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a b s t r a c t

The present work focuses on the study of the mechanical properties of the Fe72.5Cu1Nb2Mo2Si15.5B7 metal-
lic glass using in situ hard X-ray diffraction techniques. In situ tensile deformation tests provided detailed
information about the mechanical properties of the investigated Fe-based metallic glass. Analyzing series
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of two-dimensional XRD patterns in reciprocal space yields strain tensor components of the amorphous
alloy providing insight about its deformation mechanisms. Comparing tensile tests performed at different
temperatures indicates that the deformation mechanism gradually changes from purely elastic to com-
pletely plastic regime. The Poisson ratio � of the investigated alloy increases with increasing deformation
temperature however the fracture strength � f shows opposite behavior.
-ray diffraction
eformation

. Introduction

The disordered nature of the structural arrangement in amor-
hous metallic alloys gives rise to advantageous magnetic,
lectronic and mechanical properties. Compared with crystalline
ounterparts, metallic glasses (MGs) have some superior prop-
rties, such as high yield strength, hardness, large elastic limit,
igh fracture toughness and corrosion resistance, and hence are
onsidered as promising engineering materials [1,2]. For the major-
ty of the known MGs, the plastic strain at room temperature is
ery limited even under compression, resulting from pronounced
hear localization and work softening. The lack of plasticity makes
Gs prone to catastrophic failure in load-bearing conditions and

estricts their application. High-energy X-ray diffraction (XRD) has
roven to be a suitable tool to describe the local atomic structure
f the metallic glasses [3]. It was recently demonstrated that high-
nergy X-ray scattering can be used to measure the elastic strain
nder compression [4,5] and tension [6,7].

The main objective of this work was to follow in situ tensile
eformation of Fe-rich soft magnetic metallic glass using high-
nergy X-ray diffraction. The special emphasis was placed at the
eformation behavior at elevated temperatures (but still below

he crystallization temperature of the investigated alloy) with the
im to experimentally observe the transition from elastic to plastic
eformation.
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2. Experimental procedures

Amorphous alloys with nominal composition of Fe72.5Cu1Nb2Mo2Si15.5B7 (at.%)
in the shape of 30 �m thin and 9 mm wide ribbons were prepared by single-roller
melt spinning technique. A differential scanning calorimeter (NETZSCH DSC 404C)
was used to detect the crystallization behavior of as-prepared ribbons under a con-
tinuous argon flow at a heating rate of 20 ◦C/min. The thermomagnetic curve was
traced at a heating rate of 10 ◦C/min using a Faraday magnetic balance. In situ ten-
sile experiments using high-energy photon beam (100 keV) were performed at the
wiggler beamline BW5 of the positron storage ring DORIS (Hamburg, Germany).
The specimens were strained under tension using a test rig from Kammrath and
Weiss GmbH allowing to achieve a maximum load of 5 kN. The test rig was fur-
ther equipped with the resistance ceramic heater covering the temperature range
between room temperature and 700 ◦C. The temperature uncertainty was ±5 ◦C.
After loading the sample into the test rig it was embedded in a protective box so that
heating could be realized under Ar protective atmosphere. The protective box had
two windows covered with Kapton foil thus allowing X-ray diffraction experiments
in a transmission geometry. The diffracted photons were collected up to maximum
wave vector transfer q = 165 nm−1 (q = 4�sin�/�) using an imaging plate detector
MAR345 (2300 × 2300 pixels, each pixel having size of 150 × 150 �m2) carefully
aligned orthogonal to the X-ray beam. Sample-to-detector distance and detector
tilt were determined from diffraction patterns obtained from a LaB6 (NIST 660a)
standard reference material.

The strain determination of bulk metallic glasses from X-ray diffraction data is
based on concepts previously reported by Poulsen et al. [4]. The symmetric circu-
lar diffraction pattern is characterized with respect to the polar coordinates (s, �).
In our experiment � = 0◦ and � = 90◦ refer to longitudinal (tensile) and transversal
directions, respectively. By dividing the �-range of 0 to 2� into 36 segments, one
obtains symmetrized intensity distributions
I′
i
(q, �i) =

∫ �i+�/36

�i−�/36

[I(q, �) + I(q, � + �)]d� (1)
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measurements and in situ XRD experiments can be observed. One
can clearly see that increasing deformation temperature implies
decreasing of the fracture strength �f of the investigated alloy.
Furthermore it is readily seen that increasing the deformation tem-
perature causes the stress–strain curves to deviate from the linear
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ig. 1. Thermomagnetic and DSC curves for amorphous Fe72.5Cu1Nb2Mo2Si15.5B7

ibbons. Primary and secondary crystallization events are depicted by arrows.

ith �i = (i − 1)�/18, i = 1 . . . 36, where the amplitude of wave-vector transfer q = q(s)
s defined by

(s) = 4�

�
sin

[
1
2

arctg
( s

D

)]
(2)

n which � denotes the wavelength, D refers to the sample-to-detector distance and s
epresents the distance from the origin of the polar coordinate system. Symmetrized
ntensity distributions as described by Eq. (1) were calculated using the software
ackage FIT2D [8]. The procedure was repeated for all diffraction patterns acquired
t different loads thus yielding the set of symmetrized distributions I′

i
(q, �i, �) where

refers to the corresponding stress. For each I′
i
(q, �i, �) the shift in position of the

rincipal diffuse peak, q1(�i , �), was determined with respect to the unloaded situa-
ion, q1(�i , � = 0). The relative change in the position of the first peak upon applying
n external stress defines the strain

(�i, �) = q1(�i, � = 0) − q1(�i, �)
q1(�i, �)

, (3)

with i = 1 . . . 36), which is angular dependent. The angular variation of the strain
an be fitted to the following expression:

(�, �) = ε11 cos2� − ε12 sin � cos � + ε22 sin2�, (4)

hich yields axial (ε11), tangential (ε22) and in-plane shear (ε12) strain tensor com-
onents for the plane perpendicular to the incoming X-ray beam.

