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Abstract

The influences of Ni substitution for Fe/Co on ttiermal, mechanical and
magnetic properties of (GQ,NixFg/)esB21.9Si51Nbs (X =0,y =0.3; x = 0.1, y = 0.2; X
=02, ¥y=01x=03,y=0; x =04, y =0; x05, y = 0) metallic glasses are
investigated. A new (GaNios)ssB21.6Sis.1Nbs bulk metallic glass (BMG) with a high
strength of 4070 MPa and a large plasticity of 3.8%successfully prepared. The
higher Poisson’s ratiov) increases the effective free volume in the allefich
promotes plastic flow before fracture. Besides,ltveer glass transition temperature
indicates lower shear flow barrier, and the narmosgpercooled liquid region can
easily improve the structural heterogeneity, bdtivlich enhance the plastic strain of
the BMG. Furthermore, the effects of the additidrelements that have large(Ni)
or positive mixing enthalpy with major elements JCas well as their co-addition, on
the mechanical properties of CoFeBSiNb BMG systeane compared. The
substitution of Fe/Co with Ni leads to the decreakéoth saturation magnetization
and coercivity of the metallic glasses, and the emat even changes from
ferromagnetic to paramagnetic after Fe is compteateplaced by Ni because of the
low atomic magnetic moment of Ni. This work notynbnfirms the universal critical
Poisson’s ratio for plasticity in Co-based BMGst hlso provides design guidelines

for Co-based BMGs with large plasticity.

Keywords. Co-based BMGs; plasticity; fracture strength; Boiss ratio; thermal

properties.



1. Introduction

Co-based metallic glasses have excellent magnetopepties, i.e., high
saturation magnetizatiorB4), high effective permeabilityuf), low coercivity H),
and excellent giant magnetic inductance (GMI) gffetich makes them promising
functional materials [1, 2]. In 2001, a £BexTas sB315 bulk metallic glass (BMG)
with a critical diameter;) of 2 mm was prepared by copper mold casting, and
showed an extremely high strength up to 5190 MRaclwmade it possible for the
Co-based BMGs to be applied as structural matef@&!s]. Until now, Co-based
BMGs with a large glass-forming ability (GFA), e @Qa,CuiFexTas sB2s Sis BMG
having a critical diameter of 6 mm [6], or a supagh fracture strength, e.g.
CossTaioB3s BMG exhibiting a fracture strength of 6020 MPa,[Have been
successfully prepared. However, Co-based BMGs nadychtastrophically under
loading due to their small room-temperature plastiain, which is usually below 2%.
The limited room-temperature plasticity not onlycaeses the reliability of Co-based
BMGs, but also makes it difficult to manufacturee thbbons for applications as
magnetic materials, such as folding. Thus, it ixquned to improve the
room-temperature plasticity of Co-based BMGs.

It was found that increasing the Poisson’s rat)a( decreasing the value GIB
(G and B are shear modulus and bulk modulus, respectivbly)tuning the
compositions of BMGs is an effective method to ioya the plasticity [8-12]. The
large global plasticity of BRisCui4NissP2s5 BMG, which is the first monolithic

BMG that shows a plastic strain up to 20%, was gsep to be related to its high
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(0.42) and lowG/B (0.165) [13]. The higlv and lowG/B makes the shear bands to
collapse instead of developing into cracks, and tfesults in the large plasticity. By
comparing the physical and mechanical propertigymtal BMGs, Lewandowski et
al. revealed a correlation between the fractureggnand the Poisson’s ratio, and
proposed a critica¥ value of 0.31-0.32 for brittle-to-tough transitidBased on this
criteria, modulation of the plasticity in severaiB systems has been achieved by
changing the Poisson’s ratio through compositiordifization or optimization of
processing techniques. The addition of Er or DyF@&sM014C1sBs BMG sees the
onset of plasticity fov near 0.32 [14]. An increase ofin ZrseCosAl16 BMG is
observed by decreasing the electrical power ofattteduring casting, resulting the
increase of free volume, and thus the global mlégti{15]. Through molecular
dynamics simulation of GuZrzs metallic glass, Cheng et al. suggested that the fu
icosahedral ordering is the key structural feattlrat controls both the elastic
properties includingv and G/B, and the energy barrier and propensity for shear
transformations that naturally determines the maséhavior [16]. Analyses using
finite element simulations showed that the higheof BMGs can promote the
inhomogeneous stress distribution, leading to earlucleation and easier arrest of
shear bands, and result in larger plastic straf. [lh a word, obtaining higher or
lower value ofG/B is a promising way to enhance the plasticity of @84 However,
rare report has been made about the improvemetiteoplasticity for the Co-based
BMGs by modulating their or G/B. Therefore, it is of great significance to explore

Co-based BMGs with high strength and large dugtiiy increasingy or reducing
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G/B value.

