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Abstract: A group of plastic Zr-Al-Ni-Cu bulk metallic glasses (BMGs) with low Zr content was
developed and their thermal and mechanical properties were investigated. The results show that these
Zr-based BMGs have a single crystallization event for all heating rates in the studied temperature
region. The glass transition temperature Ty decreases with increasing Zr content for all heating
rates. There are two melting procedures for the BMGs whose Zr content is less than 52 at %, while
three melting procedures for the other Zr-based BMGs. The second melting procedure is split into
two melting procedures for Zrs) 5Al122Nijp ¢Cugo 7 and ZrszAlyg ¢Nijg 7Cups 7 BMGs, while the first
melting procedure is split into two melting procedures for the other BMGs. The activation energy
decreases with increasing sensitivity index {3 for the studied Zr-based BMGs. The plastic strain ¢, is
in the region of 0.2%-19.1% for these Zr-based BMGs. Both yield strength oy and fracture strength o¢
are smallest for Zrs5Alg 9Niy 3Cus8 8 BMG whose ¢, is largest among all studied Zr-based BMGs and
reaches up to 19.1%. In addition, the mechanism for the large difference of the plasticity among the
studied Zr-based BMGs is also discussed.

Keywords: Zr-based bulk metallic glass; plasticity; mechanical property

1. Introduction

Zr-based bulk metallic glasses (BMGs) have been extensively investigated due to their high glass
forming ability (GFA), large compositional region for glass formation, good thermal stability, and
high strength [1-10]. In addition, some Zr-based BMGs have been found to be characterized by the
combination of good mechanical and corrosive properties and good biocompatibility [9-12], which
would ensure their potential applications as biomaterials and structural materials.

Room-temperature plasticity is one of important requirements for the engineering applications of
the BMGs. Majority of Zr-based BMGs are room-temperature brittle although good room-temperature
plasticity could be achieved through compositional design [3-10], minor addition [13], cold-rolling [14,15]
and sand blasting [16]. For example, the room-temperature compression plasticity of ZryyNijsCugAlg
and ZryyAlgCuy35Nig 5 BMGs can reach up to 40% [6] and 70% [4], respectively. More interestingly,
Liu et al. [3] developed three Zr-Al-Ni-Cu BMGs with super plasticity by carefully adjusting the
composition. In addition, critical diameter (d.) for the formation of amorphous state is another
crucial factor for engineering applications of the BMGs. However, increasing efforts have claimed
that there is a discrepancy between the plasticity and the d. for the BMG [17]. For example, the
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dc of Zrs5AljpNisCusg glass forming alloy can reach up to 30 cm [2], but its room-temperature
plasticity is nearly zero [18,19]. Although the super plasticity can be achieved in Zrg; ggCu;gNijg 12Aly0,
ZI‘64.13C1115.75Ni10.12Allo and ZI‘62CL115.5Ni12.5A110 BMGS, their dCS are only 5 mm [3] ThUS, itis a
significant and challenging work for how to design Zr-Al-Ni-Cu BMGs with the combination of large
d. and good room-temperature plasticity.

In the present work, a group of Zr-Al-Ni-Cu BMGs with room-temperature plasticity was carefully
designed. It is found that the critical dimension and maximum plastic strain of the studied Zr-based
BMGs can reach up to 8 mm and 19.1%, respectively. The present design concept would be a useful
strategy for developing the BMGs with high GFA and plasticity.

2. Experimental

2.1. Compositional Design

A method, namely weak constraint condition proposed by Cai et al. [20], was used to design a
group of Zr-Al-Ni-Cu BMGs whose d.. could reach up to 7.5 mm [20]. In addition, Cai et al. [20-22]
found thate/a = > C; x E; (C; and E; are atomic fraction and conduction electron concentration of i-th
element, respectively), R, = >.C; x R; (R; is atomic radius of i-th element) and AHpy, = >,C; x AHpy
(AHpj is melting heat of i-th element) were strongly related with glass forming ability (GFA) of glass
forming alloys. Recently, Cai et al. [23] developed a group of Zr-based BMGs with network structure
by using the weak constraint condition method. Thus, the studied Zr-Al-Ni-Cu BMGs were developed
by using the conditions of e/a = 1.38, R, = 1.496 nm, > C; = 1, and AHpy ~ 19 kJ-mol~!. In addition,
artificial neural network models were used to further optimize the compositions of these Zr-based
BMGs [24]. The resultant compositions (in at %) of the studied Zr-Al-Ni-Cu glass forming alloys were
listed in Table 1.

