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a b s t r a c t

The Al75Ni10Ti10Zr5 bulk amorphous alloys have been synthesized by mechanical alloying and vacuum
hot pressing. The as-milled powders and hot pressed samples were examined by X-ray diffraction, scan-
ning electron microscopy, transmission electron microscopy, and differential scanning calorimetry. The
Al75Ni10Ti10Zr5 amorphous powders with a high crystallization temperature of 790 K and a large super-
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cooled liquid region of 49 K were prepared by ball milling elemental powder mixtures for 110 h. The bulk
Al75Ni10Ti10Zr5 amorphous alloy was prepared by hot pressing at 733 K for 20 min under a pressure of
3 GPa. The Kissinger analysis indicated that the bulk metallic glasses exhibit high thermal stability. The
Vickers microhardness of the bulk samples is in the range of 790–850 HV. The crack paths surrounding
the indents of all these samples emanate from the indent corners, indicating that the propagation of

ion.
acuum hot pressing
hermal stability

cracks occurred by radiat

. Introduction

Bulk metallic glasses (BMGs) have attracted extensive interest
or their excellent mechanical, physical and chemical properties.
n particular BMGs exhibit unique mechanical properties including
ltrahigh strength, high hardness, excellent wear, and corrosion
esistance [1,2]. Since the first successful synthesis of an amorphous
hase in an Au–Si system [3], a large number of BMGs based on
ifferent elements such as Zr, Fe, Cu, rear earth, Al and Mg have
een obtained to date [4–7]. Among BMGs, Al-based amorphous
lloys have attracted much attention because of their potential
pplications in the aerospace field due to their low density and
igh specific strength [8]. However, Al-based amorphous alloys are
ifferent from other conventional bulk metallic glasses. The glass
ormation range of Al-based alloys lies on the solute-rich side of the
utectic point where the liquidus temperature increases rapidly,
esulting in a low reduced glass transition temperature, normally
ess than 0.5 [9]. Moreover, the atomic size criteria, normally
mployed for producing amorphous alloys, cannot be applied to
he glass-forming ability (GFA) of Al-based amorphous alloys [10].

ue to their low GFA, the formation of Al-based metallic glasses by
uenching is limited to dimension of thin ribbons (usually with a
hickness < 100 �m), which evidently restricts their practical appli-
ation. Mechanical alloying is an alternative way to synthesize
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amorphous composites compared with direct cooling from the
melting metal liquid [11–15]. This is especially important for the
alloy systems with low GFA in preparing amorphous powders and
subsequently consolidating the amorphous powders into bulk sam-
ples with unlimited thickness and shape, using the viscous flow
behavior in the supercooled liquid region [16–19]. In the present
work, the synthesis and structure of the bulk Al75Ni10Ti10Zr5 amor-
phous alloys with a diameter of 10 mm and thickness of 2 mm
were systemically studied. The thermal stability and the Vickers
microhardness of the consolidated bulk amorphous alloy were also
investigated.

2. Experimental

Elemental powders (99.9% purity) of Al, Ni, Ti, and Zr were weighted out to
synthesize the amorphous alloy powder with a nominal composition (at.%) of
Al75Ni10Ti10Zr5 by mechanical alloying (MA). The synthesis was performed in a
planetary ball mill (QM-3SP4L) operated at 400 rpm using stainless steel vials and
bearing steel balls (GCr15) with a ball to powder weight ratio of 20:1 in an argon
atmosphere. The as-milled amorphous powders were consolidated in a vacuum hot
pressing machine to produce bulk samples with a diameter of 10 mm and thickness
of 2 mm, respectively. Hot pressing was conducted at 733 K for 20 min under a pres-
sure of 3 GPa. The structures of as-milled powders and bulk samples were analyzed
with X-ray diffraction (XRD) using Cu K� radiation (X′ Pert Pro MPD), Scanning elec-
tron microscopy (SEM, FEI Sirion 200), and transmission electron microscopy (TEM,

JEOL 2010), respectively. Thermal analysis was performed with differential scan-
ning calorimetry (DSC, Pyris Diamond) at a constant heating rate under nitrogen
atmosphere. The temperature axis as well as the enthalpy axis was calibrated using
Indium and Zinc standards for all the heating rates. The Vickers microhardness of
the bulk amorphous samples was measured using a machine under the load of 100,
200, 500, and 1000 g according to GB/T4340.1-1999 standard.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fshan@issp.ac.cn
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der. This may be due to strain relief and limited nanocrystallization
Fig. 1. XRD patterns of the Al75Ni10Ti10Zr5 powders milled for different times.

