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The pres ence of re sid ual stresses in the near sur face re gion
of bulk ma te ri als and in thin films is a gen eral prob lem of
var i ous tech nol o gies. Among a num ber of meth ods de vel -
oped for stress anal y sis, X-ray dif frac tion meth ods are of
spe cial im por tance due to their ca pa bil ity to an a lyze the
depth vari a tion of the re sid ual stresses. Since the first stress 
de ter mi na tion by X-ray dif frac tion in the 1930s a large va -
ri ety of mea sur ing meth ods and eval u a tion pro ce dures

were de vel oped. While the stan dard sin2y method can be
eas ily used for bulk ma te ri als, it is not ap pli ca ble for thin
films, where steep stress gra di ent per pen dic u lar to the sam -
ple sur face can be pres ent. In this case the meth ods based
on graz ing in ci dence (GI) set-up are more ap pro pri ate. The

con stant (and usu ally small) an gle of in ci dence a, that is a
char ac ter is tic fea ture of GI X-ray dif frac tion, en sures that
the in for ma tion depth does not change dur ing the mea sure -
ment. The GI method of stress de ter mi na tion is clas si fied

as mul ti ple {hkl} mode in com par i son with the sin2y
method, that uses only one set of {hkl} planes while the an -

gle of sam ple in cli na tion c var ies. The GI method is based
on the fact that all dif frac tion vec tors con trib ut ing to the GI
dif frac tion pat tern make dif fer ent an gles with the sur face
nor mal of the sam ple and pro vide suf fi cient set of data for
stress eval u a tion. How ever, this method of stress mea sure -
ment fails if the an a lyzed layer is strongly tex tured. In this
case the ori en ta tion of the dif frac tion vec tors is sharply lo -
cal ized and the num ber of dif frac tions reg is tered in the

mea sure ment per formed at con stant a and c (usu ally c =

0°) may be in suf fi cient for the eval u a tion of the stress state.
In the pre sented con tri bu tion a mod i fied method com -

bin ing mul ti ple {hkl} and mul ti ple c modes of stress mea -

sure ments is out lined. Mea sur ing at c ¹ 0° can sig nif i cantly 
in crease the num ber of ac ces si ble dif frac tions. The an a -
lyzed film is sup posed to have a fi bre tex ture with the tex -
ture axis  par al lel to the sur face nor mal. The most prob a ble

val ues of an gles y be tween the dif frac tion vec tors and the
di rec tion  are cal cu lated from sin gle crys tal data. In or der to 

mea sure the dif frac tion with Bragg an gle q at se lected an -

gle of in ci dence a, the tilt ing an gle c and the ro ta tion an gle

w of the goniometer have to be cal cu lated ac cord ing to re la -
tions
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Due to ro ta tional sym me try of the tex ture there is no

spe cific re stric tion for the az i muthal an gle j. 
The de scribed method was used for eval u a tion of bi -

axial stress in ZnO lay ers de pos ited on (111) GaP sub -
strates. The stress mea sure ments were per formed on as
de pos ited sam ples and re peated af ter an neal ing at 300 °C
for 1 hour in N2 at mo sphere. The de tails of sam ple prep a ra -
tion are given else where [1]. The lay ers ex hibit strong fi bre 
tex ture with [001] axis per pen dic u lar to sam ple sur face, the 
002 pole fig ure is shown in Fig. 1. Due to this tex ture, only
three dif frac tions (002, 103 and 203) with suf fi cient in ten -
si ties can be used for stress eval u a tion, when the dif frac tion 

pat tern is re corded in stan dard GI set-up with a = 1.5° and

c = 0°. How ever, polycrystalline hex ag o nal ZnO pro vides

20 dif frac tions in the range  2q < 122° (for Cu Ka ra di a tion) 
with rel a tive in ten si ties above 1%, 17 of them are ac ces si -

ble by an ap pro pri ate choice of an gles c and w for a con -

stant an gle of in ci dence a = 1.5°. Ten stron gest dif frac tions 

were mea sured for dif fer ent val ues of y around the ideal
an gle cor re spond ing to sin gle crys tal data. 

