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Fe-based bulk metallic glasses (BMGs) usually exhibit brittle behavior and unconspicuous p-relaxation in their
dynamic mechanical spectroscopy. We report a distinct -relaxation behavior in FeNi-based BMGs with excellent
plasticity. The origin of pronounced f-relaxation and plastic behaviors for the FeNi-based BMGs were investi-
gated by synchrotron X-ray diffraction and nanoindentation tests in detail. It is found that the structural het-
erogeneity plays a key role in the dynamic of the FeNi-based BMGs, leading to large amount of loosely packed

regions. The pronounced f-relaxation is also found to have a good correlation with the plasticity for the FeNi-
based BMGs. This study might provide guidance for us to develop plastic BMGs from an atomic structural and

glass dynamic perspective.

1. Introduction

Since the FePC metallic glass (MG) first developed in 1967 [1], a
large number of Fe-based MGs with excellent magnetic properties such
as high saturation magnetic flux density, low coercivity and low core
loss have been developed [2-4]. Among them, the representative
FeNi-based MGs with better high frequency characteristics have been
used to substitute permalloys in sensors, switching transformer,
anti-theft label etc, under the trademark of METGLAS2826 [5]. The
attractive properties of FeNi-based BMGs including high strength, high
elastic limit, excellent soft magnetic properties, high-efficient degrading
ability and excellent corrosion resistance significantly expand their po-
tential application fields [6-10]. However, due to the poor plasticity at
room temperature, the application of the BMGs as structural and func-
tional materials is restricted.

The plastic deformation in BMGs is accomplished by the cooperative
shearing of atomic clusters termed as shear transformation zones (STZs)
[11]. Such zones can accommodate the shear strain under loading, and
often starts from the loosely packed regions in BMGs [12,13]. In addi-
tion, recent studies have indicated that the activation energy of STZs is

almost equal to activation of f-relaxation [14-16]. It means that this
local collective motion of atoms provides the source of g-relaxation, as
well as the sites for potential STZs. Very recently, Wang et al. claimed
that the p-relaxation in FeZrB MG is related to the heterogeneous
structure with plenty of loosely packed zones [17], which is effective to
improve the plasticity of Fe-based MGs. Thus, Fe-based BMGs with
distinct p-relaxation are expected to have large number of potential STZ
sites to accommodate plastic deformation and they may exhibit good
plasticity. However, the f-relaxation behaviors of most Fe-based BMGs
are rather ambiguous, and most of them are merged into the a-relaxation
[18]. This restricts the development of plastic Fe-based BMGs from the
perspective of relaxation dynamics as experienced in other BMG sys-
tems, and limits the experimental study and the understanding of the
nature of f-relaxation in Fe-based BMG.

In this work, the FeNiBSiPNb BMG with excellent soft magnetic
properties was selected as the base alloy to develop plastic FeNi-based
BMG from perspective of p-relaxation [19]. By adjusting the P/B
atomic ratio in this base alloy, a Fe3gNizgB16.95.xSi2.75Nb2 3Py (x = 1.38,
2.75, 4.13, 5.5, 6.88 and 8.25 at.%) BMG system with pronounced
p-relaxation behaviors and excellent mechanical peoperties were
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successfully developed. The detailed investigations were carried out to
study the effects of P addition on p-relaxation behavior and mechanical
peoperties of FeNiBSiPNb BMGs from an atomic-structure perspective.
The results suggest that the structural heterogeneity plays a critical role
in plastic and dynamic behaviors in Fe-based BMGs, and the increasing
heterogeneity causes the more pronounced j-relaxation, thereby leading
to the large plasticity. It provides an avenue to design the plasticity of
Fe-based BMGs from the perspective of relaxation dynamics.

2. Materials and methods
2.1. Sample preparation

AllOy il’lgOtS of F839Ni39B16_95_XSi2_75Nb2.3PX (X = 1.38, 2.75, 4.13,
5.5, 6.88 and 8.25 at.%) 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. Ribbon samples were produced by single
roller melt-spinning method with thickness of 25 pm and width of 1.2
mm. Cylindrical rods with diameters of 1-2.5 mm were produced by
copper mold casting in a pure argon atmosphere. The amorphous
structure of ribbon and rod samples was confirmed by X-ray diffraction
(XRD) employing a Bruker AXS (D8-Discover) instrument with CuKa
radiation.

