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Abstract

An amorphization process in (CusgZrss.xAls+x)100-y-zNiy T, (Xx=1, y,2=0;5;10) induced by ball-
milling is reported in the present work. The aim was investigation of the effect of Ni and Ti
addition to CuseZrssAls and CuageZrasAl; based alloys as well as type of initial phases on the
amorphization processes. Also the milling time sufficient for obtaining fully amorphous state
was determined. The entire milling process lasted 25 hours. Drastic structural changes were
observed in each alloy after first 5 h of milling. In most cases, after 15 h of milling the
powders had fully amorphous structure according to XRD except for those ones, where TEM
revealed a few nanosized crystalline particles in the amorphous matrix. In
(CuaeZrssAlg)soNiroTigo alloy the amorphization process took place after 12 h of milling and
the amorphous state was stable up to 25 h of milling. In the case of (CuggZrssAl7)goNiigTizo
alloy the powders have fully amorphous structure between 12 h and 15 h of milling.
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1. Introduction

It is well known that industry expects development of new stronger and lighter
materials from materials science. So bulk metallic glasses (BMGs) have been extensively
studied nowadays. Despite excellent mechanical properties of BMGs, the high-volume
industrial application has not yet become a reality. Production of BMGs with greater than 1
dm in size is not solved; only some Pt and Pd-based alloys and Zr-based [1-2], Cu-based [3-4]
and Ti-based [5-6] BMGs have been produced with few cm sizes only. The powder
metallurgy (PM) can solve this problem via consolidation of amorphous powders [7-9]. The
first step of PM is manufacturing amorphous powders by high-pressure gas atomization or by
solid state techniques, e.g. high energy ball-milling. Recently, Cu-Zr based BMGs [10-11]
have attracted great attention due to high strength and high thermal stability against
crystallization with lower costs than Zr-based BMGs. Cu-Zr-Al BMGs [12-16] have such
advantageous properties as good toughness indicated by their high Charpy impact value, good
corrosion resistance, and high glass forming ability (GFA). However, their plasticity at room
temperature is usually less than 2 % compared with that of BMGs in the Zr—Ni—Al and Zr—
Al-Ni—Cu systems [17-18]. Ni and Ti form a complete solid solution with Cu and Zr. In the
Cu-Zr-Al-Ni-Ti system, the heat of mixing between elements is negative; only in the case of
Ni-Cu (AHmix = 4 kdJ/mol [19]) it is positive. In the Cu-Zr-Al system, two compositions with
high glass forming ability [20] were selected as basic alloy (CusgZrssAls and CugeZrssAl7) and
Ni and Ti were added as alloying elements.

In this work, the structure evolution of alloyed (CusgZrssxAls+x)100-y-zNiyTi; (X=1, y,2=0;5;10)
powders was investigated. The aim of the present work is to create alloys in this composition
system with fully amorphous structure via high energy ball-milling. It is well known that the
progress of amorphization reaction is a recycling process (crystalline-amorphous-crystalline).
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Furthermore, it is important to determine the milling time, which is sufficient to obtain the
fully amorphous state.

2. Experimental procedure

Master alloy ingots were prepared by arc melting the mixtures of Cu, Zr, Al, Ni, Ti pure
metals (min. 99.99%) under purified argon atmosphere. The chemical compositions of master
alloys can be seen in Table 1. The master alloys were grinded and fractioned to a particle size
below 300 um for ball-milling. The mechanical milling was performed in a Pulverisette 5
high-energy ball-mill in argon atmosphere using stainless steel vial and balls. The maximal
milling process lasted 25 h in order to assure that the milling has proceeded long enough for
the samples to reach the amorphous state, but short enough to avoid excessive contamination
from the milling media. The milling process was interrupted every hour. Each interruption
was followed by a period of 2 hours to cool down the vials. The milled powder samples were
extracted every 5 hours in order to examine the progress of amorphization reaction. In order
to analyze the microstructure, both the master alloys and the powders were embedded in
acrylic resin, then polished and etched with 0.5 % hydrofluoric acid for 5 sec. The structure of
both master alloy ingots and both powders was investigated by a Hitachi S4800 Field
Emission Scanning Electron Microscope (SEM) equipped with a Bruker AXS Energy-
dispersive X-ray Spectrometer (EDS) system, a FEI Technai G2 Transmission Electron
Microscope (TEM) and a Philips PW 1830 X-ray diffractometer (XRD) with
monochromatized CuKa radiation with a wavelength of 0.15418 nm using an anode voltage
of 40 kV and a current of 305 mA. Amorphous fraction was determined by evaluation of
XRD patterns. Using a combination of free software named Fityk 0.98 and software
developed by us and called GerKiDo, different curves can be fitted to selected measuring
points. The amorphous fraction can be calculated after measuring the area under the curves.
Details are shown in Ref. 21. Thermal analysis was performed by a Netzsch 204 Differential
Scanning Calorimeter (DSC) with a heating rate of 0.67 K/s.

