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Abstract

The amorphous ribbons of Cus,Zr,Ni;Al; alloy were manufactured by rapid solidifica-
tion. The ribbons were investigated by X-ray diffraction (XRD), scanning electron
microscopy coupled with energy dispersive spectroscopy (SEM-EDX) and differential
scanning calorimetry (DSC). The activation energy of the crystallisation in amorphous
alloys was determined by Kissenger technique. The mechanical properties of the ribbons
were characterized using Vickers microhardness (HV) tester. According to the XRD and
SEM results, the CuyZr,NisAl; alloys have a fully amorphous structure. The EDX
analysis of the ribbons showed that compositional homogeneity of the Cus,Zr,,NisAls
alloy was fairly high. From the DSC curves of the amorphous ribbons, it was deter-
mined that glass transition temperature (T,) is around 440-442°C and super-cooled
liquid region (AT, =T,-T,) before crystallisation is around 61-64°C. The microhard-
ness of the as-quenched ribbons was measured about 550 HV. However, this micro-
hardness value decreased with increasing annealing temperature and it was calculated
about 465 HV after annealing temperature of 800°C.

Keywords: rapid solidification, microhardness, copper-based alloy, crystallisation,
Kissenger plot

1. Introduction

Amorphous alloys, with high corrosion resistant, ultrahigh strength and soft ferromagneticand
mechanical properties, have widely been the subject of intense investigation [1-4]. These
excellent properties stem from their high chemical and structural homogeneous creation.
Besides, it is possible to synthesise the amorphous alloys without restriction a wide chemical
composition range. Amorphous alloys are used in many applications such as defence, electri-
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cal, welding, automobile and aircrafts industries. Cu-based amorphous alloys are optimal
materials because of their excellent mechanical properties and high electrical and thermal
conductivities for these applications [5, 6]. In addition to these applications, copper alloys are
also used as the rocket nozzles, high-performance switches, the heat exchangers, the condens-
er tubes of ships [7, 8].

Cu-based amorphous alloys can be produced by many different techniques such as rapid
solidification, mechanical alloying, vapour depositions, plasma processing and solid state
reactions. In the rapid solidification method, the amorphous alloys are manufactured on thin
ribbons forms, which are usually ductile and bright surface. Many Cu-based binary, ternary,
quaternary and quinary alloys have been manufactured by these methods [9-15]. In this work,
Cu-Zr-Ni-Al quaternary amorphous alloys are produced by rapid solidification technique at
wheel surface velocities of 35 and 41 ms™ as ribbons forms with very flexible. The effects of the
wheel surface velocities and different annealing process on mechanical and microstructural
properties of produced ribbons are systematically investigated. Therefore, it has been revealed
the amorphous nature of Cus,Zr,,Nis;Al; ribbon alloys in order to contribute the continuously
improving Cu-based alloys in industry.

2. Methods and materials

An ingot of the Cu;Zr,NisAl; (at.%) alloy was prepared by arc melting the mixtures of the
pure elements, Cu (99.7%), Zr (99.9%), Ni (99.5%) and Al (99.99%) in a titanium-gettered argon
atmosphere. From this alloy, ribbon materials of approximately 75 um thickness and 5 mm in
width were manufactured by a single-roller Edmund Biihler melt spinner at wheel surface
velocities of 35 and 41 ms™. The structure of the ribbon samples was examined by XRD using
a Philips X'Pert powder diffractometer with Cu-Ka radiation generated at 40 kV and 30 mA.
The transformations temperatures and heat effects during transformations were examined by
Perkin-Elmer Sapphire DSC unit under inert gas atmosphere using continuous heating mode
with the heating rate of 40 K min™. Moreover, the DSC analysis was carried out for the melt-
spun ribbon at wheel speed of 35 ms™ using continuous heating mode with the heating rates
of 5-40 K min™. The cross section of the melt-spun ribbons was studied by Zeiss Evo LS10 SEM
and SEM-EDX after conventional metallographic preparation. The ribbons were annealed for
30min at different temperatures under vacuum/inert gas atmosphere. These temperature
values are 300, 580, 680 and 800°C. The annealed ribbons were investigated by XRD from
surface, SEM from cross-section with the same conditions used for as-quenched ribbons. The
Vickers microhardness measurements of the as-quenched and subsequently annealed ribbons
were performed using a Shimadzu HMV-2 by an applied load of 0.98 N with a dwell time of
10 s at ten different locations.

