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Ti ta nia (TiO2)-based sys tems have been very in ten sively
stud ied in last de cades be cause of their photocatalytic ac -
tiv ity, which found broad com mer cial ap pli ca tions.
Functionalized ti ta nia com pos ites, es pe cially Fe2O3/TiO2

sys tems at tracted a lot of at ten tion re cently (see [1, 2],
among oth ers), since they make it pos si ble to im prove the

photocatalytic per for mance of ti ta nia. The e-phase of
Fe2O3 ex hib its a very large mag netic coercivity at room
tem per a ture [3] so that Fe2O3/TiO2 in so lu tions can eas ily
be ma nip u lated by ex ter nal mag netic field. Fe2O3/TiO2

com pact thin layer com pos ites as a photocatalyst can re -
spond to vis i ble light due to the nar row band-gap of Fe2O3.

We have stud ied two types of struc tures, namely
(Fe2O3+SiO2)/SiO2 and (Fe2O3+SiO2)/ (TiO2+SiO2)/SiO2

pe ri odic multilayers. Both types of sam ples were grown by
a co-de po si tion of the ac tual ma te rial to gether with SiO2

and pure SiO2 as an interlayer spacer. The sam ples have
been sub se quently an nealed for one hour at var i ous tem -
per a tures in air or form ing gas (FG – Ar + 4% H2). We pre -
pared a large se ries of sam ples with var i ous thick nesses,
an neal ing tem per a tures and an neal ing at mo spheres in or -
der to find the op ti mal con di tions of the prep a ra tion; here
we re port only sev eral char ac ter is tic ex am ples, their ba sic
pa ram e ters are sum ma rized in Tab. 1. Sam ples A – F con -
sist of 10 pe ri ods, sam ples A – C were an nealed in form ing
gas at mo sphere, while sam ples D – F at the air. Sam ples

that did not con tain ti ta nia were pre pared un der var i ous
con di tions – thick ness of Fe2O3 + SiO2 layer from 0.6 nm to 
2.0 nm, an neal ing tem per a ture from 300 °C to 900 °C at air, 
form ing gas, or vac uum. These sam ples con sisted of 20 pe -
ri ods. 

X-ray dif frac tion curves of the sam ples have been mea -
sured by lab o ra tory diffractometer with a stan dard x-ray

tube (CuKa ra di a tion, 1.5 kW) us ing a par al lel-beam
setup. Dur ing the mea sure ment the an gle of in ci dence of
the pri mary beam was kept con stant at 1 deg to sup press the 
sub strate sig nal. 

Small-an gle X-ray scat ter ing in graz ing in ci dence ge -
om e try (GISAXS method) has been car ried out at
ELETTRA syn chro tron source (SAXS beamline) us ing the 
pho ton en ergy of 8 keV. The in ci dence an gle of the x-ray
beam was cho sen 0.25 deg, i.e. just above the crit i cal an gle
of to tal ex ter nal re flec tion.

The X-ray dif frac tion data on sam ples with out ti ta nia
ex hibit dif frac tion max ima nei ther be fore, nor af ter
post-growth an neal ing, i.e., the Fe2O3 com po nent did not
crys tal lize un der the an neal ing con di tions used in this
work. The dif frac tion curves of sam ples A-F are pre sented
in Fig ure 1. From the data it fol lows that TiO2 nanoparticles 
grow dur ing the an neal ing, from the po si tions of their dif -
frac tion peaks we iden ti fied the tetragonal rutile phase.
More in ter est ingly, in sam ples E and F we de tected also

Fig ure 1. X-ray dif frac tion curves of sam ples A, B, C (a) and D, E, F (b). The in sets dis play the de tails of the dif frac tion peaks along
with their fits to the o ret i cal curves (lines). The ver ti cal lines in di cate the the o ret i cal po si tions of the dif frac tion peaks for var i ous phases:

black full line – rutile, red dashed line – he ma tite (a-Fe2O3), blue dash-dot ted line – maghemite (g-Fe2O3), and green dot ted - e-Fe2O3.
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Fe2O3 nanoparticles, how ever their dif frac tion max ima are
rather weak, which in di cates that the den sity of these par ti -
cles is very small. The po si tions of the Fe2O3 max ima

roughly cor re spond to the hex ag o nal he ma tite a-Fe2O3 or

e-Fe2O3 phase. We have com pared the dif frac tion max ima
with the sim u la tions based on the Debye-for mula ap proach 
[2] as sum ing spher i cal par ti cles and from this com par i son
we es ti mated the mean par ti cles sizes (Tab. 1).

