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GRAPHICAL ABSTRACT

FeNiBSiNbP bulk metallic glass with
high notch toughness and strength was
developed.

This FeNi-based metallic glass exhibits
excellent soft magnetic properties as
well.

Large free volume and high structural
disorder degree lead to the high
toughness.

3

Toughness, K./ MPa m"

OESAsNI30B16.95.xS12.7sNbasPy — g
2 4 6 8 10 12 14 16 18
!

)

o

11

B

Effective permeablity, 1

FesoNisgB 953 75Nby 3P
2 4 6 8 10 12 14 16 18 20
rAd)

Atomic-scale structural
heterogeneity

40 35 30 25 20 15 10 05 00

Coercivity, H./ Am”
Excellent mechanical and
soft magnetic properties

Homogenously distributed crystal-like
order regions with the size of 0.5-1 nm

ARTICLE

INFO

ABSTRACT

Article history:

Received 13 October 2019

Received in revised form 20 February 2020
Accepted 21 February 2020

Available online 22 February 2020

Keywords:

FeNi-based BMGs

Notch toughness

Free volume

Structural disorder degree

Anovel FesgNizoB12 25 75Nb, 3P4 13 bulk metallic glass (BMG) with high notch toughness of 72.3 MPa m'/?, large
plastic strain of 9.8%, high yield strength of 2930 MPa, and a large critical diameter of 2.5 mm was successfully
developed. This BMG also exhibits excellent soft magnetic properties, i.e., higher saturation magnetic flux density
of 0.86 T, extremely low coercivity of 0.65 A/m, and high effective permeability of 23,250 with high frequency sta-
bility. Its toughness value is the highest among Fe-based BMG family. The origin of high toughness was also in-
vestigated in detail by using synchrotron X-ray diffraction and aberration-corrected high-resolution
transmission electron microscopy. It was found that the high toughness are attributed to atomic-scale structural
heterogeneity that resulted from large free volume, high content of metal-metal bonds and high structural disor-
der degree, which can promote the multiple shear bands and hinder the subsequently propagation. This work
provides useful guidelines for developing tough FeNi-based BMGs with high strength and excellent soft magnetic
properties from an atomic structural perspective.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bulk metallic glasses (BMGs) have been attracted great attentions as
potential structural materials due to their superhigh strength, high
hardness, good wear resistance, and good corrosion resistance [1]. Un-
like conventional brittle glasses, metallic glasses are generally capable
of limited plastic yielding by shear-band sliding in the presence of a
flaw, and thus exhibit toughness-strength relationships that lie be-
tween those of ceramics and tough metals [2]. Among them, some Pt-,
Zr-, Ti-, and Pd-based BMGs or BMG matrix composites exhibit high
fracture toughness, due to an unusual capacity for shielding an opening
crack by the extensive shear-band sliding process [2-9]. For example,
Pts75Cui47Nis3Pas BMG [3] exhibits fracture toughness of
80 MPa m'”?, and Zrsq ¢Tiz3.9Nb7 Cug 4Be 2.5 BMG composite [4] dis-
persed with a soft dendritic phase shows fracture toughness of
173 MPa m'/2 Besides, a monolithic Pds, 5PsSig sGe, BMG with fracture
toughness as high as 200 MPa m'/”? was developed, and its toughness is
the highest value among all BMG systems [2]. However, those tough
BMGs or BMG composites usually contain toxic (e.g. Be) or extremely
expensive (e.g. Pd and Pt) elements that limit their applications. There-
fore, it is necessary to search for tough BMGs with non-toxic and low-
cost elements.

Fe-based BMGs are more attractive for applications as structural and
functional materials, because of their superhigh strength and excellent
soft magnetic properties as well as low costs and good availability of
iron [10-13]. However, the poor plasticity and low fracture toughness
of most Fe-based BMGs severely hinder their applications. Fortunately,
great efforts have been devoted to improve the plasticity of Fe-based
BMGs [14-17], e.g., the plastic FesgNizoP13C; BMG with large plastic
strain up to 50% was successfully developed [17,18]. On the other
hand, the fracture toughness of Fe-based BMG was also improved
from 3 to 52 MPa m'/? by Poon and Johnson et al. through compositional
design [19-22]. Besides, introducing secondary phase in Fe-based BMG
was also tried. As a result, the Fe;7;MosPgC75B1.5 BMG composite [23]
dispersed with a-Fe dendrite phase was prepared by modifying the
composition of Fe;45Mos55P125CsB2s BMG [22]. Nevertheless, the
toughness decreased from 52 to 40 MPa m'/, In addition, the magnetic
domains will be pinned by secondary phase, leading to deterioration of
soft magnetic properties. Therefore, the method of introducing the sec-
ondary phase to glass matrix is not suitable for ferromagnetic BMGs
needing to keep their soft magnetic properties. Recent studies showed
that the nanoscale heterogeneous structures in BMGs can hinder the
propagation of shear bands and increase the number of possible nucle-
ation sites for new shear bands, and thus induce a more uniform defor-
mation with high-density shear band branching and interactions [24].
Interestingly, the increased toughness of Fe-based BMGs mentioned
above [20-22] is attributed to the lower activation barriers for shear
flow caused by the formation of a “backbone” liquid structure [22],
which can be further associated with the heterogeneity in atomic struc-
ture [18]. Hence, tailoring inhomogeneity of BMGs in atomic-scale is
considerable to improve the fracture toughness for ferromagnetic
BMGs while keeping their good soft magnetic properties.

