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Bulk metallic glasses (BMGs) are typically characterized by high strength and elasticity. However, they generally
demonstrate a deficiency in plastic deformation capability at room temperatures. In this work, Cusy_,ZrggAl4Agy (x =0,
1, 2, 3, 4) alloys were prepared by arc melting and copper mold casting to investigate their structure, glass-forming ability,
and mechanical properties. The results show that the addition of Ag can increase the parameter of AT, and 7y in CusgZrgeAly
alloy by 116% and 1.5% respectively, effectively enhancing its thermal stability and glass-forming ability. Compressive
fracture tests reveal that the addition of Ag can significantly improve the yield strength, ultimate strength, and plasticity of
the CusgZryeAly alloy. Specifically, with the Ag addition of 1 at.%, the alloy’s ultimate strength and plasticity increased
by 71.8% and 21 times, respectively. Furthermore, the introduction of Ag can effectively control the free volume content
in the CusyZrycAly alloy, thereby tuning the hardness of the material. This work provides valuable insights into improving
the mechanical performance of BMGs through micro-alloying approaches.

Keywords: metallic glasses, glass-forming ability, synergistic enhancement strength-plasticity, Ag addition
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1. Introduction

Metallic glasses, also known as amorphous alloys, typ-
ically exhibit higher strength, larger elastic limits, and bet-
ter corrosion resistance compared to traditional crystalline al-
loys, making them widely used as structural materials. In re-
cent years, many BMGs with excellent mechanical proper-
ties have been developed.[1‘3] However, how to further en-
hance the glass-forming ability (GFA) and optimize the me-
chanical performance of metallic glasses remains a focus of
industry attention. Cu-based BMGs are considered promis-
ing structural materials due to their relatively high strength,
high thermal stability, and low cost.[*®! Ternary Cu-based
BMGs were first discovered by the Inoue’s group in the Cu—
Zr-Ti and Cu—Zr—Al alloy systems.!”8] Subsequently, a se-
ries of Cu-based BMGs, such as Cu-Zr—Ag,”! Cu-Hf-Al, 0]
and Cu—Hf-Ti,l'"! have been reported. These BMGs gener-
ally possess high strength, good GFA, and economical pric-
ing. Among them, Cu—Zr-based BMGs have attracted signif-
icant attention due to their simple composition, non-toxicity,
lack of precious metal elements, large GFA, and wide compo-
sition range.!'>"'4) The Cu-Zr—Al system, is considered one
of the most promising Cu-based system in metallic glass, as it
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exhibits excellent strength and high GFA.[15:1¢]

Researches have shown that the addition or substitu-
tion of elements can enhance the degree of atomic disor-
der in BMG alloys, leading to improved GFA.['4221 Micro-
alloying has been proven to be an effective approach for tun-
ing the various properties of BMGs. For example, Lin et
al. effectively improved the soft magnetic performance of
the FeqoCri9Mo13Cy5Bg alloy by adding a small amount of

23241 Similarly, Zhang et al. enhanced the

the magnetic P.!
GFA and thermal stability of Zr—Cu-based metallic glasses
by adding Si,[*>%%] while Ma et al. reported that the addi-
tion of carbon can improve the mechanical properties of the
FegoSiiP1oCo alloy by approximately 40%.27-2°1 At the same
time, microalloying has a significant effect on the properties
of Cu glass. For example, Ma and Pan et al. achieved effec-
tive regulation of mechanical properties and thermal stability
of CugeZrssAl; BMG by adding trace Fe elements. [30-32]

Ag, as a transition metal element, is soft, highly duc-
tile, and possesses excellent electrical and thermal conductiv-
ity, which may further improve the thermodynamic properties
and GFA of alloys. Additionally, based on the empirical cri-
teria for metallic glass formation,!33! the significant size dif-
ference between Ag atoms and Cu, Zr, Al atoms may promote
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the formation of a tightly packed random atomic structure, po-
tentially enhancing the GFA of Cu—Zr-based BMGs through
Ag additions. In this study, a series of Cu—Zr—Al-Ag alloys
were prepared using CusoZrssAly as the base alloy and micro-
alloying with the transition metal Ag. A systematic investiga-
tion was conducted to explore the influence of Ag additions
on the structure, GFA, and thermodynamic properties of the
CusgZrysAly BMG system, and its physical mechanism was

revealed.

