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bstract

In this study, the role of Be in glass forming ability (GFA) and thermal stability of (Al85Ni7Y8)100−xBex (x = 0–6 at.%) amorphous alloys has
een investigated in an attempt to understand small atomic size effect in Al–TM–RE (TM: transition metal, RE: rare earth metal) alloy system. The
upercooled liquid region (�T = T − T , where T and T are the onset crystallization and the glass transition temperatures, respectively), reduced
x x g x g

lass transition temperature (Trg = Tg/TL, where TL is the liquidus temperature), K (=(Tx − Tg)/(TL − Tx)), γ (=Tx/(Tg + TL)) and the activation
nergy for primary crystallization (Ea), became slightly increased by the addition of 2% Be. The higher GFA representing parameters and thermal
tability for the (Al85Ni7Y8)98Be2 alloy, however, did not result in a practically enhanced glass formability.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Al-based amorphous alloys possessing superior specific
trength in combination with good ductility, have gained an
ncreasing attention due to their potential applications in struc-
ural fields [1,2]. Among them, Al–TM–RE system (TM: tran-
ition metal, RE: rare earth metal) such as Al–Ni–Y [3],
l–Ni–Co–Y [4], Al–Ni–Gd [5] and Al–Ni–Fe–Gd [6] has a
uch better glass forming ability (GFA), which is mainly origi-

ated from strong interaction and peculiar atomic configuration
etween Al and TM atoms [7,8]. In 1990, Inoue et al. [4] intro-
uced an Al85Ni5Co2Y8 alloy with high tensile fracture strength
σf) and wide supercooled liquid region (�Tx) of 1250 MPa
nd ∼35 K, respectively. In spite of numerous subsequent works
n Al–TM–RE-based alloys, however, bulk metallic glass for-
er has not been produced so far. This may well be caused

y unique characteristics of the Al–TM–RE system such that it
an be quenched into amorphous phase only in Al-rich eutec-
ic composition usually over 80 at.% of Al and that the reduced
lass transition temperature (Trg) values are generally less than
0.5, which are quite lower than typical values of 0.6–0.7 for
asy glass formers. Recently, Poon et al. [9] have studied the
ole of large size alkali metals on thermal stability and GFA of
l87Ni7Gd8−x(Ca, Sr, Ba)x (x = 1–3 at.%) alloys, and reported
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hat the addition of larger size elements to replace Gd enhances
he thermal stability of the quenched amorphous phase but does
ot lead to an improved GFA due to the decreased chemical
nteraction between (Ca, Sr or Ba) and Al.

In the present study, the influence of Be addition on ther-
al stability and GFA of Al85Ni7Y8 alloy is investigated in an

ttempt to understand smaller atomic size effect in Al–TM–RE
lloy system. Be was selected as an additional element, after
onsidering its quite smaller atomic radius of 1.12 Å than pre-
xisting Ni (1.24 Å), Al (1.43 Å) and Y (1.78 Å) as well as
ts negative heat of mixing with Ni (−4 kJ/mol atom) and Y
−32 kJ/mol atom).

. Experimental

Four (Al85Ni7Y8)100−xBex (x = 0, 2, 4, 6 at.%) ingots were prepared by
rc melting a mixture of Al (99.99%), Ni (99.9%), Y (99.9%) and Al–Be
lloyed material in a purified Ar atmosphere. From the master alloy ingots,
ibbons with a size about 0.02(t) mm × 3(w) mm were prepared by means
f a single roller melt-spinning technique in an Ar atmosphere. Amorphous
ature of the melt-spun ribbons was verified by X-ray diffractometry (XRD,
igaku CN-2301) with a monochromatic Cu K� radiation. The thermal
roperties of the samples such as glass transition temperature (Tg) and onset
rystallization temperature (Tx) were determined by differential scanning
alorimetry (DSC, Perkin-Elmer DSC-7) with a heating rate of 0.67 K/s under

owing purified Ar. The melting temperature range (Tm ∼ TL, where Tm and TL

re melting temperature and liquidus temperature, respectively) was measured
y differential thermal analysis (DTA, Perkin-Elmer DTA-7) with a heating
ate of 0.33 K/s. The thermal stability associated with the effective activation
nergy for primary crystallization (Ea) was investigated using a Kissinger plot

mailto:jhjun@kitech.re.kr
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Fig. 2. DSC traces obtained from Al–Ni–Y–Be alloy ribbon samples with a
heating rate of 0.67 K/s.
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Fig. 1. XRD patterns obtained from Al–Ni–Y–Be alloy ribbon samples.

