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Abstract A study of the phase transformation process of a

Fe-Ni-B-Si-P-Nb metallic glass using a suite of advanced

characterization tools is reported. Transmission electron

microscopy (TEM) and small angle neutron scattering

(SANS) experiments show that the as-spun metallic glass

ribbon has a dual-phase structure with bcc nanoclusters of a

size of 2–3 nm. In situ high-energy X-ray diffraction

(XRD) reveals a three-stage crystallization process when

heating the metallic glass into supercooled liquid states.

The isothermal annealing experiment shows the nanoclus-

ters grow instantly without incubation. The easy formation

and phase stability of the nanoclusters are due to the low

interfacial energy between the amorphous matrix and

clusters, as real space analysis shows that the nanoclusters

and the amorphous matrix share similar short-to-medium-

range orders. We further find that the dual-phase structure

reduces local magneto-anisotropy and enhances effective

magnetic permeability, resulting in an excellent stress-

impedance effect without sacrificing coercivity. Our work

sheds light on the structure-property engineering of soft

magnetic metallic glasses and provides a foundation for

developing novel magnetic functional materials with

nanostructured dual-phases.

Keywords Soft-magnetic property; Metallic glass; Phase

transformation; Synchrotron and neutron scattering; Stress-

impedance (SI)

1 Introduction

Soft-magnetic metallic glass is a type of material that is

widely used in magnetic devices, such as the cores in

electric transformers or motors [1–8]. The discovery of

magnetoelastic coupling effects with high sensitivity in

soft-magnetic MGs makes them important functional

materials in advanced sensors [9–11]. One of the repre-

sentative effects is the stress-impedance (SI) effect [12],

which connects applied stress and magnetic permeability.

Several critical issues of this material lie in the glass-

forming ability (GFA) [13–15], plasticity [16, 17], mag-

netoelastic coupling [18], and thermal stability [19–22].
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GFA limits the size and shape of the products, magnetoe-

lastic coupling determines its magnetic performance, while

plasticity and thermal stability guarantee its reliability

under external stimuli.

The SI effect is qualitatively explained by the Villari

effect [23]: the changes in magnetic permeability can be

influenced by an external force, resulting in a change in the

skin depth of the high-frequency current, which ultimately

leads to significant changes in the material’s impedance due

to the induced domain wall motion. One effective way to

improve stress-impedance performance is to introduce

nanocrystals to enhance structural anisotropy [24] or by de-

stress annealing at sub-Tg temperatures (Tg, the glass tran-

sition temperature) [25]. However, annealing these alloys

can make them too brittle to withstand high stress [26, 27], as

structural heterogeneity, which is reduced by annealing, is

believed to play an important role in enhancing the plasticity

and fracture toughness of the metallic glasses [28]. There-

fore, it is usually challenging to make all these properties

good enough spontaneously, especially for ‘soft’, ‘plastic’

and good SI performance [29–34].

A recently developed soft-magnetic Fe40Ni38B14.2-

Si2.75P2.75Nb2.3 bulk metallic glass (BMG) shows both

extremely low coercivity and remarkably high plasticity

[35, 36]. Its room temperature compressive plasticity is up

to 7.7%, and the coercivity is as low as 0.6 A�m-1. Plas-

ticity and coercivity are both among the best values in Fe-

based soft-magnetic metallic glasses. Moreover, the SI

effect is found to be enhanced remarkably after annealing.

The unusual behavior should be related to its structure.

However, X-ray diffraction (XRD) and transmission elec-

tron microscopy (TEM) results only show a typical amor-

phous structure with crystalline-like atomic clusters

embedded in the amorphous matrix.

To better understand the structural correlation with plas-

ticity, soft-magnetic property, and stress-impedance in this

metallic glass, we performed in situ high energy X-ray,

TEM, and small angle neutron scattering (SANS) experi-

ments to study its structural evolution on heating and

isothermal annealing until crystallization. It is revealed that

this metallic glass has a dual-phase structure with the coex-

istence of nanometer-sized stable bcc nanoclusters and the

amorphous matrix, exhibiting three stages of crystallization

during heating and no crystallization incubation time during

isothermal annealing. Reduced pair distribution function

analysis shows the dual-phase BMG has short-to-medium-

range structures very similar to that of the bcc nanoclusters,

which could reduce the interfacial energy of the bcc nan-

oclusters. Moreover, the significantly improved SI perfor-

mance is due to the massive precipitation of nanoclusters,

which increases the local structural anisotropy and enhances

the effective magnetic permeability.

