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The influence of Ag addition on the microstructure of rapidly quenched (CugsZros)100_xAgx Melts was
investigated (x = 0-40 at.%). Fully glassy alloys were obtained for 0 < x < 20 at.% Ag, which are character-
ized by a homogeneous microstructure without any indication of phase separation. For 30 < x < 40 at.%
Ag a composite structure is formed consisting of fcc-Ag nano-crystallites 5 nm in size and an amorphous
matrix phase CugoZrsoAgse. With higher Ag-content the volume fraction of the fcc-Ag phase becomes
increased mainly due to crytal growth during quenching. The primary formation of fcc-Ag for
30 < x < 40 at.% Ag is confirmed by the analysis of the microstructure of mold cast bulk samples which
were fully crystalline. From the experimental results we conclude that the miscibility gap of the liquid
phase of the ternary Ag-Cu-Zr system may occur only for x > 40 at.% Ag. For the bulk glass forming qua-
ternary CuyoZrsoAl10Ag10 alloy a homogeneous element distribution is observed in accordance with the
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1. Introduction

Bulk metallic glasses (BMGs) exhibit excellent mechanical prop-
erties such as high strength and large elastic strain, making them
attractive for structural applications [1]. Among them, Cu-Zr based
BMGs demonstrate a high potential of having industrial applica-
tions in the future owing to their high strength, hardness, wear
resistance, casting ability and high glass-forming ability. Recently,
Cu-Zr-Al-Ag bulk glass forming alloys were developed with a crit-
ical diameter up to 25 mm for copper mould casting [2-4]. Bulk
glass formation was also observed for ternary Cu-Zr-Ag alloys
with a critical diameter up to 6 mm for CuysZrssAgqo [5,6]. For
some Cu-Zr-Al-Ag BMGs also extended plasticity in compression
and even in bending was reported [2,7]. However, the structural
reason behind the deformability is not known so far. The presence
of nanometer-scale phase separation was detected for a CuysZrys
A;Ag; BMG (2 mm in thickness) by Atom Probe Tomography
(APT) and was related to the extended plasticity [8]. Possible phase
separation of submicron-scale upon annealing is discussed for
glassy CussZrssAgye by a systematic study of the devitrification
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and glass-forming ability of rapidly quenched Cu-Zr-Ag alloys
[9]. The same group has also reported the occurrence of possible
phase separation for a ZrygCusgAlgAgs BMG (3 mm in thickness)
in the supercooled liquid state just prior to crystallization [10].
On the other side, for a Zrs; gCusz; Ag7.0Al7.6 BMG (2 mm in thick-
ness) with large bending and compressive plastic strain, the pres-
ence of heterogeneities was ruled out through Transmission
Electron Microscopy (TEM), APT and anomalous small-angle X-
ray scattering investigations [7]. Heterogeneities on the atomic
scale in liquid and glassy CuysZrysAg;o were concluded from
molecular dynamics simulations [11]. The model structure consists
of Zr-rich clusters centred by paired and stringed Ag atoms and Cu-
rich icosahedra centred by Cu, which give rise to slow-dynamics
regions and improved glass-forming ability due to the Ag addition
[12]. From thermodynamics point of view, Ag and Cu have positive
enthalpy of mixing (AHmix = +2 k]/mole) and as consequence a
miscibility gap exists in the metastable undercooled liquid of the
binary Ag-Cu system. According to the thermodynamic assess-
ments of the ternary Ag-Cu-Zr phase diagram [13,14], an extended
miscibility gap exists in the equilibrium liquid. Fig. 1 shows a cal-
culated section of the Ag-Cu-Zr phase diagram along (Cugs.
Zro5)100-xA8x using the data given in [13]. A stable miscibility
gap of the liquid occurs in the range from about x = 35 at.% Ag to
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Fig. 1. Calculated section of the Ag-Cu-Zr phase diagram along CuZr-Ag. Primary
phase fields are indicated. Metastable extension of the miscibility gap of melt is
given by the dotted line. Glass transition temperatures of (CuZr);oo_x Agx glasses
(x=0, 10, 20) are given by the data points.

