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Abstract: Room-temperature mechanical properties of CusygZryTijo—Ni, (0<x<4, mole fraction, %) bulk metallic glasses (BMG)
with aspect ratios in the range of 1:1-2.5:1 and loading rates in the range of 1x10°—1x107> s™' were systematically investigated by
room-temperature uniaxial compression test. In the condition of an aspect ratio of 1:1, the superplasticity can be clearly observed for
CusZryoTi;p BMG when the loading rate is 1x10™* 57!, while for CusgZrsoTi;o_Ni, (x=1-3, mole fraction, %) BMGs when the
loading rate is 1x1072 s~'. The plastic strain (&p), yielding strength (o,) and fracture strength (oy) of the studied Cu-based BMGs
significantly depend on the aspect ratio and the loading rate. In addition, the oy of the studied Cu-based BMGs with an aspect ratio of
1:1 is close to the o; of those with the other aspect ratios when the loading rate is 1x1072 s '. The mechanism for the mechanical

response to the loading rate and the aspect ratio was also discussed.
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1 Introduction

Cu—Zr-Ti ternary alloys are one of Cu—Zr-based
glass forming alloys. Critical diameter (d.) and plastic
strain (g,) of Cu—Zr—Ti BMGs can reach up to 5 mm [1]
and 7.4% [2], respectively. Recently, CAI et al [3—8]
have found that structural, thermal and corrosive
performances of CugZr3p Tij9 (=0, 5, 10, mole
fraction, %) metallic glasses can be significantly changed
after the tension/compression. CusoZrgyTi;o metallic glass
characterizes in good deformability [6,7] and low
hardness [8] among CugyZr30+,Ti;g (x=0, 5, 10, mole
fraction, %) metallic glasses, but its critical dimension
and plastic strain are only 2 mm and 1.5% [9],
respectively. Interestingly, the glass forming ability,
mechanical, electrical and thermal properties can be
simultaneously improved for Cu—Zr-Ti glass forming
alloys by Ni addition [10—12]. For example, WU
et al [11] fabricated a monolithic CusysZr3;TigNips BMG

whose plastic strain and fracture strength can reach up to
26% and 2471 MPa, respectively.

It is well-known that the mechanical properties of
the BMG are related with two kinds of factors. One is
intrinsic  factors such as the composition and/or
microstructure of the BMG [10—17]. For example, WU
et al [12] designed a Cus;Zr3;TigNiy, BMG which displays
remarkable plasticity of 10.5% together with the fracture
strength of 2145 MPa through the compositional
regulation. LIU et al [15] designed three Zr-based BMGs
with room-temperature compressive superplasticity due
to the structural heterogeneity. The other is external
factors, including the size [18—20], aspect ratio H/D (H
and D are the height and the diameter of samples,
respectively) [21-23], loading/strain rate [24-33],
geometry [34,35], stress/strain state [36,37], and other
factors [38—40]. The aspect ratio and the loading/strain
rate are two important factors significantly influencing
the mechanical properties of the BMG. ZHANG et al [21]
and JIANG et al [22] found that the plastic strain
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increased with decreasing aspect ratio and the yield
strength almost maintained a constant value. However,
BRUCK et al [23] investigated the effect of two aspect
ratios (1:2 and 2:1) on the compressive properties and
found a slight increase in the yield strength with
decreasing aspect ratio. In addition, it was found that
the compressive strength decreased with increasing
strain rate for Zr;gTi;;Cu;05C01,Besys BMG  [28],
Zrs;TisCuyNigAlyy BMG [29], and PdsNigPa
BMG [31], respectively. The fracture strength was
independent of the strain rate for Zry; 55Ti13.75Cu12.75Nijo-
Bey s BMG in compression [32] and PdyoNisPr0 BMG
in tension [30], respectively. However, the compressive
strength was found to increase with increasing strain rate
for TisZr,sNigCugBe;g BMG [20] and NdgFeyCopAljg
BMG [27], respectively. In addition, the dependence of
the plastic and/or fracture strain of the BMG on the
loading rate and the aspect ratio is similar to that of the
mechanical properties. For example, the plastic and
fracture strain were found to decrease with increasing
strain rate for Zr;3Ti;;Cu;05C0,Berrs BMG [28],
TigZrsNigCuoBe;s BMG  [20], TissZrisNigCuoBey
BMG [26], and NdgFey,CojpAljy BMG [27] in
compression, and increase with increasing strain rate for
7141 25T113.75Cuy,75NiBey s BMG in tension [33], while
they were independent of the strain rate for PdoNisPsg
BMG in tension [31] and Zryg;5Ti1375Cu5.75sNijgBey s
BMG in compression [32], respectively. Interestingly,
ZHANG et al [26] found little effect of the mechanical
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properties on the strain rate when the strain rate was
below 1x107 s and a positive strain rate dependence of
yield strength when the strain rate was up to 1x107" s™'
for TigsZrigNigCu;oBeyy BMG. In addition, both the
strength and plasticity increased with increasing the
strain rate up to a critical value, above which the strength
and plasticity started to decrease for ZrssAl;9Nis Cuy7.g-
Nby; BMG [24] and SrCaYbMg(Li)Zn(Cu) BMGs [25],
respectively. Nevertheless, no reports for these problems
can be found for Cu-based BMGs.

