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Abstract Amorphous Mg61Cu24Y15 ribbons were manu-

factured by melt-spinning at wheel speeds in the range

5–20 ms-1. The crystallization behavior of amorphous

ribbons was investigated by a combination of differential

scanning calorimetry (DSC) and X-ray diffractometry.

DSC measurements showed that the amorphous ribbons

exhibit distinct glass transition temperature and wide

supercooled liquid region before crystallization. During

continuous heating three exothermic peaks and two endo-

thermic peaks were observed. The characteristic thermo-

dynamic parameters such as Tg, Tx, DTx, and Trg are around

432–439, 478–485, 46–54 K, and 0.55–0.56, respectively.

Isothermal annealing DSC traces for this amorphous alloy,

the first crystallization peak showed a clear incubation

period and Avrami exponent was found to be 2.30–2.74,

which indicate that the transformation reaction involved

nucleation and three-dimensional diffusion controlled

growth. Mechanical properties of the as-quenched and

subsequently annealed ribbons were examined by Vickers

microhardness (HV) measurements. Results showed that

microhardness of the as-quenched ribbons were about

309 HV. However, the results also showed that microh-

ardness of the rapidly solidified ribbons increases with the

increasing temperature.
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Introduction

Although magnesium and its alloys are the lightest materials,

they suffer from low strength, low ductility, and poor cor-

rosion resistance. Therefore, amorphous Mg-based alloys

have been developed to improve tensile strength and corro-

sion resistance. Recently, new Mg-based amorphous alloys

such as the Mg–TM–RE (TM = transition metal, RE = rare

earth metal) systems with high tensile strength, good

ductility and a wide supercooled liquid region have been

obtained by using different techniques [1–5]. Since then,

therefore, much attention has been paid to this subject. On

the other hand, Mg-based amorphous and nanocrystalline

materials are promising for hydrogen storage applications

because of their high hydrogen storage capacity, lower

specific weight, rich natural resource, and low cost.

Therefore, the preparation, properties and application of

Mg-based amorphous and nanocrystalline alloys have been

a subject of growing interest in the field of alloy science.

Although there have been previous studies of Mg–Cu–Y

ternary alloys [6–9], there have been relatively little

detailed study on their thermal properties, in particular the

crystallization behavior, mechanism of crystallization, and

crystallization activation energy. Differential scanning

calorimeter (DSC) measurement shows that the amorphous

Mg61Cu24Y15 alloy exhibits distinct glass transition tem-

perature and a wide supercooled liquid region before

crystallization. Thus, the melt-spun Mg61Cu24Y15 alloy is a

nice example of amorphous sample for investigating its

thermal properties. Another reason for the interest in the

crystallization behavior of amorphous Mg61Cu24Y15 alloy

is the possibility to produce stable nanocrystalline micro-

structures with improving mechanical properties. In the

present article, crystallization behavior of the rapidly

solidified Mg–Cu–Y alloy with nominal composition of
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Mg61Cu24Y15 has been investigated by X-ray diffraction

(XRD) and DSC techniques. The Vickers microhardness

(HV) of the as-quenched and subsequently annealed rib-

bons was also examined to learn the variation of the

mechanical properties as the phase contents change.

Experimental procedure

The master alloy with nominal composition of

Mg61Cu24Y15 (at.%) was prepared by melting of high

purity Mg (99.90%), Cu (99.99%), and Y (98%) in an

induction furnace under pure argon atmosphere. From the

master alloy, the rapidly solidified ribbons were manufac-

tured by using melt spinning with a wheel surface velocity

of 5–20 ms-1. The resulting melt-spun ribbons were typi-

cally 60–100 lm thick, 3–5 mm wide and up to several

meters long. Crystallization behavior of amorphous ribbons

was investigated by DSC (Perkin-Elmer Sapphire) using

combination of continuous heating at heating rate of

5–40 K min-1, and isothermal annealing at the tempera-

tures in the range 453–463 K. Specimens of amorphous

ribbon were also annealed at various temperatures from

423 to 650 K in the DSC at a heating rate of 20 K min-1

and cooled to room temperature. The structures of the as

melt-spun and annealed ribbons were examined by XRD

using Philips X‘Pert PRO diffractometer with CuKa radi-

ation (k = 0.154 nm) at 40 kV and 30 mA. The Vickers

HV measurements of the as-quenched and subsequently

annealed ribbons were performed using a Shimadzu HMV-

2, with a load of 0.98 N for 10 s. An average of 10 readings

at different places in the blade was taken for each

specimen.