Fig ure 1. 3D Pole fig ure 002 of ZnO layer mea sured

within the an gu lar range c = 0° - 30°.
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The re sults for an nealed sam ple are col lected in stan -

dard sin2y  plot in Fig. 2. It is seen that the points cover al -

most uni formly the whole range of the pa ram e ter sin2y.
The crys tal lite group method pro posed for thin films with
fi bre tex ture [2] was em ployed for the cal cu la tion of bi axial 
stress. The ap pro pri ate re la tion for hex ag o nal crys tals with
this type of tex ture has the form

s s s s s33 11 12 13
2

132 2¢ = + - +[( )sin ]y s

It was found that the stress in ZnO lay ers is com pres sive 
and its value de creased sig nif i cantly upon an neal ing from
3 GPa to 0.5 GPa.

The method en ables to an a lyze also the depth vari a tion
of the stress by chang ing the an gle of in ci dence . How ever,
ap proach ing the crit i cal an gle for to tal ex ter nal re flec tion,
an ap pro pri ate cor rec tion of mea sured dif frac tion an gles

has to be made. In ad di tion, for in clined ge om e try (c ¹ 0°)
the plane of re frac tion does not co in cide with the dif frac -
tion plane and the stan dard cor rec tions have to be mod i fied
[3]. Fur ther im prove ments can be achieved by ap ply ing
more so phis ti cated mod els de vel oped for thin films [4].
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Coal has been used for pro duc tion of heat and en ergy for
years. Even now a days en er getic in dus try con sumes sig nif i -
cant amount of coal for pro duc tion of elec tric en ergy. High
amount of coal is also spent dur ing the pro duc tion of pig
iron. U. S. Steel Košice, s.r.o. pur chases and combust coal
from dif fer ent sup pli ers. The qual ity of such coal is cru cial
for the com bus tion pro cess with re gard to the ecol ogy. The
qual ity is con sid ered by dif fer ent petrographic pa ram e ters
such as car bon, hy dro gen and ni tro gen con tent in the in -
flam ma ble (daf – dry ash free), con tent of wa ter, min er als,
sul fur, vol a tile sub stances etc.

The qual ity and con tent of min er als in the coal is de ter -
mined by chem i cal pro ce dures, how ever such data can be
op ti mized by X-ray dif frac tion method. Mea sure ment and
eval u a tion of dif frac tion pat terns of coal was car ried out by
sev eral au thors [1-3], who re fined the min er al og i cal com -
po si tion of the coal ac cord ing to the coal de posit. Among
the most com mon oc cur ring min er als in the coal quartz,
kaolinite, mus co vite, py rite, car bon ates – cal cite, do lo mite, 
sid er ite and ox ides – mag ne tite, he ma tite are worth to men -
tion. Coal com bus tion is car ried out at high tem per a tures,
where the min er als change their phase com po si tion, melt
and re lease un fa vor able gases, such as CO2 (carbonates)
and sulfur (pyrite).

X-ray dif frac tion anal y sis was per formed on se lected
sam ples of black coal. Ta ble 1 sum ma rizes the re sults of
the anal y ses with the av er age, min i mal and max i mum val -
ues of de ter mined min er als. Ob tained re sults vary qual i ta -
tively and quan ti ta tively ac cord ing to the sam ple se lec tion
and col lec tion. Graph pres ent in Fig. 1 shows typ i cal dif -
frac tion pat tern of black coal. Dif frac tion pat terns were

mea sured us ing Co Ka wave length and line de tec tor in -
stalled on our dif frac tion de vice at our X-ray lab o ra tory.
Eval u a tion and re fine ment was car ried out us ing TOPAS
soft ware with Rietveld method.

The im por tance of mea sure ment and eval u a tion of dif -
frac tion pat terns of coal is not just in the anal y sis of min er -
al og i cal com po si tion, but also in the in ves ti ga tion of
struc tural pa ram e ters of car bon it self. Pure car bon is graph -
ite with lat tice pa ram e ters of a = 0.2464 nm and c = 0.6711
nm. Car bon pres ent in coal is not in pure min er al og i cal
form, it is not closely ar ranged as it con tains ex cept of in or -
ganic com po nent also or ganic part with vol a tile sub -
stances. Ac cord ing to the lit er a ture the au thors rec om mend
to study the struc ture of car bon af ter the re moval of min er -
al og i cal part in the coal. This needs to be done by leach ing
of the coal in con cen trated ac ids such as HF and HCl. Af ter
the re moval of min er als in the coal au thors stud ied only dif -

Fig ure 2. sin2y plot based on the com bi na tion of mul ti ple hkl and 

mul ti ple c mode of stress mea sure ment.
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frac tion pro file of the stron gest plane (002) of car bon by
dif fer en ti at ing on the aliphatic and ar o matic part. Ar o matic 
ring stack ing is closer the d002 value of graph ite. Pa ram e ter
aro ma tici ty fa, which per fectly cor re lates with the
petrographic pa ram e ter Cdaf, was calculated from the
obtained integral values [4, 5].

