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In this study the combined analysis comprising of struc-
ture, texture, microstructure and stress analysis was applied
to CrAIN thin coating enriched with Ta magnetron sput-
tered on WC-Co substrate. The analysis was carried out us-
ing the MAUD program following the concepts introduced
in book entitled Combined analysis of Daniel Chateigner.

Experimental material was prepared by tilted co-depo-
sition magnetron sputtering from CrAl and Ta targets on
sintered WC-Co substrate which was maintained at 200°C.
The pressure was held at 0.40 Pa.

PANalytical Empyrean diffractometer equipped with
ChiPhi stage and characteristic Fe filtered Co radiation in

400 nm

point focus was used for measurement. Primary arm con-
tained polycapillary optic with cross slits while the second-
ary arm was equipped with 0.27 rad parallel plate
collimator and proportional Xe detector. The Chi incre-
ment was 5° in the range from 0 to 80°and Phi increment at
each Chi was 30° in the range from 0 to 360°. In total 204
diffraction patterns were collected in the 2theta range from
30 to 148°. The instrument broadening was determined by
measuring NIST LaB6 660c position and profile standard
in an entire angular range.

The coating structure model was build based on results
from scanning electron microscopy (Fig. 1). The coating
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Figure 1. Microstructure and EDX map of the transversal coating fracture
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Figure 2. 2D plot of the diffraction patterns for Chi range from 0 to 30° with 2D difference plot
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Fig. 3. Pole figures of the CrAlTaN phase

thickness was determined at approximately 1 um with thin
Cr adhesion layer at an approximate thickness of 200 nm.
Chemical composition from EDX measurement revealed
12 at. % of Al, 16 at. % of Cr, 21 at. % of Ta and 49 at. % of
N.

The layer model built in the MAUD program copied re-
sults from microstructural observations. WC-Co substrate
model was determined separately from the identical XRD
measurement of the substrate. Refined data were taken as
constraints at the beginning of the refinement and repre-
sented the substrate layer. On top, adhesion Cr coating was
modelled followed with the uppermost layer of CrAlTaN
with corresponding atomic concentrations.

The quality of the final refinement stage achieved Ry, of
5.02 %. Example of the fit is provided in 2D and 2D resid-
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ual image (Fig. 2). The final thickness of the coating was
determined to 950 nm and adhesive Cr coating thickness
150 nm. The texture of the CrAlTaN described by Harmon-
ics with -1 symmetry is represented by pole figures in Fig.
3. Crystallite size and microstrain were described using an
anisotropic Popa model.
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Meéd vynika vytecnou elektrickou vodivosti, ale jeji
mechanické vlastnosti nejsou valné [1]. KdyZ jsou pak
zlepSeny, naptiklad pfimésemi, dochazi k rapidnimu
snizeni vodivosti, protoze piimésové atomy, ¢i Castice,
které je obsahuji, rozptyluji vodivostni elektrony. Vcelku
prekvapivou metodou feSeni dilematu preferovat vyssi
vodivost ¢i mechanické vlastnosti se ukazaly byt nékteré
metody znacné plastické deformace, které vytvaieji velké
mnozstvi nanodvojcat [2]. V takto pfipravenych vzorcich
byla pozorovana vyssi vodivost nez v konvencné zihané
médi. Pfedpokladame, Ze dvojcatové hranice, jako piiklad
specialnich hranic s velmi malou pfebyte¢nou energii
vrstevné poruchy, ptisobi jako kanaly vedouci elektricky
proud téméf bezrozptyloveé. Samoziejmé jiné poruchy,
jako jsou obecné hranice zrn nebo dislokace elektrony
rozptyluji a zvysuji elektricky odpor, coz vede k ohfevu
materialu a degradaci mechanickych vlastnosti.

I po téméf dvaceti letech je koncept tvorby velkého
mnozstvi nanodvojcat stale zivy a dale rozpracovavany pro
rizné materidly [3]. V nasi praci jsme pouzili komeréné

Cistou meéd’ pro elektrické aplikace, ktera byla rotacné
kovana (RS) pii teploté kapalného dusiku v zafizeni
Komafu S600, pfi vyuziti zkuSenosti c¢lent tymu
s metodikou RS [4-6]. Vychozi prumér ty¢i byl 50 mm a
redukovany byly na priméry 20 az 10 mm. Vykované tyce
byly dale zihany a vSechny stavy byly standardné
zkoumany pomoci SEM (Tescan FERA 3), EDS a EBSD
(EDAX Octane super 60 mm® a Digiview IV), TEM (Jeol
JEOL 2000 FX) a XRD (PANalytical X‘Pert PRO).
Potvrdili jsme, Ze rota¢ni kovani vytvari silnou texturu
ve smérech (100) a (111) v ose kovani. Zrna jsou
v materialu velmi siln¢ protazena ve sméru osy tyce. Po
zihani tato mikrostruktura masivné rekrystalizuje, ptfesto
vSak je vodivost ve v§ech pfipadech vyssi nez v konvencné
zihané médi pro elektrické aplikace. Tento vysledek je
prekvapivy, zejména s ohledem na relativné¢ nizké
mnozstvi dvojcat pozorovanych pomoci TEM. Prozatim
piedpokladame, ze pozorovani poruch krystalové miize je
ovlivnéno schopnosti médi relaxovat i v nizkych teplotach