From the fit ting of ex per i men tal GISAXS data we
found that the (Fe2O3+SiO2)/SiO2 multilayers ex hibit no
dif frac tion peaks and no side max ima in GISAXS in ten sity
maps. There fore, they re main amor phous and do not form
any or dered struc ture of amor phous or crys tal line par ti cles
dur ing post-growth an neal ing at tem per a tures up to 900°C.
On the other hand, the multilayers (Fe2O3 + SiO2)/ (TiO2 +
SiO2)/SiO2 ex hibit both dif frac tion peaks and GISAXS
side max ima af ter an neal ing, thus they con tain or dered ar -
ray of crys tal line par ti cles. In these sam ples, both rutile

TiO2 and he ma tite a-Fe2O3 are pres ent, the lat ter with
much smaller oc cur rence. There fore, the pres ence of the
TiO2 phase fa cil i tates the crys tal li za tion of Fe2O3 dur ing
post-growth an neal ing. In creas ing the thick nesses d of the
Fe2O3 and TiO2 lay ers, the mean lat eral size of the par ti cles
in creases; the ver ti cal size how ever re mains al most con -

stant so that the par ti cles are disc-shaped for larger d. A
sim i lar trend of in creas ing the lat eral par ti cle size is ob -
served for in creas ing an neal ing tem per a ture. The num ber
of the ob served dif frac tion peaks did not make it pos si ble to 
de ter mine the lat eral and ver ti cal sizes. The par ti cle size
de ter mined from dif frac tion is af fected by pos si ble de for -
ma tion of the par ti cle lat tice and/or by struc tural de fects,
there fore a de tailed com par i son of the par ti cle sizes de ter -
mined from both meth ods is not pos si ble. Nev er the less, the 
par ti cle sizes ob tained from x-ray dif frac tion and GISAXS
data are not in con tra dic tion. 
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Sam ple d T (°C)
x-ray

diffracti on
GISAXS

RTiO2 RFe2O3 RL RV aL aV sL sV

A 0.6 700 1.8 ± 1.0 1.8 ± 1.0 3 ± 3 10.0 ± 0.5 2 ± 1 5 ± 1

B 1.0 700 2.5 ± 1.0 1.5 ± 1.0 3 ± 3 11.5 ± 0.5 2 ± 1 4 ± 1

C 2.0 700 3.5 ± 1.0 1.5 ± 1.0 8 ± 3 12.5 ± 0.5 2 ± 1 4 ± 1

D 0.6 900 1.6 ± 1.0

E 1.0 900 2.1 ± 1.0 3.0 ± 0.5 2.0 ± 0.5 16 ± 5 10.0 ± 0.5 5 ± 1 5 ± 1

F 2.0 900 3.2 ± 1.0 2.7 ± 1.0 5.0 ± 0.5 3.0 ± 0.5 16 ± 5 11.5 ± 0.5 5 ± 1 10 ± 1

Ta ble 1. Pa ram e ters of the TiO2-con tain ing multilayers de ter mined from X-ray dif frac tion and GISAXS methods, all val -
ues are in nm. d is the nom i nal thick ness of lay ers, T is the an neal ing tem per a ture, RL, RV are lat eral and ver ti cal di am e ters

of par ti cles resp., aL, aV are mean base lat eral and ver ti cal vec tors and sL, sV are their rms.
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TiO2 based ma te ri als achieved broad ap pli ca tions. Ti tan ate
nanotubes (Ti-NT) have big sur face area which is also suit -
able for cat a lytic ap pli ca tion.  An other po ten tial ap pli ca -
tion of Ti-NT is us ing them in lith ium bat ter ies to im prove
the rate of dif fu sion of in ter ca lated lith ium ions – small size 
of lith ium ions and struc ture of Ti-NT – ionic trans port in
interlayer [1]. But the struc ture of Ti-NT is not clearly un -
der stood and dif fer ent pos si ble struc tures are re ported. The 
first was the ana tase struc ture iden ti fied by Kasuga et al.
[2]. Then in di ca tions of so dium ions in the struc ture of
Ti-NT ap peared [e.g. 3, pos si ble struc ture Na2Ti2O4(OH)2

or H2Ti2O4(OH)2].  Other struc tures re ported were
trititanate [4] (H3Ti2O7) or so dium trititanate (Na3Ti2O7),
H2Ti2O5 H2O [5] or for ex am ple H2Ti4O9 H2O [6]. In [5],
the study of de pend ence of Ti-NT struc ture on time of hy -
dro ther mal method, it was shown how the nanotubes were
cre ated – by roll ing the 2D sheet. 