In this work, The (Ce/ & 3)esB21.65i51Nbs BMG with large GFA and high
strength but poor plasticity was selected as ttse ladloy [18]. By substituting Fe/Co
with Ni, which has a higher (0.31) and lower value @/B (0.42) than Few= 0.29
andG/B = 0.48) [16], (Ca.xyNixFg,)ssB21.6Si51Nbs(x =0, y = 0.3; x = 0.1, y = 0.2; X
=02,y=01;x=0.3,y=0; x =04,y =0; xG05, y = 0) BMGs were produced.
Besides, the influences of Ni substitution for Fe/@h the thermal, mechanical and
magnetic properties of CoFeBSiNb BMGs were systeaify investigated. This

study provides useful guidelines to obtain Co-b&®i6s with large plasticity.

2. Experimental

Multi-component alloy ingots with nominal atomic mapositions
(Co1.xyNixF8))esB21.6Sis INbs (x = 0, y = 0.3; x = 0.1,y = 0.2; x = 0.2, y = 0x1= 0.3,
y=0;x=0.4,y=0; x=0.5, y = QJere prepared by arc melting mixtures of pure Co
(99.99 wt.%), Fe (99.99 wt.%), Ni (99.99 wt.%), 89(999 wt.%), Si (99.99 wt.%)
and Nb (99.95 wt.%) in a high purity argon atmosph®ibbons with a thickness of
30 um and a width of 1.2 mm were produced by singléerahelt-spinning method.
The cylindrical rods with diameters from 1 to 5.5nmvere fabricated by a copper
mold casting method. The structure of as-cast slleyas identified by X-ray
diffraction (XRD, Bruker D8 Discover) with CKe radiation. The thermal parameters,
including glass transition temperatur@g)( crystallization temperatureT,) and

melting temperatureT(,) of the amorphous samples were measured by ditiate



scanning calorimeter (DSC, NETZSCH 404F3) at aihgatate of 0.67 K/s, while
liquidus temperatureT() was tested by DSC at a cooling rate of 0.067 Kise
fracture strengthof) and plastic strainef) were measured by compressive tests at
room temperature with a strain rate of 5%%3 using an electromechanical testing
machine (Sans 5305). The gauge size of bulk glesdsy for compressive tests was 1
mm in diameter and 2 mm in length. The morphologiesleformed and fractured
surfaces were analyzed by scanning electron miopes¢SEM, FEI Sirion 200). The
Bs was measured using a vibrating sample magnetorf\és&, Lake Shore 7410)
under the maximum applied field of 800 kA/m. THgof amorphous ribbons with a
length of 70 mnwas measured using a [B=H loop tracer (RIKEN BHS-40) under a
maximum field of 800 A/m. The ribbons for magngpimperty measurements were
annealed for 300 s at specific temperaturgs-§0 K) for structural relaxation.
Nanostructures of the bulk glassy rods were cawigdon an transmission electronic
microscope (TEM, FEI Tecnai G2 20). The samplesTieM analyses were prepared
by ion milling method (Gatan Inc., PIPS-M691) undguid nitrogen cooling

condition.

3. Resultsand discussion

The D of (CopxyNixFe)esB21.6Sis1Nbs (x =0, y = 0.3; x = 0.1, y = 0.2; x = 0.2,
y=0.1,x=0.3,y=0; x=0.4,y =0; x =0.570) BMGs were determined using
XRD. Cylindrical rods of each composition were proeld in different diameters and

analyzed by XRD. The largest diameter of the BM&k ties no sharp diffraction peak



on the XRD curve is defined &, which is usually taken as the indicator for tHeAG
of BMGs. As shown in Fig. 1, only broad diffusivegks can be seen on the XRD
curves of the Co-based BMGs with different dian®téfhus, theD. values of
(Co1.xyNixF8))esB21.6Sis INbs BMGs are 5.5, 5, 4, 2.5, 1.5 and 1.5 mm, respelgtiv
The GFA of this alloy system decreases continuowdtly increasing Ni content. The
reason for the negative influence of Ni on the Gé&Ancovered by the analyses from
DSC.

