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Abstract The glass-formation characteristics and phase-

selection behavior of Al–Zn–Ce alloys have been studied by

X-ray diffraction (XRD) and different scanning calorimetry

(DSC). As the concentration of Ce increases, an interme-

tallic compound Al2Zn2Ce appears, which prevents the

occurrence of phase separation, and improves the forming

ability of the single amorphous phase. In Al83Zn10Ce7

alloys, the precipitation of fcc-Al was accompanied with the

Al2Zn2Ce phase and Al4Ce phase. Moreover, the presence

of fcc-Al appears to favor the nucleation and growth of the

Al2Zn2Ce and Al4Ce phase. However, it seems that the

Al2Zn2Ce and Al4Ce nucleate competitively with the fcc-Al

phase and the growth of fcc-Al and Al2Zn2Ce prefers to that

of Al4Ce. The competitive nucleation and growth limitation

of the various phases are favorable to the formation of

Al–Zn–Ce amorphous alloys. For the amorphous Al–Zn–Ce

alloys, the glass formation is not controlled by nucleation

restrictions but largely by the suppression of growth of

nuclei formed during rapid melt quenching.

Introduction

In recent years, Al-based amorphous alloys containing

transition metals (TMs) and rare earth elements (Re) have

attracted considerable scientific and technological interests

due to their good mechanical properties [1–3]. Study on

these materials has found that partially crystallized alloys

via the precipitation of a-Al nanocrystals within the

amorphous matrix, also termed nanocomposites, may dis-

play outstanding strength [4] and promising wear [5] as

well as corrosion resistance [6]. However, the mechanism

underlying this process is not clearly understood. We have

noted that the Al-based metallic glasses have unique glass-

forming ability and they do not follow the empirical rules

developed for other glass-forming systems [7, 8].

The X-ray diffraction (XRD) patterns of many Al-based

amorphous alloys show a prepeak attributed to a strong

chemical short-range order [9]. Recent research has shown

a strong compound-forming tendency in favor of amor-

phous-phase formation [10–12]. In general, the more

chemical short-range order, the easier it is for the melt to

crystallize. And high cooling rates are needed for amor-

phisation of Al-based alloys. Both during the quench and

the annealing intermetallic phase may form. Furthermore,

complex phase-selection behavior has been reported in

devitrification [13, 14]. In this article, we select the Al–Zn

system, a typical decomposition alloy system, as our model

system, to study the glass-formation characteristic and the

sequence of phases produced in the alloys. It will be

essential in understanding glass-formation mechanism,

nanocrystallization reaction, and in allowing for bulk glass

synthesis of Al-based alloys.

Experiments

Alloy Ingots with nominal composition were prepared from

the high-purity elements by high-frequency induction

heating. Ribbon samples were obtained by the single-roller

melt-spinning technique under a partial argon atmosphere.

The diameter of the copper roller is 35 cm and the ribbons

were about 2–3 mm in width and *25 lm in thickness.
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The structure of the ribbon samples was examined by XRD

with monochromatic Cu Ka radiation. Both isothermal and

non-isothermal DSC experiments were performed with

Netzsch DSC-404 system under a pure argon atmosphere.

Results

Figure 1 shows the XRD patterns of Al90Zn10, Al90Zn5Ce5,

and Al83Zn10Ce7 as rapidly solidified alloys. The

Al90Zn5Ce5 quenched alloy is found to contain the Al

phase, an amorphous phase and some Al2Zn2Ce interme-

tallic compounds. Whereas, the diffraction pattern of

Al83Zn10Ce7 alloy consists of a prepeak near 18.5�, fol-

lowed by a main broad peak near 38�. The main broad peak

indicates the formation of a single amorphous phase. The

most interesting is the prepeak. The presence of a prepeak

caused by strong interaction between unlike atoms corre-

sponds to a cluster structure with chemical short-range

order in the sense of compound formation. Al90Zn10 alloys

have weak interaction between unlike atoms [15], so they

are liable to exhibit phase separation. Upon adding Ce into

Al–Zn alloys, an intermetallic compound Al2Zn2Ce

appears, which prevents the occurrence of phase separa-

tion, and improves the forming ability of the single

amorphous phase. For the Al–Zn–Ce alloy with Al content

up to 80 at.% it is much easier to obtain the amorphous

microstructure than for an Al90Zn10 alloy. Therefore,

increase of Ce concentration is favorable as regards facil-

itation of glass formation in the Al–Zn–Ce alloys.