The sam ples in ves ti gated were pre pared at the In sti tute
of Macromolecular Chem is try, Acad emy of Sci ences of the 
Czech Re pub lic, Prague, Czech Re pub lic. The prep a ra tion
method was a sim ple hy dro ther mal treat ment of ini tial
pow der. In this work, microcrystalline rutile was used as a
start ing TiO2 pow der. Hy dro ther mal method con sists in
boil ing the ini tial TiO2 pow der with 10M NaOH. Then ob -
tained pow der was neu tral ized by HCl and dried. More
about preparation can be found in [7].

The sam ples were mea sured in the trans mis sion ge om e -

try in diffractometer Rigaku Rapid II with Mo-Ka ra di a -
tion, 0.3 mm collimator and 2D im age plate de tec tor. 
Ti-NT were mea sured in cop per wire holder formed into a
loop. Mea sured X-ray 2D pat tern was con verted into con -
ven tional pow der X-ray pat tern by the soft ware 2DP.

Pos si ble Ti-NT was iden ti fied as a beta phase of TiO2

[8]. Com par i son of mea sured pow der X-ray dif frac tion

(PXRD) pat tern and the o ret i cal po si tion of peaks of b-TiO2

(monoclinic, a = 12.1787 C, b = 3.7412 C, c = 6.5249 C, b
= 107.054° [9]) can be seen on Fig ure 1. Nanotube was
made by roll ing 2D sheet made from this struc ture. The
vari able pa ram e ters in the model were the lat tice pa ram e -

ters and mul ti plic ity of all the pa ram e ters ex cept b. The
multiplicity of c is given by the num ber of walls in a
nanotube. This mul ti plic ity could be es ti mated from the
elec tron mi cros copy. The mul ti plic ity of other pa ram e ters
a,b have ef fect only on the width of dif frac tion peaks.  The

sharp peak at 2q ~ 22° cor re sponds to the tube length – the
tube axis is given by the pa ram e ter b and con se quently its
value can be de ter mined di rectly. For es ti ma tion of other
pa ram e ters com puter si mul ta neous by us ing the Debye for -
mula were per formed. 

Fi nal sim u lated pat terns were con vo luted with the
Gauss func tion de scrib ing the in stru men tal func tion of the
diffractometer.  The best agree ment of cal cu lated and ex -
per i men tal data achieved so far can be seen on Fig. 2.
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Fig ure 1. Measured PXRD pat tern and the o ret i cal po si tions of
peaks of struc ture beta TiO2 Fig ure 2. Com par i son of mea sured and cal cu lated PXRD pat tern.
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Neu tron dif frac tion is a very pow er ful tool in tex ture anal y -
sis of zir co nium base al loys used in nu clear tech nique [1].
Tex tures of five sam ples (two rolled sheets and three tubes) 
were in ves ti gated by us ing di rect pole fig ures, in ver sion

pole fig ures.
The tex ture mea sure ments were per formed at

diffractometer KSN2 at Lab o ra tory of Neu tron Dif frac tion, 
De part ment of Solid State En gi neer ing, Fac ulty of Nu clear
Sci ences and Phys i cal En gi neer ing, CTU in Prague. The

wave length used was l = 0.1362 nm. The data were pro -
cessed us ing soft ware pack ages HEXAL [2] and GSAS
[3].

Ba sal pole fi gu res

Basal pole fig ures were mea sured for sam ples Zr1, Zry2,
and ZiT [4] (Fig. 1).

In ver se pole fi gu res

In verse pole fig ures were cal cu lated for sam ples Zrp, Zry2, 
ZiT, and ZrW.  The in ten sity ra tios were cal cu lated by
Mueller for mula [5]. Cal cu lated in verse pole fig ures are at
Tab. 1 [4]. The in ten sity ra tios are rel a tive to the
non-texture stage.