2. Experimental details
2.1. Sample preparation

High-purity (> 99.9 wt%) Cu, Zr, Al, and Ag metallic el-
ements were used as raw materials. The alloy compositions
were designed according to the nominal Cusg_ ZryeAlsAg,
(x=0,1, 2, 3, 4 at.%) ratio. The metal elements were melted
under an argon atmosphere using an arc melting furnace. The
master alloy ingots were remelted five times to ensure compo-
sitional and structural homogeneity. The master alloy ingots
were then suction cast into copper molds to fabricate cylindri-
cal Cusg_ZryeAlsAgy (x =0, 1, 2, 3, 4) BMG samples with
diameters of 1.5 mm, 3.0 mm, and 5.0 mm using a copper
mold water-cooling method.

2.2. Structural and property characterization

The thermal properties of the samples were analyzed us-
ing a DSC-8000 differential scanning calorimeter (DSC) and a
DTA-8000 thermal analyzer (DTA), both with a heating rate of
20 K/min. X-ray diffraction (XRD) measurements were car-
ried out on the alloy samples using a 6100-type x-ray diffrac-
tometer. Hardness testing was performed on the samples us-
ing a MHVD-1000AP multi-function Vickers hardness tester.
Room-temperature compression tests were conducted on the
samples (the length-diameter ratio of the specimen is 2:1) us-
ing an RGM-300 universal testing machine at a strain rate
of 1x10™* s~!. Finally, the fracture surfaces and morpholo-
gies of the alloy samples were characterized using a KYKY-
EM6900 scanning electron microscope (SEM).

3. Results and discussion

3.1. Effect of Ag additions on the glass-forming ability of

CU50ZF46A14

This study employed CusoZrsgAls BMG as the base al-
loy. By substituting Cu with varying atomic percentages of
Ag(x=0,1,2,3,4)according to predetermined compositions
(Cusp_xZryeAlsAg,). Alloy ingots were prepared through re-
peated arc melting under high-purity argon atmosphere, fol-
lowed by structural homogenization via copper mold suction

casting to produce cylindrical specimens with diameters of

1.5 mm, 3 mm, and 5 mm. Figure 1 presents the XRD pat-
terns of the Cusg_,ZrsgAlsAg, alloys. As shown in Fig. 1(a),
specimens with diameters of 1.5 mm exhibit a single broad dif-
fuse scattering halo without crystalline diffraction peaks when
x =0, 1, 2, 3, indicating that Ag additions up to 3 at.% can
preserve the GFA of the CusgZry6Als matrix. However, at 4-
at.% Ag content (x = 4), distinct crystalline diffraction peaks
emerge, demonstrating partial crystallization and detrimental
effects of excessive Ag on GFA. As shown in Fig. 1(b), the
intensity of crystalline peaks decreased obviously in both the
base alloy and x = 2 composition when the specimen diam-
eter increased to 3.0 mm, while prominent crystalline phases
are observed in x = 3 alloy. Notably, the x = 1 alloy main-
tains a fully amorphous structure characterized by an unbroken
diffuse halo, suggesting that 1-at.% Ag addition effectively
enhances the GFA of the CusyZrggAls matrix. As demon-
strated in Fig. 1(c), further enlargement of specimen diameter
to 5 mm results in crystalline phase formation even in x = 1
and x = 2 alloys. This confirms that Ag additions lose their
GFA-enhancing capability at larger critical dimensions under
the present processing conditions.

Investigating thermal properties of the alloys can provides
critical insights into the correlation between their thermal sta-
bility and variations in GFA. The DSC and DTA curves of
the 1.5 mm-diameter Cusg_,ZrssAlsAg, alloys are presented
in Figs. 2(a) and 2(b), respectively. Key thermal parameters,
including the glass transition temperature (7;), crystallization
temperature (7y), and melting temperature (7,) are summa-
rized in Table 1. Compared to the base CusyZrssAly alloy, the
addition of Ag reduced the T;, T, and T, of the alloys. How-
ever, the width of the undercooled liquid region (AT, = T, — T)
for all Ag-containing alloys exceeded that of the base alloy.
Notably, at 1-at.% Ag content, AT, expanded from 25 K to
54 K, representing a 116% increase compared to the base al-
loy. The shaded region and dashed lines in Fig. 2(a) highlight
the variations in Ty, Ty, and AT,. The enlarged AT, signifies
that Ag additions improve the GFA of the CusoZrs6Als system.
Furthermore, the y parameter (y = T /(T + Trn)), a critical in-
dicator of GFA, was analyzed. A higher 7y value typically cor-
relates with superior GFA. As shown in Table 1, the y parame-
ter increased with 1 at.%-2 at.% Ag additions but decreased at
3-at.% Ag. This indicates that moderate Ag doping (1 at.%—
2 at.%) enhances the GFA of CusgZrsgAly, while excessive
Ag (>3 at.%) degrades it. Figure 2(c) displays the evolution
of thermodynamic parameters with Ag content. Both param-
eters of AT, and 7 reach their maxima at 1-at.% Ag, indicat-
ing optimal GFA and thermal stability. Beyond this threshold,
further Ag additions degrade these properties, confirming that
moderate Ag doping (1 at.%-2 at.%) enhances the thermal sta-
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bility and the glass-forming ability of CusgZrseAls, while ex-
cessive Ag (> 2 at.%) compromises these advantages. In the
Cu—Zr—Al-Ag system, the atomic radii of Cu, Zr, Al, and Ag
are 0.128 A, 0.162 A, 0.143 A, and 0.144 A, respectively. The
atomic size ratios between Zr/Al (1.118) and Al/Cu (1.117)

