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Amorphous Fe81Si9B10 melt-spun ribbons were annealed at various temperatures to relieve the internal stress.
Magnetic studies manifest the occurrence ofmagnetic softening. The structure evolution of samples was then in-
vestigated by synchrotron radiation X-ray diffraction. Itwas found that, from short-range order tomedium-range
order, a positive and negative sign for volumetric thermal strain alternates upon heating and the amplitude of
strain decays. Moreover, extending to outer shells, thermal strain seems less temperature-dependent in terms
of the rate of increment.Magnetic softening in Fe81Si9B10metallic glasses upon annealingmay result from the in-
homogeneous thermal strains.
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The past several decades have witnessed the booming development
of advanced materials. Metallic glasses, a new family of materials, pos-
sess unprecedentedmechanical and physical properties. Unlike crystals,
metallic glasses do possess short-range order (SRO) andmedium-range
order (MRO). The MRO is constructed by SRO through the sharing of
vertices, edges, and faces [1]. Fe-based metallic glasses have been com-
petitive with Silicon steel in terms of excellent soft magnetic properties
such as high saturation magnetic flux density (Bs) and low coercivity
(Hc) [2,3]. Recently, accelerating demands of Fe-based amorphous al-
loys have motivated researchers to concern more about structural es-
sence behind the macroscopic properties [4,5]. Heat treatment as well
as composition design is widely adopted to optimize the properties of
Fe-based metallic glasses. Lately, atomic-level stress theory has been
successfully applied to characterize the local structure and interpret
the modifications of these physical properties [6–8].

Various low-temperature annealingmethods are performed to relax
the disordered structure in Fe-basedmetallic glasses so as to reduce the
stress-induced magnetic anisotropy and concomitant coercivity. How-
ever, using synchrotron radiation X-ray diffraction, the underlying
atomic-scale mechanisms of magnetic softening in Fe-based metallic
glasses upon annealing are rarely investigated. In recent years, the ther-
mal strain inmetallic glasses exposed to a thermal loading has been cal-
culated from the shift in positions of pair distribution function [9]. The
intrinsic no-uniformity of the glass structure can give a non-uniform co-
efficient of thermal expansion [10]. Taghvaei et al. [11] investigated the
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length-scale dependent thermal strain imposed by heating of
Co40Fe22Ta8B30 glassy particles and found that thermal strain calculated
for the first atomic shell is negative and then gradually becomes positive
with increasing distance from an average atom. In contrast, according to
Scudino et al. [9], a significant expansion (i.e. an increase in free vol-
ume) occurs in the SRO, whereas contraction (i.e. annihilation of free
volume) during heating is observed in the MRO. These reports indicate
that inhomogeneous thermal strain can takes place for metallic glasses
during annealing, i.e., that the positive or negative thermal strain occurs
in the nearest atomic shell before changing its sign on medium-range
length-scale. In our work, the magnetic and physical structures of as-
quenched and isothermally annealed Fe81Si9B10 glassy ribbonswere in-
vestigated byMössbauer spectroscopy and Synchrotron radiation X-ray
diffraction. It was found that a positive and negative sign for the volu-
metric thermal strain ε alternates with increasing distance from an av-
erage atom upon heating (from SRO to MRO). This observation is
obviously different from previous reports on inhomogeneous thermal
strain during annealing.

The ingots of Fe81Si9B10 were prepared by arc-melting a mixture of
industry raw materials: Fe (99.9%), Si\\Fe (Si: 99.586%, Fe: 0.27%),
B\\Fe (B:17.0%, Fe:83.0%) in an argon atmosphere. Using electromag-
netic mixing, the alloy ingots were remelted four times in a Ti-gettered
argon atmosphere to assure homogeneity. A single-roller melt spinning
method in an argon atmosphere onto a copper wheel with a surface ve-
locity of 40m/swas adopted to produce amorphous ribbons. The ribbon
width and thickness were 1.5 mm and 25um, respectively. The as-
quenched amorphous ribbons A0 were isothermal annealed at 523,
543, 563 K for 480 s to get three independent glassy samples A1, A2,
A3, respectively, under the Ar flow and then cooled to room temperature
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in the furnace. Transmission Mössbauer spectra were collected at room
temperature with a 57Co(Rh) source. The experimental spectra were
fitted by NORMOS program. The coercivity Hc of the samples was
determined from analysis of DC B\\H loop tracer. The maximum
magnetizing field of 8000 A/m was applied parallel to the longitudi-
nal direction of ribbons. The structure of all samples was then tested
by synchrotron radiation X-ray diffraction with a wavelength of
0.117418 Å by using beam line 11-IDC in the Advanced Photon
Source of USA. A Mar345 image plate was used to record two dimen-
sional diffraction data. Subsequently, the diffraction data were
normalized by software PDFgetX2 [4] to get structure factors S(Q)
and corresponding pair distribution functions G(r).

