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Abstract. X-ray powder diffraction is a powerful tool
for characterising the microstructure of crystalline materi-
als in terms of size and strain. It is widely applied for
nanocrystalline materials, especially since other methods,
in particular electron microscopy is, on the one hand te-
dious and time consuming, on the other hand, due to the
often metastable states of nanomaterials it might change
their microstructures. It is attempted to overview the appli-
cations of microstructure characterization by powder dif-
fraction on nanocrystalline metals, alloys, ceramics and
carbon base materials. Whenever opportunity is given, the
data provided by the X-ray method are compared and dis-
cussed together with results of electron microscopy. Since
the topic is vast we do not try to cover the entire field.

1. Introduction

X-ray line profile analysis (XLPA) is a well established
and widely acknowledged powerful method for character-
izing the microstructure of crystalline materials. Together
with the other major characterization methods, especially
transmission and scanning electron microscopy (TEM and
SEM), and the different atomic resolution methods, in par-
ticular scanning tunneling and atomic force microscopy
(STM and AFM), XLPA provides additional microstruc-
ture properties, like e.g. average crystallite size and size
distribution, average dislocation density and dislocation
character, slip activity and planar defect density, or differ-
ent types of internal stresses. In nanocrystalline materials
the crystallite or grain size is extremely small and the de-
fect density can be very high, therefore the electron micro-
scopy and atomic resolution methods encounter experi-
mental difficulties or even fail to characterize the
microstructure. In such cases XLPA becomes almost the
only method for characterizing microstructures. The micro-
structure of nanomaterials is as various as nanomaterials
themselves. They can either be in the form of loose pow-

ders or compact bulk materials, ceramics, ionic crystals or
metals and they can have been produced by different
methods, like inert gas condensation and compaction [1,
2], ball milling [3], thermal plasma synthesis, cf. [4], che-
mical methods using precursors [5, 6] or severe plastic
deformation, as for example equal channel angular press-
ing (ECAP) [7, 8] or high pressure torsion (HPT) [8, 9].
The microstructure of this type of materials can be de-
vided into two fundamental features: (i) the grain size and
(ii) the structure of lattice defects.

The ideal powder diffraction pattern consists of narrow,
symmetrical, delta-function like peaks at the exact Bragg
positions. The analysis of the deviations from the ideal
powder pattern is X-ray line profile analysis. A number of
different types of deviations are conceivable. In terms of
peak profiles at least the following fundamental features
can be observed: (a) peak shifts, (b) peak broadening, (c)
peak asymmetries and (d) anisotropic broadening or peak
shape. Microstructure properties can be summarised at
least into the following different categories: (1) internal
stresses, (2) stress gradients, (3) stacking faults, (4) twin-
ning, (5) crystallite or grain smallness, (6) microstresses of
differen types, (7) long-range internal stresses, (8) chemi-
cal heterogeneities, (9) chemical gradients, (10) anisotro-
pic crystallite shape or (11) anisotropic strain. There is no
one-to-one correlation between the different peak profile
features and the different microstructural properties. For
example (i) peak shift can be related to internal stresses,
chemical gradients or planar faults, especially stacking
faults or twinning, (ii) peak broadening can indicate crys-
tallite smallness and microstresses, however, stress gradi-
ents and/or chemical heterogeneities can also cause peak
broadening, (iii) peak asymmetries can be caused by long-
range internal stresses, planar faults or chemical heteroge-
neities, and (iv) anisotropic peak broadening can result
from anisotropic crystallite shape, anisotropic strain or pla-
nar defects. Table 1 is an attempt to summarise the corre-
lation between peak profile features and microstructure
elements. Obviously, the interpretation of powder patterns
in terms of microstructure properties becomes more reli-
able if other methods, especially TEM and/or SEM, are
also used. On the other hand, the results of other methods,
in particular TEM or SEM, can be refined and/or comple-
mented by using XLPA.
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The microstructure properties from (1) to (11) have
been treated on well established physical basis. Internal
stresses and their effect on powder patterns are described
by the elastic properties of crystals [10, 11]. The effect of
stacking faults and twinning is worked out for cubic and
hexagonal crystals [12–21]. Size broadening is treated in
detail for spherical or non-spherical crystallites [22–29].
The effect of microstresses are worked out in detail for
dislocations [28–38]. Asymmetric profiles corresponding
to long-range internal stresses are related to the dipole po-
larization of dislocations [34, 35, 39, 40]. Chemical het-
erogeneities are a special feature in Ni-base g/g0 superal-
loys which have been treated in terms of lattice mismatch
[39–42]. Anisotropic crystallite shape are a delicate phe-
nomenon [26] which has been treated by special elegance
in the case of ZnO nanoparticles [23]. Finally, anisotropic
strain broadening is a general feature of powder patterns
[43–56], which is generally related to dislocations and the
elastic properties of crystals. In the present work a few
typical examples are reviewed where the microstructure of
nanocrystalline materials has been characterized by the
method of XLPA. In those cases, when the same material
has been investigated by XLPA and also by other meth-
ods, especially TEM and SEM, a critical comparison and
discussion of the results will be attempted.

2. Metals and alloys

2.1 The microstructure of nanocrystalline
metals synthesized by inert gas condensation
and compaction

Nanocrystalline Pd pellets were prepared by inert-gas con-
densation and subsequent compaction [57]. The 111/222
pair of X-ray diffraction peaks were evaluated by the clas-
sical Warren-Averbach method [12]. Good correlation was
observed between the size distribution obtained from dark
field TEM micrographs, see Fig. 1, and the size-distribution
function provided by X-ray line profile analysis, see Fig. 2.
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Table 1. Correlations between peak profile features, i.e. broadening, shifts, asymmetries or shape, and the different microstructure elements.

Peak Profile Features //
// Microstructure Properties

Peak Shift Peak Broadening Peak Asymmetry Anisotropic
Peak Broadening

Peak Shape

Dislocations þ þ þ þ
Stacking Faults þ þ þ þ þ
Twinning þ þ þ þ
Microstresses þ
Long-Range Internal Stresses

or Stress Gradients

þ þ þ

Grain Boundaries þ þ
Sub-Boundaries þ þ
Internal Stresses þ
Coherency Strains þ þ þ þ
Chemical Heterogeneities

or Chemical Gradients

þ þ þ

Point Defects þ
Precipitates and Inclusions þ þ þ
Crystallite or Grain Smallness

or Subgrains

þ þ þ

Fig. 1. Dark field TEM micrograph of ball milled and compacted
nanocrystalline Pd (by courtesy from [57]). Several similar micro-
graphs were evaluated to obtain the size distribution in Fig. 2.