90 at.% Ag. For lower Ag-content (25 < x < 35 at.%) primary crys-
tallisation of fcc-Ag should proceed upon cooling the melt. How-
ever, in the case of metastable undercooling phase separation
could take place also for 15 < x <35 at.% Ag as can be seen by
the extrapolation of the binodal line in Fig. 1 (dotted line). Because
the glass transition temperature T, of a CuygZrspAgyo alloy (T is
given by points in Fig. 1) is below the binodal line, the phase-sep-
arated liquid would be frozen into a heterogeneous glass, whereas
for the CuysZrssAgqo alloy a homogeneous glass would be expected.
Experimental investigation of the Ag-Cu-Zr phase diagram had
confirmed the presence of a miscibility gap in the liquid phase
by the analysis of the microstructure of cast alloys melts
[15-19]. However, for rapidly quenched Cu-Zr-Ag ribbons it was
concluded that the experimentally determined glass forming com-
position range overlaps marginally with the calculated miscibility
gap [15].

The aim of this work was to investigate the influence of compo-
sition and quenching rate on the microstructure of (CuZr)-Ag
alloys with special attention to the occurrence of phase separation.
We will show that the glasses with x <20 at.% Ag are homoge-
neous and glass—crystal composite are formed for x = 30-40 at.%
Ag by primary crystallization of fcc-Ag upon quenching the melt.

2. Experimental details

(Cuop5Zro5)100-x Agx (X = 0, 10, 20, 30, 35 and 40 at.% Ag) ingots were prepared by
arc melting of high-purity elements (99.9%) under argon atmosphere. In order to
ensure efficient mixing, the ingots were re-melted at least three times. Rapidly
quenched ribbon samples of the alloys were fabricated by single-roller melt spin-
ning using a quartz crucible and a wheel speed of 30 ms~'. The casting temperature
was about T= 1650 K. The resulting ribbons had a width of 4 mm and a thickness of
about 40 pm. Bulk rod samples of 5 mm in diameter and 50 mm in length were pre-
pared by suction casting from pre-alloys for x = 30, 35 and 40 at.% Ag. The structures
of the samples were characterized by X-ray diffraction (XRD: Panalytical X'pert Pro)
with Co Ko radiationHighlights. Differential scanning calorimetry (DSC) was per-
formed employing a Diamond DSC (Perkin-Elmer) with a heating rate of
40 K min . The glass transition temperature T, and the crystallization temperature
Tx were determined as the on-set of the respective events, using the two-tangents
method. Microstructure investigations were carried out with a scanning electron
microscope (SEM: Zeiss Gemini 1530) and Transmission Electron Microscope
(TEM: JEOL 2100F) operated at 200 kV. The thin-foil samples for TEM investigations
were prepared by using an ion milling system (Gatan, Model PIPS 691) with liquid

nitrogen cooling. A dual-beam focused-ion beam system (FEI Helios Nanolab 600i)
was used for the fabrication of the Atom Probe Tomography (APT) tips. The APT
specimens were analyzed using the local electrode atom probe (LEAP 3000 X
HR™) equipped with diode-pumped solid-state laser operating at the second har-
monic frequency of 532 nm with a pulse duration of ~10 ps and a laser spot size
<10 pm. Pulse laser atom probe analyses were carried out at 60 K with 0.4 nJ pulse
energy at an average detection rate of 0.005 ions/pulse. The APT data was evaluated
using the software IVAS 3.6 provided by Cameca Instruments. Composition profiles
with respect to distance from the Ag cluster were obtained using the proximity his-
togram method. An isoconcentration surface of 40 at.% Ag is utilized as a reference
surface for the proxigram analysis which provided a topologically stable represen-
tation of Ag clusters when varying the isoconcentration value around 40 at.% Ag.
Unless otherwise mentioned the use of isoconcentration surface in depicting Ag
clusters is only used for clarity and not for quantification. When interpreting the
morphology of clusters, account has to be taken for the local magnification effect
owing to the fact that Ag has a lower evaporation field (24 Vnm™!) than Cu
(30Vnm™') and Zr (28 Vnm™') [20]. As a consequence, during field evaporation
the Cu clusters are slightly recessed and are therefore projected at a lower magni-
fication towards the detector compared to the matrix atoms. This results in an
atomic density relatively higher in the clusters than in the matrix [21]. The slightly
elongated morphology observed for some of the clusters is also due to of this effect
[20]. Hence, to overcome the apparent distortions induced in the clusters the max-
imum-separation method of the cluster analysis with a maximum separation dis-
tance of 0.4 nm is utilized in order to estimate the size as described in Ref. [22].

3. Results and discussion

Fig. 2 shows the XRD patterns of the as-quenched ribbons with
different Ag-content x. Fully glassy state were obtained for x = 10
and 20 at.% Ag as indicated by the diffuse diffraction maxima and
by the absence of any crystalline reflections. For x =30 at.% Ag, a
very small fraction of fcc-Ag is evident beside the glassy main
phase. For the ribbons 30 < x < 40 at.% Ag the volume fraction of
the fcc-Ag phase increases and, accordingly the glassy fraction is
reduced.

