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Fe-based metallic glasses (MGs) are known to exhibit excellent soft magnetic properties. A very effective way
to further improve their magnetic properties is to incorporate nanocrystals into the glassy matrix. Usually it is done
by conventional annealing in the vicinity of primary crystallization temperature. Direct current fast Joule heating
(flash-annealing) represents an alternative way to introduce fine and randomly dispersed nanocrystals within MGs.
Achieving high heating/cooling rates (well above 1000 ◦C/s) by flash-annealing opens up new possibilities for study
the fast kinetics. Phase composition and microstructure of a material can be tailored by proper heat-treatment in
order to improve its overall performance. In this paper, we introduce a novel setup for studying rapid crystallization
of metallic glasses using an in situ X-ray diffraction flash-annealing.
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1. Introduction

Nanocrystalline soft magnetic alloys are essential for
variety of modern applications, and are commonly pre-
pared by the devitrification of amorphous alloys obtained
by rapid solidification [1]. Therefore, a phase transfor-
mation that has significant scientific interest is crystal-
lization of metallic glasses. Under steady-state condi-
tions, the heated glass transforms to the thermodynam-
ically stable crystals through nucleation and growth [2].
However, the phase selection and the nucleation kinet-
ics exhibit a pronounced heating-rate dependence when
heated far from steady state [3]. Especially the early
stages of crystallization are affected because as the nu-
cleation rate decreases the glass is heated even faster [4].
The exact details of how the phase selection, the nucle-
ation rate and crystal growth of different glass-forming
alloys depend on the heating rate has not been investi-
gated to date. Recently, there were proposed several con-
cepts of fast-heating such as inductive [4], microwave [5]
and direct-current Joule [6] heating. Our contribution
to this field is introduction of a novel setup for studying
rapid crystallization of metallic glasses using an in situ
X-ray diffraction flash-annealing.

2. Experimental

Amorphous ribbons with nominal composition of
Fe73.5Cu1Nb3Si15.5B7 (at.%) were prepared by a single-
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roller melt-spinning technique. In situ X-ray diffrac-
tion (XRD) experiments were performed in transmission
mode at the P02.1 beamline of the PETRA III electron
storage ring (Hamburg, Germany). The synchrotron ra-
diation wavelength was λ = 0.02075 nm, and the beam
size was set to 0.5×0.5 mm2. Two-dimensional detector
Dectris PILATUS 3 CdTe (pixel size 172× 172 µm2) po-
sitioned 115 mm downstream from the heating cell was
used to collect scattered photons. Flash-annealing ex-
periments were set according to scheme shown in Fig. 1.
Each experiment starts with a piece (10 mm long,
2 mm wide and 20 µm thick) of amorphous ribbon
fixed between two electrodes of the custom made heat-
ing cell. Both electrodes of the heating cell are con-
nected to the four quadrant current amplifier Toellner
TOE 7610-20, which amplifies an incoming voltage pulse
generated by an arbitrary wave-form generator Hameg
HMF2550. The custom made heating cell has windows
on both sides allowing XRD in transmission mode. Flash-
annealing was realized by generating a burst of 20 rectan-
gular pulses with repetition rate of 0.1 s (frequency 1 Hz)
and pulse width 40 ms. Such a train of rectangular pulses
is further amplified by a current amplifier, producing an
electrical current with desired time structure. Ampli-
tude, width and repetition rate of a current pulse de-
termine amount of heat generated within the specimen.
Two-dimensional (2D) XRD patterns were recorded with
temporal resolution of 0.1 s (acquisition rate of 10 Hz).
Azimuthal integration of 2D XRD patterns was done
using a pyFAI program [7].
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3. Results and discussion

Several offline tests without X-ray beam were done
in order to find out a proper set of rectangular pulse
parameters such as amplitude and width. One should
keep in mind that keeping the sample’s geometry (length
and cross-section) unchanged ensures same value of re-
sistance, and thus makes process of parameters opti-
mization more reliable. Offline tests confirmed that
rectangular pulses with amplitude and width of 1.5 A
and 30–60 ms, respectively, are sufficient to crystallize
Fe73.5Cu1Nb3Si15.5B7 alloy. In turn, higher amplitudes
and longer pulses cause alloy melting.