Fig. 2. Size distribution of crystallites in ball milled and compacted
nanocrystalline Pd (by courtesy from [57]). The bar diagram and the
solid line correspond to evaluation of TEM micrographs and X-ray
line profiles, respectively.
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Nanocrystalline Cu was produced by inert-gas conden-
sation and subsequent hot compaction [2, 53, 58]. The
crystallite size distribution functions of a specimen de-
formed up to about 10% strain was determined shortly
after smaple preparation and after six months natural age-
ing at room temperature [59]. The log-normal size distri-
bution functions determined either by TEM or by X-ray
line profile analysis are shown in Fig. 3. The figure shows
that grain size grows slightly during natural ageing at
room temperature, and that TEM and X-ray size distribu-
tions are in good correlation.

2.2 The microstructure of nanocrystalline
metals produced by the method of ball milling

The evolution of microstructure in nanocrystalline Ni pow-
der during ball milling for up to 96 h was studied by X-ray
line profile analysis by Scardi and Leoni [26]. The fitting
of the measured powder pattern by the whole powder pat-
tern modelling (WPPM) method [26] is shown in Fig. 4.
Authors found that the dislocation density increased to a
maximum value of about 2.4 � 1016 m�2, and the mean
crystallite size decreased to about 8 nm with milling time,

however, the rates of increase or decrease slowed down
with milling time. Stacking faults were produced in a low
amount, while twin faults appeared after 12 h milling and
their amount increased up to 3% after 96 h milling. The
size distribution determined by X-ray diffraction and by
TEM were in good agreement [26]. The saturation of the
crystallite size and the root mean square strain was also
observed in Fe powder subjected to low-energy vibratory
ball milling, cf. [60, 61]. The steady-state crystallite size
increases weakly with increasing milling temperature and
decreases with increasing vibration amplitude. The root
mean square strain varies linearly as the reciprocal value
of the crystallite size [60].

The formation of nanostructure and mechanical alloy-
ing occur simultaneously if the powder mixture of two or
more metallic elements are milled together. Al––Mg alloys
were produced by ball milling a mixture of Al and Mg
powders [62]. X-ray line profile analysis revealed that
with increasing nominal Mg content, or increasing milling
time, the dislocation density increased and the character of
dislocations was shifted toward edge type. These changes
were attributed to the increase of the solute Mg concentra-
tion which increased the pinning effect of Mg atoms on
edge dislocations, thus hindering their annihilation. After
3 h milling the Mg concentration in solid solution was
much higher, about 5.6 wt%, than the equilibrium solubi-
lity limit which is about 2 wt%.

2.3 The microstructure of nanocrystalline materials
produced by the method of ball milling and
hot isostatic pressure (HIP)

Nanocrystalline tablets of pure copper and a Li––Mn spi-
nel were produced by hot isostatic pressure (HIP). The
copper powder was produced by ball milling [16] whereas
the Li––Mn spinel powder was synthesized by reduction of
oxides at high temperature [28]. In the whole powder pat-
tern fitting it was found that the fit was poor when only a
single hkl independent mean square strain value was used.
The best fit was obtained when both, dislocations and pla-
nar faults were included in the model of the microstruc-
ture. However, in the copper specimen the twinning prob-
ability was negligible and the stacking-fault contribution
also small. The mean grain size was 41 nm and the dislo-
cation density 1.4 � 1015 m�2, in the order of magnitude of
strongly deformed polycrystalline copper. For the Li––Mn
spinel, twinning had a considerable probability, and taking
into account that the mean crystallite size was about
100 nm, the observed twinning probability corresponded,
on the average, to one twin fault in each crystallite. In the
spinel powder the dislocation density was very low, about
9 � 1013 m�2.

2.4 The microstructure of nanocrystalline materials
produced by electrodeposition

Nanocrystalline gold films of thickness ranging from 30 to
190 nm were grown by thermal deposition on glass sub-
strates [45]. The columnar, nanocrystalline grain structure
was analysed by atomic force microscopy, TEM and
XLPA. X-ray diffraction revealed a strong 111 texture to-
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Fig. 3. Size distribution density functions of the grain size in inert
gas condensed and compacted nanocrystalline coppes specimens (by
courtesy from [59]).

Fig. 4. Whole powder pattern modelling of nanocrystalline Ni sam-
ples ball-milled for 12 h (by courtesy from [26]). The open circles
and the solid lines correspond to the measured data and the modelled
curve obtained by the WPPM procedure, respectively [26].



T
h

is
 a

rtic
le

 is
 p

ro
te

c
te

d
 b

y
 G

e
rm

a
n

 c
o

p
y
rig

h
t la

w
. Y

o
u

 m
a
y
 c

o
p

y
 a

n
d

 d
is

trib
u

te
 th

is
 a

rtic
le

 fo
r y

o
u

r p
e
rs

o
n

a
l u

s
e
 o

n
ly

. O
th

e
r u

s
e
 is

 o
n

ly
 a

llo
w

e
d

 w
ith

 w
ritte

n
 p

e
rm

is
s
io

n
 b

y
 th

e
 c

o
p

y
rig

h
t h

o
ld

e
r. 

gether with pronounced shape anisotropy of the crystal-
lites. Besides size broadening, strong strain broadening
was observed. The complex microstructure was solved in
terms of dislocation densitites and Burgers vector determi-
nation. The modified Williamson-Hall plot was used to
unfold the qualitative features of strain anisotropy in terms
of dislocation occupation [45]. The analysis of the magni-
tude and anisotropy of the dislocation-induced line broad-
ening with hkl indicated that the dislocations have had a
mixed screw/edge character with a tendency to form pri-
marily on those slip planes running parallel to the sub-
strate with densities of about 1015 to 1016 m�2.