. Results and discussion

The XRD patterns of the starting and as-milled Al75Ni10Ti10Zr5
owders are shown in Fig. 1. The top curve shows the XRD pattern
f a mixture of pure crystalline Al, Ni, Ti, and Zr milled for 10 h. It
an be seen that when the peaks relating to the starting elements
re excluded, some peaks indicating the compounds can be clearly
bserved. After milling for 110 h, all the crystalline peaks disap-
eared and only a broad diffraction peak existed, indicating that
morphization was completed.

The thermal stability of the Al75Ni10Ti10Zr5 amorphous powder
as investigated by DSC. Fig. 2 shows the DSC curve of the 110 h

s-milled Al75Ni10Ti10Zr5 amorphous powder at a heating rate of
0 K/min. It can be seen that the amorphous alloy powders exhib-

ted an endothermic heat event of the glass transition followed by
n obvious exothermic peak, further confirming the amorphous
tructure of the powders. The glass transition temperature (Tg,
here Tg is the onset temperature of glass transition [20]), the onset

f crystallization temperature (Tonset
x ) and the peak crystallization

emperature (Tpeak
x ) are determined to be 731.7, 780.6 and 797.9 K,

espectively. The supercooled liquid region �Tx (= Tonset
x − Tg) is

bout 49 K. Compared to the other Al-based amorphous alloys [21],
he Al75Ni10Ti10Zr5 amorphous powder exhibits a higher crystal-
ization temperature and a wider supercooled liquid region, which

ould be attributed to the substitution of Zr for Al in the Al80Ni10Ti10
morphous alloys. In other words, the transition metal element
ddition substituting part of Al can improve the thermal stability
f Al-based amorphous alloys.

ig. 2. The DSC curve of the Al75Ni10Ti10Zr5 amorphous powder at the heating rate
f 20 K/min.
Fig. 3. XRD pattern for Al75Ni10Ti10Zr5 bulk disk sample. Inset (a) shows a camera
photo of a disk with a diameter and thickness of 10 and 2 mm, respectively. The
polished cross-sectional view of vacuum hot pressed Al75Ni10Ti10Zr5 disk sample
was also shown in the inset (b).

Based on the DSC results, the as-milled powders after 110 h
milling were consolidated into a disk shape with a diameter of
10 mm and a thickness of 2 mm, respectively. The powders were
pressed under a pressure of 3 GPa for 20 min at 733 K. Fig. 3 shows
the XRD pattern of the bulk sample of a hot pressed Al75Ni10Ti10Zr5
disk at 733 K. A morphology picture of the 10-mm-diameter amor-
phous disk is shown in inset (a) of Fig. 3. It can be seen that
the sample exhibits a lustrous appearance which is typical for a
bulk glassy alloy. The polished cross-sectional plane examined by
the SEM is shown in inset (b) of Fig. 3, which indicates the bulk
Al75Ni10Ti10Zr5 amorphous alloy with a highly dense structure has
been prepared successfully. To confirm the phase nature of the
bulk Al75Ni10Ti10Zr5 sample, the high-resolution TEM image and
the inset selected-area electron diffraction (SAED) pattern are pre-
sented in Fig. 4. The sample was taken from the center of the
bulk sample and exhibits a uniform microstructure with limited
nanocrystallines in the high-resolution TEM image. The broad halo
in the SAED pattern indicates the presence of a single amorphous
phase, which coincides well with the XRD pattern showing that
the sample is fully amorphous. It should be noted that the half-
maximum line width for the halo pattern of the bulk sample in
the XRD pattern is slightly narrower than that of the milled pow-
during the process of consolidation.
Fig. 5 shows the DSC curves of the bulk Al75Ni10Ti10Zr5 amor-

phous alloy sample at different heating rates. In all cases, a sharp

Fig. 4. High-resolution TEM images for the Al75Ni10Ti10Zr5 bulk disk samples. The
inset shows the corresponding SAED pattern.
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ig. 5. DSC curves of the Al75Ni10Ti10Zr5 bulk disk sample at different heating rates,
he Kissinger plot was shown in the inset.

