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ABSTRACT

The present study reports the effect of substituting Zr with Sc on the glass forming ability (GFA) and me-
chanical properties of ZrCuNiAlTi bulk metallic glass (BMG). Results showed that Zrs;_,CuyoNigAl;oTisScy
(x=0,1, 2, 3, 4 at%) BMGs had the best GFA at x = 2, and the critical size was 10 mm, which correlated well
with the GFA indicator (T,; and y). The large atomic radius of Sc and small Gibbs free energy difference
between the supercooled liquid and crystalline solid (AG,..) caused significant atomic size mismatch and
inhibited crystallization during cooling, ultimately improving GFA. Compression test results indicated that
the plasticity of the ZrssCu,oNigAl;oTisSc, BMG increased fivefold (9.1%) relative to that of the Sc-free case,
whereas fracture stress was successfully retained at a value of 1815 MPa. The high plastic strain of
Zrs5CuyoNigAl;oTisSc; BMG can be attributed to the localized nanocrystallization phenomenon under uni-
axial compression and to the high relaxed excess free volume (REFV) in ZrCuNiAITiSc BMGs. The high REFV
prevented the expansion of shear bands, generated secondary shear bands, and finally increased plasticity.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) have attracted scientific and tech-
nological interest due to their unique properties attributed to their
ultrahigh strength, high hardness, good corrosion resistance, and
wear resistance [1-3]. However, the two major drawbacks of BMGs
are their limited glass forming ability (GFA) and poor plasticity
under compressive and tensile stress at room temperature [4-7]. In
contrast to dislocation multiplication in conventional alloys, loca-
lized shear bands (SBs) tend to form in BMGs due to the long-range-
order disordering structures of BMGs and become the main de-
formation carriers during loading. Localized deformation can lead to
strain softening and catastrophic failure [8-10], which limits the
practical application of BMGs as structural materials. Nevertheless,
extensive studies suggested that high overall plastic deformation can
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be achieved by increasing the number of intersecting SBs with small
shear offsets. As such, effective strategies for enhancing the number
of SB systems have been proposed, such as (i) in situ or ex situ for-
mation of BMG composites in which second crystalline phases are
embedded in BMG matrices [11-16]; (ii) design of BMGs with high
Poisson's ratio [4, 17-19]; and (iii) introduction of free volume
through deformation, fast cooling, or microalloying [20-25]. Mi-
croalloying or minor addition is a simple and effective way to en-
hance the GFA and plasticity of BMGs. Elements that have large
negative heat of mixing and common base elements improve the
GFA or plasticity of BMGs [23, 26-32]. For instance, the substitution
of Zr with Al can stabilize the short-range order structure and im-
prove the GFA, crystallization activation energy, and mechanical
properties of Zr-based BMGs [23]. Jiang et al. [26] fabricated a CuZr-
based BMG with high strength and excellent compressive plastic
strain of up to 32.5% through 2 at% Ti alloying. Their results indicated
that the origin of high plasticity is the increase in free volume after
Ti addition [26]. Similar results can be observed in other BMGs
[21,27]. Furthermore, microalloying leads to changes in atomic or
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electronic structures and induces the simultaneous formation of
different kinds of atomic bonds, which in turn promote the plasticity
of BMGs [28].

In the past decades, the effects of rear-earth (RE) element addi-
tion on the glass forming ability and plasticity of different BMG
systems have been extensively studied [29-33]. The RE elements Sc
exhibits a great potential as an enhancer of the GFA and plasticity of
BMGs. Zhang et al. [32] reported that a fourfold enhancement in
ductility (1.5-5.9%) can be achieved in Ti-Cu-Zr-Fe-Sn-Si BMGs
through 2 at% Sc addition. With regard to Zr-based BMGs, most
studies mainly focused on the effect of Sc addition on GFA, whereas
the impact of the process on plasticity behavior is rarely reported
[29, 34-36]. In this study, a ZrCuNiAITi BMG-forming alloy was used
as a base alloy [37], and the roles of Sc addition in the GFA and
mechanical properties of Zrs;_yCu,oNigAl;oTisScy (x = 0,1, 2, 3, 4 at%)
alloys were systematically investigated.

