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a b s t r a c t

The thermal expansion coefficients (TEC) of metastable disordered intermetallic Fe–Cr phases formed in
thin Fe–Cr alloy films prepared by an extremely non-equilibrium method of the pulsed laser deposition
are studied. The lattice parameters of the alloys calculated from the low-temperature wide-angle X-ray
diffraction (WAXRD) patterns show linear temperature dependencies in the temperature range 143–293 K
and a deviation from the linearity at lower temperatures. The linear thermal expansion coefficients deter-
mined from the slopes of the linear portions of the temperature-lattice parameter dependencies differ
significantly from phase to phase and from the values expected for the body-centered cubic (b.c.c.) Fe1−xCrx

solid solutions. Strain-crystallite size analysis of the samples is performed. Predictions about the Debye
temperature and the mechanical properties of the alloys are made.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The Fe–Cr alloys are of a great interest due to their magnetic and
tructural properties. The stable Fe–Cr system has a large miscibil-
ty gap below 830 ◦C and a stable intermetallic �-phase at nearly
quiatomic alloy composition. However, by rapid cooling, disor-
ered body-centered cubic (b.c.c.) FexCr1−x solid solutions with
-Fe-like structure can be easily produced in the whole compo-
ition range at room temperature (RT).

The rapid condensation from the gas phase promotes the for-

ation of further metastable crystal structures in the Fe–Cr system

t RT [1–7]. Especially the high quenching rate of the film mate-
ial of the order of 1011 K/s in the pulsed laser deposition (PLD) [8]
avors the formation of transient metastable material phases. These

∗ Corresponding author. Tel.: +49 351 4622740; fax: +49 351 4622168.
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re �-Fe-like body-centered tetragonal (b.c.t.) phase in composi-
ion ranges x = 0.26. . .0.37 and 0.57. . .0.83, �-Fe-like face-centered
rthorhombic (f.c.o.) phase at x = 0.35. . .0.40 and Cr3Si-like primi-
ive orthorhombic (p.o.) and primitive cubic (p.c.) phases in the Cr
tomic-concentration range x = 0.40. . .0.71 [9,10]. The metastable
.c.c. and p.c. phases were found also in the mechanically-alloyed
e–Cr powder mixtures [11].

This rich phase behavior in the Fe–Cr system has an immediate
mpact on the physical properties, which are sensitive to crystal-
ographic features of the alloys. In the previous papers [12,13] we
ave reported that the remnant magnetization of the PLD Fe–Cr
lms starts decreasing with the onset of the tetragonal distortion
f the b.c.c. structure until the Fe1−xCrx alloy becomes completely

aramagnetic at x = 0.27 (according to table data, the undercooled
.c.c. Fe–Cr solid solutions become paramagnetic at RT at x > 0.67).
non-monotonous dependence of the electrical resistivity of Fe–Cr

lloys on the composition has been studied in [14]. A pronounced
inimum at nearly equiatomic composition was attributed to

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gorbunoff@mw.htw-dresden.de
dx.doi.org/10.1016/j.jallcom.2008.10.039
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ig. 1. The electric resistivity of Fe–Cr alloys fabricated by CBPLD. The samples used
or the thermal expansion investigations are marked with numbers.
he partial ordering of the alloys, which was also noticed in ref.
12].

In the present paper we present data on the thermal expan-
ion coefficients (TEC) of the metastable disordered Fe–Cr alloys
abricated by PLD.
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uantitative results obtained by analysis of the WAXRD patterns. The estimated standard

ample Resistivity,
(�� cm)

Crystalline
phase

Lattice parameter
at 293 K (nm)

Crysta
T = 293
T = 293

i-substrate f.c.c. a = 0.54305d –/–

e 27.2 b.c.c. c = 0.28817(3)c 12.1(3
9.98d [§a = 0.28665c]

r 18.7 b.c.c. c = 0.29006(5)c 39(6)/
12.7d [a = 0.28844c]

e0.65Cr0.35 86.9 f.c.o. a = 0.3753(7) 8.5(8)/
b = 0.4089(5) 10.7(3
c = 0.4206(5) 6.5(1.5