The thermal behaviour of the rapidly quenched ribbons is
shown in Fig. 3 by the corresponding DSC scans. The curves con-
firm the glassy nature for the melt spun ribbons with 0 < x < 20.
The glass transition and the crystallization events can be clearly
seen by the endothermic and the exothermic event, respectively.
The crystallization temperature and the range of supercooled
liquid, both increase for Ag additions x < 20. The corresponding
values are given in Table 1. The same trend is observed for
Cuss_yZrysAgy glassy ribbons (x=0, 10, 20 at.% Ag) reported in
[9]. The increased thermal stability of the Cu-Zr glasses by Ag-
additions points to a homogeneous element distribution in the
glass, because in case of phase separation the opposite behaviour
should occur. For the alloys with x > 30 at.% Ag the crystallization
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Fig. 2. XRD patterns of rapidly quenched (Cug5Zrgs)100_xAgx ribbons.
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Fig. 3. DSC scans of rapidly quenched (CugsZrgs)100-xAgx ribbons (heating rate was
40 K/min).

Table 1

Glass transition temperature, crystallization temperature and crystallization enthalpy
of rapidly quenched (Cug sZrg 5)100_xAgx ribbons determined from DSC data (40 K/min
heating rate).

x - Ag (at.%) Thermal properties
Tg (K) T« (K) AH (J/g)

0 676 717 —49.6
10 678 740 -75.5
20 683 751 —78.7
30 663 720 -72.5
35 681 729 -58.6
40 678 730 -56.3

of the remaining amorphous phase is slightly shifted to a lower
temperature. The transformation enthalpy as determined from
the area of the exothermic peak is also reduced due to the smaller
fraction of glassy phase in accordance with the XRD results. The
formed crystalline phases after heat treatment were identified
from XRD measurements (not shown here). The corresponding
results are presented in Table 2. The experimentally observed
phase compositions after annealing at T =973 K were found to be
in accordance with the results of phase diagram calculation
(Table 2).

Based on the XRD results the fully amorphous ribbons (x = 10,
20) and the amorphous matrix composite ribbons with low frac-
tion of fcc-Ag (x =30, 35) were chosen for further analysis by
TEM. Fig. 4(a) and (b) shows high resolution (HR-TEM) images of
the as-quenched state of x=10 and 20 at.% Ag ribbon samples.
The amorphous structure is confirmed by the absence of any

Fig. 4. TEM images of rapidly quenched (Cug5Zrgs)100_xAgx ribbons with different
Ag-content x. (a) x=10; (b) x=20; (c) x=30 and (d) x=35 at.%. Fully glassy
structures are obtained for x = 10, 20 at.% Ag. Composite structure consisting of Ag
nanocrystals and amorphous matrix phase for x = 30, 35.

ordered contrast in the HR-TEM images. For the as-quenched sam-
ple with x = 30 at.% Ag, the bright field (BF) TEM image in Fig. 4(c)
clearly reveals the presence of Ag crystallites with the size of about
5 nm embedded in the amorphous matrix. For the ribbon sample
with x =35 at.% Ag, the presence of higher volume fraction of Ag
crystallites with the size of about 20 nm can be noticed from the
BF TEM image shown in Fig. 4(d).

In order to analyse the presence of heterogeneities on the nano-
scale, ATP investigations were performed for selected glassy and
partly nanocrystalline samples according to XRD and TEM results.
The resulting spatial element distributions of the as- quenched rib-
bons with x = 20, 30 and 35 at.% Ag are shown in Fig. 5(a-c). For the
rapidly quenched sample with x =20 at.% Ag a homogeneous dis-
tribution of Ag and all the other elements is observed (Fig. 5a).
The binomial distribution of the concentration fluctuations as
shown in Fig. 5(d) confirms the absence of any phase separation.
The degree of randomness is measured by the parameter u. The
value ranges between 0 and 1, where 0 stands for complete ran-
domness and 1 indicates solute clustering or deviation from ran-
domness [23]. As shown in Fig. 5(d), the experimentally obtained
frequency distribution of Ag is in good agreement with the corre-
sponding theoretical binomial distribution of a random solid solu-
tion with a minimum g value of 0.0553 indicating complete
randomness. It should be noted that the atomic scale heterogene-
ities found by MD simulations in [10] are below the spatial

