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Ti tan ate nanotubes (Ti-NT) were pre pared by hy dro ther -
mal syn the sis from four dif fer ent TiO2 pow ders: ana tase
micropowder (mA), rutile micropowder (mR), ana tase
nanopowder (nA), and rutile nanopowder (nR). As we use
the nanotubes as filler in mol ten poly mers, we in ves ti gated
their struc tural changes at el e vated tem per a tures (up to
800 °C) by a num ber of meth ods: trans mis sion elec tron mi -
cros copy (TEM), se lected-area elec tron dif frac tion
(SAED), pow der X-ray dif frac tion (PXRD),
thermogravimetric anal y sis (TGA) and Raman scat ter ing
(RS). The shapes of nanotubes were not changed as proved
by TEM. The struc ture of sin gle sheets, from which the
nanotubes were formed, was also sta ble as con firmed by

SAED at high scat ter ing vec tors q. Pack ing of sheets and
chem i cal bond ing be tween the sheets was, how ever,
strongly de pend ent on the tem per a ture, as in di cated by

PXRD at low q, TGA and mRS.

In tro ducti on

In the past de cade, ti tan ate nanotubes (Ti-NT) have at -
tracted much at ten tion be cause of their in ter est ing struc -
ture, mor phol ogy and po ten tial ap pli ca tions. A few stud ies
have re ported also their ther mal sta bil ity at high tem per a -
tures. Ba si cally, all were in agree ment that struc ture of
Ti-NT was sta ble un til about 300 °C. Above this tem per a -
ture, the crys tal line struc ture of Ti-NT changed, usu ally
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Fig ure 1. TEM mi cro graphs and ED pat terns of Ti-NT heated up to 300°C (a,b) and non-heated Ti-NT (c,d); no sig nif i cant dif fer ence
was ob served.



into ana tase or rutile [1-5].  The aim of this work was to
con firm mor pho log i cal sta bil ity of Ti-NT at el e vated tem -
per a tures that we used dur ing poly mer com pos ites prep a ra -
tion. More over, we wanted to com pare the dif fer ences
among Ti-NT syn the sized from var i ous TiO2 crys tal sizes
and mod i fi ca tions. 

Ex pe ri men tal 

Ti tan ate nanotubes (Ti-NT) were syn the sized by hy dro -
ther mal syn the sis as re ported in our pre vi ous work [6].
Briefly, Ti-NT were syn the sized from four dif fer ent TiO2

pow ders (ana tase micropowder (mA), rutile micropowder
(mR), rutile nanopowder (nR), and ana tase nanopowder
(nA)). Ini tial con cen tra tion of TiO2 was 0.1 g; re ac tion time 
was 48 hours.

The mor phol ogy of the nanotubes was in ves ti gated by
TEM. A drop let of the Ti-NT aque ous sus pen sion was de -
pos ited on a car bon-coated cop per grid, left to evap o rate
and then in spected in a trans mis sion elec tron mi cro scope
(TEM; Tecnai G2 Spirit 120, FEI, Czech Re pub lic). For in -
ves ti ga tion of ther mal sta bil ity, spec i mens pre pared on
TEM grids were heated at 300 °C for 1 hour and then ob -
served in TEM. The crys tal line struc ture at high scat ter ing
an gles q > 1.4 C-1 was ob tained from SAED on the same
mi cro scope.

The crys tal line struc ture and its ther mal sta bil ity was
also char ac ter ized by pow der X-ray dif frac tion (PXRD,
diffractograms at low scat ter ing an gles q < 1.4 C-1, tem per -

a tures  up to 800 °C with step of 50 °C, each tem per a ture
was hold for 1 h be fore mea sure ment), thermogravimetric
anal y sis (TGA, anal y ses up to 800 °C, heat ing rate
5 °C/min) and Raman mi cros copy (RS, tem per a ture up to
350 °C, step 50 °C heat ing rate 10 °C/min, tem per a ture
held 10 min be fore each mea sure ment).

