopy (TEM) or in large volume of the mate-
rial by X-ray diffraction peak profile analysis. X-ray dif-
fraction peak profiles are broadened due to small crystallite
sizes and/or lattice distortions. The two effects can be sepa-
rated on the basis of the different diffraction order depen-
dence of peak broadening. The standard methods of peak
profile analysis based on the full widths at half maximum
(FWHM), the integral breadths and the Fourier coefficients
of the profiles provide the apparent crystallite size and the
mean square strain [6–8]. The evaluation of the broadened
peak profiles is complicated by strain anisotropy. This
means that neither the FWHM nor the integral breadth nor
the Fourier coefficients of the profiles are monotonous
functions of the diffraction vector [9, 10]. It has been shown
that strain anisotropy can be well accounted for by the dis-
location model of the mean square strain by introducing
the contrast factors of dislocations [11–15]. Since the va-
lues of the dislocation contrast factors depend on the dislo-
cation slip systems present in the crystal, the evaluation of
X-ray profiles for the contrast factors enables the determi-
nation of the dislocation structure. In the last few years, fast
development in the computer technique makes it possible to
work out procedures that can determine the parameters of
the microstructure by fitting the whole diffraction profiles
[16–20]. In the recently elaborated multiple whole profile
(MWP) fitting method, the Fourier coefficients of the mea-
sured physical profiles are fitted by the Fourier coefficients
of the theoretical functions of size and strain peak profiles
[19, 20]. This procedure enables the determination of crys-
tallite size distribution and the dislocation structure in na-
nostructured materials.
In this paper, the microstructure, i. e. the texture, crystal-

lite size, size distribution and dislocation structure, evolved
during the SPD processing (ECAP + cold rolling) of Ti
sample was studied by X-ray diffraction peak profile analy-
sis.

2. Experimental details

An ultrafine-grained titanium specimen was produced by a
two-step SPD procedure. In the first step, a Ti billet with
an average grain size of 10 lm was deformed by warm
ECAP using a 90� die following route BC for 8 passes
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[1,5]. The dimensions of the billet were 25 mm in diameter
and 100 mm long. The specimen contained the following
impurities (in wt.%): 0.12 O, 0.01 H, 0.04 N, 0.07 C and
0.18 Fe. The temperature of warm ECAP was 450 �C at
the first pass, but droped to 400 �C after 8 passes. Molybde-
num disulphide was used as lubricant. In the second step,
the specimen processed by ECAP was further deformed by
cold rolling at room temperature to further improve the
strength. During cold rolling, the initial Ti billet had a circu-
lar cross-section with a diameter 16 mm and was deformed
into square cross-section with edges of approximately
11 mm. The reduction in cross-section area of the billet
was 73%. The detailed description of the four-step cold-
rolling procedure is given in Ref. [5].
A longitudinal section and a cross-section were prepared

for X-ray diffraction. In order to avoid machining effects,
an approximately 100 lm surface layer was removed from
the specimen surface by chemical etching before the X-ray
experiments. The diffractograms for the two sections were
measured by a Philips X’pert diffractometer using a Cu an-
ode and a pyrolitic graphite secondary monochromator.
The X-ray diffraction peak profile analysis was carried out
on the following eight peaks: 00.2, 01.1, 10.3, 00.4 reflec-
tions from the longitudinal-section and 01.0, 11.0, 20.0,
02.1 reflections from the cross-section. These profiles were
also measured by a high-resolution double-crystal diffracto-
meter (Nonius, FR 591) using Cu Ka1 radiation. The instru-
mental broadening of the double-crystal diffractometer
(D(2H)instr = 0.012

0) is negligible, compared to the physical
peak broadening for the ultrafine-grained titanium
(D(2H)phys = 0.4–0.6

