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This study employs in-situ multi-edge quick-EXAFS and XRD to resolve the crystallisation kinetics of Fes«NisoP14Bs
and FeaoNi«woBzo metallic glasses for different heating programs. Time-resolved analysis reveals that FesoNis«oP14Bs
crystallises via preferential NisP/y-Fe formation with quick medium-to long-range ordering, while FesoNisoBzo
follows a slower (Fe,Ni)sB/y-FeNi route. Metal-metalloid bonds (Fe-P/Ni-P, Fe-B/Ni-B) exhibit decreasing Debye-
Waller factors (6%) during nucleation, signalling local ordering, while metal-metal bonds (Fe-Fe/Ni-Ni) show
mostly increasing 6 due to bond tightness and compositional fluctuations. Heating rates (0.25-2.08 K/s) criti-
cally influence the crystallisation onset temperatures (684-867 K), with faster rates delaying the nucleation but

preserving phase identity. This work establishes a methodology for correlating short/long-range order dynamics

in glass-crystal transitions.

1. Introduction

A combination of mechanical strength, soft-magnetic behaviour and
corrosion resistance has made amorphous metallic alloys (metallic
glasses) attractive candidates for functional materials, advanced coat-
ings, transformer cores and biomagnetic field sensors since the 1960s
[1-6]. While many compositions exist, Fe-based metallic glasses, such as
Fe4oNiqoP14Bg (commercial name: Metglas 2826) and Fe4oNigoB2g have
use in production, industrial and medical applications due to high
hardness, soft magnetic behaviour, relatively low cost and its ability to
retain an amorphous state over a relatively wide temperature range [3,7,
8]. Composition selection allows property tuning: while the transition
metal Ni enhances the thermal stability against crystallisation and
supplements the iron-dominated matrices (40 %Fe) by the fcc-stabilising
effects (face-centred cubic), the glass-forming elements (B, P) improve
and help forming a fully amorphous structure by disrupting the lattice
and inhibiting nucleation sites [3,9].

The thermal stability and crystallisation behaviour of these alloys
remain areas of active research. Upon heating, crystallisation begins at
an onset temperature Topset, €videnced by the first appearance of Bragg
reflections (and an associated calorimetric exotherm), after which the
microstructure evolves by nucleation and growth [6,10-12]. Both alloys
therefore undergo significant structural transformations when heated,
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transitioning from a disordered atomic arrangement to (quasi)crystal-
line phases [7,13-21]. To resolve the underlying atomic structure,
complementary characterisation techniques covering both long-range
and short-range order are useful due to the differences in crystalline
and amorphous systems. Therefore, a combined approach of X-ray ab-
sorption spectroscopy (XAS) [22] and X-ray diffraction (XRD) [23] is
beneficial in studying FeNi«oP1Bs and FesoNigoBoo metallic glasses
under thermal treatment. XRD detects long-range periodicity (sharp
peaks) alongside amorphous halos [24], whereas XAS (extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near-edge
structure (XANES)) provides element specific short-range information,
namely coordination numbers, bond lengths and disorder (Debye-Wal-
ler) parameters, in both disordered and partially ordered states [25,26].
In time-resolved experiments, XRD tracks long-range structural change
and crystallisation kinetics, while quick-EXAFS (QEXAFS) follows the
time- and temperature-dependent evolution of local coordination.
Combined, these techniques give insights about the
amorphous-to-crystalline pathway, which is relevant for amorphous
Fe-Ni-P/B alloys, where controlling short-range rearrangements controls
long-range crystallisation and hence the functional behaviour. The
present work determines the kinetics of the amorphous-crystalline
transition in FesNiswoP1Be and FesoNigoBgo alloys, using simultaneous
time-resolved QEXAFS and XRD [27].
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2. Materials and methods

The FesoNiswP14Bs ribbon foils were produced by melt spinning and
underwent electrolytic etching in aqueous hydrochloric acid (HCl) to
remove surface impurities and oxidation layers. Each sample was pol-
ished with a 1 um abrasive to ensure a uniform and smooth surface
suitable for X-ray transmission. All Fe4oNigoB2o samples were produced
by vacuum melting to maintain the alloy’s purity and amorphous
structure and then underwent similar etching and polishing procedures.
Foil samples (~7-15 pm thick) were assigned unique identifiers and
secured at both ends within a custom copper sample holder featuring a
central aperture for X-ray transmission (Fig. S1). The holder was
mounted centrally inside the in-situ cell (dome) of the Anton Paar DHS
1100 [28] with controller TCU 200 and fastened using spring-loaded
clamps provided with the dome. This equipment is regularly available
at several synchrotron sources (e.g. PETRA III, DESY, Germany, and
Photon Factory, KEK, Japan) and has been frequently used for in-situ
X-ray investigations at elevated temperatures [29-33]. Before data
acquisition, the system was evacuated with a backing pump to a vacuum
of approximately 10~2 mbar. Under these controlled conditions, QEX-
AFS and XRD measurements were done simultaneously, while the cor-
responding temperature profile was recorded continuously. For each
sample, a distinct heating ramp (annealing) and an isothermal annealing
phase was applied (Table 1) to systematically understand the thermal
evolution and kinetics of phase transformations - crystallisation and
relaxation processes - within the material. Temperature measurement in
the dome does not happen directly at the sample surface, but by using a
thermocouple embedded in the heating plate. Thus, heat transfer occurs
through limited conduction and radiation, which creates temperature
offsets between displayed (heater plate) and actual (foil) temperatures.

Quick-scanning EXAFS and XRD measurements were conducted in-
situ at the QEXAFS beamline P64 at PETRA III (DESY, Hamburg, Ger-
many, [34-36]). For diffraction, an incident X-ray energy of 6.998 keV
was selected using a Si(111) monochromator, and scattered intensities
were processed with a PILATUS 100k pixel detector (Dectris, Diibendorf,
Switzerland). XAS spectra were continuously acquired in transmission,
simultaneously for both the Fe K-edge (7.112 keV) and Ni K-edge
(8.333 keV) while samples were heated in-situ (previous section). The
starting Bragg angle of the Si(111) monochromator was set to O= 14.8°,
satisfying Bragg’s law for an X-ray energy of ~ 7.7 keV, which lies
midway between the Fe- and Ni K-edge. From that position the mono-
chromator was driven by a sinusoidal motion +A® during each QEXAFS
swing, yielding an energy sweep from ~ 7.0-9.0 keV and thus, covering
both absorption edges in a single continuous scan.