3. Results and discussion
3.1. Initial microstructure of master alloys

Fig. 1 presents the microstructure of master alloys. Based on the SEM, TEM analysis,
results of EDAX and XRD analysis (Fig. 2), the phases formed in the master alloys have been
identified. In the case of 1Alloy0-0 two phases solidified as primary phases from the liquid. It
cannot occur under equilibrium conditions except for solidification of an alloy with eutectic
composition. Monoclinic CuZr dendritic phase (ag = 3.4 A, bp=4.3 A, co=5.6 A, p = 106°)
and an unknown phase with Alj3CuszZrso composition solidified as primary phases (Figs. 1a,
2a). Al13Cus7Zrsg has a distorted cubic unit cell with ag = 12.18 A, y = 90° as was mentioned
in Ref. 22. This unknown phase has been already mentioned in literature [23] with the
following composition 37.8 + 1.8 at.% Cu, 49.2 £ 1.6 at.% Zr and 13.0 £ 0.4 at.% Al. CuZr
and AICu,Zr formed a fine eutectic. Owing to the addition of 5 at% Ni and Ti to the alloy
1Alloy5-5, massive CuZr(NiTi) dendritic phase solidified as primary phase in the master alloy
(Figs. 1b, 2b). This phase dissolved 20 at% of Ti and 6 at% of Ni. CujoZr7(Ni) phase appeared
in addition to CuZr. CuioZr7(Ni) phase dissolved 15-25 at% of Ni. CuZr(NiTi), CupZrz(Ni)
and AICu,Zr phases formed fine ternary eutectic. In the 1Alloy10-10 the big dendrites were
CuZr(NiTi) phase (Figs. 1c, 2c). The lattice parameters of CuZr reduced due to the dissolved
Niand Ti:ag=3.2 A, bg=4.1 A, co = 5.4 A, p = 106°. In this case four phases formed the
eutectic: CuZr(NiTi), CuioZr7(Ni), Al13CuszZrsg and a new phase. Al13CuszZrs solidified as



100-200 nm grains. A hexagonal Laves Cu,ZrTi type phase [24] was the new phase in this
alloy with ag = 5.3 A, co = 8.9 A. The average grain size is about a few hundred nm.
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Fig.1: Microstructure of master alloys; a) 1Alloy0-0, b) 1Alloy5-5, ¢) 1Alloy10-10, d)
2A||0y0-0, e) 2A||0y5-5, f) 2A“Oy10-10 1- CUZI', 2— A|13CU37ZI'50 , 3- A|CUZZI’

Although the nominal compositions are very similar in the two basic alloys 1Alloy0-0
and 2Alloy0-0, the solidified phases are different. This phenomenon can be explained by the
fact that these two compositions are close to the eutectic valley based on the calculated Al-
Cu-Zr ternary diagram [25]. In 2Alloy0-0 AlCu,Zr solidified as primary phase (Figs. 1d, 2d).
In addition, CuZr and CujoZr; were identified in this alloy. AICu,Zr, CuyoZr; and CuZr phases
formed the ternary eutectic. In 2Alloy5-5 solidification started with large dendrites of the
CuZr(NiTi) phase (Figs. 1e, 2e). This phase dissolved Ni and Ti similarly to CuZr(NiTi) in
the case of 1Alloy5-5. Besides the CuZr(NiTi) phase, CuipZr7(Ni), Al13CuszZrso and CuZrTi
type phases were identified in the fine eutectic. In 2Alloy10-10 alloy primary phase was not
formed; eutectic structure has been obtained during solidification process (Fig. 1f). Four
phases have been revealed in the eutectic structure: CuZr(NiTi), CuioZr7(Ni), Ali13Cus;Zrsg
and Cu,ZrTi type phase (Fig. 2f).

3.2. Microstructure evolution during different-time ball milling

The structure evolution of powders occurred during ball-milling was investigated as
function of milling time, which can be seen in Fig. 2. Considering the XRD curves it can be
concluded that drastic changes took place in each alloy after 5 h milling time. The diffraction
peaks belonging to the crystalline phases reduced significantly after 5 h of milling.
Monoclinic CuZr phase remained in the 1Alloy system based on the XRD analysis after 5 h of
milling and in the case of 1Alloy0-0 a small amount of AlCu,Zr was found as well. Among
the present phases CuZr was the most stable one. After 15 h of milling only a broad diffuse
halo remained indicating fully amorphous structure in the case of 1Alloy0-0 and 1Alloy5-5
(Figs. 2 a-b).
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Fig. 2: XRD patterns of a) 1Alloy0-0, b) 1Alloy5-5, ¢) 1Alloy10-10, d) 2Alloy0-0, €)
2Alloy5-5, f) 2Alloy10-10 master alloys and as-milled powders.

