Chapter 8

FORMATION AND PROPERTIES OF CU-ZR-AG BULK
METALLIC GLASSES

Starting from the two binary bulk-glass formers in the Cu-Zr system, we systematically
investigated the compositional dependence of glass formation, thermal, elastic, and
mechanical properties in the Cu-Zr-Ag ternary alloys. Both CusoZrs0Agx and Cuga-
»Zr3sAgx series alloys show a good combination of high glass-forming ability and high
Poisson’s ratio. However, compressive plastic deformation was only observed in Cuso-

0ZI's0Agy series and the possible mechanism underneath is discussed.

8.1. Introduction

Bulk metallic glasses (BMGs) have acquired significant attention from scientific and
technological view points in the past twenty years [1, 2]. BMGs usually show high
strength, large elastic strain limit, and excellent wear and corrosion resistances along with
other remarkable engineering properties. Researchers have developed families of binary
and multi-component systems to be BMG formers [3-12], among which highly processable
Zr-based BMGs (Vitreloy series) have been utilized commercially to produce items such as

sporting goods and electronic casings [3, 13].
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Plenty of evidence has been shown that the ductile behavior of BMGs is closely related
to their Poisson’s ratio [14-18]. Lind, Duan, and Johnson investigated the
isoconfigurational elastic constants and liquid fragility of a Zr-based BMG (Vitreloy 4) and
discovered that the shear modulus, G, shows a strong reversible dependence on the specific
configurational potential energy of the equilibrium liquid [19]. Such a strong
configurational dependence of G in the liquid state is directly related to viscosity and
fragility of the liquid, which has been also validated by molecular dynamics simulations

[20, 21].

The glass-forming ability (GFA), rheological, and mechanical properties of BMGs have
been extensively studied in different glass-forming systems. Previous literature indicates
that highly processable Vitreloy BMGs tend to show rather strong liquid behaviors [22-24].
Recently it was discovered that Cu-Zr binary alloys, which can be cast into bulk amorphous
structures with rod diameters up to 2 mm [8, 20, 25], show relatively fragile behaviors in
viscosity [26]. Therefore, it is believed that there exists a balance point between GFA and

fragility, which can be utilized to design tough bulk amorphous alloy systems.

Cu-Zr-based BMGs have received much attention since the binary CuesZrs3s and CuseZrsy
were reported to form bulk glassy alloys in 2004 [8, 11, 20]. Shortly after, the first Cu-Zr-
based CuseZrsAl;Ys glassy rods with diameters of 1 cm have been synthesized [8].
Dramatic compressive ductility was observed in the Cuy7sZr475Als alloy and the CusoZrsg
alloy and was attributed to the unique structure correlated to atomic scale inhomogeneity
[27, 28]. It was also found that the addition of Ag remarkably improved the glass-forming

ability of Mg-Cu-Gd, Cu-Zr-Al, and Cu-Zr-Ti alloy systems [29-33]. Although bulk glass
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formation and phase separation in the Cu-Zr-Ag system was reported already [34-36], we
utilized a completely different approach in this work to study the compositional effect on
elastic behaviors of Cu-Zr-Ag glassy alloys in an effort to further understand the
relationship among Possion’s ratio, fragility, and GFA. Recently the shear modulus, G, and
Poisson’s ratio, v, are found to be very sensitive to composition changes in the Cu-Zr-Be
ternary alloy system [37]. Here, starting from the two bulk glass formers in the Cu-Zr
binary alloy system, CugsZr3s, and CusoZrsy, we systematically studied the effect of Ag
addition on glassy forming ability, and thermal properties in Cu-Zr-Ag bulk-glass- forming
alloys, and investigated the compositional dependence of elastic properties and mechanical

properties.