Re sults 

TEM mi cro graphs (Fig. 1a, c) proved that Ti-NT mor phol -
ogy was not af fected by heat ing up to 300 °C, which was
the max i mum tem per a ture used dur ing melt mix ing of
poly mer com pos ites with Ti-NT. It has been dem on strated
[7] that Ti-NT are formed by rolled sheets, which are com -
posed of ti ta nia octahedra. The pe ri odic dis tances within
the sheets are low and so the cor re spond ing dif frac tions are

ob served at high scat ter ing vec tors (q > 1.4 C-1 »

2q(CuKa) > 20°), whereas interplanar dis tances within the
rolled sheet are in the range of nanometers, which cor re -

sponds to lower scat ter ing vec tors (q < 1.4 C-1 » 2q(CuKa)
< 20°). The pe ri odic in ter atomic dis tances within sin gle
sheets, ob served at high q by SAED, did not change (Fig.
1b, d). On the other hand, the interplanar dis tances due to
roll ing of the sheets, ob served at low q by PXRD, ex hib ited 
sig nif i cant shifts (Fig. 2). More over, changes at el e vated
tem per a tures, in di cated by PXRD, were con firmed by
TGA (de crease of sam ple mass with the tem per a ture, most
likely re lease of wa ter) and also by RS (change of Raman
spec tra start ing at 150 °C). 
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Fig ure 2. PXRD of Ti-NT syn the sized from mi cro-rutile (A), nano-rutile (B), mi cro-ana tase (C) and nano-ana tase showed sig nif i cant
changes.



Conclu si on

The mor phol ogy of our lab o ra tory-syn the sized ti tan ate
nanotubes was sta ble at el e vated tem per a tures (up to
300 °C) as proved by TEM (Fig.1a, c). The crys tal struc ture 
of sin gle sheets was also sta ble, as con firmed by SAED
(Fig.1b, d). Pack ing of sheets and chem i cal bond ing be -
tween the sheets was, how ever, strongly de pend ent on the
tem per a ture, as in di cated by PXRD at low q (Fig. 2). Struc -
tural changes at el e vated tem per a tures were proved also by

TGA and mRS.
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Ti ta nium di ox ide is a ma te rial in ten sively in ves ti gated not
only be cause of its good chem i cal sta bil ity, me chan i cal
hard ness, high re frac tive in dex and nontoxicity but also
due to its photocatalytic ac tiv ity en abling a con ver sion of
so lar light into use ful chem i cal en ergy. It is known that
photocatalytic ac tiv ity of ti ta nium di ox ide strongly de -
pends on crys tal li za tion and phase com po si tion.

In this work a com plex X-ray dif frac tion (XRD) study
of thin TiO2 films on Si sub strates with dif fer ent thick -

nesses (50-2000 nm) pre pared by mag ne tron sput ter ing is
pre sented. Crystallisation pro cess of amor phous films was
stud ied in-situ. XRD re flec tivity, tex ture and stress mea -
sure ments were per formed ex-situ. Other amor phous and
nanocrystalline pow ders were also mea sured for com par i -
son.

In-situ xrd mea sure ments were done with the aid of
X’Pert Pro diffractometer with MRI high-tem per a ture
cham ber. An neal ing tem per a tures were se lected be low the
tem per a ture where fast crys tal li za tion ap pears (about 220
°C). The pro cess is then slow and al lows de tailed time
in-situ in ves ti ga tions even in lab o ra tory con di tions. Strong
de pend ence of crys tal li za tion ki net ics on the film thick ness 
was found. In par tic u lar for the sam ples with thick ness
lower than 300 nm. The pro cess could be well de scribed by
the Avrami equa tion [1] (mod i fied by the in tro duc tion of
ini tial time of crys tal li za tion). The evo lu tion of the in te -
grated in ten si ties I  (Fig ure 1) of dif frac tion lines of ana tase 
phase is then de scribed as, I = 1-exp[-b(t–t0)