The heating DSC traces of the as-cast;{GNixFg,)ssB21.6Sis1Nbs BMGs are
shown in Fig. 2, and the thermal parameters oBtlé&s, includingTy, Ty, AT (AT =
Tx - Tg), Tm, Ti @and Tyg (Trg = Ty/T)), are summarized in Table 1. During heating
process, all the alloys exhibit one endothermimgwehich is the characteristic of the
glass transition from the amorphous solid to thepestooled liquid and further
confirms the glassy nature of the as-cast rodivield by exothermic crystallization
processes. With increasing Ni content, Tgeand T, decrease from 854 to 806 K and
896 to 842 K, respectively. Moreover, th&T and reduced glass transition
temperatures of these BMGs decrease gradually #ianto 36 K and 0.65 to 0.60,
respectively, indicating the reduced GFA of the BM@d the decreased thermal
stability of the supercooled liquid. Besides, inisteworthy that when x increases to
0.2, the first two exothermic peaks (indicated Hygmd p2 in Fig. 2) overlap with
each other, revealing a competing crystallizatioocess [19]. By further increasing
Ni content, pl disappears gradually. When x=0.5,igphot observed on the DSC

anymore, and only p2 exists. These crystallizatiehaviors suggest that the addition
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of Ni may induce the formation of some new crystallphases that are different from
the primary crystalline phase in the alloys wittOxduring heating. This speculation
will be confirmed by the results obtained from Fsgn the following section.

The mechanical performance of the (G@NiFe)ssB219SisiNbs BMGs
prepared in this work are investigated via compves®sts at room temperature, with
the engineering stress-strain curves of the sangblewn in Fig. 3. All the samples
exhibit super-high strength above 4000 MPa, althoagslight decreasing trend is
observed with increasing Ni content. In contrasg plastic strain of these samples
increases continuously from 0.8% (x = 0, y = 08)3t8% (x = 0.5, y = 0). The
fracture strength and the plastic strain of the BiVEBe also listed in Table 1. The
plastic strain of (C®sNios)esB21.95i5.1Nbs is much larger than that of most Co-based
reported BMGs, and it also shows relatively higersgth.

The morphologies of deformed and fracture surfaced the
(CnsNio5)esB21.9SI5.1Nbs BMG after compressive tests were examined by SBW a
shown in Fig. 4, which reveal characteristics @f deformation process of this sample.
As shown by the lateral surface of the BMG aftefodeation (Fig. 4a), the angle
between the major fracture surface and loading:time is about 44°. The region B,
as indicated by the dashed square in Fig. 4a aladged in Fig. 4b, shows parallel
main shear bands and visible intersecting, bragchimd arresting of shear bands on
the sample surface, indicating the high resisténlityto the propagation of shear
bands. The fracture surface of this BMG, as showikig. 4c, together with their

partially enlarged details (Fig. 4d), exhibits wadlveloped vein patterns. Furthermore,
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vein patterns cross and propagate on cracks, aischihder the occurrence of sudden
fracture. This phenomenon often reflects the latsdous flow of amorphous alloys
and only occurs in the BMGs with good plasticitiheTappearance of the vein patterns
in the (Ca.sNips)esB21.6Sis1Nbs evidently verifies its enhanced plasticity. In gead,
the plastic deformation of BMGs is highly localizetio shear bands, followed by the
rapid propagation of these shear bands, then tirve petterns are formed during
fracture. Consequently, the generation and propaygaf high-density multiple shear
bands and abundant vein patterns in this Co-ba$éd@ Bead to the large plastic
deformation.

