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Effects of different rare-earth (RE) elements (i.e., Y, Ce, La and Yb) on the glass forming-ability (GFA) of
Al-Ca-Ni alloy system were systematically investigated. The optimum addition content of all the four
RE is 1at.% and ytterbium is the most effective as far as the GFA is considered. Our analysis confirmed
that proper additions of Yb could not only impede the formation of the competing «-Al clusters, but also

enhance the liquid stability (i.e., lower the liquidus temperature). Although additions of Y, Ce and La in
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the AlggCa;Nis can also retard the a-Al precipitation, nevertheless, it seemed that their large atomic size
difference with Ca could destabilize the original liquid stability (i.e., increase the liquidus temperature).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Al-based amorphous alloys have attracted extensive interest
due to their unique combination of high specific strength and excel-
lent corrosion resistance since they were discovered in 1988 [1-3].
Mechanical properties of Al-based metallic glasses can be further
improved when nanoscale fcc-Al particles homogenously dispersed
in the amorphous matrix, making them promising for light-weight
engineering applications [4]. However, Al-based alloys have a rel-
atively poor glass-forming ability (GFA) in comparison with the
other light metal-based bulk metallic glasses (BMGs), such as Ca-
based [5] and Mg-based BMGs [6]. Although serious efforts have
been devoted to investigate the GFA of Al-rich amorphous alloy
systems, nevertheless, the largest thickness for glass formation
in Al-based alloy systems only reaches around 1 mm so far, as
reported independently by Wang et al. [7] and Zhang et al. [8].
Thus, widespread uses of Al-based amorphous alloys have still
been restricted because of their small critical size. Presently, most
of the reported Al-based metallic glass systems typically contain
3-20at.% RE (rare-earth) metal elements [9], which sacrifices the
specific strength because of the high density of the RE elements.
Therefore, it is necessary to understand further about glass forma-
tion in Al-based alloy systems and to explore potential good glass
formers which contain limited contents of RE metals.

Alloying additions have been verified as an effective means for
improving GFA in various BMGs [10,11], and actually, one of the
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best Al-based glass formers, i.e., the AlggNi;Y45C01La; 5 alloy, was
developed based on the AlggNigYg base alloy via proper substitu-
tion of Ni and Y with Co and La elements [7], respectively. It is
interestingly found that the Ca element has many similar prop-
erties with RE metals, including large atomic radius, low melting
point and low Pauling’s electronegativity. In this work, we attempt
to develop new Al-based light-weight amorphous alloys based on
the Al-Ca-Ni system [12]. It was found that minor substitution of
Ca with RE elements in this alloy system can obviously increase the
GFA. The roles of different RE metals (Y, Ce, La, Yb) on the GFA were
also explored.

2. Experimental procedure

Elemental pieces (Al, Ni of 99.99% purity and Ca, La, Y, Ce, Yb of >99% purity)
were used as starting materials. Master alloys with a nominal composition of
AlggCaz_xNisYby (x=0, 0.5, 1.5, 2, and 3 at.%) or AlggCagNisRe; (Re=Y, Ce, La, Yb)
were produced from the starting materials by arc-melting under a Ti-gettered argon
atmosphere. 2 wt.% extra Ca was added to ensure consistence between the actual
composition and nominal composition because of its volatility. To ensure the chem-
ical homogeniety, all the ingots were melted at least four times. Wedge shaped
specimens were obtained by injecting the alloy meltinto a copper mold with awedge
cavity and as an example, Fig. 1 depicts the outer shape and surface appearance of the
as-cast wedge samples of the AlggCagNisYb; and AlggCa;Nis alloys. Ribbon samples
having a thickness about 40-70 wm and a width about 3-5 mm were prepared by
remelting the alloys in a quartz tube and subsequently ejecting onto a copper wheel
rotating with a surface velocity of 20 m/s. Structure of the ribbons and wedge spec-
imens was investigated by X-ray diffraction (XRD) using Cu Ko radiation and high
resolution transmission electron microscopy (HRTEM). The wedge specimens were
grinded and polished, then etched about 10's using a modified Keller's reagent (i.e.,
4ml HNOs3, 2.5 ml HCl, 1.5 ml HF and 200 ml distilled water). The TEM samples were
first mechanically ground to a 50 wm thick and then twin-jet electropolished using
a solution mixed in the ratio HCIO4:C,HsOH = 1:19. The critical dimension for glass
formation of the wedge samples was examined by scanning electron microscopy
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Fig. 1. The outer shape and surface appearance of the as-cast wedge samples of the
A133C36N15Yb1 and A]gg Ca7Ni5 alloys.