xothermic crystallization peak is observed, but no significant
ndothermic event associated with the glass transition can be
etected. These phenomena may be caused by the formation of
ome small fraction of crystallites in the process of consolidation,
hich are confirmed by the different half-maximum line width

f the bulk and the amorphous powder. Upon heating the bulk
ample with these pre-existing crystallites, crystallization ensues
t Tg, which will essentially coincide with Tx. As a result, there
s no obvious glass transition signal in the DSC curves. This phe-
omenon has also been illustrated by other researchers on the
l-based amorphous alloys [22–24]. The crystallization tempera-

ures are listed in Table 1. In order to examine the thermal stability
ssociated with crystallization kinetics of the bulk Al75Ni10Ti10Zr5
morphous alloy, the ln(T2/ˇ) dependence of 1000/Tp is shown
n the inset of Fig. 4 according to the relationship of Kissinger
25,26], where ˇ and Tp are the heating rate and crystallization peak
emperature, respectively. The slope corresponds to the effective
ctivation energy for the crystallization (Ea) and exhibits a higher
alue of 361.7 kJ/mol than the other Al-based amorphous alloys.
his implies that the bulk Al75Ni10Ti10Zr5 amorphous alloy has a
igh thermal stability.

The Vickers microhardness measurements were tested on the
olished surfaces of the bulk amorphous disk samples (hot pressed
t 733 K for 20 min). Fig. 6 shows the Vickers microhardness of
he bulk amorphous disk samples tested at different indentation
oads. As a result, the microhardness ranges from 788 to 857 HV

hich is larger than those of Al70Ni20Ti10 and Al85Ni10Zr5 metallic
lass ribbons [27,28]. It should also be noted that the microhard-
ess decreases visibly from 835 to 788 HV when the indentation

oad exceeds 500 g. The behavior in which the apparent hardness
ecreases with an increase in the applied load is similar to that
bserved in the conventional crystalline materials [29]. The change
n the microhardness under different loads may be due mainly
o the elastic response during the indentation. The relationship

etween the applied load and the indentation diagonal length fol-

ows the Meyer’s law that fits more accurately when the applied
oad is relatively small [30]. For an idea indentation test, the micro-
ardness is independent of the applied load. However, when the

able 1
inetic parameters for the Al75Ni10Ti10Zr5 bulk amorphous alloy determined by non-

sothermal analysis.

ˇ (K/min)

15 20 30 40

Tonset
x (K) 769 774 778 779

Tpeak
x (K) 782 787 791 796
Fig. 6. The Vickers microhardness of the bulk Al75Ni10Ti10Zr5 amorphous disk tested
at different indentation loads. The insets (a) and (b) show the Vickers microhardness
indentation on the bulk Al75Ni10Ti10Zr5 amorphous disk sample with a load of 200
and 500 g, respectively.

applied load is small, the elastic recovery relative to the indenta-
tion size is large and the residual deformation is small during the
unloading. This may result in a relative high microhardness value of
the materials when the load is small. Insets (a) and (b) in Fig. 6 show
the Vickers microhardness indentation on the bulk Al75Ni10Ti10Zr5
amorphous disk sample with a load of 200 and 500 g, respectively.
As the load is 200 g, limited small cracks from the indentation cor-
ners can be noticed. A further increase in the load to 500 g leads to
the propagation and growth of the cracks. It should be noted that
the crack paths surrounding the indents of all samples emanate
from the indent corners, indicating that the propagation of cracks
occurred by radiation.

4. Conclusions

The Al75Ni10Ti10Zr5 amorphous powder alloys were success-
fully synthesized by mechanical alloying. The fully amorphous
structure can be obtained after milling for 110 h. The as-milled
Al75Ni10Ti10Zr5 amorphous powder exhibited a high crystalliza-
tion temperature 790 K and a wide supercooled liquid region of
49 K. The as-milled amorphous alloy powders were subsequently
consolidated successfully into bulk metallic glasses by vacuum
hot pressing. The consolidation temperature was chosen in the
supercooled liquid region. Limited nanocrystallines were noticed
from XRD and DSC, which may result in no glass transition sig-
nals in the heating of bulk samples. The effective activation energy
of crystallization is 361.7 kJ/mol, indicating a high thermal stabil-
ity in the bulk metallic glass. The Vickers microhardness of the
Al75Ni10Ti10Zr5 bulk samples is in the range of 790–850 HV. The
crack paths surrounding the indents of all these samples emanate
from the indent corners, indicating that the propagation of cracks
occurred by radiation.
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