In this study, we focused on FeNi-based metallic glasses, because the
FeNi-based metallic glasses exhibit high permeability and have been
used to partly substitute the permalloys in sensors, switching trans-
formers and anti-theft labels [25]. In addition, the FeNi-based BMGs
can be fabricate into magnetic electronic microparts with high dimen-
sional accuracy in complex geometries, which further extension their
potential application as structural and functional materials. Neverthe-
less, as the same of the other Fe-based BMGs, its fracture toughness is
low. For example, the fracture toughness of FeNiVSiB glassy alloy is
only 8 MP am'/?, which is even worse than conventional silicate glasses
[26]. The extremely low toughness of FeNi-based BMGs not only makes
the manufacturing processes difficult, but also reduces the reliability
and safety during service. Therefore, preparation of tough FeNi-based
BMGs with excellent soft magnetic properties would be desired.

However, the progress in the aspect is limited. There are few data avail-
able to date on the toughness of FeNi-based BMGs, let alone the optimi-
zation of alloys for toughness.

As mentioned formerly that the plasticity and toughness of FeNi-
based BMG would be improved through increasing the atomic struc-
tural heterogeneity by modifying the composition. Based on this consid-
eration, an alloy system from FeNiBSiNbP [27,28] with adjusting the P/B
atomic ratio was developed to increase the structural heterogeneity,
since the mixing enthalpy of B—P atomic pair is +0.5 k]/mol [29]. As
a result, a novel Fe3gNizgB12 82Si275Nbs 3P4.13 BMG with diameter up to
2.5 mm was prepared. This FeNi-based BMG exhibited excellent me-
chanical properties, i.e., high notch toughness (Kq) of 72.3 MPa m'/?,
large plasticity (&) of 9.8%, high yield strength (o0y) of 2930 MPa, as
well as excellent soft magnetic properties i.e., higher saturation mag-
netic flux density (Bs) of 0.86 T, extremely low coercivity (H.) of
0.65 A/m, and high effective permeability (1) of 23,250. Furthermore,
the structural evolution of FeNi-based BMGs varying with the composi-
tions was also investigated in detail. The atomic-scale structure of the
samples was investigated by synchrotron X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (HRTEM). Based on
the theory of structural heterogeneity, underlying mechanism for
superhigh toughness are discussed. This work is believed to have the
implication for developing new ductile FeNi-based BMGs combined
with excellent magnetic properties.

2. Methods

Master alloy ingots with nominal compositions of Fe3gNi3gB16.95.
xSiz75Nby 3Py (X = 1.38, 2.75, 4.13, 5.5, 6.88 and 8.25 at.%, denoted fur-
ther as 1.38 at.%, 2.75 at.%, 4.13 at.%, 5.5 at.%, 6.88 at.%, and 8.25 at.% P-
containing BMGs, respectively) were prepared by induction melting a
mixture of constituent elements with a purity above 99.9%. Ribbons
with a thickness of 23 pm and a width of 1.5 mm were produced by sin-
gle roller melt-spinning method. Cylindrical rods with diameters of
1-2.5 mm and a length of 30 mm were produced via injection casting
into a copper mold. The ¢, and oy were measured at room temperature
by compression measurements with a Sans 5305 testing machine at a
strain rate of 5 x 10™%s™". The samples were cut from the as-cast glassy
rods with a gauge aspect ratio of 2:1 (1 mm in diameter). The toughness
of the investigated FeNi-based BMGs was assessed with Kq under mode
I conditions, measured using three-point single edge notched bend
(SENB) measurements. Here, we measure conditional (notch) fracture
toughness, Kq, and not Kjc for two reasons. First, the inherent critical-
casting thickness limitation of these FeNi-based BMGs makes it difficult
to obey the standard Kjc procedure. Second, the Kq value is meaningful
in distinguishing the variation in toughness of materials under identical
testing conditions, and this method has been used in Fe-, Ni- and Mg-
based BMGs, which provides a large database for comparison. Note
that, the Kq was obtained using the relation:

8PS b
Ko = S5« F<5> )

where Pis the maximum load, S is the sample span, b is the notch depth,

Dis the sample diameter, and F (g) is a constant coefficient related to the

shape of notch, sample geometry and loading methods (here F (g) =1.2

[30]). The SENB measurements, fixed at 12 mm span, were performed
on a CMT 4503 testing machine with a maximum load of 10 kN under
displacement control at 0.1 mm/min. Samples for Ko measurements
were taken from the as-cast rods with 1.5 mm in diameter. Notches
with a root radius of about 200 um were made to a depth of approxi-
mately half of the rod diameter via a diamond-cutting machine (SY]J-
150). About 10 samples were conducted for each composition in both
compression and SENB tests to ensure the results reproducibility. The
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morphologies of deformed and fractured surfaces were observed by
scanning electron microscopy (SEM, Sirion 200, FEI). Magnetic proper-
ties of Bs, H, and p. were measured with a vibration sample magnetom-
eter (VSM, Lake Shore 7410), a DC B—H loop tracer (RIKEN BHS-40)
under a field of 800 A/m, and an impedance analyzer (E4990A) under
a field of 1 A/m, respectively. All of the ribbon samples for magnetic
property measurements were isothermally annealed at specific temper-
atures (50 K less than the glass transition temperature) for 600 s in a
vacuum chamber in order to reduce the influence of inner stress on
soft magnetic properties through structural relaxation. The glass transi-
tion temperature (T) of the glassy ribbons were measured by differen-
tial scanning calorimeter (DSC, NETZSCH 404F3) at a heating rate of
0.67 K/s. The measured T, values of Fe3gNizoB16.95-xSi2.75Nb2 3Py (X =
1.38, 2.75, 4.13, 5.5, 6.88 and 8.25 at.%) glassy ribbons are 723, 719,
711, 711, 709 and 707 K, respectively. The atomic structure of these
FeNi-based metallic glasses was observed by synchrotron XRD using
the beam line 11-IDC in the Advanced Photon Source, Argonne National
Laboratory, USA. The photon energy was 105.1 keV corresponding to an
X-ray wavelength of 0.11798 A and the beam size was 0.5 x 0.5 mm?.
The resultant 2D image files were integrated using the Fit2D program
to obtain 1D intensity distributions as a function of the wavevector Q
[31], from which the S(Q) and the G(r) were derived using the PDFgetX2
program [32]. The high-resolution transmission electron microscope
(HRTEM) observations of samples were carried out on an aberration-
corrected FEI Titan 80/300 microscope. Samples for HRTEM were pre-
pared by ion milling method (Gatan Inc., PIPS-M691) under liquid nitro-
gen cooling condition.

3. Results and discussions
3.1. Excellent combination of strength and toughness

The glassy alloy rods were produced at all alloy compositions in this
Fe3gNizoB16.95-xSi2.75Nb2 3Py system. The critical diameters (D) of the
glassy alloy rods were 1.5, 2, 2.5, 2, 1.5 and 1 mm for alloys with P con-
tent of 1.38, 2.75, 4.13, 5.5, 6.88 and 8.25 at.%, respectively, indicating
the high GFA of 4.13 at.% P-containing BMG. By using FeNi-based glassy
alloy rods with diameters of 1 mm, we measured mechanical properties
by compressive test. Fig. 1a shows the compressive stress-strain curves
of Fe3gNizgB16.95.xSi2.75Nb2 3Py BMGs deformed at room temperature. As
shown in the figure, the &, dramatically increases from 5 to 9.8% with P
content increasing from 1.38 to 4.13 at.%, then decreases to 1.5% with
further increasing P content to 8.25 at.%. In addition, although the oy,
of the samples gradually decreases with increasing P content, all oy
are larger than 2700 MPa. The SEM image of the lateral surface of de-
formed 4.13 at.% P-containing BMG is shown in Fig. 1b. Multiple shear
bands interconnected by intersection or arrested with each other can
be observed, which contributes to the strain-hardening behavior occur-
ring at the initial stage of plastic deformation in the stress-strain curve.
Meanwhile, many small kinks, branches, and ledges along the shear
bands can be also observed in the region A of Fig. 1b, indicating the ex-
cellent resistance ability to the propagation of shear bands. Besides, the
inset in Fig. 1b shows the well-developed vein patterns on the fracture
surface of 4.13 at.% P-containing BMG, which is a characteristic of
large plasticity for ductile BMGs [16,18].