Results and discussion

Figure 1 shows XRD patterns of the as melt-spun

Mg61Cu24Y15 alloys prepared using wheel surface velocity

of 5–20 ms-1. The XRD patterns consist of broad dif-

fraction peaks in the 2h range of 30–45 deg, which is

characteristic of an amorphous structure without the evi-

dence of any crystalline peaks within XRD resolution. The

formation of the amorphous phase even at a low wheel

speed of 5 ms-1 in these alloys suggests that they have

good glass forming ability.

Crystallization behavior of the rapidly solidified

Mg61Cu24Y15 alloys is determined using the DSC during

continuous heating at a heating rate of 20 K min-1 and the

corresponding DSC traces were shown in Fig. 2. As seen in

Fig. 2, the melt-spun Mg61Cu24Y15 alloys exhibit similar

crystallization behavior starting with distinct glass transi-

tion temperature and a wide supercooled liquid region. All

the samples exhibit three obvious exothermic reactions

because of crystallization. Similar crystallization behavior

was reported by Linderoth et al. [9] for Mg60Cu30Y10 alloy

and by Cheng et al. [10] for Mg65Cu25Y10 alloy. Glass

transition temperature, Tg, crystallization temperature, Tx,

supercooled liquid region, DTx (DTx = Tx - Tg), and three

crystallization peak temperatures, Tp1, Tp2, Tp3 are listed in

Table 1. However, the thermal stability of an amorphous

alloy can be correlated to its crystallization temperature Tx,

glass transition temperature Tg, and the activation energy of

crystallization E. Usually, the higher Tx, Tg, and E, the

more stable amorphous phase. On the other hand, the glass

transition behavior for amorphous alloys is of technologi-

cal and scientific importance, because the glass transition
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Fig. 1 XRDpatterns of the amorphous Mg61Cu24Y15 alloy prepared

using different wheel speeds: (a) 5 ms-1, (b) 10 ms-1, and (c) 20 ms-1
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Fig. 2 Continuous DSC traces from the amorphous Mg61Cu24Y15

alloy manufactured using different wheel speeds: (a) 5 ms-1,

(b) 10 ms-1, and (c) 20 ms-1
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reflects atomic transport and viscosity properties which are

dominant factors in the glass forming ability of alloys and

in the structural relaxation and thermal stability of the

amorphous structure. However as shown in the Table 1,

there is a trend of decreasing Tg and Tx with increasing

melt-spun wheel speed. This suggests that in amorphous

Mg61Cu24Y15 alloy, the amorphous phase is less stable at

higher melt-spun wheel speeds. Similar trend was reported

by Murty and Hono [11].

The melting behavior of the Mg61Cu24Y15 alloys is also

determined using the DSC during continuous heating at a

heating rate of 20 K min-1. As seen in Fig. 2, continuous

heating DSC traces of the melt-spun Mg61Cu24Y15 alloys

exhibit two endothermic reactions because of melting

events. From the former report by Lu et al. [12],

Mg65Cu25Y10 alloys would exhibit a single endothermic

peak with a narrow melting range of about 40 K, suggested

that the alloy may be very close to the ternary eutectic

composition. In the present study, the Mg61Cu24Y15 alloys

exhibit two melting events, indicating that the alloy is at off-

eutectic composition. The onset melting temperatures,

T sol
m1andT sol

m2, end melting temperatures, T
liq
m1 and T

liq
m2, melting

temperature intervals, DTm1 and DTm2 (DTm = T liq
m - T sol

m )

for each endothermic reaction, and reduced glass transition

temperature, Trg (Trg = Tg/T liq
m2) are also listed in Table 1.