3. Results and Discussion

Figure 1 shows the X-ray diffraction patterns of the rapidly solidified Cus,Zr,Nis;Al;ribbons
produced at wheel surface velocities of 35 and 41 ms™. As shown in Figure 1, the XRD patterns
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exhibit the broad maxima characteristic which is feature of amorphous materials without the
evidence of any crystalline peaks. This means that the surface velocities of 35 and 41 ms™ are
optimal to synthesize Cus,Zr, NisAl; alloy as fully amorphous structure.
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Figure 1. XRD pattern of the melt-spun CuyZr,NisAl; ribbons prepared at wheel speeds of 35 and 41 ms?! as-
quenched.

DSC traces of amorphous CusZr,,NisAl; alloys at wheel speeds of 35 and 41 ms™ at a heating
rate of 40 Kmin™ display distinct and an obvious glass transition temperature, T, before
crystallisation, as shown in Figure 2. From the DSC curves, it is seen a wide super-cooled liquid
temperature range followed by a pronounced exothermic reaction for both ribbon alloys.
Table 1 summarises the characteristic temperatures which are glass transition temperature
(T,), crystallisation temperature (T,), super-cooled liquid region (AT, (AT, =T, - T,)), and peak
temperature (T,) of the Cu;,Zr,NisAlsalloy. According to the Table 1, T,, AT, and T,increase
while T, decreases with increasing melt-spun wheel surface velocity.
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Figure 2. The DSC curves of the Cus,Zr,,Ni;Al; ribbon alloys at wheel speeds of 35 and 41 ms™ obtained during heating
at a heating rate of 40 K min™.
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Wheel speed/ms* T,/°C T,/°C AT, /°C T,/°C
35 442 503 61 507
41 440 504 64 509

Table 1. Thermal values obtained from DSC curves for melt-spun CusyZr,NisAl; ribbons at different wheel speed.

Figure 3 exhibits the DSC curves at 5, 10, 20 and 40 Kmin™ of the ribbon alloy which are
manufactured at wheel speeds of 35 ms™. The obtained peak temperature values, T, T,, T, and
the super-cooled liquid region (AT,) from Figure 3 are presented Table 2. As can be seen
Table 2, T, T,, T,and AT, values are moved to higher temperatures with increasing heating
rate. It is attributed the heating rate which are depended on the parameters of crystallisation
and glass transition during continuous heating [7, 16]. Therefore, this case reveals the signifi-
cant of the kinetic aspects of the glass transition for glassy alloys [17].
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Figure 3. DSC analysis results for the melt-spun ribbon prepared at wheel speed of 35 ms™ using continuous heating
mode with the heating rates of 5-40 K min™.

¢ (K/min) T,/K TJK AT, /K T,/K
5 703 761 58 764
10 708 766 58 771
20 715 776 61 780
40 723 783 60 785

Table 2. Thermal values obtained from DSC curves for rapidly solidified Cus,Zr, NisAl; amorphous ribbons
manufactured at wheel speed of 35 ms™ at different heating rates.
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The activation energy (E) for glass transition or crystallisation is commonly estimated by the
Kissinger [18] equation. The Eq. (1) is given below. To calculate activation energy of the
amorphous alloys with this equation, it is necessary to use data from different heating rates of
the alloy