2.2. Materials and Methods

Pre-alloyed Zr-Al-Ni-Cu ingots with nominal compositions (see Table 1) were prepared by arc
melting mixtures of Zr (99.99 wt %), Ni (99.99 wt %), Cu (99.99 wt %), and Al (99.99 wt %) in the
Ti-gettered high purity argon atmosphere. ®2 and ®8 mm rods were prepared by suction casting into
a water-cooled copper mold. The structures of the as-cast and DSC-tested samples were characterized
by X-ray diffraction (XRD) using an X’ Pert Pro MPD diffractometer with Cu-Ka (Holland Philips
Company, Eindhoven, The Netherlands). The thermal analysis was conducted by DSC-404C differential
scanning calorimeter (NETZSCH-Gerdtebau GmbH, Bavarian State, Germany) at heating rates of
5-80 K-min~!, respectively. Room-temperature uniaxial compression tests were performed on
P2 x 4 mm BMGs with a gauge aspect ratio of 2:1 using an Instron 3369 testing machine (Instron
Corporation, Norwood, GA, USA) at a strain rate of 1 x 107> s~1. Two polished end surfaces
of the samples for the compression tests were parallel each other and vertical to the symmetry
axis. Fracture morphologies of ®2 mm samples were examined by SIRION 200 scanning electron
microscopy (SEM, Holland FEI Company, Eindhoven, The Netherlands). It should be noted that at
least three samples for all studied BMGs were examined in order to obtain reliable results.
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Table 1. Glass transition temperature Ty, crystallization temperature Ty, supercooled liquid region ATy, solidus temperature T, liquidus temperature Ty, reduced

glass transition temperature Trg = Tg /Ty, and AT = Ty, — Ty at a heating rate of 30 K-min~1, crystallization enthalpy AHy, activation energy for Tg (Eg), activation
energy for Tx (Ex), sensitivity of Ty and Tx to heating rate (3¢ and Bx), fragility index m, yield strength oy, fracture strength oy, and plastic strain ¢,.

) T T, AT, Tm Ti AH, E Ey AT - o s
MetallicGlasses ) @ ® @ Qg GJmo) Gymod '® o ™ Pe B ovpy  vpa)
Zrs Al oNijsoCuigo 7257 7916 659 10213 11259 546 7219 2821  0.6446 4002 525 57692 171162 20725 21049 0.2
Zrs1 5A1136Ni149Cung 7235 796.8 73.3 1015.0 1153.7 484 670.2 349.1 0.6271 430.2 49.0 6.3086 14.3785 1838.0 2184.6 1.6
ZrsyAlipoNigssCuny s 7146 7898 752  1060.6 11380 512 6946 3234 06279 4234 512 57305 150479 20419 21145 04
ZroysAlpoNipsClyy 7128 7838 710 10487 11492 567 5674 3433 0.6203 4364 422 72022 141554 1870 20401 7.8
ZresAlyg oNiyy 7Cusss 7114 7787 673 10447 11500 508  592.7 3257 06168 4386 441 67406 147100 18406 20155 47
ZrsssAlpoNijgsClos 7045 7759 714 10412 11484 529  637.9 2004 06135 4439 479 62987 161749 19740 19954 2.3
ZroiAljgoNiosCunes 6936 7712 776 10282 1137.8 496 6684 3100 0.609 4442 509 58047 150870 17816 19593 1.0
ZrsisAlygNig4Cuprs 6913 7695 782 9964 11494 554 6088 3000 06014 4581 465 63063 153629 18631 19073 4.4
ZrssAlgoNissCupsg 6846 7652  80.6 9920 11605 448 4719 3021 05899 4759 33.6 80065 150184 17375 18926  19.1
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3. Results
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Figure 1 presents XRD patterns for &8 mm Zr-based glass forming alloys, which indicates that
these ®8 mm Zr-based glass forming alloys are in glassy states because no apparent crystalline Bragg

peaks are observed.
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Figure 1. XRD patterns for ®8 mm Zr-Al-Ni-Cu bulk metallic glasses.