QEXAFS spectra were measured at 0.25 Hz; each complete EXAFS
scan captured one full spectrum (up and down) at both the Fe- and the Ni

Table 1

Used samples, chosen temperature programs for each measurement, and Toysec Of
crystallisation for the chosen temperature programs. SPR = set point (heating)
rate.

Sample Sample ID SPR Tend Isothermal Tonset (K)
(K/s) X) annealing
FeqoNigP14Bg  ID9_1 0.25 872 872K for (684 +/- 5)
D42 0.50 1013 34 min (690 +/- 5)
D41 0.67 1013 1013 K for (707 +/-5)
34 min
1013 K for
32 min
D181 1.67 872 872 K for (717 +/-
30 min 10)
Fe4oNigoB2o D132 0.25 872 872K for -
(only XAS) 1.67 872 32 min (825 +0/-
ID13.1 2.08 872 872 K for 50)
ID14.2 41 min (867 +0/-
(only XRD) 872 K for 50)
30 min
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K-absorption edges of the samples every 4 s. While rapid changes in the
sample might be averaged out a bit at this scan speed, the benefit is an
improved signal quality required for this sensitive samples, due to longer
integration time. For frame-accurate pairing of XRD and EXAFS, one
diffraction image must be recorded for each EXAFS spectrum at a
defined photon energy; in QEXAFS mode, the monochromator crystal
moves continuously in a sinusoidal pattern, so the beam energy is always
changing. In the combined setup for this work however, a signal of the
third harmonic wave with a fitting amplitude is added to the sinusoidal
drive signal that moves the monochromator [34-36]. This flattens the
turning points (minima/maxima) to create short energy plateaus. This
ensures that the XRD patterns were recorded simultaneously with the
QEXAFS scans during the thermal treatment. Hence, changes in local
atomic structure (short-range to mid-range order from EXAFS) can be
directly correlated with phase transformations observed by diffraction
at the same time (long-range order).

The acquired temperature data was calibrated against the known
melting temperature of lead-free solder (T ~ 500 K) using similar in-situ
conditions with the same AP DHS 1100, which ensured an accurate
sample temperature determination. Each measured raw spectrum was
processed to get normalized absorbance p(E), converted into k-space
(k3—weighted EXAFS fine structures X(k)“"‘k3) and into R-space (FT[y(k)
*k3] of the k3-weighted EXAFS) using Athena [37]. To ensure consis-
tency, to all spectra from one heating rate the same Fourier window was
applied. More details about the data treatment are compiled in the
supplementary section S3. Artemis (version 0.8.012) [37] was
employed for EXAFS fitting with crystallographic data of FegP [38], NigP
[39], FesB [40], NisB [41]. The specific set of utilised paths and
parameter constraints are detailed in the next section. Fit results (pa-
rameters with uncertainties) were exported and further processed with a
custom Python script (example: https://github.com/San-WierPa/art
emis-fit-formatter and section S7). Fit parameters are reported as: N -
coordination number, R - bond distance (10\), 62 - DW factor (10\2), and
R-factor - goodness of fit. Error bars are given in parentheses. t denotes
the time of isothermal annealing (min) measured from the start of the
isothermal hold. Temperature uncertainties are: for Fes«Ni«oP14Be data-
setsupto T =1013 K, £50 K for T > 985 K and +30 K for T < 985 K; for
datasets up to T = 872 K, +£50 K for T > 827 K and +30 K for T < 827 K;
for Fe4oNiqoBog, +50 K for all runs. These temperature uncertainties
apply uniformly across all relevant tables.

For the 2D X-ray diffraction images (.tif; Fig. 1 for exemplary results)
which were collected during the in-situ experiments, the PyFAI library
(Python toolkit for calibration and fast azimuthal integration) has been
used [42]; details are in section S2. Five temperature sections were
selected: 1) pristine amorphous; 2) onset of crystallisation (first Bragg
reflections); 3) early crystalline growth; 4) pre-relaxation; 5) structural
relaxation after isothermal annealing. Diffraction patterns are plotted in
Python, together with lightly smoothed intensity curves using a
Savitsky-Golay filter for clearer visualisation of trends. All phase iden-
tification and analysis, however, were performed on the unsmoothed
integrated data. Using this workflow, we obtained a comprehensive set
of synchronised EXAFS and XRD data that capture the structural evo-
lution of the Fe-Ni-P/B alloys during heating and isothermal annealing.
The following section presents these results.

3. Results and discussion
3.1. In-situ XRD

Table 1 and Fig. 2 offer an overview of the onset of crystallisation
temperature Topget for both materials and the different heating ramps.
Fe4oNigoP14Bg shows a lower Tonset compared to FegqoNigoBao which
showed greater variations in the data, and for which we report corre-
spondingly larger uncertainties. Overall, Tonset increases with heating
rate, due to the kinetic delay of nucleation, which is in perfect agree-
ment with prior findings for FesoNisoP14B¢ [13] and, considering the
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Fig. 1. Selected 2D diffraction frames of Fe4oNisoP14Be recorded in-situ during the 0.67 K/s ramp. (a) Pristine amorphous foil at T = 300 K: the pattern shows only
diffuse scattering; no Debye-Scherrer rings are visible. (b) Intermediate stage (T ~ 707 K): three more or less faint, continuous rings appear, marking the first
nucleation of crystalline domains, i.e. onset of crystallisation. (c¢) Fully crystallised state (T = 1013 K): bright, sharp Debye-Scherrer rings corresponding to the (112),
(420) and (411) reflections of tetragonal NisP confirm long-range ordering and grain growth.
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Fig. 2. Dependence of crystallisation onset temperature Tonser Versus the
heating rate SPR for the two analysed metallic alloys. Blue dots show Topset for
Fe4oNisoP14Be with error bars (Table 1). The red dashed curve is a logarithmic
fit. The inset displays Fe4oNisoB2o data with corresponding error bars.

greater variation, in good agreement for Fe4oNisoB2o [19]. An additional
Kissinger analysis of the crystallisation onsets yields an effective acti-
vation energy E, cfr= 188 + /- 48 kJ/mol for Fe4oNisoP14Bs, consistent
with Fe-based metallic glasses (~200-300 kJ/mol under comparable
conditions; higher values often arise from DSC peak temperatures or
different crystallisation stages). For Fe4oNigoBgo only two rates were
available, yielding an estimate of &~ 18 kJ/mol; which we report without
further interpretation.