e0.48Cr0.52 114 p.c. c = 0.4638(2)c 32(2)/
p.o. a = 0.4601(4) 8.2(1.1

b = 0.4638(4) 32(2)/
c = 0.4848(12) –f

e0.43Cr0.57 116 p.c. c = 0.4646(4)c 26(3)/
p.o. a = 0.4601(4) 18(4)/

b = 0.4646(4) 26(3)/
b.c.t./b.c.c. c = 0.4837(6) –f

c = 0.2899(4)c 39/0.4

a Determined from the slope of the linear temperature dependence of corresponding lat
1 + ˛�T), where p293 is a value of the lattice parameter at 293 K and �T = T − 293 K. Corre
ccording to equation pcorr(T) = p(T)/(1 + s(T)/100).
b The thermal expansion coefficient of the unit cell parameter calculated for b.c.c. Fe1−x
c For cubic phases equivalent to unit cell parameter a.
d Table data [22].
e Table data [23].
f No data.
g At T = 293 K.
h Crystallite size t is fixed at the value determined for pure Cr film (based on the close val
i The e.s.d.’s of t and s characterize the scattering of the individual data obtained at diff
j [1 1 0]-b.c.c. (b.c.t.) crystallites.
k [0 1 0]-p.o. ([100]-p.c.) crystallites.
l [1 0 0]-p.o. crystallites.

m [1 1 1]-f.c.o. crystallites.
n [0 1 0]-f.c.o. crystallites.
p [0 0 1]-f.c.o. crystallites.
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. Experimental

Samples of Fe–Cr alloys 10 × 20 mm2 in size and 40 nm thick were deposited
n thermally oxidized (0 0 1) Si substrates by the cross-beam PLD (CBPLD) in vac-
um. CBPLD is a particular variant of PLD with two colliding ablation plumes from
imultaneously laser irradiated targets of individual metals. By variation the irra-
iation geometry, the samples with different compositions can be fabricated. The

rradiation conditions were typical for CBPLD [8]. The main interest was addressed
o the compositions in the middle concentration range, where the formations of the

etastable phases are expected [10,14].
The electric resistivity of the samples served as an indication of the ordered

hase formation. It was performed by a 4-point probe technique (RM3-AR, Jandel
ngineering Ltd., UK) with 1 mm separated tungsten carbide probes (100 �m tip
adius, 100 g spring load, 10 mA measurement current) in a linear arrangement. The
easurements were taken in the middle of the samples at RT.

The samples deposited were studied by means of wide-angle X-ray diffraction
WAXRD) in high vacuum below 5 × 10−4 Pa. The WAXRD patterns were recorded
n the relative coupled ω–2� scan mode (ω = � + �ω, offset �ω = 0.5–2◦ for dif-
erent samples) using an X-ray diffractometer D5000 (Siemens AG, Germany;
ragg-Brentano geometry, scintillation detector, characteristic Cu-K� radiation
onochromatized by Johansson-type graphite monochromator) equipped with a

ryostat chamber (Anton Paar KG, Austria). The offset �ω is introduced to decrease
he intensity of the Si substrate 0 0 4 reflection.

The control of the temperature (with an accuracy of ±0.5 K) was performed
y a temperature sensor (Lake Shore Cryotronics Inc., USA) mounted in contact to
he sample holder. The measurements were carried out in the temperature range

rom RT (≈293 K) down to 23 K in steps of �T = 20. . .50 K and back to RT using
he same procedure. A 20 min dwell time was allowed at every temperature step for
emperature equilibration. After the temperature equilibration at every temperature
evel, a rocking curve was recorded to check and correct the �–2� coupling of the
iffractometer. Additionally, the WAXRD measurements of a bare substrate were
arried out for comparison and control.

deviations e.s.d.’s are indicated in parentheses.

llite size t (nm) at
. . .23 K/strain s (%) at
. . .143 Ki

˛ × 10−6 (K−1)
experimental/corrected on
straina

˛ × 10−6, (K−1)
calculatedb

2.0 (1)/–f –
2.6e/–

)/0.1(1)g, j 11.8d/–f –

0.524(22)g,j 4.9e/– –

0m 34.6(5.0)/34.6(5.0) 9.2
)/0n 10.8(1.4)/10.8(1.4)
)/0p 6.0(2.6)/6.0(2.6)

0.349(6)k 11.5(6)/11.5(6) 8.2
)/0l 7.4(10.4)/7.4(10.4)
0.349(6)k 11.5(6)/11.5(6)

–f

0.514(9)k 15.0(2.1)/14.9(2.1) 7.9
0.645(33)l 10.7(6.7)/10.7(6.7)
0.514(9)k 15.0(2.1)/14.9(2.1)

–f

39(24)h,j 12.8(8)/12.7(8)

tice parameter p in a temperature range 143–293 K according to equation p(T) = p293

ction of the lattice parameters on strain s (in %, see Fig. 3(b) and (c)) is performed

Crx compound according to equation ˛calc
a = ˛Fe

a (1 − xCr) + ˛Cr
a xCr.