The aim of our re search was to find the struc tural pa -
ram e ters of car bon di rectly from the mea sured dif frac tion
pat tern with out the leach ing of the coal in con cen trated ac -
ids. For this pur pose Rietveld method was used. Dif frac -
tion pat terns of se lected sam ples of coal were re fined in the
TOPAS soft ware in the way that the dif fer en ti a tion of the
car bon on aliphatic and ar o matic part was ob tained by de -
fin ing two struc tures of car bon, Fig. 1. By this way we were 

able to ob tain mass por tions of aliphatic and ar o matic com -
po nents of car bon in coal with re fined lat tice pa ram e ters,
interlayer dis tance and crys tal line size. These pa ram e ters
per fectly cor re late be tween each other. The graph in Fig. 2
shows the re la tion of interlayer dis tance d002 on mass por -
tion of car bon. Both trend lines are di rected to the amount
of 50 % at stan dard value of d002 = 0.335 nm what is a
perfect coal and thus graphite in the limit.
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Ta ble 1.  Gen eral phase com po si tion of the an a lyzed coal sam ples.

Fig ure 1.  De tail of the re fined dif frac tion pat tern.
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The shape mem ory al loys (SMAs) have been used since
1971. The main at ten tion turned from the first ap plied al loy 
Nitinol to cop per-based al loys, but the sec ond half of 80’s
re turned the lead ing po si tion in the field to Nitinol as a stent 
im plants ma te rial. The sig nif i cant boost for SMAs was the
dis cov ery of the mag net i cally in duced martensitic trans for -
ma tion in Ni2MnGa based al loys. Nev er the less, the field of
SMA is much wider and con tain var i ous, even pe cu liar, al -
loys con nected just by pres ence of the martensitic trans for -
ma tion - diffusionless trans for ma tion, where at oms moves
just the dis tances shorter than lat tice pa ram e ter.  Com pared
to usual habit of met als, the re sponse to me chan i cal stress
(or other ex ter nal force) in SMAs is not stan dard, and there
should be an ex pla na tion, why the de for ma tion is not pro -
ceeded via cre ation of dis lo ca tions. The pro cesses be hind
such be hav ior are usu ally the long dis tance forces of pre -
cip i tates and the high or spe cific den sity of the pla nar de -
fects in lat tice.

In the pre sented pa per we over view of the fruit ful ex -
plo ra tion of the elec tron back-scat tered dif frac tion (EBSD) 
method to in ves ti gate the solid state phase trans for ma tions

in SMAs. EBSD method, as the im prove ment and eval u a -
tion of ob served Kikuchi lines, is even older than elec tron
mi cros copy it self and dates back to 1928. It al lows us to es -
tab lish the ori en ta tion of the known lat tice in the point il lu -
mi nated by the elec tron beam. Pre sented re sults cover the
wide range of SMAs. 

The trans for ma tion in Co-Ni-Al al loys is the ex am ple
of the stress in duced martensitic trans for ma tion sta bi lized
by the par ti cles of the non-trans form ing phase. The real
martensitic vari ants were dis tin guished from pol ish ing
artefacts hav ing the same shape as these variants by EBSD.

The ex tremely sim i lar vari ants of very slightly mono -
clinic martensitic phases in Ni-Mn-Ga al loys can be dis tin -
guished by EBSD too, al though some dif fer ences are
be low the res o lu tion lim its of the method and eval u a tion
must be im proved by man ual eval u a tion or ad di tional pre -
sump tions. The more known SMA al loys in the same cat e -
gory rep re sents NiTi be ing functionalized by pre cip i tates
and cop per based al loys as Cu-Al-Ni driven by a cas cade of 
martensitic trans for ma tions and their twinning boundaries.