1n(£2j=—£+/1 (1)
T RT

where T is the specific temperature, glass transition temperature (T,), crystallisation temper-
ature (T,), or peak temperature (T,), of crystallisation, ¢ is the heating rate, R is the gas constant
(8.314 J/mol K), E is the activation energy, A is a constant. By plotting In(¢/T?) versus 1/(RT),
nearly a straight line is obtained. From the slope of this straight line, the activation energies
E, E, or E,are calculated using the certain peak temperatures (T,, T,, T,). Figure 4 shows the
Kissenger plots of Cus,Zr, NisAl; ribbon alloy produced at wheel speed of 35 ms™. From the
Kissenger plots, the activation energies of E,, E, and E, are determined 421.35 (+12), 432.26 (+9)
and 403.05 (+6) kJ/mol, respectively. These values are very high compared with previous
studies whose activation energies are E, =393, E, = 381 k]/mol for CusZr,NisAlsalloy [7], E, =
357, E,=297, E, = 289 k]/mol for Cus, sZry; 5Ti3Nig [19] and E, =377, E, =307, E, = 340 kJ/mol for
CuysZr;5Ag;Al; alloy [20]. On the other hand, it is also possible to mention that the amorphous
Cu;ZryNisAl; alloy has very high thermodynamic stability with E, =432.26 kJ/mol value
compared with previous works.
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Figure 4. Kissinger plots of the amorphous Cus,Zr,NisAl; alloy produced at wheel speed of 35 ms™.
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The annealing of the amorphous alloys is a significant process to characterise their crystalli-
sation behaviour. Thus, it might be revealed that the amorphous structure transforms into
what kind of crystalline phases with increasing annealing temperature. For this purpose, the
melt-spun ribbon of Cus,Zr,NisAl; alloy synthesised at wheel speed of 35 ms® was annealed
in the temperature range of 300-800°C for 30 min. Figure 5 shows the XRD patterns of
Cu;ZryNisAl; alloy after annealing. According to Figure 5, before exothermic reaction, the
XRD pattern of CusZr,NisAl; alloy with annealed of 300°C exhibits fully an amorphous
structure. After the annealing temperature of 580°C, intermetallic phases with sharp diffraction
peaks have been obtained from the amorphous matrix and fully crystallisation of the amor-
phous phase. This result is in good agreement with crystallisation peak in DSC traces which
is above 503°C. The obtained phases in the XRD spectrum were marked by symbols and
indexed as cubic-AlCu,Zr with lattice parameters, a=b=c=6215 A, orthorhombic-Cu,Zr,
with lattice parameters, a=9347; b =9322; c=12,976 A, tetragonal-Zr,Cu with lattice parame-
ters, a = 3220; b =23220; c=11,183 A and f.c.c-Cu with lattice parameters,a=b=c=3615 A. These
phases were also observed in previous works after a similar annealing process for Cu-based
amorphous alloys [7, 20-22]. Number of the crystalline peaks which belongs to AlCu,Z,
CuyZr,, Zr,Cu and Cu phases was increased by increasing annealing temperature (800°C), as
shown in Figure 5.
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Figure 5. XRD pattern of the melt-spun ribbon of CusZr,Nis;Al; alloy manufactured at a wheel speed of 35 ms™ and
annealed in the temperature range of 200-800°C for 30 min.

In addition to XRD patterns of annealed ribbons, typical SEM micrographs from cross section
of the amorphous Cus,Zr,NisAl; alloy prepared at a wheel speed of 35 ms™ as well as annealing
ribbons at 300, 580, 680 and 800°C are shown in Figure 6. In Figure 6a, b, the microstructure
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with featureless morphology of unannealed and annealed at 300°C ribbons are exhibited. This
featureless morphology is a typical characteristic of the amorphous materials. In previous
works, similar SEM images taken surface of amorphous structured materials were reported [7,
23, 24]. These micrographs are in accord with the XRD spectrums which exhibit fully amor-
phous features unannealed (Figure 1) and annealed at 300°C ribbons (Figure 5). As can be seen
obviously in Figure 6c-e, with increasing annealing temperature (580, 680, 800°C), the
microstructure of Cuy,Zr, NisAl;ribbon alloys changes and transforms into irregularly shaped
features which is a characteristic of crystalline structures. These crystalline structures belong
to AlCu,Zr, CuyZr,, Zr,Cu or Cu phases obtained by XRD patterns (Figure 5)

-
Figure 6. Typical SEM images from the cross section of the melt-spun ribbon of CusZr,NisAl; alloy prepared at a

wheel speed of 35ms™. (a) As-quenched and annealed at the temperatures, (b) 300°C, (c) 580°C, (d) 680°C, and (e)
800°C.