Based on previous studies [13,19] and complementary PowderCell
[43] simulations, the expected -crystallisation products are for
Fe4oNigoP14Be the tetragonal NigP phase together with y-Fe (face--
centred cubic, fcc) and for the FeyqoNigoBop an orthorhombic (Fe,Ni)3B
together with y-FeNi (face-centred cubic, fcc). For peak indexing we use
prototype structures as references: NigP has a tetragonal -4 structure
(space group 82, a=b=8.954 A, ¢=4.386 A, a=p=y=90°), y-Fe has a
face-centred cubic F4/m-32/m structure (space group 225,
a=b=c=3.567 A, a=p=y=90°), Fe3NisB has an orthorhombic Pnma
structure (space group 62, a=5.44 A, b=6.65 i\, c=4.46 A for NisB,
a=5.223 A, b=6.615 A, c=4.392 A for Fe3B, a=p=y=90° for both), and
fcc Fe-Ni has a tetragonal P4/m2/m2/m structure (space group 123,
a=b=2.531 A, ¢=3.58 A, a=p=y=90°). The simulated diffraction pat-
terns for these phases align well with the observed XRD peaks, and thus,
providing a credible basis for interpreting not only the in-situ diffraction
data, but also for the analysis of the in-situ QEXAFS data. The XRD
patterns in Figs. 3 and $2-S3 track the transformation from the amor-
phous state to a crystalline state under the heating programs.

In the diffraction profiles, the pristine amorphous state exhibits a
broad diffuse halo with no sharp Bragg peaks (sub-panels (e) and (j) in
Figs. 3 and $2-S3), except for a broad peak near 20~ 61° that persists in
the amorphous regime and is assigned to the second diffuse maximum

characteristic of metallic glasses; no discrete Bragg reflections are
observed in the pristine state. Upon heating, distinct diffraction peaks
emerge at specific 20 positions corresponding to the NisP, (most
prominently the (112)-reflection at 20= 50.5° and the (411)-peak at
20= 54.5°) respectively the (Fe,Ni)sB intermetallic phases ((031)-
diffraction at 20= 53°) and the y-FeNi phase ((200)-peak at 20= 57°),
marking the onset and subsequent progression of crystallisation.

Once nucleation begins, the diffraction patterns transition cleanly
from a diffuse halo to discrete Bragg reflections, allowing phase iden-
tification. Broad features gradually resolve into well-defined peaks
whose intensities increase with time and temperature. Notably, once the
first peak(s) are visible, a significant growth in intensity happens
quickly; e.g. the peak at 20~ 50.5° of NigP (112) reflection in Fig. 3-left
rises from 3 a.u. at the onset (d) to 7 a.u. in the next state (c) over
AT =11 K. At the peak annealing temperatures (T = 1013 K, respec-
tively T = 872 K), the dominant reflexions are established and sharpen,
signalling substantial crystallite growth. The emergence and late
sharpening of higher-angle peaks emphasise the development of long-
range order. Most prominent is the small-angle amorphous hump in
Fe4oNigoBoo (Fig. 3-right), which transforms into a distinct peak,
indexed as NisB (121). This sharpening of peaks is consistent with the
inverse peak-width-size relation (Scherrer) [44,45]: corresponding
crystallite sizes are listed in section S8.

For a given phase, positions of the main diffraction peaks remain
essentially constant across heating rates, indicating that the same phase
composition and lattice parameters are obtained under both slow and
fast heating conditions. During the isothermal annealing at maximum
temperature, the existing diffraction patterns become more intense and
slightly narrower, consistent with structural relaxation (coarsening and/
or reduced microstrain). Most importantly, no new peaks appear during
the hold, so phase identification is complete at this point. This confirms
that crystallisation is fully completed before any cooling phase occurs.
After sustained annealing (or subsequent cooling) we observed a modest
shift to higher 20 values (smaller d-spacings) for all peak positions. This
is due to structural relaxation at temperature and thermal contraction on
cooling, not to new phase formation. The absence of additional rings/
peaks through the isothermal annealing or cooling verifies that no
further transformations occur beyond the initial formation of NigP + y-
Fe or (Fe,Ni)sB + y-(Fe,Ni); accordingly, we did not analyse the cooling
phase further.

At heating rates 1.67 K/s (Fig. S2-right) and 2.08 K/s (Fig. S3-left)
several late-forming reflections are weaker or absent, compared with
slower ramps. This is compatible with limited growth time at high rates
and/or persistent broadening from small crystallites (overlap of weak
peaks). Thus, the essential phases set forms, but aspects of the final
coarsening are truncated by kinetics. In summary, XRD confirms the
anticipated pathways - NisP + y-Fe, respectively (Fe,Ni)sB + y-FeNi -
and resolves key features such as crystallisation onset temperatures,
crystallite growth due to peak sharpening, and phase stability across
heating programs.
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Fig. 3. Diffraction evolution calculated by azimuthal integration of Fe4oNi4soP14Bg at a heating process of 0.67 K/s ((a)-(e)) and of Fe4oNi4oB2o at a heating process
1.67 K/s ((D)-(j)) for different temperatures — annealing (e)-(b), (j)-(g) and after isothermal annealing (i.a.) (a), (f). The pristine amorphous state is in (e) and (j), the
onset of crystallisation at T = (707 +/- 5) K in (d) and at T = (825 +0/- 50) K in (i), further crystallisation in (c), (b) and (h), (g), and after structural relaxation with

a slight right shift of the peaks in (a) and (f).

