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In this study the com bined anal y sis com pris ing of struc -
ture, tex ture, microstructure and stress anal y sis was ap plied 
to CrAlN thin coat ing en riched with Ta mag ne tron sput -
tered on WC-Co sub strate. The anal y sis was car ried out us -
ing the MAUD pro gram fol low ing the con cepts in tro duced
in book en ti tled Com bined anal y sis of Dan iel Chateigner.

Ex per i men tal ma te rial was pre pared by tilted co-de po -
si tion mag ne tron sput ter ing from CrAl and Ta tar gets on
sintered WC-Co sub strate which was main tained at 200°C.
The pres sure was held at 0.40 Pa.

PANalytical Em py rean diffractometer equipped with
ChiPhi stage and char ac ter is tic Fe fil tered Co ra di a tion in

point fo cus was used for mea sure ment. Pri mary arm con -
tained polycapillary op tic with cross slits while the sec ond -
ary arm was equipped with 0.27 rad par al lel plate
collimator and pro por tional Xe de tec tor. The Chi in cre -
ment was 5° in the range from 0 to 80°and Phi in cre ment at
each Chi was 30° in the range from 0 to 360°. In to tal 204
dif frac tion pat terns were col lected in the 2theta range from
30 to 148°. The in stru ment broad en ing was de ter mined by
mea sur ing NIST LaB6 660c po si tion and pro file stan dard
in an en tire an gu lar range.

The coat ing struc ture model was build based on re sults
from scan ning elec tron mi cros copy (Fig. 1). The coat ing

 

400 nm 

Fig ure 1. Microstructure and EDX map of the transversal coat ing frac ture

Fig ure 2. 2D plot of the dif frac tion pat terns for Chi range from 0 to 30° with 2D dif fer ence plot
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thick ness was de ter mined at ap prox i mately 1 µm with thin
Cr ad he sion layer at an ap prox i mate thick ness of 200 nm.
Chem i cal com po si tion from EDX mea sure ment re vealed
12 at. % of Al, 16 at. % of Cr, 21 at. % of Ta and 49 at. % of
N.

The layer model built in the MAUD pro gram cop ied re -
sults from microstructural ob ser va tions. WC-Co sub strate
model was de ter mined sep a rately from the iden ti cal XRD
mea sure ment of the sub strate. Re fined data were taken as
con straints at the be gin ning of the re fine ment and rep re -
sented the sub strate layer. On top, ad he sion Cr coat ing was
mod elled fol lowed with the up per most layer of CrAlTaN
with cor re spond ing atomic con cen tra tions.
The qual ity of the fi nal re fine ment stage achieved Rwp of
5.02 %. Ex am ple of the fit is pro vided in 2D and 2D re sid -

ual im age (Fig. 2). The fi nal thick ness of the coat ing was
de ter mined to 950 nm and ad he sive Cr coat ing thick ness
150 nm. The tex ture of the CrAlTaN de scribed by Har mon -
ics with -1 sym me try is rep re sented by pole fig ures in Fig.
3. Crys tal lite size and microstrain were de scribed us ing an
anisotropic Popa model.
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Mìï vyniká výteènou elektrickou vodivostí, ale její
mechanické vlastnosti nejsou valné [1]. Když jsou pak
zlepšeny, napøíklad pøímìsemi, dochází k rapidnímu
snížení vodivosti, protože pøímìsové atomy, èi èástice,
které je obsahují, rozptylují vodivostní elektrony. Vcelku
pøekvapivou metodou øešení dilematu preferovat vyšší
vodivost èi mechanické vlastnosti se ukázaly být nìkteré
metody znaèné plastické deformace, které vytváøejí velké
množství nanodvojèat [2]. V takto pøipravených vzorcích
byla pozorována vyšší vodivost než v konvenènì žíhané
mìdi. Pøedpokládáme, že dvojèatové hranice, jako pøíklad
speciálních hranic s velmi malou pøebyteènou energií
vrstevné poruchy, pùsobí jako kanály vedoucí elektrický
proud témìø bezrozptylovì. Samozøejmì jiné poruchy,
jako jsou obecné hranice zrn nebo dislokace elektrony
rozptylují a zvyšují elektrický odpor, což vede k ohøevu
materiálu a degradaci mechanických vlastností. 