As this FeNi-based BMG system exhibits good mechanical properties
with a combination of large plasticity and high strength, as well as
multiplane sliding activities during compression, a high toughness can
be expected. To evaluate fracture toughness experimentally, the SENB
measurements were carried out on the notched 1.38 at.%, 4.13 at.%,
and 6.88 at.% P-containing BMG samples. According to the Eq. (1), the
Kq of this FeNi-based BMG system is 44.8, 72.3 and 14.2 MPa m'/?, re-
spectively. Fig. 2a shows a plot of notch toughness Kq vs. P contents
for the three BMGs. As shown in the figure, the K value increases dis-
tinctly with P content increasing from 1.38 to 4.13 at.%, and then de-
creases sharply with further increasing P content to 6.88 at.%. It is to
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Fig. 1. (a) The compressive stress-strain curves at room temperature of Fe3gNi3gB16.95-
«Siz75Nby 3Py (X = 1.38, 2.75, 4.13, 5.5, 6.88 and 8.25 at.%) BMGs. (b) Deformation
surface of the compressed 4.13 at.% P-containing BMG showing multiple shear bands.
The inset shows the vein patterns on the fracture surface of failed 4.13 at.% P-containing
BMG.

be noted that the large error bar for the toughness value originates
from the possible presence of processing defects in samples [33,34],
thus, extrinsic effects must be minimized in order to guarantee the reli-
ability of such high toughness. The inset in Fig. 2a is the size and geom-
etry of samples before and after SENB measurements for the 4.13 at.% P-
containing BMG, which shows that this notched FeNi-based BMG is ca-
pable of undergoing deformation before fracture. In addition, the frac-
ture surface of the 4.13 at.% P-containing BMG exhibits jagged
appearance and high roughness under low magnification as shown in
Fig. 2b. The inset in Fig. 2b shows very rough characteristic of periodic
corrugation pattern zone, which is the enlarged view of region A in
Fig. 2b. This high roughness is considered to be caused by the energy
dissipation during crack propagation, which means most crack paths
in this metallic glass sample are deflected, that is, high energy is needed
to break the notched sample, leading to a high toughness.

To compare the mechanical properties of this FeNi-based BMG with
those of the other BMG system more detailed, the data of oy and tough-
ness (K¢, including Kic and Kq) of the typical BMG systems are summa-
rized as shown in Fig. 3a. It is clearly seen that nearly all the K¢ correlate
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Fig. 2. (a) The notch toughness of 1.38 at.%, 4.13 at.%, and 6.88 at.% P-containing BMGs. The
insets show the size and geometry of samples before and after SENB measurements for the
4.13 at.% P-containing BMG. (b) The SEM image of the fracture surface of notched 4.13 at.%
P-containing BMG sample after SENB measurement. The inset is the SEM image of high
magnification showing region A in (b).

inversely to the oy, among these BMG systems as illustrated by black
dotted curve [2,6-9,19-22,35-41], except for the Mg-based BMG sys-
tem [42]. The BMG system can be roughly classified into three groups
according to their 0y and K¢ correlations separated by red dashed line.
For instance, the Mg- and RE-based BMG system with low 0y, and K¢
are labeled as Group I. Followed up with Group I, Group II shows high
oy with high Kc (Pd-, Pt- and Ti-based BMG systems) or relatively high
Kc (Zr- and Cu-based BMG systems) combinations. However, as
shown in Group III, the Ni- and Fe-based BMG systems exhibit
superhigh oy but low K¢. It is known that high strength serves as the
basis for the applications of structural materials, while the safety must
be insured by appropriate toughness [43]. Therefore, it is significant to
improve the K¢ for the Fe- and Ni-based BMG systems for simulta-
neously exhibiting high oy and Kc. In this study, through adjusting the
atomic ratio of P/B elements, the 4.13 at.% P-containing BMG simulta-
neously exhibits superhigh oy of 2930 MPa and high K¢ of
72.3 MPa m'/? shown as a red star in Fig. 3a. It is clearly seen that the
newly developed 4.13 at.% P-containing BMG in this work is not only
the toughest Fe-based BMG, but also a breakthrough of the general
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Fig. 3. Relationship between the 0y and the K¢ of the typical BMG systems.

trade-off between 0y and K¢ in BMG family. It is to be noted that the
test sample thickness, width, and notch precision strongly effect the
fracture toughness of BMIGs [44,45], therefore, it is just a rough compar-
ison between this FeNi-based BMG and other Zr-, Pd-, Ti-, Pt-based
BMGs. However, for Fe-, Cu-, Ni- and Mg-based BMGs, the Kg is mea-
sured by using the samples with similar configurations and dimensions
to the present work, which is suitable for direct comparison.