2. Materials and methods

Zrs7.xCupoNigAlyoTisScy (x = 0, 1, 2, 3, 4 at%) alloy ingots, labeled as
Sc0, Sc1, Sc2, Sc3, and Sc4, were prepared by arc-melting high-purity
Zr (97.5 wt%), Cu (99.9 wt%), Ni (99.9 wt%), Al (99.9 wt%), Ti (99.9 wt
%), and Sc (99.9 wt%) in a water-cooled copper hearth in a Ti-get-
tered high-purity argon atmosphere. Chemical homogeneity was
ensured by re-melting the ingots at least five times. Rod samples
that were 2 mm in diameter and 80 mm in length were fabricated
through copper mold casting.

Phase identification of the as-prepared alloys was analyzed on
the X-ray diffraction (XRD, Rigaku MiniFlex 600) with Cu-K, radia-
tion at a voltage of 40 kV. The glassy phase was examined through
high-resolution transmission election microscopy (HRTEM, JEOL
F200) at an acceleration voltage of 200 kV. Samples for transmission
electron microscopy (TEM) analysis were prepared using Precision
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lon Polishing System (GATAN PIPS 1l 695) with 3.0 keV Ar” ions in a
liquid nitrogen environment. Thermal properties associated with
glass transition (Tg), crystallization (Ty), melting (Ty,), and liquid
temperature (T;) were measured through differential scanning ca-
lorimetry (DSC, Netzsch STA 404F3) at a heating rate of 20 K/min.
The specific heat capacity (Cp) of the amorphous phase was mea-
sured using DSC-404F3, and the measurement was based on the
comparison with the specific heat capacity of a sapphire standard
sample. All measurements were performed using argon gas at a
heating rate of 20 K/min in PtRh pans on C, measurement mode. The
cylinder samples (2 mm in diameter and 6 mm in height) were used
for the viscosity and linear thermal expansion measurements, which
were performed with a thermal mechanical analyzer (TMA, Netzsch
TMA 402) at a heating rate of 5 K/min under a compressive load of
3 N. Cylindrical rods (2 mm in diameter and 4 mm in height) were
used to measure room-temperature compressive mechanical prop-
erties with an Instron testing machine at a strain rate of ~5 x 10™/s.
The fracture surfaces of the deformed samples were observed with
scanning electron microscopy (SEM, FEI Quanta 450FEG).

3. Results

Fig. 1a shows the XRD patterns of the as-cast Sc0-Sc4 rods with
diameters of 2 mm. The diffraction patterns of the prepared samples
exhibit only a distinct diffraction halo at 20 of 38° and have no de-
tectable Bragg peaks corresponding to the crystalline phase, in-
dicating their glassy structures. The HRTEM image and
corresponding selected area diffraction pattern (SADP) of ScO, Sc2,
and Sc4 rods are shown in Fig. 1b, Fig. 1c, and Fig. 1d, respectively.
The HRTEM images of all samples show typical amorphous struc-
tures with isotropic maze patterns and show no crystalline phases.
Furthermore, the SADP in the inset of Fig. 1b-d displays a typical

Fig. 1. (a) XRD patterns of the as cast Sc0-Sc4 samples with a diameter of 2 mm. (b-d) HRTEM and the corresponding SADP (in the inset) images of the prepared Sc0, Sc2 and

Sc4 rods.
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Fig. 2. DSC curves of as cast Sc0-Sc4 rods at a heating rate of 20 K/min. (a) 400-830 K by using PtRh pan, (b) 600-1250 K by using Al,05 pan. (c) Tg, Ty, Trs, Ty and AT (blue area) as a

function of Sc content for the ZrCuNiTiAlSc alloys.

amorphous halo ring and has no diffraction spots, indicating the
glassy nature of the Sc0, Sc2, and Sc4 rods.