2 Experimental

Fe40Ni38B14.2Si2.75P2.75Nb2.3 metallic glass ribbons with a

thickness of 20 lm were prepared by melt spinning [36].

Differential scanning calorimetry (DSC) experiments were

performed by Netzsch Pegasus DSC at a heating rate of

20 K�min-1. The SI property was studied for samples

annealed at different temperatures for 5 min in Ar atmo-

sphere. The impedance under the applied tensile stress was

measured by an impedance analyzer (LCR Meter IM3536

made by HIOKI) at a frequency of 1 MHz with a driving

current of 100 lA at room temperature. Tensile stress was

applied by electronic universal tester (UTM4304GD made

by SUNS). The hysteresis loop was measured by a physical

property measurement system with the vibrating specimen

magnetometer module (DYNACOOL-9 made by Quantum

Design). The effective magnetic permeability was also

measured by the impedance analyzer IM3536. The glassy

ribbons were wound into circles, and the effective magnetic

permeability was obtained by the equation

leff ¼ LLe=l0N
2Ae, where leff is effective permeability, L

is inductance, Le is average effective magnetic circuit

length, l0 is vacuum permeability, N is coil turns, and Ae is

the effective core cross-sectional area [37]. Le could be

obtained by Le ¼ pðD� dÞ= lnðD=dÞ, and Ae could be

obtained by Ae ¼ ðD � dÞH=2, where D is the inner

diameter of a magnetic core, d is the outer diameter of a

magnetic core, and H is the core height.

The phase transformation behavior was studied by high-

energy XRD experiments which were performed at

beamline 11-ID-C, Advanced Photon Source, Argonne

National Laboratory, USA [38]. The time resolution of the

scattering experiments was 1 s per pattern. Samples were

put inside the Linkam Stage under Ar atmosphere for heat

treatment with a heating rate of 20 K�min-1. In situ

isothermal annealing experiment was performed at 713 K.

Structure factor S(Q), where Q is the moment transfer, was

deduced by the software PDFgetX2 [39]. SANS was per-

formed at the SANS beamline of the China Spallation

Neutron Source [40]. High-resolution TEM (HRTEM)

images were taken by a JEOL JEM 2100PLUS transmis-

sion electron microscope.

3 Results and discussion

3.1 Results

Figure 1a shows HRTEM image of Fe40Ni38B14.2-

Si2.75P2.75Nb2.3 metallic glass at the as-spun state. The

lattice fringes (in the red circles) are present in the amor-

phous matrix, indicating the nanoscale heterogeneities are
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inherent in the samples. We further compared a reference

sample with a similar composition (Fe40Ni38B14.2P5.5Nb2.3)

but no plasticity and worse soft-magnetic properties

(Hc = 1 A�m-1) [41] using SANS. The SANS results of the

studied sample and the reference sample are shown in

Fig. 1b. The as-studied sample exhibits an enhanced SANS

signal (the integrated SANS signal in the small angle

region of the as-studied sample is about 2.5 times higher

than that of the reference sample), indicating the presence

of enhanced structural heterogeneities at the nanometer

scale [42].

Figure 2a shows DSC curve of the as-spun sample,

which exhibits a complex crystallization behavior upon

heating. Three exothermic peaks are observed, with the

first peak having the largest area. The onset temperatures of

the exothermic events are denoted by Tx1, Tx2 and Tx3,

respectively. The entire crystallization process occurs over

a wide temperature range, starting at about 760 K and

ending at about 950 K. The broad exothermic peaks sug-

gest a sluggish crystallization kinetically. A specific

annealing temperature of 713 K during the in situ syn-

chrotron XRD experiment is marked by Ta in DSC curve,

which is 47 K lower than the first crystallization onset

temperature. The glass transition temperature (Tg) is not

clearly shown in DSC curve and may be influenced by the

broad crystallization peak. Figure 2b shows structure factor

of the sample obtained by high-energy XRD at different

temperatures. Bragg peaks start to show up at around

760 K, consistent with DSC results.

Figure 2c, d illustrates the setup of SI experiments and the

stress dependence of the impedance ratios at different

annealed states, respectively. The stress-impedance ratio, SI,

is defined as |DZ|/Z =|[Z(r) - Z(0)]/Z(0)|9 100%, where

Z(r) is the impedance under the stress of r, and Z(0) is the

impedance under no stress. The maximum SI of 46% is

observed under the stress of 24 MPa for the as-spun sample.