Quenching rate has important effects on the micro-

structure of rapidly solidified alloys [16]. Generally, as the

quenching rate decreases, a fraction of crystal phases may

form from the glassy matrix. At a slow circumferential

velocity, Al83Zn10Ce7 quenched alloy mainly includes the

fcc-Al phase, Al2Zn2Ce phase and a small number of Al4Ce

phase (Fig. 2b). These findings suggest that the formation of

Al2Zn2Ce and Al4Ce phase is prone to nucleate from the

melt and they compete with the formation of the fcc-Al

phase. By increasing the circumferential velocity of the

copper wheel, the diffraction pattern of the Al83Zn10Ce7

quenched alloy shows Al and Al2Zn2Ce peaks which

overlap on the glassy matrix (Fig. 2a). Notably, a prepeak

also can be found which is mostly related to the formation

of Al2Zn2Ce and Al4Ce compounds. By comparing Fig. 1b

with Fig. 2b, we can infer that the nucleation and growth of

fcc-Al and Al2Zn2Ce is easier than that of Al4Ce. Figure 2c

shows the XRD pattern of Al83Zn10Ce7 alloy quenched with

20-m/s aged at room temperature for 11 months. As they

were on the as-rapidly solidified Al83Zn10Ce7 alloy

(Fig. 2b), the same phases were found on the natural aged

sample. However, the peaks of fcc-Al and Al2Zn2Ce

become more intense and the Al4Ce peaks become more

weak which nearly disappear. It appears that the growth of

fcc-Al and Al2Zn2Ce is preferential to that of Al4Ce.

The DSC experiments were used to determine the

crystallization process and thermal stability of the amor-

phous alloys. Apparently, there are two exothermic peaks

in the DSC curves indicating the crystallization of

Al83Zn10Ce7 amorphous alloy through two stages (Fig. 3).

There appears to be no resolvable endothermic peak prior

to the first crystallization reaction. This implies that there

may be no glass transition in the sample during the present

calorimetric measurement. Tjong and Wang [17] reported

the similar result by studying the DSC traces of Al88Ni9
Ce2Fe1 amorphous alloy scanned at a rate of 0.33 K/s.
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Fig. 1 X-ray diffraction patterns of (a) Al90Zn10, (b) Al90Zn5Ce5, and

(c) Al83Zn10Ce7 alloys quenched with the circumferential velocity of

40 m/s
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Fig. 2 X-ray diffraction patterns of Al83Zn10Ce7 alloys (a) quenched

with 30 m/s, (b) quenched with 20 m/s, and (c) aged at room

temperature for 11 months
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In order to trace the crystallization process, XRD pat-

terns at different temperatures were also examined. Fig-

ure 4 shows the XRD patterns of amorphous Al83Zn10Ce7

alloy continuously heated to 180 and 275 �C. The first

temperature corresponds to the end of the first crystalliza-

tion stage and the second temperature corresponds to the

end of the second crystallization stage. At 180 �C, it can be

seen that a fcc-Al phase appears. The prepeak exists at

about 18.8�, indicating that the nature structure corre-

sponding to the prepeak remains unchanged and more

stable than the amorphous matrix. However, the prepeak

has become broader, and we dare not to say that some

intermetallic nuclei have not existed in the alloy. At

275 �C, several intermetallic compounds indicated as

Al2Zn2Ce and Al4Ce phases are formed. These findings

suggest that the first exothermic peak in the non-isothermal

DSC curve corresponds to the Al phase crystallization, and

the second exothermic peak corresponds to the formation

of the intermetallic compounds.

