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Iron ox ide nanomaterials be came one of the most stud ied
ma te ri als up to date due to their sig nif i cantly dif fer ent
prop er ties com par ing to their bulk coun ter parts. Gen er ally, 
four crys tal line form of iron(III) ox ide ex ist ex hib it ing dif -
fer ent crys tal lo graphic and mag netic prop er ties. We pres -
ent ther mally in duced solid state trans for ma tions of one of

the rare iron(III) ox ide polymorph, i.e., b-Fe2O3, by view of 
high tem per a ture X-ray pow der dif frac tion. All trans for -
ma tion ex per i ments were per formed in very sim i lar con di -
tions (i.e., tem per a ture in cre ment, gas pres sure) with only
dif fer ence in ex change of re ac tion gases. Gases were cho -
sen to rep re sent ox i da tive, in ert, and reductive at mo spheres 
(i.e., syn thetic air, CO2, N2, H2). Trans for ma tion in the ox i -
da tive at mo sphere of syn thetic air led di rectly to cre ation of 
the most sta ble iron(III) ox ide polymorph, i.e., he ma tite, in
tem pe r a ture range 680 – 760 °C. Trans for ma tion per -

formed in car bon di ox ide at mo sphere led to cre ation of
mag ne tite via he ma tite at tem per a ture range 475 – 700 °C.
Trans for ma tion scheme of ex per i ment per formed in ni tro -
gen at mo sphere, which is con sid ered as in ert, was more
com pli cated and trans for ma tion via two in ter me di ates (i.e., 
he ma tite and mag ne tite) led to fi nal prod uct iden ti fied as
wustite, which was cre ated be tween 800 and 900 °C. In
these ex per i ments, all in ter me di ates and fi nal prod ucts
were in ves ti gated at room tem per a ture by view of X-ray
pow der dif frac tion and Mössbauer spec tros copy to con -
firm the phase com po si tion and iron ions state. Reductive
at mo sphere of hy dro gen led to cre ation of me tal lic iron as
ex pected due to the na ture of re duc ing gas.
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by In ter nal IGA grant of Palacký Uni ver sity Olomouc,
Czech Re pub lic (IGA_PrF_2015_017).
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Heuslerovy slitiny jsou v poslední dobì studovány pro
svou škálu zajímavých vlastností – a• už magnetických èi
elektro nických. Tyto vlastnosti podstatnì závisí na
krystalové struktuøe. Jako zástupci pro studium struktury
byly zvoleny série vzorkù Mn2Co1-xRhxSn a slitina
Ni2MnGa.

První jmenovaná slouèenina byla studována pomocí

práškové difrakce na èarách CoKa and CuKa a metodou
EXAFS. Z práškové difrakce vyplývá, že struktura
prochází tetragonální distorzí pøibližnì okolo x = 0.3
obsahu Rh. V Heuslerových slitinách se mùže vyskytovat
nìkolik typù okupaèního nepoøádku (popsané napøíklad v
[1]). Nìkteré z nich se dají vylouèit díky absenci speci -
fických difrakcí v práškovém záznamu. Nepoøádek byl
studován fitováním integrálních intenzit z práškových
záznamù a fitování EXAFSových dat zmìøených na
absorpèní hranì CoK a MnK. EXAFS ukazuje, že uvažo -
vání okupaèního nepoøádku je nezbytné ke správnému
zpracování dat. Fit bez nepoøádku totiž vede k velké
kontrakci møížových parametrù, což není fyzikálnì možné

(prášková difrakce byla znovu zmìøena po EXAFSovém
mìøení a møížové parametry se nemìní).