(SEM). Crystallization behavior of all ribbons was studied by differential scanning
calorimetry (DSC) at a heating rate of 20 K/min.

3. Results

Fig. 2 shows the XRD patterns of the as-spun AlggCa7_xNis5Yby
(x=0, 0.5, 1, 1.5, 2, and 3.0at.%) alloys. For the alloys containing
0-2% Yb, only a diffuse broad peak is observed, suggesting that the
alloys have a mostly amorphous structure. For the alloy with 3 at.%
Yb, however, sharp crystalline peaks which correspond to the a-Al,
CaNiAlg and AINiYb phase, indicating that the GFA are reduced due
to the excessive Yb addition. To further determine the optimum
Yb substitution content, wedge-casting of all the Yb-containing
alloys has conducted. The wedge samples were first etched about
10s using the modified Keller’s reagent, and Figs. 3 and 4 show
representative SEM images of the wedge-shaped samples of the
AlggCa;Nis and AlggCagNisYb; alloys, respectively. For the base
ternary alloy, a clear transition in the microstructure at the sample
width of 280 wm is observed. The blowups of the regions A and B
shown in Fig. 3b and c suggests that no any amorphous phase forms
and the structure changes from fine equiaxed crystals to coarse
dendrites. With 1% Yb substitution, the structure transition occurs
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Fig. 2. XRD patterns of the as-spun AlggCa;_xNisYby (x=0, 0.5, 1, 1.5, 2, 3) alloys.
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Fig. 3. SEM images of the AlggCa;Nis alloy; (a) macrostructure of the wedge-cast
sample etched by the modified Keller’s reagent, (b) the amplified image of the region
B shows the coarse dendrites and (c) the amplified image of the region A shows the
fine equiaxed crystals.

at the width of 370 wm. Enlarged images of the A and B regions in
Fig.4aimply that the region A has a fully amorphous structure while
the region Bis fully crystalline, suggesting that the critical thickness
for glass formation (i.e., the maximum attainable thickness of the
specimen with a fully amorphous structure) in this alloy is around
370 pm. Fig. 4d shows the corresponding DSC curves of regions A
and B region, respectively. Sample from the region A shows clearly
exothermic peaks associated with the crystallization event, while
sample B exhibit nothing but a straight line, which are consistent
with the SEM observations. The critical thickness for glass forma-
tion D¢ as a function of Yb content is listed in Table 1. As shown, the
best GFA has been achieved in the alloy containing 1 at.% Yb.
Similar wedge-casting experiments were carried out for the sub-
stitution with the other RE elements La, Ce and Y in the base ternary
alloy. It was found that for all the RE elements investigated, the opti-
mum doping amountis around 1 at.%. The critical thickness for glass
formation in the alloys doped with 1 at.% La, Ce and Y is determined

Table 1
Thermal properties, GFA parameter y and the critical thickness of the
AlggCay_«NisYby (x=0, 0.5, 1, 1.5, 2, 3) alloys.

Alloys Ta () Tm()  T(K)  y=T(Tx+Ti)  De(um)
AlggCayNis 431 881 983 0.305 70
AlggCag 5NisYbg s 439 872 976 0.31 70
AlggCagNisYbq 444 872 971 0.314 370
AlggCas sNisYby s 441 872 1031 0.3 330
AlggCasNi5Yby 442 872 1039 0.298 270
AlggC&qu5Yb3 - 875 1050 - -
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Fig. 4. SEM images and DSC curves of the AlggCagNisYb; alloy; (a) macrostructure
of the wedge-cast sample etched by the modified Keller’s reagent, (b) the amplified
image of the region B shows the coarse dendrites (c) the amplified image of the
region A shows the amorphous structure, and (d) DSC curves of regions A and B,
respectively.

tobe 310,290 and 260 pm, respectively (see Table 2). Clearly, ytter-
bium is the most effective in enhancing the GFA of the base ternary
Al-Ca-Ni alloy.