Dis cus si on and Conclu si ons

Our re sults can be sum ma rized as fol lows:
All sam ples of zir co nium al loys show the dis tri bu tion

of mid dle area into two max ims in all basal pole fig ures.
This is caused by al loy ing el e ments. A char ac ter is tic split
of the basal pole max ima tilted from the nor mal di rec tion
to ward the trans verse di rec tion can be ob served for all
samples.

• Sheet sam ples pre fer ori en ta tion of planes (100) and
(110) per pen dic u lar to roll ing di rec tion and ori en ta -
tion of planes (002) per pen dic u lar to nor mal di rec -

tion.
• Basal planes of tubes are ori ented par al lel to tube

axis; mean while (100) planes are ori ented per pen dic -

u lar to tube axis.
• Level of re sult ing tex ture and max ima po si tion is dif -

fer ent for tubes and for sheets.

Zir co nia-based al loys are used in nu clear tech nol ogy,
and our re sults are con sis tent with data pub lished by other

au thors [6].

1.  G. E. Ba con, Neu tron Dif frac tion, 3rd ed., Ox ford: Clar en -
don Press, 1975.

Fig ure 1. Com par i son of basal pole fig ures of zir co nium sam ples Zr1, Zry2, and Zit. System of co or di nates is rep re sented by ND, RD, 
and TD.
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In the case of met als, X-ray dif frac tion (XRD) is of ten re -
garded as a sur face tech nique which re veals struc tural in -
for ma tion about dif fract ing body only sev eral mi crom e ters
or tens of mi crom e ters in thick ness. Yet in com par i son with 
elec tron dif frac tion, as sump tion about sur face sen si tiv ity
would be hardly ten a ble. On the other end of the pen e tra -
tion scale, neu tron dif frac tion is firmly an chored be cause
the neu trons pen e trate me tal lic ma te ri als more eas ily and
the re sult ing data can be gained from depths amount ing to
centi metres.

No tion of pen e tra tion depth, which was ini tially in tro -
duced by Cullity [1], is of vi tal im por tance from the real
struc ture point of view. The main rea son is that metal ob -
jects, es pe cially those with sur face treat ment his tory, of ten
show sig nif i cant depth gra di ents of mac ro scopic and mi -
cro scopic re sid ual stress, grain sizes, or even tex ture. Gra -
di ents of these real struc ture char ac ter is tics have di rect
im pact on the ob ject be hav iour in real en vi ron ment, af fect -
ing its cor ro sion re sis tance, dy namic load sta bil ity, crack
ini ti a tion and prop a ga tion and other pro cesses that can con -
trib ute to ei ther prolongation or appreciable shortening of
fatigue life [2].

The ef fec tive pen e tra tion depth is given by (i) ab -
sorp tion µ of the given vol ume for the im ping ing X-ray

beam wave length, (ii) Bragg an gle q and (iii) geo met ric

align ment of the goniometer f(q,y). Ap ply ing the well
known Lam bert-Beer law for ab sorp tion, the ra tio of in ten -

si ties dif fracted by a layer of thick ness dT on the very
sur face and in the depth T will be

dI

dI
TfT

T =

= -
0

exp( ( , ))m q y  ,                (1)

Upon set ting this ra tio to a con ve nient con stant of 1/e
and tak ing a log a rithm of the (1), the term for ef fec tive pen -
e tra tion depth Te is calculated:

T
f

e =
1

m q y( , )
.                (2)

Hence, Te de ter mines the thick ness of a layer pro vid ing
63.2 % out of the en tire dif fracted in ten sity. Rig or ously
said, the struc tural in for ma tion gained from clas si cal
Bragg-Brentano goniometer or even graz ing in ci dence dif -

frac tion changes with the chang ing 2q an gle and is, there -
fore, in flu enced by pos si ble steep struc tural gra di ents.
How ever, when the gra di ents are not to be ex pected within
the com par a tively small thick ness com pa ra ble with Te, the
depth pro fil ing can be per formed with com bin ing the cho -
sen XRD tech nique on a con ven tional lab o ra tory
diffractometers and sub se quent layer re moval. In her ently
de struc tive layer re moval should be done with min i mal im -
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Sam ple p002, ND p002, (0,45) p100, RD p100, TD p110, RD