3.2. In situ QEXAFS

This section presents the time-resolved XAS analysis of the
amorphous-to-crystalline transformation in Fe4oNigoP14Be and
Fe4oNigoBoo foils, performed during controlled heating ramps (annealing
+ isothermal annealing). Using Fe- and Ni K-edge QEXAFS data,
element-specific re-ordering of the nearest neighbour environments is
tracked and correlated with changes in simultaneous XRD and the cor-
responding temperature profiles (Table 1). In the amorphous matrices
only nearest-neighbour distances are well defined; upon crystallisation,
additional, narrower peaks emerge at larger R-values. The results of
quantitative EXAFS fitting - bond distances and Debye Waller (DW)
factors as a function of temperature and heating rate - are further
discussed.

Normalized Fe/Ni K-edge XANES evolution of Fe4oNisoP14Bg for the
four heating rates are displayed in Fig. 4 and S4. For reference,
normalized pristine Fe and Ni foil data (measured at P64; to be uploaded

to RefXAS - http://xafsdb.ddns.net/) are plotted. All spectra super-pose
smoothly across the different ramp rates and temperatures. Between
~ 7.11-7.12 keV, respectively between = 8.33-8.34 keV the curves
collapse into a narrow band. The k3-weighted EXAFS (X(k)*k3 vs k) in
Figs. 5 and S4 show a systematic amplitude increase with temperature,
consistent with reduced local disorder and growing order during crys-
tallisation. This trend is more pronounced for the region k ~ 4-8 A1
and mirrors the sharpening of each of the corresponding peaks in the FT
[X(k)*k3] (Figs. 6 and S5). In the post-edge regions - ~ 7.13-7.14 keV
(Fe), respectively ~ 8.35-8.36 keV (Ni) - low-temperature spectra (see
colour code) are concave-down, whereas the spectra recorded above the
onset of crystallisation

(~700 K) become concave-up. The upper-right insets in Fig. 4 and
S4) highlight this inversion with an upwards pointing arrow. This
change is consistent across all four heating ramps at both edges, indi-
cating a structural transition rather than thermal expansion. Quantita-
tively, the increasing normalised absorbance marks the concavity flip
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Fig. 4. Time-resolved X-ray absorption near-edge spectra (XANES) (a, c¢) measured at the Fe- and Ni K-edges during exposure of Fe4oNisoP14B¢ at a heating rate of
0.25 K/s. The colour code goes from blue to dark orange with increasing temperature and isothermal annealing time for T = (872 +/- 30) K. Insets ((b, b’), (d, d*))
show the responding zoomed out regions of the edge region (lower boxes) and the post-white line region (upper boxes). Additionally, (a) and (c) show the normalized
XANES of pristine Fe- and Ni foil for comparison. Full panel set provided in Fig. S4.
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Fig. 5. k®-weighted x(k) spectra at the Fe- and Ni K-edges during exposure of Fe4oNisoP14Bs at a heating rate of 0.25 K/s. Full panel set provided in Fig. S4.
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Sequential appearance of new shells between R~ 3 A and R~ 5 A trace the transition from amorphous to crystalline. Final positions of the shells are identical; hence,
they originate from long-range ordering. Full panel set provided in Fig. S5.
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from the low-temperature curves (blue) to the high-temperature curves ] _
(dark orange) for the Fe K-edge by Ap~ 0.016 (0.25 K/s), Au~ 0.013 i 3
(0.50 K/s), Ay~ 0.015 (0.67 K/s), and Ap~ 0.011 (1.67 K/s). For the Ni & PN
K-edge by Ap~ 0.012 (0.25K/s), Au~ 0.010 (0.50 K/s), Au~ 0.015 7: Txged
(0.67 K/s), and Ap~ 0.011 (1.67 K/s). Thus, Fe shows a slightly larger & =
inversion at the slower ramps, consistent with Fe-centred order E ci: g ®
maturing earlier; at faster ramps the Fe and Ni amplitudes converge. The £ g =] o
full panel set is provided in Fig. S4-S5; the main text retains one 5 v | ] T < B § 2 é
representative panel for both Fe and Ni to illustrate the effect. Multiple- ) § ? % oS asn ' '
scattering calculations for Fe-P/B glasses show such a phase reversal § ([ =S
when Fe-Fe or Ni-Ni shell correlation emerges [46,47]. Comparable ~ Fldem)z o o
figures and insights for Fe4oNisoBg2o are provided in sections S3-S5; 4:3 _
higher-shell signatures are less pronounced in that alloy. 2 E
From Figs. 6 and S5, Fe4oNisoP14Bg shows an initial decrease in the o S ~o P8 Rg
first coordination-shell with increasing temperature, due to increased £ N: 223553338
thermal vibrations, raising the DW factors (6?) accordingly. For Fe-P, 6> s
increases from 6= 2.55*10~4(A2) (T = 300 K) over ¢°= 2.60*1072(A%) 8 ~ g
(T = 320 K) to o%= 2.81*10’2(/?\2) (T = 420 K), then remains roughly 2 . S g
constant until the phases changes significantly drop (Table 2), reflecting 2 ,S E, ;? 2 8
the development of greater local order. As crystallinity sets in, new & g § - gl « < N
peaks at higher R appear evidencing well-ordered next-nearest neigh- = 2| Rl & 23 328§
bour shells. For Fe4oNigoBag (Figs. S6-59), the trend is similar across the 8 § i g moasa ess
heating programmes, except for a heating rate of 1.67 K/s, which shows £ s
a more gradual rise in y(R). The steady amplitude increase with tem- g claslz a0 v oo
perature suggests progressive structural relaxation that improves local i _
ordering even before clear crystallisation; the more gradual rise at the & N
fastest ramp may also reflect the limited growth time/temporal aver- E N%&.\ N2 adn %
aging at that rate. § ftsiciSsdsaca
3.3. Structural model fitting of Fe4oNisoP14Be r*;;:; o)
NS B e
We now convert qualitative insights from the FT[(k)*k®] of the k- z ] § a @ & 5
weighted EXAFS into quantitative structural parameters [48]. A key & ; S ~¥=2%a Toe
. . . =1 o ToToMMS M )
outcome in this paper is the temperature- and rate-dependence of the b ﬁ S ! S %sT¥sgse <
DW factor - 62 - at the Fe- and Ni K-edges. Exemplary Figs. 7-8, and ] &I ‘§
corresponding Tables 2-3 show the Fe- and Ni K-edge FT[X(k)*kg’] § [ﬂ ﬁ: 2 o w e e
spectra of Fe4oNisoP14B¢ at a heating rate of 0.50 K/s. The spectra are 3
well fitted using single-scattering paths derived from FesP and NisP -% &
crystal structures, consistent with the XRD-identified phases (Section ] N )
3.1). i Zo2238585%5
Crystalline fits (cf. Fig. 7(a)) used single-scattering paths generated < TS S aSae
from crystallographic data FesP [38] and NisP [39] (tetragonal I-4 CE;
structure (space group 82)), representing contributions of five coordi- & £ )
nation shells - Fe-P, Fe-Fej, Fe-P,, Fe-Fe; and Fe-Fes - around the Z; E > o S
absorber. The amplitude reduction factor S% was fixed at 0.80 for Fe and ,_;':’r 'ﬁ @ 5 g @ f §
0.85 for Ni, which provided stable fits without unnecessary complexity. = ; g = <3 3 3 i g %
Notably, the phosphide-related peak (Fe/Ni-P scattering) is more pro- E alal °§5 SIsssy 2
nounced in the Ni K-edge fits than in the Fe K-edge fits, indicating a ° = ‘§
stronger Ni-P  coordination  contribution. ©~ The remaining f [ﬂ 5,? Sz a e e e o
temperature-dependent EXAFS fits and tables as well as for the other boo o
heating ramps are provided in section S4. g “ S
Tables 4-5, summarise the refined bond distances R(;\) from the ﬁ iio N I 5
crystalline phases of Tables 2-3, and Tables S1-S8. The Fe-P distance E E E{:\ g § 2 § 8 § g g N
refines slightly longer than the theoretical values, whereas Ni-P is only 2 cemEevwaswowe
~ 0.01-0.07 A above them. All metal-metal distances lie within the go =
FesP/NisP ranges, which confirms that this alloy adopts the expected ;" 8 E §
phosphide structure for all heating rates. @ § 3139 % _
Coordination numbers are consistent with the expected local envi- = % g8 g 8 T 8
ronments: for the Fe absorber, the first shell comprises 5 neighbours (2 & & ; E = -~ o8 g 2 2 8 < E’
metalloids + 3 metals (Fe-Fe;)); for the Ni absorber, 10 neighbours (2 5 SR g “é ds5Sesy 2
metalloids + 8 metals (Ni-Ni; + Ni-Niy)). Both the Fe and the Ni ET' ﬁ 1§
absorber see 4 P neighbours in its second coordination shell (Fe/Ni-Py); g oi =15 :Z Z N o o+ o e
subsequent shells include Fe-Fe, (3 Fe neighbours), Fe-Feg (1 Fe i 5
neighbour), and Ni-Ni3 (7 nickel neighbours). ~ g :‘ - 2 o« 9 9
During heating, 62 typically evolves in two stages: an initial rapid % § § z E E E Z E
change (e.g. during heating) and a slower structural relaxation during & &
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Fig. 7. Structural fits of the FT[}(k)*k®] of Fe4oNisoP14Bs at the Fe K-edge for two temperatures as indicated at a heating rate of 0.50 K/s. The fits match the data
from the Fe K-edge for all phases, using the FesP model (Table 2 and $3). The dashed vertical lines indicate the fitting range of Rpin=1 A to Rpax= 4.8 A (a) and
Ruin=1 A to Rinax= 3 A (b). Onset of crystallisation at T = (690 +/- 5) K. The rest of the evolution is provided in Fig. S12.
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Fig. 8. Structural fits of the FT[}(k)*k>] of Fe4oNisP14Bs at the Ni K-edge for different temperatures as indicated at a heating rate of 0.50 K/s. The fits match the data