It is obvious from the DSC curves, as shown in Figure 2, that both glass transition and sharp

crystallization events can be clearly observed at heating rates of 5-80 K-min~!. It further confirms
the glassy nature of these Zr-based BMGs. In addition, there is a single crystallization event in the
studied temperature region for all heating rates, indicating one step crystallization procedure for all

Zr-based BMGs.
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Figure 2. DSC curves for ®2 mm Zr-Al-Ni-Cu bulk metallic glasses at heating rates of 5-80 K-min—!:
(@) Zrs1Aly4oNij59Cuigg BMG; (b) Zrsy 5Ali36Nijq9Cuzg BMG; (c) ZrspAljp9Nij38Cuz 3 BMG;
(d) Zrsp5Al12oNip6Cuxpny BMG; (e) ZrszAlyg ¢Nigg7Cupsy BMG; (f) Zrsz 5Ali99NiqosCurs BMG;
(g) Zrs4Alyg2Nig 4Cugg 4 BMG; (h) Zrsy 5Alg ¢Nig 4Curz 5 BMG and (i) Zrss Alg 9Niz 3Cuzg 8 BMG.
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The characteristic temperatures including glass transition temperature (Tg), crystallization
temperature (Tx), crystallization peak temperature (T},) and supercooled liquid region (ATx = Tx — Tg)
were carefully determined according to the DSC results (see Figure 2). The dependences of the
characteristic temperatures on the heating rate are shown in Figure 3. These characteristic temperatures
all increase with increasing heating rate for the studied Zr-based BMGs. The Ty decreases with
increasing Zr content for all heating rates, as shown in Figure 3a. Both Ty and Tp firstly increase
with increasing Zr content and then decrease when the Zr content exceeds 51.5 at % for all heating
rates, as shown in Figure 3b,c. However, there are complex relationships between the ATy and the
Zr content for the studied heating rates, as shown in Figure 3d. The ATy for Zrs; Alj45Nij59Cuigg
BMG is the smallest among the studied Zr-based BMGs when the heating rate is less than 30 K-min~".
When the heating rate exceeds 30 K-min~!, the ATy for ZrszAlj; ¢Nijq 7Cupsz BMG is the smallest
among the studied Zr-based BMGs. The AT for Zrs5Alg 9Niy 3Cuzs 8 BMG is the largest among the
studied Zr-based BMGs when the heating rate is less than 40 K-min~!. ZrsyAl102Nig 4Cune 4 BMG has
the largest ATy among the studied Zr-based BMGs at a heating rate of 80 K-min~!.
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Figure 3. Dependences of the characteristic temperatures on the heating rates: (a) Tg; (b) Tx; (c) Tp;
and (d) ATx.

Figure 4 presents DSC curves of all studied Zr-based BMGs at a heating rate of 30 K-min ™!
for clear comparison and the corresponding thermal parameters are listed in Table 1. As shown in
Figure 4, an endothermal event for the glass transition procedure can be clearly seen for all studied
Zr-based BMGs. The Ty decreases with increasing Zr content. The Ty slightly increases and then
decreases with increasing Zr content when the Zr content exceeds 51.5 at %. Table 1 lists the average
crystallization enthalpy (AHy) for the studied Zr-based BMGs at heating rates of 5-80 K-min~.
The AHy is smallest for Zrs5Alg 9Niy 3Cupg s BMG and largest for Zrsy 5Al1552Nijp 6Cupe 7 BMG among
the studied Zr-based BMGs.
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Figure 4. DSC curves of all studied Zr-based BMGs at a heating rate of 30 K-min—".
In addition, the melting curves at a heating rate of 30 K-min~!
two melting procedures when the Zr content is less than 52 at %, while three melting procedures
for the other Zr-based BMGs. It is well known that the eutectic alloy characterizes in a single
melting procedure [25]. Figure 5a indicates that the studied Zr-based alloys are all off-eutectic
compositions. The distance of two melting procedures is larger for Zrs;Alj4,Nij59Cuigg and
Zrs515Al136Nijg9Cupy BMGs than for Zrsp Alyp 9Nij3gCuz 3 BMG. The second melting procedure
is split into two melting procedures for Zrsp 5Al122Nij2 ¢Cuno 7 and ZrszAlyg ¢Nijg 7Cup3 7 BMGs, while
the first melting procedure is split into two melting procedures for the other BMGs. The values of
the solidus temperature (Tr,) and liquidus temperature (17 ) are listed in Table 1. The dependences
of the Ty, T, and T1-Tm on the Zr content are also presented in Figure 5b. The T\, decreases
with increasing Zr content when the Zr content is less than or exceeds 52 at %, while inversely
for the T -Tm. However, there is a complex dependence of the T}, on the Zr content. The Ty is
largest for Zrss Alg gNiy 3Cupg s BMG and smallest for Zrs; Alj4,Nij59Cuig9 BMG among the studied
Zr-based BMGs.
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Figure 5. Melting curves at a heating rate of 30 K-min~! for the studied Zr-based BMGs (a); and
dependences of the T, T1, and T1 -Trm on the Zr content (b).