n)], where the
ini tial time of crys tal li za tion t0 is re lated to the first ap pear -

ance of any dif fracted in ten sity above the back ground level 
at the peak po si tion. It in creases abruptly with de creas ing
thick ness. The rate of crys tal li za tion b grows quickly with
the thick ness. Low val ues of n (~ 2) in di cate two-di men -
sional char ac ter of the crys tal lite growth. Changes of pre -
ferred ori en ta tion and stress gen er a tion dur ing the
crys tal li za tion were ob served.

Ten sile re sid ual stresses were de vel oped slowly dur ing
the crys tal li za tion and con firmed later by de tailed mea sure -
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Fig ure 1. Nor mal ized in te grated in ten sity of ana tase dif frac tion
peak 101 in de pend ence on an neal ing time (an neal ing tem per a ture 
180 °C) for films of dif fer ent thick ness (sym bols … ex per i men tal
val ues, lines … fit ted Avrami equa tions).



ments at room tem per a ture. In the first step, the stress mea -
sure ments were ana lysed with X’Pert Stress pro gram by

means of the dhkl vs. sin 2y  plots. Slopes and in ter cepts of

the sin 2y  plots were ob tained. In the sec ond step, the stress 
val ues were de ter mined from the anal y sis of all the re flec -
tions as sum ing sym met ri cal bi-ax ial state of the re sid ual
stress and the weighted Reuss- Voigt grain in ter ac tion
model [2]. Fig ure 2 shows ob tained and cal cu lated slopes

di vided by the cor re spond ing in ter cepts of the sin 2y plots
for all mea sured re flec tions for the sam ple with thick ness

440 nm an nealed at 200 °C. Sys tem atic ani so tropy, ob -
served for all in ves ti gated sam ples, can be well de scribed
by the weighted Reuss-Voigt model us ing sin gle crys tal
elas tic con stants of ana tase [3] which re cently ap peared.
The ani so tropy is com pletely dif fer ent for rutile – the sec -
ond phase of tetragonal TiO2. Fig ure 3 shows rel a tive de vi -

a tion of ob tained and cal cu lated sin 2y in ter cepts.
De vi a tions are rather small, com pa ra ble with the round ing
er ror of the in ter cepts val ues in the X’Pert Stress pro gram.
Rap idly in creas ing value of re sid ual stress with de creas ing
film thick ness was ob served (Fig ure 4).
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PDF is method de vel oped al most 80 years ago, but un til re -
cently it was ap plied al most ex clu sively on amor phous ma -
te ri als and liq uids. Now a days, when high qual ity data from
synchrotrons a neu tron sources are avail able, it is be com -
ing a pop u lar method also for re search of crys tal line ma te -
ri als. Usu ally only high en ergy ra di a tion sources are used,
be cause wide Q-space in ter val mea sure ment is needed in
or der to pro duce good res o lu tion in the real space PDF. De -
spite this, some au thors (see [1,2]) ad mit that it may be pos -
si ble in some ap pli ca tions to ob tain use ful data us ing
reg u lar lab o ra tory X-ray sources. In case of nanoparticles
this would be es pe cially help ful as it would al low very con -
ve nient way of study ing some of their prop er ties that are
not ac ces si ble from re cip ro cal space ex per i ments.

Our aim is to prove this pos si bil ity and to de velop nec -
es sary tools and meth ods. Our equip ment con sists of HZG4 
theta-2theta goniometer, mo lyb de num X-ray tube as a ra di -
a tion source and sim ple scin til la tion de tec tor. The pro cess
of con vert ing mea sured in ten si ties I(q) into real space pair
dis tri bu tion func tion g(r) is in our case rather sim ple and
straight for ward. The com bi na tion of low en ergy beam and
nanopowder sam ple, al lows to ne glect many of the cor rec -
tions that usu ally have to be car ried out in or di nary PDF ex -
per i ments. At the pres ent mo ment our cal cu la tions ac count
only for back ground cor rec tion, Ka2 sep a ra tion and var i ous 
scal ing and nor mal iza tion ad just ments. Po lar iza tion cor -
rec tion is planned in very near fu ture. In spite of this sim -
plic ity, very sat is fac to rily re sults were ob tained.
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Fig ure 4. Film thick ness de pend ence of the re sid ual stress.