10]. Hardness of the ribbon sample was measured by using a microvickers
ardness tester (Matsuzawa MXT-�) with a load of 100 gf.

. Results

Fig. 1 represents the XRD traces taken from the melt-spun
Al85Ni7Y8)100−xBex (x = 0, 2, 4, 6 at.%) samples. All XRD
atterns show a broad diffraction peak in the 2θ range of
2–50◦, reflecting the characteristic of an amorphous struc-
ure. This result demonstrates no change in amorphous nature of
l85Ni7Y8 alloy by the addition of Be up to 6%. The DSC traces
f the melt-spun ribbons taken using a heating rate of 0.67 K/s are
iven in Fig. 2. As well is known, amorphous alloy exhibits an
ndothermic heat event of the glass transition followed by char-
cteristic exothermic heat release events corresponding to the
uccessive transformations from a supercooled liquid to the equi-
ibrium crystalline phases at different temperatures. The glass
ransition followed by a supercooled liquid region is observed in
he Al–Ni–Y–Be alloys containing Be up to 2%, but it disappears
n the alloys with higher Be content. It is noticeable that after
dding 2% Be, Tg, Tx and the supercooled liquid region (�Tx)
efined as (Tx − Tg), increase from 514, 523 and 12 to 526, 538
nd 15 K, respectively. The Tg, Tx and �Tx of the experimental
lloys are summarized in Table 1. Fig. 3 shows the DTA traces
f the Al–Ni–Y–Be alloys obtained at a heating rate of 0.33 K/s.

n all samples, a sharp endothermic peak with an extended tail is
bserved, suggesting that the Al–Ni–Y–Be alloys are not at an
utectic composition. With increasing Be content, the melting
emperature (Tm) and liquidus temperature (TL) are decreased

a
I
K
t

able 1
he thermal properties (Tx, Tg, Tm and TL) and GFA indexing parameters (�Tx, Trg,

lloy Tg (K) Tx (K) Tm (K)

l85Ni7Y8 514 526 916
Al85Ni7Y8)98Be2 523 538 898
Al85Ni7Y8)96Be4 – 509 898
Al85Ni7Y8)94Be6 – 480 896
ig. 3. DTA traces obtained from Al–Ni–Y–Be alloy ribbon samples with a
eating rate of 0.33 K/s.

lightly up to 2% Be and then nearly saturated. The temperature
ntervals are almost same regardless of Be content. The obtained
m and TL values as well as the calculated reduced glass tran-
ition temperature (Trg = Tg/TL), K (=(Tx − Tg)/(TL − Tx)) [11]
nd γ (=T /(T + T )) [12] parameters are also given in Table 1.
x g L
t is noteworthy that all GFA representing parameters (�Tx, Trg,

and γ) are higher in the (Al85Ni7Y8)98Be2 alloy than those in
he basic Al85Ni7Y8 alloy.

K and γ) for Al–Ni–Y–Be alloys

TL (K) �Tx (K) Trg K γ

1206 12 0.436 0.018 0.306
1179 15 0.456 0.023 0.316
1190 – – – –
1175 – – – –
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ig. 4. Kissinger plot of the primary crystallization temperature for
l–Ni–Y–Be alloys.

In order to examine the thermal stability associated with
rystallization kinetics for the Al–Ni–Y–Be alloys, the change
n ln(φ/T 2

p ) is plotted as a function of 1000/Tp in Fig. 4 in
ccordance with Kissinger relationship [10], where φ and Tp
re heating rate and primary crystallization temperature, respec-
ively. The slope corresponds to the effective activation energy
or primary crystallization (Ea) and exhibits a peak value of
15.9 kJ/mol for the (Al85Ni7Y8)98Be2 alloy, which is moder-
tely higher than 198.2 kJ/mol for the Al85Ni7Y8 alloy. This
mplies that the thermal stability of Al–Ni–Y amorphous phase
s improved by the 2% Be addition.

Fig. 5 shows the change in microvickers hardness with Be
ontent in the Al–Ni–Y–Be alloys. It is easily observed that the
ardness decreases slightly up to 2% Be, over which it deterio-
ates steeply. The XRD patterns taken from the cross-sections of

he injection-cast Al85Ni7Y8 and (Al85Ni7Y8)98Be2 alloys with
mm in diameter are represented in Fig. 6. Both alloys contain
everal diffraction peaks corresponding to crystalline phases, but

ig. 5. Variation in microvickers hardness with Be content in Al–Ni–Y–Be alloy
ibbon samples.
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ig. 6. XRD patterns obtained from Al85Ni7Y8 and (Al85Ni7Y8)98Be2

njection-cast rod samples with 1 mm in diameter.

ntensities of the peaks are greater in the (Al85Ni7Y8)98Be2 than
n the Al85Ni7Y8 alloy. The results shown in Figs. 5 and 6 indi-
ate that the (Al85Ni7Y8)98Be2 alloy does not possess a better
FA practically than Al85Ni7Y8 alloy, although simultaneous

ncrease in thermal stability and GFA indexing parameters (�Tx,
rg, K and γ) is attained by the addition of 2% Be.

