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Fe-based bulk metallic glasses (BMGs) have attracted great attention due to their excellent soft magnetic
properties and high fracture strength, but few applications have been materialized as structural materials
because of their brittleness at room temperature. Here, we successfully synthesized an FesgNi3gB14-
Siz 75P2.75Nby 3 BMG which exhibits large plastic strain of 7.8%, high fracture strength of 3.35 GPa and
excellent soft magnetic properties, i.e., rather high saturation flux density of 0.88 T, low coercive force of
0.7 A/m and high permeability of 20800. The results indicated that the mutual repulsion between
ductility and strength could be renovated in the Fe-based BMGs by the rearrangement of atomic con-
figurations through Ni addition. With proper combination of non-directional metal-metal bonds and
directional metal-metalloid bonds, the mechanical properties of FeNi-based BMGs can be improved. Our
studies provide a guideline in designing ductile FeNi-based BMGs with high strength, large GFA and
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1. Introduction

Fe-based metallic glasses have attracted great research interest
ever since their first synthesis in 1967 [1], because of the combi-
nation of superior anticorrosion property, magnetic and me-
chanical properties, and relatively low manufacturing cost [2—5].
Especially after the discovery of Fe-based bulk metallic glasses
(BMGs) in 1995 [6], they were considered to possess promising
applications as structural materials. Unfortunately, Fe-based
BMGs usually fracture catastrophically when deformed at room
temperature (RT) [7,8], e.g., undergoing only a few percent of
plastic strain in compressions [9,10], which limits their wide-
spread applications. Therefore, improving the ductility of Fe-
based BMGs at RT has been an important goal over the recent
decades. Tremendous efforts have been devoted in enhancing the
ductility of Fe-based BMGs. A number of ductile Fe-based BMGs,
such as (Fe, Co, Ni)-B-Si-Nb [11], Fe-Ni-P-B [12], Fe-Ni-Nb-B [13],
Fe-Al-P-C-B [14] and Fe-Co-B-Si-Mo [15] have been already
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reported and their plastic strain to failure in compression was
shown to be in the range of 0.5—5% [ 11—15]. The high plastic strain
reported so far for Fe-based alloys which contain a glassy matrix is
almost 40% [16]. Recently, ductile Fe-Ni-P-C BMGs with above 20%
compressive plastic strain were synthesized [17,18]. However, the
improvement of ductility inevitably leads to the deterioration of
soft magnetic properties, fracture strength and GFA of Fe-based
BMGs [17,19]. Therefore, it poses a serious challenge to develop
ductile Fe-based BMGs with high strength, large GFA and good
soft magnetic properties.

The aim of the present research was focused on improvement of
ductility for Fe-based BMGs with high strength and soft magnetic
properties. Based on previous reports on the positive effect of Ni
addition on ductility and GFA of Fe-based BMGs [20], an alloy
system from Fe-B-Si-P-Nb [21—23] with partial substitution of Fe by
Ni was developed. The FE7g_xNixB14‘2512.75P2.75Nb2.3 (X =0,738,15.6,
23.4, 31.2 and 39) BMGs with large compressive strain and high
strength, as well as excellent soft magnetic properties by copper
mold casting were successfully synthesized. X-ray photoelectron
spectroscopy (XPS) signatures have been obtained to examine the
change in bonding states during brittle to ductile transition in the
FeNi-based BMGs. This work provides guidance to design new
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ductile FeNi-based BMGs with high strength and excellent soft
magnetic properties.