As the annealing temperature increases, the maximum SI is

enhanced. After annealing at Ta, the maximum SI can reach

up to 259% under the stress of 63 MPa and remain at 214%

under the stress of 100 MPa, indicating a significant

improvement in the SI performance under high stress. The

enhanced SI performance has * 6 times increasement

compared with the as-spun state, reaching the leading level in

the field [43, 44]. After annealing at Tx1, the maximum SI

remains high but shifts to a lower stress value. However, the

performance gradually decreases at higher annealing tem-

peratures due to different crystallization products and the

embrittlement induced by crystallization.

The hysteresis loop in Fig. 3a shows that the saturation

magnetization (Ms) for the Ta annealed sample has

improved to 85 mA�m2�g-1, an increase of * 8% com-

pared to Ms of the as-spun state, indicating the annealing-

induced structural changes are in favor of the enhancement

of magnetization. Figure 3b shows the evolution of effec-

tive magnetic permeability leff at different annealed states.

The impedance Z is proportional to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pqxleff

p
[25, 45],

where q is the direct current resistivity, x is the current

angular frequency. leff increases at the Ta annealed state

and then decreases after Tx1 annealing, consistent with the

SI performance shown in Fig. 2d. Higher leff at Ta

annealed state guarantees better SI performance, directly

influencing the impedance response under stress [46].

Fig. 1 a HRTEM image of Fe40Ni38B14.2Si2.75P2.75Nb2.3 metallic glass and (inset) an enlarged picture showing nanoclusters, where
red circles indicate nanoclusters; b SANS results of Fe40Ni38B14.2Si2.75P2.75Nb2.3 metallic glass (blue curve) and
Fe40Ni38B14.2P5.5Nb2.3 (orange curve)
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The results of the in situ high-energy XRD experiment at a

heating rate of 20 K�min-1 are shown in Fig. 4. From

Fig. 4a, b, it is evident that the crystallization process of the

amorphous alloy sample occurs in three distinct stages. The

first stage involves the formation of a metastable crystalline

phase with a body-centered cubic (bcc) structure [47]

containing Fe, Ni, and other solute atoms such as Nb or Si.

This phase is marked by a characteristic Bragg peak at

Q * 44 nm-1, and its intensity saturates at around 800 K.

In the second stage, a second crystalline phase appears with a

complex structure containing (Fe, Ni)23B6 [48]. This phase is

marked by a characteristic Bragg peak at Q * 38 nm-1 and

Fig. 2 a DSC curve of Fe40Ni38B14.2Si2.75P2.75Nb2.3 metallic glass at a heating rate of 20 K�min-1, where Tx1, Tx2 and Tx3 are starting
temperature of three exothermic peaks, respectively, Ta is annealing temperature with the best SI performance; b S(Q) of
Fe40Ni38B14.2Si2.75P2.75Nb2.3 metallic glass at different temperatures; c setup of stress-impedance test (details shown in Experimental
part); d stress dependence of impedance ratios of samples annealed at different temperatures

Fig. 3 a Hysteresis loops of different annealed states and (inset) obtained corresponding saturation magnetization (MS); b effective
magnetic permeability of different annealed states
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appears rapidly at around 830 K. Finally, a polymorphism

phase transition occurs at around 870 K, where the

metastable bcc phase transforms into a stable fcc phase

[49, 50]. This transformation is marked by a characteristic

Bragg peak at Q * 35 nm-1, and it occurs relatively

quickly after the appearance of the second crystalline phase.