Fig ure 2. Com par i son of slopes di vided by cor re spond ing in ter -

cepts of the sin 2y  plots for the 440 nm thin film sam ple (o) and
sim u lated XECs ani so tropy de pend ence (*).

Fig ure 3. Rel a tive dif fer ences of in ter cepts of sin 2y  plots for the
440 nm thin film sam ple (o) and sim u lated data (*).



 To con firm the qual ity of cal cu lated PDF var i ous sim u -
la tions were made and com pared to data ob tained from
mea sure ment. One of such com par i sons car ried out for
TiO2 nanoparticles in ana tase phase is pre sented in Fig. 1.
Note that al though most of the fea tures in sim u lated PDF
are at same po si tions as in mea sured data, only the shape of
the peaks is dif fer ent. This dis agree ment is not due to er rors 
in PDF cal cu la tion, but rather a flaw of nanoparticle model
used in sim u la tion. To sup port this state ment we at tach the
very same com par i son per formed on LaB6 crys tal line pow -
der in Fig 2. In this case, model of bulk ma te rial was used in 

sim u la tion, as is ap pro pri ate for mm-sized crys tal lites.

Fur ther goals are to de velop better ap pa ra tus for the o -
ret i cal sim u la tions, fine-tune the cal cu la tion of PDF and
also adapt our hard ware to al low faster, eas ier and more
pre cise data col lec tion. Af ter the method is ready and re li -
able, we plan to study nanoparticle spe cific de fects, like
sur face de for ma tions. 

1.  T. Egami, S.J.L. Billinge, Un der neath the Bragg peaks:
struc tural anal y sis of com plex ma te ri als. New York:
Elsevier. 2003.

2. Th. Proffen, S. J. L. Billinge, T. Egami and D. Louca, Z.
Kristallogr., 218, (2003), 132-143.
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Fig ure 1. Com par i son of PDF cal cu lated from mea sure ment of TiO2 nanoparticles with sim u lated PDF. Note the in cor rect shape of
peaks in sim u lated line caused by in ac cu rate model. 

Fig ure 2. Com par i son of PDF cal cu lated from mea sure ment of crys tal line LaB6 with sim u lated PDF.
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In tro ducti on

Im por tant phys i cal prop er ties of nanoparticles are de ter -
mined mainly by their atomic struc ture, es pe cially by their
phase com po si tion and the pres ence of struc ture de fects.
X-ray dif frac tion is a good tool for study ing the struc ture of 
the nanoparticles, its ap pli ca tion for very small par ti cles is
how ever lim ited by very small in ten sity of the scat tered
wave. For this rea son spe cial ex per i men tal set ups, like e.g.
dif frac tion with small in ci dence an gle, are used and many
ex per i ments have to be done at synchrotrons. Stan dard
meth ods of the mea sured data anal y sis based on the de -
scrip tion of the dif frac tion us ing in stru men tal func tions
and func tions of phys i cal broad en ing of the lines fail in the
case of very small par ti cles. An ab-in itio cal cu la tion
method (based on the Debye for mula [1, 2]) has to be used
in stead.