2. Experimental

Alloy ingots were prepared by induction melting of high-
purity Fe (99.99%), Ni (99.99%), B (99.99%), Si (99.999%), Nb
(99.95%) and pre-alloyed Fe-P ingots that consist of 75% Fe and
25% P in a purified argon atmosphere. Ribbons with thickness of
25 pum and width of 1.5 mm were produced by single roller melt-
spinning method. Cylindrical rods with diameters of 1—2 mm
were produced by copper mold casting in a pure argon atmo-
sphere. Thermal properties including glass transition tempera-
ture (Tg), crystallization temperature (Tx) and supercooled liquid
region (ATx) were measured using differential scanning calo-
rimetry (DSC, NETZSCH DSC404F3) at a heating rate of 0.67 K/s.
The structure of rods were examined using X-ray diffraction
(XRD, D8-Discover, Bruker) with Cu Ko radiation. As the magnetic
properties depend on the sample sizes, in the interest of clarifi-
cation the intrinsic soft magnetic properties of this metallic glass
system, ribbon samples with similar size mentioned above were
used for measurement. Saturation magnetization (Bs) under a
maximum applied field of 800kA/m was measured with a
vibrating sample magnetometer (VSM). Coercivity (H.) was
measured with a DC B-H loop tracer under a field of 800 A/m.
Effective permeability (ue) at 1kHz was measured with an
impedance analyzer under a field of 1 A/m. All of the ribbon
samples for magnetic property measurements were annealed at
the temperature of Tz-50K for 600s in order to reduce the in-
fluence of inner stress on soft magnetic properties through
structural relaxation. Mechanical properties were measured by
compression testing with a mechanical testing machine at RT
using a strain rate of 5 x 1074 s~1. The specimens were cut from
the as-cast glassy rods with a gauge aspect ratio of 2:1 (1 mm in
diameter). The deformation behaviors and fracture surface were
examined by scanning electron microscopy (SEM, Sirion 200,
FEI). The bonding states of the samples with the addition of Ni
element were examined by X-ray photoelectron spectrograph
(XPS) using a Kratos AXIS ULTRAP' instrument with a mono-
chromic Al Ko X-ray source (hv =1486.6¢eV).

3. Results and discussion

The X-ray diffraction patterns confirmed that all the melt-spun
ribbons used for thermal and magnetic tests are composed of a full
glassy phase without crystallization. Fig. 1 shows DSC curves of the
melt-spun Fe;g xNiyB142Sis75P275Nby3 (X =0, 7.8, 15.6, 23.4, 31.2
and 39) metallic glasses. The samples exhibit a glass transition
followed by a large supercooled liquid region and then crystalli-
zation. Ty and Ty decrease gradually from 780 to 710 K and from 810
to 755 K, respectively, with an increase in the Ni content from x =0
to X = 39. Additionally, the ATy increases from 30 to 45K with an
increase in the Ni content to x = 39. Thus, the thermal stability of
the supercooled liquid effectively increases with an increase in the
Ni content to x = 39.

Based on the results of the DSC measurement and the thermal
stability analyses, we expect the GFA of this system to be effectively
enhanced. Therefore, we tried to form cylindrical glassy rods with
different diameters up to 2 mm by the copper mold casting method.
The glassy rods were produced at all compositions in Fe-Ni-B-Si-P-
Nb system. The critical diameter for formation of a glassy single
phase was 1 mmat x=7.8 and 15.6, 1.5 mmat x =23.4, 2 mm at
x=31.2 and 39. All the cast glassy rods with different diameters
were characterized by XRD using Cu-Ka radiation, as shown in
Fig. 2. The XRD patterns only contained broad peaks without
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Fig. 1. The DSC curves of melt-spun Fe;g yNixB142Si275P2.75Nbo 3 (x =0, 7.8, 15.6, 23.4,
31.2 and 39) metallic glasses.

crystalline peaks indicating the formation of a glassy phase. Their
as-cast surfaces all appeared smooth and lustrous. No apparent
volume reduction was recognized on their surfaces indicating that
there was no crystallization during the formation of these samples.
The reasons why Ni is effective in improving the GFA in the Fe-Ni-B-
Si-P-Nb glassy system are based on the empirical component rules
for achievement of high GFA [24]. The mixing enthalpies between
Ni and Fe, Si, B, P and Nb atomic pairs are —2, —40, -9, —26
and —30kJ/mol, respectively [25]. It is well known that large
negative mixing enthalpies between the constituent elements lead
to a highly stable supercooled liquid, which is consistent with the
DSC results in Fig. 1.

Fig. 3 shows the hysteresis loops of melt-spun Fess.
xNiXB14‘25i2.75pz,75Nb2.3 (X =0, 7.8,15.6, 234, 31.2 and 39) metallic
glasses. The insert is the hysteresis curves measured by DC B—H
loop tracer. It is clear that the B decreases monotonically from 1.39
to 0.88 T upon increasing the Ni content from x =0 to X =39, and
this can be attributed to the lower magnetic moment of Ni (0.6 up)
compared with that of Fe (2.2 ug) [26]. With an increase in the Ni
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Fig. 2. XRD patterns of as-cast Fe;g yNixB142Siz75P2.75Nbo 3 (x =0, 7.8, 15.6, 23.4, 31.2
and 39) BMGs with corresponding critical maximum diameters.
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Fig. 3. Hysteresis loops of melt-spun Fe;g \NixB142Siz 75P2.75Nb2 3 (x =0, 7.8, 15.6, 23.4,
31.2 and 39) metallic glasses. The insert is the hysteresis curves measured by DC B—H
loop tracer.