In the present work, the effects of the aspect ratio
and the loading rate on the mechanical properties of
CusoZr49Ti10-Ni, (0=<x<4, mole fraction, %) BMGs were
investigated by room-temperature compressive tests. It is
found that the yield strength, fracture strength and
plasticity significantly depend on the aspect ratio and the
loading rate for the studied Cu-based BMGs.

2 Experimental

Master ingots of Cu—Zr—Ti—(Ni) alloys with normal
compositions (in mole fraction, %), as shown in Table 1,
were prepared by arc melting the mixture of
ultrasonically cleaned high purity Cu (99.99%), Zr
(99.99%), Ti (99.99%) and Ni (99.99%) in a Ti-gettered
argon atmosphere. Then, d2 mm samples were prepared
by suction casting into a water-cooled Cu mold.

The glassy natures of the as-cast samples were
characterized by X-ray diffraction (XRD) using an

Table 1 Yielding strength oy, fracture strength oy, plastic strain ¢, fracture strain &g, and ¢,/e; under different aspect ratios and loading

rates for CusgZryoTi o Ni, (0<x<4) bulk metallic glasses

1

x(N1)/% Aspect ratio Loading rate/s o,/MPa o/MPa ey/% ed% (ep/e0)/%
1x1072 1860.3 1915.7 1.9 15.9 11.9
1x107° 1720.5 1922.8 3.0 15.5 19.4
H 1x107* 1877.1 Superhigh Superhigh Superhigh 100.0
1x107 1905.6 2449.2 14.5 29.5 49.2
1x1072 1102.9 1259.6 23 9.6 24.0
1x107° 1736.2 1917.6 1.4 9.4 14.9
1.5:1 5x107 1986.4 2049.6 1.6 10.7 15.0
1x107* 1723.5 1911.2 2.5 12.9 19.4
0 1x107 1573.1 1755.1 2.6 10.7 243
1x1072 1609.6 1978.2 33 10.4 31.7
1x107° 1710.9 1923.9 2.1 10.7 19.6
= 1x107* 1553.4 1880.6 24 9.4 25.5
1x107 1553.0 1860.3 2.5 8.5 29.4
1107 - 1264.6 - 6.0 0
1x107° 1615.7 1827.0 1.0 9.7 10.3
23 1x107* 1671.3 1927.5 1.7 7.1 239
1x107 1632.0 1877.5 1.4 7.8 17.9

to be continued
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Continued
x(N1)/% Aspect ratio Loading rate/s ' o,/MPa o/MPa £,/% &% (ep/er)/ %0
1x1072 1936.1 2193.8 6.7 223 30.0
) 1x107° 1879.9 2339.9 10.5 22.1 475
= 1x107* 1956.5 2123.6 10.3 27.3 37.7
1x10°° 1908.0 1984.6 2.3 16.6 13.9
1x1072 1880.3 2030.7 1.6 10.4 15.4
) 1x107° 1723.5 1899.2 1.6 10.2 15.7
Bl 1x107* 1792.4 1974.4 42 13.5 31.1
0.5 1x107° 1779.9 1968.1 2.6 12.5 20.8
1x1072 1623.0 1930.2 2.2 10.1 21.8
) 1x107 1661.1 1886.6 1.8 8.9 20.2
21 1x107* 1729.8 1986.4 4.1 10.3 39.8
1x107 1717.2 1949.2 1.5 8.0 18.8
11072 - 1679.9 - 5.9 0
551 1x107° 1592.1 1886.6 1.7 8.2 20.7
’ 1x107* 1654.6 1936.5 3.6 10.6 34.0
1x107° 1742.5 2037.0 4.0 14.5 27.6
1x1072 1866.6 Superhigh Superhigh Superhigh 100.0
5%107 1824.4 2242.3 11.0 24.1 45.6
1:1 1x107 1859.6 1956.5 22 16.6 13.3
1x107* 1846.2 1866.6 0.5 152 33
1107 - 1767.0 —~ 14.6 0
1x107* - 1824.0 - 8.0 0
] 1x107° 1842.3 2099.6 3.0 14.3 21.0
1.3 1x107* 1691.9 1949.2 2.2 11.4 19.3
1 1x107° 1773.5 1923.9 2.0 11.6 17.2
1x1072 1796.3 1936.1 1.5 9.2 16.3
) 1x107° 1629.2 2256.3 9.3 18.2 51.1
1 1x107* 1657.3 1998.6 4.5 12.9 349
1x107° 1740.9 2005.6 3.8 11.7 32.5
1x1072 1892.9 1968.1 0.5 7.7 6.5
551 1x107° 1886.6 1942.8 0.4 6.5 6.2
' 1x107* 1760.8 2043.3 1.8 8.2 22.0
1x107° 1729.8 1949.2 1.7 7.6 22.4
1x1072 2030.0 Superhigh Superhigh Superhigh 100.0
) 1x107° 2022.3 2152.1 3.6 17.3 20.8
= 1x107* 1968.3 2106.5 3.8 21.2 17.9
1x107° 2006.9 2313.6 17.4 293 59.4
1x1072 1667.3 2018.0 4.0 14.8 27.0
1501 1x107° 1704.6 1986.4 4.4 14.8 29.7
o 1x107* 1930.2 2105.9 3.0 13.1 22.9
1x107° 1811.4 2162.1 3.8 12.4 30.6
2 1x1072 1850.8 2028.2 2.5 13.0 19.2
”1 1x107° 1605.5 1912.0 33 11.5 28.7
’ 1x107* 1752.6 2083.2 5.6 14.8 37.8
1x107° 1605.5 1887.3 2.2 9.5 23.2
1x107° 1642.0 1904.9 2.1 8.8 23.9
) 1x107° 1535.2 1904.9 33 9.6 344
23 1x107* 1685.6 1999.1 2.2 10.2 21.6
1x107° 1824.0 2149.5 3.1 9.5 32.6

to be continued
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Continued
x(N1)/% Aspect ratio Loading rate/s ' o,/MPa o/MPa e,/% &% (es/ep)/%