ues of the FWHM of the 110 reflections of the b.c.c. Cr and b.c.t. phase of Fe0.43Cr0.57).
erent temperatures T according to the mean values indicated.
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Fig. 2. A section of the WAXRD pattern of Samples Fe0.65Cr0.35 (a) and Fe0.43Cr0.57
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The WAXRD patterns recorded were analysed using programme ANALYZE [15].
he following reflections were used for the analysis: 1 1 0 and 2 2 0 (b.c.c., pure
etals); 1 1 1, 2 2 2, 0 2 0, 0 4 0, 0 0 2 (f.c.o.); 2 0 0, 4 0 0, 0 2 0, 0 4 0 (p.o.). For every

emperature level the central-angle Bragg 2�B positions of the selected reflections
f crystalline phases, their maximum and integral intensities, integral breadths ˇ
nd the full width at half maximum (FWHM) were determined several times with
ifferent starting values. The averaged values of the parameters and their estimated
tandard deviations (e.s.d.’s) were obtained by averaging these individual values.
he central-angle 2�B positions of the reflections were used for least-square calcu-
ation (or refinement) of the corresponding lattice parameters of crystalline phases
y means of a programme CellSize [16]. During the calculation/refinement, the 0 0 4
i reflection of the substrate was used as an external standard for angle-corrections
f the WAXRD patterns.

. Results and discussion

The electrical resistivity � is a property which is quite sensi-
ive to structural perfection of materials. It was studied first to
elect the proper samples for further investigations. The depen-
ence �(x) is presented in Fig. 1. Generally, it follows the trend
escribed in ref. [14]: as the concentration of the solute grows,
he resistivity strongly increases due to the enhanced electron
cattering at the impurity atoms (the Nordheim rule) and at the
rain boundaries of progressively smaller crystallites. In the region
f the 0.35 ≤ x ≤ 0.50 it shows a pronounced minimum, which
as attributed to the formation of partly ordered p.c./p.o. inter-
etallic compounds. In order to avoid any additional anisotropy

ffects connected with the ordering of the alloys, three samples
ith compositions Fe0.65Cr0.35 (f.c.o.), Fe0.48Cr0.52 (p.o./p.c.) and

e0.43Cr0.57 (p.o./p.c. and b.c.t./b.c.c.) outside this “ordering region”
ere selected for the investigations of TEC. The resistivity of these

lloys is presented in the Table 1.
According to X-ray investigations, the films turned to be poly-

rystalline. Fig. 2 presents a portion of typical WAXRD patterns
nlarged for a better view as well as the whole measured 2�
ange in the insets. It is evident that only certain groups of the
eflections are seen: (e.g., h h h, 0 k 0, 0 0 l for f.c.o. phase and
k 0, h 0 0 for p.o. phase) which indicates a pronounced pre-

erred orientation (texture) of the films. These reflections origin
rom lattice planes parallel to the substrate, for which, due to
he presence of free surface, the mechanical strain (film stresses,
ubstrate influence) is minimal. Nevertheless, the non-substrate
eflections observed are rather broad (see Fig. 2(a) and (b) as an
xample).

As it is known, the broadening of the WAXRD reflection profiles
an be caused by the influence of small-size incoherently diffract-
ng crystallites formed in the materials during sample preparation.
dditionally, dislocations, vacancies, interstitials, substitutionals
nd other imperfections result in strain formation in crystallites
microstrain) followed by an additional broadening the reflection
rofiles. Both the crystallite size and the strain broadening can be
eparated by WAXRD reflection profile analysis due to their differ-
nt 2�-angle dependencies. To estimate the out-of-plane strain s
nd crystallite size t, the integral breadth method was used (see
.g., ref. [17]).

Depending on the quantity FWHM/ˇ one can distinguish
etween the Lotentzian-type (FWHM/ˇ ≤ 2/� = 0.63662) and
aussian-type (FWHM/ˇ ≥ 2-(ln(2))1/2/�1/2 = 0.93949) of the

eflection broadening [18]. For the samples investigated the quan-
ity FWHM/ˇ was higher than 0.85. It is close to the limit-value
or Gaussian reflection profiles, so that the Gaussian–Gaussian

pproximation was used for the separation of the size FWHMsize
nd the strain FWHMstrain reflection profile broadening effects and
stimation of t and s:

WHM2 = FWHM2
size + FWHM2

strain

t
t
s
c
d

f the crystalline phases are indicated at lowest temperature. For better visualiza-
ion, the different WAXRD patterns are shifted and the central-angle position of the
eflections at RT are marked by vertical dashed lines. Cooling (solid lines), warming
dotted lines). Insets show the WAXRD patterns in the whole 2�-range measured.