. Discussion

A higher order multicomponent system, a significant atomic
ize difference between alloying elements and a large negative
eat of mixing between the elements have been recognized as
hree qualitative glass forming criteria [13,14].

Considering the shift of Tx from 526 to 538 K (Table 1) and
ncreased Ea from 198.2 to 215.9 kJ/mol by the 2% Be addi-
ion (Fig. 4), the amorphous phase of (Al85Ni7Y8)98Be2 alloy is
elieved to have higher thermal stability than Al85Ni7Y8 alloy.
oreover, various GFA indexing parameters such as �Tx, Trg, K

nd γ for the Al85Ni7Y8 alloy are increased by the 2% Be addi-
ion from 12 K, 0.436, 0.018 and 0.306 to 15 K, 0.456, 0.023
nd 0.316, respectively (Table 1). The increased thermal sta-
ility and GFA indexing parameters for the (Al85Ni7Y8)98Be2
lloy, however, does not result in a practically improved GFA,
s observed in Figs. 5 and 6.

In a previous work, Poon et al. [9] reported that the ther-
al stability is associated with solid-state atomic diffusion and

hat higher packing density of the Al-based amorphous phase
ttained by an addition of alloying elements with large atomic
ize difference can give rise to the improvement in thermal
tability, even though it might lower the chemical interaction
etween alloying elements. In case of the GFA, however, they
xplained that it has a strong dependence on chemical interac-
ion between Al and other elements rather than packing density

r atomic size difference. After considering that the negative
eat of mixing (�Hmix) values between Al and other elements
n Al–Ni–Y system are −22, −38 and −31 kJ/mol atom for
l–Ni, Al–Y and Ni–Y, respectively, and that the �Hmix values
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[10] H.E. Kissinger, Anal. Chem. 29 (1957) 1411.
J.-H. Jun et al. / Journal of Alloys a

oncerning Be are 0, −4 and −32 kJ/mol atom for Al–Be, Ni–Be
nd Y–Be, respectively, it is reasonable to expect that the higher
he Be content in the Al–Ni–Y system, the lower the chemical
nteraction between Al and other alloying elements. As for the
l–Ni–Gd–(Ca, Sr, Ba) system [9], the increased thermal stabil-

ty for the (Al85Ni7Y8)98Be2 alloy is understood that the higher
acking density by the 2% addition of Be with smaller atomic
ize might compensate the decrease in thermal stability due to
he reduced bonding forces. The reason for the increase in GFA
arameters in the (Al85Ni7Y8)98Be2 alloy is not clear at present,
ut it could be explained by the increased thermal stability.

The decreased hardness and greater intensities of the crys-
alline peaks in the XRD pattern for the (Al85Ni7Y8)98Be2 alloy
Figs. 5 and 6) clearly indicate that the increase in thermal sta-
ility and GFA representing parameters does not result in the
ractically enhanced glass formability of the Al–Ni–Y alloy. It
trongly demonstrates that the chemical interaction between Al
nd other components plays an essential role in the practical
lass formability for the Al-based alloys.

. Summary

The GFA and thermal stability of the (Al85Ni7Y8)100−xBex

x = 0–6 at.%) amorphous alloys were studied to understand

mall atomic size effect in Al–TM–RE alloy system. The Tx
nd Ea become higher for the (Al85Ni7Y8)98Be2 alloy, indicat-
ng that the thermal stability of the Al85Ni7Y8 alloy is enhanced
y the addition of 2% Be. The GFA indexing parameters such as
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Tx, Trg, K and γ are also increased slightly after 2% Be addi-
ion. The increased thermal stability of the (Al85Ni7Y8)98Be2
lloy is believed that higher packing density by the 2% addition
f Be with smaller atomic size might compensate the decrease in
hermal stability due to the reduced bonding forces, which even-
ually might lead to the increase in GFA representing parameters.
he increased parameters concerning GFA and thermal stability
y the 2% Be addition, however, does not lead to a practically
nhanced glass formability. It implies that the chemical interac-
ion between Al and other alloying elements plays an essential
ole in the practical GFA for the Al-based alloys.
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