8.2. Experimental

For a complete description of sample preparation, characterization, and elastic property
measurement details, please refer to Chapter 6.2. Cylindrical rods (2 mm in diameter and 4
mm in height) were used to measure mechanical properties of the Cu-Zr-Ag bulk glassy
alloy on Instron testing machine at a strain rate of 1x10™ s, Before these mechanical tests,
both ends of each specimen were examined with X-ray to make sure that the rod was fully

amorphous.
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8.3. Results and Discussions

Considering the chemical similarity of Cu and Ag, we systematically studied the effect
of Ag addition on glass formation, thermal behavior, and elastic properties in Cu-Zr-Ag
alloy system by always fixing the Zr concentration. We first examined glass formation in
the Cuyso-x)ZrsoAgx series with the Zr content fixed at 50%, where x is 2, 5, 7, 10, and 12%.
Figure 8.1 shows the X-ray diffraction patterns of amorphous 4 mm rod of CussZrspAgs, 4
mm rod of Cus3ZrspAgz, 5 mm rod of CusgZrspAgio, and 7 mm rod of CussZrypAgrTi. It
can be seen that the patterns of all the samples consist of only a series of broad diffraction
maxima without detectable Bragg peaks. The DSC scans of the above four metallic glasses
(CuysZrspAgs, CugzZrsoAgs, CuspZrsoAgio, and CuszZrapAgsTiio) are shown in Figure 8.2.
Upon heating, these amorphous alloys exhibit a clear endothermic glass transition followed
by one single or a series of exothermic events characteristic of crystallization. Clearly, fully
glassy rods up to 7 mm diameter are formed with addition of 10% Ti to replace Zr in the

ternary Cuy3ZrsoAg; bulk amorphous alloy.

A summary of thermal and elastic properties of representative glassy alloys in the Cu-Zr
binary, the Cu-Zr-Ag system, and two modified Cu-Zr-Ag-Ti(In) alloys is listed in Table
8.1. It also presents the casting diameter of fully amorphous rods of different compositions.
The variations of supercooled liquid region, AT, (AT = T,-T,, in which Ty is the onset
temperature of the first crystallization event and T, is the glass-transition temperature) and
reduced glass-transition temperature Ty, (Try = To/Ti, where T; is the liquidus temperature)

are calculated. Elastic properties of these glassy alloys were measured and shear modulus,
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G, bulk modulus, B, Young’s modulus, Y, and Poisson’s ratio, v, are calculated and

presented for comparison.

The binary CusoZrsg alloy is known to form bulk glassy rods of 2 mm in diameter by the
copper mold casting method. The alloying effect of 2% Ag is minor and does not change
T, Tx, and T} very much. When Ag content is increased to 5 ~ 7%, 4 mm fully amorphous
rods could be successfully obtained. With 10 %Ag, the GFA was improved to 5 mm. Once
Ag is greater than 12%, the casting diameter of fully glassy rods is limited to 4 mm or less.
Apparently, CusoZrsoAgio is the best glass former in the CusoZrspAgy series. When a
fourth element, Ti or In, is introduced, the GFA could be improved further. Fully glassy
rods up to 7 mm in diameter are formed by the addition of 10% Ti into the ternary base

CU43ZI'5()Ag7 alloy.
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Table 8.1. Thermal and elastic properties of representative CusoxZrsoAgy bulk glassy alloys.

Materials o ©® © ® © ¥ G G Gy
CusgZrsg 2 670 717 1208 47 0.55 30.0 119.9 &83.2 0.384
CuysZrsoAgy 2 668 719 1192 51 0.56 31.5 121.3 &87.2 0.380
CuysZrsoAgs 4 669 728 1188 59 0.56 31.5 120.0 &87.0 0.379
CuygZrspAg; 4 669 727 1171 58 0.57 32.8 1247 90.5 0.379
CuypZrsoAgio 5 667 733 1177 66 0.57 31.6 117.2 87.0 0.376
CussZr50Ag)2 4 663 734 1187 71 0.56 31.1 119.0 85.8 0.380
Cuy3Zryi3Ag;Tiy 5 670 714 1118 44 060 324 116.7 89.0 0373
CuyzZrysAgyln, 5 704 748 1135 44 062 348 1194 952 0.367

Table 8.2. Thermal and elastic properties of representative CussxZr36Agy bulk glassy alloys.