content from x =0 to X = 39, the Hc decreases from 1.7 to 0.7 A/m.
As shown in the inset of Fig. 3, the alloy with x =39 exhibits a
typical soft magnetic hysteresis with low coercive forces of 0.7 A/m.
The reason for this is the increase in the GFA, which leads to a high
degree of amorphicity and structural homogeneity resulting in a
decrease in the magnetocrystalline anisotropies [27]. The perme-
ability under a field of 1 A/m is shown in Table 1, it can be seen that
the we at 1kHz increases from about 17300 to 20800 with an in-
crease in the Ni content, and this is in agreement with the high GFA
and the low Hc. Moreover, Ni addition is very effective in enhancing
the stability of ue upon an increase in frequency [20]. As shown in
Fig. 4, ue remains as high as 18300 and 19600 when the frequency is
increased to 10 kHz for the metallic glasses with compositions of
x =23.4 and x = 39. Even at 100 kHz, ue remains high at 15400 and
16900, respectively. The u. of the metallic glasses with a Ni content
less than x = 15.6 decrease rapidly with an increase in the fre-
quency. Due to an approximate inverse variation relationship be-
tween ue and Hg, it is natural that ue increases with increased Ni
substitution. The most important origin of the excellent soft mag-
netic properties of present metallic glass system can be interpreted
to the result of low density of quasi-dislocation dipoles (QDDs)
which corresponds to low density of the domain-wall pinning sites,
resulting from the high degree of amorphicity and structural ho-
mogeneity proceeding from the high GFA [27,28]. Table 1 also
summarizes the thermal parameters and magnetic properties of
the Fe;g.xNixB14.2Si275P2.75Nby 3 (x =0, 7.8, 15.6, 23.4, 31.2 and 39)
metallic glasses. In addition to the enhancement of the GFA, the soft
magnetic properties also improve upon the addition of Ni.

By using these FeNi-based BMGs with diameters of 1 mm, the
mechanical properties were measured by compressive test. Fig. 5

Table 1
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Fig. 4. Effective permeability as a function of applied field frequency for the Fe;g
xNixB142Si2.75P2.75Nb2 3 (x =0, 7.8, 15.6, 23.4, 31.2 and 39) metallic glass ribbons.
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Fig. 5. Compression stress-strain curves at room temperature of as-prepared Fesg.
xNixB142Si575P2.75Nb2 3 (x = 7.8, 15.6, 23.4, 31.2 and 39) BMGs.

shows the compressive stress-strain curves of as-cast Feyg.
XNixB14.2Si2_75P2_75Nb2_3 (X: 7.8, 15.6, 234, 31.2 and 39) BMGs at
RT. It is clearly seen that all the samples exhibit high strength over
3.0GPa, although the strength decreases slightly from 3.51 to
3.35 GPa. Interestingly, the ductility dramatically enhances from 1.6
to 7.8% with the substitution of Ni element from x = 7.8 to 39. The
serrated phenomenon together with the strain-hardening charac-
teristics can be seen in the inset of Fig. 5, indicate extensive shear
band formation, interactions, and multiplication [29,30]. Here we

Maximum diameters, thermal stabilities and magnetic properties of melt-spun Fe;g yNixB142Si275P2.75Nby 3 (x =0, 7.8, 15.6, 23.4, 31.2 and 39) metallic glasses.

Composition Dpax (mm) Thermal stabilities Magnetic properties
T, (K) Ty (K) ATy (K) B, (T) He (Am™1) pte (1kHz)

Fe;gB14.2Si2.75P2.75Nb2 3 <1 780 810 30 1.39 1.7 17300
Fe;0.2Ni7.gB14.2Si2.75P2.75Nb2 3 1 760 792 30 1.35 15 17600
Feg2.4Ni15.6B14.2Si2.75P2.75Nb2 3 750 785 35 1.24 1.5 18200
Fes4,6Niz3.4B14.2Si2.75P2.75Nb2 3 15 735 775 40 1.13 1.1 20200
Fe46.5Ni31.2B14.2Si2.75P2.75Nb2 3 2 725 765 40 0.99 0.9 19800
Fe39Ni3gB14.2Si2.75P2.75Nbo 3 2 710 756 45 0.88 0.7 20800
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want to emphasize that such a ductile Fe-based BMG with large
GFA, high strength and excellent soft magnetic properties has never
been successfully prepared to date.