In this work the Debye for mula is used for the de scrip -
tion of the dif frac tion of iron ox ide sam ples mea sured at
ANKA syn chro tron in Karlsruhe. Us ing this ap proach we
de ter mine ba sic pa ram e ters of the par ti cles such as lat tice
pa ram e ters and the size of the par ti cles, as well as the pres -
ence of dif fer ent phases. Dur ing an neal ing, sub se quent

phase tran si tions from g-Fe2O34 to e-Fe2O3 and to a-Fe2O3

take place. New phases nu cle ate prob a bly at the sur face of
the nanoparticles and the phase trans for ma tion pro ceeds
to wards the par ti cle cen ter ([3, 4]), so that the struc ture of
the nanoparticles can be de scribed by a core-shell model;
this model was used in the Debye-for mula based sim u la -
tion. From the anal y sis of the ex per i men tal data we de ter -
mined the ki netic pa ram e ters of the phase tran si tions and
their de pend ence on the nanoparticle sizes.

Me a su red sam ples

The great in ter est in Fe2O3 nanoparticles is caused mainly
by mag netic prop er ties of these par ti cles, namely ex -
tremely high room tem per a ture coercivity of ep si lon phase
of these iron ox ide nanoparticles. The sam ples were pre -
pared by ex-situ an neal ing of or ganic pre cur sors and then
mea sured at ANKA syn chro tron in Karlsruhe with in ci -

dence an gle 5°  and the wave length of 0.95007 C. The pri -

mary beam was monochromatized by a 2 ´ 111 Si
mono chro ma tor, the dif fracted ra di a tion was mea sured by
a point de tec tor equipped with a nar row en trance slit and a
fil ter sup press ing the Fe-flu o res cence. The se ries of sam -
ples was pre pared with the fi nal an neal ing tem per a ture

from 900 °C to 1150 °C with the step of 50 °C. To the tem -

per a ture of 900 °C all the sam ples were heated at the speed

1 °C per min ute and stayed at this tem per a ture for 4 hours.

As for the sam ple with the fi nal tem per a ture 900 °C this
was the whole pro ce dure. The other sam ples were then
with the same speed heated to their fi nal an neal ing tem per -

a ture with the 4-hour wait ing each 50 °C up to their fi nal
heat ing tem per a ture. This pro ce dure causes the cre ation of
Fe2O3 nanoparticles in the amor phous SiO2 ma trix. From
the lit er a ture [5] it is known that the par ti cles cre ated at the
low est fi nal tem per a ture should be in the form of
maghemite and with in creas ing fi nal tem per a ture the phase

of Fe2O3 par ti cles should change to e and he ma tite.

The o re ti cal descrip ti on

Debye for mula in Eq. (1), which has been used for the
X-ray data anal y sis de scribes the in ten sity dis tri bu tion of
the sam ples con sist ing of the same ran domly ori ented par ti -
cles, know ing the po si tions of the at oms in one such a par ti -
cle. 

I Q f f
Qr

Qr
i

ij

iji j
j

( )
sin( )

*

,

= å ,  (1)

where the dou ble sum goes over all at oms in the par ti cle, Q
is the length of the scat ter ing vec tor, fi is the atom form fac -
tor of the i-th atom and rij is the dis tance be tween i-th and
j-th atom. The for mula is valid for any ar range ment of at -
oms in any par ti cle; no lat tice is needed; only ex act po si -
tions of at oms in the par ti cle are im por tant. The only
tech ni cal limit of us ing of this equa tion is the num ber of
terms in the dou ble sum. For in stance, a par ti cle of Fe2O3 of 
di am e ter of 13 nm con tains about 105 at oms, which means
that there are 1010 in ter atomic dis tances that have to be
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Fig ure 1. Cal cu lated his to gram of in ter atomic dis tances in a
spher i cal Fe2O3 par ti cle of ra dius of 40 C. The his to gram step is
0.01 C.



taken into ac count for ev ery Q. For this rea son, the dis tri bu -
tion func tion of atomic pairs was cal cu lated and a his to -
gram of all in ter atomic dis tances was cre ated; an ex am ple
of such his to gram is shown in Fig. 1 cor re spond ing to a
spher i cal par ti cle with the ra dius of 40 C, the his to gram has 
been con structed us ing the step width of 0.01 C. 