Nanocrystalline, metallic copper, iron and platinum and
various alloys were produced by pulsed electrodeposition
[63––68]. The crystallite size distribution of the nanocrys-
talline copper was determined by TEM and XLPA [63].
Both methods showed a wide size distribution with the
mean value of 15 nm and the variance of 1.5. The grain-
growth kinetics of nanocrystalline Fe was investigated in
situ by synchrotron real-time X-ray diffraction during iso-
thermal heat treatments at temperatures between 663 and
783 K [64]. Strain was expressed in terms of the mean-
square-strain and the size distribution was assumed to be
log-normal. Two regimes in the grain-growth were found:
at lower temperatures, up to about 700 K, the grain
growth was smooth and moderate, the maximum was
reached after 150 min at 50 to 100 nm depending on tem-
perature. In this temperature range the size distribution re-
mained narrow. At higher temperatures, between 700 and
783 K, the grain growth was first rapid and later slower,
reaching 150 to 100 nm. In this temperature range the size
distribution was broad. No evidence was found for the
change in the type of the crystallite size distribution indi-
cating normal grain growth. Nanocrystalline palladium
was produced by pulsed electrochemical deposition and
the variation of the crystallite size was studied as a func-
tion of the parameters of deposition, e.g. pulse length and
pulsed current density [68]. The TEM grain size distribu-
tion followed the log-normal distribution function with the
mean value about 20 nm. The values provided by XLPA
were somewhat smaller.

2.5 The microstructure of submicron grain size
metals produced by severe plastic deformations

So called, severe plastic deformation (SPD) techniques are
effective methods for producing bulk, porosity- and con-
tamination-free ultrafine-grained (UFG) or nanostructured
metals, cf. [7–9]. As the grain refinement during SPD pro-
cessed metals occurs by the arrangement of dislocations
into dislocation walls separating subgrains, the investiga-
tion of the dislocation structure is essential for understand-
ing the evolution of fine-grained microstructure. The size
and size-distribution of crystallites, grains, or subgrains,
and the dislocation structure were studied intensively in
different metals and alloys, e.g. Al [69], Al-alloys [69–71],
Cu [72–78], or Ni [79–81], processed by SPD procedures
at room temperature, e.g. by equal channel angular pressing
(ECAP) or high pressure torsion (HPT). These two techni-
ques are described in details elsewhere [8]. One pass of
ECAP corresponds to an equivalent strain value of about 1.

The imposed strain increases proportionally with the in-
crease of the number of passes. It was found that the crys-
tallite size decreased and the dislocation density increased
with increasing strain for any studied metals. As an exam-
ple the crystallite size and the dislocation density versus
the imposed strain for Al––3%Mg specimen is plotted in
Fig. 5 [69]. As the deformation proceeds, the dislocation
arrangement parameter, M decreases indicating that dislo-
cations are arranged into dipoles minimising the energy of
their strain field [70, 71, 73]. This arrangement of disloca-
tions is associated with the formation of dislocation walls
resulting in the decrease of crystallite size. After room tem-
perature SPD processes, the q parameter is usually close to
or less than the arithmetic mean of the theoretical values
for pure edge and screw dislocations which indicates a
more edge character of the dislocation structure, in ac-
cordance with cross-slip and easier annihilation of screw
dislocations. The microstructure parameters of Al [69],
Al––Mg alloys [69], commercial Al––Mg––Si alloy (Al
6082) [71] and Cu [73] saturate after about 4 ECAP
passes. This saturation was also observed after 3 revolu-
tions of HPT for Al––Mg––Sc––Zr alloy [70]. The satura-
tion values correspond to the dynamic equilibrium between
formation and annihilation of dislocations. The maximum
dislocation density at room temperature for different metals
are listed in Table 2. The combination of SPD procedures
was applied to achieve further grain refinement in pure Ni
[80, 81]. HPT and cold rolling were applied on specimens
processed by ECAP before. Additional deformation after
ECAP resulted in further grain refinement and an increase
of the dislocation density up to 25 � 1014 m�2.
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Fig. 5. The area-weighted mean crystallite size (hxiarea) and the dislo-
cation density (q) for Al––3 wt% Mg processed by ECAP as a func-
tion of the imposed strain [69].

Table 2. The measured saturation values of the area-weighted mean
crystallite size (hxiarea), the dislocation density (q) for different f.c.c.
metals processed by SPD methods. 8 ECAP and 6 HPT means 8
passes of Equal Channel Angular Pressing and 6 revolutions of High
Pressure Torsion.

Sample hxiarea [nm] q [1014 m�2]

Al, 8 ECAP 272 � 30 1.8 � 0.3

Al––1% Mg, 8 ECAP 88 � 10 3.9 � 0.4

Al––3% Mg, 8 ECAP 65 � 7 23 � 2

Cu, 8 ECAP 64 � 7 26 � 3

Ni, 8 ECAP þ 6 HPT 48 � 6 25 � 2
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Submicron grain-size titanium was produced by ECAP
and cold rolled subsequently [82]. The crystallite size dis-
tribution and the dislocation density and the type of active
slip systems was studied by XLPA and TEM. The median
and the variance of the crystallite size-distribution were
obtained as: m ¼ 39 nm and s ¼ 0.14, respectively, pro-
viding the area weighted average crystallite size: hxiarea ¼
(41 � 3) nm. The average subgrain size determined by
TEM was about (45 � 5) nm, indicating that the X-ray
size is equal to the subgrain size, as shown also by theore-
tical considerations in [83]. The average dislocation den-
sity was obtained to be 3 � 1015 m�2 by XLPA. This extre-
mely high value was confirmed by high resolution TEM
(HREM) investigation [82].

2.6 The microstructure of submicron grain size
metals produced by crystallization from
the amorphous phase

The Cu60Zr30Ti10 alloy was quenched into the amorphous
state [84]. HREM indicated that the as-quenched alloy
consisted of homogeneously dispersed nanocrystals in the
glassy matrix [84]. Authors showed that before heat treat-
ments two metastable crystalline phases appeared prior to
the precipitation of the Cu10Zr7, Cu8Zr3 and Cu3Ti2 equili-
brium phases. Heat treatments were carried out according
to the different exothermic peaks in the DSC heating
curve. It was shown that after the first exothermic reac-
tion, the nanometer-sized CuZr phase precipitated. In the
second exothermic peak, the CuZr phase transformed to a
metastable cubic phase, and finally, this metastable phase
decomposed to equilibrium phases. Careful diffraction pat-
terns were recorded in the as quenched (solid line in
Fig. 6a) and the relaxed state (dotted line in Fig. 6a),
relaxing heat treatment was carried out below the glass
formation temperature at 753 K. The difference of the two

diffraction patterns, shown in Fig. 6b corresponds to the
CuZr metastable cubic phase.