Zrp 3.076 N 2.742 1.173 1.678

Zry2 1.702 1.729 1.173 0.886 2.780

ZiT 1.158 1.807 3.767 0.747 0.719

ZrW 1.170 2.403 2.951 0.444 0.788

Ta ble 1. Cal cu lated in verse pole fig ures of sam ples Zrp, Zry2, ZrW, and ZiT.



pact to the struc ture of the re main ing lay ers; the most
widely used tech nique is elec tro-chem i cal pol ish ing [3].
Even the lab o ra tory diffractometers of fer pos si bil ity to
change X-ray tube and, ac cord ingly, the used wave length.
This would al low cor re spond ing al ter ation of Te, yet given
the va ri ety of X-ray tube se lec tion, the scope of Te for given 
metal is quite lim ited. 

An other pos si bil ity for depth dis tri bu tion in ves ti ga -
tion in met als is to em ploy syn chro tron ra di a tion. Not only
is it tune able with max i mal en er gies peak ing at 150 keV,
but the in ten si ties in crease manyfold. The ex per i men tal
set-up of 1ID C beamline at APS (Ad vanced Pho ton
Source) in Argonne, USA de picted in Fig. 1 is al most an
ideal tool for de fined depth pro fil ing. The in com ing X-ray

beam can be fo cused down to 2 × 5 mm and with max i mal
en ergy of 130 keV can eas ily pen e trate 1 cm of steel, with
large de tec tor ar ray High En ergy De tec tor Ar ray or
HYDRA© the min i mal ac cept able trans mis sion reaches
0.1 %.

The pre sen ta tion will deal with de tailed de scrip tion of
ad van tages and pit falls of dif frac tion ex per i ment at 1 ID C.
Fur ther more, a mu tual com par i son be tween con ven tional
XRD lab o ra tory and syn chro tron ex per i ment re sults will
be of fered. Tan gi bly, mac ro scopic re sid ual stress pro files
in ground steel will be com pared. More over, depth dis tri -
bu tions of struc ture in plasma sprayed tung sten and cop per
lay ers used as plasma fac ing com po nents in toka maks ob -

tained with use of neu tron dif frac tion [4]and synchrotron
radiation will be discussed. 

Pos si bil ity to mea sure and study depth dis tri bu tions of
real struc tures pa ram e ters rep re sent a fur ther step in the
prog ress of dif frac tion tech niques and bring them nearer to
the wider pub lic. In this case, the in dus trial ap pli ca tions
are, in deed, nu mer ous and sig nif i cantly broaden ho ri zons
of ma te rial sci en tists and phys i cal en gi neers dur ing new
ma te rial evo lu tion and man u fac tur ing of metal ob jects used 
in hi-tech ap pli ca tions.   

1.  B.D. Cullity, El e ments of X-ray dif frac tion. Read ing: Ad di -
son -Wes ley. 1956.

2. A. G. Youtsos, Re sid ual stress and its ef fect on frac ture
and fa tigue. Springer 2006.

3. S. Lee, Y. Lee, M. Chung, Metal re moval rate of the elec -
tro chem i cal me chan i cal pol ish ing tech nol ogy for stain less
steel – the elec tro chem i cal char ac ter is tics, IMechE Vol.
220, 2006.

4. V. Luzin, J. Matejicek, T. Gnaupel-Herold, Through-thick -
ness Re sid ual Stress Mea sure ment by Neu tron Dif frac tion
in Cu+W Plasma Spray Coat ings, Ma te ri als Sci ence Fo -
rum 652 (2010) 50-56.

The re search was sup ported by the Pro ject MSM
6840770021 of the Min is try of Ed u ca tion, Youth and
Sports of the Czech Re pub lic and by the Pro ject
SGS10/300/OHK4/3T/14 of the Czech Tech ni cal Uni ver -
sity in Prague.