Since we in tro duced the his to gram of in ter atomic dis -
tances, we can re write the Eq. (1) us ing cal cu lated data
from the his to gram, i.e. we know the mul ti plic ity of each of 
in ter val of dis tances. The re writ ten form of Debye for mula
in equa tion (2) en ables us to per form cal cu la tions for much
larger sam ples. For the in ten sity we can write

I Q m f
Qr

Qr
i

ij

iji j

( ) | |
sin( )

,

= å 2 ,   (2)

where mi is the mul ti plic ity fac tor for the i-th in ter val of
dis tances. The ex pres sion in Eq. (2) is valid only for one
type of at oms in the par ti cle, which is not our case (be cause
of dif fer ent atom form fac tors). This fact re quires only
some tech ni cal changes, which do not af fect the fun da men -
tal mean ing of Eq. (2). 

The phase tran si tion from one phase to the other is sup -
posed to take place from the par ti cle sur face to its cen ter.
For this rea son the core-shell model of the par ti cle (par ti cle
con sist ing of two dif fer ent phases) has been in tro duced to
the Debye for mula pro gram. In or der to have a brief look in
to the be hav ior of the sim u lated data cal cu lated by our
model, dif frac tion curves for dif fer ent phases were cal cu -
lated (Fig. 2). From this pic ture the dif fer ence be tween the

maghemite and e phases of Fe2O3 can be seen as well as the
ef fect of the core-shell struc ture of these two phases, which 
causes some “mix ture” of the dif frac tion pat tern of both
phases. 

Data ana ly sis

Sev eral sam ples from the se ries de scribed above were ana -
lysed by the Debye-for mula ap proach us ing the core-shell
model, as sum ing that the in ter face of the two phases moves 

from the sur face to the cen ter of the par ti cle. The data from

the Figs. 3-5 (sam ples A–C) were fit ted by hand and the re -
sults are sum ma rized in Ta ble 1; the er rors were es ti mated
from this fit too. The back ground was ap prox i mated
ad-hoc by a poly no mial of the third power. The broad peak

around 13° is caused by the amor phous SiO2 ma trix and for 
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Fig ure 2. Cal cu la tion of dif frac tion curves for dif fer ent phases of
Fe2O3. The full line cor re sponds to the pure maghemite par ti cle of 

ra dius of 50 C; the dot ted one to the pure e-Fe2O3 par ti cle of the
same ra dius; and the dashed line rep re sents the dif frac tion from
the par ti cles of ra dius 50 C, which con sist of the core (ra dius 40
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Fig ure 3. Sam ple A. Mea sured data and fit of the sam ple an nealed 

at the 900 °C as the high est tem per a ture. 
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Fig ure 4. Sam ple B. Mea sured data and fit of the sam ple an -

nealed at the 950 °C as the high est tem per a ture.
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Fig ure 5. Sam ple C. Mea sured data and fit of the sam ple an -

nealed at the 1000 °C as the high est tem per a ture.



our fit ting is not im por tant. The fits de scribe the mea sured
data well and the pa ram e ters of the core-shell model were
ob tained. The sam ple D (Fig. 6) could not have been fit ted
be cause of a too large size of the par ti cles that made the
sim u la tion ex tremely time-con sum ing.

From the fit ting of the mea sured data we ob tained the
to tal size of an a lyzed sam ples (A – C) and the frac tion of

the maghemite and e phase as sum ing the core-shell model
with maghemite as a core. It can be seen that the size of the
par ti cles in crease with in creas ing an neal ing tem per a ture
and that the frac tion of maghemite de creases and it com -

pletely van ishes at the tem per a ture of 1000 °C. This cor re -
sponds to the as sump tion pre sented above. As for the
sam ple D, which has not been ana lysed, the he ma tite dif -
frac tion peaks ap pear.