3.2. Soft magnetic properties

In addition to the good mechanical properties, this FeNi-based me-
tallic glass system exhibits excellent soft magnetic properties as well.
Fig. 4a shows the hysteresis loops measured with VSM, and the B—H
loops (inset) measured with DC B—H loop tracer for FesgNizgBie.9s-
xSiz75Nb; 3Py metallic glasses. It is clear that the Bs decreases gradually
from 0.90 to 0.81 T with increasing P content. This is due to the 3 s
band electrons from P atoms, which move more easily compared with
those 2 s band electrons from B atoms, occupying more unfilled 3d or-
bits of Fe and Ni atoms. Besides, with an increase of P content from
1.38 to 4.13 at.%, the H. decreases from 1.2 to 0.65 A/m, and then in-
creases to 1.3 A/m with 8.25 at.% P content, as shown in the inset. The
frequency dependence of the permeability under a field of 1 A/m is
shown in Fig. 4b and the . at 1 kHz increases from 19,300 to 23,250
with the increase of P content from 1.38 to 4.13 at.%, and then decreases
to 19,000 with 8.25 at.% P content, which is in agreement with the
change of GFA and H.. This FeNi-based metallic glass system shows
high stability of . upon an increase in frequency. As shown in Fig. 4b,
the . for 4.13 at.% P-containing metallic glass, remains as high as
19,080 when the frequency is increased to 10 kHz. Even at 20 kHz,
which is just below the cut-off frequency, (. remains high at 17370. Es-
pecially for 6.88 at.% and 8.25 at.% P-containing metallic glasses, the pi
hold almost constant values until the cut-up frequency. It is known
that the H. and 1 are structure sensitive magnetic properties, largely af-
fected by the microstructure. Thus, the highest GFA of 4.13 at.% P-
containing metallic glass leads to the highest degree of amorphicity,
resulting in the lowest density of domain-wall pinning sites in sample
with annealing, then the excellent soft magnetic properties [46]. An-
other reason is the sufficient release of strain during annealing treat-
ment due to the good GFA and high resistance against crystallization.
Additionally, the low saturation magnetostriction constant of FeNi-
based glassy alloys plays important roles as well.

Fig. 5 shows the data of H,, L4, and D, of the 4.13 at.% P-containing
metallic glass (marked by a red star) and other representative FeNi-
based metallic glasses [17,27,47-52]. As shown in the figure, when com-
pared with the 4.13 at.% P-containing metallic glass, the Fe4oNigoP14Bs,
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8.25 at.%) metallic glasses. The insert is the hysteresis curves measured by DC B—H loop
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xSi.75Nb, 3Py (x = 1.38, 2.75,4.13, 5.5, 6.88 and 8.25 at.%) metallic glass ribbons.

FE40Ni38M04B1 8 FE39Ni39MO4Si6B12, Fe46Ni39M03_5P1 0C4B4Siz_5, and
(FeOI5Ni0_5)75A5B]4‘5P7Nb3 metallic glasses [47-50] show l‘elatively
lower (i, of less than 20,000, higher H. of over 1 A/m, and a smaller D,
of less than 1 mm. For FesoNi3oP13C; [17,51] and [(FegsNigs)
0.78B0.17P0.05]o7Nb3 [27] metallic glasses, although they show higher i,
but their H. is higher and GFA remains limited. It is thus concluded
that the 4.13 at.% P-containing metallic glass exhibits extremely low
H. of 0.65 A/m, high p. of 23,250 with high frequency stability, and a
high GFA among FeNi-based metallic glass family.

3.3. The origin of high toughness

To shed light onto the origin of high toughness of the 4.13 at.% P-
containing BMG from a structural perspective, synchrotron XRD mea-
surements were carried out. Fig. 6a shows the total synchrotron XRD
structure factor S(Q) of the 1.38 at.%, 4.13 at.%, and 6.88 at.% P-
containing metallic glasses. For more clarity, the encircled part of the
first peak for every metallic glass in Fig. 6a was enlarged respectively
as shown in Fig. 6b, and the dashed line denotes the peak position
(Qq). It can be seen that the Q; decreases rapidly from 3.118 to
3.107 A~! with P increasing from 1.38 to 4.13 at.%, then decreases
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Fig. 5. Comparison of H,, 1t and D, for the 4.13 at.% P-containing metallic glass (marked by
ared star) and other representative FeNi-based metallic glasses. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

slowly to 3.105 A~ with further increasing P to 6.88 at.%. As Q; is in-
versely proportional to the mean atomic distance [53], a smaller Q; of
4.13 at.% P-containing metallic glass corresponds to a larger mean
atomic distance when compared with the 1.38 at.% P-containing metal-
lic glass. The change in mean atomic volume with P changing from 1.38
to 4.13 at.% can be estimated from Eq. (2) as bellow [54]:

Vio138/Viears = (Quea13/Quer 38)° (2)

where Vy—; 35 and Vy—4 13 is the mean atomic volumes of 1.38 at.% and
4.13 at.% P-containing metallic glasses, respectively, and Q.35 and
Q«—4.13 are their peak positions, respectively. As a result, the atomic vol-
ume of 4.13 at.% P-containing metallic glass is 1% larger than that of 1.38
at.% P-containing metallic glass, indicating a significant increase in free
volume due to the increase of P/B atomic ratio. In addition, it should
be mentioned that the change in atomic volume with P further increas-
ing from 4.13 to 6.88 at.% is extremely small.