from the Ni K-edge for all phases, using the NizP model (Table 3 and $4). The dashed vertical lines indicate the fitting range of Rpin= 1 A to Rpax= 4.6 A (a) and
Rmin=1 A to Ripay= 3 A (b). Onset of crystallisation at T = (690 +/- 5) K. The rest of the evolution in figures is in Fig. S13.

isothermal hold. For the thermal component we tested Einstein and
correlated Debye models [49]. The Einstein model (single effective
frequency quantified by an Einstein temperature Og) proved unstable for
the Ni-P and Ni-Ni; shells over our wide temperature span, whereas the
correlated Debye model (continuous spectrum of phonon frequencies up
to a Debye temperature ®p) provided consistent fits across the entire
ramp. We therefore use the Debye model for 6*(T) during heating. For
the isothermal segment, a Johnson-Mehl-Avrami-Kolmogorow (JMAK)
description [50,51] tended to overfit in some cases during analysis [52];
we therefore adopt a stretched-exponential (Kohlrausch-Williams—
Watts) [53] form, which robustly captures the observed relaxation
kinetics.

To evaluate and compare the evolution of the DW factors for Fe-P vs
Ni-P and Fe-Fe; vs Ni-Nij, we also fitted a simple logarithmic model to
o? (with +1o statistical uncertainty confidence intervals as semi-
transparent envelopes), aiming to confirm general trends.

Metal-metal shells (Table 6) consistently yield a small ¢® in the
crystalline state, indicating a well-ordered Fe/Ni sublattice. Metal-
metalloid shells show a slightly larger disorder, consistent with the
stronger vibration of the lighter P atoms. On average, Ni-P ¢2 are around

T
—— Data

— Fit

----- Ni-P, Ni-Nil
----- Ni-Ni2

15 % lower than Fe-P o? because NisP generally exhibits a higher
enthalpy of formation compared to FesP (-45 kJ/mol for FesP [54] vs
—200 kJ/mol for NisP [55]), indicating that NisP is thermodynamically
more stable.

Additionally, Tables 2-3, S1-S8, Figs. 9-10 show, that in the amor-
phous state, 62 increases with temperature (thermal disorder), produc-
ing broader, lower y(R) peaks. At the onset of crystallisation, ¢* drops
sharply as ordered phases form. Both phenomena are more notable for
Fe than for Ni, indicating that Fe-centred order develops earlier. After
full crystallisation and post-annealing, ¢? stabilises at a lower level; the
system reaches a stable, ordered state with minimal further (or none)
reduction in disorder, consistent with literature trends [6].