The metallic glass exhibits a very sluggish crystalliza-

tion process, possibly due to the aggregation of Nb atoms

around the bcc clusters, which slows down the growth rate

[51]. Ni atoms in bcc (Fe, Ni) solid solution cause the

polymorphism phase transition and lower the martensite-

to-austenite transformation to 870 K [52]. To investigate

the phase transformation behavior further and find out the

structural origin of the enhanced SI performance, an

isothermal annealing experiment was conducted at Ta,

713 K, where the SI performance shows the best value.

Previously, the crystallization behavior of Zr-Cu-Al BMGs

with different GFA during isothermal annealing has been

studied in the supercooled liquid region [53]. Different

crystallization pathways for good and marginal glass

formers have been revealed, and the incubation time of

crystallization has been found to be correlated with their

GFA. The results of our study are shown in Fig. 5a. The

annealing temperature is about 47 K below the crystal-

lization onset temperature. An integration of the peak

intensity at Q * 44 nm-1 (which represents bcc (Fe, Ni)

phase) is plotted in Fig. 5b. Notably, there is no incubation

for the crystallization of bcc (Fe, Ni) phase. The absence of

incubation is rare in metallic glasses annealed at such a low

temperature, indicating no need for nucleation in the

crystallization process. A certain number of stable nan-

oclusters have already formed during quenching, as also

confirmed by TEM and SANS in Fig. 1, but they are so

small that no sharp Bragg peaks could be identified in the

S(Q). According to classical nucleation theory, the energy

barrier of homogeneous nucleation of a spherical-shaped

crystal is proportional to c3, where c is the crystal/glass

interface energy [54]. The easy formation of nanoclusters

should be related to a small interface energy between the

bcc clusters and the glass structure.

To understand the atomic structure, the reduced pair

distribution function (PDF), G(r), is obtained from the

Fourier transform of the total scattering structure factor,

S(Q), by the following equation: GðrÞ ¼ 2=p
RQmax

Qmin
Q

SðQÞ � 1½ �sin Qrð ÞdQ. G(r) represents the probability of

finding an atom at a given distance ‘r’ from another atom

and shows the short-range atomic structure of the material

[55]. Figure 5c shows the G(r) of the sample at different

temperatures. At the first crystallization stage (773 K), the

G(r) shows similar peaks to the as-spun state. The short-to-

medium-range order (up to about 1 nm) of the as-spun state

is close to that of the bcc clusters. Only after the inter-

metallic compounds and fcc crystals appearing at higher

temperatures, the PDFs change significantly. As the short-

to-medium-range order of the amorphous structure in the

as-spun state is similar to bcc crystalline order, it is rea-

sonable to postulate that the bcc nanoclusters form during

quenching owing to low interfacial energy between the

nanoclusters and the amorphous structure.

To further analyze the structure evolution at the exten-

ded medium-range order, the radial distribution function

g(r) of the sample during heating is obtained by the

transform of 4pq0G(r) ? 1 (Fig. 6a). The neighboring

packing of clusters in MGs can be divided into four dif-

ferent kinds: the polyhedra sharing one, two, three, or four

atoms to connect with each other, denoted hereafter as

1-atom, 2-atom, 3-atom, and 4-atom connections, respec-

tively (Fig. 6b). The first three categories refer to the

connections by sharing a vertex, an edge, and a face of

polyhedra. In contrast, the last category (i.e., 4-atom) refers

to sharing distorted quadrilateral or squashed tetrahedra

(i.e., with 4 atoms almost in the same plane, but not nec-

essarily forming a perfect quadrangle face) [56]. Figure 6c

shows the corresponding evolution of packing clusters. The

2-atom connection dominates the atomic connection after

Ta temperature and continues to increase during the sub-

sequent stages II and III, while the 3-atom connection

shows the opposite path. As the 2-atom connection changes

fastest at round Ta to Tx1, it may play an essential role in

bcc cluster formation and the change of SI performance.

Notably, the three stages divided by cluster connectivity

Fig. 4 a 2D picture of evolution of S(Q) from room temperature
to 950 K at a heating rate of 20 K�min-1, where arrows (at 35, 38
and 44 nm-1) indicate characteristic Bragg peaks of three
phases in different crystallization stages; b integration of
S(Q) of three peaks marked in a, where Tx1, Tx2, Tx3 mark
onset temperature of three peaks
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are slightly different from the three stages in Fig. 4. This is

because the cluster connectivity represents the medium-

range structure, which may not be directly corresponded to

the long-range structure revealed by Bragg peaks.