Both he core-shell model of the nanoparticles and the
Debye for mula are suit able tools for the anal y sis of our
sam ples. In the fu ture we have to in ves ti gate, whether it is
pos si ble to dis tin guish be tween the core and the shell, i.e.,
whether we can de ter mine which phase is in the core and
which one is in the shell. A method, which would en able us
to an a lyze larger par ti cles, has to be im ple mented as well. 
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Re sults of mac ro scopic re sid ual stresses (RS) ob tained
from the X-ray dif frac tion tensometry are in creas ingly
used for qual ity char ac ter iza tion of var i ous sur faces and
thin lay ers. In some cases even the depth dis tri bu tions of
RS are cov eted as in dis pens able in for ma tion about the pro -
cesses of inhomogeneous plas tic and ther mal de for ma tions
which lead to the fi nal shape of the stud ied ob ject. Since the 
knowl edge about the state of RS is highly de sir able, the re -
li abil ity and the ac cu racy of the mac ro scopic re sid ual stress 
ten sor com po nents is an im por tant topic in pow der dif frac -
tion. The first con cern, i.e. the re sults’ re li abil ity, is above
all else given by the cor re spon dence be tween the state of
the mea sured ob ject and the choice of ex per i men tal tech -
niques and eval u a tion meth ods. The term “state of the mea -

sured ob ject” en com passes not only the state of RS, i.e. bi -
axial or triaxial, but the ob ject’s real struc ture; par tic u larly
stress gra di ents, pre ferred ori en ta tion and grain size. An -
other vi tal fea ture of the stress re sults’ re li abil ity lies in the
se lec tion of the ap pro pri ate elas tic con stants as they di -
rectly link mea sured de for ma tions with the stresses re -
quested by the re sults’ us ers. It is pal pa ble that elas tic
con stants are in flu enced by iso tropy of the ir ra di ated vol -
ume, mostly by the pres ence of tex ture and the his tory of
plas tic de for ma tion. Cal cu la tion of elas tic con stants is a
fre quently tack led is sue and the sim ple ini tial mod els of
Voigt and Reuss [1] have been sub stan tially mod i fied over
the last half cen tury, the most ad vanced cal cu la tions con -
sider in ter ac tions be tween crys tal lite and its inhomo -
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Fig ure 6. Sam ple D. Mea sured data of the sam ple an nealed at the

1100 °C as the high est tem per a ture.

Sam ple
To tal ra di us

(C)
Maghe mi te

 (%)
e-Fe2O3

 (%)

A 40 ± 4 34 ± 5 66 ± 5

B 50 ± 5 26 ± 3 74 ± 3

C 58 ± 5 0 ± 8 100 ± 8

Ta ble 1. Re sults ob tained from the mea sured data fit ting



geneous neigh bour hood [2] and even pres ence of tex ture
[3].  

The benchmarks of the suit abil ity of stan dard meth ods

in RS de ter mi na tion, such as sin2y, Dölle-Hauk and one
tilt, are de vi a tions from lin ear ity of the so-called  djy ver sus 

sin2y plots. These plots de pict de pend ence of interplanar
lat tice spac ing of the cho sen set of planes {hkl} in re spect
to the ori en ta tion of the dif frac tion vec tor to the sur face

nor mal given by the tilt y and cho sen az i muth j:
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where d0 stands for strain-free ma te rial, 0.5s2 and s1 are
X-ray elas tic con stants (XEC), the su per scripts L and S
stand for lab o ra tory and sam ple co or di nate sys tem re spec -
tively. If d0 is known the de sired six com po nents of mac ro -

scopic stress ten sor s11, s22, s33, s13, s12, s23 can be

cal cu lated from the mea sured  ejy in six in de pend ent di rec -

tions given by tilt  y and az i muth j.
The re sults’ ac cu racy can be sub stan tially in creased by