The origin of the improved plasticity can be exp&d from the change efand
G/B value of the BMGs. As Ni and Co have similarlylegyv andlower value ofG/B
compared with Fe [16], the substitution of Fe/CahwNi improves thev and
decreases th&/B value of the Co-based BMGs prepared in this w@k.the one
hand, the increase of thevalue is accompanied by the increase of the éffect
volume of shear transformation zones (STZs) anadfiective motion of STZs leads
to the nucleation of shear bands [16, 20]. TheeeBMGs with higher value, which
means larger STZ volume, can effectively improve shear deformation ability by
generating a larger number of shear bands durifyrdation. And the high-density
multiple shear bands result in large plastic defdrom. On the other hand, a small
can promote the propagation of shear bands, whédehtghB makes the transition
from shear bands to cracks more difficult [13, Zihjlicating better resistance to

fracture and easier plastic deformation of theyalt@onsequently, the higherand
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lower value ofG/B of the (C@.sNig.5)ssB21.0Si5.1Nbs BMG results in its large plasticity.
In addition, the lowerTy and smallerAT also plays an important role in
improving the plasticity of (CgNigs)ssB21.9Si51Nbs BMG [22]. As the lowerTy
indicates the decrease in shear modulus and Idvear axctivation energy, the alloys
with reducedTy are more prone to shear deformation [23]. BesiB&8Gs with a
narrow AT are more susceptible to microstructural changed, easier to induce
nanocrystals or nanoclusters on amorphous sulstrateanother word, easier to
improve the structural heterogeneity [24]. It isllwaccepted that the structural
heterogeneity can modulate the plastic strain of@Mffectively [25-28]. In order to
verify this theory, we carried out isothermal arimgpexperiments in the supercooled
liquid region of the metallic glasses. Fig. 5 showse XRD curves of
(CorxyNixF8))esB21.6Sis INbs (x = 0, y = 0.3; x = 0.2, y = 0.1; x = 0.5, y =ptallic
glasses annealed at 30 K abdyego determine their primary crystalline phases. The
primary crystalline phase of the (60 .3)68B21.9Si5.1Nbs and
(ConNigJFey1)esB21.6Sis.1Nbs metallic glasses is (Co, heBs resulting from the
construction of a network-like structure, whichdsao high stability of supercooled
liquid against crystallization [29, 30]. Howeven the (C@sNip.s)ssB21.6Sis.1Nbs
metallic glass, not only (Co, NBBs but also (Co, Ni)B phases are observed,
indicating a competitive crystallization processirthermore, it only takes 300 s for
the initiation of crystallization in (G@Nio.s)ssB21.6Sis.1Nbs metallic glass, compared
with the 600 s for the (GoFe 3)esB21.9Si5.1Nbs and (C@ 7Nio Fe 1)seB21.6Sis1Nbs

metallic glasses. In a word, the lowely and the smaller AT in
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(Con sNio 5)esB21.955.1Nbs metallic glass makes it easier to crystallize, Wwhigceans it
is easier to induce structural heterogeneity iratim@rphous matrix.

In order to verify the difference in structural éetgeneity of the alloys with
varied amount of Ni addition, the nanostructure$G.«yNixFe,)ssB21.dSis 1INbs (X =
0,y =0.3; x=0.5, y =0) BMGs are compared viaM analyses, as shown in Figs.
6a and 6b, respectively. The TEM images of bothpd@snshow amorphous nature,
and the selected area diffraction (SAED) pattefnthese two areas, as shown in the
insets of corresponding images, further confirmirtt@norphous states. However,
several areas with 1-2 nm in size that have impetfanslational symmetry can be
observed in the TEM images of both samples, asligiged by the red dashed
ellipses. The atomic arrangements of these aredskarnanocrystals, but are too tiny
to have diffraction spots shown in the SAED patieiifhese areas have been observed
in other amorphous alloys before, and defined gstaklike ordering (CLO) regions
[31]. Compared with (CoFe 3)esB21.05i51Nbs BMG, the TEM image of
(Cn.sNio5)esB21.9515.1Nbs BMG has more CLO regions, indicating a higher cttrcal
heterogeneity. The structural heterogeneity indumgthe CLO regions has positive
effects in improving the plastic strain. FirstlgetCLO regions can serve as initiation
sites of the STZs at the beginning of plastic degttion during compressive tests,
leading to the formation of more shear bands. Bssiduring the propagation of shear
bands, these CLO regions interact with them, hintieir fast propagation from
forming cracks, and induce the formation of muétigskecondary shear bands. This is

consistent with the morphological observation o tateral surface of the deformed
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sample in Fig. 4. As a result, the (feNig.5)ssB21.68Sis.1Nbs BMG with an increased
degree of structural heterogeneity exhibits a lapdgstic strain.

