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Ab stract
The ca pa bil ity of the com bi na tion of the X-ray dif frac tion
and the trans mis sion elec tron mi cros copy for the
microstructure in ves ti ga tions on thin film and bulk
nanocomposites are il lus trated on three ex per i men tal ex -
am ples: two Cr-Al-Si-N coat ings with dif fer ent chem i cal
com po si tions and one BN bulk nanocomposite. Us ing a
mod i fied kinematical dif frac tion the ory that de scribes and
ex plains the phe nom e non of the par tial crys tal lo graphic
co her ence of crys tal lites, we could show that the anal y sis
of the X-ray dif frac tion line broad en ing is able to re veal
nanocrystalline do mains or gan ised in semi-co her ent clus -
ters, to de ter mine the size of the nanocrystalline do mains
and the clus ters, and to quan tify the mu tual ori en ta tion of
the par tially co her ent crys tal lites within these clus ters.

In tro ducti on

The knowl edge of the microstructure of func tional ma te ri -
als is in ev i ta ble for both ex pla na tion and mod i fi ca tion of
their prop er ties. Thus, the microstructure anal y sis be came
an oblig a tory ex per i men tal method in the ma te ri als de sign
in the last de cades. One pos si bil ity for tai lor ing of the ma te -
ri als prop er ties is the pro duc tion of nanocrystalline ma te ri -
als or nanocomposites. Typ i cal ap pli ca tion fields of these
ma te ri als are the cat a lytic con vert ers, in which the ex -
tremely small size of the par ti cles en larges their ac tive sur -
face [1], the self-clean ing sur faces based on the TiO2 thin
films, in which the small crys tal lite size im proves their
photo-cat a lytic ac tiv ity [2], or the mag netic ma te ri als, in
which the mag netic be hav iour can be mod i fied by un com -
pen sated mag netic mo ments in the near-sur face re gion and
thus by the ra tio be tween the sur face and the vol ume of
crys tal lites [3, 4]. The ex per i men tal ex am ples shown in this 
con tri bu tion il lus trate the micro structure de vel op ment in
ul tra-hard nanocomposites, in which the small crys tal lite
size is em ployed to im prove their me chan i cal prop er ties,
par tic u larly their hard ness [5]. The most im por tant
microstructure fea ture that im proves the hard ness in the ul -
tra-hard nanocomposites is a high den sity of the crys tal lites 
bound aries, which hin der the move ment of dis lo ca tions
and some other microstructure de fects. The in crease of the
hard ness with de creas ing crys tal lite size is de scribed by the 

well-known Hall-Petch re la tion ship [6, 7]. The op ti mum
crys tal lite size in the ul tra-hard nanocomposites is about 3
nm [8-10], which also agrees with the op ti mum thick ness
of in di vid ual lay ers in ul tra-hard multilayers [11, 12]. If the 
crys tal lite size in the ul tra-hard nanocomposites or the in di -
vid ual layer thick ness in the ul tra-hard multilayers are
smaller than the op ti mum ones, their hard ness de creases. In 
our Cr-Al-Si-N nanocomposite coat ings, the max i mum
hard ness reached 45 GPa. An ad di tional ex per i men tal ex -
am ple il lus trates the de vel op ment of microstructure in bulk 
bo ron nitride nanocomposites, which hard ness ap proached
100 GPa [13].

