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Amorphous transformation of ternary Cu45Zr45Ag10 alloy under
microgravity condition
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The influences of undercooling rate and cooling rate on the microstructural evolution of ternary Cu45Zr45Ag10 alloy
using single-roller melt spinning and drop tube are investigated. The rapidly quenched alloy ribbons achieve a homogeneous
glass structure. The microstructure of the droplets transforms from the Cu10Zr7 dendrites plus (Cu10Zr7+AgZr) eutectic
into Cu10Zr7 dendrite with the decrease of droplet diameter. As the diameter decreases to 180 µm, the Cu45Zr45Ag10
alloy changes from crystal to amorphous structure, showing that the cooling rate is not the only influence factor and the
undercooling play a certain role in the forming of the amorphous alloy at the same time under microgravity condition.
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1. Introduction
Rapid solidification is a liquid–solid transition process

far from the equilibrium condition with the characteristics of
containerless, microgravity, and high vacuum. These condi-
tions directly affect the microstructure, phase transformation
mechanism, and solidification path, further influencing the
mechanical properties of the alloy, such as crystal grain re-
finement, metastable phase formation, solid solubility exten-
sion, even amorphous formation under this condition. There-
fore, rapid solidification provides a method for preparing ad-
vanced metal materials and has attracted the extensive atten-
tion of researchers.[1–10] In the drop tube, the alloy melt falls
freely at an acceleration rate of 9.8 m·s−2 and rapidly solidi-
fies into droplets of different diameters. Compared with the
other rapid solidification methods, the alloy obtains micro-
gravity conditions, deep undercooling, and a high cooling rate
by drop tube.[11–13] Consequently, we use a drop tube to inves-
tigate the glass transformation during the solidification.

Cu–Zr-based alloy is a kind of typical amorphous alloy
system and has an extensive application in mechanical struc-
tural materials, mold materials, precision optical materials,
and sports equipment due to its excellent mechanical, physical,
and chemical properties.[14–17] The addition of the Ag element
will improve the glass-forming ability (GFA) of the Cu–Zr–Ag
alloy and exhibits excellent properties such as high strength,
good ductility, and thermal stability.[18,19] The current studies
of ternary Cu–Zr–Ag alloy mainly focus on the GFA, thermal
stability, and liquid phase separation.[20–22] However, there are
seldom researches focusing on the phase composition and mi-
crostructural characteristics of ternary Cu–Zr–Ag alloy during
rapid solidification. In this work, we use the drop tube and
single-roller melt spinning to study the microstructural evolu-
tion of ternary Cu45Zr45Ag10 alloy. Furthermore, the possibil-

ity of metallic glass formation and the effects of cooling rate
and undercooling on the amorphous transformation are also
investigated.

2. Experimental methods
Cu45Zr45Ag10 alloy ingots were prepared from high-

purity Cu (99.999%), Zr (99.99%), and Ag (99.9999%) by arc
melting under an argon atmosphere, each sample being about
2 g in weight. We performed the microgravity solidification
of the alloy in a 3-m-long drop tube. The sample was placed
in a Φ16 mm×150 mm quartz tube with a nozzle of Φ0.3 mm
at the bottom and then melted by induction heating for sev-
eral seconds. The casting temperature (1360 K) was about
200 K higher than the liquidus temperature. And then high
purity argon gas was filled into the quartz tube. In the pro-
cess of falling, the liquid alloy was dispersed into fine droplets
with diameters of about 100 µm–1000 µm under the action
of gas pressure. To make a comparative experiment, we fab-
ricated the ribbon samples by single-roller melt spinning and
the wheel speed of 40 m·s−1. The sample was placed in a
Φ16 mm×150 mm quartz tube with a nozzle of 1-mm size at
its bottom. The casting temperature was about T = 1360 K and
the resulting ribbons had a width of about 3 mm and a thick-
ness of about 40 µm. The phase composition and microstruc-
ture of the samples were identified by x-ray diffraction with
Cu Kα radiation (XRD, Rigaku D/max 2500 V), a scanning
electron microscope (SEM, FEI Sirion Verios G4), a transmis-
sion electron microscope (TEM) (FEI Talos F200X TEM), a
focused ion/electron double beam electron microscope (FIB,
Helios G4 CX) and an electron dispersive spectrometer (EDS,
INCA Energy 300). Thermodynamic properties were exam-
ined by differential scanning calorimetry (DSC) (Netzsch DSC
404C) at a heating rate of 10 K·min−1.
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3. Results and discussion
3.1. Solidification of master alloy