Fig. 2a presents the DSC curves obtained from as-cast samples
with diameters of 2 mm (Sc0-Sc4) from 400K to 830 K at a constant
heating rate of 20K/min. All DSC curves exhibit a distinct en-
dothermic event corresponding to glass transition (T,) and followed
by a supercooled liquid region (AT = T-T,) before crystallization (Tx).
The characteristic temperatures (T, and T,) were marked by arrows.
The melting transformation of the BMGs (Sc0-Sc4) was measured
using DSC, and the curves are shown in Fig. 2b. The onset melting
temperature (T;) and liquidus temperature (T;) were determined
from the heating and cooling curves, respectively. The sample sub-
jected to the low temperature test (400-830K) was used in de-
termining T, and T, As shown in Fig. 2b, in contrast to the two

Table 1

melting stages of Sc0, Sc1, Sc2, and Sc3 alloys, the melting stage of
Sc4 has only one melting peak, which indicates that Sc4 is close to
the eutectic point. The Tg, Ty, AT, T, and T, of the BMG alloys are
plotted in Fig. 2c and summarized in Table 1. The Tg, T, and T, values
gradually decrease with increasing Sc content, T increases slightly,
and AT hardly changes. In general, AT is positively correlated with
GFA. However, in the ZrCuNiTiAlSc system, AT is hardly affected by
Sc content. The relationship between AT and GFA will be discussed in
detail in subsequent sections. The XRD, TEM, and DSC results show
that all the alloys are in a fully amorphous state.

Fig. 3 shows the typical room temperature compressive stress—-
strain curves of the Sc0, Sc1, Sc2, Sc3, and Sc4 alloy rods at a strain
rate of 5x107/s. The yield stress (oy) and plastic strain (ep) are
summarized in Table 2. The addition of Sc has an obvious effect on sy

Characteristic temperatures Tg, Ty, Tr,, and Tj, the parameters ATy = Ty-Tg, Trg = T[Ty, v = To/(Tg*+ Ty), ym = (2Tx-Tg)/[ Ty, 8 = Tx/(Ti-Tg), Kg1 = (Tx-Tg)/(Trn-Tx) and o = Ty T,-2T,/(T,-T;) for all Z

57.xClpoNigAloTisScy (x=0, 1, 2, 3 and 4 at%) alloys.

Alloys T, (K) Ty (K) T (K) T, (K) ATy (K) Tre y Ym 8 Kg ®

Sco 655 711 1070 1095 56 0.5982 0.4063 0.7005 1.6159 0.1560 0.1727
Scl 655 711 1071 1094 56 0.5987 0.4065 0.7011 1.6196 0.1556 0.1722
Sc2 652 710 1072 1087 58 0.5998 0.4083 0.7065 16322 0.1602 0.1685
Sc3 649 705 1088 1083 56 0.5993 0.4070 0.7027 1.6244 0.1493 01711
Sca 645 700 1086 1080 55 0.5972 0.4058 0.6991 1.6092 0.1425 01736
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Fig. 3. Compressive strain-stress curves of the cast Sc0-Sc4 BMG rods (2 mm in
diameter and 4 mm in length) at a stain rate of 5x 107 s at room temperature.

and ep,. The plasticity of the Sc1 and Sc2 BMGs significantly improves.
Specifically, compared with the ductility of the Sc-free sample, the
ductility of the Sc2 alloy increases of about 9.1% while a strength of
1815 MPa is maintained. However, as Sc content continuously in-
creases (> 2 at%), the plasticity of present BMGs gradually decreases.
The plasticity sequence is Sc2 > Sc1 > Sc3 > ScO > Sc4. In addition,
Sc-based BMGs have lower fracture strength than other BMG-
forming systems [30]. Hence, o, decreases with increasing Sc content
in the ZrCuNiTiAISc BMGs.