Nanocrystalline HfNi5 particles were produced by care-
ful crystallization from the amorphous state [85]. The
amorphous ribbons of 3 mm width and 11 mm thickness
were produced from a master alloy of Hf11Ni89 melted and
fast quenched by the melt-spinning technique. The diffrac-
tion pattern, shown in Fig. 7, reveales a strong amorphous
halo and well defined Debye-Scherrer rings indicating the
coexistance of the amorphous and crystalline phases. The
crystallite size-distribution function in Fig. 8, determined

118 T. Ungár and J. Gubicza

a�

b�

Fig. 6. (a) Powder patterns of the as quanched (solid line) and relaxed
(dotted line) specimen of the Cu60Zr30Ti10 amorphous alloy (by cour-
tesy from [84]). The specimen was relaxed after quenching at 753 K
for 600 s. (b) The difference between the powder patterns correspond-
ing to the as quanched and relaxed states of the amorphous alloy [84].

Fig. 7. TEM bright field micrograph of the as-quenched Hf11Ni89 alloy
(by courtesy from [85]). The mark in the box corresponds to 100 nm.
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Fig. 8. The size-distribution density function, f(x), of the crystallite
size in the HfNi5 phase produced by fast quenching, determined by
X-ray line profile analysis (by courtesy from [85]).
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by XLPA, indicates a wide size distribution in good corre-
lation with the TEM micrograph [85].

The nucleation and growth of nanocrystalline Al parti-
cles was observed during annealing the Al85Ni5Y8Co2 me-
tallic glass well below the glass formation temperature, Tg,
by X-ray diffraction, differential scanning calorimetry, in-
situ electrical resistivity measurements and high-resolution
transmission electron microscopy [86]. The nuclei of Al
particles can be seen in the HREM micrographs in [86].
The authors found that, while the growth of the Al nuclei
proceeds below Tg, the crystallization of the amorphous
matrix starts only above this temperature. The X-ray dif-
fraction patterns in [86] indicate that only the Al particles
are nanocrystalline, the particles of the crystallized phase
grow very fast, passing through the nano-range within a
narrow temperature window, as it can be seen in [86].

Nanocrystalline metallic Ni3Fe particles of about 10 to
15 nm were synthesized within a silica matrix by a sol-gel
method [87]. The Rietveld powder structure refinement
method was combined with the Warren-Averbach and
modified Williamson-Hall procedures to determine the
structure and microstructure. Lattice distortion was found
to be in correlation with Mössbauer spectra. Other phases
like, crystalline SiO2, traces of Fe2SiO4 and NiO were
identified and characterized by XLPA. When the SiO2

content in the precursor gel increased from 50 to 90 at%
the crystallite size of Ni3Fe particles decreased from 9.2 to
4.5 nm and the dislocation density increased from 5 � 1015

to 40 � 1015 m�2.

2.7 Thermal stability of the microstructure
of submicron grain size metals

The thermal stability of the ultrafine-grained microstruc-
ture is an important issue from the point of view of the
practical application of nanomaterials. The recovery of the
dislocation structure and the recrystallization in SPD pro-
cessed ultrafine-grained fcc metals was studied in [73, 75,
77, 88]. The dislocation density and the area-weighted
mean crystallite size as a function of the temperature at
the DSC curve for a specimen processed by 8 ECAP
passes are shown in Fig. 9 [75]. At the temperature corre-

sponding to the beginning of the DSC peak, each X-ray
profile appears to be the sum of a narrow and a broad
peak. This special shape of the diffraction lines was also
observed by Kuzel et al., cf. [77] for copper samples de-
formed by HPT under 6 GPa pressure and annealed at
523 k for 100 min. The bimodal structure was studied by
TEM and was shown to have good ductility properties
[89]. In Fig. 10 the circles represent the 220 peak for a
specimen quenched from 500 K in double logarithmic
scale. The figure shows that the intensity goes through a
well defined inflection point at around DK � 0.006 nm�1

(DK ¼ 2ðsin Q� sin Q0)/l where Q0 is the Bragg-angle
and l is the wavelength of X-rays), indicating that the
diffraction profile consists of two peaks, indeed. The
broad peak can be well approximated by the profile mea-
sured before the heat-treatment, suggesting that the this
subprofile corresponds to the non-recovered regions of the
material. The profile for the non annealed specimen (the
solid line in Fig. 10) matches the tail part of the profile
measured after annealing (open circles in Fig. 10). The
difference between the solid line and the open circles
gives a sharp peak corresponding to the recovered volume
of the material. The other peaks of the specimen quenched
from 500 K can be also decomposed into narrow and
broad subprofiles. At the temperature corresponding to the
maximum of the DSC peak, the mean crystallite size is
about 8 times higher while the dislocation density 50
times lower than before annealing.

The thermal stability of submicron grain size Ti pro-
duced by the method of ECAP is demonstrated by Fig. 11
[73]. It can be seen that the dislocation density decreases
monotonously up to the temperature of recrystallisation,
about 860 K, corresponding to the DSC exothermic peak,
whereas the subgrain size remains stable up to about
800 K and increases rapidly above this temperature.