2.2. Sample characterization

Thermal properties including glass transition temperature (Tg),
crystallization temperature (Ty), supercooled liquid region (ATy = Ty -
Ty), and exothermic heat of relaxation (A\Hy)) were measured using
differential scanning calorimetry (DSC, NETZSCH DSC404F3) at a
heating rate of 0.67 K/s. The liquidus temperature (T) was measured
using a DSC by cooling the molten samples at a cooling rate of 0.067 K/s.
The dynamical mechanical spectrums of the FeNi-based BMGs were
carried out under a dynamical mechanical analyzer (DMA, NETZSCH
242 E) by single cantilever bending mode at a frequency of 1 Hz and a
constant heating rate of 3 K/min. Specimens with dimension of 30 x 1 x
1 mm® were prepared for the DMA measurements.

The structure of all samples was then tested by synchrotron radiation
XRD with a wavelength of 0.117418 A by using beam line 11-IDC in the
Advanced Photon Source of USA. A Mar345 image plate was used to
record two dimensional diffraction data. Subsequently, the diffraction
data were normalized by software PDFgetX2 to get structure factors S
(Q) and corresponding pair distribution functions G(r) [20,21]. Inden-
tation tests were conducted using NanoTest Vantage (Micro Materials
Ltd) with a Berkovich diamond tip. The indentations were performed in
load control mode. Starting with a linear ramp up to the maximum load
of 50 mN at the a loading rate of 1 mN/s, the loading course was
continued by holding the maximum load for 100 s, and finally by
unloading to zero load at a loading rate of 1 mN/s. The middle area of
each sample was mapped by 64 indentations with 30 pm spacing in the
radial direction and 30 pm over the height. Hardness values were
determined using the standard Oliver-Pharr method [22]. The 100 s
hold segment at maximum load was to minimize the influence of creep
during unloading; a 30 s hold segment at 10% of maximum load was for
thermal drift correction. The plastic strain (ep) and yield strength (oy)
were measured through compressive testing by using a Sans 5305 testing
machine at room temperature with a strain rate of 5 x 10~% s™1. The
samples with 1 mm in diameter and 2 mm in length were cut from the
as-cast glassy rods. A custom designed device was used to polish the ends
of the samples to ensure that the ends are parallel and perpendicular to
the lateral surfaces.

3. Results and discussion

The amorphous structure of all the ribbon samples used for thermal
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Fig. 1. DSC curves of FeggNi39B16<95_xsi2'75Nb2<3Px (X = 138, 2.75, 413, 5.5,
6.88 and 8.25 at.%) MG ribbons: (a) during heating process; (b) during cool-
ing process.

Table 1
Thermal parameters of Fe3gNizgBi6.95.xSis.7sNba 3Py (x = 1.38, 2.75, 4.13, 5.5,
6.88 and 8.25 at.%) MG ribbons.

P Content(at.%) Tg(K) Ty (K) Ti(K) ATy (K)
1.38 722 753 1272 31
2.75 720 760 1253 40
4.13 75 761 1276 46
5.5 710 759 1290 49
6.88 706 755 1335 49
8.25 703 754 1341 51

tests are comfirmed by XRD measurement. Fig. 1a shows the DSC curves
of F639N139B16_95_Xsiz_75Nb2.3PX (X = 1.38, 2.75, 4.13, 5.5, 6.88 and 8.25
at.%) MGs. As shown in the figure, the curves for all the ribbons present
a large supercooled liquid region. Table 1 summarizes the thermal pa-
rameters of the Fe3gNi3gB1g.95.xSi2.75Nbs 3Py MGs. It can be seen that the
T decreases from 722 to 703 K with the increasing of P content from x =
1.38 to 8.25. However, the Ty increases gradually from 753 to 761 K,
with P content from x = 1.38 to 4.13, and then decreases slightly to 754
K with further increasing P content to x = 8.25. As a result, the ATy
increases from 31 to 51 K with increasing the P content, indicating the
improvement of thermal stability of FeNi-based MG during the super-
cooled liquid region. Fig. 1b shows DCS curves of cooling behavior for
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Fig. 2. XRD patterns of as-cast Fe3gNizoB16.95.xSi275sNba 3Py (x = 1.38, 2.75,
4.13, 5.5, 6.88 and 8.25 at.%) BMGs with corresponding critical
maximum diameters.

these Fe3gNi3gB16.95.xSi2.75Nbo 3Py MGs. It can be seen that T} decreases
from 1272 to 1253 K with the increasing of P content from x = 1.38 to
2.75, and then slightly increases to 1341 K when x = 8.25. In addition,
the temperature interval between the three exothermic reaches the
minimum value at x = 2.75, indicated that the Fes3gNi3goBi4.0-
Sis 75Nby 3P5 75 MG approaches a eutectic point [23].