L19

 MIKROSTRUKTURA TAŽENÉ PERLITICKÉ OCELI A JEJÍ OBRAZ V RTG. DIFRAKCI

Fig ure 2.  Interlayer dar o matic and daliphatic vs. car bon con tent of coal.
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Perlitická ocel C80D (0,80 hm.% uhlíku) pøipravená
válcováním s rùznými rychlostmi chlazení a následnì
tažená za studena za pomoci raznic rùzných geometrií
vykazuje odlišné mechanické vlastnosti (pevnost, tažnost).
Byla zkoumána souvislost s mikrosktrukturou zobrazenou
pomocí metalografie a øádkové elektronové mikroskopie
(SEM), která vykazuje známé empirické tendence
(mezilamelární vzdálenost v perlitu, uspoøádávání lamel) a
dále souvislost mikrostruktury s velièinami pozo ro va tel ný -
mi v rtg. difrakci (XRD). Pevnost válcoaných perlitických

ocelí pak vykazuje souvislost s hustotou lamel (SEM) a
mikronapìtím (XRD) pocházejícím od mis fit-dislokací na
rozhraní ferrit-cementit, zatímco nárùst pevnosti pøi
studené deformaci vykazuje souvislost reorientací lamel,
kterou lze pozorovat ve vývoji krystalografcké textury.
Mìøením rtg. difrakce tak lze popsat mikrostrukturní stav
jak válcovaných tak tažených vzorkù a odhadnout jejich
mechanické vlastnosti, pøípadnì další zpracovatelnost
materiálu.
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Dùsledkem prostorové a èasové koherence laserového zá -
øení je koncentrace výkonu, resp. energie, kterou lze optic -
kými soustavami získat. Èoèkou nebo soustavou zrcadel
lze laserový svazek v jejich ohnisku fokusovat na prùmìr
blížící se vlnové délce. Velmi vysoké hustoty výkonu,
které la ser mùže vytvoøit jsou ekvivalentní tepelným zdro -
jùm s teplotou nad 20000° C. To umožòuje øezat ocelové
desky až 20 mm tlusté kontinuálním laserem CO2 s výko -
nem 6 kW pøi rychlosti 1 m za minutu, nebo vrtání dìr a
také laserové svaøování bìžné oceli až do tlouš•ky 12 mm.
U laserového svaøování ocelí jsou zbytkové deformace 3 až 
5 krát menší než u obloukového svaøování. Charak te ris tic -
ké je zmenšení šíøky zóny plastických deformací ve
srovnání s obloukovým svaøováním, což vede k význam né -
mu snížení pnutí. Laserové svaøování lze tak považovat za
pøesnou výrobní operaci, která mùže být považována za
koneènou a nepotøebuje následné odstranìní zbytkových
deformací nebo mechanického opracování svárù. 

Uvedené aplikace laseru – vrtání, øezání a svaøování -
pøed stavují objemové procesy. Velmi atraktivní jsou však
procesy úpravy povrchù, které mohou být bez natavení
povrchu, jako je žíhání a kalení, resp. transformaèní vytvr -
zování. S natavením povrchu se provádí povrchové lego -
vání, opatøování povlaky (povlakování), zpevòování
povrchu disperzními èásticemi, zjemòování zrna, amorfi -
zace a kalení z kapalného stavu. S natavením povrchu se
také provádí zpracování šoky, resp. rázy, spoèívajícími v
tlakovém úèinku vypaøeného plynného me dia nad povr -
chem kovu.  Pùsobením krátkých pulsù s vysokou hustotou 
energie vznikají v povrchové vrstvì materiálu tlaková
zbytková pnutí, které významnì zlepšují zejména únavové
vlastnosti materiálu tím, že omezují vznik a rozvoj
povrchových trhlin. 

Optický ohøev laserem je bezkontaktní. Do ohøívaného
mate riálu se nedostávají žádné neèistoty ani nežádoucí
pøímìsi. Mùže se provádìt ve vakuu nebo v inertní atmos -
féøe. Pomocí vhodných optických prvkù je proveditelný i v

místech nedostupných pro jiné zpùsoby ohøevu. Fokusací
záøení laseru je možné jeho úèinek omezit na velmi malou
plochu a také omezit na výjimeènì krátkou dobu. Tím lze v
prostoru vymezit jeho tepelné úèinky, zejména jen na
malou hloubku pod povrchem. Pomocí optických soustav
lze také svazek laseru vymezit na plochu s požadovanou
velikostí nebo ho rozdìlit na nìkolik svazkù a ty pøivádìt
na rùzná místa. Mechanickými prostøedky je možné zaøídit
vzájemný pohyb laserového svazku a opracovávaného
povrchu.       