[7].
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Metastable B-Ti alloys contain a sufficient amount of
so-called 3-stabilizing elements to prevent the formation of
the low-temperature o phase (hcp) in the high-temperature
B matrix (bcc) during quenching. After quenching, the 3
phase remains in a thermodynamically metastable state and,
when annealed, it can decompose into other phases and
complex phase transformations can be observed [1].
Quenched metastable B-Ti alloys often contain particles
of the metastable @ phase (hexagonal or trigonal lattice).
These particles form by a diffusionless displacive transfor-
mation and have a size of several nm [2] . During annealing
at lower temperatures, m particles evolve by a diffusion-as-
sisted process and their size increases to several tens of nm

[3, 4]. When a metastable B-Ti alloy is aged at higher
temperatures, or for a longer time, precipitates of the ther-
modynamically stable o phase start to nucleate either in the
direct proximity of o particles, or, in their absence, directly
from the  matrix [5, 1]. a particles have a lamellar shape
and the crystallographic orientation between o and 3 is
given by the Burgers orientation relationship [6]. However,
the spatial orientation of the lamellae (i.e. the orientation of
their habit plane) has been under much discussion. While
some research identified the habit plane as (111)g [7, 8],
other studies reported the habit plane (11 11 13)g[9].

In the present research, we used small-angle X-ray scat-
tering (SAXS) to investigate the spatial orien ation of of o
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Figure 1. An example of measured SAXS patterns; sample aged at 510 °C for 16 h. The plane of the B matrix perpendicular to the pri-
mary beam is given in the bottom left corner of each panel.
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the sample aged at 510 °C for 16 h. o lamellae are observed as
darker regions in a lighter B matrix. The red lines indicate the ap-
parent directions of the o lamellae resulting from the fit of SAXS
data.

lamellae with respect to the parent § phase in a metastable
B-Ti alloy (Timetal LCB). Single crystals produced by the
floating zone technique were used [10]. Consequently, the
SAXS patterns represented a single grain, which allowed
us to extract more complex information than if the scatter-
ing signal was averaged over many grain orientations. Dif-
ferent alloy conditions were prepared by annealing at
selected temperatures below and above the @ solvus, which
is approximately 500 °C for the Timetal LCB alloy [11].
More information on the annealing schemes can be found
in [12].

Figure 1 shows an example of SAXS patterns measured
for three orientations of the sample. Each sample was tilted
to orient the planes (001)g, (110)g and (111)g perpendicular
to the primary beam, see panels (a), (b) and (¢) in Fig. 1, re-
spectively. Note that the symmetry of the SAXS patterns
depends on the sample orientation: four-, two- and six-fold
symmetry is observed for the orientations (001)g, (110)g
and (111)g, respectively. Figure 2 shows an SEM image of
the sample aged at 510 °C for 16 h.

The SAXS data were fitted by a model which simplified
the shape of an o lamella to a triaxial ellipsoid. We as-
sumed that all o lamellae are similar, i.e. their axes ratios
are constant, and that the size distribution of a particles fol-
lows the Gamma distribution. From the fit, we obtained the
dependence of the dimensions of a lamellae on the aging
condition and we determined that the habit plane is close
but not equal to (111)g. The slight deviation of the habit
plane from (111)g is confirmed by SEM, in which fans of
similar apparent a directions can be observed; the apparent
a directions resulting from the fit are represented by the red
lines (Fig. 2). If the habit plane of the o lamellae was ex-
actly (111)g, the number of apparent directions would be
reduced to only four, as there are four crystallographically
equivalent (111)g planes.