Based on the DSC results, we expect that this FesgNi3gBig o5
xSi2.75Nby 3Py system will exhibit a large glass forming ability (GFA).
Thus, we tried to use copper mold casting method to cast BMG samples
of different diameters. As a result, all compositions for FesgNizgBig 95
xSiz2.75Nby 3Py MG system can form BMG rods with diameters from 1 to
2.5 mm. Flg 2 shows the XRD patterns of FeggNiggBl6_95_xsi2_75Nb2.3PX
BMG with critical diameters. It is clear that all the curves only contained
broad peaks without crystalline peaks, indicating the formation of fully
amorphous structure. Thus, we can claim that the critical diameter for
Fe3gNi3gB16.95.xSi2.75Nbg 3Py system was 1 mm at x = 8.25, 1.5 mm at x
= 1.38 and 6.88, 2 mm at x = 5.5, 2.5 mm at x = 2.75 and 4.13,
respectively.

Here we analyze the effects of P content on GFA in the Fe3gNi3oBig 95
xSi2.75Nba 3Px MG system. Firstly, the constituent elements of this MG
system have big atomic size mismatch with a combination of large atoms
(Fe, Ni, Nb) and small atoms (P, B, Si). Secondly, the mixing enthalpies
for P-Ni (—26), P-Fe (—31), P-Nb (—81) and P-Si (—25.5) atomic pairs
are almost three times larger than those for B-Ni (—9), B-Fe (—11),
B-Nb (—39) and B-Si (—14) atomic pairs [24]. It has been pointed out
that the large (L) and small (S) atoms with large negative mixing en-
thalpies may form a strong L-S reinforced “backbone” structure, leading
to a highly stable undercooled liquid, and further suppresses crystalli-
zation [25]. Thus, proper P/B atomic ratio can effectively enhance the
GFA of FeNiBSiPNb glassy system. In addition, another reason consid-
ered here is that the proper P/B atomic ratio brings the alloy composi-
tion close to the eutectic point, leading to the enhancement of GFA. In a
word, the Fe3gNi3oB16.95.xSi2.75Nby 3Py glassy system shows strong GFA
and can be casted into bulk amorphous alloy samples.

In addition, we also measured their relaxation behaviors by DMA
using the rod sample with 1 mm in diameter. Fig. 3a shows the tem-
perature dependences of the loss modulus E” for FesgNizoBig.9s.
xSiz.75sNby 3Py (x = 1.38, 4.13 and 6.88 at.%) BMGs in a normalized
frame where T and E” are scaled by the Ty and the maximum loss
modulus, respectively. As shown in the elliptical region of Fig. 3a, the
intensity of f-relaxation increases with the increase of P comtent, indi-
cating that the FesgNi3gB10.07Si2.75Nb2 3Psgs BMG shows the most
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Fig. 3. (a) Normalized loss modulus curves at 1 Hz for Fe3gNi3oBi6 95
xSi2.75Nby 3Py (x = 1.38, 4.13 and 6.88 at.%) BMGs; (b) Temperature depen-
dence of the loss modulus E” and storage modulus E' for FesgNizoBio.07-
Siz 75Nby 3P6.gs BMG at a frequency of 1 Hz and heating rate of 3 K/min. (c)
Temperature dependence of the peak frequency of p-relaxation in
Fe3gNizoB10.07Si2.75Nb2 3P g BMG. The inset is the temperature dependence of
the peak frequence of f-relaxation in Fe3gNi3gB1 ¢ 07Si2.75Nbo 3P g8 BMG.

pronounced f-relaxation among the studied BMG system. To further
confirm f-relaxation behavior, the temperature dependence of the loss
modulus E” and storage modulus E' for FesgNi3gB1g,07Si2.75Nb2 3Pe g8
BMG is shown in Fig. 3b. Obviously, a distinct slow $-relaxation peak is
observed at about 650 + 3 K. Both of the a-relaxation and p-relaxation
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Fig. 4. The relaxation spectra for the Fe3gNi3oB16.95.xSi275Nba 3Py (x = 1.38,
4.13 and 6.88 at.%) BMGs.

