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Aluminum-rich bulk metallic glasses
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The formation and properties of a class of Al-rich bulk metallic glasses (BMGs) are reported. The Al contents for these alloys can
reach up to 40 at.%, which is the highest in known BMGs. The Al-rich BMGs deviate greatly from eutectic composition and show
high thermal stability and fragility, and very high mechanical strength. These Al-rich BMGs might have implications for Al-based
BMGs in general and for understanding the role of Al in glass formation.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Metallic glasses; Casting
Bulk metallic glasses (BMGs) have attracted a
great deal of interest because of their extraordinary
properties and their potential for practical applications
[1]. A large number of BMGs based on different ele-
ments such as Zr, Fe, Cu, rare earth (RE) and Mg have
been obtained recently [1–6]. Compared to other alloy
systems, Al-based metallic glass is of particular interest
because of its low density and potential aerospace appli-
cations [7]. However, Al-based metallic glasses are very
different from conventional BMG-forming systems. One
of main differences is that the glass formation range in
Al-based metallic glasses lies on the solute-rich side of
the eutectic point where the liquidus temperature rises
steeply, resulting in a greatly reduced glass transition
temperature Trg = Tg/Tl, normally less than 0.5 [8]. Fur-
thermore, the glass-forming ability (GFA) of Al-based
metallic glasses does not follow the atomic size criteria
employed for producing BMGs [9]. To date, Al-based
BMGs thicker than 1 mm have not yet been produced.
On the other hand, Al is an indispensable additive for
improving the GFA and other properties in many
BMG-forming alloys [1,2]. For example, the critical
thickness of Nd–Fe amorphous alloys is usually less
than 30 lm, and addition of Al can drastically improve
the GFA in this alloy, resulting in the formation of Nd–
Fe–Al BMGs with a thickness exceeding 10 mm and
good hard magnetic properties [10]. Furthermore, addi-
tion of 5% Al greatly increases the GFA of binary
Cu50Zr50 alloy and the resulting Cu47.5Zr47.5Al5 BMG
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possesses high macroscopic plasticity under compression
at room temperature [11]. However, the contents of Al
in the reported BMGs are relatively low, usually less
than 15 at.% though in a few cases up to 25%. Further
increasing the Al content often leads to a dramatic de-
crease in GFA in these alloys. Some unique properties
are expected for Al-rich BMGs. Therefore, it is interest-
ing to fabricate BMGs with high Al content, which are
helpful for studying the effects of Al addition on GFA
as well as the structure of BMG-forming alloys, and
might provide clues for the eventual fabrication of Al-
based BMGs. In this paper, we report the formation
and properties of a class of BMGs with Al contents as
high as 40%. The GFA, thermal properties as well as
the mechanical properties of these alloys are studied.
The effect of Al on the GFA is studied and discussed.

Al–RE (La, Ce, Gd, Y, Er)–Ni (Co) alloys with nom-
inal compositions listed in Table 1 were prepared by arc
melting mixtures of pure elements Al, La, Ce, Gd, Y, Er,
Ni and Co in a Ti-gettered Ar atmosphere. The ingots
were remelted and then poured into copper molds to ob-
tain cylindrical rods. The amorphous nature was ascer-
tained by X-ray diffraction (XRD) using a MAC Mo3
XHF diffractometer with Cu Ka radiation. Thermal
analysis, comprising differential scanning calorimetry
(DSC) and differential thermal analysis (DTA), was car-
ried out in a Perkin Elmer DSC-7 and DTA-7, respec-
tively. The mechanical behavior was tested under
uniaxial compressive deformation mode at room tem-
perature using an Instron 5500R1186 machine with a
constant strain rate of 1 � 10�4 s�1. 27Al nuclear mag-
netic resonance (NMR) spectroscopy was performed at
sevier Ltd. All rights reserved.
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Table 1. Thermal parameters, fragility parameter and mechanical properties in Al-rich BMGs, and La-based BMGs with low Al content

Alloys Tg (K) Tx (K) Tm (K) Tl (K) DTm (K) DTx (K) Trg c m ef (%) rf (MPa) Isotropic Knight
shift (ppm)

Al40La35Y10Ni15 586 627 909 1092 183 41 0.536 0.374 61 1.92 1309 595
Al35La33Gd17Ni10Co5 560 609 748 1070 322 49 0.523 0.374 57 1.92 1050 –
Al35La30Ce20Ni15 542 577 822 1082 260 35 0.501 0.355 52 2.84 1158 –
Al35Gd33Er17Co15 586 620 1072 1221 149 34 0.524 0.362 70 2.19 817 –
Al40La45Ni15 540 600 782 1097 315 60 0.492 0.367 59 1.97 1254 619
Al35La50Ni15 532 596 784 971 187 64 0.548 0.397 44 1.86 1112 630
Al25La55Cu10Ni5Co5 [12] 460 527 661 823 162 67 0.566 0.411 – – �860 –
Al25La55Ni20 [13] 476 545 – – – 69 – – – 1.5 515 –
Al14La66Cu10Ni10 [13] 414 445 671 732 61 31 0.565 0.388 – – 561 680
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Figure 2. DSC and DTA (inset) curves of the as-cast Al40La35Y10Ni15

alloys. Scanning rate is 20 K min�1 for DSC and 10 K min�1 for DTA.
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78.9729 MHz using a pulsed spectrometer. 27Al Knight
shifts are referenced to 1 M Al(NO3)3 aqueous solution.