Fig. 4 shows the SEM images of Sc0, Sc2, and Sc4 BMG rods after
fracture in compression test. Apparently, the number of SBs in the
prepared BMGs varies in the enlarged view of the fracture lateral
surface. In the ScO0 alloy, straight SBs can be observed on the surface
(Fig. 4a). A high density of multiple SBs marked by red and yellow
arrows appears on the surface of the Sc2 rod (Fig. 4c). These SBs
branch and interact with one another (marked by red circles in
Fig. 4c), and the interactions prevent the rapid expansion of the main
SBs along a single direction. When the Sc content was increased to
4 at%, as shown in Fig. 4e, the characteristics of the SBs are similar to
those of the ScO alloy. The plastic is accommodated through the
generation of multiple SBs [38]. The above results indicate that the
Sc2 alloy has the largest number of nucleation sites of SBs among the
ZrCuNiTiAlSc BMGs, consistent with the large plastic deformation.
Fig. 4b and Fig. 4f show the fracture surfaces of ScO and Sc4 BMGs,
respectively. The alloys exhibit vein-like patterns and many smooth
regions, which is a typical fracture of BMG. In sharp contrast, the
fracture surfaces of Sc2 (Fig. 4d) BMG display a vein-like patterns
without smooth regions because the SBs proliferate and change
during SB propagation. Similar results were observed in other BMGs
with good compression plasticity [39,40].
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4. Discussion
4.1. Effect of substitute Zr with Sc on GFA

From the experimental data (Fig. 2a-b), the empirical parameters
of GFA, i.e., AT, Tyq, 7, Ym, 8, K1 and w, are derived and listed in Table 1.
Although the AT does not change significantly in all the alloys, the
Trg 7, Ym» 8, Kg and o parameters are markedly different. Among all
BMGs, Sc2 BMG has the largest Tig, 7, ym., 8, Kg values and minimum
o value, and thus exhibits excellent GFA. In a multicomponent
system, atomic size mismatch of > 12% and elements with negative
heat of mixing are the two main factors affecting GFA [2]. In the
ZrCuNiAlTiSc system, although the enthalpy of mixing Sc and Zr is
positive (Fig. 5a), atomic size mismatch can be significantly in-
creased when the large atoms of Sc (0.162 nm) replaces Zr given that
Sc can prevent the long-range diffusion of constituent atoms and
enhance GFA. In addition, the heat of formation of scandium oxide
(1909.85 kJ/mol) [41] is much higher than that of ZrO (1102.3 kJ/mol)
[42]. Hence, Sc can easily react with oxygen in liquid state and
produce Sc;03, which can absorb oxygen from alloy melts, purify
alloy melts, reduce heterogeneous nucleation, and consequently
improve GFA. Furthermore, it is well known that many of the BMG
compositions with the best GFA are not eutectic point compositions,
but the composition that slightly deviate from the eutectic point
[43]. Similarly, in the melting process of ZrCuNiAlTi system (see in
Fig. 2. b and Fig. 2. c), it can be seen that the composition of Sc4 alloy
is closer to the eutectic point than that of Sc2 alloy, which further
indicates that the GFA of the Sc2 alloy is higher than that of Sc4. In
addition, Hu et al. [44] reveal that microalloying to glass forming
alloys can induce strong chemical frustration other than topological
frustration, which is crucial to promote the GFA. This is another
important reason for the high GFA of Sc2 BMG.