peaks have a corresponding drop in E' curve. Fig. 3c shows the tem-
perature dependences of the loss modulus E’‘for FesgNizgBig.07-
Siz 75Nby 3P6 g3 BMG at various frequency (f) ranging from 0.5 to 4 Hz. It
can be seen that the f-relaxation shifts to a higher temperature with the
increase of f. Its activation energy, Ep, can be estimated by plotting In(f)
versus 1000/T;. The inset of Fig. 3c exhibits the Arrhenius fit of
Fe39Ni39B10_07Si2V75Nb2'3P6_88 BMG with three measured sets of data.
Since the peak temperatures of f-relaxation in the present case were
difficult to determine, we drew a horizontal line within the range where
the p-relaxation occurred, each intersection with individual E” curve
defined values of frequency and temperature, and ultimately these
values were used to determine the Ej instead of the peak data [17]. Using
this method, Its E; is determined to be 124 kJ/mol, or Ez = 21.3 (+1.6)
RTg (R is the gas constant), which is roughly in agreement with the
relationship found between the Ez and T, in various MGs [17,18]. It is
worthy mentioned that such a FeNi-based BMG without rare earth
element, combined with large GFA and pronounced p-relaxation has
never been reported before.

The results of DMA demonstrate the behaviors of f-relaxation in
Fe3gNi3gB16.95.xSi2.75sNbo 3Py system are significantly affected by the
composition of samples. A pertinent question is what is the origin of
complicated chemical effect in the FeNi-based BMGs. It has been re-
ported that different atomic-scale structures alter the energy state of
MGs and affect the dynamic behaviour of BMGs differently [18,26,27].
Such differences in atomic-sacle structure can be evaluated by moni-
toring the changes of /\H,| on heating up to T [28]. Fig. 4 shows the
exothermic signals before glass transition in DSC curves of
Fe39Ni39B16_95_xSiZ_75Nb2,3PX BMGs. The exothermic heat of relaxation
/\H,¢ determined by the enclosed areas increase from 0.053 to 0.151
kJ/mol with increasing the P content from 1.38 to 6.88 at.%, indicating
that the enthalpies increase with the increase of P content, resulting in
more loosely packed regions have been introduced in Fe3gNizgB1 o7.
Siz 75Nb2 3P6.88 BMG.

It should be noted that the obtained evidence from DSC for the
amount of loosely packed regions varied with the composition is indi-
rect. Thus, the synchrotron XRD measurements were performed to see
the changes of atomic-scale sturucture in FeNi-based BMGs more
quantitatively. Fig. 5a shows the total structure factor (S(Q)) of glassy
FesgNizgB16.95.xSi2.75Nba 3Py MG, which exhibits noticeable changes in
the first peaks among three samples. For clarity, the inset in Fig. 5a
shows the zoomed-in first peak, which increases in intensity by 10.2%
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Fig. 5. Synchrotron XRD results of Fe3gNi3oB16.95.xSi2.75sNb2 3Py (x = 1.38, 4.13
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from S(Qx =1. 38) = 3.93 for FeggNiggBls 57Si2 75Nb2 3P1.38 MG to S(Qx =
6. 88) = 4.33 for F639N139B10 07312 75Nb2 3P6 88 MG and shifts Sllghtly
from QX =1 33 =3.104 A for Fe39N139B15 57512 75Nb2 3P1 38 MG to Qx =
6.88 — 3.118 A fOI' F639N139B10.07512_75Nb2.3p6.33 MG, respectlvely. The
highest intensity of first peak indicates the highest pronounced topo-
logical ordering in FeggNi3gB10.07Si2.75Nb2 3Ps.gs MG. In addition, the
decreasing value of Q position indicates an increasing tendency of mean
atomic distance with the increasing P content [29], which means the
larger amount of loosely packed regions stored in FesgNizgBig o7.
Si2.75Nb2_3P6V88 MG. The G(T’) curves of FeggNi39B16_95_xSi2_75Nb2,3PX
MGs were calculated by the Fourier transform from the corresponding S
(Q) curves, as shown as Fig. 5b. It can be seen that the intensity of r; torg
peaks increases with the increase P content, indicating higher degree of
structural ordering in short to medium-range-scale of FeggNizgBig 7.
Sig 75Nbg 3Pg 88 MG. Thus, it is clear that adjusting the P/B atomic ratio
can effectively change the atomic-sacle structure of FeggNizoBi6.95.x.
Siz 75sNbg 3Py system, leading to the more pronounced atomic-scale
structural heterogeneity existing in the FeggNi3zgB¢.07Si2.75Nb2 3Ps 88
MG.