I po témìø dvaceti letech je koncept tvorby velkého
množství nanodvojèat stále živý a dále rozpracovávaný pro 
rùzné materiály [3]. V naší práci jsme použili komerènì

èistou mìï pro elektrické aplikace, která byla rotaènì
kována (RS) pøi teplotì kapalného dusíku v zaøízení
Komafu S600, pøi využití zkušeností èlenù týmu
s metodikou RS [4-6]. Výchozí prùmìr tyèí byl 50 mm a
redukovány byly na prùmìry 20 až 10 mm. Vykované tyèe
byly dále žíhány a všechny stavy byly standardnì
zkoumány pomocí SEM (Tescan FERA 3), EDS a EBSD
(EDAX Oc tane super 60 mm2 a Digiview IV), TEM (Jeol
JEOL 2000 FX) a XRD (PANalytical X‘Pert PRO).

Potvrdili jsme, že rotaèní kování vytváøí silnou texturu

ve smìrech á100ñ a á111ñ v ose kování. Zrna jsou
v materiálu velmi silnì protažena ve smìru osy tyèe. Po
žíhání tato mikrostruktura masivnì rekrystalizuje, pøesto
však je vodivost ve všech pøípadech vyšší než v konvenènì
žíhané mìdi pro elektrické aplikace. Tento výsledek je
pøekvapivý, zejména s ohledem na relativnì nízké
množství dvojèat pozorovaných pomocí TEM. Prozatím
pøedpokládáme, že pozorování poruch krystalové møíže je
ovlivnìno schopností mìdi relaxovat i v nízkých teplotách
[7]. 

Fig. 3. Pole fig ures of the CrAlTaN phase
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Metastable b-Ti al loys con tain a suf fi cient amount of

so-called b-sta bi liz ing el e ments to pre vent the for ma tion of

the low-tem per a ture a phase (hcp) in the high-tem per a ture

b ma trix (bcc) dur ing quench ing. Af ter quench ing, the b
phase re mains in a ther mo dy nam i cally metastable state and,
when an nealed, it can de com pose into other phases and
com plex phase trans for ma tions can be ob served [1]. 

Quenched metastable b-Ti al loys of ten con tain par ti cles

of the metastable w phase (hex ag o nal or trigonal lat tice).
These par ti cles form by a diffusionless displacive trans for -
ma tion and have a size of sev eral nm [2] . Dur ing an neal ing

at lower tem per a tures, w par ti cles evolve by a dif fu sion-as -
sisted pro cess and their size in creases to sev eral tens of nm

[3, 4]. When a metastable b-Ti al loy is aged at higher
tem per a tures, or for a lon ger time, pre cip i tates of the ther -

mo dy nam i cally sta ble a phase start to nu cle ate ei ther in the

di rect prox im ity of w par ti cles, or, in their ab sence, di rectly

from the b ma trix [5, 1]. a par ti cles have a lamellar shape

and the crys tal lo graphic ori en ta tion be tween a and b is
given by the Bur gers ori en ta tion re la tion ship [6]. How ever,
the spa tial ori en ta tion of the lamellae (i.e. the ori en ta tion of
their habit plane) has been un der much dis cus sion. While
some re search iden ti fied the habit plane as (111)b [7, 8],
other stud ies re ported the habit plane (11 11 13)b [9].

In the pres ent re search, we used small-an gle X-ray scat -

ter ing (SAXS) to in ves ti gate the spa tial orien ation of of a

Fig ure 1. An ex am ple of mea sured SAXS pat terns; sam ple aged at 510 °C for 16 h. The plane of the b ma trix per pen dic u lar to the pri -
mary beam is given in the bot tom left cor ner of each panel.
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lamellae with re spect to the par ent b phase in a metastable

b-Ti al loy (Timetal LCB). Sin gle crys tals pro duced by the
float ing zone tech nique were used [10]. Con se quently, the
SAXS pat terns rep re sented a sin gle grain, which al lowed
us to ex tract more com plex in for ma tion than if the scat ter -
ing sig nal was av er aged over many grain ori en ta tions. Dif -
fer ent al loy con di tions were pre pared by an neal ing at

se lected tem per a tures be low and above the w solvus, which 
is ap prox i mately 500 °C for the Timetal LCB al loy [11].
More in for ma tion on the an neal ing schemes can be found
in [12].

Fig ure 1 shows an ex am ple of SAXS pat terns mea sured 
for three ori en ta tions of the sam ple. Each sam ple was tilted
to ori ent the planes (001)b, (110)b and (111)b per pen dic u lar
to the pri mary beam, see pan els (a), (b) and (c) in Fig. 1, re -
spec tively. Note that the sym me try of the SAXS pat terns
de pends on the sam ple ori en ta tion: four-, two- and six-fold
sym me try is ob served for the ori en ta tions (001)b, (110)b

and (111)b, re spec tively. Fig ure 2 shows an SEM im age of
the sam ple aged at 510 °C for 16 h.