Con cern ing the role of the crys tal lite bound aries, it is
an tic i pated that the me chan i cal prop er ties of the ul tra-hard
nanocomposites are strongly in flu enced not only by their
den sity, i.e. by the crys tal lite size, but also by their mor -
phol ogy and atomic struc ture. There fore, be sides the tra di -
tional tasks of the microstructure anal y sis, i.e. the phase
anal y sis, the tex ture anal y sis, the anal y sis of the crys tal lite
size, the anal y sis of the re sid ual stresses and the mi -
cro-strains, also the anal y sis of the more sub tle lo cal
microstructure fea tures, like the atomic or der ing at the
crys tal lites bound aries, and the pre dic tion of the in trin sic
re sid ual stresses are re quired. A very im por tant ap proach
for the lo cal microstructure anal y sis us ing X-ray dif frac -
tion (XRD) is the line pro file anal y sis and its mod i fi ca tion
that em ploys the phe nom e non of the par tial co her ence of
crys tal lites to the X-ray scat ter ing [14]. The par tial co her -
ence of crys tal lites for X-rays is ob served in nano -
crystalline ma te ri als and in nanocomposites with the
crys tal lite size be low ap prox i mately 15 nm if ad ja cent
crys tal lites are strongly pref er en tially ori ented. The most
im por tant cri te rion for the max i mum dis tance of the par -
tially co her ent crys tal lites is the co her ence length of X-rays 
[15] that is, ac cord ing to the Heisenberg’s un cer tainty prin -
ci ple, re lated to the spec tral qual ity of the ra di a tion. More
de tails re gard ing the co her ence length of X-rays can be
found in [16]. The max i mum dis ori en ta tion of the par tially
co her ent neigh bour ing crys tal lites de pends on their size,
but it is usu ally be low 2° [13, 17, 18]. Most fre quently, the
phe nom e non of the par tial co her ence of crys tal lites is ob -
served in nanocrystalline thin films [14, 17-20]. How ever,
the par tial co her ence of crys tal lites was also re ported for
pow ders with a strong lo cal pre ferred ori en ta tion of crys -
tal lites [21, 22]. The phys i cal back ground of the par tial co -
her ence of crys tal lites was de scribed in [14] and is
sum ma rised in the next Sec tion. Some ap pli ca tions of the
phe nom e non of the par tial co her ence of crys tal lites for

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 14,  no. 2 (2007)       67



microstructure stud ies on nanocrystalline ma te ri als are il -
lus trated by ex per i men tal ex am ples in the ex per i men tal
sections.

Phe no me non of the par tial co he ren ce of
crys tal li tes

The phe nom e non of the par tial co her ence of crys tal lites
can be ex plained us ing the microstructure model, which as -
sumes that the ma te rial un der study con sists of nearly de -
fect-free crys tal lites, which have slightly dif fer ent
mac ro scopic ori en ta tions (Fig. 1). Such a microstructure
model is well ap pli ca ble for im pacted pow ders with a high
lo cal pre ferred ori en ta tion of crys tal lites, as well as for
com pact sam ples, which micro structure can be de scribed
with the aid of the Mughrabi com pos ite model of plas tic
de for ma tion [23]. Ac cord ing to the Mughrabi model, re -
gions with very low dis lo ca tion den sity are sep a rated by re -
gions with a high dis lo ca tion den sity. The lat ter are called
dis lo ca tion walls. If the de fect den sity in side the dis lo ca -
tion walls is very high, it can be as sumed that the dis lo ca -
tion walls do not con trib ute to the Bragg peaks dif fracted
by the de fect-free crys tal lites. Thus, the con tri bu tion of the
de fect-free crys tal lites to the dif frac tion pat tern can be sep -
a rated from the con tri bu tion of the dis lo ca tion walls. A
mod i fi ca tion of the Mughrabi model can be ap plied for de -
scrip tion of microstructure in nanocrystalline ma te ri als and 
nano composites that con sist of nearly de fect-free nano -
crystallites and of strongly dis torted re gions be tween them.

Each in di vid ual crys tal lite can be de scribed by a sin gle
re cip ro cal lat tice. Ac cord ing to the kinematical dif frac tion
the ory [24], the size of the re cip ro cal lat tice points is in -
versely pro por tional to the size of the (nearly de fect-free)
crys tal lite that is known as the “size ef fect” in the XRD line 
pro file anal y sis. The re cip ro cal lat tice points from nano -
crystallites are ex tremely broad ened. The mu tual
disorientations of in di vid ual crys tal lites cause ro ta tion of
the re cip ro cal lat tices around their join or i gin (Fig. 2). If the 