1x1072 1784.4 Superhigh Superhigh Superhigh 100.0

1x107° 1945.9 2298.1 9.7 24.4 39.8

H 1x107* 2091.1 2198.5 2.7 13.5 20.0

1x107 2106.5 2229.4 1.8 16.5 10.9

1x1072 1686.1 1943.8 1.6 10.9 14.7

1x107° 1604.7 2030.7 3.6 13.1 275

bl 1x107* 1930.2 2080.6 1.7 9.9 17.2

1x107 1762.6 2033.7 2.0 11.6 17.2

: 1x1072 1798.7 2049.6 2.8 10.2 275
1x107° 1767.1 2011.7 12 7.5 16.0

2 1x107* 1904.9 2011.7 0.4 7.1 5.6

1x107 1760.8 1999.1 12 7.5 16.0

1x1072 1832.2 1908.7 0.8 72 11.1

1x107° 1700.4 1901.7 22 8.3 26.5

2 1x107* 1658.0 1901.7 1.4 7.4 18.9

1x107 1511.9 1957.2 26 9.4 27.7

1x1072 1880.1 2072.2 53 19.5 27.2

1x107° 1925.3 2300.7 11.0 23.7 46.4

H 1x107* 2040.5 2755.3 17.5 30.3 57.8

1x107 1855.9 2440.7 16.3 29.2 55.8

1x1072 1824.0 1986.4 15 10.7 14.0

1x107° 1974.4 2030.7 0.5 9.2 5.4

b 1x107* 1961.8 2149.5 1.0 8.9 11.2

1x107 1706.5 1866.6 2.5 112 223

! 1x1072 1874.9 2065.3 1.0 10.0 10.0
1x107° 1948.5 2114.1 1.0 8.5 11.8

2 1x107* 1948.5 2095.6 0.8 9.2 8.7

1x107 1960.8 2114.1 0.7 7.5 9.3

1x1072 - 1920.2 - 7.7 0
1x107° - 1936.1 - 7.0 0
23 1x107* 1798.5 2013.2 1.0 6.5 15.4
1x107 1838.5 2098.1 1.6 7.8 20.5

XD-3A diffractometer with Cu K,. Room-temperature
uniaxial compression tests were performed on the BMGs
with aspect ratios in the range of 1:1-2.5:1 using an
Instron 3369 testing machine at loading rates of 1x107—
1x1072s ™", respectively. Two polished end surfaces of the
samples for the compression tests were parallel to each
other and vertical to the symmetry axis. It should be
noted that at least three samples for all studied BMGs
were examined in order to obtain the reliable results.

3 Results

The results of XRD and DSC indicate that

CuspZrgoTi o, Ni, (0<x<4, mole fraction, %) alloys are all
in amorphous states, as shown in Ref. [10]. Figures 1—8
present typical room-temperature uniaxial compression
stress—strain curves of the studied Cu-based BMGs
under differerent aspect ratios and loading rates,
respectively. The corresponding mechanical properties
are carefully examined and listed in Table 1.

3.1 Loading rate effect

Figure 1 presents the room temperature
compression stress—strain curves of the studied Cu-based
BMGs at different loading rates in condition of an aspect
ratio of H/D=1:1. The superplasticity can be clearly
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Fig. 1 Room temperature compression stress—strain curves of CusoZrsTi;o-Ni, (0<x<4) BMGs with aspect ratio of 1:1 at different

loading rates: (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4

observed for CusoZryTi;p BMG at a loading rate of
1x10*s™"  (see Fig. 1(a)) and CusyZrsTijoNi,
(1.0<x<3.0) BMGs at a loading rate of 1x107 s™' (see
Figs. 1(c)—(e)), while not for the other Cu-based BMGs
at the studied loading rates. In addition, there is no
plasticity for CusgZryTigNi; BMG at a loading rate of
1x107 s™' (see Fig. 1(c)). As shown in Table 1 and Fig. 1,
there are maximum &, and &y/e; (g¢ is fracture strain)
values for CusZrsoTijo—Ni, (x=0 and 4) BMGs at a
loading rate of 1x107* s™' (see Figs. 1(a) and (f)),
CusoZrTiosNigs BMG at a loading rate of 1x107° s
(see Fig. 1(b)), and Cus¢ZrgyTi;o-Ni, (1=x<3) BMGs at a
loading rate of 1x107%s' (see Figs. 1(c)—~(e)),
respectively. In addition, the &,and &,/e; at high loading