Table 2
Phase compositions of (Cug sZros5)100_xAgx ribbons and rods in the as-prepared and annealed state. The phase compositions from the CALPHAD calculation is given for comparison.
Ag (at.%) r.q. ribbons Cast rods (5 mm in diameter) CALPHAD
As-quenched Annealed at T=973 K As-cast Annealed at T=973 K T=973K
0 Amorphous CuyoZr; + CuZr, - - CuqoZr; + CuZr,
10 Amorphous CuyoZr; + (Cu,Ag)Zr - - CuyoZry + (Cu,Ag)Zr
20 Amorphous CuyoZr; + (Cu,Ag)Zr + AgCu,Zr - - AgCuyZr + (Cu,Ag)Zr
30 Amorphous + Ag Ag + AgCuyZr (Cu,Ag)Zr Ag + AgCuyZr (Cu,Ag)Zr + CuqoZry Ag + AgCuyZr + (Cu,Ag)Zr Ag + AgCuyZr + (Cu,Ag)Zr
35 Amorphous + Ag Ag + AgCuyZr (Cu,Ag)Zr Ag + AgCuyZr (Cu,Ag)Zr + CuyoZry Ag + AgCuyZr + (Cu,Ag)Zr Ag + AgCuyZr (Cu,Ag)Zr
40 Amorphous + Ag Ag + AgCu,Zr (Cu,Ag)Zr Ag + AgCuyZr (Cu,Ag)Zr + CuZr Ag + AgCu,Zr + (Cu,Ag)Zr Ag + AgCu,Zr (Cu,Ag)Zr
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Fig. 5. Spatial arrangement of all the atoms and Ag-atoms with clusters in terms of isoconcentration surfaces (40 at.% Ag interface) of rapidly quenched (CugsZros)100_xA8x
ribbons by ATP. (a) x = 20; (b) x = 30; (c) x = 35; (d) binomial frequency distribution analysis of Ag atoms with 100 atoms per bin to verify homogeneity; (e) and (f) proximity
histograms of 0.15 nm bin size with respect to all the Ag clusters in the analyzed volume of (b) and (c) for x = 30 and 35 samples, respectively.

resolution of the ATP technique. The alloy with 30 at.% Ag clearly
shows a heterogeneous concentration distribution in Fig. 5(d) by
a shift of the experimentally observed distribution resulting in a
significantly higher u value. In order to elaborate the Ag-rich clus-
ters iso-concentration surfaces of 40 at.% Ag are drawn as shown in
Fig. 5(b). According to the XRD and TEM results, the clusters are the
Ag nanocrystals and the average size of about 5 nm agrees well
with the TEM images. The Ag concentration within the nanocrys-
tals is about ~75 at.% as obtained from the statistical proximity
histogram (inclusive of at least 50 Ag clusters) of Fig. 5(e) with
equal partitioning of Cu and Zr. The chemical composition of the
glassy phase is about Cusg sZr3gsAg,7. A slight depletion of Ag con-
centration along the interface region between the Ag clusters and
the surrounding amorphous matrix is noticed. The Ag depleted
interface region is indicated by an arrow in Fig. 5(e). Such depletion
can be attributed to the diffusion controlled crystal growth,
wherein, Ag atoms from the surrounding amorphous regions dif-
fuse to the Ag-rich nanocrystals. For the case of the rapidly
quenched sample with 35 at.% Ag we observe coarsened heteroge-
neities (Fig. 5¢). The Ag-rich clusters (nanocrystals) distinguished
by dark isoconcentration surfaces of 40 at.% Ag own a size of about
15 nm. Fig. 5(f) shows the composition of the surrounding phase
which corresponds to the remaining glassy main phase of about
CuypZrapAgro. Ag depletion along the interface region is also
noticed (indicated by arrow in Fig. 5(f)). The concentration inside
the clusters in this case was ~95 at.% Ag which is also confirmed
from the binomial distribution shown in Fig. 5(d) where the exper-
imentally observed distribution shows a peak near the mean con-
centration of 95 at.% Ag.

From the experimental results it follows that there is no indica-
tion of phase separation for CuZr-Ag glasses with 10 and 20 at.%
Ag. The maximum of Ag addition to CuZr is about 20 at.% in order
to obtain a metallic glass by melt spinning. The composition

dependence of the glass forming ability of CuZr-Ag alloys is in
good agreement with results reported in [9] and as pointed out
can be understood by the Tg/Tjiquidus Criteria [24]. The addition of
Ag reduces the liquidus temperature Tiiquiaus Of CuZr up to about
10at.% as can be seen in Fig. 1. The increase of Tjiquidqus fOT
x> 12 at.% reduces the glass forming ability and leads to the forma-
tion of glass-crystal composites by primary formation of Ag during
quenching the melt. Due to the precipitation of Ag crystals the
liquid phase becomes altered in chemical composition and when
the Ag-content reaches about 20 at.%, the remaining liquid is
quenched into the glassy phase.