The activation energies of Tg, Tx, and T, (Eg, Ex, and Ey) are calculated by Kissinger equation [26]
and the corresponding fitting curves are presented in Figure 6. It is obvious from Figure 6 that the
experimental data can be better fitted by Kissinger equation. The estimated Eg and Ex are listed in
Table 1.
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The dependences of the Eg, Ex, and E,, on the Zr content are shown in Figure 7. It is clearly
observed in Figure 7 that the dependences of the Eg, Ex, and E;, on the Zr content are all complex.
The Eg is largest for Zrs; Aly42Niy59Cuig9 BMG, while smallest for Zrss Alg 9Niz 3Cuzg s BMG. The Ex
is smallest for Zrs) Aly42Nij59Cuig9 BMG, while largest for Zrsy 5Aly36Nij49Cuzg BMG. The E;, is

largest for Zrs1 Ali4oNij59Cuig9 BMG, while smallest for Zrss 5Al199Niqg¢Cuss BMG.
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In addition, the dependences of the characteristic temperatures (Tg, Tx and T}) on the InB (B is
heating rate) were investigated, as shown in Figure 8. It was found from Figure 8 that the characteristic
temperatures (T, Tx and Tp) and the InB can be well fitted by the Lasocka’s equation [27]: T = o+ 3InB
(T is characteristic temperature, « and {3 are constants). Obviously, 3 can reflect the sensitivity of the
characteristic temperature to the B. The higher the 3, the more is the sensitivity of the characteristic

temperature to the B. The 35 and (3« values are listed in Table 1.
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The dependences of the 3 values on the Zr content are presented in Figure 9. Both 3« and 3, are
larger than the (¢, indicating that the crystallization procedure is more sensitive to the heating rate
than the glass transition procedure. The 34 is smallest for Zrsy Alj2 9Nij3 §Cuz13 BMG, while largest
for Zrs5Alg 9Niy 3Cupg g BMG. It indicates that the glass transition to the heating rate for the latter
has largest sensitivity, while smallest for the former. The By is largest for Zrs; Al142Nij59Cuig 9 BMG,
while smallest for Zrsy 5Al122Nij2 6Cuzz 7 BMG. The 3 is smallest for Zrss Alg 9Niz 3Cus8 8 BMG, while
largest for Zrs3 5Al199Nijg¢Cups BMG.

gy
= . 5
- 1 & \ g f‘*' SN AR
g P &% G % L AT A
g | T = e ;
8 121 ok
o « B
>
-— A
= L
c 8- m
© S e B /,//
w = - +// s - i
4 T ¥ T 6 T 6 T 6 T
AN I A LS = R T~ T VO B
L RS Y

Figure 9. Relationship between the sensitive parameter 3 and the Zr content.

The relationships between the activation energy and the 3 were also investigated, as shown
in Figure 10. Obviously, the activation energy decreases with increasing {3 for all studied Zr-based
BMGs, which is similar to the results for Zr-Al-Ni-Cu BMGs [28] and Cu-based metallic glasses [29].