In order to distinguish the grain growth process from

that of nucleation and growth crystallization, the isother-

mal DSC method has been developed [18]. During a grain

growth process, the rate of evolved heat is found to

monotonically decrease in an isothermal DSC scan, while

the peaked signal can be observed in nucleation-and-

growth process. Figure 5 shows the isothermal DSC trace

at 105 �C below the onset temperature of the first exo-

thermic reaction for Al83Zn10Ce7 amorphous alloy. Iso-

thermal DSC study indicates that the amorphous

Al83Zn10Ce7 alloys transform via a grain growth process.

Therefore, the fcc-Al should be preexistent in the amor-

phous alloys.

With the aim to better understand the glass-forming

ability and structural characteristic of Al-based alloys, the

crystallization behavior of Al83Zn10Ce7 amorphous alloy

was studied. In the XRD pattern taken after an isothermal

anneal at 145 �C for 5 min (Fig. 6a), the reflection of the

Al2Zn2Ce phase and Al4Ce phase appears in addition to the

reflection of the fcc-Al phase. The same phases were found

on the sample annealed at 145 �C for 10 min with more

intensity (Fig. 6b). Moreover, the presence of fcc-Al

appears to favor the nucleation and growth of the Al2Zn2Ce

and Al4Ce. It seems that the precipitation of fcc-Al was

accompanied with the Al2Zn2Ce and Al4Ce. This could

indicate that quench-in nuclei of intermetallics act as seeds

for heterogeneous nucleation of Al in the glassy matrix.

However, from our results, it appears that the competing

Al2Zn2Ce and Al4Ce phases nucleate with the Al phase in

Al83Zn10Ce7 alloy. The possibility of nucleating various
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Fig. 3 DSC curve of Al83Zn10Ce7 amorphous alloy
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Fig. 4 X-ray diffraction patterns of the Al83Zn10Ce7 amorphous alloy

at different temperatures (a) 180 �C, (b) 275 �C
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Fig. 5 Isothermal DSC trace from Al83Zn10Ce7 amorphous alloy

annealed at 105 �C for 30 min
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phases may represent a ‘‘confusion principle’’ for the alloys

helping in glass formation [19]. From Fig. 6a, b, we can

also confirm that the appearance of prepeak should be

related to the formation of Al2Zn2Ce and Al4Ce interme-

tallic compounds. In order to examine the absolute crys-

tallized structure of Al83Zn10Ce7 amorphous alloy, Fig. 6c

shows the XRD pattern of Al83Zn10Ce7 amorphous alloy

heated up to 550 �C far from the absolute crystallization

temperature in the non-isothermal DSC curve. It is

noticeable that only the diffraction peaks of fcc-Al and

Al2Zn2Ce crystalline phase emerge in Fig. 6c. This

strongly suggests that the growth of fcc-Al and Al2Zn2Ce is

preferential to that of Al4Ce and they finally eliminate

Al4Ce in the competition.

Discussion

Many metallic glasses seem to be characterized by the

chemical short-range order [20]. A lot of study demon-

strates that the presence of the chemical short-range order

is one of the key physical factors controlling the glass-

forming ability and thermal stability of the amorphous

phase [21–24]. The prepeak has been observed in many

Al-based alloys. The appearance of a prepeak indicates

the existence of a strong chemical short-range order [9].

Moreover, the existence of the chemical short-range order

in the melt of Al-based alloys has been confirmed by X-ray

scattering [25], neutron scattering [26], and EXAFS [27]. It

has been implied that the chemical short-range order in the

Al-based metallic glasses is inherited from the melt [25].