It is known that the deformation in BMGs is related to the coopera-
tive rearrangement of atomic clusters under the applied shear stress
at room temperature, termed shear transformation zones (STZs). Such
zones are closely associated with free volume, which is defined as the
atomic volume in excess of the ideal structure [55]. Previous studies
have found that the large plasticity of BMGs is associated with the
large amount of free volume [56-58], which can be explained based
on the following three points of view [56,59-63]. Firstly, the large
amount of free volume provides more potential STZ sites for initial nu-
cleation and branching of shear bands. Concurrent nucleation and
branching of multiple shear bands restrict the dominant shearing pro-
cess. Secondly, the large amount of free volume means high atomic dif-
fusion ability. The atomic rearrangement processes can be accelerated
and release the stress at the crack tip through viscous flow and even
lead to the healing of minor cracks, which increases the fracture energy
and deflection of crack path in the sample with large free volume.
Thirdly, more free volume indicates more loosely packed structure. Pre-
vious reports have shown that more loosely packed metallic glasses are
more prone to particle rearrangements and energy loss during shearing,
and the enhanced energy loss through particle rearrangements at small
strains can prevent catastrophic brittle failure, by preventing stress ac-
cumulation and localization [61-63]. Thus, the 4.13 at.% P-containing
BMG with a relatively large free volume having a large amount of mul-
tiple shear bands on the deformed zone, which results in the large
roughness on the fracture surface, as shown in Fig. 2b. The increasing
free volume with increase of P/B atomic ratio could be attributed to
the replacement of B atoms (0.078 nm) by larger P atoms (0.115 nm)
[64], leading to the expansion of atomic scale structure.
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Fig. 6. The synchrotron XRD results of 1.38 at.%, 4.13 at.%, and 6.88 at.% P-containing metallic glasses. (a) Total structure factor S(Q). (b) Enlarged regions on the first peaks of S(Q) shown in
(a) with dashed lines denoting the peak positions. (c) Reduced pair distribution function G(r). (d) Enlarged region on the first nearest neighbor peaks of G(r) function shown in (c) with

dashed lines denoting atomic bond length shown in Table 1.

To further investigate the structural evolution of the samples with
different P content, the reduced pair distribution functions (G(r))
were derived from S(Q) as shown in Fig. 6¢. It can be seen that the
peaks of the first coordination shell for the three metallic glasses are lo-

more non-directional metal-metal bonds show larger plasticity [17], be-
cause the metal-metal connecting region is more likely to be deformed
plastically, since shear bands are preferentially formed and activated in
regions involving weakly bonded atoms [67]. Thus, the transformation

cated at around 2.53 A due to the dominant atomic pairs of Fe—Ni,
Ni—Ni and Fe—Fe. The encircled part of the first peak for three samples
corresponding to the first nearest neighbor shell of atoms (1.85-3.2 A)
was also enlarged respectively as shown in Fig. 6d, and the peak position

Table 1

Values of the theoretical interatomic bond length (r; sum of the Goldschmidt radii) and
the corresponding X-ray weighting factor (wy, calculated at Q = 0 A™1).