Furthermore, the nanoindentation tests are carried out to investigate
the structural heterogeneity at mesoscale. The values of hardness (H) for
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Fig. 6. The distributions of the reduced nanoindentation hardness: (a) for

Fe3gNizgBy5 57Si2 75Nb2 3P1 38 BMG; (b) for FesgNizgBi2 g2Sis75Nb2 3P4.13 BMG;
(c) for FesgNizoB10.07Si2.75Nb2 3Ps.gs BMG.

Fe3oNizoB16.95xSi2.75Nb2 3Py BMGs are 10.727035, 10.677053 and
10.46195¢, respectively, which were obtained by fitting the nano-
indentation curves. A decreasing average nanohardness with increasing
P content are observed, which further confirms that a looser structure is
frozen in FeNi-based BMGs with higher P content [30,31]. Fig. 6 char-
acterizes the statistical distribution of nanohardness for these
FeNi-based BMGs. It is clear seen that the nanohardness mainly dis-
tributes between 9.8 and 11.4 GPa for Fe3gNi3gBi5.57Si2.75Nbs 3P 38
BMG, 9.8 and 11.5 GPa for Fe39N139B12,328i2.75Nb2,3P4,13 BMG, 9.4 and
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Fig. 7. The contour-line maps of the nanoindentation hardness values over a
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and 6.88 at.%) BMGs shows the microscale mechanical heterogeneity: (a) for
Fe39NizoB15 575i2 75Nb2 3P1 38 BMG; (b) for FezgNizgB12 g2Si2 75Nb2 3P4.13 BMG;
(c) for Fe3gNizgB10.07Si2.75Nb2.3P¢ g8 BMG.

11 GPa for Fe3gNiggB1¢.07Si2.75Nb2 3P6 g8 BMG, which means that the
Fe39Ni3oB12.82Si2.75Nb2 3P4.13 BMG and Fe3gNizgB10.07Si2.75Nb2 3Pe 88
BMG have a wider distribution of nanohardness than FezgNizgB1s5 57.
Sis 75sNbs 3P 33 BMG. In addition, the highest fraction peak value is 15.6
for FeggNiggBl5v57Si2.75Nb2.3P1vgg BMG when H = 10.5 GPa, 14 for
FeggNiggBl2.325i2'75Nb2.3P4.13 BMG when H = 10.6 GPa, and 12.5 for
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FeggNi39B10_07Si2v75Nb2_3P6_88 BMG when H = 9.9 and 10.5 GPa, indi-
cating that the Fe3gNi3gB1¢.07S1i2.75Nb2 3P 8¢ BMG has a more dispersive
hardness throughout the whole sample. The dispersed nanohardness
data confirm the existence of hard and soft regions. Wang et al. pointed
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out that the regions with more loosely packed structure possessed “lig-
uid-like” property such as low hardness and modulus [30,32]. From
above results, the FesgNi3zgB10.07Si2.75Nb2 3Pg.gs BMG exhibits higher
degree of mechanical heterogeneity. It is worthy mentioned that there is
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Fig. 9. (a) The engineering stress-strain curves of as-cast FezgNizoB16.95.xSi2 75Nbs 3Py (x = 1.38, 4.13 and 6.88 at.%) BMGs at room temperature; (b) The compressive
yield strength and the plastic strain of the representative Fe-based BMGs exhibiting no evidence of f-relaxation at room temperature. Data for a variety of different
Fe-based BMGs are taken from Ref. [9]. For comparison, our new FeNi-based BMGs are included (labeled using red star).
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a valley between the two highest fraction peaks in FesgNizgBig 7.
Sip 75Nbs 3Ps.gs BMG, as shown in Fig. 6¢. That means two separated
areas may exist in this FeNi-based BMG, which is corresponding to the
high ordered structure obtained from the synchrotron XRD results.

The contour maps in Fig. 7 show the spatial distribution of nano-
hardness values H of three FeNi-based BMGs over a 210 x 210 pm?
square area. Here, we focus on the comparison of the spatial distribution
between FeggNizoB12 825i2 75Nb2 3P4 13 and Fe3gNizoB10.07-
Si2_75Nb2_3P6.88 BMGS, since FeggNiggBl5.57Si2_75Nb2V3P1.38 BMG exhibits
a lower degree of mechanical heterogeneity than them. As shown in
Fig. 7b and c, it is interesting that the spatial distribution of
Fe3gNizgB1282Si275Nb2.3P4.13 and Fe3gNizgB10.07Si2.75Nb2.3Ps.gs BMGs
are obviously different, although they have the similar range of nano-
hardness values. For FeggNiggBl2_325i2_75Nb2v3P4.13 BMG, the valleys
with low H values are surrounded by continuous zones with high H
values, and uniformly spread throughout the areas. While for
Fe3gNiszgB10.07Sis.75sNbs 3Pg gs  BMG, the nanohardness values are
distributed by the agglomeration regions of low and high H values
respectively, which are close together with each other.