Ó Krystalografická spoleènost

140 Struktura 2011 -  Students Ma te ri als Struc ture, vol. 18, no. 2 (2011)

Fig ure 1. Ex per i men tal set-up of 1 ID C in APS, Argonne; cour tesy of Jon a than Almer.
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Úvod

V austenitické oceli s nízkým obsahem niklu dochází
vlivem formování za studena k fázové transformaci z

kubického plošnì centrovaného g-austenitu na kubický

prostorovì centrovaný a´-martenzit a na hexagonální

e-martenzit [1]. Cílem tohoto výzkumu bylo porovnat
charakterizaci martenzitické transformace v metastabilní
austenitické oceli pomocí tøí difrakèních technik (rtg,
neutrony, EBSD). Kromì fázové transformace byla
pozorována i textura a v pøípadì rtg difrakce také vývoj
velikosti krystalitù na vložené deformaci.

Ma te ri ál a ex pe ri ment

Jako vzorky byly použity plechy tlouš•ky 0,68 mm z 
chrom-niklové austenitické oceli od firmy Arcelor-Mittal
odpovídající oznaèení AISI 301. Vzorky byly nataženy o
5%, 10%, 15% a 20% na pøístroji INSPEKT 100kN a poté
pozorovány ve svìtleném mikroskopu Neophot 32. EBSD
byla provedeno na zaøízení SEM FEI Quanta 200 FEG s
EBSD analyzátorem TSLTM. Pro rentgenová difrakèní
mìøení byl použit difraktometr X´Pert PRO s texturním
nástavcem ATC-3, Co lampou a detektorem X´Celerator.
Neutronová difrakce byla provedena na diffraktometru
TEXTDIFF na reaktoru LVR-15 v Øeži. 

Vý sled ky a dis ku se

Svìtelná mikroskopie. Mikrostruktura poèáteèního stavu
a po rùzném stupni plastické deformace je zobrazena na
obr. 1.

V nedeformovaném stavu je struktura tvoøena velkými
austenitickými zrny z typickou dvojèatovou strukturou.
Vlivem plastické deformace se v tìchto zrnech zaèínají
objevovat martenzitické oblasti. Množství martenzitu se s
rostoucí plastickou deformací zvìtšuje až fáze martenzitu
zaène pøevládat na pùvodním austenitem.
Fázová analýza.  Všechny tøi difrakèní techniky prokázali, 
že deformaèní proces transformuje pùvodní austenit

pøevážnì na  a’-martenzit. V zanedbatelném množství byl

pozorován i e-martenzit. Procentuální objemové
zastoupení plasticky indukovaného martenzitu je pro
všechny tøi difrakèní techniky ve shodì s kinetickou
rovnicí [2].  Objem martenzity se zvìtšuje s rostoucí
deformací, až postupnì pøeváží nad pùvodním austenitem
dosahujíc hodnoty okolo 70%, viz obr. 2.
Textura. Pùvodní válcovací textura se bìhem
deformaèního procesu témìø nezmìnila, což opìt potvrdili
všechny tøi difrakèní techniky. Pólové obrazce pro
nedeformovaný vzorek a vzorek po 20% deformaci se
témìø neliší. Bìhem fázové transformace se roviny
pùvodní roviny {111} austenitu mìní na roviny {110} 

a’-martenzitu, viz obr. 3.
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Obrázek 1. Mikrostruktura oceli AISI301 v nedeformovaném stavu a po nìkolika úrovních plastické deformace.



Velikost krystalitù. Stanovení velikosti krystalitù bylo
komplikováno texturou, která omezuje množství
pozorovatelných difrakcí pro danou orientaci vzorku,
elastickou anizotropií, která komplikuje separaci
deformaèní a velikostního rozšíøení a pravdìpodobnou
smìrovou závislostí velikostí krystalitù zpùsobenou
orientováno deformací. Proto byla vybrána tato dvojice
difrakcí {111}-{222} pro austenit a {110}-{220} pro
martenzit a vzorek natoèen o cca 25° od normály povrchu.
Byla provedena korekce na rozšíøení zpùsobeného
naklonìním vzorku. Závislost velikosti èástic na stupni
deformace je ukázána na obr. 4.

1. L. Mangonon Jr., G. Thomas: Metall. Trans. 1 (1970), p.
1577.

2. H.C. Shin, T.K. Ha, Y.W. Chang: Scripta Ma ter. 45 (2001), 
p.823
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Obrázek 4. Vývoj velikosti krystalitù s úrovní deformace.

Obrázek 3. RTG pólové obrazce rovin {111} austenitu a {110}
martenzitu pro vzorek s 10% deformací.

 

Obrázek 2. Vývoj objemové frakce a’ martenzitu po plastické
deformaci.