Since rapid-quenching generates complex residual stress, structural
relaxation is performed by low-temperature annealing which is often
accompanied by the process ofmagnetic softening for Fe-basedmetallic
glasses. Mössbauer spectroscopy, as an efficient tool, is widely applied
to characterize the stress-induced anisotropy in Fe-based metallic
glasses. Room temperature Fe57 Mössbauer spectra of all specimens
are illustrated in Fig. 1(a). Six broadened lines, typical of amorphous
phases, can be observed in the patterns of as-quenched and isothermal
annealed specimens, implying the existence of nonequivalent Fe sites.
The six absorption lines have intensities determined by the angle θ be-
tween the directions of the γ rays and the local magnetization. It has
been suggested that the intensity ratio of the second line relative to
the third line can be used to monitor the direction of the easy axis of
Fig. 1. (a) Room temperature Fe57 Mössbauer spectra ofmelt-spun (A0) and annealed (A1,
A2, & A3) ribbons together with their fits. (b) B\\H curves of as-quenched and annealed
ribbons. (c) The intensity ratio R of the second line relative to the third line in
Mössbauer spectra and coercivity Hc as functions of annealing temperature.
magnetization in Fe-based amorphous alloys [12]. Thus, the intensity
of the second line, relative to the third line, of the Mössbauer spectra
can be given by

R ¼ I2
I3

¼ 4sin2θ
1þ cos2θ

ð1Þ

where θ is the angle between the γ rays and the local magnetization.
B\\H curves of as-quenched and annealed Fe81Si9B10 alloy ribbons are
shown in Fig. 1(b). The partial enlarged details of B\\H curves are illus-
trated in the inset. The intensity ratio R of the second line relative to the
third line in Mössbauer spectra and coercivity Hc as functions of the an-
nealing temperature are depicted in Fig. 1(c). One can note that the
value of R monotonically increases with the annealing temperature.
The growth of R implies the ongoing increase in θwith an increase of an-
nealing temperature. Itmeans that the easy axis rotates towards the rib-
bon plane. Meanwhile, the coercivity Hc significantly decreases during
annealing, which verifies the results from Mössbauer spectra. We be-
lieve that the relaxation of amorphous Fe81Si9B10 alloy ribbons and con-
comitant magnetic softening occur in the annealing temperature range
between 523 K and 563 K, according to previous reports [13,14]. How-
ever, atomic-scale structural mechanisms of magnetic softening in Fe-
basedmetallic glasses upon temperature rise remain elusive. Therefore,
it's worthwhile to investigate the structural changes during low-tem-
perature annealing in more detail.

Room temperature structure factors S(Q) of as-quenched and
annealed ribbons are illustrated in Fig. 2(a). As can be seen, the diffuse
scattering patterns remain unchanged for ribbons annealed at various
temperatures, indicating the preservation of amorphous nature during
low-temperature annealing. Pronounced oscillations proceeds up to
Q=16 Å−1. Variations in positions q1 and q2 of the first and second dif-
fuse maxima with annealing temperature are depicted in Fig. 2(b). The
peak positions q1 and q2 were obtained by fitting the top of the peak
using a pseudo-Voigt function. It has been known that changes in posi-
tions of diffuse maxima of S(Q) indicate atomic-scale structural evolu-
tion. Little change is observed for q1, while there is an obvious
reduction in q2, indicating the occurrence of inhomogeneous structural
changes in different atomic shells. It is therefore anticipated that
Fig. 2. (a) Structure factors S(Q) of Fe81Si9B10 alloymelt-spun (A0) and annealed (A1, A2, &
A3) ribbons. (b) The first and second diffuse maxima q1 and q2 as functions of annealing
temperature.



Fig. 4. (a) Volumetric thermal strains ε of amorphous ribbons annealed at various
temperatures determined from G(r) peaks. (b) Volumetric thermal strains ε determined
from the first six peaks of G(r) individually as functions of annealing temperature.
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no-uniform atomic-scale structural changes appear in different atomic
shells upon temperature rise.