Figure 1 shows XRD patterns of four as-cast BMGs
with high Al contents, varying from 35% to 40%; only
broad diffraction peaks can be seen within the resolution
limit of the XRD for all the samples, indicating that
amorphous rod can be obtained for alloys of at least
1 mm in diameter. We note that there could be small
traces of crystalline phases in the sample. The Al35La50-

Ni15 alloy can be cast into glassy rods at least 5 mm in
diameter, suggesting the excellent GFA of these alloys.
It is notable that in these alloys Al has become the most
abundant single element, only slightly less than the com-
bined contents of RE elements. For Al40La35Y10Ni15,
the Al content reaches up to 40%, which is the highest
Al content among the known BMGs reported so far.
All the compositions of the Al-rich BMGs are listed in
Table 1.

Figure 2 shows the DSC curve of typical Al40La35Y10-

Ni15 BMG, which exhibits a broad endothermic reaction
due to glass transition, and one sharp exothermic peak
due to crystallization. The inset of Figure 2 shows a
DTA curve of the alloy exhibiting four exothermic sig-
nals due to melting. The melting temperature Tm and
the liquidus temperature Tl are determined to be 909
and 1092 K, respectively: the difference between them
(DTm = Tl � Tm) is 183 K, which is a high value. The
multistage melting process and large DTm indicate that
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Figure 1. XRD patterns of four as-cast BMGs with high Al content.
the alloy deviates greatly from the eutectic point. The
glass transition temperature Tg and crystallization tem-
perature Tx for Al40La35Y10Ni15 are determined to be
586 and 627 K, respectively, which are much higher than
those of the Al–La–Y–Ni(Cu,Co) BMG with low Al
content [12,13] as shown in Table 1, suggesting that this
BMG has high thermal ability. The reduced glass transi-
tion temperature Trg(Trg = Tg/Tl), the supercooled li-
quid region DTx(DT = Tx � Tg), and the c value
[c = Tx/(Tl + Tg)], which are effective parameters for
evaluating the GFA of an alloy, are 0.536, 41 K and
0.374, respectively, which are relatively smaller than
those of other reported BMGs [14]. The thermal param-
eters of the Al-rich BMGs are listed in Table 1. Gener-
ally, an alloy with good GFA is associated with
Trg > 0.6 [15,16], which often means the alloy is located
at or near eutectic points. The present alloys, which are
seriously off-eutectic with Trg in the range 0.49–0.55,
have unexpectedly good GFA. It is noticeable that Al-
based metallic glassy ribbons are also off-eutectic with
Trgs of around 0.5, which are similar to that of our al-
loys. The above results imply that it is possible to obtain
Al-rich BMGs with serious off-eutectic composition and
low Trg by proper selection of elements. The results may
be helpful for investigating Al-based BMGs.

The fragility parameter m for Al40La35Y10Ni15, which
is determined from the dynamic nature of the glass tran-
sition [17–19], is 61. The Vogel–Fulcher temperature To

and the crystallization activation energy are determined
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to be 572 K and 3.18 eV, respectively. The values of m
for the Al-rich BMGs are in the range of 50–70 as listed
in Table 1. These values can be classified as intermediate
fragile liquids in the framework of fragility based on An-
gell’s classification [17] and are larger than those of the
other RE- (m � 21–32) [17,19], Zr- (m � 34–39) [20],
Fe- (m � 32–37) [21] and Mg- (m � 41) based BMGs
(all these values are evaluated using the same approach,
which shows an obvious strong liquid behavior). The
fragility provides a measure of the sensitivity of the
structure of a liquid to temperature change, reflecting
the dynamic behavior of supercooled liquids. In fragile
liquids, the difference between the liquid and crystalline
specific heats is relatively large, so that the Kauzmann
temperature often falls not far below the temperature
range where experiments can still detect relaxation phe-
nomena. The Al-rich, fragile, glass-forming alloys
showed good GFA and may therefore be useful candi-
dates for investigating the glass transition.