for the 1.38 at.%, 4.13 at.%, and 6.88 at.% P-containing BMG locates at

. o . . . . Atomic pairij ry(A 4 i ij
2.525 A, 2.53_0 A, aqd 2.53_5 A respectively. Based on the atomic rad.u omicpair§ - ry(A) ‘1/%8 At ZV{ 3at% gég at%
of each constituent in FeNiBSiPNb BMGs [64], the values of interatomic P-containing  P-containing  P-containing
atomic bond lengths (r;;) were calculated, as shown in Table 1, and the metallic glass  metallic glass  metallic glass
major ones, denoted by dashed lines, were added in Fig. 6d. Table 1 Fe-Fe 256 0.188 0.184 0.180
also lists the corresponding X-ray weighting factor (wy, calculated at Fe-Ni 2.53 0.405 0.396 0.387
Q = 0 A=) [65] of three metallic glasses, which is the nominal content Ni-Ni 2.50 0.218 0.213 0.208
of each atomic pair. It can be seen from the table that the w;; decreases Fe-B 2.06 0.029 0023 0.018
. . - Fe-P 2.43 0.008 0.022 0.037
gradually foF Fe—B and I\_Il—_B bond.s and increases 51_gn1ﬁcantly for Fe-Si 230 0014 0014 0014
Fe—P and Ni—P bonds with increasing P content. Besides, as shown Ni-B 2.03 0.031 0.025 0.019
in Fig. 6d, there is a small pre-peak locating at r =~ 2.1 A for the 1.38 Ni-P 2.40 0.008 0.024 0.039
at.% and 4.13 at.% P-containing metallic glasses. The amplitude of this Ni-Si 227 0.015 0.015 0.015
peak decreases with increasing P content, due to the decrease of w;; Fe-Nb 274 0.035 0034 0033
: ’ ; i Ni-Nb 2.71 0.038 0.037 0.036
for Fe—B and Ni—B bonds. However, the location of the first peak B-B 156 0.001 0.001 0.001
does not shift to Fe—P and Ni—P bond positions, but it shifts closer to- B-Si 1.80 0.001 0.001 0.001
wards the Ni—Ni, Fe—Ni and Fe—Fe bond positions, indicating that the B-P 1.93 0.001 0.001 0.001
interatomic bond in this metallic glass system tends to change from B-Nb 224 0.003 0.002 0.002
l-metalloid (Fe—B, Ni—B, Fe—P and Ni—P) to metal-metal bond o 204 0.0003 0.0003 0.0003
metal-metalloid » NI, Fe— ) , Si-P 2.17 0.0003 0.0008 0.0014
(Fe—Fe, Ni—Ni and Fe—Ni) with increasing P content. These inter- Si-Nb 248 0.001 0.001 0.001
atomic bonds in atomic configurations could also influence the plasticity pP-p 2.30 0.0001 0.0007 0.0018
of Fe-based BMGs [17,28,66]. It has been reported that Fe-based BMGs P-Nb 261 0.0007 0.0021 0.0034
Nb-Nb 2.92 0.002 0.002 0.002

containing metalloids with less directional metal-metalloid bonds and
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from metal-metalloid bonds to metal-metal bonds with increasing P
content in this study for the Fe3gNizgB16.95.xSi2.75Nb2 3Px BMG system
indicates that adjusting the P/B atomic ratio can effectively change the
atomic bonding nature, leading to improve its plasticity.

Previous work shows that the toughness of BMGs results from a
competition between the plastic relaxation timescale (Tpjastic), Which
is inversely proportional to the density of plasticity carries (i.e., STZs),
and an effective loading timescale near the notch root (7.), which de-
pends on the applied strain rate and local stress [68,69]. High toughness
is usually related to low Tpjastic and high 7. In this work, the applied
strain rate and local stresses (set by the sample's geometry and the ex-
ternal loading) are identical, indicating that the 7 is a definite value. Be-
sides, the higher P-containing BMG contains more free volume and
metal-metal bonds, resulting in more potential STZ sites, thereby the
lower Tpjasic. Thus, the higher-P containing BMG should exhibit im-
proved toughness. However, compared with the 4.13 at.% P-containing
BMG, the 6.88 at.% P-containing BMG has similar content of free volume
and more metal-metal bonds but shows low toughness. It seems that
free volume and atomic bonding nature are not the only influence factor
affecting the deformation and fracture behaviors of this FeNi-based
BMG system. Here, structural disorder degree which is inversely pro-
portional to the fractions of the various short-range scale clusters or
the degree of short-to-medium range orderings [70,71] should be also
considered. As shown in Fig. 6¢, the intensity of G(r) maxima for the
1.38 at.% and 6.88 at.% P-containing metallic glasses are higher than
that for the 4.13 at.% P-containing metallic glass, while a reverse behav-
ior is observed for the G(r) minima. Furthermore, the AG(r); = G(r) x—
688 = G() x=4.13 and AG(r)z = G(r) x=138 - G(r) x=4.13 Was calculated
and plotted in Fig. 7. As shown in the figure, both curves show positive
and negative values at positions of G(r) maxima and minima, respec-
tively, indicating that the diffraction maxima and minima exhibit an op-
posite behavior with the 4.13 at.% P content. In other word, compared
with the 1.38 at.% and 6.88 at.% P-containing metallic glasses, the inten-
sity of the diffraction maximum decreases, while that of diffraction min-
ima increases in the 4.13 at.% P-containing metallic glass. These results
show that the G(r) x—4.13 peaks are the broadest, reflecting the least pro-
nounced topological ordering, which indicates that the 4.13 at.% P-
containing metallic glass has the highest structural disorder than the
other two metallic glasses.