For the analysis of the effect of Sc addition on the GFA of
ZrCuNiAlTi BMGs, difference in Gibbs free energy between the su-
percooled liquid and crystalline solids (AG,.c) were calculated using

the following expression [45]:
(T,,. - T] T 1n(77"1)}

where AH,, is the heat of fusion and T, and y are the melting
temperature and proportionality coefficient, respectively. In the
metallic glass forming liquids, the y value is generally 0.8 [45]. Fig. 5¢
shows the calculated AG,. as a function of temperature normalized
to the melting temperature of the BMGs. The AG,.. of the Sc2 BMG is
the smallest under any given undercooling condition, implying that
the Sc2 BMG forming melt can stabilize the liquid state during
cooling, inhibit crystallization, and finally achieves a high GFA.

The results discussed from the characteristic parameters (AT, T,
7 Ym» 8, K and ) and AG,.. were verified. Accordingly, Sc2 and Sc0
alloys with different sizes were prepared, and their structures were
determined. The results are shown in Fig. 6. The XRD patterns of ScO

AHp (T, — T
AG = m(Tm ) _ }’ATHm
m m

Table 2
Summary of the exothermic peak area (AHy,) before Ty, relaxed excess free volume (REFV) and mechanical properties of the Zrs;_,CuoNigAlyoTisScy (x=0, 1, 2, 3 and 4 at%) BMGs.
Alloys AHjp, AH, REFV or (MPa) ep (%)
Jig) Jig) (%)
Sc0 -4.12 104.4 0.19 1907 + 25 1.8+ 03
Sc1 -5.61 116.7 0.33 1857 + 20 54+ 04
Sc2 -6.35 125.8 0.39 1815 + 30 9.1+ 0.6
Sc3 -4.63 1294 0.24 1770 + 25 3.0+£03
Sc4 -3.94 138.2 0.21 1750 + 30 1.9 £ 0.2
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Fig. 4. SEM images of the fracture surfaces for the cast ZrCuNiTiAlSc BMG rods in compressive deformation mode: (a-b) Sc0; (c-d) Sc2 and (e-f) Sc4.

(3 mm) and Sc2 (10 mm) BMGs consist of only a broad halo without
discernible crystalline peaks. This result further confirms that the
substitution of Zr with Sc can greatly improve the GFA of ZrCuNiAlTi
BMGs. Herein, the critical diameter of ScO BMG is 3 mm possibly
because of the low purity of Zr.

4.2. Origin of the effect of substitution Zr with Sc on plasticity

Lewandowski et al. [17] reported that the plasticity of BMG cor-
relates with its Poisson's ratio v or a ratio of shear modulus G to bulk
modulus B (G/B). The larger the v (>0.31-0.32) is, the more ductile
the BMGs have. In the present work, owing to the small critical
diameters of the prepared BMGs, obtaining accurate modulus data
with experimental methods is difficult. Herein, the moduli of
ZrCuNiTiAlSc BMGs were calculated by using an empirical for-
mula [46,47].

M=) M

where M; and f; are the elastic constant and the atomic percentage of
the consistent element, i, respectively. The elastic constant data of

the base elements for ZrCuNiAlTiSc BMGs at room temperature are
obtained from Ref [4]. After the B and G of ZrCuNiAlTiSc BMGs are
calculated, v can be derived from v = %(BB - 2G)/(3B + G). As
shown in Fig. 7, the calculated Poisson's ratio (v) of each ZrCu-
NiAlTiSc BMG decreases with increasing Sc content because of the
relatively low v value of Sc element. Thus, Poisson's ratio is not the
main reason for the improved plasticity after the minor addition of
Sc to the BMGs.

For the analysis of the origin of the high plasticity of the Sc2 alloy,
the microstructure after the compression of the typical alloys was
systematically studied. Fig. 8 shows the HRTEM image and SADP (the
inset) of the fractured Sc0, Sc2, and Sc4 alloy rods in the SB regions
that formed near the compressive fracture surface (Figs. 4a, 4c and
4e). In the ScO and Sc4 alloys (Figs. 8a and 8c), only a unique mi-
crostructure consisting of a 10 nm-wide SB can be clearly observed,
and no nanocrystalline phase were detected in and out of the SB,
indicating that the ScO and Sc4 BMGs after compression deformation
retain fully homogeneous glassy structures. However, in Sc2, a small
number of nanocrystallites are distributed near the shear bands with
different sizes, as shown in Fig. 8b. The SADPs corresponding to the
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Fig. 5. (a) Atomic radius and the heats of mixing between two elements in
ZrCuNiTiAlSc system. (b) Gibbs free energy difference between supercooled liquid
state and crystal state as a function of temperature for the ZrCuNiTiAlSc BMGs.