neigh bour ing crys tal lites have a strong lo cal pre ferred ori -
en ta tion, then their re cip ro cal lat tices are only slightly mu -
tu ally dis ori ented that leads to a par tial over lap of the
re cip ro cal lat tice points near the or i gin of the re cip ro cal
space, as it is shown in Fig. 2 for two slightly dis ori ented
crys tal lites with the face-cen tred cu bic (fcc) crys tal struc -
ture. The de gree of the over lap of the re cip ro cal lat tice
points de pends ob vi ously on their size, on the mu tual dis -
ori en ta tion of the re cip ro cal lat tices and on the dis tance of
the re spec tive re cip ro cal lat tice points from the or i gin of
the re cip ro cal space. In the kinematical dif frac tion the ory,
the in ten sity of the X-ray ra di a tion scat tered on an en sem -
ble of the scat ter ing cen tres is pro por tional to the modulus
of the sum of the am pli tudes scat tered by in di vid ual scat ter -
ing cen tres, i.e. to the modulus of the sum of the structure
factors of the scattering centres, taking the respective phase 
shift into account:
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In equa tion (1), the sym bol  F qn ( )
r

 de notes the struc ture fac -
tors of the in di vid ual scat ter ing cen tres, 

r
q the dif frac tion

vec tor and 
r
Rn  the po si tion vec tors of the scat ter ing cen tres.

In the the ory of the par tial co her ence of crys tal lites, the
“scat ter ing cen tres” are re placed by “crys tal lites”; it is as -
sumed that the X-rays scat tered by dif fer ent crys tal lites can 
in ter fere. The struc ture fac tor of nanocrystallites, i.e. F qn ( )

r

in equa tion (1), is a very broad func tion be cause its width is 
re cip ro cal to the crys tal lite size. For iden ti cal (very sim i lar) 
crys tal lites hav ing the same struc ture fac tor, equa tion (1)
can be re writ ten into the fol low ing form:
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Fig ure 1. Microstructure model used for de scrip tion of the X-ray 
scat ter ing in nanocrystalline ma te ri als. Nearly de fect-free
nanocrystallites are sep a rated by re gions with ex tremely high de -
fect density.
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Fig ure 2. Pro jec tion of the re cip ro cal lat tices from two mu tu ally
dis ori ented fcc nanocrystallites into the qx-qz plane. The white
cir cles be long to the first nano crystallite, the grey cir cles to the
sec ond one. The num bers within the cir cles are the dif frac tion
indices.
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In equa tion (2), N is the num ber of dif fract ing crys tal -
lites and  wm Î 01,  the de gree of the par tial co her ence of
crys tal lites with the dis tance D

r
Rm . The de gree of the par tial

co her ence is pro por tional to the over lap of their re cip ro cal
lat tice points; wm = 0 for non-co her ent crys tal lites, wm = 1
for fully co her ent crys tal lites. In the clas si cal kinematical
dif frac tion the ory, the in ter fer ence term that is re lated to
the par tial co her ence of crys tal lites, i.e. the sum in equa tion 
(2), is ne glected. For over lap ping re cip ro cal lat tice points
in nano crystalline ma te ri als, the broad struc ture fac tor is
mul ti plied by a har monic func tion com ing from the com -
plex ex po nen tial func tion in equa tion (2), which fre quency
de pends on the mean dis tance of the par tially co her ent
crys tal lites. This mul ti pli ca tion causes a “nar row ing” of
the dif frac tion lines as shown in Fig. 3. The phys i cal in ter -
pre ta tion of this phe nom e non is that the X-ray scat ter ing
can not dis tin guish the crys tal lites with par tially over lap -
ping re cip ro cal lattice points from each other. Thus, the
partially coherent nanocrystallites appear larger than they
are.

Ac cord ing to equa tion (2), the amount of the “nar row -
ing” of the dif frac tion lines de pends on the mean dis tance

of the par tially co her ent crys tal lites D
r
Rm  and on the de gree

of their co her ence wm. As dis cussed above (cf. also Fig. 2),
the over lap of the re cip ro cal lat tice points and thus the de -
gree of the par tial co her ence of the re lated crys tal lites de -
pend on the size of the re cip ro cal lat tice points, i.e. on the
crys tal lite size, on the mu tual dis ori en ta tion of the re cip ro -
cal lat tices, i.e. on the mu tual dis ori en ta tion of neigh bour -
ing crys tal lites, and on the dis tance of the re spec tive
re cip ro cal lat tice point from the or i gin of the re cip ro cal
space, i.e. on the size of the dif frac tion vec tor. The de pend -
ence of the de gree of the par tial co her ence on the size of the 
dif frac tion vec tor yields the de pend ence of the XRD line