To seek the possible atomic-scale structural transformations from
SRO to MRO upon annealing, a further more detailed study of anneal-
ing-induced structural evolution was conducted in the real space. Fig.
3 shows pair distribution function G(r) of as-quenched and annealed
ribbons. The partial enlarged details of G(r) around the first peak posi-
tion are illustrated in the inset. It can be observed that temperature
rise induces variations in the position of G(r) peaks in thefirst coordina-
tion shell and the peak position moves to large value of r. This indicates
the variation in atomic-level stress as concluded by Egami et al. [15].
However, the shift in the first peak position of G(r) is not significant
andneeds to be quantified. According to G(r) patterns in Fig. 3, positions
of G(r) peaks can be obtained by Gaussian fits. According to the related
work [9,11], the volumetric thermal strain ε can thus be obtained by cal-
culating shifts in positions of G(r) peaks as

ε ¼ r
r0

� �3

−1; ð1Þ

where r0 and r are positions of G(r) peaks of as-quenched and annealed
ribbons, respectively. Fig. 4(a) shows the volumetric thermal strains ε of
Fe81Si9B10 amorphous ribbons at various annealing temperatures deter-
mined fromG(r) peaks. It is observed that for all annealed ribbons a pos-
itive and negative sign for the volumetric thermal strain alternates with
the increase of r and the amplitude of ε gradually decays from SRO to
MRO length scale. Moreover, significant oscillation of ε occurs in the
first six coordination shells, indicating the alternation of tensile stress
and compressive stress sites in the first six atomic shells. The thermal
strains for atoms in MRO present on a length scale larger than r =
10 Å slightly fluctuate, and the negative ε imply that compressive stress
is predominant on this length scale. Our results suggest that atomic-
level and cluster-level structural changes take place during low-tem-
perature annealing. The presence of such positive and negative thermal
strain sites results in the relaxation of internal stress in Fe81Si9B10metal-
lic glass. It has been pointed out that structure change on short-range
length scale can develop in certain atomic clusters during annealing
and the interconnectivity between clusters generates an increase in
the elastic modulus and strength [16]. In our work, it is possible that
atomic-scale thermal expansion occurs in thenearest-neighbor distance
within a cluster. One the one hand, different atomic environment for
centered atom makes it possible to affect the nearest atoms, and vice
versa. One the other hand, the transformation of MRO is determined
by the interactions between clusters. We believe that thermal expan-
sion may initiate in the first atomic shell and somehow transmits the
applied thermal loading to other coordination shells through the con-
nection of clusters. This may interpret the deformation behaviors of
first six atomic shells and thus changes of the first six G(r) peaks. G(r)
Fig. 3. Pair distribution functions G(r) of melt-spun (A0) and annealed (A1, A2, & A3)
Fe81Si9B10 alloy ribbons. Inset: G(r) curves at the first peak position.
results reveal that the degree of order decreases with increasing of r.
The MRO as well as SRO probably plays an important role in the defor-
mation of amorphous alloys induced by annealing. However, it is un-
clear about the details of those connection mechanisms, and much
future work needs to be done.

The volumetric thermal strain ε for the first six peaks of G(r) as func-
tions of annealing temperature was depicted in Fig. 4(b). It can be seen
that the volumetric thermal strains ε monotonically increase with an-
nealing temperature. The alternation of tensile and compressive strains
proceeds in the first six nearest-neighbor atomic shells. Furthermore,
the rate of increment of thermal strain becomes less temperature de-
pendentwith the increase of distance from the average atom. Therefore,
the distribution of thermal strain within ribbons is both annealing tem-
perature and length scale dependent. Consistent with the expectation
from Mössbauer spectroscopy, stress release goes on with an increase
in annealing temperature and Fe81Si9B10 amorphous ribbons are expect-
ed to be more relaxed.

In conclusion, we investigated local structure changes on annealing
in Fe81Si9B10 amorphous ribbons by Mössbauer spectroscopy and syn-
chrotron radiationX-raydiffraction. Themagnetic softeningwith the in-
crease of annealing temperature originates from the stress relief upon
annealing, where the inhomogeneous thermal strain occurs. We ob-
served that a positive and negative sign for the volumetric thermal
strain ε alternates from SRO to MRO, and ε gradually decays before it
reaches to almost a constant value on medium-range length scale. Fur-
thermore, ε monotonically increases with annealing temperature and
seems less temperature-dependent extending to outer atomic shells in
terms of rate of increment. The inhomogeneous thermal strains upon
temperature rise contribute to rotation of easy magnetization direction
and the concomitant reduction in coercivity of Fe81Si9B10 alloy ribbons.
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