Figure 3 shows the uniaxial compressive stress–strain
curve of Al40La35Y10Ni15 alloy. After about �1.9% elas-
tic strain, the alloy fractured catastrophically, suggesting
the brittle fracture behavior of this BMG, which is very
similar to that of other BMGs [22]. However, the frac-
ture strength for this alloy is as high as 1.31 GPa. Other
Al-rich BMGs also have high fracture strength, all
exceeding 1000 MPa except Al35Gd33Er17Co15alloy,
and are hence much higher than those of the BMGs with
low Al content as shown in Table 1. Al35La30Ce20Ni15

BMG even exhibits some limited plastic strain (�1%)
after elastic strain.

The elastic moduli of BMGs correlate with Tg, Tm

and mechanical properties and liquid fragility, and the
elastic moduli of BMGs can be approximated by the
weighted average of the elastic constants of their constit-
uents due to the dense packing structure of BMGs and
the metallic bond nature among the constituents [14].
Aluminum has been considered to possess some metal-
loid character when alloying with other metals [23],
which can be seen from the high melting points of com-
pounds in the Al-rich region of Al–RE or Al–TM binary
phase diagrams [24] and the covalent character of
Al–TM(Fe,Co) local bonds in some Al-rich amorphous
0.0 0.5 1.0 1.5 2.0
0

300

600

900

1200

1500

S
tr

es
s 

(M
P

a)

strain (%)

Al40La35Y10Ni15

Figure 3. Engineering stress–strain curve of the as-cast
Al40La35Y10Ni15 BMG with a strain rate of 1 � 10�4 s�1 at room
temperature.
alloys [25]. Thus, when the Al contents increased to sol-
vent level in BMGs, a specific amorphous structure and
novel properties are expected. Figure 4 shows the
experimental and theoretical variation trends of Tg, Tx

and fracture strength rf with Al content in Al–La–
Ni(Cu,Co) BMGs. The theoretical values for Tg, Tx

and rf are calculated based the correlations and elastic
modulus rule in BMGs (Tg � 2.5E, rf � E/50 and
E�1 ¼

P
fiE�1

i ) [14]. It can be seen that the thermal sta-
bility (Tx), Tg and fracture strength (rf) of the Al-rich
BMGs show a much larger increase than the calculated
values with increasing Al content. This indicates that
these Al-rich BMGs possess a unique amorphous struc-
tural and/or electronic structural evolution with change
in Al concentration.

To probe the local structural and electronic structural
evolution at Al sites and its implication for the general
properties of the BMGs, 27Al NMR was also measured
systematically in Alx(La,Y)85�x(Ni,Cu)15 (x = 14, 25, 35
and 40) BMGs. Figure 5a and b show the fracture
strength as a function of Al concentration and 27Al
NMR Knight shift, respectively. Here, the fracture
strength correlates better with the Knight shift than
the Al concentration. As shown in Table 1, the Knight
shifts are small compared to that of Al metal
(1630 ppm). The shift decreases from �680 to
�595 ppm as the concentration of Al increases from
14% to 40%. A similar observation was also reported
by an earlier NMR study of the binary metallic glasses
La100�xAlx (18 6 x 6 45) [26]. The possible mechanism
for the small Knight shift is the large reduction in the
s character of the wave function at the Fermi level
[27]. This could be attributed to the Al sp energy band
splitting due to the lack of Al–Al nearest neighbors
[28], leading to the Al 3s being localized far below the
Fermi level, while Al 3p broadened across the Fermi le-
vel and hybridized with the matched d energy levels of
surrounding elements around Al sites. This pd hybrid-
ization could lead to stronger directional bonding be-
tween Al and its nearest neighbors. The decrease in
the Knight shift with increasing Al concentration and
other composition changes favors the increase in the
fracture strength in this alloy system (see Fig. 5b). This
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Figure 4. The experimental and theoretical variation of Tg, Tx with the
Al contents in the Al-bearing BMGs. (The solid and dashed lines
represent experimental and theoretical variations, respectively.)
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Figure 5. (a) 27Al spectra of Al–La(Y)–Ni(Cu) BMGs at room
temperature. The numbers in the figure are peak shifts (in ppm)
referenced to 1 M Al(NO3)3. (b) Correlation of 27Al Knight shifts with
fracture strength of Alx(La,Y)85�x(Ni,Cu)15 (x = 14, 25, 35, 40) BMGs
at various Al concentrations. A straight line was drawn as a visual
guide.
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indicates that the 27Al Knight shift is a useful measure of
the electronic structure that determines some of the
mechanical properties of Al-containing BMGs.

In summary, we report the formation and properties
of a class of Al-rich BMGs with Al content as high as
40%. Compared to the reported BMGs with similar
components but with low Al contents, these high Al-
bearing BMGs deviate greatly from eutectic composi-
tion and show higher thermal stability, large values of
fragility and considerably higher mechanical strength.
These Al-rich BMGs can serve as a model system to
study the role of Al in BMG formation and might have
implications for investigating Al-based BMGs.
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