3.2 Discussion

Zhou et al. [35, 36] have demonstrated that Fe-Ni-B-Si-P-

Nb metallic glass exhibits combined good plasticity, frac-

ture toughness, and soft-magnetic property due to the large

degree of free volumes in the atomic scale and the homo-

geneously distributed crystalline-like orders. In this work,

we further show that these crystalline-like orders are

stable crystalline nanoclusters, and the metallic glass con-

tains a unique dual-phase structure. Nanoclusters have been

shown to play an important role in enhancing the plasticity

of metallic glasses. Sarac et al. [57] showed that

nanocrystals with sizes of 1.0–1.5 nm are observed within

Fe-Ni-P-C bulk metallic glasses, homogeneously dispersed

in the soft regions of the BMG, resulting in good plasticity

by the initiation of multiple shear transformation zones

[58]. Furthermore, the in situ heating experiment shows

that the martensite transformation temperature is relatively

low (860 K), indicating a low energy barrier for the bcc-to-

fcc. transformation. This transition may also occur under

stress to further induce the considerable plasticity, a similar

effect to the transformation-induced plasticity (TRIP) in

crystalline materials [59–61]. The nanoclusters in this Fe-

Ni-B-Si-P-Nb metallic glass impart enhanced plasticity,

expanding the application of the stress-impedance effect

under large stress conditions.

On the other hand, bcc nanoclusters play an essential

role in improved stress-impedance performance. As

revealed by the cluster connectivity analysis in Fig. 6, the

proportion of 2-atom cluster connection mode (the most

frequent connect mode in ideal bcc structure [47])

Fig. 5 a 3D picture of evolution of structure factor annealed at 713 K for 5400 s; b integration of S(Q) at 44 nm-1; c PDFs of sample at
different temperatures
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increases rapidly when the temperature reaches Ta, indi-

cating the formation of bcc nanoclusters. If the annealing

time at Ta is short (5 min in this study), the number of bcc

nanoclusters should be increased, and their size should

remain small, keeping the macroscopic structure still

homogeneous and making the microscopic structure

heterogeneous. Because of a higher order of symmetry, the

bcc nanoclusters may have a lower local magneto-aniso-

tropy than the amorphous cluster, resulting in a low coer-

civity of the sample. As a result, the domain wall motion is

not restricted during the magnetoelastic coupling and can

have an excellent response to the applied stress [62]. On

the other hand, the high effective magnetic permeabil-

ity and the high configurational entropy (10.77 J�mol-1-

K-1) further contribute to a better SI effect. Also, the

formation of bcc nanocluster is in favor of the enhancement

of magnetization due to their higher saturation magneti-

zation [63], which makes the material both have an

excellent SI effect and magnetic property. Further anneal-

ing at a higher temperature or a longer time period will

induce the growth of nanoclusters and degrade the nanos-

cale heterogeneities, resulting in a decrease of SI perfor-

mance. From the discussion above, we believe that the bcc

nanocluster should play an essential role in enhancing both

the plasticity, soft-magnetic property, and SI effect. Our

results are consistent with that reported by Zhou et al.

[35, 36]. Based on their observations, we further demon-

strate that the crystalline-like orders are indeed stable nan-

oclusters. The nanoclusters have a similar interfacial

energy with the amorphous matrix, which could explain

their easy formation and stability within the amorphous

matrix.

4 Conclusion

In summary, we study the structure and crystallization

behavior of Fe-Ni-B-Si-P-Nb dual-phase soft-magnetic

metallic glass. The crystallization behavior is sluggish and

complex. A polymorphism phase transition from bcc (Fe,

Ni) to fcc (Fe, Ni) occurs. The excellent plasticity, soft-

magnetic property, and SI performance of this metallic

glass are related to the tiny stable bcc nanoclusters

embedded in the amorphous matrix. These nanoclusters

serve as structural heterogeneities to enhance plasticity.

Additionally, they also increase the local structural aniso-

tropy and exhibit a low local magneto-anisotropy, resulting

in a good stress-impedance effect without sacrificing

coercivity. Overall, this metallic glass represents a new

type of material that fills the gap between the fully amor-

phous and nanocrystalline states. Our findings may shed

light on developing new magnetic functional materials

based on excellent stress-impedance performance to be

used as advanced sensors.
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