A Monte Carlo simulation of an SEM image was con-
structed using the values resulting from the fit, see Fig. 3.
The comparison of figures 2 and 3 shows a good agreement
between the real and simulated microstructures.
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Figure 3. Monte Carlo simulation of an SEM image of o lamellae
using the a orientations and sizes fitted for the 510 °C/16 h sam-
ple.
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This work is focused on thermally induced relaxation of
creep induced anisotropy (CIA) in the FeCuNbSiB nano-
crystalline alloy [1]. The various extents of CIA were in-
duced by stress annealing under applying tensile loads up
to 480 MPa. Structural changes induced by annealing un-
der uniaxial tensile deformation were investigated using
synchrotron X-ray diffraction (XRD). It was shown that
Fe;Si nanocrystalline grains growing in the tensile direc-
tion have a higher value of the lattice spacing. An opposite
behaviour is seen in transversal direction. The difference
between the value of the lattice strain determined in the
longitudinal and transverse directions is proportional to the
magnitude of the tensile stress applied and represents a
quantitative parameter determining the degree of creep in-
duced anisotropy (CIA). Strain pole figure (SPF) measure-
ments provide evidence that the CIA is uniaxial, and its
main axis is aligned along tensile direction. Quantitative
comparison of the SPFs shows that the strain partitioning
among different Bragg reflections is not even and {400}
family of planes exhibits the highest magnitude of the CIA.
Furthermore, it was found that the magnitude of the CIA
for a given set of Bragg reflections {hkl} is inversely pro-
portional to its Young’s modulus Ey [2].

XRD measurements presented in this work were per-
formed at the P02.1 beamline of the 3rd generation syn-
chrotron radiation source PETRA III at DESY (Hamburg,
Germany) [3]. Figure 1 shows typical transmission geome-
try of XRD experiment at the P02.1 beamline. The incident
X-ray beam with photon energy of 59.84 keV (A =0.02072
nm) was set to a cross-section of 0.5x0.5mm’. About 2 cm
long piece of a ribbon specimen was aligned with respect to

Sample-to-detector distance, SDD

Figure 1. Typical arrangement of the in-situ XRD experiment
performed in transmission (Debye-Scherrer) geometry at the
P02.1 beamline. RD and TD refer to the rolling (tensile) and
transversal directions, respectively. The sample was attached to
the heater of the Linkam THMS 600 hot stage, so it was kept at
desired temperature 7.

Figure 2. 2D XRD pattern of a sample prepared with a max-
imum value of tensile stress 482 MPa.

the incoming beam with tensile direction (RD) being per-
pendicular to the incident photon beam.

Each time a fresh specimen with a creep induced aniso-
tropy was put inside a Linkam hot stage THMS 600. Tem-
perature profile during in-situ XRD experiment consisted
of two segments: i) constant rate heating at a 10 K/min up
to desired temperature 7, followed by ii) isothermal an-
nealing at 7, for up to 5 h. Exposure time per single 2D
XRD pattern was set to 20 s. Scattered photons were col-
lected using a 2D detector Perkin Elmer 1621 (2048 x 2048
pixels, pixel size 0.2 x 0.2mm?) positioned 654.5 mm
downstream from the sample.

Figure 2 shows a typical raw 2D XRD pattern as ac-
quired with 2D detector PE1621. Series of concentric rings
are due to presence of cubic Fe;Si phase. The raw 2D XRD
pattern was integrated with respect to the azimuth angle
(caking procedure with Ay = 2°) using pyFAI [4]. Such op-
eration yielded 180 1D diffraction profiles /(g) for azimuth
angles y (Figure 3). In other words, the raw diffraction pat-
tern represented in the polar coordinate system (Figure 2)
was transformed to the Cartesian coordinate system (Fig-
ure 3). The reason for doing such a transformation is to
make data analysis more efficient. The presence of the re-
sidual strain in the sample prepared with a maximum value
of tensile stress (482 MPa) is readily seen in the Cartesian
coordinate system (Figure 3) as a wavy behaviour of the
Bragg peak position with varying azimuth angle . This
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Figure 3. The image from Fig.2 after azimuthal integration using
a pyFAIL Above 2D map selected intensity profiles correspond-
ing to azimuth angles y = 0° (RD) and 90° (TD) are depicted.
Bragg peaks corresponding to cubic Fe;Si phase are labelled
with Miller indices.

also means that the Bragg peaks appearing in the polar co-
ordination system (Figure 2) as concentric rings are indeed
ellipses. It is also important to note that the extent of distor-
tion varies among different Bragg reflections. The lattice
strain associated with a set of crystallographic planes
{hkl} can be defined as

ql(:)kl
-1, (1)
G (%)

e (X)=

where ¢, is a reference value of the Bragg peak position
and g, () is a peak position at given azimuth angle .
There are several ways how to get a reference value. One
could retrieve its value from a measurement on the sample
annealed with the lowest value of tensile stress, i.e., 14
MPa. Another way is to use the data itself and calculate ref-
erence value from the so called zero stress azimuth direc-
tions [5,6] which are obtained by solving equation