Figure 2 shows series of XRD patterns recorded during
in situ flash-annealing performed with a burst of 20 rect-
angular pulses having the amplitude and width of 1.5
and 40 µm, respectively. XRD patterns acquired be-
fore arrival of the first pulse confirm fully amorphous
nature of as-cast alloy. The sample immediately crys-
tallizes when the first current pulse arrives. As a re-
sult set of sharp and intense Bragg peaks correspond-
ing to cubic Fe3Si phase is observed. In addition traces
of boride phase such as Fe23B6 are visible. Previous
studies show that the onset temperatures of primary
and secondary crystallization determined by differential
scanning calorimetry at heating rate of 10 K/min are
Tx1 = 508 ◦C and Tx2 = 694 ◦C, respectively [8]. For-
mation of boride phases usually takes place during sec-
ondary crystallization, so one may conclude that the first
current pulse caused temperature rise to at least 700 ◦C.
As the first pulse fades away sample’s temperature de-
creases due to dissipation of deposited heat. Such be-
havior is reflected by increasing intensity of Bragg peaks
and shifting their positions towards larger magnitudes of
scattering vector q. Consecutive current pulses do not
influence phase composition which remains unchanged
after finishing of all 20 pulses. One can observe only

Fig. 1. Setup for flash-annealing experiments at the
P02.1 beamline consisting of an arbitrary wave gener-
ator, current amplifier, custom made heating cell (1),
beamstop (2) and two-dimensional X-ray detector (3).
At the top a typical current pulse train is depicted.

Fig. 2. Series of XRD patterns acquired in transmis-
sion mode with acquisition rate of 10 Hz. Patterns are
vertically offset and grouped based on arriving pulses
for better clarity. The strongest reflections of the cubic
Fe3Si phase are labeled with Miller indices.

temperature effects associated with the variations of
peak intensity and position. In order to characterize
these changes quantitatively, profile of the (422) Bragg
peak (corresponding to the Fe3Si phase) was fitted us-
ing a Gaussian function. In case of a cubic phase
the lattice constant a can be calculated from the po-
sition 2θhkl of the Bragg peak with Miller indices h,
k and l. It is expressed with the following equation
a = λ

√
h2 + k2 + l2/ (2 sin (θhkl)), in which λ is the wave-

length.
Figure 3 shows time dependence of the lattice con-

stant a, which perfectly matches with the time struc-
ture of rectangular pulses. It can be seen that sample
gets suddenly heated with arrival of a pulse, which is
manifested by thermal expansion of the crystal lattice.
Before next pulse arrives, specimen spontaneously cools
down as seen by an exponential decay of the lattice pa-
rameter a. On the other hand the full-width at half-
maximum (FWHM), of the (422) Bragg reflection does
not change significantly with arriving pulses. It suggests
rather that a stable microstructure was already estab-
lished by the first current pulse, while consecutive pulses
result in cyclic thermal expansion of a crystal lattice.

After arrival of the last current pulse the sample
cools down, and can reach a thermal equilibrium at
an ambient conditions (see Fig. 4). Time behavior of
the lattice constant a(t) was fitted using a function
a(t) = aref + a0 e

−k(t−t0), where a0 is the offset to the lat-
tice constant at the time t0, k is the rate parameter,
and aref is the value of the lattice constant in ther-
mal equilibrium (when t → ∞). Obtained values for
aref and k are 5.6992(2) Å and 2.33(5) s−1, respectively.
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Fig. 3. (a) Time structure of rectangular current
pulses with amplitude of 1.5 A and duration of 40 ms.
Only the first seven pulses (out of 20) are shown. (b)
Temporal evolution of the lattice constant a derived
from the position of the (422) Bragg reflection and time
behaviour of its FWHM.

Fig. 4. Time dependence of the lattice constant a after
the last, i.e. 20th, current pulse. The solid (red) line
represents a fit with an exponential decay function to
the experimental data (◦).

Assuming an average value for the coefficient of ther-
mal expansion of Fe3Si phase between 20 and 700 ◦C
is α = 1.3 × 10−5 K−1 [9], one can relate the val-
ues of the lattice constant a with temperature using
an equation a(T ) = aref [1 + α (T − Tref)], where aref is
the lattice constant at the reference temperature Tref =
20 ◦C (see Fig. 4). The mean value of the heating rate es-
timated from slopes of the rising edges of all 20 pulses is
approximately 4500 ◦C/s.

4. Conclusions

In this work a novel setup for flash-annealing exper-
iments is presented, which was implemented and suc-
cessfully tested at the P02.1 beamline. Its potential
use was demonstrated by studying rapid crystallization
of soft magnetic Fe-based metallic glass. It was shown
that a single rectangular current pulse with an ampli-
tude and duration of 1.5 Å and 40 ms, respectively,
crystallizes amorphous Fe73.5Cu1Nb3Si15.5B7 ribbon by
heating it up to 800 ◦C with an average heating rate
of 4500 ◦C/s. Phase composition of crystallized mate-
rial consists of major Fe3Si phase and small traces of
Fe23B6 phase. Thermal expansion behaviour of Fe3Si
phase was used to determine temperature at various
stages of flash-annealing. Further works are planned to
test higher temporal resolution of data acquisition and
direct temperature measurement with a pyrometer.
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