In our previous work, a systematic study of the Imaeical performance of
[(Coo.7F&.3)0.68B0.218510.051N Do 05 100-L Wk (X = 0, 0.1, 0.3, 0.5, 0.7, 0.9 ) BMGs were
carried out [32], and the variations of fractureesgth and plastic strain with Cu
addition are summarized and compared with curresrtkiwas shown in Fig. 7. We
have also investigated the effects of co-additibrCa and Ni on the mechanical
properties of CoFeBSIiNb BMG system by producing
(Con. & 2Nio.1)esxB21.9515.1NbsCu (X = 0, 0.1, 0.3, 0.5, 0.7) BMGs (under review),
and their fracture strength and plastic strainagge plotted in Fig. 7. According to the
data, with increasing Cu addition, both the fragtatrength and plastic strain of the
BMGs increase first and then decrease. As Cu lrge laositive mixing enthalpies
with Co, Fe, Ni and Nb, proper addition of Cu ire t6oFe(Ni)BSiNb BMG system
can improve the mechanical performances by intnodu@tomic-scale structural
heterogeneity; however, excessive addition of Cy reault in the formation of large
crystals, which reduces not only the plastic stiaim also the fracture strength. By
contrast, with increasing amount of Ni additione tthanges of the fracture strength
and plastic strain are linear; the fracture stremigicreases gradually, while the plastic
strain increases continuously. The modulation of tihechanical properties in
CoFeBSiNb BMGs with Ni addition is through improgia and changing the thermal
stability, and only atomic-scale structural hetemgty (without large crystals formed)

can be induced even with a large amount of Ni @&mditAs discussed before, the
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amorphous matrix with highev usually has less icosahedral orderings but more
fragmented ones [16], leading to the decrease @fl ystrength and the improved
plasticity. Thus, to obtain Co-based BMGs for aqgtions where that large plasticity
is the prerequisite, addition of a large amoun¥lios a promising method.

The magnetic properties of the (GQNixFg,)ssB21.0Sis1Nbs(x = 0, y = 0.3; x =
01,y=02;x=0.2,y=0.1;x=0.3,y=0; x04, y = 0; x = 0.5, y = 0) metallic
glasses were analyzed. The hysteresis loops avensinoFig. 8, and the values Bf
andH; are summarized in Table 1. With increasing amaiditii substitution for Fe,
the Bsdecreases gradually from 0.70 to 0.20 T. The re&strat Ni element has only
2 unpaired electrons on 3d-track, leading to itekest magnetic moment (0.6 uB)
compared with that of Fe (2.2 uB) and Co (1.6 @) [ Thus, it results in the decline
of Bs with the substitution of Fe with Ni. In additioit,can be found thaH. also
decreases gradually from 0.78 to 0.27 A/m with miresubstitution for FeH. is
related to the magnetic anisotropy constak) [34]. It was reported that the
contribution of Ni K = 5.7 kJ/m) tK is smaller than that from F& = 48 kJ/m) and
Co (K =410 kJ/m) [35, 36]. With more Ni and less Fe/@gK value of the metallic
glasses decreases gradually, leading to the decoéa$. Furthermore, when Fe is
completely replaced by Ni, the material changemfferromagnetic to paramagnetic

because of the low atomic magnetic moment of Ni.

4. Conclusion

The effects of Ni substitution for Fe/Co on the hmatical and magnetic
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properties of Co-based bulk metallic glasses weerdiesd. A (C@ sNio.s)ssB21.6Sis.1Nbs
BMG with a combination of high strength (4070 MRend large plasticity (3.8 %)
was successfully synthesized. The highé@ncreases the effective free volume in the
alloy andthe lower value of5/B hinders fracture and enhances plastic flow. Baside
the lowerTy of this BMG indicates lower shear flow barrierdahe narroweAT can
easily improve the structural heterogeneity. All tbk above effects lead to the
increase of plastic flow and the formation of mliti shear bands, thus improving the
plasticity of the BMG. The substitution of Fe/CathvNi leads to the decrease of both
saturation magnetization and coercivity of the ihetglasses. When Fe is replaced
by Ni completely, the material changes from ferrgmetic to paramagnetic because
of the low atomic magnetic moment of Ni. These ifmgd can promote the