Figure 1(a) shows the XRD pattern of the arc melted sam-
ple. The alloy is composed of Cu10Zr7 phase and AgZr phase.
Compared with the diffraction peaks of the AgZr phase, the
strongest diffraction peak of Cu10Zr7 at 2θ = 42.36◦ and the
largest peak sum of Cu10Zr7 show that they may be the pri-
mary phase and dominant phase, respectively. To identify the
solidification pathways of the Cu45Zr45Ag10 alloy, we per-
form the DSC thermal analysis at a heating-cooling rate of

10 K·min−1 as shown in Fig. 1(b). The sample melts com-
pletely at 1160 K in the heating process, which is determined
to be the liquidus temperature. According to the DSC cool-
ing curve, the first exothermic peak appears at 1111 K which
means that the primary Cu10Zr7 phase starts to solidify from
the alloy melt. Then the second exothermic peak occurs at
1099 K corresponding to the solidification of the AgZr phase.
The microstructure of the master alloy is shown in Figs. 1(c)
and 1(d). The Cu10Zr7 phase grows in the form of coarse den-
drites, and the lamellar (Cu10Zr7+AgZr) eutectic is distributed
in the dendrite gap.
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Fig. 1. (a) X-ray diffraction pattern; (b) DSC curve; (c) microstructure of alloy; (d) partial enlarged view of panel (c) of Cu45Zr45Ag10 master alloy.

3.2. Solidification of alloy ribbons

To make a comparative experiment, the solidification of alloy ribbons is studied by single-roller melt spinning. Figure 2(a)
shows the XRD pattern of the ribbon sample. The broad diffraction and the absence of any crystalline reflection indicate that the
ribbon is in a completely amorphous state. The cooling rate of the ribbon can reach about 105 K·s−1, indicated by calculation.
When the alloy liquid is undercooled to the glass transition temperature, the alloy forms an amorphous state. We perform the
DSC analysis to determine the thermal behavior of the ribbon, and the obtained results are shown in Fig. 2(b).
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Fig. 2. (a) X-ray diffraction pattern and (b) DSC curve of rapidly quenched alloy ribbon.
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With the increase in temperature, a glass transition en-
dothermic peak and an obvious crystallization exothermic
peak appear in the DSC curve successively. The starting
temperatures of the two peaks are respectively designated as
glass transition temperature (Tg) and crystallization temper-
ature (Tx), and the maximum of the crystallization exother-
mic peak is designated as Tp. The glass transition temperature
Tg = 674 K, crystallization temperature Tx = 717 K, under-
cooled liquid phase ∆Tx = 43 K, and crystallization peak tem-
perature Tp = 723 K are obtained.

3.3. Solidification of alloy droplets

3.3.1. Undercooling and cooling rate

The heat transfer inside the alloy melt will directly affect
the microstructural characteristics of the droplets and it is diffi-
cult to measure the temperature variation during free fall. We
use Newton’s cooling model[23] to calculate the cooling rate
Rc as follows:

Rc = Ṫ =
6

ρLCPLD

[
εσ

(
T 4 −T0

)
+h(T −T0)

]
, (1)

where ρL is the density of alloy droplets, CPL is the specific
heat, D is the diameter of alloy droplets, ε is the radiation
coefficient, σ is the Stefan–Boltzmann constant, T is the am-
bient temperature, and h is the heat transfer coefficient. Fur-
thermore, we calculate the undercooling ∆T of alloy droplets
according to the heat transfer model proposed by Lee and
Ahn[24] as follows:

Ψ (D)

TN ·∆T 2 = lnΦ (TN,D) , (2)