The morphology of the deformed Fes3gNi3gB142Sis75P2.75Nbs 3
glassy rod is investigated by SEM as shown in Fig. 6. It is interesting
that the specimen is sheared into two pieces, rather than broken
into a lot of fragments after catastrophic failure, as the outer surface
morphology of the deformed sample showing in Fig. 6 (a). The
fracture occurs along the maximum shear plane with an angle of
about 41° to the loading direction, which is consistent with the
previous results [17]. The partial enlarged details of the deformed
sample are shown in Fig. 6 (b) ~ (d). Multiple shear bands are found
on the fracture surface. In Fig. 6 (b), the shear bands are parallel to
the fracture plane and spaced with about 75 um between each
other. Protrusive shear steps and ledges caused by the movement of
shear bands are captured in Fig. 6 (c). High density of irregular-
shaped secondary shear bands are distribute widely among the
primary shear bands, developed through branching, and then
arrested and intersected by the primary shear bands. When the
deformation of the samples reaches the yield point, local softening
due to viscosity reducing occurs, (melting morphology observed in
region I in Fig. 6 (d)), leading to the formation of new shear bands.
However, the formation of shear bands are in all directions around
the loading axis, which inclined by about 41° to the loading di-
rection, instead of following one direction (such as the final fracture
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Fig. 7. Fracture stress (a) and compressive plastic strain (b) with Ni concentration for
the F830,XNiXP]3C7, Fe72,XNiXBzosi4Nb4 and FE73,XNiXB14‘25i2‘75P2<75Nb2.3 BMGs.

direction). The shear bands generate and expand with the
increasing plastic strain, together with the initiation of new shear
bands. Once the shear bands with opposite directions meet
together, the phenomenon of interaction appears. If they can't cross

(b) parallel shear bong
# g

)

Fig. 6. (a) SEM image showing the Fe3gNi3gB14Sis75P2.75Nba 3 BMGs which was unloaded before failure in compression. (b), (c) and (d) morphologies of high magnification

showing regions b, ¢ and d in (a), respectively.
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Fig. 8. XPS valence-band spectrum for the Fe;g 4NixB142Si2.75P2.75sNb, 3 (x = 7.8 and 39)
BMGs.

each other, arresting occurs. All of these phenomena are implied in
Fig. 6 (b) and (c).

Fig. 7 shows the fracture stress and compressive plastic strain
with Ni concentration for the Feyg_xNixB142Si275P2.75Nbs 3, Fegg.
xNixP13C7 and Fe7;_xNixB2SisNbgy BMGs [17]. It can be found that
the data of fracture strength and plastic strain of present studied
system vary between the Fegg_«NixP13C7 and the Fe;;_xNixB,oSigNby
BMGs. Unlike the Fegp.xNixP13C7 and Fe7;«NixB2oSigNbs systems,
the strength of Fe;g_«NixB142Sis75P2.75Nbs 3 BMGs exhibits only a
minimal drop with increasing Ni content (Fig. 7 (a)), which even
seems to be independent with Ni content. Moreover, the plastic
strain significantly increases from 1.6% to 7.8% with the Ni addition
in Fe7g¢NixB14.2Si2.75P2.75Nb2 3 system increasing from x = 7.8 to 39
(Fig. 7 (b)), which is much larger than that of the reported Fe-(B)
based BMGs [31—33] and most of other Fe-based BMGs [34,35].

It was reported that the interatomic bonds in atomic configu-
rations can control the ductility or brittleness properties of the
BMGs [36,37]. From our previous studies, in Fe-Ni-P-C alloys the
amorphous structure is mainly composed of P-centered antiprism-
like and C-centered prism-like clusters [38]. These clusters were
connected by metal-metal bonds, i.e., Ni-Ni bonds. Due to the
increased Ni-Ni bonds with more Ni addition, the alloys with higher
Ni concentration can exhibit the larger compressive ductility. Thus,
it can be speculated that in this study the Ni addition may also
cause the change of the interatomic bonds, finally leading to the
different mechanical properties when different Ni was added. To
confirm this speculation, the authors analyzed the density of states
(DOS) of valence electrons in Feyg_yNixB142Si275P2.75Nby 3 speci-
mens with different Ni concentration examined by XPS, as shown
in Fig. 8. In order to get at least relative information about the DOS,
the spectra were normalized in such a way that the ratio of the
areas below the curves is proportional to the total number of
valence electrons [39]. This procedure was carried out after a
background subtraction. The positions of the Fermi level (Ef) are
also indicated by the vertical dotted lines in Fig. 8. It can be seen
that, the spectra show noticeable peaks, which become more pro-
nounced as the Ni element is increased, and the binding energy
shifts from 0.98 to 1.15 eV with Fe replacing by Ni. The p-d hybrid-
ization lies well below the Er in the ductile BMGs, but located