It is well known that the temperatures of the exothermic

peaks depend on the heating rate and it is possible to obtain

effective activation energy for crystallization by using

Kissinger equation [13]:

ln
T2

b

� �
¼ E

RT

� �
þ A : ð1Þ

where T is the peak temperature, b is the heating rate, E is

the activation energy, R is the gas constant (8.314 J/

mol K), and A is a constant. A plot of ln (T2/b) versus (1/T)

yield an approximate straight line with a slope of (E/R),

then the E can be obtained from the slope. This type of

analysis has previously been used for the determination of

E for various amorphous alloys [9, 14, 15]. The activation

energies calculated from the slope are presented in Table 2.

As seen in Table 2, the calculated values of the overall

activation energy for the first crystallization peaks compare

reasonably well with the activation energies of

139–154 kJ mol-1 (1.44–1.6 eV) previously reported for

Mg65Cu25Y10 and Mg60Cu30Y10 alloys [10, 15, 16].

However, the values of the activation energies for the first

exothermic peaks are higher at lower melt-spun wheel

speeds. The higher activation energy implies that the

energy barrier for the glass-to-crystalline phase transfor-

mation is higher, and that the amorphous structure is more

stable at temperatures lower than the crystallization

temperature.

To obtain information about the mechanism of the

crystallization reaction in the amorphous Mg61Cu24Y15

alloy, an isothermal annealing study at different tempera-

tures was carried out. Figures 3 and 4 show typical

isothermal annealing DSC traces and corresponding

transformation curves from the amorphous Mg61Cu24Y15

alloy prepared at a wheel speed of 10 ms-1. After a well-

defined incubation time s, the isothermal DSC curves

reveal clearly an exothermic peak with smooth onset and

sharper end. These bell-shaped curves are generally an

Table 1 Result of thermal analysis (Tg, Tx, Tp, Tsol
m and T liq

m ) and calculated parameters (DTx, DTm, and Trg)

Wheel speed/ms-1 Tg/K Tx/K DTx/K Tp1/K Tp2/K Tp3/K T sol
m1/K T

liq
m1/K DTm1/K T sol

m2/K T
liq
m2/K DTm2/K Trg

5 439 485 46 494 504 593 726 753 27 757 785 28 0.56

10 435 482 47 490 506 584 727 747 20 751 789 38 0.55

20 432 478 54 489 509 585 728 743 15 748 790 42 0.55

Table 2 Activation energies E/kJ mol-1 for crystallization in

Mg61Cu24Y15 alloys prepared using different wheel speeds

Wheel speed/

ms-1
First peak/

kJ mol-1
Second peak/

kJ mol-1
Third peak/

kJ mol-1

5 156 189 163

10 145 197 174

20 142 190 158
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Fig. 3 DSC traces from the amorphous Mg61Cu24Y15 alloy obtained

during isothermal annealing at various temperatures
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indication of nucleation and growth in a crystallization

process, proving that the alloys are amorphous rather than

nanocrystalline [17]. The crystallized volume fraction X, as

a function of time at different isothermal annealing tem-

peratures is shown in Fig. 4. The X was obtained by inte-

grating the area underneath each DSC curve for various

time increments between ts and tf which correspond to the

start and finish times for the crystallization, respectively.

As seen in Fig. 4, the sigmoid form of the obtained curves

is the characteristic of the volumetric crystallization as

such in other studies [15, 16, 18, 19].

Using the data obtained from the isothermal annealing

DSC experiments, the transformation kinetics can be ana-

lyzed using Johnson-Mehl-Avrami (JMA) equation [20]:

X ¼ 1� expf�½K ðt � sÞn�g ð2Þ

where X is the fractional transformation at time t, n is

the Avrami exponent depending on the nucleation and

growth mechanism, s is the incubation time, and K is the

reaction rate constant. The Avrami exponent n is obtained

from plots of ln[-ln(1 - X)] versus ln(t - s). The Avrami

plots are shown in Fig. 5. The Avrami exponent n takes a

value in the range 2.30–2.74, depending on the annealing

temperature. An Avrami exponent with n = 2.5 is an

indication that the transformation process could be taking

place by continuous nucleation and three-dimensional

diffusion controlled growth.