These experimental observations are in contrast to the reported
extension of the liquid miscibility gap of the ternary Ag-Cu-Zr sys-
tem [13-19]. Therefore, the microstructure of cast rods for alloys
with x =30-40 at.% Ag were investigated in order to clarify this
contradiction. Fig. 6 shows the corresponding SEM images of the
representative microstructures. The cast rods are fully crystalline.
The phase compositions according to the XRD analysis are given
in Table 2. The SEM images exhibit the solidification behaviour of
the alloys upon casting the melt. For all compositions Ag-dendrites
(white) are formed as the primary phase from the homogeneous
liquid. As the second stage of crystallization the (Ag,Cu)Zr phase
is formed (gray, needle like) from the CuZr-rich liquid. About
15 at.% Cu are solved in the AgZr phase as determined by the
EDX analysis. The matrix phase (dark) has a composition of about
CuysZrssAgs, and consists of a eutectic like microstructure, which
can not be resolved by EDX in the SEM. In the XRD patterns we
observe beside Ag and (Ag,Cu)Zr the ternary phase AgCu,Zr as well
as CuyoZr; or CuZr. The cast rods do not represent the equilibrium
state. After annealing the rods at T=973 K the phase compositions
are in accordance with the phase diagram calculations (Table 2).
According to the phase diagram shown in Fig. 1 such a primary
crystallization of Ag should occur only for the alloy with
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Fig. 6. SEM images of (Cug s5Zros)100-xAgx cast rods. (a) x = 30; (b) x = 35; (c) x = 40.

Fig. 7. TEM images of r.q. CugoZraoAlipAgio (a) bright field image and (b) high
resolution image.

x =30 at.% Ag. On the other side, the SEM observations of the cast
rods are in accordance with the obtained results for the rapidly
quenched ribbons. This means, that the miscibility gap in the liquid
phase is less extended to the Ag-poor side and the calculated bin-
odal line (along the CugsZrgs-Ag section in Fig. 1) has to be be
shifted to higher Ag contents (x > 40 at.% Ag). Then, this would also
explain why no phase separation occurs in the CuygZrs0Agoo glass.

Because phase separation was reported for CuysZrs3AIl;,Ag; BMG
bulk metallic glass [8], we also analysed the microstructure of a
CugoZraoAli0Agio rapidly quenched ribbon. Since the ternary
CuyoZryoAgao glass does not show phase separation, there is no
reason from thermodynamics point of view to have this in the
quaternary glass. This expectation was confirmed by the TEM

and APT investigations. Fig. 7 shows the TEM images of rapidly
quenched CugpZrsoAlioAg10. Both, the BF (Fig. 7a) and HR TEM
(Fig. 7b) images give evidence of homogeneous glassy structure.
The APT results are shown in Fig. 8. The spatial arrangements of
all elements and Ag atoms separately in Fig. 8(a) demonstrates
the presence of a homogeneous structure without any indication
of heterogeneities. Similar to the CuyoZrsoAgyo glass, the experi-
mentally observed frequency distribution for all the constituent
elements is in good agreement with the theoretical distribution.
For Ag, the y? value, the degree of freedom (n4) and the significance
probability (p-value) are given in Fig. 8(b). Considerably high
p-value and the minimum of p value, close to zero confirm the
homogeneous distribution of Ag.

4. Conclusions

Metallic glasses can be prepared by melt-spinning of
(CugsZros5)100-xAgx Up to x =20 at.% Ag. These metallic glasses are
characterized by a homogeneous microstructure without any indi-
cation of phase separation. The same is true for the quaternary
CugpZrapAlipAg1o glass. For higher contents 30 < x < 40 at.% Ag
composite structures are obtained consisting of fcc-Ag nano-
crystallites and remaining glassy matrix phase with a composition
of about CuypZr4pAg,0. The structure formation upon quenching the
melt for 30 < x < 40 at.% Ag is determined by the primary forma-
tion of fcc-Ag phase rather than liquid phase separation. The cur-
rent thermodynamic assessments of the literature overestimate
the miscibility gap of the liquid phase. A re-assessment of the
Ag-Cu-Zr system is required in order to clarify the contradictions.
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Fig. 8. ATP results of r.q. CusoZrsoAl;pAg1o. (a) Spatial distribution of all the atoms of CuypZrs0Al10Ag10 and (b) Ag-atoms only. Binomial frequency distribution analysis of Ag

atoms with 100 atoms per bin to verify homogeneity.
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