The comparative 62(t) evolution for Fe/Ni-P and Fe/Ni-Fe;/Nij is
shown in Fig. 11 and S18. All series follow a logarithmic trend; the fitted
slope b of each coordination shell quantifies the rate and direction of its
change in disorder. For Fe/Ni-P, b< 0 ((e), respectively (+)) at all heating
rates, indicating decreasing disorder and strengthening energetically
favourable metal-metalloid bonding during early crystallisation stages.
For Fe-Fe and Ni-Ni, b> 0 ((e), respectively (e)) at all rates except the
fastest at 1.67 K/s, consistent with the delayed build-up or partial
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Table 3

Structural parameters from Ni K-edge EXAFS fitting of the sample Fe4oNiqoP14Bg at a heating process of 0.50 K/s. S3 as determined from Fe foil is fixed at 0.85 during the fits. k range for the FT for all fits was

1, Corresponds to Fig. 8 and Fig. 513.
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coarsening of metal-metal correlations. The narrow confidence bands
confirm that the logarithmic law captures ¢ trends robustly.

Overall, these observations highlight the interplay between local
ordering (preferential metal-metalloid bonding) and long-range reor-
ganisation (growth of metal-metal networks), and underscore why
combining QEXAFS with XRD is essential for a complete interpretation
of the annealing process.

3.4. Structural model fitting of Fe4oNisoBao

QEXAFS data for Fe4oNisoBog were fitted with single-scattering paths
generated from orthorhombic FesNisB (Pnma, space group 62) [40,41],
identified by in-situ XRD (Section 3.1). For the crystalline state, we used
FesB (Fe) and NigB (Ni) prototypes as starting geometries, consistent
with the results obtained from XRD. All fits were performed on
k ® -weighted y(k) data using Artemis [37], (Tables S9-S12).

Best-fit distances (R(A)) agree well with FesB structural parameters:
Fe-B refines to R= 2.08-2.18 + /- 0.04 A (theory: R=2.02-2.12 A) and
Fe-Fe; refines to R= 2.38-2.58 + /- 0.01 A (theory: R=2.41-2.60 A). At
the Ni edge, Ni-B and Ni-Ni; converge to R=1.97 + /- 0.02 A (theory: R
=1.98 A), and R= 2.37-2.54 + /- 0.01 A (theory: R=2.40-2.57 A); in
both cases for a heating rate of 1.67 K/s. The 0.25K/s analysis
(Tables S9-S10) shows a similar behaviour. Together, these results
support orthorhombic (Fe,Ni):B as the dominant crystalline phase, in
agreement with XRD. The refined coordination environment is consis-
tent with the boride prototypes: the Fe absorber has 7 neighbours (2
metalloids + 5 metals (Fe-Fe;)), as well as the Ni absorber (1 metalloid +
6 metals (Ni-Ni1)). Refined DW factors (6%x10° (Az)) for the fully crys-
talline phase for two heating rates are listed in Table 7.

The metal-metal shells (Table 7) are almost identical at both rates,
indicating a similar order once crystallisation is complete. The metal-
metalloid shells show larger 6* and higher uncertainties, reflecting the
weaker scattering of Boron. The slower ramp exhibits a higher o2
consistent with longer exposure in the transformation window and
support of a minor Boron redistribution. Across heating programmes, ¢>
for metal-metalloid shells drops substantially between the amorphous
and crystalline states, confirming that thermal and static disorder are
largely removed upon crystallisation.

3.5. Wavelet transform and concluding results

As an independent check on the EXAFS-derived transitions, wavelet
transforms (Morlet; MorletE software [56] Figs. 14 and S23 for
FeaoNiswoP14Bs, and Figs. S24-S25 for FesgNigoBag) of the y(k) data are
computed. Alloy data are compared with reference foils (Fe, Ni;
measured at P64) and with simulated FesP and NisP data (FesoNisoP14Bs),
respectively FesB and NisB data (Fe4oNigoB2o) derived from their crys-
tallographic structures. The reference foils show a sharp, high-intensity
section near R~ 2.1 A, k ~ 8 A! for both, the Fe and Ni foil, plus weaker
contributions for R > 3 A.

In the amorphous state, both alloys exhibit a single broad section,
consistent with a complete absence of medium-range order. Upon
heating, the main section of FesoNis0P14Bs shows sharpening and subtle
secondary features appear, signalling the onset of further order. These
match the FesP/NisP simulations, confirming phosphide -like crystal-
lisation. For Fe4oNi4oBgo, amorphous-to-crystalline differences are more
subtle, reflecting the limited k- and R-range used in first shell fits. We see
however, intensity gain and a slight shift to higher k around R~ 2.1 A, at
both edges, and a modest sharpening of the first-shell Fe-Fe/Ni-Ni cor-
relation - evolving from a broad rounded profile towards a form that
resembles the main section of the pristine Fe/Ni foil.

During annealing, FesoNisoP14Bs rapidly develops second- and third-
shell EXAFS features, indicating robust build-up of medium-range
order, consistent with a NisP contribution. In Fe4oNisoBgg, higher-R
features emerge more slowly and remain weaker, suggesting either a
slower evolution of medium-range order or finer nanocrystalline
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Table 4

Summary of the Fe refined bond distances R(A) for two metalloid (M - P) and three metal (M - M) shells for all 4 heating rates of Fe4oNisoP14Bg, Errors are given in

parentheses.
Heating rate Fe-P Fe-Fe; Fe-P, Fe-Fe, Fe-Feg
0.25K/s 2.31 (0.01) 2.47-2.62 (0.01) 3.68-3.84 (0.03) 4.35-4.39 (0.02) 4.87 (0.03)
0.50 K/s 2.36 (0.01) 2.46-2.62 (0.01) 3.69-3.85 (0.03) 4.37-4.41 (0.02) 4.89 (0.02)
0.67 K/s 2.32(0.01) 2.47-2.63 (0.01) 3.69-3.85 (0.03) 4.37-4.41 (0.02) 4.88 (0.02)
1.67 K/s 2.36 (0.01) 2.45-2.61 (0.01) 3.66-3.82 (0.03) 4.34-4.38 (0.02) 4.86 (0.02)
R(./e\) (theory): 2.26 2.47-2.63 3.76-3.92 4.31-4.34 4.73

Table 5

Summary of the Ni refined bond distances R(;\) for two metalloid (M - P) and three metal (M - M) shells for all 4 heating rates of Fe4oNisoP14B¢. Errors are given in

parentheses.

