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a  b  s  t  r  a  c  t

The  binary  Ce–Cu  system  has  been  re-investigated  via  the  selected  eighteen  key  alloys  by means  of
the  differential  scanning  calorimetry  (DSC),  X-ray  diffraction  (XRD),  and scanning  electron  microscopy
(SEM)  with  energy  dispersive  X-ray  analysis  techniques.  Five  intermetallic  compounds,  Cu6Ce, Cu5Ce,
Cu4Ce,  Cu2Ce,  and  CuCe,  have  been  confirmed.  Cu6Ce  and  Cu2Ce  melt  congruently  at  947 ◦C  and  810 ◦C,
respectively.  Cu5Ce,  Cu4Ce,  and  CuCe  are  formed  through  peritectic  reactions,  L  + Cu6Ce ↔  Cu5Ce  at
vailable online 22 September 2011
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799 ◦C,  L  +  Cu5Ce  ↔  Cu4Ce  at  792 ◦C,  and  L  +  Cu2Ce  ↔  CuCe  at 492 ◦C,  respectively.  Three  eutectic  reac-
tions,  L  ↔  (Cu)  +  Cu6Ce  at 879 ◦C, L  ↔  Cu4Ce  +  Cu2Ce  at 753 ◦C,  and  L ↔  CuCe  +  (�Ce)  at  407 ◦C,  have  been
observed.  One  catatectic  reaction,  (�Ce)  ↔  L +  (�Ce)  at 702 ◦C,  was  determined.  According  to  the present
experimental  results,  the  Ce–Cu  phase  diagram  is  revised.

© 2011 Elsevier B.V. All rights reserved.

hase diagram

. Introduction

The bulk metallic glasses (BMGs) have attracted much attention
ue to the unique properties and potential applications as func-
ional materials [1–9]. The Ce–Cu system is one of the sub-systems
f the Ce-based bulk metallic glasses with an exceptionally low
lass transition temperature [4,10].  In order to improve the capabil-
ty of predicting the glass formation ability of metallic glass alloys,
nowledge of the accurate phase diagrams and thermodynamic
roperties of the Ce-based alloy systems is necessary. For example,

nformation on the eutectic reactions and thermodynamic quan-
ities of the liquid phase is critical for the evaluation of the glass
orming regions in the metallic glass alloys. Therefore, a research
roject to construct a thermodynamic database of the Ce-based
lloys via experiments and assessments is performed [11].

The Ce–Cu phase diagram was constructed firstly by Hana-
an  [12] through thermal analysis. However, the intermetallic

ompound Cu5Ce was not reported [12,13]. This compound was
eported firstly by Dwight [14] through lattice parameter measure-
ents for a series of AB5-type compounds. Later, Rhinehammer

t al. [15] confirmed the existence of the hexagonal Cu5Ce com-
ound by means of electron microprobe of metallographic samples
nd X-ray analysis of single crystal. Cu5Ce was then accepted in the

e–Cu phase diagram [16]. Thus, although the phase boundaries of
e–Cu liquid are in good agreement with each other [12,15,16],  a
isagreement appeared on the existence of Cu5Ce.

∗ Corresponding author. Tel.: +86 773 2291434; fax: +86 773 2290129.
E-mail addresses: csutcy@163.com, ctang@guet.edu.cn (C. Tang).
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Duisemaliev and Presnyakov [17] and Korolkov and Lysova [18]
reported that the maximum solid solubility of Ce in Cu is close to
0.1 at.% on the basis of metallography, micro-hardness and electri-
cal resistivity measurements. The maximum solid solubility of Cu
in (�Ce) and (�Ce) is about 0.37 and 0.55 at.% [13], respectively.
The currently accepted Ce–Cu phase diagram was  evaluated by
Subramanian and Laughlin [19].

Based on the literature review involving the measured phase
diagram data [12–19],  enthalpies of mixing of liquid alloys [20–22]
and heat contents [23,24],  the Ce–Cu system was optimized ther-
modynamically by Zhuang et al. [25] and Bo et al. [26]. Although the
good agreement between the calculated and experimental phase
diagram was  claimed, the largest deviations between the calculated
invariant reaction temperatures for the Ce–Cu system compare to
the measured invariant reaction temperatures are 28 ◦C [25] and
14 ◦C [26], respectively. This difference is relatively too large to
accept and may  contribute to the experimental data. The purpose
of the present work is to experimentally confirm the reason of
this deviation, and establish an accurate Ce–Cu phase diagram for
thermodynamic calculation in progress.