Úèinek laseru lze pøi optickém ohøevu velmi jemnì a
velmi pøesnì dávkovat. Posloupnost jednotlivých operací
lze relativnì snadno naprogramovat a celý cyklus zauto ma -
tizovat. To je podstatné pro hromadnou sériovou výrobu,
kde výjimeèná reprodukovatelnost podstatnì snižuje
zmetkovitost. Podle toho jakou strukturu povrchu, resp.
jaké vlastnosti povrchu požadujeme, je možné zvolit režim
opracování, t. j. zejména hustotu výkonu, dobu pùsobení
laserového záøení na povrch a dobu relaxace. Tím lze na -
pro gramovat úèinek laseru a dosáhnout tak zcela urèitého
zpùsobu opracování povrchu. 

Ideální konstrukèní materiál by mìl mít velkou houžev -
na tost pøi velké povrchové tvrdosti. Houževnatosti se
dosahuje popouštìním, tedy pomalým ochlazováním po
ohøevu, tvrdosti naopak rychlým ochlazením. Pøi klasic -
kém kalení s rychlým ochlazením však bohužel roste
køehkost jádra materiálu, a proto je použití laseru ke
zvýšení tvrdosti povrchu velmi výhodné. Laserovým
svazkem se zakalí jen tenká povrchová vrstva bez prohøátí
a zmìn vlastností jádra materiálu, které si ponechá svou
houževnatost. Podstatným rozdílem laserového kalení od
klasického je to, že laserové kalení mùže probíhat i s
natavením povrchu. Pøi laserovém kalení bez natavení
povrchu probíhají strukturnì-fázové transformace v
pevném stavu, t.j. transformaèní vytvrzování. Výhodou
laserového opracování je, že umožòuje vytvoøit amorfní
strukturu pøímo na povrchu masivních souèástí z kovových 
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slitin. Bylo však zjištìno, že pøi laserové amorfizaci
povrchu jsou nutné vyšší ochlazovací rychlosti než pøi
dosa vadním ochlazování mezi rotujícími válci. 
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FeRh THIN LAY ERS
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The Fe50Rh50  ma te rial ex hib its a re vers ible mag neto-struc -
tural tran si tion be tween a room-tem per a ture anti ferro -
magnetic (AFM) and a high-tem per a ture fer ro mag netic
(FM) phase ap prox i mately at 350 K [1]. At room tem per a -
ture, the mag netic mo ment lo cated at the Fe at oms are AFM 
or dered while there are no lo cal ized mag netic mo ments at
the Rh at oms [2]. Af ter the tran si tion, the lat tice is dis -
cretely ex panded and there are lo cal ized mag netic mo ment
FM or dered at the Fe at oms, and at the Rh at oms as well [2].

How ever, the prin ci pally first-or der tran si tion it self dis -
plays con tin u ous be hav iour with the pres ence of the struc -
tur ally transited but non-mag netic phase [3]. More over, the 
tran si tion shows the tem per a ture/field hys ter esis in the lat -
tice pa ram e ter and in the magnetic net moment [4].

Most prob a bly, the ini tial growth of the fer ro mag netic
phase is stim u lated by the de fects lo cated at the sur face
and/or the in ter face with the sub strate [4]. Fur ther, in the
thin FeRh lay ers, the pres ence of the sta ble re sid ual FM
vol ume is be ing ob served [5]. It was shown that this vol -
ume can be lo cated at the layer/sub strate or layer/cap ping
in ter face [5]. Such de fected in ter faces can be rich of seeds
for the for ma tion of ferromagnetic FeRh regions.

Us ing High-Res o lu tion X-ray diffractometry (HR-
 XRD), we have mea sured sev eral sam ples of FeRh thin
lay ers with var i ous thick nesses. Ben e fit ing from the dif fer -
ent lat tice pa ram e ter of the AFM and the FM phase, we de -
ter mined from the mea sured peak-in ten sity the vol ume of
both phases in the sam ples. From the tem per a ture de pend -
ent mea sure ment (heat ing and cool ing), we re con structed
the hys ter esis loop of the FM/AFM volume (figure 1).

At room tem per a ture, the mea sured curves were ev i -
dently asym met ric in di cat ing the pres ence of the strong
AFM-phase peak and the weak FM-phase peak (see fig ure
2). We were look ing for a rich-Fe in ter fa cial layer that
could be a source of that re sid ual FM phase. From the
X-ray re flec tivity, it fol lows that our FeRh thin lay ers
them selves can be de scribed by a model of a sin gle ho mo -
ge neous layer as the mea sured X-ray re flec tivity was suc -
cess fully fit ted by this model. The re flec tivity proved that
there is no ob serv able FeRh sub-layer with dif fer ent
stoichi ometry at the in ter face with the substrate and/or with 
the capping layer. 