Moreover, the liquid behaviors of the alloys were studied by the fragility index m. The m values of the
DT,

T,—Ty) *In10
and Ty is glass transition teml(ograture at a heating rate of 5 K-min~!). The D and T are obtained
through the best fitting of the tested Ty values at different heating rates according to the Vogel-Fulcher
(VF) relation [30]: B(Ty) = Aexp[DTo/(To — Tg)] (A is a constant). The estimated m values for these
Zr-based BMGs are listed in Table 1. Obviously, the m value is largest for Zrs; Aly4,Nij59Cuig9 BMG,
while smallest for Zrs5Alg 9gNiy 3Curg g BMG.

alloys were estimated by m = [30] (D is the strength parameter, T is the VF temperature,
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Mechanical properties of the studied Zr-based alloys were investigated by room-temperature
uniaxial compression tests at a primary strain rate of 1 x 107> s~!. Stress-strain curves are shown in
Figure 11 and the corresponding mechanical properties are listed in Table 1. It is obvious from Figure 11
that the plasticity can be clearly observed for all Zr-based BMGs and depends on the composition of
the BMG. As shown in Table 1, the plastic strain (¢p) is in the region of 0.2%~19.1% for these Zr-based
BMGs. The ¢y, is largest for Zrss Alg 9Niz 3Cuzg g BMG, while smallest for Zrs; Al142Nij59Cuig9 BMG.
The yield strength (oy) can reach up to 2000 MPa for Zrsy Aly145Ni59Cuygg and Zrsp Alyp 9Nig38Cuny 3
BMGs whose ¢, is less than 1.0%. The fracture strength (o¢) is more than 2000 MPa for the BMGs with
51-53 at % Zr. Interestingly, both oy and o¢ are smallest for Zrs5Alg 9Niz 3Cuz8 s BMG whose ¢, is

largest among the studied Zr-based BMGs.
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Figure 11. Room-temperature uniaxial compression stress—strain curves for the studied Zr-based BMGs.

Moreover, fracture surfaces and side surfaces for the fractured BMGs were investigated by SEM.
Typical side surfaces for these fractured Zr-based BMGs are shown in Figure 12a—c. The shear bands
can be observed on the side surfaces for all Zr-based BMGs. The magnitude and the density of
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the shear band increase with increasing plasticity. As for the Zr-based BMGs whose ¢, is less than
2.0%, the shear bands are scarcely and propagate vertical to the loading direction (see Figure 12a).
The intersected shear bands can be observed for the Zr-based BMGs whose ¢, is more than 4.0%, as
shown in Figure 12b,c. In addition, Figure 12d—f presents typical fracture surfaces for these Zr-based
BMGs. The fracture surfaces include smooth regions and vein-like regions for all BMGs. Although the
grooves can be clearly observed for all BMGs, the depth and the width of the groove increase with
increasing plasticity. More interestingly, the grooves are nearly parallel with each other for the BMGs
whose plastic strain is less than 2.0%, while interdigitate each other for the BMGs whose plastic strain
exceeds 4.0%.

— 500 ym ———

Figure 12. Typical SEM images of side surfaces (a—c) and fracture surfaces (d—f): (a,d)
Zrs51Al142Niy59Cu1g9, Zrsy 5Al13 6Nijs.9Cuzg, Zrsp Alyp 9Nigs sCuyy 3, and Zrsg Alyp 2Nig 4Cupg 4 BMGs;
(b,e) ZrszAly16Nipg 7Cupsz and Zrsy 5Alg ¢Nig4Cupys BMGs; and (c,f) Zrsp5Al122NipnCuz 7 and
ZI‘55A18_9N17.3C1128_8 BMGs.

4. Discussion

As shown in Figure 11 and Table 1, there is large different plasticity for the studied Zr-based
BMGs. The reasons would be as follows. Firstly, high GFA is advantageous of the homogeneous
distribution of the atoms in alloys [17], indicating that the structural heterogeneity in the atomic scale
would be difficult for the formation in the BMG with high GFA. The growing results have claimed that
the heterogeneity would generally result in good plasticity [3,17,31,32]. In addition, Lu and Liu [33]
found that the reduced glass transition temperature Trg (=T /T1) is a good indicator for the GFA of the
glass forming alloy. The larger the Tyg, the higher is the GFA of the BMG. It is obvious from Figure 13
and Table 1 that the Ty nearly decreases with increasing Zr content. It indicates that the GFA decreases
with increasing Zr content.