Ψ (D) =
16πσ3

SLT 2
L f (D)

3kBρ2
L∆H2 , (3)

Φ (TN,D) =
(π/6)D3KV∆T 3T 2

N

Ψ (D) Ṫ (3TN −TL)+ [κ +2ε (TN −T0)]∆T 3T 3
N
,

(4)

κ =
12kg

ρLCPLD2 , (5)

where TN is the nucleation temperature, f (D) the heteroge-
neous nucleation factor, TL the liquidus temperature, σSL the
liquid–solid interface energy, kB the Boltzmann constant, ∆H
the melting enthalpy, KV the kinetic parameter, and kg the ther-
mal conductivity of the gas. The calculation results obtained
from Eqs. (1)–(5) are shown in Fig. 3. The related physical
parameters used in the calculations are listed in Table 1. The
Rc increases from 0.93×103 K·s−1 to 4.46×104 K·s−1 and ∆T
increases from 42 K to 264 with the decrease of diameter.
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Fig. 3. Cooling rate and undercooling rate versus droplet diameter of ternary
Cu45Zr45Ag10 alloy.

Table 1. Physical parameters of Cu45Zr45Ag10 alloy.[25]

Physical parameter Value

Liquidus temperature of the alloy, TL (K) 1160
Heat of fusion of alloy, ∆Hm (J·kg−1) 1.83×105

Density of liquid alloy, ρL (kg·m−3) 6.81×103

Specific heat of liquid alloy, CpL (J·kg−1·K−1) 401
Radiation coefficient, ε 0.29
S/L interfacial energy of alloy, σSL (N·m1) 0.37
Thermal conductivity of environmental gas, λ (J·m−1·s−1·K−1) 1.77×10−2

Temperature of environmental gas, T0 (K) 300
Stefan-Boltzmann constant, σ (W·m−2·K−4) 5.67×10−8

Boltzmann constant, kB (J·K−1) 1.38×10−23

Kinetic parameter, kV (m3·s−1) 1040

3.3.2. Microstructural characteristics

Figure 4 shows the morphologies of the alloy droplets
with different diameters. For D = 850 µm, the primary
Cu10Zr7 phase nucleates directly from the melt as a den-
drite structure, and the (Cu10Zr7+AgZr) eutectic phase is dis-
tributed around dendrites (Fig. 4(a)). The cooling rate is
Rc = 1.18× 103 K·s−1, and the undercooling is ∆T = 52 K.
The alloy droplets radiate heat from the inside to the environ-
ment, and the sample surface is preferentially cooled. Thus
the primary Cu10Zr7 dendrites first nucleate on the surface and
then grow inward. Figure 4(b) shows the solidification struc-
ture of alloy droplet with a diameter of D = 570 µm. With
the decrease in diameter, the coarse dendrites are broken and
the grains are refined. The cooling rate Rc of alloy droplets
reaches 2.09×103 K/s and the undercooling is ∆T = 76 K. As
the diameter decreases to D = 320 µm, the undercooling de-
gree of alloy droplets is as high as ∆T = 120 K, and the cooling
rate reaches Rc = 5.28×103 K·s−1 (Fig. 4(c)). A comparison
of the sample with diameter D= 850 µm with that with diame-
ter D = 570 µm shows that the former has larger undercooling
and cooling rate. During solidification, the primary Cu10Zr7

phase first precipitates from the alloy, and then rapidly nucle-
ates and grows up. There is not enough time for eutectic reac-
tion due to the high cooling rate and undercooling. Therefore,
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the eutectic reaction does not yet occur, and the alloy droplets
are solidified. So, only the primary Cu10Zr7 phase is observed
in the solidified microstructure, but no eutectic phase is ob-
served (Fig. 4(d)).
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Fig. 4. Solidified microstructure of Cu45Zr45Ag10 alloy droplets with diam-
eter D = 850 µm (a), 570 µm (b), and 320 (c) µm, (d) magnified part of
panel (c).