Materials am @ ® © @ ¥ e oGP
CugsZrs 2 787 833 1230 46 0.64 34 1043 92.0 0.352
Cus,Zr36Ag; 4 712 755 1156 43 0.62 358 130.5 983 0.375
CussZr36Ag10 6 719 759 1146 40 063 352 1248 964 0.371
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CU432r40A97Ti10 7 mm rod

CuypZrs0Agq0 5 mm rod

CuysZrsoAgz 4 mm rod
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Figure 8.1. X-ray patterns of amorphous 4 mm rod of CuysZrspAgs, 4 mm rod of CusZrspAgz, S mm

rod of CugpZrspAg)o, and 7 mm rod of CuysZrsAg;Tiyo prepared by the copper mold casting method.
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Figure 8.2. DSC scans of the amorphous CuysZrsoAgs, CussZrspAgr, CuggZrsoAgio, and CuysZrypAgy.
Tijo alloys at a constant heating rate of 0.33 K/s. The marked arrows represent the glass transition

temperatures.
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It can be seen clearly from Table 8.1 that the addition of Ag increases the crystallization
temperatures, stabilizes the supercooled liquids, and therefore benefits the GFA. With 10%
Ag, AT is enlarged to 66 K compared to 47 K of the original Cus¢Zrso binary alloy. The
second effect of Ag is to decrease the liquidus temperatures remarkably. The CusoZrsg
binary alloy has a rather high T, of 1208 K. When 7% Ag is added, the ternary CussZrsoAgy
shows a lower T; of 1171 K. With another 7% of Ti and In, the quaternary CussZrs3Ag;Ti;
and CussZrs3Ag7Ti; show even lower T; of 1118 K and 1135 K, respectively. Thus, the
alloying effect of Ag, Ti, and In brings the compositions into deeper eutectic and improves

the GFA.

We then started from the binary CugZris BMG and systematically studied the
compositional dependence of glass formation, thermal, and elastic properties for the Cuyea-
oZr3cAgy series alloys. X-ray patterns of different sizes of cast rods for different alloy
compositions and the corresponding DSC scan curves are shown in Figure 8.3 and Figure
8.4, respectively. Thermal and elastic properties of Cues-xZr36Agx series were evaluated
and listed in Table 8.2. We notice that with 4% Ag addition, 3 mm fully amorphous cast
rod of CugoZr3sAgs 1s not achievable, although a strong glassy background exists. When
more Ag was added to the base alloy CuesZrss, the GFA of Cus;ZrisAgr and CussZricAgo
are increased to 4 mm and 6 mm, respectively. Even if Ag is greater than 12%, the GFA
could not exceed 7 mm, indicating that the best glass former is located around
CussZr3sAgio. However, up to 8 mm glassy rods of the quaternary CusoZr3sAgioTis alloy

could be easily formed.
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Figure 8.3. X-ray patterns of 3 mm cast rod of CugZr3sAgy, 4 mm glassy rod of Cus;Zr3sAg;, 6 mm

glassy rod of CussZr3;sAgig, 7 mm cast rod of Cus,Zr3sAg,, and 8 mm rod of CugeZrscAgoTis.
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Figure 8.4. DSC scans of the amorphous Cus;Zr;sAgs, CussZr;sAgio, and CugZrisAgioTis alloys at

a constant heating rate of 0.33 K/s. The marked arrows represent the glass transition temperatures.
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Figure 8.5. Poisson’s ratio, v, as a function of the Ag concentration for both CusoZrsoAgy and

Cues-xZr36Agy series.
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Figure 8.6. Compressive stress-strain curves of 2 mm amorphous rods for CusoxZrspAgy series

alloys. (a), CuseZrss; (b), CusgZrsoAgy; (¢), CussZrsoAgy; (d), CusZrspAgio; (€), CusgZrsoAgio; and