broad en ing on sin q that is shown in Fig. 4. For large dif -
frac tion vec tors, there is no par tial co her ence of crys tal lites
(see Fig. 2). The line broad en ing is only given by the width
of the struc ture fac tor of the nanocrystallites. Thus, it re -
mains con stant in ac cor dance with the clas si cal dif frac tion
the ory, cf. Fig. 4. In Fig. 2, this case ap plies for the dif frac -
tion line 400 and far ther. In the range of the dif frac tion vec -
tors, where the crys tal lites are par tially co her ent, the
dif frac tion lines get nar rower that it would cor re spond to
the re cip ro cal crys tal lite size. The de crease of the XRD line 
width is con trolled by the de gree of the par tial co her ence
and by the mean dis tance be tween the par tially co her ent
crys tal lites. As the de gree of the par tial co her ence in -
creases with de creas ing size of the dif frac tion vec tor, the
XRD lines be come nar rower to wards the or i gin of the re -
cip ro cal space. At the on set of the par tial co her ence, a steep 
change of the line broad en ing is ob served (Fig. 4). The po -
si tion of the on set of the par tial co her ence is given by the
mean dis ori en ta tion of the par tially co her ent crys tal lites.
The amount of the steep de crease of the XRD line broad en -
ing is mainly con trolled by the mean dis tance of the par -
tially co her ent crys tal lites. The larger the dis tance be tween
the crys tal lites, the higher the fre quency of the os cil la tions
of the har monic func tion in equa tion (2) and the nar rower
the XRD lines. In anal ogy with the clas si cal kinematical
dif frac tion the ory, we can as sume that the ex trap o la tion of
the XRD line broad en ing to q = 0 yields the max i mum size
of clus ters con sist ing of par tially co her ent crys tal lites that
can not be dis tin guished by the X-ray scat ter ing. These
clus ters nec es sar ily con tain microstructure de fects, which
are, in this par tic u lar case, the small-an gle crys tal lites
bound aries as il lus trated in Fig. 1.

Ex pe ri men tal de tails

The o ret i cal re sults sum ma rised above were re cently ver i -
fied on nu mer ous sam ples of nanocrystalline ma te ri als and
nanocomposites that were in ves ti gated by the com bi na tion
of the X-ray dif frac tion (XRD), trans mis sion elec tron mi -
cros copy (TEM) and high res o lu tion trans mis sion elec tron
mi cros copy (HRTEM). Two ex am ples pre sented in this
con tri bu tion il lus trate the ca pa bil ity of these ex per i men tal
meth ods for the microstructure stud ies on super-hard
Cr-Al-Si-N thin film nanocomposites de pos ited us ing the
cath odic arc evap o ra tion. The de tails re gard ing the sam ple
de po si tion can be found in [17] and [18]. An ad di tional ex -
am ple shows the re sults of the microstructure stud ies on
bulk super-hard BN nanocomposites that were pro duced
dur ing the high-pres sure and high-tem per a ture (HP/HT)
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Fig ure 3. “Nar row ing” of a dif frac tion line due to the par tial co -
her ence of nanocrystallites. Thin solid line rep re sents the struc -
ture fac tor of in di vid ual crys tal lites, the dot ted line the har monic
func tion from equa tion (2) and the wide solid line their product.
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syn the sis at 15 GPa and 1660 °C [13]. The main tasks for
the microstructure anal y sis in all these sam ples were to ex -
plain the de vel op ment of nano crystalline do mains and to
clar ify the ef fect of the microstructure on the me chan i cal
prop er ties.