On the other hand, the thick ness os cil la tions were pres -
ent in the dif frac tion curves for all tem per a tures. Their fre -
quency cor re sponded very well to the thick ness ob tained
from the X-ray. Sur pris ingly, the width of the pos si ble
FM-phase peak was as the same as its width above the tran -
si tion tem per a ture. Later anal y sis, when we sim u lated and

fit ted mea sured curves (fig ure 2), sup ported the sus pi cion
that the re sid ual FM vol ume (al though very small) has in
the out-of-plane di rec tion the di men sion be ing equal to the
film thick ness, i.e., it is grown from the very bottom to the

top of the thin layer.
Be sides the find ings that the re sid ual fer ro mag netic

vol ume can be con cen trated at the layer/sub strate (or cap)
in ter face [5], we found in our sam ples that this vol ume can
be lat er ally spread in the layer in a form of thin col umns,
but al ready hav ing their fi nal thick ness. Just these col umns

Fig ure 1. Evo lu tion of the AFM and FM vol ume dur ing the heat -
ing&cool ing loop.

Fig ure 2. Mea sured dif frac tion curves for dif fer ent tem per a tures
(heat ing and cool ing loop). The ex per i men tal data (col oured) are
fit ted with the sim u la tion (black solid curve).
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could be the seeds for the emerg ing FM phase during the
heating.
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In re cent years ti ta nium di ox ide (TiO2) is very in ten sively
stud ied due to its phys i cal and chem i cal prop er ties ben e fi -
cial for many ap pli ca tions, for ex am ple in semi con duc tor
metal ox ide gas sens ing de vices. Upon ex po sure of TiO2

sur face to traces of hy dro gen, car bon mon ox ide, meth ane
or other re duc ing gases, its re sis tiv ity changes dra mat i cally 
[1]. Sen sor re sponse is de fined as S=Rair/Rgas, where Rair

and Rgas are resistances mea sured in air with out de tected
gas and in mix ture of air and mea sured gas, re spec tively. 
Typ i cally the con tact me tal lic struc tures are pre pared on
top of the TiO2 film. Ox ide lay ers are de pos ited on un -
heated sap phire sub strates by re ac tive DC mag ne tron sput -
ter ing. Plat i num con tact lay ers are sput tered on top of the
ox ide layer. We stud ied the pos si bil ity to uti lize sta ble
rutile phase thin films de pos ited at rel a tively low tem per a -
ture on c-cut sap phire sub strates. Tech no log i cal con di tions
have been cho sen in or der to ob tain highly ori ented TiO2

rutile thin films. Sur face to pog ra phy has been char ac ter -
ized by atomic force mi cros copy. Struc ture, tex ture and the 
strain evo lu tion has been in ves ti gated us ing X-ray dif frac -
tion mea sure ments. Thin films showed epitaxial re la tion -
ship with re spect to the sub strate: rutile-TiO2(100)[001] ||
Al2O3(0001)[100]. Sub se quent ex-situ an neal ing in tem -
per a ture range from 500 °C to 800 °C leads to in crease of
crys tal lite size and im prove ment of in-plane pref er en tial
ori en ta tion.  The re sponse of sam ples to hy dro gen is de -
creas ing with in creas ing grain size. We have shown that
the sta ble rutile-TiO2 thin films can be suit able long-term
al ter na tive to metastable ana tase TiO2 sens ing ma te rial [2]. 

How ever we have also pro posed prom is ing de vices
with com bined ver ti cally stacked bot tom and top con tacts
of gas-sens ing TiO2 layer [3]. Within suf fi ciently thin ox -
ide layer the elec trons in strong elec tric field be tween elec -
trodes get hot. This ef fect leads to strong in crease of
sen si tiv ity, shorter dy nam i cal re sponse and pos si ble de -
crease of op er at ing tem per a ture down to room tem per a ture. 
If ohmic con tact is de sired at the metal/TiO2 in ter face, the