rates (>1x107 s™') are smaller than those for low loading
rates (<1x107* s7") for CusyZrsoTioNi, (x=0 and 4)
BMGs. However, the ¢, and &y/e; at high loading rates
(>1x10"* s7") are larger than those at low loading rates
(§1X1075 sfl) for CusoZryTigsNips BMG. Interestingly,
the g,and g,/er increase with the increase of the loading
rate for CuspZryTijo-,Ni, (x=1 and 3) BMGs. As for
CusoZr4TigNi, BMG, the ¢,and &,/e; at loading rates of
1x107 and 1x10* s™" are smaller than those at loading
rates of 1x107% and 1x107° s™'. On the other hand, there
is a minimum oy for CusyZrsTi o Ni, (x=0 and 0.5)
BMGs at a loading rate of 1x107 s7!, CusoZraoTioNi,
(x=2 and 4) BMGs at a loading rate of 1x107* s/,
CuspZrgTigNi; BMG at a loading rate of 1x107* s_l,
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respectively. The o, of CusoZryTicNiy; BMG firstly
increases with the decrease of the loading rate, and then
decreases when the loading rate exceeds 1x107* s
However, the oy, of CusoZr4Ti;Ni; BMG increases with
the decrease of the loading rate. There is a maximum o
for CusoZryTi;o-,Ni, (x=2 and 3) BMGs at a loading rate
of 1x1072 s}, CuseZrsgTie sNigs BMG at a loading rate of
1x107° 57", and CusoZrTijoNi, (x=0 and 4) BMGs at a
loading rate of 1x10™ s respectively. As for
CusgZryyTio-Ni, (x=0, 0.5 and 4) BMGs, the oy firstly
increases with the decrease of the loading rate, and then
decreases when the loading rate exceeds 1x10°* s
However, the or of Cus¢ZrsTigNi; BMG increases with
the decrease of the loading rate.

Figure 2 presents the room
compression stress—strain curves of the studied Cu-based

temperature
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BMGs at different loading rates in the condition of an
aspect ratio of H/D=1.5:1. All Cu-based BMGs
characterize in some plasticity at the studied loading
rates except for CusoZryTigNi; at a loading rate of
1x10% s, It is found from Fig. 2 and Table 1 that the &
and ¢,/er of CuspZryoTijo BMG at loading rates of 1 x1072,
1x107*, and 1x107° s are almost the same and larger
than those at the other loading rates. Both &, and &,/ef
reach up to a maximum value for CusZryTi;o-Ni, (x=1
and 3) BMGs at a loading rate of 1x107° s/,
CusoZr4TigsNigs BMG at a loading rate of 1x107* s/,
and CusyZroTijo-Ni, (x=0 and 4) BMGs at a loading rate
of 1x107° s', respectively. The &, and gfe of
CuspZr4TigNi, BMG are the largest when the loading
rates are 1x107 and 1x107° s™', respectively. In addition,
the ¢, and ¢y/e; firstly decrease with the decrease of

(b)
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Fig. 2 Room temperature compression stress—strain curves of CusoZrgoTio—Ni, (0<x<4) BMGs with aspect ratio of 1.5:1 at different

loading rates: (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4
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the loading rate and then increase when the loading rate
exceeds 1x107° s' for CusoZryTijoNi, (x=0 and 4)
BMGs. However, the ,and g,/e; firstly increase with the
decrease of the loading rate and then decrease when the
loading rate exceeds 1x107 s7! for CuseZr4TigNi; BMG
and 1x10* s for CusyZrTigsNigs BMG. On the other
hand, both oy and oy are the largest for CusoZr4Ti ;0 BMG
at a loading rate of 5x 10°* sfl, CusZryTig sNig s BMG at
a loading rate of 1x1072 s, CusoZrs4TisNi; BMG at a
loading rate of 1107 s!, and CusyZrsTi;Ni; BMG at a
loading rate of 1x107* s™'. The o, is the largest for
CusgZryoTigNi, and CusgZryTigNi; BMGs when the
loading rates are 1x10* and 1x107 s, respectively. The
or is the largest for CusoZryTigNi, and CusoZryoTigNig
BMGs when the loading rates are 1x10 and 1x10* s,
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respectively. In addition, the oy firstly increases with the
decrease of the loading rate and then decreases when the
loading rate exceeds 5x107* s™' for CusyZr4Ti;, BMG,
1x10* 57! for CusoZrsTigNi, BMG, and 1x107° s ' for
CusoZryTigNi; BMG, respectively. The op firstly
increases with the decrease of the loading rate and then
decreases when the loading rate exceeds 5x10* s™' for
CusoZrsoTiig BMG, 1x107° s for CusZrsTioNi, BMG,
and 1x10* s' for CusyZryTigNis; BMG, respectively.
However, the oy firstly decreases with the decrease of the
loading rate and then increases when the loading rate
exceeds 1x107° s7! for CusgZr4TigNi; BMG.
Figure 3 presents the room
compression stress—strain curves of the studied Cu-based
BMGs at different loading rates in the condition of an