2.8 The determination of active slip systems in
hexagonal closed-packed crystals

For polycrystalline hexagonal materials two characteristic
parameters of the dislocation contrast factors, q1 and q2
are obtained from the evaluation of line profiles [90–92].
The values of q1 and q2 parameters are determined by the
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elastic constants and the dislocation slip systems activated
in the crystal. In hexagonal materials there are eleven dis-
location slip systems. The momentum of the shortest lat-
tice vector equals the a lattice parameter in the basal
plane, therefore the directions of easy slip are the three
hai-type directions. According to von Mises for plastic
deformation of a polycrystalline material the activation of
at least five independent slip systems is needed, therefore
beside the three basal slip systems another dislocations
should contribute to plastic flow. Moreover, the Burgers-
vectors of basal dislocations are perpendicular to the c
axis, therefore basal slips can not produce strain to the c
direction. Consequently, another non-basal slip systems
with Burgers vectors having component parallel to the c
axis should be activated to deform hexagonal polycrystals.
The prismatic and pyramidal slip systems and twinning
are most probably required for plastic deformation of hex-
agonal polycrystals. As a consequence all the eleven slip
systems in hexagonal materials should be taken into ac-
count in studying the dislocation structure. The eleven dis-
location slip systems can be classified into three groups
based on their Burgers vectors: b1 ¼ 1=3h2110i (hai-type),
b2 ¼ 1=3h0001i (hci-type) and b3 ¼ 1=3h2113i (hcþ ai-
type). There are 4, 2 and 5 slip systems in the hai, hci
and hcþ ai Burgers vector groups, respectively [47, 93].
A computer program was elaborated to determine the Bur-
gers vector population from the measured values of q1
and q2. The detailed description of the procedure is given
in reference [100]. In the following sections, the results
obtained on the dislocation structures in bulk hexagonal
nanomaterials by X-ray line profile analysis are summar-
ized.

For obtaining fine-grained microstructure with high dis-
location density SPD procedures were applied also on
hexagonal metals, e.g. on commercially pure Ti [73, 82,
88, 94–97] and AZ91 Mg alloy [98]. Generally, the SPD
processes on hexagonal materials are carried out at ele-
vated temperatures because the rigidity of the specimens
at room temperature. In commercilally pure Ti specimen
processed by 8 ECAP passes at 673–723 K, the disloca-
tion density obtained from X-ray line profile analysis is
44 � 1014 m�2. The relative fractions of the hai, hci and

hcþ ai Burgers vectors are 62%, 0–4% and 32–36%, re-
spectively. The abundance of hai-type dislocations besides
the hci- and hcþ ai-type dislocations has been also found
for other bulk hexagonal nanomaterials, e.g sintered WC
[99] and SPD processed Mg alloys [98]. The relatively
high fraction of hcþ ai dislocations in Ti processed by
ECAP can be attributed to the high temperature of defor-
mation. Theoretical calculations and TEM observations for
hexagonal metallic materials suggest the activation of
hcþ ai dislocations by strong deformation at elevated
temperatures [100]. At room temperature the critical re-
solved shear stress of pyramidal hcþ ai dislocations is
about five times larger than that for basal slip [101], but
this value decreases with increasing temperature. The
dominance of the hai-type dislocations has been also
found for Ti deformed by rolling at 268 �C [102]. The
Burgers vector population has been evaluated as a func-
tion of reduction during hot rolling. It was found that the
percentage of hcþ ai dislocations is present significantly
at 40% reduction rate, but decreases as the deformation
proceeds to higher values. The presence of hci dislocation
type is minimal during the whole deformation process.
The XLPA results are in good correlation with the texture
evolution studies carried out on these samples.

The slip systems in ball-milled h.c.p. Ti sample is also
studied by XLPA [103]. It was observed that ball milling
leads to the formation of nanocrystalline grains and trans-
form partially to an f.c.c. Ti-phase after 10 h of milling.
Using a Rietveld analysis, the volume fraction of the f.c.c.
phase was found to be about 24% with a crystallite size of
2 nm. The origin of high strains is probably the disloca-
tions present in the sample with the density of 1015 m�2.
Anisotropic line broadening of the fault-unaffected reflec-
tions is explained in terms of anisotropic dislocation con-
trast corresponding to hai and hcþ ai dislocations. Both
edge and screw dislocations were predicted with a signifi-
cant basal slip.

The thermal stability of the ultrafine-grained micro-
structure in Ti was investigated by DSC [73]. As the tem-
perature increases the relative fraction of the hcþ ai-type
dislocations decreases down to between 0 and 4%, indicat-
ing that these dislocations disappear faster than the hai or
hci-type ones (see Fig. 12). This can be explained by the
fact that the hcþ ai-type dislocations have larger Burgers
vectors and consequently higher formation energies than
other two types.
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Fig. 11. Thermal stability of submicron grain size Ti produced by the
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perature for Ti processed by ECAP [73].
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The ECAP process of AZ91 magnesium alloy was also
carried out at high temperature (270 �C) [98]. The main
alloying elements in the AZ91 alloy are 9 wt% Al, 1 wt%
Zn and 0.2 wt% Mn. The dislocation density increases
from 0.4 � 1014 m�2 to 2 � 1014 m�2 and the mean crystal-
lite size decreases from 563 nm to 97 nm as a result of 8
ECAP passes. It was found that before ECAP the relative
fractions of the hai, hci and hcþ ai Burgers vectors are
68–86%, 0–15% and 0–14%, respectively. The abun-
dance of hai-type dislocations can be explained similarly
as for Ti. After high temperature ECAP the relative frac-
tions of the hai, hci and hcþ ai Burgers vectors are chan-
ged to 54–58%, 0–2% and 38–42%, respectively. The
increase of the relative fraction of hcþ ai dislocations is
resulted by the strong deformation at high temperature.
This phenomena was also observed for pure Mg deformed
at high temperature [100]. The specimen processed by 8
ECAP passes was further deformed by tension at different
temperatures [98]. At relatively low temperature the domi-
nance of hai type dislocations can be established. At high
temperature, i.e. at 573 K, the relative fraction of the hai
Burgers vector types decreases and the relative fraction of
hcþ ai dislocations increases. This is in agreement with
the general observation that hcþ ai dislocations are acti-
vated during strong plastic deformation at elevated tem-
peratures.

3. Ceramics

The usual route of the production of dense nanocrystalline
ceramic materials is the compaction of nanodisperse cera-
mic powders. The shape, the mean size and the size distri-
bution of the crystallites of the starting ceramic powders
are important factors in the kinetics of the sintering pro-
cess and determine the density and the microstructure of
the sintered ceramics. As a consequence, the study of the
microstructural parameters for ceramic powders is essen-
tial.