exceed 12%, creating significant atomic mismatch. The intro-

duction of Ag, with its intermediate atomic size, enhances the
packing density in the alloy system. This improved atomic
packing strengthens the thermal stability and stabilizes the
disordered glassy structure, thereby synergistically enhancing
both the glass-forming ability and thermal stabilities in Ag-
modified CusyZrysAly alloys.

Intensity (arb. units)

_ & CuZ
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Fig. 1. XRD patterns of Cusg_,ZrssAl4Ag, (x =0, 1, 2, 3, 4) alloys with diameters of (a) 1.5 mm, (b) 3.0 mm, and (c) 5.0 mm.
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Fig. 2. (a) DSC curves, (b) DTA curves, and (c) thermodynamic parameter variations Cusg_,ZrseAlsAgy (x =0, 1, 2, 3) alloys with a diameter of

1.5 mm at the heating rate of 20 K/min.

Table 1. Thermal parameters of Cusy_ ZrsgAsAgy (x =0, 1,2, 3, 4)
alloys with diameter of 1.5 mm.

Alloys (1L5mm) Ty (K) T.(K) AT (K) Tu(K) 7

CusoZrasAly 779 804 25 993 0.454
CuspZrgAlsAg, 743 797 54 985  0.461
CussZrigAlbAg, 752 791 39 986 0.455
CupZrasAlsAgs 763 790 27 989  0.451

3.2. Effect of Ag additions on the mechanical properties of
Cll50Zl‘46Al4

Figure 3(a) presents the compressive stress—strain curves
of 1.5-mm-diameter Cusg_,ZrysAl4Ag, alloys tested at room
temperature. The corresponding yield strength (o), fracture
strength (of), and plastic strain (€,) are summarized in Table 2.
As shown, the base CuspZrysAls alloy exhibits negligible
yielding and limited plastic deformation (g, = 0.3%). With Ag
additions, all modified alloys demonstrate pronounced elas-
tic deformation during the initial loading stage, accompanied
by significant improvements in fracture strength and plastic-
ity. Notably, the Cuq9ZrysAl4Ag; alloy displays remarkable
compressive plasticity with a 21-times increase in &, (6.6%)

compared to the base alloy, alongside a 71.8% enhancement
in of (2.13 GPa). Further Ag additions (x > 2) gradually re-
duce both of and g, though these values remain superior to
CusoZrseAly alloy. As illustrated in Fig. 3(b), oy, of, and
€, exhibit a synergistic enhancement effect, reaching optimal
values at 1-at.% Ag. This demonstrates that trace Ag dop-
ing (1 at.%) in CusgZrseAly BMG simultaneously strength-
ens the matrix while improving ductility, achieving a balanced
strength—plasticity synergy.

The addition of Ag also effectively modulates the Young’s
modulus and hardness of the CuspZrssAls alloy. As shown in
Fig. 4(a), Ag doping generally enhances the Young’s modu-
lus, with the 1-at.% Ag-modified alloy exhibiting the max-
imum value. Further increases in Ag content leads to a
gradual decline in Young’s modulus. Figure 4(b) illustrates
the Vickers hardness (HV) trends for 1.5 mm and 3.0-mm-
diameter Cusg_,ZryAl4Ag, alloys. Notably, the HV of the
Cusg_ZrysAlsAg, system decreases monotonically with in-
creasing Ag content, which can be attributed to the inherently
soft nature of Ag atoms, which reduces the overall hardness
of the alloy. Additionally, for the same Ag concentrations, in
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the 1.5-mm-diameter specimens exhibit lower hardness com-
pared to their 3.0-mm counterparts. This discrepancy arises
from the faster cooling rate during the fabrication of smaller-
diameter specimens, which introduces higher free volume into
the alloy system, thereby softening the material.