The XRD mea sure ments on thin films were per formed
in the glanc ing an gle XRD (GAXRD) ge om e try with the
par al lel beam op tics. The ex per i ments were car ried out on a 
Bruker D8 diffractometer equipped by a Goebel mir ror in
the pri mary beam, and by a Soller collimator with the ac -
cep tance of 0.12° and a flat LiF mono chro ma tor lo cated in
the dif fracted beam. The XRD mea sure ments on bulk BN
nanocomposites were done in the sym met ri cal dif frac tion
ge om e try us ing the same Bruker D8 diffractometer, which
was equipped by two Goebel mir rors; one of them was lo -
cated in the pri mary beam, the sec ond one in the front of a
scin til la tion de tec tor. The XRD was com ple mented by the
high-res o lu tion trans mis sion elec tron mi cros copy
(HRTEM) that was done on a 200 kV an a lyt i cal high-res o -
lu tion trans mis sion elec tron mi cro scope JEM 2010 FEF
from Jeol equipped by ul tra-high-res o lu tion ob jec tive lens
(Cs = 0.5 mm) and in-col umn en ergy fil ter. The in-col umn
en ergy fil ter was used to se lect only the elas tic elec trons for 
the HRTEM im age for ma tion. Chem i cal com po si tion of
the sam ples was de ter mined us ing the elec tron probe
microanalysis with wave length-dispersive spec tros copy of
char ac ter is tic X-rays (EPMA/WDS).

Ex pe ri men tal re sults and dis cus si on

Ac cord ing to the re sults of the EPMA/WDS anal y sis, the
first Cr-Al-Si-N sam ple un der study had the chem i cal com -
po si tion of Cr0.40Al0.52Si0.08N. At this chem i cal com po si -
tion, the qua ter nary Cr1-x-yAlxSiyN with the fcc crys tal
struc ture (space group F m3m, struc ture type NaCl) starts
to de com pose; the su per flu ous alu minium cre ates wurtzitic 
AlN (space group P 63mc, struc ture type ZnS) [18], the su -
per flu ous sil i con an amor phous phase, prob a bly Si3N4. In
this par tic u lar sam ple, the broad en ing of the XRD lines
from the cu bic phase was in de pend ent of the size of the dif -
frac tion vec tor (Fig. 5), which means that the nano -
crystallites were non-co her ent in the whole ac ces si ble
range of the dif frac tion vec tor. Thus, the XRD line broad -
en ing con tains only the in for ma tion about the mean size of

the fcc crys tal lites, which was (50 ± 5) C. As no steep in -
crease of the line broad en ing, i.e., no ef fect of the par tial
co her ence of crys tal lites was ob served in the ex per i men tal
data, we can only say that the small est dis ori en ta tion of the
neigh bour ing crys tal lites ex ceeded 3°. HRTEM con firmed
the crys tal lite size ob tained from XRD, see Fig. 6. More -
over, HRTEM mi cro graphs con tained ro ta tional moiré pat -
terns [25], from which the min i mum dis ori en ta tion of the
cu bic crys tal lites of (7.8 ± 0.1)° was cal cu lated. The
multi-phase microstructure of the sam ple and par tic u larly
the de vel op ment of the amor phous phase are re garded as
the rea sons for the large mu tual disorientations of cu bic
crys tal lites, be cause the pres ence of the amor phous phase
hin ders the trans fer of the crys tal lo graphic ori en ta tion be -
tween in di vid ual crys tal lites [19].

An ex am ple of the par tial co her ence of crys tal lites in a
multi-phase BN nanocomposite is il lus trated in Fig ures 7
and 8. The sam ple was syn the sized from hex ag o nal bo ron

nitride (h-BN, space group P 63/mmc) at the pres sure of 15
GPa and the tem per a ture of 1660 °C. The h-BN crys tal lites
in the start ing ma te rial had the size of ap prox i mately 100
nm as re vealed by the XRD line pro file anal y sis. Dur ing the 
HP/HT syn the sis, h-BN trans forms via the meta-sta ble
wurtzitic BN (w-BN, space group P 63mc) in the sphaleritic 
BN (c-BN, space group P -43m) by main tain ing the fol low -
ing ori en ta tion re la tion ships be tween the in di vid ual
phases: (0002)h || (0002)w || (111)c and [1120]h || [1120]w ||
[110]c, see [26, 27]. The XRD line pro file anal y sis has
shown that the phase trans for ma tion starts con cur rently at
dif fer ent po si tions within the large h-BN crys tal lites in the
start ing ma te rial. The crys tal lite sizes in in di vid ual phases
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as cal cu lated from the sat u rated XRD line broad en ing (Fig.