temperature
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Fig. 3 Room temperature compression stress—strain curves of CusgZrsoTi1o-Ni, (0<x<4) BMGs with aspect ratio of 2:1 at different
loading rates: (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4
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aspect ratio of H/D=2:1. It is found that the Cu-based
BMGs all characterize in the plasticity. Both e,and &,/e¢
are the largest for CusoZryTi;o-,Ni, (x=0 and 3) BMGs at
a loading rate of 1x107% s, CusoZraoTi o Ni, (x=1 and 4)
BMGs at a loading rate of 1x107 s7" and CusoZrsoTiio-
Ni, (x=0.5 and 2) BMGs at a loading rate of 1x10* s,
respectively. Both &, and &y/er of CuseZryTi,y BMG
firstly decrease with the decrease of the loading rate and
then increase when the loading rate exceeds 1x107° s .
However, both &, and &/e; firstly increase with the
decrease of the loading rate and then decrease when the
loading rate exceeds 1x107 s7! for CusyZrsyTigNi; BMG
and 1x10* s™' for CusoZryTisNi; BMG. On the other
hand, the oy is the largest for CusoZrsTi o-Ni, (x=1 and
2), CuseZrgoTiyg, CuseZryTijpNi, (x=0.5 and 3), and
CusZryyTigNi; BMGs when the loading rates are 1x 107,
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1x107*, 1x107% and 1x107° s, respectively. The o, of
CuspZrgyTi o BMG firstly increases with the decrease of
the loading rate and then decreases when the loading rate
exceeds 1x10° s '. Nevertheless, the oy of CusoZrsTig-
Niy BMG increases with the decrease of the loading rate.
In addition, the o; is the largest for CuspZryoTi;9-Ni, (x=0
and 3) BMGs at a loading rate of 1x107% s/,
CuspZrgTigNi; BMG at a loading rate of 1x1072 sfl,
CuspZrgoTip-,Ni, (x=0.5 and 2) BMGs at a loading rate
of 1x10* s', and CusyZr4TigNi; BMG at the loading
rates of 1x107° and 1x107° s, respectively. The o; of
CuspZrgoTip BMG firstly decreases with the decease of
the loading rate and then increases when the loading rate
exceeds 1x107°s™".

Figure 4 presents the room temperature
compression stress—strain curves of the studied Cu-based

(b)
2000 1x1073 57!
g 1500 | /
2 L0, // 11075 57!
Z1000 /
// %107 s!
/
500 - Y/
/4
/4
0 2 4 6 8 10 12 14
Strain/%
(d)
2000

1x10 g

wn
(=
(=

1000

Stress/MPa

500

2000

wn
(=3
(=]

1000

Stress/MPa

500

8

Strain/%
Fig. 4 Room temperature compression stress—strain curves of CusoZryTijo-,Ni, (0sx<4) BMGs with an aspect ratio of 2.5:1 at
different loading rates: (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4
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BMGs at different loading rates in the condition of an
aspect ratio of H/D=2.5:1. It is found that the plasticity
cannot be observed for CusgZryoTiio-Ni, (0<x<1) BMGs
at a loading rate of 1x102 s " and CusZrygTigNi; BMG
at the loading rates of 1x107? and 1x107° s™'. As shown
in Table 1, the &, of CusoZrsTijo-Niy (x=0.5 and 4)
BMGs and the gy/er of CusgZryTioNi, (x=1 and 4)
BMGs increase with the decrease of the loading rate. The
&p of CusoZryoTijo-Ni, (x=0 and 1) BMGs and the gy/e; of
CusgZryoTio-Ni, (x=0 and 0.5) BMGs firstly increase
with the decrease of the loading rate and then decrease
when the loading rate exceeds 1x10 *s™". The ¢, and &,/¢;
of CuspZryTio-Ni, (x=2 and 3) BMGs at the loading
rates of 1x107 and 1x107° s™' are almost the same and
larger than those at the other loading rates. In addition,
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the oy of CuseZrsTijoNi, (x=0, 0.5 and 4) BMGs and
the or of CuspZrgTijo-,Ni, (x=0.5, 2 and 4) BMGs
increase with the decrease of the loading rate, while
inversely for CusyZr4Ti;Ni; BMG. The o7 of CusgZryTig
BMG firstly increases with the decrease of the loading
rate and then decreases when the loading rate exceeds
1x107* s™'. However, there is a complex dependence of
the o, on the loading rate for CusoZrsTi o-Ni, (x=1 and
2) BMGs. The oy is the largest for CusyZrsTioNi; and
CuspZrgyTigNi, BMGs when the loading rates are 1x10™*
and 1x10° s™', respectively.

3.2 Aspect ratio effect
Figure 5 presents the temperature
compression stress—strain curves of the studied Cu-based
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Fig. 5 Room temperature compression stress—strain curves of CusoZr4Ti;-Ni, (0<x<4) BMGs with different aspect ratios at loading
rate of 1x1072 s "2 (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; () x=3; (f) x=4
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BMGs at different aspect ratios under a loading rate of
1x107% 57" It is found from Fig. 5 and Table 1 that the
plasticity cannot be observed for CusgZrsoTi19-Ni, (x=0,
0.5 and 4) BMGs with an aspect ratio of 2.5:1 and
CusZr4Ti;Ni; BMG with an aspect ratio of 1.5:1, while
superplasticity is observed for CusoZryoTi o Ni, (1=<x<3)
BMGs with an aspect ratio of 1:1. The plasticity of
CusgZryoTio-Ni, (0.5<x<4) BMGs with an aspect ratio
of 1:1 is larger than that of the other aspect ratios. Both
gpand gy/er of CusoZrsTi;o BMG firstly increase and then
decrease down to zero when the aspect ratio increases up
to 2.5:1. The ¢, decreases with increasing aspect ratio for
CusoZr4Ti 0-xNi, (x=2 and 4) BMGs. In addition, both o,
and or of CusgZryTigsNigs BMG decrease with
increasing aspect ratio. The o of CusZryTigNiy BMG
almost decreases with increasing aspect ratio. The o of
CusgZryTigNi; BMG firstly decreases with increasing
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aspect ratio and then increases when the aspect ratio
exceeds 1.5:1. However, there are complex dependences
of the aspect ratio for the o, of CusoZrsTi o Ni, (x=0
and 1<x<4) BMGs and the o7 of CusgZryoTi;o-Ni, (x=0, 3
and 4) BMGs. Both g, and oy of Cus¢ZrsTi;o-Ni, (x=0
and 2) BMGs with the aspect ratios of 1:1 and 2:1 are
larger than those with the aspect ratios of 1.5:1 and 2.5:1.
The oy is the largest for CusoZryTiy-Ni, (x=0, 2 and 4)
and CusoZryTijo-Ni, (x=1 and 3) BMGs when the aspect
ratios are 1:1 and 2.5:1, respectively. The o is the largest
for CusoZryTijg and CusgZryTijo-Ni, (x=3 and 4) BMGs
when the aspect ratios are 2:1 and 1:1, respectively. More
interestingly, the o, of CusoZr4Ti;o-Ni, (1=x<4) BMGs
with an aspect ratio of 1:1 is close to the o¢ with the other
aspect ratios.