Heating rate Ni-P Ni-Ni,

Ni-P, Ni-Niy Ni-Nig

0.25 K/s 2.23-2.30 (0.02) 2.45-2.60 (0.02)
0.50 K/s 2.29-2.36 (0.02) 2.45-2.60 (0.01)
0.67 K/s 2.23-2.30 (0.02) 2.47-2.61 (0.02)
1.67 K/s 2.29-2.36 (0.02) 2.46-2.61 (0.01)

R(A) (theory): 2.22-2.29 2.44-2.58

2.57-2.84 (0.04)
2.61-2.87 (0.03)
2.54-2.81 (0.06)
2.61-2.87 (0.04)
2.65-2.91

3.70-3.86 (0.05)
3.74-3.90 (0.05)
3.70-3.86 (0.05)
3.76-3.91 (0.07)
3.70-3.86

4.29-4.42 (0.03)
4.32-4.44 (0.02)
4.29-4.42 (0.02)
4.32-4.45 (0.03)
4.26-4.39

Table 6
Summary of the refined o> values (62x10? (A2)) for the first metalloid (M - P) and
first metal (M - M) shells for all 4 heating rates of Fe4oNisoP14Bs.

Heating Fe-P Fe-Fe, Ni-P Ni-Ni,

rate

0.25 K/s 1.29 + /- 0.76 + /- 0.99 + /- 0.68 + /-
0.19 0.08 0.26 0.11

0.50 K/s 1.02 + /- 0.53 + /- 1.29 + /- 0.46 + /-
0.20 0.08 0.36 0.13

0.67 K/s 1.01 + /- 0.57 + /- 0.67 + /- 0.52 + /-
0.15 0.07 0.23 0.12

1.67 K/s 1.28 + /- 0.50 + /- 1.08 + /- 0.62 + /-
0.27 0.07 0.34 0.14

domains. Essentially, the Phosphorous-containing glass shows a more
pronounced long-range structural order upon crystallisation than the
Boron glass, which implies differences in their crystallisation behaviour:
Phosphorous promotes the formation of intermetallic compounds -
strong multi-shell EXAFS signals, whereas Boron-only compositions
initially crystallise in a more constrained or finer way, which yields less

pronounced EXAFS features from distant shells.

Additional XAS measurements were acquired at the DELTA storage
ring (Dortmund, Germany) [57,58] (section S9): the magnitude of the
Fourier transform FT[X(k)*k3] of the k3-weighted EXAFS displays the
Fe-P shell with higher amplitude for the 77 K amorphous spectrum,
whereas the 300 K spectrum is broader and more damped, which is
consistent with a well-known increase in the DW factor at elevated
temperatures [59]. Upon crystallisation, y(R) resolves into multiple
peaks, evidencing the build-up of ordered coordination shells. The
cryogenic spectrum remains amorphous; additional higher-order peaks
observed during heating reflect structural ordering rather than thermal
effects. Cryogenic data of the post-annealed state are not discussed
further; apart from the expected amplitude gain, peak positions and
overall motif are unchanged, adding no new information.

Finally, EXAFS and XRD provide a consistent, time-resolved picture:
XRD records the first Bragg reflections at the onset of crystallisation,
while EXAFS shows a rise in |x(R)| and a drop in the DW factors - 6.
Once Bragg peaks appear in XRD, EXAFS amplitudes increase, con-
firming local ordering; XRD-based phase identification secures the
scattering paths used in the EXAFS fits. After the isothermal annealing,
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Fig. 9. (a)/(d) show the bond distance R vs temperature for Fe-P/Ni-P and Fe-Fel/Ni-Nil shells obtained from Fe/Ni K-edge EXAFS fitting of Fe4oNisoP14B¢ at a
heating process of 0.50 K/s (left) and 0.67 K/s (right). (b)/(e) display the squared Debye-Waller factors vs temperature with overlaid Debye model fits (solid lines).
The insets (c)/(f) present the isothermal annealing and structural relaxation at T = (1013 +/- 50) K fitted by a stretched-exponential function (dashed lines). All fits

withstand the routine check.
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Fig. 10. (a)/(d) show the bond distance R vs temperature for Fe-P/Ni-P and Fe-Fel/Ni-Nil shells obtained from Fe/Ni K-edge EXAFS fitting of Fe4oNisoP14B¢ at a
heating process of 0.25 K/s (left) and 1.67 K/s (right). (b)/(e) display the squared Debye-Waller factors vs temperature with overlaid Debye model fits (solid lines).
The insets (c)/(f) present the isothermal annealing and structural relaxation at T = (872 +/- 50) K fitted by a stretched-exponential function (dashed lines). All fits
withstand the routine check.
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Fig. 11. DW factor evolution comparison of Fe4oNisoP14Bs Over time (annealing + isothermal annealing) at a heating process of 0.25 K/s (a) and 1.67 K/s (b). The
displayed curves describe a logarithmic behaviour with +16¢-bands (statistical uncertainty) and changes: (a): b = -0.22 *In(t) (e), b = -0.05 * In(t) (=), b = +0.08 * In
(t) () and b = +0.12 * In(t) (e), (b): b = -0.45 *In(t) (e), b = -0.57 * In(t) (+), b =-0.21 * In(t) (¢) and b = -0.12 * In(t) (e).
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Fig. 12. Structural fits of the FT[X(k)*kB] of Fe4oNisoBoo at a heating rate of 1.67 K/s for Fe - left and Ni - right. The fits match the data from the Fe/Ni K-edge for all
phases, using the Fe3B/Ni3B model (Tables S11 and S12). The dashed vertical lines indicate the fitting range of R=1 Ato3 Aforall graphs. Onset of crystallisation at
T = (825 +/- 50) K. Full set for both Fe and Ni provided in section S5.