It is well known that the GFA of the glass forming alloy originates from the microstructural
configuration of the atomic arrangement related with the atomic size, type and interaction among the
atoms. The atom radii for Zr, Al, Ni and Cu are 0.162, 0.143, 0.125 and 0.128 nm, respectively.
The mixing enthalpy is —23 kJ/mol for Cu-Zr, —49 kJ/mol for Ni-Zr, —44 kJ/mol for Zr-Al,
—22 kJ/mol for Al-Ni, —1 kJ/mol for Al-Cu, and +4 kJ /mol for Cu-Nj, respectively [33]. The packing of
the atoms in alloys would be changed by the different atom content. Since there is large difference in the
mixing enthalpy among atom pairs for the studied Zr-based alloys, the magnitude of short range orders
(SRO) would be also changed by varying the atom content in alloys. In addition, there is large negative
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mixing enthalpy for Zr-Ni, Zr-Al, Zr-Cu and Al-Ni, the SROs corresponding to these atom pairs would
be easily formed. XRD analysis (see Figure 14) was performed on the studied BMGs subjected to DSC
test at a heating rate of 80 K-min~! in order to roughly estimate the category and magnitude of the SRO
in the studied Zr-based BMGs. A single NiZr, phase can be clearly observed in Zrs1 Alj4 5Nij59Cugg
alloy. A new Al,Zr3 phase precipitates from the BMG matrix and its magnitude increases with
increasing Zr content when the Zr content is less than 52.5%. The magnitude of Al,Zr3 phase decreases
when the Zr content exceeds 52.5%, then increases with increasing Zr content. It would be noted
that another new CuZr, phase precipitates from the BMG matrix when the Zr content reaches up to
54%. At the same time, the magnitude of CuZr; phase increases with increasing Zr content. Thus the
structural heterogeneity corresponding to the SRO is difficultly formed in Zrs; Alj4,Nij59Cuig9 BMG,
while inversely in Zrs5Alg 9Niy 3Cuzg 8 BMG. It indicates that the plasticity would be smaller for the
former than for the latter (see Table 1).
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Figure 14. XRD patterns for the studied Zr-based BMGs subjected to DSC test at a heating rate of
80 K-min—".



Materials 2016, 9, 408 14 of 17

Secondly, the dwell time in the liquid state can be characterized by AT = T, — Tg: the larger the AT,
the longer the dwell time. It would result in the long time for the atomic diffusion, eventually leading to
the increase of the probability for the formation of the structural heterogeneity. As shown in Figure 13
and Table 1, the AT is largest for Zrs5Alg 9Niy 3Cupg s BMG and smallest for Zrs; Alj4 Nij59Cuig 9 BMG.
Thus, the structural heterogeneity is difficultly formed in Zrs1 Al145Nij59Cuig 9 BMG, while inversely
in Zrs5Alg 9Niy 3Cupg s BMG. It would lead to larger plasticity for the latter than for the former.

Thirdly, it is well known that the plastic deformation of the BMG can be regarded as a
localized transition from glass to supercooled liquid induced by external stress or temperature
increase [17,34]. The external stress can lead to the temperature increase in the shear band [17,35-38].
The BMGs with low Ty could be easily gotten into the supercooled liquid region by the external stress
and/or temperature. As shown in Figure 15, local melting phenomenon can be clearly observed for
Zrs5Alg 9Niy 3Cupg 8 BMG and not for the other studied Zr-based BMGs, which is advantageous of the
enhancement of the plasticity [36].

Figure 15. Local SEM image on the fracture surface of Zrs5Alg 9Niy 3Cuyg g BMG.

In addition, the activation energy for the glass transition Eg is equal to that for plastic flow E;, [17].
Low Ty or Eg would easily lead to yielding or plastic flow of the BMG. As shown in Table 1, both T;g and
Eg are largest for Zrs; Aly42Nij59Cuigg BMG and smallest for Zrss Alg 9Niz 3Cuzg s BMG. Interestingly,
the ¢p increases with decreasing Eg for the studied Zr-based BMGs, as shown in Figure 16. At the
same time, large ATy indicates good stability of supercooled liquid, resulting in large plastic flow
for the BMG. It is clearly seen from Table 1 that the ATy is largest for ZrssAlg 9Niy 3Cupg3 BMG and
smallest for Zrs1 Al14,Nij59Cuig9 BMG. Moreover, the m value can be considered as the activation
energy of the flow for the supercooled liquid and the steepness of the change of the viscosity ()