3cos’(y)-1=0. )

In this work we used a later method. Figure 4 shows com-
parison of strain curves calculated according to equation
(1) for different level of stress levels. The sample annealed
under stress of 14 MPa shows no presence of CIA, which is
indicated by the constant (zero) value of () curve. With
increasing tensile stress magnitude of the CIA increases as
manifested by widening the gap between the maximum (
= (0°) and minimum (y = 90°) of strain curve (see Figure
4). Variation of with respect to the azimuth angle can be
expressed by following equation

1r 241 MPa +—+—
I 482 MPa —+—

| g _

= o
_ 03 s 5 ¢ 8
R a8 g 3 ¥ 3
@ | S 1EC
of 1 | S BN |
_05 _.I‘..‘\‘..‘I.‘..\‘...\...‘I.‘

30 40 50 60 70 80
Ahig [nm ']

Figure 5. Comparison of strain partitioning among different
Bragg reflections of Fe;Si phase after applying tensile stress of
241 and 482 MPa.

e(x) =€, cos’ (x)+e , cos(y)sin(x ) +&, sin’ (1) (3)

where ¢ is the longitudinal strain component, €, is the
transversal strain component and €;, is associated with the
shear strain component. It should be noted here that these
are three strain components associated with the plane de-
fined by the incident X-ray photon beam being its normal
vector. As can be seen from curves presented in Figure 4,
equation (3) satisfactorily describes experimentally ob-
tained strain data. Fitting experimental data of &(y) to the
equation (3) numerical values of respective strain compo-
nents were determined. In case a sample is well aligned
with respect to the 2D detector the component becomes
negligibly small.

Figure 5 shows partitioning of strain components
among selected Bragg reflections of Fe;Si phase as derived
from 2D XRD data after applying tensile stress of 241 and
482 MPa. The data presented in the Figure 5 provide evi-
dence that the strain partitioning among different Bragg re-
flections is not even and family of reflections {400} shows
the highest magnitude of CIA. The reason for such behav-
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Figure 6. Creep-induced anisotropy behaviour for Bragg reflec-
tion (400) as a function of time and temperature, prepared with a
maximum value of tensile stress 482 MPa. Solid red line shows
the results of the fit using the exponential function. Vertical ar-
rows refer to the actual values of amplitude and offset, 4 and B,
respectively.
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Figure 7. Temporal evolution dependence of creep-induced ani-
sotropy for various Bragg reflection during isothermal annealing
at 585 °C.
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Figure 8. Variation of CIA amplitudes a) 4 and b) B as obtained by fitting experimental data to the equation (4). Each measurement
started with a fresh sample prepared with a maximum value of tensile stress 482 MPa.

iour is because Young’s moduli corresponding to respec-
tive Bragg reflections are having different magnitudes [7].

Figure 6 shows creep induced anisotropy (CIA) for
Bragg reflection (400) as a function of time and tempera-
ture. The magnitude of CIA can be quantified as a sum of
magnitudes of the longitudinal and transversal lattice
strain, i.e., |CI4|=|¢,, +&,,| When heating a sample to the
temperature of 585°C, it can be seen that structural changes
occur in the sample and a peak at appears, which then com-
pletely disappears, and when the temperature reaches 585
°C, the CIA value decreases exponentially. The solid red
line shown in Figure 6, well describing the measured ex-
perimental curve, is the results of fitting using exponential
equation

|CIA|= Aexp(—kt" )+ B %)
where 4 is the amplitude, ¢ is time, B is offset, parameters &
is the decay parameter and » corresponds to the stretching
exponent. Figure 7 shows CIA temporal evolution of CIA
for various Bragg reflections during isothermal annealing
at 585 °C. By fitting experimental data of the CIA curve to
the equation (5) numerical values of respective amplitudes,
offset, decay parameter and stretching exponent were
determined.
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Figure 9. Variation of parameters a) k and b) » as obtained by fitting experimental data to the equation (4). Each measurement started
with a fresh sample prepared with a maximum value of tensile stress 482 MPa.

Figures 8 and 9 show numerical results obtained from ana-
lysing temporal evolution of CIA during isothermal an-
nealing at temperatures 480, 525, 540 and 585 °C.
Parameter B represent part of the CIA amplitude, which
cannot be removed from specimen by isothermal anneal-
ing. On the other hand, 4 represents part of the CIA ampli-
tude which can be annealed out by extending annealing
time to infinity. Data suggest that Bragg reflections show-
ing highest magnitude of CIA also show highest resistance
to annealing effects. As can be seen from Figure 9a, the de-
cay parameter k£ increases with increasing temperature.
This implies faster removal of CIA at higher temperatures.
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