Besides, to further understand the effects of structural disorder on
the toughness of this FeNi-based BMG system, the HRTEM observation
was also carried out. Fig. 8a and b show the typical HRTEM image and
selected area electron diffraction (SAED) pattern of the 4.13 at.% and
6.88 at.% P-containing BMGs. It can be seen that both the samples

L5F
G(r)x%gg - G(r)x=4A13
- G(r)x=l.38 - G(r)x=4»13
LOF
&
)
< 05pF
00F
-0'5 . . N N [ 2 [l A
0 5 10 15 20
r(d)

Fig. 7. The difference curves for: (a) AG(r); = G(r) x=68s - G(I') x=4.13,and (b) AG(r), =G
(1) x=138 - G(I) x=a.13.

keep the amorphous structure with different P/B atomic ratio, but
the atomic-scale ordering are different. The Fast-Fourier-
Transformation (FFT) and inverse Fast-Fourier-Transformation
(IFFT) were conducted on the selected areas shown as yellow box
in Fig. 8a and b to reveal such a difference. As shown in Fig. 8c and
d, local lattice fringes can be observed in both the samples, indicating
that there are regions with crystal-like order (CLO) in the amorphous
matrix [72]. FFT patterns of selected regions show bright spots (indi-
cated by white circles) on the broad halo, confirming the presence of
these CLO regions as shown in the insets of Fig. 8c and d. All the CLO
regions observed in the 4.13 at.% P-containing BMG sample are in the
size ranging from 0.5-1 nm and dispersed homogeneously in the
amorphous matrix. However, the CLO region with a large size of
3 nm can be observed in the 6.88 at.% P-containing BMG sample.
The small scale of CLO regions in the 4.13 at.% P-containing BMG
sample agrees well with its high structural disorder degree mea-
sured by synchrotron XRD experiments.

It can be seen from the HRTEM image that the local structural het-
erogeneity of this FeNi-based BMG system increased with increasing
the P/B atomic ratio, which is due to the mutual repulsion of B—P
atomic pair. However, more addition of P element caused to increase
the size of CLO region. Thus, the 4.13 at.% P-containing BMG with uni-
formly distributed CLO regions in size of 0.5-1 nm exhibits the highest
structural disorder degree. It has been demonstrated that STZs preferen-
tially nucleate in the more disordered regions where the local stiffness
and stability are low, while highly-ordered clusters constitute the
main resistance for plastic flow in BMGs [73,74]. Therefore, in 4.13 at.
% P-containing BMG, the STZs initiate at the more disordered areas be-
tween CLO regions, then the subsequently propagation of shear bands
are hindered by these CLO regions. Because of the uniformly spread
CLO regions throughout the amorphous matrix, homogenously distrib-
uted nucleation and hindrance sites of STZs tend to link shear bands
to form a continuous network, preventing the primary shear bands
from developing into cracks quickly, which has been also observed in
the FesoNi3gP13C; BMG reported by Sarac et al. [18]. Nevertheless, for
BMGs with lower structural disorder degree, stress concentration oc-
curs around the larger CLO regions, and numerous STZs cluster in a cer-
tain narrow belt and quickly form a macroscopic crack, which results in
a catastrophic fracture.

4. Conclusion

According to the theory of structural inhomogeneity in BMGs, a
tOUgh Fe39Ni39812.325i2_75Nb2_3P4_13 BMG with diameter up to 2.5 mm
was successfully developed by adjusting the P/B atomic ratio of
FeNiBSiNbP BMG system. This novel FeNi-based BMG simultaneously
exhibits excellent mechanical and soft magnetic properties, i.e., high
Kq of 72.3 MPa m'/2, large &, of 9.8%, high 0y of 2930 MPa, extremely
low H. of 0.65 A/m, and high . of 23,250 with high frequency stability.
The toughness of this FeNi-based BMG is the highest value among Fe-
based BMGs reported to date, and this excellent combination of high
toughness and high strength is a breakthrough of the general trade-off
between 0y and K¢ in BMG family. Based on the analyses from the
change in atomic structure, the high toughness is attributed to the
high content of free volume and metal-metal bonds, as well as high
structural disorder degree, which lead to a large number of potential
STZ sites. Among them, the high structural disorder degree plays a key
role, since homogenously distributed CLO regions with the size of
0.5-1 nm hinder the propagation of STZs, resulting in the interaction
of shear bands and the large deflection of crack path. The new FeNi-
based BMG with excellent comprehensive performance is promising
for future development as a new structural and functional material,
and this study also gives us a guideline to develop tough FeNi-based
BMGs combined with high strength and excellent soft magnetic
properties.
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Fig. 8. The HRTEM images with the corresponding SAED patterns in the insets for (a) 4.13 at.% P-containing BMG and (b) 6.88 at.% P-containing BMG. (c) and (d) are the IFFT-filtered
images with the FFT patterns in the insets of the yellow square areas in (a) and (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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