Figure 6 presents the room temperature
compression stress—strain curves of the studied Cu-based
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Fig. 6 Room temperature compression stress—strain curves of CusgZrsoTi1o-Ni, (0<x<4) BMGs with different aspect ratios at loading
rate of 13107 s ' (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4
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BMGs at different aspect ratios under a loading rate of
1x107° s ', As shown in Fig. 6 and Table 1, the gp firstly
increases with increasing aspect ratio and then decreases
for CusgZryyTigNi, BMG when the aspect ratio exceeds
1.5:1. The ¢, decreases with increasing aspect ratio for
CusgZryTi;Ni; BMG. However, there is a complex
dependence of the &, on the aspect ratio for the other
Cu-based BMGs. The ¢, is the largest for these Cu-based
BMGs with an aspect ratio of 1:1. The ¢, is zero for
CuspZryTigNi; BMG with an aspect ratio of 2.5:1. The
gp/er firstly decreases with increasing aspect ratio and
then increases for CusgZryTigsNigs BMG when the
aspect ratio exceeds 1.5:1. The ¢,/ is biggest for
CuspZryoTio-Ni, (x=0.5, 3 and 4) BMGs with an aspect
ratio of 1:1, CusoZrsTi1o-,Ni, (x=0 and 1) BMGs with an
aspect ratio of 2:1, and Cus¢ZryTigNi, BMG with an
aspect ratio of 2.5:1, respectively. In addition, the o
decreases ~ with  increasing aspect ratio  for
CusoZryoTio—Ni, (x=0.5 and 2) BMGs. As for
CuspZrgTijoNi, (x=0 and 4) BMGs, the o, firstly
increases with increasing aspect ratio and then decreases
when the aspect ratio exceeds 1.5:1. However, the oy
firstly decreases with increasing aspect ratio and then
increases when the aspect ratio exceeds 2:1. The o
decreases with increasing aspect ratio for CusoZrgoTijo-.-
Ni, (x=0.5, 2 and 3) BMGs. The or of CusoZryTigNi;
BMG firstly increases with increasing aspect ratio and
then decreases when the aspect ratio exceeds 2:1. The oy
of CusyZryoTi;0 BMG with the aspect ratio of 1:1-2:1 is
almost the same and larger than that with an aspect ratio
of 2.5:1. There is a complex dependence of the oy for
CusoZr49Ti7Ni; BMG and the o7 for CusgZryTigNi; BMG
on the aspect ratio, but the o, is the largest for
CuspZryTi;Ni; BMG and or is the largest for
CusZryyTigNi; BMG when the aspect ratio is 1:1. More
interestingly, the oy of the studied Cu-based BMGs in the
range of the aspect ratio of 1.5:1-2.5:1 is close to the oy
with an aspect ratio of 1:1 except for CusyZrsTigNi;
BMG.

Figure 7 presents the room temperature
compression stress—strain curves of the studied Cu-based
BMGs at different aspect ratios under a loading rate of
1x10*s™". As shown in Fig. 7 and Table 1, CusoZr4Tiy
BMG with an aspect ratio of 1:1 characterizes in
superplasticity. One can also observe some plastic strain
for CusoZryTi,p BMG with the aspect ratios of
1.5:1-2.5:1 and CusoZryoTi;o-,Ni, (0<x<4) BMGs with
the aspect ratios of 1:1-2.5:1. The ¢, decreases with
increasing aspect ratio for CuseZryTi,c BMG. The g,
firstly increases with increasing aspect ratio and then
decreases when the aspect ratio exceeds 2:1 for
CusgZryTigNi; BMG, while inversely for CusgZryyTi;Ni;