Murdryj et al. [28] have pointed out that the chemical

short-range order packed by unlike atoms could exist even

in the melt of Al–Zn with high mutual solubility. In the

Al–Zn binary system, the Al-rich amorphous phase exists

between a-Al phase and b-Zn phase [15]. From our results,

the Al2Zn2Ce and Al4Ce phases are easily devitrified from

the glassy matrix accompanying the precipitation of fcc-Al

phase, which indicates the formation of the Al2Zn2Ce and

Al4Ce phases is prone to nucleate from the melt. Thus, in

Al–Zn–Ce alloys, adding appropriate amount of Ce chan-

ges the interaction of different atoms, leading to the for-

mation of short-range atomic configuration mainly similar

to the Al2Zn2Ce or Al4Ce compound, which causes Al–Zn-

based alloys to form amorphous single phase by improving

the compound-forming tendency and preventing the phase

separation. We argue that the prepeak which indicates the

existence of the strong chemical short-range order should

be in favor of glass formation and structure stability of

Al–Zn–Ce alloys. The previous results have suggested that

the primary transformation process of Al phase is domi-

nated by the volume-diffusion mechanism for both amor-

phous and nanocrystalline samples in Al-based alloys

[17, 29]. With the increase of Ce concentration, this short-

range atomic configuration would increase. And then the

solubility of solutes would decrease as a result of the for-

mation of this short-range atomic configuration. On the

other hand, since the Ce have larger atomic radius than that

of Al or Zn, adding appropriate amount of Ce would arouse

large differences in atomic size between the constituent

elements. The strong interaction between atoms can cause

strong chemical bonding and have a certain covalent

characteristic which is favorable as regards resolving dif-

ficulties of atomic diffusion and crystallization [30, 31].

The strong interaction between atoms can improve the

stability of metallic glasses and favor Al-based glass

formation.

High-temperature analysis indicated that a primary

intermetallic starts the equilibrium solidification [13]. From

Fig. 3, we could find that the precipitation of fcc-Al was

accompanied with the Al2Zn2Ce and Al4Ce. The presence

of fcc-Al appears to favor the nucleation and growth of the

Al2Zn2Ce and Al4Ce phases. This could indicate that

quenched-in nuclei of intermetallics act as seeds for het-

erogeneous nucleation of Al in the glassy matrix. The

observation of fcc-Al plus intermetallic phases in the

Al–Zn–Ce alloys suggests that the nucleation could take

place during the process of rapid solidification. It is worth

mentioning that the amorphous sample does not show the

presence of a glass transition during the present calori-

metric measurement (Fig. 3). The reason may be due to the

formation of pre-existing nuclei (or small clusters). A

similar case was reported by Tsai et al. [29] and they

confirmed that the concentration fluctuations or pre-exist-

ing nuclei occur within the amorphous Al87Ni10Ce3 alloy.

These results also indicate that in Al-based alloys glass
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Fig. 6 X-ray diffraction patterns of the Al83Zn10Ce7 amorphous alloy

after annealing at different temperatures (a) 145 �C for 5 min, (b)

145 �C for 10 min, and (c) 550 �C
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formation is not controlled by nucleation restrictions. The

easy nucleation is due to the existence of chemical short-

range order in the melt. Therefore, to improve the sup-

pression of growth of nuclei formed during rapid melt

quenching is helpful to the high glass formation. The

experimental results show that the intermetallic phases

Al2Zn2Ce and Al4Ce competitively nucleate with the fcc-

Al phase. The growth orientation of fcc-Al and Al2Zn2Ce

phases prefers to that of Al4Ce phase. Finally, the fcc-Al

and Al2Zn2Ce phases become the main phases, and yet the

Al4Ce phase disappears in the competition. Thus, the

competitive nucleation and growth limitation of the various

phases are critical for the glass formation of Al–Zn–Ce

alloys.

Conclusions

In summary, we have studied the amorphization and phase-

selection behavior of Al–Zn–Ce alloys. The chemical

short-range order in the sense of compound formation is

favorable as regards facilitation of glass formation in Al–

Zn–Ce alloys. It appears that the precipitation of fcc-Al

was accompanied with the Al2Zn2Ce and Al4Ce interme-

tallic phases. The presence of fcc-Al phase seems helpful

to the nucleation and growth of the Al2Zn2Ce and Al4Ce.

Meanwhile, the Al2Zn2Ce and Al4Ce phases nucleate

competitively with the fcc-Al phase in Al–Zn–Ce alloys.

However, the growth orientation of Al4Ce phase was

suppressed and finally the Al4Ce phase disappears in the

competition with the growth of fcc-Al and Al2Zn2Ce

phases. The glass formation of the Al-based alloys is a

strong function of the competitive nucleation and growth

kinetics of various phases.
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