Fig. 6. XRD patterns of the ScO and Sc2 alloys with different diameters.
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Fig. 7. Poisson's ratio (v) of Sc0-Sc4 BMGs calculated using the empirical formula.

regions “A” and “B” (in the inset of Fig. 8b) further confirm the
presence of the nanocrystallites and indicates that deformation in-
deed facilitates nanocrystallization. In the Cu-Zr containing BMGs,
compressive loading can facilitate nanocrystallization and result in
plasticity [48]. Although no obvious SB branching occurs in the Sc2
BMG, a curved shear band induced by nanocrystals appears. In the
HRETM image in Fig. 1c, the high plasticity of the as-cast Sc2 BMG is
caused by nanocrystalline phase formation in the SB during de-
formation. Although the Sc2 BMG shows nanocrystallization beha-
vior after deformation, the cause of the nanocrystallization is
unclear.

According to the free volume model and flow unit model, the
BMGs are not in a completely densely packed state, and the dis-
tribution of defects (free volume and nano-scale liquid like flow
units) in BMGs is random, and heterogeneous free volume in MGs is
uniformly distribution [49]. Wang et al. [49] found that free volumes
are typically not distributed homogeneously in BMGs and are mainly
enriched in the areas of flow units. Gulzar et al. [50] reported that
atoms in a flow unit easily move to a stable position in the form of
nucleation site and then grow to form nanocrystals during crystal-
lization. In other words, flow units where free volumes are enriched
likely undergo crystallization during compression deformation,
thereby changing the deformability of BMGs. In the present work,
the cause of the large plastic strain of the Sc2 BMG was determined
on the basis of the REFV of ZrCuNiTiAlSc BMGs. The REFV was de-
termined using two methods. First, the broad exothermic peak be-
fore Ty is closely correlated to REFV in BMGs [20,22,26], as indicated
by the equation AHy, = #-Avy[51,52], where p is a constant and Avyis
the change in REFV per atomic volume. This equation indicates a
positive correlation between AHg, and REFV. The relative content of
the REFV of ZrCuNiTiAl BMG under the same test conditions could be
quantitatively estimated by measuring the release enthalpy below
the T, [53-55]. For the calculation of AHy, the specific heat capacity
(Cp) of each ZrCuNiAlTiSc BMG was calculated through DSC mea-
surement at a heating rate of 20 K/min, as shown in Figs. 9a and 9b.
Compared with the Sc free alloy, the Sc1 and Sc2 alloys have negative
AHp, values of approximately -5.61 and -6.35]/g, respectively. All
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Fig. 8. (a-c) HRTEM and the corresponding SADP (in the inset) images of the Sc0, Sc2 and Sc4 rods after compressive test, respectively.

Fig. 9. (a) Specific heat capacities (Cp) of Sc0-Sc4 BMGs, and the magnified views of the thermograms indicating structural relaxation are inset (b). (c) Relationships between AHg,

and plasticity with Sc contents.

the AHy, values and the corresponding plasticity of the BMGs are
plotted in Fig. 9c. The trend of plasticity versus Sc content is con-
sistent with the changes in REFV versus Sc content in the
BMGs.Fig. 10.