widespread structural applications of Co-based BM/&&s large plasticity.
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TABLE 1. Critical diameters, thermal stability, mechanipabperties, and magnetic

properties of the as-cast (CgNixFg)esB21.6Si51Nbs (x =0,y =0.3; x=0.1,y =

0.2; x=02,y=01;x=03,y=0; x =04, y&=xx = 0.5, y =0) metallic

glasses.
Nicontent Ty Tx AT Tm T TyT o &p Hec Bs Dc
K ® K K (K (MPa) (%) (A/m)  (T)  (mm)
0 854 896 42 1294 13200.65 4415 0.8 0.78 0.70 5.5
0.1 843 885 42 1254 13480.63 4410 1.8 0.40 0.51 5.0
0.2 832 873 41 1280 13750.61 4385 2.1 0.27 0.20 4.0
0.3 810 851 41 1311 12970.62 4280 2.3 - - 2.5
0.4 809 848 39 1314 12950.62 4130 2.7 - - 1.5
0.5 806 842 36 1314 12830.63 4070 3.8 - - 1.5
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Figure Captions

Figure 1 XRD curves of the as-cast (CoNixFe)ssB21.6Si51Nbs(Xx =0, y = 0.3; x =
0.1,y=0.2;x=0.2,y=0.1;x=0.3,y=0; 04,y =0; x=0.5, y=0) rods
with critical diameters.

Figure 2 DSC traces for the as-cast (GONixF&)ssB21.6Si51INbs(x = 0, y = 0.3; X =
01,y=02;x=02,y=01;x=03,y=0; x04,y=0; x=0.5,y=0)
metallic glasses at a heating rate of 0.67 K/s.

Figure 3 Compressive stress-strain curves of (GMNixFg,)ssB21.6Si5 1Nbs (X = 0, y =

0.3;x=0.1,y=02;x=02,y=0.1,x=0.89,x=04,y=0;x=0.5,y
= 0) BMGs with diameters of 1 mm.

Figure 4 SEM images of (a) multiple shear bands on the deddrlateral surface and
(c) vein pattern on the fracture surface of the @iy s)ssB21.6Sis.1Nbs
BMG; (b) and (d) are the enlarged areas B and Dha& (a) and (c),
respectively.

Figure 5 XRD patterns of (CpoxyNixFg))ssB21.9Si51Nbs(x = 0,y =0.3; x =0.2,y =
0.1; x = 0.5, y = 0) metallic glasses subjectedrinealing at 30K abovg,
to determine their primary crystalline phase.

Figure 6 TEM images of (a) (CoFe3ssBa1sSisiNbs and (b)
(ConsNips)esB21.95i51Nbs BMGs. The corresponding SAED patterns are
shown in the insets.

Figure 7 Comparison of the fracture strength and plasticairst of

[(Coo.7F&.3)0.68B0.218510.051Nb0 .05 100-CU (X = 0, 0.1, 0.3, 0.5, 0.7, 0.9 ),
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(CorxyNixFe)esB21.8Si51Nbs (x =0,y =0.3; x =01,y =0.2; x =0.2,y =

01, x = 03, y= 0; x = 04, ¥y = 0; x = 05, y =,0and

(Coo.7Fe.2Nlig.1)6s-xB21.6Sis5.1NbsCu (x = 0, 0.1, 0.3, 0.5, 0.7) BMGs.
Figure 8 Hysteresis loops of the (€o,FeNiy)ssB21.9Sis 1Nbs(x = 0.3,y = 0; x = 0.2,

y=0.1and x =0.1, y = 0.2) metallic glasses mea by VSM.
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Highlights

Effects of Ni addition on mechanical propertieCaf-based BMGs are studied.
The increased Poisson’s ratio of Co-based BMG erdsathe plasticity.

The reduced thermal stability of the BMG also erdeants plasticity.

Effects of Ni and/or Cu addition on mechanical mnmies of BMGs are

compared.
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