Based on the analysis mentioned above, Fig. 8 shows the schematic
diagram illustrating the atomic-scale structure of FesgNizgBig o5
xSi2.75Nby 3Py BMGs. As shown in the figure, when P content is 1.38 at.
%, atoms are tightly stacked, and few loosely packed regions exists in
this BMG. With the increase of P content, the internal arrangement of
atoms become loose, leading to the enhancement of structural hetero-
geneity on the atomic scale. In addition, the spatial distribution of the
loosely packed regions of Fe3gNizgB12 82Sia.75Nbg 3P4.13 BMG is uniform,
while for the F839Ni39B10_07Si2_75Nb2V3P6'88 BMG, their distribution is
relatively concentrated (indicated by black circle). This unique atomic-
scale structure promotes multi-scale inhomogeneity at atomic to meso-
scale in FeggNiggB10v07si2'75Nb2_3P6.38 BMG.

In MGs, the loosely packed clusters are more likely to be activated
than tightly packed ones. From above results, the Fe3gNisoBig.07.
Sip 75Nbg 3Pg gg BMG shows the highest structural heterogeneity from
atomic to mesoscale, indicating the largest amount of loosely packed
regions. Thus, the loosely packed regions in FesgNizgBig 7.
Siz 75Nbs 3Pg gg BMG are priority to cross an energy barrier and transfer
to the supercooled liquid state due to the thermal fluctuations, leading to
the increasing of loss modulus from the supercooled liquid, which pre-
sents as the pronounced p-relaxation [33,34]. In other words, the
FesgNizgB10.07Si2.75Nb2.3P6.gss BMG exhibiting higher degree of hetero-
geneities displays a more pronounced f-relaxation behavior.

Recently, it has been confirmed that an inelastic distortion involving
several atoms in MGs, which is regarded as the source of S-relaxation
behavior, may also provides potential STZ sites [16]. Thereby, this
Fe3gNi3gB16.95.xSi2.75sNbo 3Py BMGs are expect to have good plastic
deformation ability. Fig. 9a shows the engineering stress-strain curves of
as-cast Fe3gNizgB1.95.xSi2.75Nbs 3Py BMGs tested under compression. All
the samples exhibit high yield strength over 2600 MPa, whereas the
plasticity increase from 5.1 to 9.8% with increasing P content, then
decreases to 5% with further increase the P content to 6.88 at.%. In
addition, Fig. 9b summarizes the yield strength versus plastic strain
ranges for typical Fe-based BMGs with no evidence of f-relaxation, and
Fe3gNi3oB16.95.xSi2.75sNba 3Py BMGs developed in this work [9]. As
shown in the figure, these Fe3gNisgBig 95.xSi275sNba 3Px BMGs shows
excellent mechanical properties with plastic strain of 5.0-9.5% and yield
strength of 2644-3217 MPa, which is an apparently breakthrough
among Fe-based BMG family.

4. Conclusions

A plastic Fe3gNi3zgB16.95.xSi2.75Nbo 3Py (x = 1.38, 2.75, 4.13, 5.5, 6.88
and 8.25 at.%) BMG system with plastic strains of 5.0-9.5% and yield
strengthes of 2644-3217 MPa was successfully developed. It was found
that the plasticity and the p-relaxation behaviors of the Fe3gNizgB1g 95.
xSi2.75Nby 3Px BMGs is correlated and are sensitive to the composition P

Intermetallics 136 (2021) 107234

content. Based on the analyses from the change in atomic-scale struc-
ture, the pronounced f-relaxation and plasticity of the BMGs is attrib-
uted to the structural heterogeneities, resulting in a large amount of
loosely packed region. In addition, this structural heterogeneity also
leads to the large plactic deformation ability of this Fe-based BMG sys-
tem. The FeNi-based BMGs provide a model system for studying
controversial issues such as the structural origin of the f-relaxation and
the correlation between f-relaxation and properties in MGs.
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