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The influence of the addition of Ag to the crystallization and mechanical properties of the amorphous
Zr65Al7.5Ni10Cu17.5-xAgx (x=5, 10 at.%) alloys was investigated. It was found that crystallization takes place
through the two-stage process of Am→Am’+icosahedral→phase Zr2Cu+Zr2Ni+Zr2Al3. The icosahedral particles
have a spherical morphology and their sizes range from 10 to 100 nm. With the increase in the amount
of Ag, thermal instability increases through the simultaneous decrease of Tx and ΔTx. The σf increases sig-
nificantly from 1560 MPa at 0%Vf to 2120 MPa at 62%Vf for the 10% Ag alloy.
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1. INTRODUCTION

It is well known that the Zr-based amorphous alloys have
good mechanical properties compared with conventional
crystalline alloys such as high tensile strength, high bending
strength, high Charpy impact energy and high fatigue
strength [1]. Also, it has been reported that the tensile fracture
strength of the Zr-based amorphous alloys increases further
in the coexistent structures of amorphous and nanoscale com-
pound particles [2-3]. The nanocrystallization of amorphous
alloy has attracted great interest because nanoparticles can be
synthesized through partial crystallization of the amorphous
phase.

It has been reported recently that the icosahedral phase pre-
cipitates as the primary precipitation phase in the Zr-Al-Cu-
Ni [4] and Zr-Al-Cu-Ni-Ti [5] amorphous alloys and induces
improvement in the mechanical properties of hardness and
tensile strength. Quite recently, we have found that the nanos-
cale icosahedral quasicrystalline particles precipitate homo-
geneously in amorphous Zr-Al-Ni-Cu-Ag alloy [6].

In the present paper, the nanocrystallization behavior and
mechanical properties of the amorphous Zr65Al7.5Cu17.5-xNi10

Agx (x=5, 10) alloys are investigated. We try to interpret the
enhancement of mechanical strength from the perspective of
the bonding force between atomic pairs.

2. EXPERIMENTAL PROCEDURE

Multicomponent alloys with the composition of Zr65Al7.5-

Ni10Cu17.5-xAgx (x=5, 10 at.%) were examined in this study.
Their alloy ingots were prepared by arc melting mixtures of
pure metals in a purified argon atmosphere. Ribbon samples
with a cross section of about 0.03×1.2 mm2 were produced by
the single roller melt spinning method. Annealing was per-
formed in an IR furnace with a near-infrared lamp in an argon
atmosphere for 140 s to 600 s in temperatures ranging from
683 to 873 K. IR heating is useful for rapid heating and cool-
ing. The thermal properties were measured by differential
scanning calorimetry at a heating rate of 0.67 Ks-1. The struc-
tures of the melt-spun state and annealed state were investi-
gated by X-ray diffractometry and transmission electron
microscopy. Mechanical properties were measured by Vick-
ers microhardness under a load of 0.98 N(100 gf) and a ten-
sile test at a strain rate of 8.33×10-4 s-1 with an Instron testing
machine. The fracture surface morphology was examined by
scanning electron microscopy. 

3. RESULTS AND DISCUSSION

Fig. 1 shows the DSC curves of the melt-spun Zr65Al7.5Ni10-
Cu17.5-xAgx (x=5(5%Ag alloy), 10(10%Ag alloy) at.%) amor-
phous alloys. It has been reported that the amorphous Zr65-
Al7.5Ni10Cu17.5 (0%Ag alloy) alloy crystallizes through a sin-
gle stage due to Zr2Cu, Zr2Ni, Zr2Al3 and ZrNi phases [7].
However, the Ag addition changes the crystallization process
into a two-stage process. As the amount of Ag increases, Tg

(glass transition temperature) increases but Tx (crystallization
onset temperature) decreases, resulting in a decrease of ΔTx
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(supercooled liquid region). This result indicates that thermal
instability increases with increasing Ag content. Although the
thermal instability increases, the supercooled liquid region
exceeding 50 K is maintained for the 10%Ag alloy.

In order to clarify the crystallization behavior, the XRD
patterns of the 5%Ag and 10%Ag alloys, annealed 150 s at
each exothermic temperature of DSC, are shown in Fig. 2. It
was confirmed that the first exothermic peak was due to the precipitation of an icosahedral phase (Fig. 2(b)) from the

supercooled liquid region and that the second was due to the
precipitation of Zr2Cu, Zr2Ni, Zr2Al, ZrAl and Zr2Ag crystals
(Fig. 2(c)). We have not included the diffraction pattern of the
selected area for the precipitates but it was previously con-
firmed to be the icosahedral phase [5]. It was, therefore ,con-
cluded that the crystallization process occurs in a two stage
process (Figs. 2(a)-(c)) consisting of Am→Am’+icosahedral
phase→Zr2Cu+Zr2Ni+Zr2Al3.

Fig. 3 shows the bright-field TEM images of (a) Zr65Al7.5-
Ni10Cu12.5Ag5 alloy annealed 180 s at 757 K with 55% Vf and
(b) Zr65Al7.5Ni10Cu7.5Ag10 alloy annealed 150 s at 723 K with
53% Vf. The volume fraction, Vf of the icosahedral phase was
calculated from the formula: Vf=(ΔHas melt-spun-ΔHheat treated)/
(ΔHas melt-spun)×100(%), where ΔH is the crystallization heat
(enthalpy change) and corresponds to the first peak area of
the DSC curve.