struc tures has to be sub se quently an nealed. In or der to un -
der stand the sens ing mech a nisms and struc tural be hav iour
of such struc tures upon ther mal pro cess ing we had to in -
ves ti gate in de tail struc tural prop er ties of such
heterostructures [4]. X-ray dif frac tion, re flec tivity, tex ture
and non-am bi ent tem per a ture mea sure ments has been per -
formed on ref er ence sam ples of the bilayers TiO2/Pt  and
trilayers Pt/TiO2/Pt. Ex-situ an neal ing at the tem per a ture of 
600 °C for 1 hour leads to in crease of crys tal lite size and
im prove ment of in-plane pref er en tial ori en ta tion of Pt
interlayer grown on (0001)-ori ented Al2O3 sub strate. In ner
30nm thin layer shows ran domly ori ented both TiO2-rutile
(R) and ana tase (A) phases with the vol u met ric ra tio of R/A 
~ 2.6 and with the crys tal lite size of ~9 nm and ~18 nm, re -
spec tively.  These data  were im por tant input to simulations 
of electron transport model, which has fit very well to
measured resistance data [4].
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Hex ag o nal fer rites thin films based on iron (III) ox ides
have at tracted great in ter est in the field of mag netic ox ide
ma te ri als. They are used as in for ma tion stor age me dium
and in di verse mi cro wave ap pli ca tions. In or der to im prove
their func tional prop er ties through im proved crys tal lo -
graphic and mag netic ani so tropy, buffer lay ers that match
struc tural and chem i cal prop er ties of fer rite film and sub -
strate ma te ri als are fre quently used in the growth tech nol -
ogy. Hex ag o nal aluminate with for mula SrAl12O19 is
suit able ma te rial as buffer layer due to its chem i cal sta bil ity 
and low lat tice mis fits pa ram e ters against Al2O3 sub strate
and mag netic hex ag o nal fer rites.

In our work we stud ied prep a ra tion of a non-mag netic
SrAl12O19 thin film pre pared by chem i cal so lu tion de po si -
tion CSD method on Al2O3 (0001) sub strate. SrAl12O19 thin 
films were pre pared in two dif fer ent ways, i.e. (a) by di rect
de po si tion of SrAl12O19 sol on Al2O3 (0001) sub strate, or

(b) in situ re ac tion of SrO sols with Al2O3 sub strate. Pre -
pared films were stud ied by XRD dif frac tion and by AFM
measurements.

Both ap proaches lead to the for ma tion of highly ori -
ented 000l SrAl12O19 thin films. De tailed XRD stud ies of
films show sig nif i cant dif fer ences be tween both pro cesses.
Di rect de po si tion of SrAl12O19 sols lead to the dense film
with hex ag o nal struc ture. Ac cord ing XRD anal y sis, these
struc tures show sev eral in-plane orientation variants.

Lay ers pre pared by solid state re ac tion be tween SrO
with Al2O3 sub strate show only one in-plane ori en ta tion of
SrAl12O19.The fi nal film con tains sparse co lum nar hex ag o -
nal is lands and these is lands con tain prob a bly dif fer ent
Sr-Al-O phases or unreacted SrO at lower temperatures. 

This study was sup ported by Grant agency of Czech Re pub -
lic GA14-18392S.

Fig ure 2. w  scans mea sured on Al2O3(001)//SrAl12O19 films pre pared by di rect de po si tion (left) and by solid state re ac tion be tween SrO 
and Al2O3 (right).

Fig ure 1. AFM pic tures of SrAl12O19 pre pared by di rect de po si tion (left) and by solid state re ac tion be tween SrO and Al2O3 (right).
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The pro duc tion of most pig iron is based on the use of iron
sinter which con sists of var i ous min eral phases formed
dur ing the sintering pro cess of iron ore, fluxes and coke
ash. Chem i cal re ac tions at high tem per a tures take place
dur ing the sintering pro cess. Par ti cles of iron ore and flux
in ter act with each other to form a sinter cake, which con sist 
of iron ore, silico-fer rites of cal cium and alu minium
(SFCA, Silico-Fer rite of Cal cium and Alu minium) [1, 2],
dicalcium sil i cate and amor phous phase. The re sults of
stud ies by Scarlett et al. [3] in di cate that the iron sinter
struc ture is formed by the fol low ing phases: iron ox ides
(ca. 40 – 70 vol%), fer rites (mainly SFCA, ca. 20 %), cal -
cium sil i cates (up to ca. 10 %) and amor phous phase (up to
ca. 10 %). Iron sinters can oc ca sion ally con tain also phases
such as sulphides (FeS), py rox enes ((Mg,Fe)SiO3), quartz
and lime. Sum mary of com mon min eral phases oc cur ring
in the iron sinters is given in Ta ble 1.