The shape, size and size distribution of crystallites in
nanocrystalline ZnO powder have been determined in [23,
104]. The classical Williamson-Hall plot of the FWHM
shows a strong anisotropy [104]. The FWHM values in
terms of 2wf cos q are varying between 2 � 10�3 and
11 � 10�3 radians, where wf and q are the half widths and
the Bragg-angles of the physical profiles, respectively. The
FWHM values of the harmonic pairs of reflections, espe-
cially of the 100–300, 002–004 and 101–202 are exactly
identical within experimental errors indicating that the ani-
sotropy in the FWHM values is solely due to size effects
representing a special example of anisotropic peak broad-
ening where strain is totally absent. The Fourier analysis
of the data have also confirmed this behaviour. In the
quantitative evaluation of the data the crystallites are mod-
elled by cylinders. It was found that the axis of the cylin-
der was parallel to the hexagonal c axis and the average
diameter and height were 11 and 24 nm, respectively.
TEM micrographs have confirmed the same shape aniso-
tropy and average size values, although they showed that
the real shape of the crystallites is prism with irregular
hexagonal cross section. The good correlation between the

mean crystallite size determined by X-ray diffraction
(2.4 nm) and that obtained from TEM micrographs
(3.5 nm) was also observed for CeO2 ceramic powder [25,
105]. It was found that the strain contribution to peak
broadening is also negligible for this material.

The crystallite size distribution of tungsten-carbide nano-
powders obtained by ball-milling and the bulk specimen
produced by sintering were studied by XLPA [27].

Figure 13 shows the X-ray line profiles of the 1121
reflection corresponding to the ball-milled and compacted
(open circles) and sintered (open squares) states of a tung-
sten-carbide specimen, respectively [27]. The long tail on
the profile corresponding to the ball milled specimen indi-
cates a wide size distribution, also proved by the more
quantitative evaluation. The good agreement between the
crystallite size distribution determined by line profile ana-
lysis and TEM is demonstrated in Fig. 14 for the sintered
tungsten-carbide sample [27]. The bulk ultrafine-grained
WC specimen was produced by ball-milling of submicron
size powder and subsequent sintering at high temperature
(1693 K). The high resolution SEM micrograph for this
specimen is shown in Fig. 15.

Ceramic nanopowders can be produced from coarse-
grained powders by mechanical milling or attrition, simi-
larly as in the case of metallic materials. Mechanical attri-
tion resulted in nanostructured microstructure of TiC pow-
der with milling time as short as 15 min [106]. According
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to XLPA, crystallite size decreased strongly during the
first 3 hours of milling and it reached saturation value
after 6 h milling time. An ultrafine-grained ceria stabilized
tetragonal zirconia ceramic powder has been produced by
12 h ball milling of ZrO2–5.5 mol% CeO2–2 mol% YO1.5

powders in alcohol [107]. In these ceramics the CeO2 sta-
bilizes the tetragonal structure of ZrO2. Increasing the tem-
perature or under mechanical stress, the metastable tetra-
gonal phase transforms to monoclinic structure. This
martensitic tetragonal to monoclinic transformation in zir-
conia ceramics involves a 5% volume expansion, which
plays an important role in the improve of the fracture
toughness. During ball milling a part of the volume of the
tetragonal particles is transformed to monoclinic structure.
As a consequence of this, the crystallite size of the tetra-
gonal phase decreased, while the size of the monoclinic
crystallites increased. The crystallite size obtained by line
profile analysis was about 4–6 nm for both phases. At the
same time the particle size determined from the specific
surface area determined by Brunauer-Emmett-Teller (BET)
method was about 10 nm. We note that the difference in
the crystallite and the particle sizes is caused by the coex-
istence of two phases in one particle. It was found that the
stresses induced by milling in the tetragonal phase were
released by the tetragonal to monoclinic transformation,
while in the stresses in the monoclinic phase were accu-
mulated. The ball milled powders were compacted and
sintered at temperatures up to 1773 K. The crystallite size
of both phases increased monotonously with the sintering
temperature from about 4–6 nm to 50–200 nm, however
at 1573 K when an extensive tetragonal to monoclinic
transformation occured the crystallite size of the tetragonal
phase decreased.

The mean and the distribution of crystallite size in sili-
con nitride ceramic powders were determined by X-ray
line profile analysis, TEM and specific surface area meas-
urements separately and the values were compared to
each other [108]. One series of Si3N4 powders were pre-
pared by gas-phase synthesis of silicon-tetrachloride and
ammonia in thermal plasma reactor [109]. The majority
(80 vol%) of the as-synthesized powder was amorphous.
Cystallization heat-treatment was carried out at 1523,

1623, 1723 and 1773 K for 2 h. With the increase of the
temperature of the heat-treatments the crystalline volume
fraction of the powder increased up to 80%. Assuming
that the crystallites have spherical form and log-normal
size distribution, the area-weighted mean crystallite size
was calculated from the median and the variance of the
size distribution obtained from line profiles and was com-
pared with that calculated by BET method. It was found
that the mean size obtained from line profile analysis
(93 nm) was in good agreement with that determined by
BET method (94 nm) for the sample nearly fully crystal-
lized at 1773 K, demonstrating that the particles in this
powder are single crystals. However, at lower temperatures
the crystallite size obtained from line profile analysis was
significantly higher than that calculated from BET method
which can be explained by the smaller amorphous parti-
cles. From the two grain size values determined for the
whole powder and the crystalline fraction, the size of the
amorphous particles was obtained to be between 30 and
50 nm depending on the annealing temperature. The amor-
phous particle size also increased with the increase of the
temperature of heat-treatment. The crystallite size distribu-
tion determined by X-ray line profile analysis was com-
pared with the particle size distribution obtained from
TEM micrographs. The particle size was determined from
about 200 grains by the linear intercept method. It was
found that the TEM particle size distribution contained
somewhat smaller particles than those in the crystallite
size distribution obtained from line profile analysis. This
is unusual among the comparative studies of X-ray and
TEM sizes since in general the grain size determined by
X-ray is smaller than that established by TEM. The phe-
nomena can be explained by the smaller amorphous grains
in the powder. Another silicon nitride powder produced by
nitridation of silicon and subsequent milling was also in-
vestigated by X-ray line profile analysis [108, 109]. The
area weighted mean crystallite size (62 nm) agreed well
with the area weighted mean particle size determined by
BET method (71 nm). The crystallite size distribution was
also in very good agreement with that obtained from TEM
micrographs.