The crystallite-size component of the WAXRD reflection profile
roadening is estimated by Scherrer formula [19]:

WHMsize = K�/(t cos(�B),

here K = 0.94 [20] for FWHM, � is wavelength of the X-ray radia-
ion used and t is crystallite size. For the strain contribution to the
roadening the reflection profiles is calculated as:

WHMstrain = Kstrains tan(�B),

here Kstrain = 4 for the microstrain in crystallites [21].
The experimental FWHM was corrected to instrumental broad-

ning FWHMinstr using corresponding valid approximation for the
nstrumental reflection profile. FWHMinstr was estimated at every
emperature level using the results of the low-temperature WAXRD
nvestigation of the (0 0 1) Si wafer. First, an assumption was made

hat both strain and crystallite size effects contribute to the reflec-
ion profile broadening (model ‘t + s’). For every temperature, the
train and crystallite size were calculated. As was expected, the
rystallite sizes of all crystalline phases do not show a temperature
ependence but scatter around a mean value (see an example in
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Fig. 3. The temperature dependencies of the size (a) and strain ((b) and (c)) for
crystallites of Fe–Cr phases observed in (a) Fe0.65Cr0.35; (b) Fe0.48Cr0.52; (c) Fe0.43Cr0.57.

Fig. 4. The temperature dependencies of the lattice parameters of Fe–Cr phases
observed in alloys studied. The linear least square fits in temperature ranges
143–293 K are shown. (a) Fe0.65Cr0.35; (b) Fe0.48Cr0.52; (c) Fe0.43Cr0.57.
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ig. 3(a)). At the next step of the calculations, the crystallite size
as fixed at the averaged value and strain was recalculated (model

t, s = const’).
As is seen in the Table 1 and Fig. 3, the size and strain in crystal-

ites is orientation-dependent. The f.c.o. crystallites in Fe0.65Cr0.35
nd [1 0 0]-p.o. crystallites in Fe0.43Cr0.57 film occurred to be rather
mall (t < 11 nm (Table 1)). The calculations for these crystallites
ith the assumption of strain were not successful so that no strain

n these crystallites was assumed (model ‘t, s = 0’)). Probably, the
icrostrain in smaller crystallites is relaxed due to the smaller

urface area.
The reflection positions measured show the general trend to

hift to higher angles with the decreasing temperature. No differ-
nces (within the experimental error) in the central-angle position
nd the shape of the reflection profiles during cooling and warming
ycles were detected. The corresponding lattice constants (with-
ut correction to strain influence) vs. temperature are presented
n Fig. 4. At the temperatures below 100 K, some anomalies in the
ehaviour of the lattice constants become apparent. Since the Curie
emperature of the alloys lies also below 100 K [12,14], one can
ttribute these anomalies to the contribution of the magnetic com-
onent of the thermal expansion, whereas the local minimum in
he expansion coefficient corresponds roughly to the Curie point of
he alloy [24].

In the temperature region 143. . .293 K the lattice parameters
ncrease practically linear with temperature. Note that a constant
alue of strain is observed in this temperature region (Fig. 3(b) and
c)). The linear TEC ˛ determined from the slopes of the correspond-
ng dependencies in this temperature region are summarized in
able 1. It is evident that TEC for each individual phase depend on
he crystallographic directions and are influenced by the coexisting
hases. In the most cases TEC of the alloys exceed the ones for the
ure Fe and Cr and their b.c.c. alloys.

Since the Curie point of the alloys investigated lies far below
= 143 K, one can assume that only the lattice contribution dom-

nate TEC at this temperature region. In the frames of the
ebye–Grüneisen model [25], which assumes the weak temper-
ture dependence of the bulk modulus (supported experimentally
or many materials), it is temperature-dependent only below the
ebye temperature TD. Practically, the temperature independence
f ˛ is observed at T > 0.5 TD [26]. From this observation one can
onclude that the Debye temperature of the alloys studied lies at
east below the RT (compare TD (Fe) = 470 K, TD (Cr) = 630 K [27]).
ince TD itself is connected to the bond elasticity, the alloys should
e rather soft as compared to the pure constituent metals.
. Conclusions

1. The linear TEC of disordered metastable f.c.o., p.c, and p.o. phases
in the Fe–Cr system are determined for the first time.

[

[

Compounds 480 (2009) 152–156

. TEC appear to be dependent on the phase, crystal orientation and
coexisting phases and exceed in the most cases the ones for pure
constituent metals and their b.c.c. alloys.

. The temperature independence of TEC is reached well below the
room temperature, which is an indication of relatively low Debye
temperature and softness of the alloys.
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