The SAXS data were fit ted by a model which sim pli fied 

the shape of an a lamella to a triaxial el lip soid. We as -

sumed that all a lamellae are sim i lar, i.e. their axes ra tios

are con stant, and that the size dis tri bu tion of a par ti cles fol -
lows the Gamma dis tri bu tion. From the fit, we ob tained the

de pend ence of the di men sions of a lamellae on the ag ing
con di tion and we de ter mined that the habit plane is close
but not equal to (111)b. The slight de vi a tion of the habit
plane from (111)b is con firmed by SEM, in which fans of
sim i lar ap par ent á di rec tions can be ob served; the ap par ent
á di rec tions re sult ing from the fit are rep re sented by the red

lines (Fig. 2). If the habit plane of the a lamellae was ex -
actly (111)b, the num ber of ap par ent di rec tions would be
re duced to only four, as there are four crys tal lo graphi cally
equiv a lent (111)b planes.

A Monte Carlo sim u la tion of an SEM im age was con -
structed us ing the val ues re sult ing from the fit, see Fig. 3.
The com par i son of fig ures 2 and 3 shows a good agree ment 
be tween the real and sim u lated micro struc tures.
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Fig ure 2. SEM mi cro graph (back-scat tered elec tron con trast) of

the sam ple aged at 510 °C for 16 h. a lamellae are ob served as

darker re gions in a lighter b ma trix. The red lines in di cate the ap -

par ent di rec tions of the a lamellae re sult ing from the fit of SAXS
data.

Fig ure 3. Monte Carlo sim u la tion of an SEM im age of a lamellae 

us ing the a ori en ta tions and sizes fit ted for the 510 °C/16 h sam -
ple.
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This work is fo cused on ther mally in duced re lax ation of
creep in duced ani so tropy (CIA) in the FeCuNbSiB nano -
crystalline al loy [1]. The var i ous ex tents of CIA were in -
duced by stress an neal ing un der ap ply ing ten sile loads up
to 480 MPa. Struc tural changes in duced by an neal ing un -
der uni ax ial ten sile de for ma tion were in ves ti gated us ing
syn chro tron X-ray dif frac tion (XRD). It was shown that
Fe3Si nanocrystalline grains grow ing in the ten sile di rec -
tion have a higher value of the lat tice spac ing. An op po site
be hav iour is seen in transversal di rec tion. The dif fer ence
be tween the value of the lat tice strain de ter mined in the
lon gi tu di nal and trans verse di rec tions is pro por tional to the 
mag ni tude of the ten sile stress ap plied and rep re sents a
quan ti ta tive pa ram e ter de ter min ing the de gree of creep in -
duced ani so tropy (CIA). Strain pole fig ure (SPF) mea sure -
ments pro vide ev i dence that the CIA is uni ax ial, and its
main axis is aligned along ten sile di rec tion. Quan ti ta tive
com par i son of the SPFs shows that the strain par ti tion ing
among dif fer ent Bragg re flec tions is not even and {400}
fam ily of planes ex hib its the high est mag ni tude of the CIA.
Fur ther more, it was found that the mag ni tude of the CIA
for a given set of Bragg re flec tions {hkl} is in versely pro -
por tional to its Young’s modulus Ehkl [2].

XRD mea sure ments pre sented in this work were per -
formed at the P02.1 beamline of the 3rd gen er a tion syn -
chro tron ra di a tion source PETRA III at DESY (Ham burg,
Ger many) [3]. Fig ure 1 shows typ i cal trans mis sion ge om e -
try of XRD ex per i ment at the P02.1 beamline. The in ci dent

X-ray beam with pho ton en ergy of 59.84 keV (l = 0.02072
nm) was set to a cross-sec tion of 0.5×0.5mm2. About 2 cm
long piece of a rib bon spec i men was aligned with re spect to 

the in com ing beam with ten sile di rec tion (RD) be ing per -
pen dic u lar to the in ci dent pho ton beam. 