The compositional homogeneity of the amorphous Cus,Zr,Ni;Als ribbons was by measured
EDX in order to confirm initially intended composition values. The EDX analysis illustrates
mean values of element concentrations of Cus,Zr, Ni;Al; alloy produced at a wheel speed of
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35ms™ in Figure 7. As can be seen obviously from the EDX results, the peaks in the spectrum
belong to Cu, Zr, Ni and Al elements. As shown in Figure 7, the average chemical composition
of the ribbon alloy is in good agreement with the chemical composition values of

Cu;ZryNisAl; alloy.
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Figure 7. EDX analysis result of the melt-spun ribbon of Cus,ZryNi;Al; alloy produced at a wheel speed of 35 msas-
quenched.

In order to determine the influence of annealing on the microhardness of the Cuy,Zr, NisAl;
ribbon alloys which are as-quenched and annealed at different temperatures such as 200, 275,
400, 500, 600 and 800°C, Vickers HV measurements were analysed. The following Eq. (2) was
used for these measurements [25]

2Psin(@/2) 1.8544(P)
= d2 T dZ (2)

HV

where P is the indentation force, d is the mean diagonal length, and 1.854 is the geometrical
factor for the diamond pyramid. Figure 8 shows the variation of microhardness values with
increasing annealing temperature for Cus,Zr,,Nis;Al; alloy prepared at wheel speed of 35 ms™.
As shown in Figure 8, the hardness values decrease with increasing annealing temperature.
In previous works, this decline of the hardness values with the annealing temperature is
generally reported for Cu-based amorphous alloys [7, 26-31]. The microhardness of as-
quenched ribbon was calculated 550 HV, while it was determined 532-470 HV for annealed
ribbons in the range of 200-500°C (Figure 8). At the temperature range of 500-800°C, the
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microhardness values of the CusyZr,NisAl; alloy were not changed distinctly and it was
determined as approximately 465HV. Thus, it can easily be concluded that the highest
microhardness value (550 HV) of the CusZr,NisAl; alloy was measured for as-quenched
ribbon alloy.
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Figure 8. The change in Vickers microhardness values for CusZr,Nis;Al; alloy prepared by the wheel speed of 35
ms’'with annealing temperatures.

4. Conclusions

1. Themetallic glass Cus,Zr,,NisAlsalloys were successfully produced by rapid solidification
technique at wheel speeds of 35 and 41 ms™.

2. DSC traces of the CusZryNisAl; alloys showed similar distinct glass transition, T, which
are around 440-442°C. The ribbon alloys exhibited also wide super-cooled liquid regions,
AT, which are 61-64°C.

3. The activation energies of E,, E, and E for Cu;Zr,NisAl; alloy prepared at wheel speed
of 35 ms™ were determined 421.35 (+12), 432.26 (+9) and 403.05 (+6) kJ/mol, respectively.

4. The intermetallic AlCu,Zr, Cu,Zr, Zr,Cu and Cu phases in the microstructure of
Cu;Zr, NizAl; alloy were observed after annealing temperature of 800°C.
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5. The compositional homogeneity of Cus,Zr,,Nis;Al;as-quenched ribbons was most correct-
ly confirmed by EDX.

6. The microhardness value of CusZr,,Nis;Al; alloy was calculated approximately 550 HV
for unannealed ribbons. However, it decreased with increasing annealing temperatures
and was measured about 465 HV after annealing temperature of 800°C.
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