0). Therefore, no instrumental correc-
tions were applied. The peak profiles were evaluated by
the MWP fitting procedure described in details in Refs.
[19, 20]. In this method, the Fourier transform of the experi-
mental profiles are fitted by the product of the theoretical
Fourier transforms of size and strain peak profiles [19, 20].
The theoretical functions used in the fitting are calculated

on the basis of a microstructural model. In this model, the
crystallites have a spherical shape and a log-normal size dis-
tribution, and the lattice strains are assumed to be caused by
dislocations. The analysis involves the following steps: (i)
the Fourier coefficients of the experimental profiles were cal-
culated by a non-equidistant sampling Fourier transforma-
tion; (ii) The theoretical Fourier coefficients of the size and
strain profiles were calculated for a set of microstructural
parameters; (iii) The experimental and the calculated Fourier
coefficients were compared by the least-squares method. The
procedure has six fitting parameters for hexagonal crystals:
(i) the median and the variance, m and r, of the log-normal
size distribution function, (ii) the density and the arrange-
ment parameter of dislocations, q and M, and (iii) the q1 and
q2 parameters in the contrast factors of dislocations. The va-
lue ofM gives the strength of the dipole character of disloca-
tions: the higher M value corresponds to weaker dipole char-
acter and weaker screening of the displacement fields of
dislocations. From the values of q1 and q2 the relative frac-
tions of the <a>, <c> and <c + a>-type Burgers vectors
in the dislocation population are determined by a procedure
described in Ref. [21]. The arithmetic, the area- and the vo-
lume-weighted mean crystallite sizes are obtained from r
and m using formulas given in Ref. [22]. The texture was ex-
amined by pole figures measured by X-ray diffraction on the
longitudinal section of the sample.

3. Results and discussion

The X-ray diffractograms obtained from the longitudinal
section and cross-section are shown in Figs. 1a and b, re-
spectively. The difference between the relative intensities
of the diffraction peaks in the two diffractograms reveals
strong texture in the sample. The 00.l diffraction peaks are
missing in the diffractogram obtained from the cross-sec-
tion. This means that all the hexagonal basal planes are par-
allel to billet longitudinal axis. This texture can be also seen
in the pole figures of the 10.0 and 00.2 reflections shown in
Figs. 2a and b, respectively. The texture developed in the
two-step SPD procedure is similar to the t-type texture often
appeared in cold rolled hexagonal materials [23]. In this
type of texture the (00.1) poles are tilted from the normal di-
rection (ND) of the rolled surface towards the transverse di-
rection (TD) and the (10.0) poles are parallel to the rolling
direction (RD). The formation of similar texture in the
ECAP processed Ti billets has been also observed by other
authors [2]. The cold rolling in the two-step SPD procedure
could further enhance this texture.
The 01.0, 01.1 and 11.0 reflections, which have high in-

tensities in both powder diffractograms in Fig. 1, were used
to investigate crystallite shape anisotropy. The normalized
intensities of these peaks are compared in Figs. 3a–c. The
good agreement between the profiles obtained from the
two different sections indicates that there is no crystallite
shape anisotropy with respect to the billet axis. This obser-
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Fig. 1. X-ray diffractograms obtained from (a) the longitudinal section
and (b) the cross-section.



vation is also supported by previous TEM investigations on
another warm ECAP processed commercially pure Ti spe-
cimen [2].
The X-ray diffraction profiles obtained by high-resolu-

tion measurements were evaluated by the MWP method de-
scribed in Section 2. The measured and the fitted Fourier
coefficients are shown in Fig. 4. The difference between
the measured and the fitted values are also shown in the
figure. The weighted least-squares error (Rwp) is 4%
where the weights are the reciprocal of the observed
Fourier transforms. The microstructural parameters
obtained from the fitting are: m = 39 � 4 nm, r =
0.14 � 0.03, q = 3 � 0.6 � 1015 m–2, M = 3.1 � 0.4,
q1 = –1.16 � 0.09 and q2 = –0.60 � 0.08. The arithmetic,
the area- and the volume-weighted mean crystallite sizes
calculated from the values of m and r are 39 � 6, 41 � 6
and 42 � 6 nm, respectively.
The crystallite size distribution according to the m and r