mea sur ing ejy  in more than six di rec tions and by ap pli ca -
tion of stan dard least-square fit ting pro ce dure. De tailed al -
go rithm can be found in [4] and will be ex plained at length
in the oral con tri bu tion. How ever, this is path is sel dom fol -
lowed and Dölle-Hauk method is used in vast ma jor ity of
full stress ten sor de ter mi na tion. Fol low ing Dölle-Hauk

method, djy ver sus sin2y plots are ob tained for three az i -
muths. The se lec tion of these az i muths it self is a topic for
de tailed anal y sis and re cent pa pers, see e.g. [5], tend to pre -
fer az i muths 0°, 60°, and 120° in stead of com monly cho sen 
0°, 45°, and 90°. The fun da men tals for this switch in mea -
sure ment ste reo type lies in the pu ta tively smaller re sults’
in ac cu ra cies for the choice of the 0°, 60°, 120° com bi na -
tion. 

It has been shown [6] that pres ence of pro nounced tex -
ture and coarse grain in the mea sured polycrystalline ma te -
rial rep re sent an im ped i ment in RS de ter mi na tion by means 
of stan dard meth ods. Re sid ual stress anal y sis in tex tured
ma te rial is an es pe cially ar du ous task, since its man i fes ta -

tions are os cil la tions in the djy ver sus sin2y plots. More -
over, the tex ture is re spon si ble for dif fer ent elas tic
prop er ties and hence the XEC are not the same as in
non-tex tured ma te ri als. Re sid ual stress de ter mi na tion by
means of least-square fit ting method is ca pa ble of tak ing
tex ture into ac count if anisotropic XEC Rij

hkl and X-ray
stress fac tors Fij are im ple mented into its al go rithm [7, 8].
The equa tion (1) is then re writ ten as
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-
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In or der to as sess and com pare stan dard Dölle-Hauk
method and re sid ual stress de ter mi na tion by least-square

fit ting a ground sam ple of high car bon stain less steel M300
was in ves ti gated by XRD which was known to ex hibit the

so-called y split ting and tex ture was vir tu ally non ex is tent

[9]. For this pur pose {211} dif frac tions of a-Fe were in -

ves ti gated with CrKa ra di a tion (dif frac tion an gle 2q 156°)
and X’Pert PRO MPD Bragg-Brentano diffractometer in

w-mode equipped with a pro por tional de tec tor. The
goniometer was ad justed in ref er ence to a strain-free ref er -

ence spec i men of a-Fe pow der. The dif fer en tial

y–method, when the az i muth is kept con stant and the tilt is
chang ing, was em ployed. Mea sure ments were taken on the

grind ing di rec tion j = 0° and in fur ther four az i muths de -
fined by 45°, 60°, 90°, and 120°. For each az i muth sev en -

teen tilts de fined by sin2y = 0; 0.1; 0.2; ...0.8 were
mea sured.

The aim was to ob tain dif frac tion pro files of good and
poor back ground to Imax ra tio and sub se quently to char ac -

ter ize the pro files mea sured in di rec tion j, y by their cen tre 
of grav ity. These data were sub jected to re sid ual stress cal -
cu la tion by Dölle-Hauk method and by least-square fit ting
us ing XEC cal cu lated ac cord ing to Eschelby-Kröner
model. These pro ce dures were im posed on two sets of data; 
the first con sisted from az i muths 0°, 45°, and 90° and the
other from 0°, 60°, and 120°. Even though the char ac ter iza -
tion of dif frac tion dublet by cen tre of grav ity may seem ob -
so lete in com par i son with pro file fit ting meth ods, the [10]
clearly shows that such treat ment is suit able. Nev er the less,
and only for com par i son, the pro files were also fit ted, af ter

CrKa2 strip ping, by Pearson VII func tion and its max i mum 
then en tered the re sid ual stress cal cu la tions. The com par i -
son of re sults’ ac cu racy is per formed on the ba sis of stan -
dard de vi a tions. 
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