(a) r=1
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Fig. 3. (a) Stress—strain curves and (b) the statistics of mechanical pa-
rameters of Cusg_,ZrysAlsAg, (x =0, 1, 2, 3, 4) alloys with a diameter
of 1.5 mm at room temperature.

Table 2. Compressive mechanical parameters of Cusg_,ZrscAlsAgy (x =0,
1,2, 3, 4) alloys with a diameter of 1.5 mm at room temperature.

oy (GPa) or (GPa) & (%)
Cu502r46A14 - 1.24 0.3
CU49Zr46Al4Ag1 1.84 2.13 6.6
CU43ZI‘46 A14 Ag2 1.51 1.97 5.5
CU47Z1‘46A14Ag3 1.39 1.77 4.4
CU46Zr46Al4Ag4 1.13 1.27 1.6

Figure 5 compares the fracture surface and lateral mor-
phology of compressed CusgZrssAly and CugoZrysAlsAg; al-
loys. As shown in Figs. 5(a) and 5(b), the fracture surface
of the Ag-doped alloy exhibits more distinct and periodically
arranged vein-like patterns compared to the base alloy, con-
sistent with its superior strength and plasticity. Figures 5(c)
and 5(d) display the lateral morphologies of the fractured
specimens. The Cug9ZrssAlsAg; alloy demonstrates a sig-
nificantly higher density of shear bands with intricate spatial
distribution, reflecting enhanced plastic deformation capabil-
ity. In contrast, the CusoZryAls alloy shows sparse and lo-
calized shear bands. This improvement arises from the Ag-
induced structural modification: the introduction of Ag atoms
increases atomic-level disorder in the Cu—Zr—Al-Ag system

(atomic radii: Cu = 0.128 A, Ag = 0.144 A), which promotes
shear band nucleation and multiplication rather than catas-
trophic crack propagation. The resulting shear band interac-
tion delays fracture and synergistically improve strength and
ductility.

0.60 @

0.451

ol Pe —

Young’s modulus (GPa)

580

560

540

520

HV (N/mm?)

500

480

x=0 x=3

Fig. 4. (a) Young’s modulus and (b) HV of Cusg_,ZrysAl4Ag, (x =0,
1,2, 3, 4) alloys.

r=1 x=2 x=4

Fig. 5. SEM photographs of [(a)—(b)] the fracture surface and [(c)—(d)]
the lateral surface of the Cusg_ ZrssAlsAg, (x =0, 1) alloys.

4. Conclusion

This study systematically investigated the effects of Ag
doping on the structural, thermal, and mechanical properties
of CuspZrssAly BMG by substituting Cu with Ag at varying
atomic ratios (Cusg_,ZragAlsAg,, x =0, 1, 2, 3, 4). The alloys
were characterized for their thermal stability, GFA, hardness,
and compressive stress—strain behavior. Key findings reveal
that controlled Ag additions significantly enhance the thermal
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stability and GFA of CuspZrysAls. At 1-at.% Ag, the AT, in-
creased by 116% (from 25 K to 54 K), while the y param-
eter peaked at 0.461, indicating optimal GFA. Mechanically,
the Cug9Zr46Al4Ag; achieved exceptional strength—plasticity
synergy: compressive of and &, reached 2.144 GPa and 6.6%,
respectively, representing 71.8% increase in strength and 21
times improvement in plasticity compared to the CusoZrsgAly
alloy. Furthermore, Ag doping modulated the elastic and
hardness properties of the CusyZrygAly alloy. Young’s mod-
ulus initially rose with 1-at.% Ag but declined at higher con-
centrations, while Vickers hardness decreased monotonically
with Ag content due to its intrinsic softness and cooling rate-
dependent free volume formation. Fractographic analysis cor-
roborated these trends, with Ag-doped alloys exhibiting re-
fined shear band patterns and enhanced shear band density,
directly linked to improved atomic-level disorder and delayed
fracture. This work provides critical insights into designing
Cu—Zr-Al-based BMGs with balanced GFA and mechanical
performance through strategic microalloying, offering a viable
pathway to overcome the traditional strength-ductility trade-
off in metallic glasses.
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