Iron ox ides are pres ent in the iron sinters as a res i dues
of non-re acted iron ores or as prod ucts crys tal liz ing from
the melt. The most com mon are he ma tite and mag ne tite;
the pres ence of wüstite is ob served only in the case of iron
sinters pro duced with in creased amount of fuel. Cal cium
fer rites are sec ond ary phases which are formed by a re ac -
tion be tween Fe2O3 and CaO, which co mes from the ad di -
tives. The most com mon are dicalciumferrite (Ca2Fe2O5)
and monocalciumferrite (CaFe2O4). Fer rites of com plex
com po si tion (SFCA) are how ever highly rep re sented in the 

iron sinters. Based on the high mu tual chem i cal af fin ity of
lime and SiO2, the pres ence of larnite (Ca2SiO4), as well as
hed en ber gite (CaFeSi2O 6) and pseudowollastonite
(CaSiO3) is also ob served, which are how ever in el i gi ble
min eral phases due to their acid ity. Dom i nant com po nent
of the amor phous phase in iron sinters is mainly SiO2.

In U. S. Steel Košice, s.r.o. the pro duc tion of pig iron is
also based on the use of iron sinter pre pared at four
sintering bands. Iden ti fi ca tion of phase com po si tion of the
in dus trial iron sinters plays a key role in op ti mi za tion of the 
sintering pro cess, as well as ap pro pri ate se lec tion of the
used raw ma te ri als. There fore, the lab o ra tory of X-ray dif -
frac tion at the De part ment of Metallography and Fail ure
Anal y sis (MaFA) deals with the de ter mi na tion of the phase 
com po si tion of iron sinters as well. Since the 2005 more
than 400 sam ples have been measured and evaluated at the
MaFA.

Dif frac tion pat terns of iron sinters were mea sured on
Bragg-Brentano goniometer equipped with line de tec tor,
which sig nif i cantly shorten the mea sure ment time. For

better res o lu tion of the dif frac tion pat tern the Co Ka ra di a -
tion with the volt age of 40 kV and cur rent of 35 mA was
used. Eval u a tion of the phase com po si tion was car ried out
in TOPAS soft ware from Bruker Com pany. The key fac tor
at eval u a tion of phase com po si tion from the mea sured dif -
frac tion pat terns was the avail abil ity of the struc ture data,
where un til re cently the dif frac tion pat terns were eval u ated 

Fig ure 1.  Sam ple 1, de tail of the re fined dif frac tion pat tern.

mailto:pvranec@sk.uss.com
mailto:mcernik@sk.uss.com
mailto:amaslejova@sk.uss.com


Ó Krystalografická spoleènost

180 Struktura 2015 -  Lec tures Ma te ri als Struc ture, vol. 22, no. 3 (2015)

with out the pres ence of SFCA phases. These were re placed 
by other phases of sim i lar com po si tion, i.e.  Ca4Fe9O17,
CaFe5O7, Ca2Fe22O33, CaAl4O7 (Grossite), Na(AlSi3O8)
(Al bite) and oth ers. Re cently, the anal y ses of iron sinters
in clude all avail able and nec es sary struc ture data, what in -
crease the qual ity of the eval u a tion. Eval u ated dif frac tion
pat tern of typ i cal in dus trial iron sinter is given in Fig. 1 and
gen eral phase com po si tion of the an a lyzed sam ples of iron
sinters to gether with min i mal, max i mum and av er age con -
tent of each min eral phase is sum ma rized in Ta ble 2.

1 J.D.G. Ham il ton, B.F. Hoskins, W.G. Mumme, W.E.
Borbidge, M.A. Montague: The crys tal struc ture and crys -
tal chem is try of Ca2.3Mg0.8Al1.5Si1.1Fe8.3O20 (SFCA): solid
so lu tion lim its and se lected phase re la tion ship of SFCA in
the SiO2–Fe2O3–CaO(–Al2O3) sys tem, Neues Jahrbuch für
Mineralogie, 161, 1-26 (1989).

2 W.G. Mumme, J.M.F. Clout, R.W. Ga ble: The crys tal
struc ture of SFCA-I, Ca3.18Fe3+
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silico-fer rites of cal cium and alu mi num in iron ore sinter,
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(2004).

Ta ble 1.  Prop er ties of com mon phases pres ent in iron sinters.

Ta ble 2.  Gen eral phase com po si tion of the an a lyzed iron sinter sam ples.