7) in the sam ple un der study were (62 ± 3) C for c-BN, (31

± 2) C for w-BN and (60 ± 3) C for h-BN. With in creas ing
tem per a ture and for lon ger dwell times of the HP/HT con -
ver sion pro cess, c-BN grew on the ex penses of the other
phases, i.e. h-BN and w-BN. Af ter a long con ver sion time,
the max i mum size of the c-BN crys tal lites ap proached the
size of the h-BN crys tal lites in the start ing ma te rial [13].
An ex am ple of the microstructure of the BN nano -
composites dur ing the HP/HT con ver sion is shown in Fig.
8a, where struc tured par ti cles com ing from the crys tal lites

of the start ing h-BN with the size of » 100 nm can be re cog -
nised. These par ti cles con tain c-BN, w-BN and h-BN as re -
vealed by XRD.

The steep in crease of the XRD line broad en ing in Fig. 7

at sin q @ 0.4 in di cates the par tial co her ence of crys tal lites
in the c-BN and w-BN phases. The mu tual dis ori en ta tion of 

the par tially co her ent c-BN crys tal lites is (1.02 ± 0.04) °,
the mu tual dis ori en ta tion of the par tially co her ent w-BN

crys tal lites (1.01 ± 0.05) °; both were cal cu lated from the
po si tion of the steep in crease of the XRD line broad en ing.
Be cause of the non-co her ence of the h-BN crys tal lites
within the ac ces si ble range of the dif frac tion an gles, their
mu tual dis ori en ta tion could only be es ti mated to be larger
than 1.4°.

The par tial co her ence of crys tal lites hav ing the re spec -
tive crys tal struc ture, i.e. c-BN or w-BN, is made pos si ble
by their strong lo cal pre ferred ori en ta tion, which re sults
from the pres er va tion of the ori en ta tion re la tion ships be -
tween the h-BN, w-BN and c-BN phases dur ing the HP/HT

trans for ma tion pro cess [26, 27]. Vice versa, the ef fect of
the par tial co her ence confirmed that the c-BN and w-BN
crys tal lites did not change sig nif i cantly their dis ori en ta tion
dur ing the trans for ma tion pro cess. The large dis ori en ta tion
of the h-BN crys tal lites that led to the dis ap pear ance of
their par tial co her ence was ex plained by HRTEM.
HRTEM dis cov ered rem nants of h-BN pre dom i nantly be -
tween c-BN crys tal lites. These rem nants of h-BN, which
looked like twinning bands (Fig. 8b), were found to con tain 
an ex tremely high num ber of struc ture de fects at their
bound aries. These de fects caused the high mu tual dis ori en -
ta tion of the h-BN crys tal lites that de stroyed the par tial co -
her ence in this phase. We be lieve that such rem nants of
h-BN per sist in the nanocomposite as they are re sis tant
against the phase trans for ma tion. The en ergy ac cu mu lated
in their in ter nal struc ture de fects is prob a bly too high to be
over pow ered by the me chan i cal and ther mal en ergy avail -
able at the pres sures and the tem per a tures that were ap plied 
dur ing the HP/HT syn the sis.

The last ex per i men tal ex am ple il lus trates the par tial co -
her ence of crys tal lites in a super-hard coat ing with the
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Fig ure 7. XRD line broad en ing vs. sin q mea sured in the c-BN
(a), w-BN (b) and h-BN (c) phases of a BN nanocomposite.