In summary it can be concluded that for nanocrystal-
line ceramic powders the crystallite size distribution ob-
tained from X-ray diffraction line profile analysis and the
grain size distribution determined from TEM micrographs
agree well. This means that the grains (or particles) in the
ceramic powders are single crystals, i.e. in contrast with
metals they are not divided into smaller domains, e.g. by
dislocation cell-walls. In multiple-phase ceramic materials
where the particles consists of crystallites of different
phases, the particle size can be larger than the crystallite
as shown in the case of zirconia ceramics [107]. In cera-
mic powders containing amorphous fraction the crystallite
size can be smaller or higher than the particle size.

4. Carbon and diamond

Nanostructured carbon-based materials, e.g. diamond, SiC
or carbon black, are important structural materials and also
often used as filling components in composite matters. In
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Fig. 15. High resolution scanning electron micrograph of the sintered
tungsten-carbide specimen (by courtesy from [27]). The horizontal
edge of the micrograph corresponds to 2 mm.
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spite of this fact only little attention has been paid to the
line profile analysis investigation of the nanostructures de-
veloped in these materials.

Nanostructured bulk diamond specimens were prepared
from micron-sized (30–40 mm) synthetic diamond powder
by high-pressure high-temperature (HPHT) compaction at
a pressure of 2.0 GPa and at selected temperatures in the
1070 K–1760 K range [110]. Raw diamond crystals had a
low dislocation density of 0.3 � 1014 m�2 which at high
pressure conditions increased rapidly with increasing tem-
perature up to 12 � 1014 m�2. The increase of the disloca-
tion density during HPHT compression is associated with
the decrease of the crystallite size down to about 50–
100 nm. The grain-refinement in HPHT-treated diamond
resulted from the rearrangement of the dislocation struc-
ture into a lower energy configuration, similarly as in me-
tals during room temperature SPD processes. The density
of dislocations was always greater in samples that were
compressed and heated in water free environments (did
not graphitize) than in partially graphitized samples [110].
At the lowest temperatures used in the experiments the
difference in the population of dislocations between the
two sets of samples was very small, but quickly increased
and reached maximum at 1470 K and then decreased with
further increase in temperature, compare Fig. 16. It is safe
to assume that the dislocation distribution within the crys-
tals is not uniform, and largest concentrations of defects
are expected in close proximity of contact points where
two crystals press one into another. Mobility of disloca-
tions increases with increased temperature due to thermal
activation. Dislocations may move into the interior of the
crystal, consequently they do not impede the formation of
new dislocations at the contact points. As a result, the dis-
location density increases with temperature. As indicated
by the increase of the parameter q, screw dislocations with
low energy are preferentially produced at HPHT condi-
tions. At very high temperatures (1760 K) the dislocations
are annihilated as indicated by the decrease of the disloca-
tion density. The decrease of the dislocation density at
1760 K is associated with the increase of the crystallite
size which shows the recovery of the microstructue. In
wet atmosphere the diamond is graphitized on the surface
of the voids between the neighboring particles. The forma-

tion of graphite on the surface around the contact points
lowers the shear stresses responsible for the dislocation
production by increasing the contact surface between the
diamond particles. Consequently, the dislocation density is
lower and the grain-refinement is less effective in the gra-
phitized samples.

The HPHT compression of nanopowders also results in
bulk nanostructured diamond samples where the disloca-
tion density increases with increasing the applied pressure
of compression [111]. However, it was observed for 5 nm
grain size diamond powders that the broadening of peak
profiles is resulted rather by the small crystallite size and
the stacking faults and not by dislocations, see Fig. 17
[112]. Assuming a shell-core model of the diamond nano-
particles, the defect structure of the internal region and the
shell strains were obtained from the line broadening and
the diffraction vector dependence of the apparent lattice
parameter, respectively [112–114].

Bulk diamond –– silicon carbide nanocomposite can be
produced by silicon infiltration technique. During this pro-
cess diamond and silicon powders are mixed and com-
pressed at high pressure (8 GPa) and high temperature
(2073–2273 K). When temperature is increased, silicon
melts and is pushed upward by external pressure and ca-
pillary effect to fill the gaps between diamond crystals.
This process is accompanied by a reaction between carbon
atoms from the diamond phase and liquid silicon to pro-
duce silicon carbide. It was found that as a result of high
pressure, nanostructured diamond –– silicon carbide com-
posite formed by this technique either microcrystalline or
nanocrystalline starting powders are used [115, 116]. The
crystallite size of the diamond and SiC phases is smaller
and the dislocation density is higher if nanocrystalline in-
itial powders (30–50 nm) are used instead of microcrystal-
line counterparts (1–60 mm). In spite of these results, the
hardness of the specimens obtained from microcrystalline
powders is much higher than those produced from nano-
powders. The lower porosity of the specimens compacted
from nanosized powders can be attributed to the higher
porosity. The increased porosity is connected to the so-
called “bottle neck” effect. Although the two precursors,
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diamond and silicon nanosize powders, were thoroughly
mixed, a reaction between nanosize diamond and silicon
results in SiC which may restrict motion of liquid silicon
and thus result in cavities. Increased temperature leads to
a reduction of silicon viscosity allowing for a more effi-
cient penetration of the specimen and thus more uniform
distribution of SiC. When larger diamond crystals are
used, then the average diameter of the channels through
which liquid silicon can flow are sufficiently large and
cannot be easily closed by the SiC phase formed as a re-
sult of reactive sintering.

Carbon black is generally used as a filler in rubber pro-
duction to modify the mechanical properties of the tire.
Although the smallest indivisible unit of carbon black is the
aggregate, in the TEM images aggregates appear to be
formed by spherical particles, which are fused together. Ag-
gregates connect through van der Waals forces into net-
works called agglomerates. Internal structure of aggregates
is not well understood. Graphite-like nanosize domains
have been detected in carbon black particles, in which the
basal planes are parallel but angularly distorted and the spa-
cing between the layers is different from that of pure gra-
phite. The microstructure of carbon black particles are im-
portant factors in determining the reinforcing properties of
carbon black in rubber. The amorphous fraction of carbon
at the surface of the particles, the mean crystallite size, the
size distribution and the strain affect the strength of bond-
ing between the carbon black and the rubber in tires. War-
ren and Bodenstein [117] computed diffraction patterns of
carbon blacks assuming turbostratically arranged layer
structures in which blocks of parallel layers normal to the c
direction have small but finite size: Lc. The numerically cal-
culated diffraction pattern for Lc ¼ 1.38 nm and the lateral
size of the blocks La ¼ 2.0 nm [117]. It is important to note
that in this model calculation of strain was not included.