4. Discussion
4.1. Effect of the Yb substitution on glass formation
For understanding effect of the Yb substitution on glass for-

mation, DSC measurement of crystallization and melting behavior
of the as-spun ribbons were characterized at a heating rate of

Table 2
Thermal properties, GFA parameter y and the critical thickness of the AlggCagNisX;
(X=Y, Ce, La and Yb) alloys.

Alloys Ta (K) Tm (K) T (K) y=Tx/(Tx +TL) D¢ (pm)
AlggCagNis Y4 445 876 1077 0.292 260
AlggCagNisCeq 447 877 994 0.31 290
AlggCagNisLa; 458 878 1012 0.312 310
AlggCagNisYbq 444 872 971 0.314 370

20 K/min and the corresponding results are shown in Fig. 5. Thermal
parameters of these alloys, including Tx (the onset crystallization
temperature), T, (the onset melting temperature), T (the liquidus
temperature) and the GFA parameter y (Tg was replaced by Ty in
the original equation because the glass transition temperature has
not been detected [13]) are tabulated in Table 1. As shown, the y
value of all the Yb-containing alloys is less than 0.35, suggesting
that these alloys are still not bulk glass formers [14]. Next, the ben-
eficial effect of the Yb additions on the GFA is discussed from the
frame work of crystalline resistance and liquid phase stability.

In the base alloy, the main competing crystalline phase is a-
Al. Additions of Yb can retard the formation of nanocrystalline
a-Al and enhance crystallization resistance of the supercooled
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Fig. 5. DSC curves of the as-spun AlggCa;_xNisYby (x=0, 0.5, 1, 1.5, 2, 3 at.%) alloys
at a heating rate of 20 K/min.
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Fig. 6. HRTEM images of the as-spun AlggCa;Nis (a) and AlggCagNisYb; ribbon (b).
The inset in each image is the corresponding SAED pattern, and white circles in (a)
indicate quenched-in a-Al clusters.

liquids as shown in Fig. 2, the XRD trace of the as-spun base ternary
AlggCa;Nis alloy (i.e., Yb=0at.%) shows a diffuse halo together
with a faint additional shoulder at about 26 =44°. Such shoulder is
unusual for a fully amorphous structure, but seems to be a typical
characteristic of the Al-based glassy systems [12], as also observed
in the quenched (Al75Cu;7Mgg)g7Ni3 and AlgsNisYgCo,Pd; alloys
[15,16]. We have used the Gaussian multiple function to fit the
double-peak and found that the weak shoulder is seemingly asso-
ciated with quenching-in a-Al nanosized clusters in the as-spun
AlggCa;Nis alloy ribbon. In order to confirm this conjecture, HRTEM
observation of the as-spun AlggCa;Nis ribbons and the corre-
sponding result are presented in Fig. 6a. As shown in this figure,

Al,,Ca,Ni,RE, (RE=Y,Ce,La,Yb)

Intensity (a.u.)
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20 (degree)

Fig. 7. XRD patterns of the as-spun AlggCagNisX; (X=Y, Ce, La and Yb) alloys.

quenched-in a-Al nuclei do exist in the glass matrix of the base
alloy and their size is in the range of about 3-6nm (Fig. 6a),
confirming that the additional shoulder on the XRD trace was
caused by the small a-Al clusters. Nevertheless, the selected area
electron diffraction (SAED) pattern is still typical for glass alloys,
which is probably due to the fact that the volume fraction of these
quenched-in a-Al nuclei is lower than the XRD detection limit.
When 1at.% Ca was replaced by the Yb element, the additional
shoulder became almost invisible (Fig. 2). Compared with the base
AlggCa7Nis sample, the HRTEM image of the as-spun AlggCagNisYb;
alloy (Fig. 6b) shows a homogeneous featureless contrast and the
SAED pattern is typical for amorphous alloys, verifying that the for-
mation of quenching-in nanosized «-Al has been suppressed due
to Yb additions. In addition, it can be seen from Table 1 and Fig. 5a
that, with the increase of Yb, the onset crystallization tempera-
ture is initially increased and reaches the maximum of 444K in
the alloy with 1at.% Yb, further confirming that proper substitu-
tion of Ca with Yb can suppress the formation of a-Al and enhance
crystallization resistance, i.e., improve the GFA.