Druhý vzorek, Ni2MnGa, je èlenem slitin s tvarovou
pamìtí a jeho struktura mùže být dobøe modifikována
drobnými zmìnami v kompozici. Doposud byla struktura
Ni2MnGa studována vìtšinou práškovou difrakcí [2], naše
studie naproti tomu probíhaly na monokrystalickém
vzorku. Složení našeho vzorku bylo urèeno pomocí EDX
jako Ni50.1Mn28.4Ga21.5. Z mìøení vyplývá že základní
struktura našeho vzorku je monoklinní, která se však
nepøíliš liší od tetragonální. Ví se [3], že Ni2MnGa mùže
vytváøet dvojèatovou strukturu. Pøítomnost dvojèatových
domén byla potvrzena monokrystalickou difrakcí.
Z výsledkù vyplývá, že ve vzorku existuje modulovaná
10M struktura, protože se v záznamu objevila satelitní
max ima, kterým jsme pøiøadili neceloèíselné indexy. Tato
modulace mùže být popsána harmonickou vlnou, jejíž
koeficienty jsme získali fitováním integrálních intenzit. Na
vzorku byla rovnìž zmìøena difrakce za vysokých teplot.
Pøechod do vysokoteplotní austenitické fáze vykazuje
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hysterezi – k pøechodu došlo pøi 62 °C pøi o høevu a pøi
50 °C pøi chlazení.
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The de vel op ment and im prove ment of nanomaterials re -
quire the ac cu rate struc ture anal y sis of sin gle nanocrystals.
Elec tron dif frac tion (ED) al lows the struc ture anal y sis of
sin gle nanocrystals as small as tens of nanometers thanks to 
the strong in ter ac tion be tween elec trons and mat ter, com -
pared to X-rays, and has al ready been used for some time
for this pur pose [1-4]. The three-di men sional in for ma tion
of the re cip ro cal space may be ob tained by us ing elec tron
dif frac tion to mog ra phy (EDT) [5,6], which con sists of tilt -
ing the crys tal in small steps around the axis of the
goniometer and col lect ing a dif frac tion pat tern at each po -
si tion. Be cause the an gu lar po si tion be tween the pat terns is
known, the three-di men sional in for ma tion of the re cip ro cal 
space can be re con structed. How ever, mul ti ple scat ter ing
of the beam can not be ne glected for ED. One rem edy to
these dy nam i cal in ter ac tions is to use pre ces sion elec tron
dif frac tion (PED) [7, 8], where the beam is pre cessed
around the op ti cal axis of the mi cro scope, mak ing a cone
sur face with the ver tex at the sam ple. The beam is de flected 
back to the op ti cal axis af ter pass ing through the sam ple,
re sult ing in re flec tion spots in the pat tern (Fig. 1). PED data 
sets have the in ten si ties in te grated over all the po si tions of
the beam dur ing the pre ces sion, re sult ing in in ten si ties less
sen si tive to mul ti ple scat ter ing ef fects and crys tal de fects
and more sen si tive to struc ture pa ram e ters. Sev eral struc -
tures of nanocrystalline ma te ri als of di verse com plex ity
have been de ter mined us ing pre ces sion elec tron dif frac tion 
to mog ra phy (PEDT) [9-11]. De spite of giv ing re li able
struc ture so lu tion, the use of kinematical ap prox i ma tion is
not suit able for the least-squares struc ture re fine ment
against ED data. Such re fine ment re sults in higher fig ures
of merit and lower ac cu racy of struc ture pa ram e ters. To
prop erly ac count for the dy nam i cal char ac ter of elec tron
dif frac tion, the dy nam i cal the ory of dif frac tion should be
used. The use ful ness of the dy nam i cal re fine ment for
PEDT data was re cently dem on strated [12, 13] and it was
shown to give more ac cu rate struc ture pa ram e ters and
lower fig ures of merit when com pared to re fine ments us ing 
the kinematical ap prox i ma tion. In this work, the com par i -
son of the kinematical and the dy nam i cal re fine ments with
the ref er ence struc ture ob tained by sin gle crys tal X-ray dif -
frac tion is pre sented for 5 sam ples. The com par i son is per -
formed be tween the stan dard crys tal lo graphic res i due
pa ram e ters R1(obs), wR(all), av er age dis tance from the

ref er ence atomic po si tion (ADRA) and max i mal dis tance
from the ref er ence atomic po si tion (MDRA). It is shown
that the PEDT model re fined us ing the dy nam i cal the ory of
dif frac tion matches very well with the ref er ence struc ture,
with lower fig ures of merit and an av er age dis tance from
the ref er ence atom (ADRA) lower than 0.021 C (Tab. 1).
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Fig ure 1. Dur ing the pre ces sion elec tron dif frac tion, the beam is
de flected from the op ti cal axis of the mi cro scope, mak ing a cone
sur face with the ver tex at the sam ple. The post-spec i men coils
de flect the beam back, re sult ing in a dif frac tion pat tern with
spots instead of circles.
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Study of tem per a ture sta bil ity of ti tan ate nanotubes
(Ti-NT) is im por tant be cause some of pos si ble ap pli ca tions 
of Ti-NT re quire heat ing [1]. By heat ing of Ti-NT at low
tem per a ture range (from room tem per a ture till ap prox i -

mately 200°C) the re leas ing of the ad sorbed and interlayer
wa ter were ob served [2-5]. These re leas ing of wa ter were
ob served by X-ray dif frac tion [2, 4] and DSC anal y sis [3,
5]. At higher tem per a ture the ana tase struc ture of TiO2

started grow [4, 5]. Finely at the tem per a ture higher than

700°C the nanotubes trans form to nanorods with struc ture:

Na2Ti6O13 [2-5] and nanoparticles with rutile struc ture of
TiO2 [4-5].