It may be seen that all the precipitates have a spherical mor-
phology. The sizes and the interparticle spacing of particles
measure from a range of 50 to 100 nm and 50 nm, respec-
tively, for the 5%Ag alloy and 10 to 20 nm and 25 nm,
respectively, for the 10%Ag alloy. This result indicates that
the growth rate of the icosahedral phase for the 5%Ag alloy is
faster than that of the 10%Ag alloy at the same Vf. Moreover,
the difference in particle size and interparticle spacing of sim-
ilar Vf between the 5%Ag alloy and 10%Ag alloy is likely to

Fig. 1. DSC curves of amorphous Zr65Al7.5Ni10Cu17.5-xAgx (x=5, 10
at.%) alloys with heating rate of 40 Ks-1. (Tg: glass transition tempera-
ture, Tx: crystallization onset temperature).

Fig. 2. X-ray patterns of amorphous Zr65Al7.5Ni10Cu17.5-xAgx (x=5, 10
at.%) alloys annealed for shown aging time at several aging tempera-
tures.

Fig. 3. Bright-field TEM images of (a) Zr65Al7.5Ni10Cu12.5Ag5 alloy
annealed 180 s at 757 K with 55% Vf and (b) Zr65Al7.5Ni10Cu7.5Ag10

alloy annealed 150 s at 723 K with 53% Vf.
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induce the difference in mechanical properties.
Fig. 4 shows Vickers hardness (Hv) and tensile fracture

strength (σf) as a function of the volume fraction of the icosa-
hedral phase for Zr65Al7.5Ni10Cu17.5-xAgx alloy (x=5, 10 at.%)
annealed for different periods at various temperatures. The
Hv increases linearly with increasing Vf in all alloys but the
Hv of the 10%Ag alloy is somewhat higher than that of
5%Ag alloy. However, the σf significantly increases from
1660 to 2070 MPa at Vf=20% for the 5%Ag alloy and from
1560 to 2120 MPa at Vf=62% for the 10%Ag alloy. The σf

decreases as the Vf further increases.
Here, we will consider the reason why the σf of the 5%Ag

alloy is higher than that of the 10%Ag alloy in the wide Vf

range. This will be discussed on the basis of the strength of
the amorphous matrix itself. The replacement effect of Cu by
Ag can be explained by the difference in the bonding force
between the Zr and Cu or Ag atoms in the amorphous matrix.
The Zr-Ag pair is expected to have a weaker bonding force
than the Zr-Cu pair [8]. This presumption is supported by the
decrease of Tx and σf. This result indicates that the difference
in σf in both alloys must be explained by considering the dif-
ferences in the bonding forces between the Zr and Cu or Ag
atoms.

Fig. 5 shows the tensile fracture surface of the 10%Ag

alloy with different Vf. As shown in Fig. 5(a), the fracture sur-
face of the amorphous single phase is typically composed of
two zones, i.e., a smooth region caused by shear deformation
and a vein region caused by final fracture after shear defor-
mation. With the increase in Vf (Fig. 5(a)-(c)), the fracture
surface consists of a well-developed vein pattern which is
typical for ductilization and fracture takes place along the
maximum shear plane declining by about 45 degrees in the
direction of the tensile load. This difference in fracture sug-
gests that the nanoscale icosahedral particles act as an effec-
tive barrier to shear deformation and enhance the degree of
local adiabatic heating, leading to the more significant vis-
cous flow of the amorphous matrix. However, Fig. 5(d)
shows that the fracture mode changes from the shear type
mode to a mixed type of shear- and perpendicular- mode in
the higher Vf range above 62%, accompanying the decreases
in σf.

We will now discuss the reason why the icosahedral base
alloys have high mechanical strength and good ductility. It is
well known that the icosahedral alloys with stoichiometric
compositions have high levels of hardness and are extremely
brittle at room temperature [9].. It is thought that the good
ductility and high mechanical strength are obtained through a
combination of the ductility of the amorphous matrix and the
high levels of hardness of the icosahedral phase. Also, it is
well known that deformation of the amorphous alloys at
room temperature occurs along the maximum shear plane
through the massive movement of constituent atoms within a
width of 20 to 30 nm [10, 11]. This result implies that the
nanoscale rigid icosahedral particles can act as an effective
barrier to the shear deformation of the amorphous matrix.
And the decrease in σf is considered to occur when the duc-
tile-brittle transition takes place.

Fig. 4. Vickers hardness (Hv) and tensile fracture strength (σf) as a
function of volume fraction (Vf) of icosahedral phase or compounds
for the amorphous Zr65Al7.5Ni10Cu17.5-xAgx (x=5, 10 at.%) alloys.

Fig. 5. Tensile fracture surface of the Zr65Al7.5Ni10Cu7.5Ag10 alloy with
different Vf� (a) 0%, (b) 44%, (c) 62% and (d) 84%.
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4. SUMMARY

We have examined the influence of the element Ag on the
crystallization behavior and mechanical properties of Zr65-
Al7.5Ni10Cu17.5-xAgx (x=5, 10 at.%) alloys. It was found that
crystallization takes place through a two-stage process: Am
→Am’+icosahedral phase→Zr2Cu Zr2Ni Zr2Al3. The icosa-
hedral particles have a spherical morphology and their sizes
are 50 to 100 nm for the 5%Ag alloy and 10 to 20 nm for the
10%Ag alloy. As the amount of Ag increases, the thermal
instability increases through the simultaneous decrease of Tx

and ΔTx. The σf increases significantly from 1660 MPa at 0%
Vf to 2070 MPa at 20% Vf for the 5%Ag alloy and from 1560
MPa at 0% Vf to 2120 MPa at 62% Vf for the 10%Ag alloy.
The significant increase in σf is due to the fact that the rigid
nanoscale icosahedral particles embedded in the ductile
amorphous matrix can act as a barrier to the shear deforma-
tion of the amorphous matrix.
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