In order to identify the crystallization products, the melt-

spun ribbons were heated in the DSC by heating rate of

20 K min-1 to temperatures in range 423–650 K. Fig. 6

shows the XRD patterns obtained from the amorphous

Mg61Cu24Y15 alloy (prepared at a wheel speed of 10 ms-1)

after heat treatments. The XRD patterns of Mg61Cu24Y15

amorphous samples after annealing at temperatures from

423 to 480 i.e., before the first crystallization peak show

only an amorphous phase. The first traces of crystallization

were detected after heating to 500 K, which is just above

the first crystallization peak in DSC, and all the peaks in

the XRD pattern can be indexed as orthorhombic Mg2Cu

phases along with the amorphous phase. It can be con-

cluded that in this alloy, the first crystallization peaks in

DSC correspond to primary crystallization of the amor-

phous phase to precipitate Mg2Cu phases. The XRD peaks

of the Mg2Cu remain during annealing of the alloy. After

primary crystallization, heating up to 523 K, which is after

the second exothermic peak in DSC, the samples are fully

crystallized, and the main phases observed are Mg2Cu,

Mg24Y5, Cu2Y, and Mg, they are marked by symbols on

the Fig. 6. However, after annealing up to 650 K i.e.,

above the third exothermic peak in DSC, no new phases in

the XRD traces were observed, and the intensity of the
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Fig. 4 Effect of annealing temperature on the rate of crystallization

in the temperature range 453–463 K
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Fig. 5 Avrami plots for the amorphous Mg61Cu24Y15 alloy
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annealed at different temperatures
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present phases were increased. The diffraction pattern from

the fully crystalline alloy contains several unidentified

reflections, as reported previously [21]. Similar crystalli-

zation products were reported by Gun et al. [15] for

amorphous Mg60 Cu30Y10 alloy, and Soubeyroux and Pu-

ech for Mg58.5Cu30.5Y11 alloy [21].

Another goal of the present study was to examine the

mechanical properties in as-quenched and annealed states

of the rapidly solidified Mg61Cu24Y15 alloy. The mechan-

ical properties of the as-quenched and subsequently

annealed ribbons were determined by Vickers HV mea-

surements. The Vickers HV was calculated using the

relation,

HV ¼ 2P sinðh=2Þ
d2

¼ 1:8544ðPÞ
d2

ð3Þ

where P is the indentation force, d is the average diagonal

length and 1.8544 is the geometrical factor for the diamond

pyramid [22]. The Vickers HV values of as-quenched and

annealed ribbons are summarized in Table 3, which indi-

cates that Vickers HV increases through crystallization

temperatures in range 423–650 K. The increase in HV

values of ribbons annealed after 423–480 K corresponds to

atomic rearrangement in the amorphous state (seen in

Fig. 6). The highest HV value for the amorphous ribbons

was found to be 376 ± 65 HV at 480 K, which is higher

than about 100 HV for Mg65Cu25Y10 obtained by Gang

et al. [23] and for Mg83Ni9Y8 obtained by Perez et al. [24].

However, during annealing up to 650 K, the HV values

increase parallel to increasing volume fraction of crystal-

line phases. So, the highest HV value was found to be

435 ± 48 HV at 650 K for fully crystallized ribbon. These

results are good agreement with other results [23–25].

Conclusions

In the present research, amorphous Mg61Cu24Y15 ribbons

were manufactured by melt-spinning at wheel speeds in the

range 5–20 ms-1. DSC measurements showed that the

amorphous ribbons exhibit distinct glass transition tem-

perature and wide supercooled liquid region before crys-

tallization. During continuous heating three exothermic

peaks because of crystallization and two endothermic

peaks because of melting events were observed. The

characteristic thermodynamic parameters such as Tg, Tx,

DTx, and Trg are around 432–439, 478–485, 46–54 K, and

0.55–0.56, respectively. Activation energies for three

crystallization peaks, determined by the Kissinger method,

are around 142–156, 189–192, and 158–174 kJ mol-1,

respectively. The transformation kinetics were analyzed by

JMA equation with an Avrami exponent of n = 2.30–2.74,

corresponding continuous nucleation and three-dimen-

sional diffusion controlled growth. For the Mg61Cu24Y15

alloy, Mg2Cu phase forms by primary crystallization pro-

cess form the amorphous phase. Subsequent crystallization

follows by decomposition of the residual amorphous phase

into intermetallic compounds. The value of HV for melt-

spun ribbons increased with an increasing value of crys-

tallization temperature.
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