In this con tri bu tion, the struc ture changes of ti tan ate
nanotubes will be stud ied by com bi na tion of pow der X-ray
dif frac tion, dif fer en tial scan ning cal o rim e try, ther mal
gravimetric anal y sis and mass spec tros copy. The study was 
done in two at mo sphere - air and in ert at mo sphere (vac -
uum, he lium). In air and in ert at mo sphere, the re leas ing of
wa ter was ob served by X-ray dif frac tion, DSC and con firm 
with mass spec tros copy at low tem per a ture. The trans for -
ma tion to ana tase struc ture of TiO2 was ob served by pow -

Ta ble 1. Sam ples used in the com par i son of the dy nam i cal re fine ment against the ref er ence struc ture and the kinematical re fine ment.
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der X-ray dif frac tion and DSC in air and in ert at mo sphere.
How ever other trans for ma tion at high tem per a ture to
Na2Ti6O13 and rutile struc ture of TiO2 was ob served only in 
air at mo sphere. In vac uum at mo sphere the ana tase was
only sta ble phase. In He the black rutile was found on DSC
curve.
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Metastable b ti ta nium al loys ex hibit unique me chan i cal
and func tional prop er ties, such as high spe cific strength,
ex cel lent cor ro sion re sis tance and good biocompatibility

[1]. There fore, metastable b ti ta nium al loys are pro spec tive 
ma te ri als for a num ber of ap pli ca tion fields, in clud ing au -
to mo bile and air craft in dus try or bio med i cal de vices.

Metastable b ti ta nium al loys con tain a suf fi cient amount of

b-sta bi liz ing el e ments to re tain the high tem per a ture b
phase (body-cen tred cu bic) in a metastable state upon rapid 
cool ing to room tem per a ture. How ever, the ther mo dy nam i -

cally sta ble com po si tion con sists of a mix ture of the b

phase and par ti cles of the low tem per a ture a phase (hex ag -
o nal close-packed) [2]. Phase trans for ma tions oc cur ring in
these al loys are very com plex, as sev eral ad di tional
metastable phases can form. One of the most in trigu ing of

these phases is the w phase which oc curs as nanoparticles
of hex ag o nal struc ture ho mo ge neously dis trib uted

through out the b ma trix. These par ti cles dis play an el lip -

soi dal mor phol ogy and are co her ent with the b ma trix. The

w par ti cles form by a diffusionless displacive trans for ma -

tion from the par ent b phase [3] and upon age ing at el e -
vated tem per a tures fur ther evolve by a dif fu sion-driven

pro cess [4]. The ex act mech a nisms of w par ti cle for ma tion
and growth are still nei ther sat is fac to rily de scribed, nor
fully un der stood.

This re search was con ducted on TIMETAL LCB

(Ti-6.8Mo-4.5Fe-1.5Al in wt.%) metastable b ti ta nium al -
loy. For the pur pose of this study, sin gle-crys tals of this al -
loy were grown in an op ti cal float ing zone fur nace [5]. The
re sult ing sin gle-crys tals were so lu tion treated above the

b-transus tem per a ture and quenched to wa ter. Sub se -
quently, dif fer ent con di tions were pre pared from this ma te -
rial by age ing at 300 °C for 8 h, 16 h, 32 h, 64 h, 128 h and
256 h. Then we mea sured coplanar re cip ro cal space maps

around the { }1122 w  max i mum of the w phase and around the 

{112}b max i mum of the b ma trix in all the sam ples, see
Fig. 1 and Fig. 2, re spec tively. The

 w max ima ex hib ited an el lip soi dal shape which was fit -
ted us ing a model of dif fusely scat tered in ten sity. The

shape of {112}b peaks sub stan tially dif fer from the w max -

ima, as it is af fected by dif fuse scat ter ing from w par ti cles
and other de fects in the struc ture. From the fit of the shape

of w peaks, the mean w par ti cle sizes along its c-axis (de -
noted by Rc) as well as along its a-axis (Ra) were cal cu lated, 

see Fig. 3. It was found out that the size of the aged w par ti -

Fig ure 1. Coplanar re cip ro cal space maps mea sured in the  max i -

mum { }1122 w  of the w phase par ti cles. So lu tion treated sam ple (a) 

and sam ples af ter age ing for 8 – 256 h (b – g). The red lines in the
left panel rep re sent sim u lated in ten sity dis tri bu tions.
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cles is al most spher i cal and that the ra dius obeys a de pend -
ence t1/3, where t is the age ing time. This de pend ence was
ob served also for a num ber of other sys tems and is known
as the Lifshitz, Slyozov and Wag ner model [6]. This law
holds for dif fu sion-con trolled growth of par ti cles un der the 
in flu ence of pre cip i tate-ma trix in ter face en ergy. The com -

po nents of the mis fit of the w lat tice with re spect to the lat -

tice of the b ma trix were also de ter mined, see Fig. 4. The
larg est mis fit is ob served in the so lu tion treated sam ple.
With in creas ing age ing time, the mis fit is de creas ing. This
ef fect is most likely caused by an out ward dif fu sion of al -

loy ing el e ments from the vol ume of the w par ti cles which

ac com pa nies the growth of the w phase par ti cles.
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Fig ure 2. Coplanar re cip ro cal space maps mea sured in the

{112}b  max i mum of the b ma trix. So lu tion treated sam ple (a)
and sam ples af ter age ing for 8 – 256 h (b - g).

Fig ure 3. The de pend ence of the w par ti cle ra dii on the age ing
time.

Fig ure 4. The de pend ence of the mis fit com po nents along the

two main axes of the hex ag o nal w lat tice on the age ing time.