. Results and discussion

The room temperature XRD measurements confirmed the amor-
hous nature of ribbons in the as-quenched state. As can be seen
rom the thermomagnetic curve presented in Fig. 1, the investi-
ated alloy maintains its ferromagnetic order up to Curie point
Tc = 325 ◦C) and becomes paramagnetic above that temperature.
ince the primary crystallization results in the formation of the
erromagnetic Fe3Si phase with DO3 structure, its presence can
e also seen on the thermomagnetic curve as a small hump
hose onset perfectly matches primary crystallization Tx1. The
ecrease of the magnetization observed above 550 ◦C is due to the
erromagnetic–paramagnetic transition of the Fe3Si phase which
as a Curie temperature of 584 ◦C. DSC curve presented in Fig. 1
eveals two-step crystallization process with onset temperatures
f Tx1 = 516 ◦C and Tx2 = 688 ◦C.

To ensure that the investigated alloy does not crystallize during
eformation we limited the deformation temperature to 420 ◦C,
hich is roughly 100 ◦C below the primary crystallization Tx1

◦
=516 C). The tensile deformation tests were performed at the tem-
eratures 25, 350, 385 and 420 ◦C. Each tensile test started on a
fresh” 50 mm long piece of the ribbon with adjusting the desired
emperature at zero stress. The temperature was then kept constant
ver the whole period of the deformation test.
Strain, ε (%)

Fig. 2. Comparison of the tensile deformation curves measured at room tempera-
ture using a conventional test rig (full line) and in situ XRD (open circles).

Fig. 2 shows tensile stress–strain curves measured at room tem-
perature using a conventional test rig and approach based on the
analysis of the two-dimensional XRD patterns. One can observe
perfect agreement between the two different methods. Further-
more a linear relation between stress and strain indicates that the
investigated alloy deforms elastically at room temperature. It is
interesting to note that this regime has been shown to include
microplastic events [9]. The fracture strength �f, maximum tensile
strain εmax and Young modulus E are 2400 MPa, 1.51% and 158 GPa,
respectively. In addition the XRD based technique allows simulta-
neous strain measurement in the transversal direction so one can
evaluate the Poisson ratio � directly. The Poisson ratio � for the
sample deformed at room temperature is 0.26. Another advantage
of this technique lays in the fact that it allows observation of the
fine structural modifications occurring on the atomic level when
deforming metallic glass [5,7].

Fig. 3 shows the stress–strain curves observed in longitudinal
(tensile) ε11 and transversal ε22 directions at the different tem-
peratures. Rather good agreement between conventional test rig
Strain, ε (%)

Fig. 3. Comparison of the stress–strain curves observed in longitudinal (tensile) ε11

and transversal ε22 directions at different temperatures. Open symbols represent
values obtained by XRD while full lines correspond to the measurements performed
using a test rig.
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Fig. 4. Temperature–stress behavior of the Poisson ratio � evaluated from the defor-
mation curves obtained by in situ XRD presented in Fig. 3.

Table 1
Poisson ratio �, fracture strength �f and maximum tensile strain εmax derived from
the tensile stress–strain curves of the alloy deformed at different temperatures T.

T (◦C) � �f (MPa) εmax (%)

r
t
e
n
t
t
o
r
a
b
c
i

[
[
[

[

[
[

25 0.26 2400 1.51
350 0.30 1900 1.83
385 0.34 1600 1.68
420 0.39 1200 1.77

elation. This behavior means that the fraction of plastic deforma-
ion progressively increases when deforming amorphous alloy at
levated temperatures. The extent of plastic deformation is pro-
ounced in case of the deformation test performed at 420 ◦C. Since
he heater slightly moved to the side and hence completely blocked
he incoming X-ray beam, no XRD data are available within the zone
f plastic deformation. Nevertheless the data obtained from the test

ig show that after reaching the strain of 1.3% the sample deformed
t 420 ◦C completely yields. Fig. 4 shows the temperature–stress
ehavior of the Poisson ratio � evaluated from the deformation
urves obtained by in situ XRD. It is apparent from the data shown
n Fig. 4 that the Poisson ratio � increases with increasing defor-

[

[

[
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mation temperature. One may conclude that the XRD data, which
were obtained below the yielding stress, already reveal the growing
extent of the plastic deformation processes as the temperature of
deformation is increased. Table 1 summarizes the values of the Pois-
son ratio �, fracture strength �f and maximum tensile strain εmax

derived from the tensile stress–strain curves of the alloy deformed
at the different temperatures.

4. Conclusions

In situ tensile X-ray diffraction experiments on amorphous
Fe72.5Cu1Nb2Mo2Si15.5B7 alloy provided data about its mechani-
cal properties. Tracing the position of the principal diffuse peak
we obtained microscopic tensile stress–strain curves. The obtained
results are in a good agreement with conventional test rig measure-
ments (at least up to the yielding stress). Performing tensile tests
at higher temperatures changes the overall deformation response
of the amorphous alloy. The extent of the plastic deformation
increases with increasing deformation temperature. The Poisson
ratio � of the investigated alloy also increases with increasing
temperature, however, the fracture strength �f shows opposite
behavior.
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