Each time a fresh spec i men with a creep in duced ani so -
tropy was put in side a Linkam hot stage THMS 600. Tem -
per a ture pro file dur ing in-situ XRD ex per i ment con sisted
of two seg ments: i) con stant rate heat ing at a 10 K/min up
to de sired tem per a ture Ta fol lowed by ii) iso ther mal an -
neal ing at Ta for up to 5 h. Ex po sure time per sin gle 2D
XRD pat tern was set to 20 s. Scat tered pho tons were col -
lected us ing a 2D de tec tor Perkin Elmer 1621 (2048 × 2048 
pix els, pixel size 0.2 × 0.2mm2) po si tioned 654.5 mm
down stream from the sam ple.

Fig ure 2 shows a typ i cal raw 2D XRD pat tern as ac -
quired with 2D de tec tor PE1621. Se ries of con cen tric rings
are due to pres ence of cu bic Fe3Si phase. The raw 2D XRD
pat tern was in te grated with re spect to the az i muth an gle  

(cak ing pro ce dure with Dc = 2°) us ing pyFAI [4]. Such op -
er a tion yielded 180 1D dif frac tion pro files I(q) for az i muth 

an gles  c (Fig ure 3). In other words, the raw dif frac tion pat -
tern rep re sented in the po lar co or di nate sys tem (Fig ure 2)
was trans formed to the Car te sian co or di nate sys tem (Fig -
ure 3). The rea son for do ing such a trans for ma tion is to
make data anal y sis more ef fi cient. The pres ence of the re -
sid ual strain in the sam ple pre pared with a max i mum value
of ten sile stress (482 MPa) is readily seen in the Car te sian
co or di nate sys tem (Fig ure 3) as a wavy be hav iour of the

Bragg peak po si tion with vary ing az i muth an gle c . This

Fig ure 1. Typ i cal ar range ment of the in-situ XRD ex per i ment
per formed in trans mis sion (Debye-Scherrer) ge om e try at the
P02.1 beamline. RD and TD re fer to the roll ing (ten sile) and
transversal di rec tions, re spec tively. The sam ple was at tached to
the heater of the Linkam THMS 600 hot stage, so it was kept at
de sired tem per a ture Ta.

Fig ure 2. 2D XRD pat tern of a sam ple pre pared with a max -
i mum value of ten sile stress 482 MPa.
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also means that the Bragg peaks ap pear ing in the po lar co -
or di na tion sys tem (Fig ure 2) as con cen tric rings are in deed
el lip ses. It is also im por tant to note that the ex tent of dis tor -
tion var ies among dif fer ent Bragg re flec tions. The lat tice
strain  as so ci ated with a set of crys tal lo graphic planes
{hkl} can be de fined as 

e c
c

hkl
hkl

hkl

q

q
( )

( )
= -

0

1,                                                  (1)

where qhkl
0  is a ref er ence value of the Bragg peak po si tion

and qhkl (c) is a peak po si tion at given az i muth an gle c.
There are sev eral ways how to get a ref er ence value. One
could re trieve its value from a mea sure ment on the sam ple
an nealed with the low est value of ten sile stress, i.e., 14
MPa. An other way is to use the data it self and cal cu late ref -
er ence value from the so called zero stress az i muth di rec -
tions [5,6] which are ob tained by solv ing equa tion

3 1 02cos ( )c - = .  (2)

In this work we used a later method. Fig ure 4 shows com -
par i son of strain curves cal cu lated ac cord ing to equa tion
(1) for dif fer ent level of stress lev els. The sam ple an nealed
un der stress of 14 MPa shows no pres ence of CIA, which is 

in di cated by the con stant (zero) value of  e(c)  curve. With
in creas ing ten sile stress mag ni tude of the CIA in creases as

man i fested by wid en ing the gap be tween the max i mum ( c

= 0°) and min i mum (c = 90°)   of strain curve  (see Fig ure
4). Vari a tion of  with re spect to the az i muth an gle can be
ex pressed by fol low ing equa tion

ec e c e c c e c( ) cos ( ) cos( )sin( ) sin ( )= + +11
2

12 22
2    (3)

where e11 is the lon gi tu di nal strain com po nent, e22 is the

transversal strain com po nent and e12  is as so ci ated with the
shear strain com po nent. It should be noted here that these
are three strain com po nents as so ci ated with the plane de -
fined by the in ci dent X-ray pho ton beam be ing its nor mal
vec tor. As can be seen from curves pre sented in Fig ure 4,
equa tion (3) sat is fac to rily de scribes ex per i men tally ob -

tained strain data. Fit ting ex per i men tal data of  e(c)   to the
equa tion (3) nu mer i cal val ues of re spec tive strain com po -
nents were de ter mined. In case a sam ple is well aligned
with re spect to the 2D de tec tor the  com po nent be comes
neg li gi bly small.