values obtained from X-ray diffraction is plotted in Fig. 5.
The area-weighted mean size is also marked in the figure.
It can be established that the severe plastic deformation of
Ti resulted in nanocrystalline structure. The microstructure
of the Ti specimen processed by warm ECAP and cold roll-
ing was also investigated by TEM [24]. A good correlation
is found between the area-weighted mean crystallite size
determined from X-ray diffraction (41 nm) and the mean

size of the dislocation cells (45 nm) obtained from TEM
micrographs [24]. It should be noted however, that the grain
size is much higher, 265 nm, according to the averaging
over 150 grains in the TEM micrographs [24]. This is con-
sistent with previous observations for SPD processed mate-
rials [19], since the coherently scattering domains measured
by X-rays is the smallest one in the size-hierarchy of the ob-
jects (dislocation cell, subgrain, grain) in deformed metals.
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Fig. 2. The pole figures for the 10.0 (a) and the 00.1 (b) reflections. LD
– longitudinal direction, TD – transverse direction.

Fig. 3. Comparison of the diffraction profiles obtained from the longi-
tudinal section (denoted by crosses) and the cross-section (denoted by
open circles) for the reflections 01.0 (a), 01.1 (b) and 11.0 (c).



The q1 and q2 parameters of the contrast factors depend
on the character of dislocations, and therefore enable the
determination of the prevailing dislocation slip systems in
the sample. The q1 and q2 values for the eleven possible slip
systems in Ti according to Kuzel and Klimanek [14] have
been calculated and listed in Table 2 in Ref. [21]. The ex-
perimental q1 and q2 values for Ti do not match any single
pair of the q1 and q2 parameters calculated theoretically.
This indicates that more than one dislocation slip systems
have been activated during deformation. A recently elabo-
rated numerical procedure [21] was applied to determine
the Burgers vector population in the ECA pressed + cold-
rolled Ti. In a hexagonal crystal, three Burgers vector types
exist: b1 = 1/3<1120> (<a> type), b2 = <0001> (<c> type)
and b3 = 1/3<1123> (<c + a> type). The eleven dislocation
slip systems can be classified into three groups based on
their Burgers vectors: <a> type: BE, BS, PrE, PyE; <c>
type: Pr2E, PrS; <c + a> type: Pr3E, Py2E, Py3E, Py4E,
Py2S where B, Pr, Py, E and S denote the basal, the pris-
matic, the pyramidal slip systems, the edge and the screw
dislocations, respectively. The detailed list of the disloca-
tion slip systems in Ti is presented in Ref. [21]. The relative
fraction of each type of dislocations can be calculated by
making the measured and the weighted averaged theoretical

values of q1 and q2 equal [21]. According to this calculation
the Burgers vector population is obtained as:

<a>-type dislocations: 66 (8) %,

<c>-type dislocations: 33 (5) %,

<c+a>-type dislocations: 1 (1) %.

The dislocation structure in plastically deformed titanium
has been extensively studied by TEM [25–30]. These
works reported the abundance of <a>-type dislocations be-
sides the <c>- and <c+a>-type dislocations, which agrees
very well with our X-ray results.

4. Conclusions

The microstructure of ultrafine-grained titanium produced
by SPD (warm ECAP + cold rolling) has been studied by
X-ray peak profile analysis. It is established that a texture
exists in which hexagonal basal planes are parallel to billet
longitudinal axis. It is found that SPD produces mean crys-
tallite size of several tens of nanometers (well below
100 nm). The crystallite size value determined by X-rays
is in good agreement with the dislocation cell size obtained
by TEM. The dominant Burgers vector of dislocations ob-
served in titanium is <a> type which correlates well with
previous TEM observations.
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Fig. 4. The measured and fitted Fourier coefficients normalized to
unity. The differences between the measured and fitted values are also
shown in the lower part of the figure. The scaling of the differences is
the same as in the main part of the figure. The indices of the reflections
are also indicated.

Fig. 5. The crystallite size distribution density function and the area-
weighted mean size determined from X-ray peak profile analysis.
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