TEM investigation revealed that CuZr phases embedded in the contrastless amorphous
matrix in 1Alloy0-0 and 1Alloy 5-5 (Figs. 3 a-b). The monoclinic CuZr particles have a size
of a few hundred nanometers in 1Alloy 0-0 and few tens of nanometers in 1Alloy5-5. The
selected area electron diffraction (SAED) patterns recorded on areas of the matrix showed
diffuse rings and discrete reflections (Figs. 3 a, b inset), which proves the presence of
amorphous and also nanocrystalline parts in the matrix. Sharp diffraction peaks in the XRD
pattern (Figs. 2 a, b) corresponding to CuZr phase appeared after 15 h of milling, which
means that this phase formed from the metallic glass matrix. Milling process induced
crystallization of CuZr phase in 1Alloy 0-0 and 1Alloy 5-5. The intensity and number of
peaks in the XRD pattern belonging to CuZr increase slightly by further milling. According to
the present experimental results, amorphous phase cannot be formed completely if the time is
more than 15 h, amorphous phase transforms again into crystalline one. If shorter time is
applied, amorphous phase cannot be formed completely based on the TEM investigation.

In the case of 1Alloy10-10 the difference in the XRD patterns was barely noticeable
between 10 h and posterior milling times; a broad diffuse halo without sharp diffraction peaks
can be seen. TEM examination confirmed the presence of an amorphous structure. SAED
pattern of this composition after 15 h of milling showed only diffuse rings (Fig. 3c inset)
featuring that the structure was fully amorphous. Between 10 and 15 h of milling samples
were analyzed every hour in order to clarify the structural changes during mechanical milling.
The XRD analysis showed that this alloy achieved amorphous structure after 12 h of milling.

In the case of 2Alloy 0-0 the process of structural changes was similar to 1Alloy 0-0.
After milling for 10 h the alloy had amorphous structure according to XRD analysis (Fig. 2d).
After 15 h milling time the diffraction peak of CuZr phase appeared again and increased
slightly due to further milling. These results are in agreement with the TEM analysis. In Fig.
3d dark nanoparticles with a size of 1-20 nm embedded in the amorphous matrix are seen
after 15 h milling. In the XRD pattern of 2Alloy 5-5 the monoclinic CuZr(NiTi) phase can be
detected in the course of entire milling process ranging from 5 to 25 h (Fig. 2e). This indicates
high stability of the monoclinic CuZr(NiTi) phase against milling.
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Fig. 3: Briht-field images and corresponding SD patterns of different composition alloys
after 15 h of milling, a) 1Alloy0-0, b) 1Alloy5-5, c) 1Alloy10-10, d) 2Alloy0-0, ) 2alloy5-5,
f) 2Alloy10-10

The microstructure evolution of 2Alloy10-10 differs from the previous composition.
The diffraction peaks of Al13Cus7Zrso and Cu,ZrTi type phase were identified already after 10
h of milling (Fig. 2f). The full amorphous state was obtained after 15 h of milling based on
the XRD and TEM analysis (Fig. 2, 3f). Further milling process induced crystallization of
CuZrTi type phase (Fig. 2f). So due to the addition of 10 at% Ni and Ti the Cu,ZrTi type
phase is more stable against milling than CuZr phase.
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Fig.4: Correlation between milling time and amorphous fraction measured by XRD

Summarizing the present experimental results, it can be said that a close correlation
was observed between the amorphous volume fractions and milling time (Fig. 4) based on the
XRD analysis. The data obtained could be described by a parabolic relationship. It can be



seen that the crystalline-amorphous-crystalline process occurs in a relatively short milling
time in the case of 1-2Alloy0-0 and 1-2Alloy5-5: the maximum volume fraction is achieved at
15 h and 10 h, respectively. For the 1-2Alloy10-10 the amorphous structure is more stable
since the amorphous volume fraction does not decrease significantly even after 25 h milling
time.

4. Conclusions

CugeZrssAlg and CuaseZrasAl; compositions were selected as basic alloys and the effect of Ni
and Ti as alloying elements was investigated on the amorphization process by ball-milling.
Drastic changes took place in each alloy after 5 h milling time. The initial structure of the
powders (before milling), the size, type and the quantity of phases and their influence on the
amorphization process have been examined as well. The CuZr phase has high stability against
milling in 1Alloy0-0 and 2Alloy0-0. This phase can absorb most of transmitted mechanical
energy without formation of an amorphous structure. It is worth to mention that this phase can
crystallize easily from amorphous state compared to the other phases in this system. In most
cases, after 15 h of milling the powders had fully amorphous structure according to XRD
except for those ones, where TEM revealed a few nanosized crystalline particles in the
amorphous matrix. Furthermore, in the compositions alloyed with 5 at% of Ni and 5 at% of
Ti CuZr phase can be observed as well which dissolved these alloying elements. 2Alloy5-5
could not be amorphized in the course of entire milling process lasted for 25 h. In 1Alloy10-
10 the amorhization process took place differently owing to the higher amount of alloying
elements. The phases including CuZr(Ni,Ti) disappeared after 12 h of milling and the
amorphous state was stable up to 25 h of milling. 2Alloy10-10 has a eutectic structure which
formed by CuZr(NiTi), CuieZr7(Ni). Al13CuszZrsp and CupZrTi type phases. In this alloy
Cu,ZrTi type phase is the most stable since it disappears last and crystallizes first from the
amorphous phase during milling. It is recommended to add 10 at% of Ni and 10 at% of Ti to
both alloys in order to achieve fully amorphous structure after 12 h of ball-milling.
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