BMG. As for Cus¢ZrsTijo-Ni, (x=0 and 4) BMGs, the ¢,
at the aspect ratios of 1.5:1-2.5:1 is almost same and
smaller than that at the aspect ratio of 1:1. The &y/e;
firstly increases with increasing aspect ratio and then
decreases when the aspect ratio exceeds 2:1 for
CuspZrgoTi - Ni, (x=1 and 2) BMGs, while inversely for
CusoZrsoTio-Ni, (x=3 and 4) BMGs. The ¢, is the largest
for CusgZryyTigNi, BMG with an aspect ratio of 2:1. The
gy/er 1s the largest for CusoZrTigsNips BMG with an
aspect ratio of 2:1 and Cus¢Zr4Ti;c BMG with an aspect
ratio of 1:1. Both o, and o; decrease with increasing
aspect ratio for CusoZryoTi;o-Ni, (x=2—4) BMGs. The o,
of CusoZryTijpNi, (x=0 and 1) BMGs and the o of
CuspZr4oTi o BMG firstly decrease with increasing aspect
ratio and then increase when the aspect ratio exceeds 2:1.
The oy of CusoZryTigsNips BMG decreases with
increasing aspect ratio, while inversely for the op of
CuspZryTigNi; BMG. More interestingly, the o¢ of the
studied Cu-based BMGs with the aspect ratios of
1.5:1-2.5:1 is close to the o, of that with the aspect ratio
of 1:1 except for CusoZryTigNi; BMG.

Figure 8 presents the temperature
compression stress—strain curves of the studied Cu-based

room

BMGs at different aspect ratios at a loading rate of
1x107 s '. As shown in Fig. 8 and Table 1, all Cu-based
BMGs characterize in the plasticity except for
CusoZr4TigNi; BMG with an aspect ratio of 1:1. The ¢,
decreases with increasing aspect ratio for CusgZryyTig
BMG. Both ¢, and g,/ firstly decrease with increasing
aspect ratio and then increase when the aspect ratio
exceeds 2:1 for CusoZryTijp—Ni, (x=2 and 4) BMGs,
while inversely for CusyZryTigNi; BMG. There are
maximum values for the &, and the gy/er of CuspZryo-
Tijp-Ni, (x=0.5 and 3) BMGs with an aspect ratio of
2.5:1. However, the gy/e; is the largest for CusgZrsTio
BMG with an aspect ratio of 1:1. On the other hand, both
o, and o decrease with increasing aspect ratio for
CusoZr4Ti;Nis; BMG. The oy of CuseZrsgTiioNi, (x=0,
0.5 and 2) BMGs and the o of CusgZryoTijo-Ni, (x=0.5
and 2) BMGs firstly decrease with increasing aspect ratio
and then increase when the aspect ratio exceeds 2:1,
while inversely for the oy of CusoZr4TigNi; BMG. The oy
of CusgZryyTigNi; BMG firstly increases with increasing
aspect ratio and then decreases when the aspect ratio
exceeds 1.5:1, while inversely for the op of CusgZryyTiio
BMG. The dependence of the oy, and ¢ on the aspect ratio
is complex for CusyZryTigNiy BMG. There is a
maximum oy at the aspect ratio of 2:1 and oy at the aspect
ratio of 1:1, respectively. Interestingly, the oy, at the
aspect  ratio of 1:1 is larger than the oy at the aspect
ratios of 1.5:1-2.5:1 for CusoZr4Ti;o and CusoZryoTisNiz
BMGs.
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Fig. 7 Room temperature compression stress—strain curves of CusoZr4Ti;-Ni, (0<x<4) BMGs with different aspect ratios at loading
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4 Discussion

As shown in Figs. 1-8 and Table 1, the strength and
the plasticity of the studied Cu-based BMGs significantly
depend on the aspect ratio and the loading rate. For
example, the strength of CusoZryTi;p BMG with an
aspect ratio of 1.5:1 and the plasticity of CusoZryyTigNi,
BMG with an aspect ratio of 2:1 increase with
increasing the loading rate and then decrease when the

loading rate reaches up to a critical value. It was also
found in ZrsAljg9Niy6Cuyr5Nbg; BMG [24] and
SrCaYbMg(Li)Zn(Cu) BMGs [25], respectively. The
yield strength for CusoZryTigNi; BMG with an aspect
ratio of 1:1 at loading rates from 1x107% to 1x107* s
and the plasticity for CusyZrsyTigNi; BMG with an aspect
ratio of 2:1 at loading rates from 1x107% to 1x107° s
almost maintain a constant value, which is similar to the
results in Refs. [30—32]. Both strength and strain
decrease with increasing the loading rate for CusoZryoTij
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Fig. 8 Room temperature compression stress—strain curves of CusoZr4Ti;o-Ni, (0<x<4) BMGs with different aspect ratios at loading
rate of 1x107 57" (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4

BMG with an aspect ratio of 2.5:1, which is similar to
the results in Refs. [20,26-29,31]. However, the yield
strength for CusoZryTisNi; BMG with an aspect ratio of
2.5:1 and the strain for CusyZrsoTigNi; BMG with an
aspect ratio of 1:1 increase with increasing the loading
rate, which was also found in Ti-based BMG [20],
Nd-based BMG [27], and Zr-based BMG [33],
respectively. Interestingly, in the condition of an aspect
ratio of 2:1, the yield strength for CusyZr4TigNi; BMG
and the plastic strain for CusyZryTi;Ni; BMG decrease
with increasing the loading rate and then decrease when
the aspect ratio reaches up to a critical value, which is