Another efficient way to determine the REFV of BMGs is mea-
suring the difference of thermal expansion before and after struc-
tural relaxation [21,56]. Fig. 10a-g show the normalized length
change (Al/ly, the length change divided by the initial length) as a
function of temperature for Sc0, Sc1, Sc2, Sc3 and Sc4 BMGs. In these
curves, the whole process of determining the REFV can be divided
into three parts: (1) the first heating at a rate of 5 K/min starts from
room temperature to the temperature just below the Tg, and then
the final temperature is held for 60 min for complete structural re-
laxation; (2) cooling at the same rate to room temperature; (3)
confirmation of the completion of structural relaxation. The second
heating at a rate of 5K/min starts from room temperature to the
temperature higher than T. The REFV can be expressed as volume
shrinkage, which is three times the Al/ly, caused by the structural
relaxation below T, [21,56]. In the ZrCuNiTiAlSc system, the

relationships between the REFV and plasticity with Sc content are
shown in Fig. 10h. The REFV and plasticity increase first and then
decrease with increasing of Sc content. This behavior is identical to
the observed when the AHg, method is used. The Sc1 and Sc2 BMGs
exhibit plasticity of more than 5% when the REFV exceeds 0.3%.
These results suggest that a high REFV in the Sc2 BMG enhances
plasticity.

The microstructure of BMG can be considered as a composite
consisting of liquid-like regions embedded in the continuous elastic
backbone regions [4,5,57]. The atoms in the liquid-like zone packed
more loosely and containing a high density of REFV, which was
benefit for the atomic arrangement and further promoting the nu-
cleation of SBs [58,59]. Generally, the formation, morphology and
propagation of SBs plays an important role in the deformation of
BMGs. For the Sc2 BMG, the high plasticity is considered to be ori-
ginated from the higher REFV (Fig. 9b and Fig. 10f) and the nano-
crystallization (Fig. 8b) near the SBs. Both the high REFV and
nanocrystallines formation during the deformation process improve
the nucleation of SBs. And during the propagation of SBs, as shown



J. Zhu, W. Gao, S. Cheng et al.

Journal of Alloys and Compounds 909 (2022) 164679

Fig. 10. (a)-(g) show the length change (Al) normalized with the initial length (Al/ly), versus temperature for ScO to Sc4 BMGs. (h) Relationships between the REFV and plasticity

with Sc content.

in Fig. 4c, the previously formed SBs of Sc2 BMG are subsequently
deflected by the obstruction of the nanocrystallines, which leads to
the formation of new SBs. As a result, the Sc2 BMG exhibits a large
number of shear bands during deformation, which ultimately in-
creases its plasticity.

5. Conclusions

In summary, the influences of the partial substitution of Zr with
Sc on GFA and compressive mechanical properties of Zrs;.
«CuyoNigAlTisSc, (x=0, 1, 2, 3, 4at%) glassy alloys were in-
vestigated. The results were summarized as follows:

(1) 2at% Sc substitution Zr can effectively improve the GFA with
critical diameter at least 10 mm. Although the addition of Sc can
enhance the Trg and y values, it has little effect on the super-
cooled liquid region (AT).

(2) The large atomic radius of Sc addition can significantly increase
the atomic size mismatch and inhibit the long-range diffusion of
atoms during cooling and finally retains the amorphous struc-
ture. Additionally, the AGI-c of the Sc2 glassy forming alloy is the
smallest. This feature is another reason for the high GFA of the
Sc2 BMG.

(3) The Sc2 BMG exhibits the highest plasticity of approximately
9.1%, which is five times that of Sc-free BMGs. The HRTEM results
of the Sc2 BMG after compression illustrate that the high plastic
strain is caused by the occurrence of nanocrystals during de-
formation and without phase separation phenomenon.

(4) Further analysis indicates that the high plasticity of the Sc2 alloy
is due to the large number of REFVs (determined by DCS and
TMA), which may serve as nucleation sites for the precipitation
of nanocrystals during compression deformation. These nano-
crystals promote SB interaction and the branching and formation
of secondary SBs, which ultimately improve plasticity.
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