10



S. Paripsa et al. Journal of Alloys and Compounds 1043 (2025) 184136

T T T T T T T T ; i T T T T T T
24 £ 2a 333 : SR
o< - $ FeP I FeFel - $ FeP 1
vl Ni-P Ni-Nil — i-
o I ) i Py i-Ni Iz o K3 _!\h p I
2.0 } 2.0
25— - : 2 — ' :
() i: 4t (o ! 2.5 =1
S 20 ‘ S
= i . o e 1 55 20 3q
X 15 Isothermal (min) X 2 T Isgthermal [(min)
10 & | Ll =3 £ b 1
°\<-’ I S 1 2 4 T 7';\
~ 05 ~ T T 1 I
e} 1 o 0 15
0.0 , ‘ , { ‘ , , — T4 | ~ | ] | — =
500 550 600 650 700 750 800 850 300 400 500 600 700 800 900
Temperature (K) Temperature (K)

Fig. 13. (a)/(d) show the bond distance R vs temperature for Fe-B/Ni-B and Fe-Fel/Ni-Nil shells obtained from Fe/Ni K-edge EXAFS fitting of Fe4oNisoBoo at a
heating process of 1.67 K/s (left) and 0.25 K/s (right). (b)/(e) display the squared DW factors vs temperature with overlaid Debye model fits (solid lines). The insets
(c)/(f) present the isothermal annealing and structural relaxation at T = (872 +/- 50) K fitted by a stretched-exponential function (dashed lines). All fits withstand
the routine check.
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(top right), Fe4oNisoP14Bg in the crystalline state (bottom left) and the simulated Fe3P reference derived from its crystallographic structure. The colour scale denotes
each of the wavelet amplitudes, with brighter regions indicating stronger contributions from the k and R ranges.
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Table 7
Summary of the refined 62 values (6%x10? (Az)) for the first metalloid (M - P) and
first metal (M - M) shells for both heating rates of Fe4oNigoBog.

Heating Fe-B Fe-Fe; Ni-B Ni-Ni,

rate

0.25 K/s 0.91 + /- 0.41 + /- 0.62 + /- 0.63 + /-
0.82 0.10 0.68 0.11

1.67 K/s 0.71 + /- 0.41 + /- 0.41 + /- 0.60 + /-
0.49 0.09 0.30 0.06

both techniques stabilise: 6> reaches a minimum and the main Bragg
peaks narrow.

4. Conclusion

We have shown a detailed view of the crystallisation process in
FewoNisoP14Bs and Fe4oNigqoBo metallic glasses through a combined
simultaneous approach of in-situ time-resolved XRD and multi-edge (Fe
+ Ni) quick-scanning EXAFS analysis. Both alloys follow an anticipated
phase transformation during annealing and isothermal annealing:
FesoNiswoP14Bs crystallises for all observed heating ramps into tetragonal
NisP and y-Fe (face-centred cubic), while Fe4oNigoByg crystallises into
orthorhombic (Fe,Ni)sB and y-(Fe,Ni) (face-centred cubic). The onset of
crystallisation for FeswoNiswoP14Bs is in line with literature and the onset of
crystallisation for Fe4oNigoBog lies close to reported values. Onsets and
subsequent evolution were marked by the appearance of characteristic
Bragg peaks in XRD, a simultaneous inversion of spectral features in
XANES and analysis of EXAFS features. Element-specific observations
showed that new Fe-Fe and Ni-Ni coordination shells appear and
intensify in the EXAFS signals, as crystallisation proceeds, which tracks
the growth of structural ordering of the nearest-neighbours. EXAFS
fitting further confirmed that DW factors decrease during heating and
isothermal hold, indicating a reduction in local disorder.

The difference in crystallisation dynamics between FesoNiswoP14Bs
which develops medium-to long-range order rather quickly, whereas
Fe4oNigoBoo shows a more gradual, subtle evolution of its higher-shell
EXAFS features, suggesting a slower growth or finer nanocrystalline
domains in the boron-containing glass. Notably, in this multi-edge
QEXAFS approach, Fe-centred shells relax and crystallise sooner than
Ni-centred shells; Ni-P/B bonds remain tighter, while Fe-Fe disorder
transiently increases as Fe rich clusters form. These trends could only be
resolved with this element-specific dual-edge approach. Heating-rate
effects are consistent with kinetics: slower ramps allow more pre-
ordering, while faster ramps (e.g. 1.67 K/s) require a longer
isothermal period to reach a similar low-6? plateau. Cross-validation of
Fe-and Ni-specific disorder with analysed Bragg peaks via XRD, provides
a consistent, element-resolved picture of the transformation from
amorphous to crystalline. Cryogenic baseline experiments (amorphous
data at T = 77 K) confirmed that additional EXAFS peaks at elevated
temperature arise from structural ordering, not merely thermal
vibrations.

We also introduced a lightweight Python script that parses Artemis
fit files, matches path-specific AR and ¢ errors (with planned exten-
sions), and produces rounded, one-line summaries - useful for routine
EXAFS reporting and reproducibility. In our in-situ protocol the crys-
tallisation of the 7-15 pm foils was irreversible, and the foils embrittle
on cooldown/removal from the heating dome; consequently, specimens
were not recoverable for TEM thinning after the runs. As a follow-up, ex-
situ TEM on ribbons annealed under replicated thermal histories
(matching set-point rates and holds) could be performed. This would
directly assess grain size distributions, and phase identity/fractions,
providing an independent validation of the kinetics inferred from
QEXAFS-XRD.

The approach in this work can be used to deconstruct complex
phenomena, such as optimising annealing treatments for magnetic
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performance in Fe-based ribbons or understanding multi-component
rearrangements in biomaterials and bioactive glasses - thereby
improving reliability in medical implants. Amorphous alloys are often
considered for radiation shielding (e.g. neutron-absorbing borated
glasses) and for components in nuclear/space applications that must
endure thermal extremes; our methodology offers a way to test how such
materials respond under quick heating or prolonged irradiation. Insights
could open possibilities for the development of shielding materials that
keep their amorphous structure under stress or intentionally crystallise
into phases that enhance shielding effectiveness.

Finally, we are planning to upload selected Fe/Ni K-edge XAS spectra
for the samples and references to the RefXAS (http://xafsdb.ddns.net/)
database under an open access policy [60-62].
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