Fig ure 8. (a) Bright-field TEM mi cro graph of the BN
nanocomposite; (b) HRTEM mi cro graph of the microstructure
de fects in h-BN.



chem i cal com po si tion Cr0.91Al0.08Si0.01N. This sam ple con -
tained only one fcc phase as Al and Si in low con cen tra -
tions can be ac com mo dated in the host struc ture of the fcc
CrN. The de pend ence of the XRD line broad en ing on the
si nus of the dif frac tion an gle (Fig. 9) con firms the the o ret i -
cal re sults that were sum ma rised in Fig. 4. The crys tal lite
size as cal cu lated from the sat u rated XRD line broad en ing

was (140 ± 5) C. The steep de crease of the line broad en ing

at sin q @ 0.6 in di cates the pres ence of the par tial co her ence
of crys tal lites. From the po si tion of this in crease, the dis ori -

en ta tion of the par tially co her ent crys tal lites of (0.6 ± 0.1) °
was cal cu lated. As dis cussed above, the ex trap o la tion of
the XRD line broad en ing in the par tially co her ent re gion to

sin q = 0 (q = 0) should re veal the size of clus ters, which are 
com posed from par tially co her ent crys tal lites that can not
be dis tin guished from each other. The ex trap o la tion of the
line broad en ing in the range of the partial co her ence of
crys tal lites, i.e. the first four ex per i men tal val ues in Fig. 9,

yielded the clus ter size of (400 ± 200) C. The com par i son
with the TEM mi cro graph (Fig. 10) con firmed the re sults
of XRD and ex plained the mean ing of the in di vid ual
microstructural fea tures. The large ob jects in Fig. 10 are
the clus ters of par tially co her ent crys tal lites that are com -
posed from nanocrystallites with the mean size of 140 C
and with the mu tual dis ori en ta tion of 0.6°.

As il lus trated on the first two ex am ples, the small crys -
tal lite size is of ten re lated to the multi-phase na ture of the
sam ples. In the thin film nanocomposites, sev eral phases
arise dur ing the de com po si tion of the ma te rial dur ing the
de po si tion pro cess. In the BN nanocomposites, the in di vid -
ual phases de velop dur ing the HP/HT syn the sis as dif fer ent 
parts of the orig i nal h-BN crys tal lites trans form with dif -
fer ent rate. The last ex am ple il lus trated the de vel op ment of
par tially co her ent nanocrystallites in the sin gle-phase
Cr0.91Al0.08Si0.01N coat ing. In this sam ple, TEM re vealed
dis lo ca tion walls, which be haved like com plete screw dis -

lo ca tions with the Bur gers vec tor a/2á110ñ and which had

the av er age dis tance of ~22 nm [18]. Ac cord ing to [28],
these screw dis lo ca tions cause a dis ori en ta tion of the

neigh bour ing crys tal lites of ~0.75°, which agrees well with 
the mu tual dis ori en ta tion of crys tal lites ob tained from the
XRD line pro file anal y sis. It seems that in this sam ple the
dis lo ca tion walls sep a rate the nearly de fect-free nano -
crystallites from each other. As the crys tal lite size ob tained
from XRD was 14 nm whereas the dis tance be tween the
dis lo ca tion walls was 22 nm, we can sup pose that XRD
sees only the nearly de fect-free nanocrystallites, but not the 
dis lo ca tion walls.

Conclu si ons

Com bi na tion of XRD, TEM and HRTEM on nano -
crystalline thin films and dif fer ent nanocomposites con -
firmed our the o ret i cal re sults that were ob tained us ing the
mod i fied kinematical XRD the ory de rived for par tially co -
her ent nanocrystallites. Ac cord ing to this the ory, the XRD
line broad en ing be haves dif fer ently for non-co her ent and
for par tially co her ent nanocrystallites. Fur ther more, the de -
gree of the par tial co her ence of crys tal lites de pends on their 
size, on their dis ori en ta tion and on the size of the dif frac -
tion vec tor. At large dif frac tion vec tors, the nano -
crystallites are usu ally non-co her ent. The line broad en ing
does not change with the size of the dif frac tion vec tor; it
de pends only on the crys tal lite size. In the mid dle range of
the dif frac tion vec tors, on set of the par tial co her ence is ob -
served if the nanocrystallites have a strong lo cal pre ferred
ori en ta tion. The par tial co her ence of crys tal lites causes a
de crease of the line broad en ing with de creas ing size of the
dif frac tion vec tor. From the po si tion of the on set of the par -
tial co her ence, the mu tual dis ori en ta tion of the par tially co -
her ent nanocrystallites can be de ter mined. The ex tra-
polation of the XRD line broad en ing to q = 0 yields the size
of clus ters of par tially co her ent crys tal lites.
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