not reported in other BMGs up to date. On the other
hand, the dependence of the strength and/or the plasticity
on the aspect ratio and/or the loading rate varies with the
alloy composition for the studied Cu-based BMGs. For
instance, when the aspect ratio is 2:1, the yield strength
firstly increases with decreasing the loading rate and then
decreases for CusgZrsoTi;o and CusgZrsTio sNigs BMGs,
while inversely for CusgZryTioNi; and CuseZrsTigNig
BMGs. The plastic strain firstly decreases with
decreasing the loading rate and then increases for
CuspZrgyTip and CusgZryTi;Ni; BMGs, while inversely
for CusyZryoTioNi; and CusyZrsTigNi, BMGs. Moreover,
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the superplasticity can be observed for CusoZryTij at a
loading rate of 1x10~* s and CusoZrsoTijoNi, (x=1-3)
BMGs at a loading rate of 1x107 s™' when the aspect
ratio is 1:1. Different mechanical properties of the
studied Cu-based BMGs would be resulted from the
following factors. Firstly, it is well-known that there are
atomic- and/or nano-, even micro-scale microstructures
in the BMG [15,41-44]. Compositional difference, even
minor addition/substitution would vary the magnitude,
type and distribution of these microstructures, which
influences the relaxation, diffusion and rearrangement of
atoms, resulting in the change of the properties of glass
forming alloys [10,43—47]. For example, the
superplasticity of Zr-based BMGs developed by LIU
et al [15] resulted from the nano-scale microstructure.
Different properties of the studied Cu-based BMGs
developed by CAI et al [10] would be due to different
category, magnitude and distribution of the atomic-scale
microstructures. Secondly, the strength and the plasticity
of the BMG depend on the emission/propagation rate of
the shear bands during deformation. If the emission/
propagation rate of the shear bands is consistent with the
applied strain rates, shear bands will nucleate and
propagate continuously during deformation, resulting in
an enhanced strength and plasticity. Obviously, there is a
critical loading rate suitable for the emission/propagation
rate of the shear bands. SONG et al [24] investigated the
effect of strain rate on the compressive behavior of
Zrs¢Al g 9NissCuy7sNbg; BMG and found that both
strength and plasticity increase with increasing the strain
rate up to 1x107° s above which the strength and
plasticity start to decrease. Similar results were also
found in other BMGs [25]. In addition, the metallic
glasses with different compositions were found to
display different mechanical response to the loading
rate [20,24—33]. Thirdly, the larger the aspect ratio under
the same sample size is, the more the atomic, even nano/
micro-scale microstructures in the metallic glass are. The
shear band generally nucleates at weak sites. Small
aspect ratio of the BMG would result in few shear bands
due to few weak sites. However, the aspect ratio would
result in the confining effect of the compressive
sample [21]. The smaller the aspect ratio is, the stronger
the confining effect is. It would result in the formation of
multiple shear bands in the condition of small aspect
ratio [21]. Finally, the plastic flow can be considered as
the transition of the metallic glass to the supercooled
liquid under external temperature or stress [48]. The
external stress would lead to the increase of the
temperature [48—50] and free volume [3—7]. The
temperature and free volume increase would result in the
increase of the atomic mobility and the decrease of the
bonding strength among the atoms. The shear band
velocity increases with increasing temperature [51]. In

addition, CAI et al [6,7] found that the structural and
thermal sensitivity of Cu—Zr—Ti metallic glasses to
pressure/tension was related to the composition of the
metallic glass. Therefore, different mechanical responses
of the studied Cu-based BMGs to the loading rate and
aspect ratio would be a comprehensive externalization of
above-mentioned factors.

5 Conclusions

1) The superplasticity can be clearly observed for
CusgZrgyTi;o BMG with an aspect ratio of 1:1 at a loading
rate of 1x10™* 5! and CusoZr4TijoNi, (x=1-3) BMGs
with an aspect ratio of 1:1 at a loading rate of 1x107%s ",
while no plasticity for CusgZrsTijo-Ni, (x=0, 0.5 and 4)
BMGs with an aspect ratio of 2.5:1 at a loading rate of
1x107% s, CusgZragTigNiy BMG with an aspect ratio of
2.5:1 at a loading rate of 1x107 5!, CusgZrsTioNi;
BMG with an aspect ratio of 1:1 at a loading rate of
1x107 s, respectively.

2) There are complex relationships between the
mechanical properties and the aspect ratio and the
loading rate for the studied Cu-based BMGs, which
depend on the content of Ni, the aspect ratio, and the
loading rate. The largest yielding strength o, can be up to
2106.5 MPa for CusoZryTigNi; BMG with an aspect
ratio of 1:1 at a loading rate of 1x107°s™".

3) The oy at an aspect ratio of 1:1 is close to the of
of the other aspect ratios for CusyZryTijo—Ni, (15x<4)
BMGs at a loading rate of 1x107%s™". The o at the aspect
ratios of 1.5:1-2.5:1 is close to the oy at an aspect ratio
of 1:1 for all studied Cu-based BMG except for
CuspZrgTigNi; BMG at loading rates of 1107 and
1x10*s™". The oy at an aspect ratio of 1:1 is larger than
the of at the aspect ratios of 1.5:1-2.5:1 of Cus¢ZrsoTijo
and CusyZr4Ti;Ni; BMGs at a loading rate of 13107 s .
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1. WIFGHE T4 0% HUAE LFE%2Be, f&BH 414000;
2. PERE MAREGERESLRE, Kb 410083;
3. WEFEER WG, dbat 100190
4. hERY YIS R, KD 410083
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