The effect of graphitization and pressure treatment on
the microstructure and internal stresses of carbon blacks is
studied by XLPA [118, 119]. The Fourier transforms of
the experimental line profiles are fitted by theoretical func-
tions based on the model of the microstructure. In this
model the crystallites are ellipsoids with log-normal size
distribution. The results obtained by line profile analysis
are plotted in Fig. 18. It was found that in raw carbon

blacks crystallites have lateral dimensions twice the size in
the hexagonal c direction. During graphitization process
caused by heat treatment the lateral size of crystallites
grow from about 3 nm to 11 nm and their shapes becomes
more spherical. The pressure has no effect on the size and
shape of crystallites. The microstresses have been evalu-
ated in terms of crystal dislocations. Since, however, the
presence of dislocations in carbon black has not yet been
verified experimentally, the formal dislocation density has
been converted to stresses prevailing between crystallites
attached to each other by necking. The conversion has
been carried out by using the Griffith model of stresses in
strained cracks [119]. It is found that compression induces
heterogeneous internal microstresses, whereas, heat treat-
ment slightly decreases these stresses. It should be noted
that the contact stresses developed between SiC particles
due to external pressure has been also studied by Palosz
and coworkers [120]. The asymetry of the line profiles
was interpreted as a result of the different lattice para-
meters of the core and shell regions of the particles.

5. The interpretation of coherently scattering
domains as subgrains, especially in
bulk materials

According to the theorem of Bertaut [121] the profile of a
size broadened peak can be obtained as the sum of the
intensities diffracted by parallel and independent columns
which build up the diffracting crystallites and aligned nor-
mal to the reflecting planes with unit cross sectional area.
The diffraction peak corresponding to one particular col-
umn is the squared Fourier transform of the form function
pertaining to that column length. The final size-broadened
peak is the volume-weighted sum of the individual peaks
corresponding to the individual columns. The direct mean-
ing of a size broadened peak is thus related to the (area
and/or volume) weighted column-length distribution in the
specimen. The column-length distribution in the specimen
depends on the size, the shape and the size distribution of
the crystallites. In order to obtain the (area and/or volume
weighted) mean size of crystallites or their distributions,
specific assumptions have to be made about the shape and
the size-distribution of these objects [24]. Size broadening
of line profiles has been treated for spherical or non-sphe-
rical crystallites [23, 25, 37, 104, 122–126].

Crystallite size determined by XLPA is usually, either
equal or smaller than determined by TEM [83]. In those
cases when the crystallites or particles are delineated by
well defined boundaries, as in the case of metallic samples
produced by the method of inert gas condensation [57] or
in the case of loose particles of ceramic materials [26,
109, 122, 127] the X-ray and TEM data are in good corre-
lation. In the case of bulk ultra-fine grained materials
formed by SPD methods, however, the X-ray size values
are usually smaller than the TEM data, cf. [69, 80, 81,
128]. The arrangement of dislocations into small angle
grain boundaries provide a simple and straightforward
model for subgrain/cell structure where the TEM grain
size is obviously larger than the X-ray subgrain/cell size,
as shown schematically in [129] and [83]. The thorough
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Fig. 18. The ellipticity, the crystallite size in the lateral direction and
the Griffith-stress for initial, compressed and graphitized carbon black
specimens [119].
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and systematic measurements of differences in orientation
between adjacent subgrains in an ECAP deformed copper
specimen Hellmig et al. [130] have shown, however, that
considerable fractions of subgrains are not separated by
significant differences in orientation. These TEM investi-
gations indicate that the small angle grain boundary model
of subgrain boundaries is definitely not sufficient to ex-
plain the apparent discrepancy between TEM and X-ray
size values. In [83] it was shown that when dislocations
are arranged in dipolar dislocation-wall configurations the
two crystal-halfs on either side of such a wall are shifted
with respect to each other parallel to the direction of their
Burgers vectors, where this shift varies randomly between
zero and b/2. This random spatial shift causes a random
phase shift of the X-rays scattered by the adjacent sub-
grains. As a result, the intensities of the scattering from
adjacent subgrains will be summed up and the line broad-
ening will be determined by the average subgrain size. The
two models, i.e. the small-angle grain-boundary (SAGB)
model and the dipolar dislocation-wall (DDW) model of
subgrain boundaries, provide together a physically well
established basis for the assumption that size and size-dis-
tributions determined by X-ray line profile analysis corre-
spond to subgrains or dislocation cells. If, however, the
subgrains/cells and the grains are identical, as it might
happen in many cases, then the TEM and X-ray size data
can be identical. Finally it is noted that, neither dipolar
dislocation walls nor small angle grain boundaries are per-
fect arrays of dislocations. The arrays will not be perfectly
regular and the dislocations maybe of different type and/or
orientation and/or sign. For example there may be some
dipoles within the small angle grain boundaries or, the
dipolar walls may be not straight or flat and they may also
contain different types of dislocations or more dislocations
of one sign, thus causing some orientation differences on
the two sides of the dipolar wall. This would mean that
the two types of subboundaries can be mixed together,
which supports even more the concept that the X-ray size
is closest to the average size of subgrains, especially when
it is smaller than TEM grain size.

6. Conclusions

X-ray line profile analysis based on X-ray powder diffrac-
tion patterns is a powerful tool to investigate the micro-
structure of nanocrystalline materials in terms of crystallite
size and size distribution, and microstrains, especially dislo-
cation densities, dislocation character and active slip sys-
tems, and planar defects, in particular stacking faults and
twin boundaries. When combined with other methods,
especially electron microscopy, the interpretation of the mi-
crostructure parameters provided by the X-ray method is
greatly facilitated. On the other hand, the X-ray method
yields indispensable average values of the microstructure
parameters, practically inaccessible by electron microscopy.
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