The Cu45Zr45Ag10 is an amorphous component, and it
is reported that in most of researches of this system the tra-
ditional quenching method was used.[26,27] Under the micro-
gravity condition, the alloy droplets are in a high vacuum en-
vironment and do not contact the container wall during the
falling, thus obtaining a high cooling rate and deep undercool-
ing. Therefore, to explore whether the amorphous transforma-
tion of the Cu45Zr45Ag10 alloy can take place in the drop tube,
we further analyze the alloy droplets with a diameter of D =

180 µm. In the case of the droplets with D= 180 µm, the cool-
ing rate and undercooling reach 1.48×104 K·s−1 and 178 K
respectively. The cooling rate of alloy ribbon under single-
roller quenching condition can reach about 105 K·s−1. We
analyze the microstructural characteristics of the D = 180 µm
alloy droplets by TEM and focused ion/electron double beam
electron microscope (FIB). As shown in Figs. 5(a) and 5(b),
a small sample is cut from the alloy droplet, where the thick-
ness of the thin area of the sample is about 53.96 nm. The
atoms are randomly arranged without any ordered structure,
and the selective diffraction pattern shows wide and dispersed
halo rings, the pattern which is a typical amorphous diffrac-
tion pattern as shown in Figs. 5(c) and 5(d). Therefore, the
alloy droplets with D = 180 µm can be determined to have an
amorphous structure, and the EDS analysis give the evidence

of a homogeneous glassy structure in Fig. 6. Figure 7 shows
the microstructural evolution of the alloy.

1 μm

(a)

1 μm

(b)

200 nm

(c)

5 nm

(d)

3 nm-1

(e)

Fig. 5. Preparing [(a)–(c)] TEM and FIB sample of solidified microstruc-
ture of Cu45Zr45Ag10 alloy droplet with a diameter of 180 µm; (d) high-
resolution TEM image; (e) selected area electron diffraction map.
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(c) Cu

50 nm

50 nm
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50 nm 50 nm
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Fig. 6. EDS analyses of 180-µm-diameter Cu45Zr45Ag10 alloy droplets.

To sum up, with the decrease in diameter, the undercool-
ing and cooling rate increase, and the ternary Cu45Zr45Ag10

alloy realizes the transformation from crystal into an amor-
phous structure under the microgravity condition. According
to the calculation results, the cooling rate and the undercool-
ing degree of alloy ribbon under single-roller quenching con-
ditions are about 105 K·s−1 and 43 K, respectively. And the
cooling rate and the undercooling degree of the droplets with
D = 180 µm are about 104 K·s−1 and 178 K, respectively. By
comparison, we find that the cooling rate of the droplets with
D= 180 µm is smaller than that of the alloy ribbon, but the un-
dercooling is greater. Under the condition of a low cooling rate
and a high undercooling degree, the alloy droplets can still un-
dergo amorphous transformation. Therefore, it is reasonable
to believe that undercooling also plays an important role in the
amorphous transformation of the alloy through comparative
experiments.
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Fig. 7. Microstructural evolution of Cu45Zr45Ag10 alloy droplet.

4. Conclusions

In conclusion, the microstructural evolution of the ternary
Cu45Zr45Ag10 alloy is investigated by the drop tube and
single-roller melt spinning. The characteristic temperatures of
the ternary Cu45Zr45Ag10 alloy are confirmed, which are the
glass transition temperature Tg = 674 K, crystallization tem-
perature Tx = 717 K, supercooled liquid phase ∆Tx = 43 K,
and crystallization peak temperature Tp = 723 K. The alloy
ribbons are completely amorphous. But the droplets during the
free-falling present different crystalline states. As the droplet
diameter decreases from 850 µm to 180 µm, the cooling rate
and undercooling reach 1.48×104 K·s−1 and 178 K respec-
tively. The microstructure of the droplet transforms from the
mixture of primary Cu10Zr7 dendrites and (Cu10Zr7+AgZr)
binary eutectic into Cu10Zr7 dendrites, eventually into a homo-
geneous metallic glass. Through comparative study, we find
that under the condition of low cooling rate and high under-
cooling, the alloy droplets can still undergo amorphous trans-
formation. Therefore, undercooling also plays an important
role in the amorphous transformation of the alloy.
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