exactly at the Eg in brittle BMGs [40]. As shown in Fig. 8, the peaks
shift from the character of p-d hybridization to Ni-Ni bonds in-
dicates that increasing the Ni element in Feys.
«NixB142Sis 75P2 75Nby 3 BMG contributes to the DOS of s-like
bonds near the Eg. That is, with more Ni element addition, the s-like
bonds become stronger while the corresponding DOS of p-d hy-
bridization at Eg is lowered. As mentioned above, the combination
of s-like bonds and p-d hybrid bonds contributes to the excellent
comprehensive performance as shown in Fig. 7. The existing co-
valent or covalent-like bonds make a contribution to the strength,
and the other non-directional metal-metal bonds make the shear
strain easier.

From above analyses, we can conclude that the B-centered and
P-centered antiprism-like clusters are embedded in a bcc-like Fe-
Si solid solution in the Fe-B-Si-P-Nb system, as illustrated in Fig. 9
(a). It is reported that the P atom prefers to connect with Fe atom
to form Fe-P bonds, whereas the B atom has a stronger interaction
with Ni atoms than with Fe atoms [41,42]. Therefore, with the
substitution of Ni for Fe in Fe-B-Si-P-Nb system, the preferred Fe-P
bonds lead to the alienation of Ni atoms, and then B atom is easier
to form Ni-B bonds. As a result, part of Ni atoms might instead Fe
atoms to form B-centered clusters, and the other part of Ni atoms
occupied the nearest-neighbor site between the clusters, as shown
in Fig. 9 (b). The P-centered antiprism-like and B-centered prism-
like clusters are uniformly distributed in Fe-Ni-B-Si-P-Nb system,
partially connected by Si, B and Ni atoms. Under applied loading, B
and Si connecting region tend to undergo elastic deformation,
while Ni connecting region is easily deformed plastically, which
resulting in the structural fluctuation, and shear bands are pref-
erentially formed and activated in regions of structural inhomo-
geneous involving weakly bonded atoms [43], thereby improving
the plastic deformability of metallic glasses. Thus, the compro-
mised mechanical properties of the FesgNi3gB14.2Siz75P275Nby 3
BMG is determined by the averages of overall bonding characters,
influenced by the relative proportions of p-d hybrid bonds and s-
like bonds. On the other hand, the Ni addition improves ductility
of FeNi-based BMGs, which accompany with high strength, can
also be attributed to the higher Poisson's ratio (0.31) and lower G/
K ratio (0.42) of Ni element than Fe element [44]. Meanwhile, the
reduction of Ty revealed by the DSC results can be regarded as the
decreasing in the shear modulus [45], reflecting the weaker
average atomic interactions, consequently leading to the
enhancement of the plasticity and the decrease of their strength in
the meantime.

4. Conclusion

In this work, the effect of Ni addition on the GFA, soft magnetic
and mechanical properties of Fe-B-Si-P-Nb BMGs were investigated
with the aim of synthesizing a novel FeNi-based BMG. It is found
that adding Ni element is effective on the improvement of ductility
of the Fe-Ni-B-Si-P-Nb BMGs, but causes no harmful effect on the
GFA, fracture strength and soft magnetic properties. As a result, the
Fe39Ni3gB]4_25i2.75P2V75Nb2_3 BMG with high GFA, as well as large
ductility, high strength and excellent soft magnetic properties was
successfully synthesized. Besides, the ductile Fe3gNi3gBi42-
Si 75P2.75Nby 3 BMG simultaneously exhibits excellent soft mag-
netic properties, i.e., high saturation magnetization of 0.88 T, low
coercive force of 0.7 A/m, and high permeability of 20800. These
outstanding comprehensive properties are due to the unique
atomic configuration that containing both metal-metal bonds and
metal-metalloid bonds. This work provides a guidance to improve
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Fig. 9. Schematic diagrams of the structure for the Fe-(Ni)-B-Si-P-Nb BMGs. The red dashed circles illustrate clusters. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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