Fig ure 5 shows par ti tion ing of strain com po nents
among se lected Bragg re flec tions of Fe3Si phase as de rived 
from 2D XRD data af ter ap ply ing ten sile stress of 241 and
482 MPa. The data pre sented in the Fig ure 5 pro vide ev i -
dence that the strain par ti tion ing among dif fer ent Bragg re -
flec tions is not even and fam ily of re flec tions {400} shows
the high est mag ni tude of CIA. The rea son for such be hav -

Fig ure 3. The im age from Fig.2 af ter az i muthal in te gra tion us ing 
a pyFAI. Above 2D map se lected in ten sity pro files cor re spond -

ing to az i muth an gles c  = 0° (RD) and 90° (TD) are de picted.
Bragg peaks cor re spond ing to cu bic Fe3Si phase are la belled
with Miller in di ces.

Fig ure 4. Com par i son of lat tice strains cor re spond ing to sam ples
an nealed at dif fer ent lev els of ten sile stress (14, 241 and
482MPa). Open signs re fer to ex per i men tal mea sure ments
whereas solid lines rep re sent fits to the equation (3).

Fig ure 5. Com par i son of strain par ti tion ing among dif fer ent
Bragg re flec tions of Fe3Si phase af ter ap ply ing ten sile stress of
241 and 482 MPa.
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iour is be cause Young’s moduli cor re spond ing to re spec -
tive Bragg re flec tions are hav ing dif fer ent mag ni tudes [7]. 

Fig ure 6 shows creep in duced ani so tropy (CIA) for
Bragg re flec tion (400) as a func tion of time and tem per a -
ture. The mag ni tude of CIA can be quan ti fied as a sum of
mag ni tudes of the lon gi tu di nal and transversal lat tice
strain, i.e., | | | |CIA = +e e11 22 . When heat ing a sam ple to the
tem per a ture of 585°C, it can be seen that struc tural changes 
oc cur in the sam ple and a peak at ap pears, which then com -
pletely dis ap pears, and when the tem per a ture reaches 585
°C, the CIA value de creases ex po nen tially. The solid red
line shown in Fig ure 6, well de scrib ing the mea sured ex -
per i men tal curve, is the re sults of fit ting us ing ex po nen tial
equa tion

| | exp( )CIA A kt Bn= - +                 (4)

where A is the am pli tude, t is time, B is off set, pa ram e ters k
is the de cay pa ram e ter and n cor re sponds to the stretch ing
ex po nent. Fig ure 7 shows CIA tem po ral evo lu tion of CIA
for var i ous Bragg re flec tions dur ing iso ther mal an neal ing
at 585 °C. By fit ting ex per i men tal data of the CIA curve to
the equa tion (5) nu mer i cal val ues of re spec tive am pli tudes, 
off set, de cay pa ram e ter and stretching exponent were
determined. 

Fig ure 6. Creep-in duced ani so tropy be hav iour for Bragg re flec -
tion (400) as a func tion of time and tem per a ture, pre pared with a
max i mum value of ten sile stress 482 MPa. Solid red line shows
the re sults of the fit us ing the ex po nen tial func tion. Ver ti cal ar -
rows re fer to the ac tual val ues of am pli tude and off set, A and B,
respectively.

Fig ure 7. Tem po ral evo lu tion de pend ence of creep-in duced ani -
so tropy for var i ous Bragg re flec tion dur ing iso ther mal an neal ing 
at 585 °C.

Fig ure 8. Vari a tion of CIA am pli tudes a) A and b) B as ob tained by fit ting ex per i men tal data to the equa tion (4). Each mea sure ment
started with a fresh sam ple pre pared with a max i mum value of ten sile stress 482 MPa.
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Fig ures 8 and 9 show nu mer i cal re sults ob tained from ana -
lys ing tem po ral evo lu tion of CIA dur ing iso ther mal an -
neal ing at tem per a tures 480, 525, 540 and 585 °C.

Pa ram e ter B rep re sent part of the CIA am pli tude, which 
can not be re moved from spec i men by iso ther mal an neal -
ing. On the other hand, A rep re sents part of the CIA am pli -
tude which can be an nealed out by ex tend ing an neal ing
time to in fin ity. Data sug gest that Bragg re flec tions show -
ing high est mag ni tude of CIA also show high est re sis tance
to an neal ing ef fects. As can be seen from Fig ure 9a, the de -
cay pa ram e ter k in creases with in creas ing tem per a ture.
This im plies faster re moval of CIA at higher tem per a tures.
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