olgn

with the temperature (T) at Tg according to m = AT g [17]: The smaller is the m, the lower

is the activation energy and the longer is the time for the flow of the supercooled liquid. That is
to say, the small m is advantageous of the plastic flow of the metallic glass and would result in
large plasticity. As shown in Table 1, the m is largest for Zrs; Al145Nij59Cuig9 BMG and smallest
for Zrss Alg 9Niz 3Cusg s BMG. In fact, it can be clearly seen from Figure 16 that the ¢}, increases with
decreasing m for the studied Zr-based BMGs. In a word, the plasticity is largest for Zrs5Alg 9Niy 3Cung g
BMG and smallest for Zrs1 Al14,Nij59Cuig9 BMG.
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Figure 16. Dependences of the plastic strain on the Eg and the m for the studied Zr-based BMGs.

5. Conclusions

The studied Zr-Al-Ni-Cu BMGs can be cast into at least &8 mm and has a single crystallization
event for all heating rates in the studied temperature region. The Ty decreases with increasing Zr
content for all heating rates. Both Ty and T}, firstly increase with increasing Zr content and then decrease
when the Zr content exceeds 51.5 at % for all heating rates. The AH is smallest for Zrsz Alg 9Niy 3Cupg g
BMG, while largest for Zrs 5Al17,Nij2¢Cuzp 7 BMG among the studied Zr-based BMGs.

There are two melting procedures when the Zr content is less than 52 at %, while three
melting procedures for the other Zr-based BMGs. The distance of two melting procedures is
larger for ZI‘51A114.2N115~9CL118.9 and ZI‘51.5A113.6N114.9C1120 BMGs than for ZI‘52A112‘9Ni13‘8CuZ1‘3 BMG.
The second melting procedure is split into two melting procedures for Zrsy 5Al1,Nijp 6Cups 7 and
Zrs3Alyq Nipp 7Cupz 7 BMGs, while the first melting procedure is split into two melting procedures
for the other BMGs. The Ty, decreases with increasing Zr content when the Zr content is less than or
exceeds 52 at %, while inversely for the Ty -Tr,. The Ty, is largest for Zrs5Alg 9Niy 3Cuzg8 BMG and
smallest for Zrs; Al14,Nij59Cuig9 BMG among the studied Zr-based BMGs. The Ty decreases with
increasing Zr content when the Zr content is less than or exceeds 52 at %, while inversely for the Ty -Tg.

The Eg and m are largest for Zrs; Al145Nii59Cuig9 BMG, while smallest for Zrss Alg 9Niz 3Cugs s
BMG. The E is smallest for Zrs1 Al45Nij59Cuig9 BMG, while largest for Zrs; 5Al136Nij4.9Cupg BMG.
The Ep is largest for ZI‘51A114'2Ni15'9CU18.9 BMG, while smallest for ZI'53.5A110,9N110'6C1125 BMG. The Bg
is smallest for Zrsp Alj 9Nij38Cup1 3 BMG and largest for ZrssAlg 9Niy 3Cupg g BMG. The By is largest
for Zrs1Al145Nij59Cuig9 BMG, while smallest for Zrsy 5Al155Niqs 6Cusn 7 BMG. The Bp is smallest
for ZrssAlg 9Niy 3Cuzg 8 BMG, while largest for Zrsz 5Al199Nijg6Cuzs BMG. The activation energy
decreases with increasing f3 for all studied Zr-based BMGs.

The ¢, is in the region of 0.2%-19.1% for these Zr-based BMGs. The ¢, is largest for
Zrs5Alg9Niz 3Cu8 s BMG, while smallest for Zrs; Alj42Nij59Cuig9 BMG. The oy can reach up to
2000 MPa for ZI‘51A114‘2Ni15.9Cu189 and Zr52A112.9Ni13.8Cu21,3 BMGs whose €p is less than 1.0%.
The of is more than 2000 MPa for the BMGs with 51~53 at % Zr. Both oy and o are smallest for
Zrs5Alg 9Ni7 3Cuzs 8 BMG whose ¢, is largest among the studied Zr-based BMGs. The depth and the
width of the groove increase with increasing plasticity. The grooves are nearly parallel with each
other for the BMGs whose ¢, is less than 2.0%, while interdigitate each other for the BMGs whose ¢,
exceeds 4.0%.
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