In addition, based on Fig. 5b and Table 1, the liquidus temper-
ature of the base AlggCa;Nis alloy is around 983 K. As calcium is
replaced by Yb in the alloy, the liquidus temperature gradually
decreases and shows a minimum value of 971K in the alloy with
1at.% Yb. Nevertheless, excessive substitution (more than 1 at.%)
of Yb results in formation of another new AINiYb phase and leads
to increment in the liquidus temperature. All these observations
imply that adequate Yb substitution can increase the liquid phase
stability and thereby favor glass formation.

4.2. Effects of different RE elements on glass formation

Chemically, the four RE elements are similar to each other, such
as large atomic radius and low Pauling’s electronegativity. How-
ever, their effects on glass formation are varied, as demonstrated
by the critical thickness shown in Table 2. The roles of different RE
elements can be fully understood from Figs. 7 and 8 which show
the XRD patterns and the DSC measurements of the alloys doped
with 1at.% Y, Ce, La and Yb, respectively. As shown in Fig. 7, the
splitting shoulder on the main halo of the base alloy is depressed
to a different degree with additions of the RE elements and become
almost invisible in the Yb-containing alloy. Moreover, the onset
crystallization temperature of all the alloys doped with 1 at.% RE is
higher than that of the base AlggCa7Nis alloy. All these facts indi-
cate that addition of 1 at.% RE metals favors glass formation due to
the suppression of competing crystalline phases.
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Fig. 8. DSC curves of the AlggCa7Nis and AlggCagNis;X; (X=Y, Ce, La and Yb) samples
at a heating rate of 20 K/min.

On the other hand, the liquidus temperature is 994, 1012 and
1077K for the addition of 1at.% Ce, La and Y, respectively, but
decreases to 971K in the alloy doped with 1at.% Yb (Table 2).
Compared with that of the base alloy (i.e., 983 K), the liquidus tem-
perature actually increased with the addition of 1 at.% RE elements,
except for the alloy with 1at.% Yb substitution. As such, additions
of Y, Ce and La would destabilize the liquid stability and disfavor
the glass formation. Such difference in the liquid phase stability
could associate with the atomic size difference between the RE ele-
ments and Ca, as demonstrated in Fig. 9 which shows the critical
thickness for glass formation as a function of the atomic size dif-
ference between the doping RE metal and Ca. The atomic size of all
the four RE elements is in the order of Y (1.80A)<Ce (1.82A)<La
(1.83A)<Yb (1.93 A) [17]. Ytterbium is chemically similar to the RE
elements Y, Ce and La, but has much closer atomic size with Ca(i.e.,
1.97 A). Although minor additions of all the aforementioned RE ele-
ments can suppress the formation of a-Al clusters, only would the
Yb element retain the original densely packed topological structure
in the base alloy. Substituting Ca with Y, Ce and La would lower or
destroy the highly packed atomic structure due to the large atomic
size difference between Ca and the RE element. Consequently, the
liquid phase is destabilized and the liquidus temperature is thus
increased, as depicted in Fig. 9.
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Fig. 9. The relation between D. and atomic size difference between Ca and the RE
element (Rc, — Rge) in AlggCagNisX; (X=Y, Ce, La and Yb) alloys.

Glass formation is an intricate and complex metallurgical phe-
nomenon and both crystallization resistance and liquid phase
stability play important roles in the overall GFA [18]. Since all the
four RE elements have large similarity in chemical properties, the
difference in the liquid stability arisen from the atomic size differ-
ence may explain why among the four RE elements, the Yb element
is the most effective in enhancing the GFA. Indeed, the critical thick-
ness for glass formation is proportional to the atomic size difference
between Ca and the doped RE metal (i.e., Rca — Rgg), as shown in
Fig. 9.

5. Conclusions

(1) For the Yb-doped alloys, the optimum doping content is 1at.%
Yb. Proper Yb additions can not only suppress the formation
of a-Al clusters (i.e., increase the crystallization resistance) but
also enhance the liquid phase stability (i.e., lower the liquidus
temperature), leading to the enhancement in the GFA.

(2) For all the four RE elements, ytterbium is the most effective
in improving GFA of the Al-Ca-Ni alloy. Although additions of
all the RE elements could impede precipitation of formation
of a-Al clusters, only Yb can retain the original densely pack-
ing structure due to its smallest atomic size difference with Ca
and enhance the liquid phase stability (i.e., a lowest liquidus
temperature).
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