(), CussZry3AgyTis.
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Figure 8.7. Compressive stress-strain curves of 2 mm amorphous rods for CuesxZr;cAgy series

alloys. (a), Cu64Zr36; (b), CU57ZI'36Ag7; (C), CU54ZI'36Ag10; and (d), CU40ZI'45Ag10Ti5.
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It was recently found that in the Cu-Zr-Be alloy system, the shear modulus, G, and
Poisson’s ratio, v, are very sensitive to changes in compositions. T, and G decrease linearly
with the increasing Zr concentration. Glasses with the same concentration of Zr and Ti
show similar T, and G [37]. In the present work, T, of Cu(so.xZrsoAgy series does not vary
much with changes in the Ag content. As a result, G and v values are nearly constant. A T,
of ~670 K, a G of ~ 31.5 GPa, and a v of ~ 0.380 are usually observed. Small variations
may occur depending on the Ag content. Compared with the base alloy CusyZrsy, Cuyso-
oZrsoAgy alloys possess somewhat higher shear modulus, G, and bulk modulus, B.
Consequently, v of CusoxZrsoAgy alloys does not deviate much from that of CusoZrs (see
Figure 8.5). However, in the Cues-xZr36Agx series, Ag has a remarkable effect on reducing
T,. Ty is high for CussZrss (787 K), decreasing to 719 K as the Ag concentration increases
to 10%, which is almost 70 K lower. G of Cus;Zr3sAg; and CussZr3sAgio increases to 35.8
GPa and 35.2 GPa, respectively. B changes from 104.3 GPa for the binary CugsZr36 alloy to
130.5 GPa and 124.8 GPa for Cus;Zr3sAg; and CussZrisAgio, respectively, resulting a
significant increase in v. Despite large differences in the absolute values of G and B for
both Cuyso-ZrsoAgx and Cuesx)Zr3sAgy series, Poisson’s ratios, v, are very close.

Mechanical properties under a compressive applied load were measured on several 2
mm (diameter) by 4 mm (height) cylindrical specimens for each representative glassy alloy
in both CusoZrsoAgy and Cues-xZr3sAgy series. It is found that Cuso-ZrsoAgy series are
ductile under compressive tests (see Figure 8.6). All the glassy alloys show high fracture
strengths above 1.5 GPa and distinct plastic strains. For instance, CussZr3cAg)o glassy alloy
exhibits fracture strength of ~ 1.55 GPa and plastic strain before failure ~ 1.4%, largest

among this series of alloys. In comparison, for CussxZr3cAgy series alloys, although Cuyes-
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wZr3cAgy series exhibit high fracture strengths above 1.7 GPa, no apparent plastic
deformations were observed (see Figure 8.7).

According to the recently developed Cooperative Shear Model, lower G implies that the
shear flow barrier for an unstressed shear cooperative zone (SCZ) is relatively small, which
allows the atoms to get into a higher potential energy configuration, and benefits the plastic
yielding behavior. In the present Cu-Zr-Ag ternary glassy alloys, both Cuso.xZrsoAgx and
Cuesx)Zr3scAgy series show high Poisson’s ratio ~ 0.375. However, Cusox)ZrsoAgy alloys
exhibit much lower G, which are ~ 31.5 GPa, than Cues-xZr36Agx series. A G of ~ 35 GPa
is usually found in Cues-xZr3sAgx series. Therefore, compressive plastic deformation
observed in Cusox)ZrsoAgx series can possibly be attributed to the lower/softer shear

modulus.
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8.4. Chapter Concluding Remarks

In summary, we started from the two binary bulk glass formers in the Cu-Zr system, and
systematically investigated the compositional dependence of glass formation, thermal,
elastic, and mechanical properties in the Cu-Zr-Ag ternary alloys. A good combination of
high glass forming ability and high Poisson’s ratio in both Cuso.xZrsoAgx and Cues-
wZr3cAgy series alloys was found. However, we only observed compressive plastic
deformation in CusoxZrsoAgx series. Using the recently developed Cooperative Shear

Model, a possible interpretation is given.
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