2. Experimental

Ce (99.9 wt.% purity) and Cu (99.9 wt.% purity) were used as starting materials.
As  described in the literature [27], the surface of Ce-rods were ground, polished,
cleaned by ethanol and acetone and then kept in acetone before use. In the present
work, eighteen alloys, which compositions (all in atomic fraction) were guided by

the assessed phase diagram [19,25,26] and each with a total mass of about 2.0 g, were
prepared to provide reliable phase diagram data over the whole composition range
of  the Ce–Cu system. The alloys were prepared by arc melting the pure elements
in  an atmosphere of high purity argon. The buttons were then inverted after each
melting and melted five times to improve the homogeneity.

dx.doi.org/10.1016/j.jallcom.2011.09.054
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:csutcy@163.com
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Table 1
Invariant reaction in the Ce–Cu system.

Reaction Composition of
liquid (at.% Ce)

Temperature (◦C) Source

L ↔ (Cu) + Cu6Ce 8.5 870 [12]
8.5  876 [16]
9.0  876 [15]
8.8  892 [25]
8.7  877 [26]
9.0  879 This work

L  ↔ Cu6Ce 14.3 935 [12]
14.3 938 [15]
14.3  938 [25]
14.3  937 [26]
14.3  947 This work

L  + Cu6Ce ↔ Cu5Ce 23.4 798 [15]
25.7 799 [25]
24.4  798 [26]
23.3  799 This work

L  + Cu5Ce ↔ Cu4Ce 23.5 796 [15]
26.3 790 [25]
24.6  796 [26]
23.5  792 This work

L  ↔ Cu4Ce + Cu2Ce 26.3 755 [12]
26.3  756 [16]
26.0  756 [15]
26.8 784 [25]
26.9  770 [26]
26.0  753 This work

L  ↔ Cu2Ce 33.3 820 [12]
33.3  817 [15]
33.3  817 [25]
33.3 816 [26]
33.3  810 This work

L  + Cu2Ce ↔ CuCe 62.6 515 [12]
60.3  516 [16]
60.0  516 [15]
60.6  515 [25]
57.4 514 [26]
62.0  492 This work

L  ↔ CuCe + (�Ce) 72.0 415 [12]
72.0  424 [15]
73.0  427 [25]
71.1  427 [26]

(�Ce) ↔ L + (�Ce) 72.0 407 This work
94.0  708 [15]
95.8  726 [25]
94.2  708 [26]
94.0  702 This work
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Fig. 1. XRD pattern (a), backscattered electron (BSE) image (b), and DSC curve with
a  heating rate of 10 ◦C/min (c) for the alloy 1 (Ce5Cu95) annealed at 500 ◦C for 20
days.
According to the literature [12–19,25,26], the liquid phase appears for the alloys
nnealed at above 516 or 424 ◦C in the Ce-rich part. In order to avoid the appearance
f  the liquid phase and achieve the equilibrium at the solid state, the alloys 1–11 and
2–18 sealed in evacuated silica tubes were annealed in a high precision diffusion
urnace with ±2 ◦C accuracy for temperature measurement at 500 ◦C and 300 ◦C for
0  days, respectively, and finally quenched into an ice–water mixture.

Phase identification was performed by X-ray diffraction (XRD) using monochro-
atic Cu K� radiation (Rigaku D/Max2500PC, Japan). After standard metallographic

reparation, the microstructures of typical alloys were first examined by means of
ptical microscopy and then analyzed by scanning electron microscopy with energy
ispersive X-ray (SEM/EDX) (JSM-5100LV, Japan) to microstructure observation and
omposition measurement. Differential scanning calorimetric analysis of annealed
lloys were carried out using a NETZSCH STA 449 F3 Jupiter® system in an Al2O3 cru-
ible under a flow of pure Ar atmosphere. The measurement was  performed between
oom temperature and 1100 ◦C with a heating and cooling rate of 10 ◦C/min. In the
emperature range examined, the accuracy of the temperature measurement was
stimated to be ±1 ◦C. The transition temperatures for the invariant reaction were
etermined from the onset of the thermal effect during the heating step, and the
eak temperature of the last thermal effect on heating was  taken for the liquidus,

s  Liu et al. proposed [28].



264 H. Zhou et al. / Journal of Alloys and Compounds 511 (2012) 262– 267

Table  2
Summary of the phases and phase transition temperatures for the samples in the Ce–Cu system.

No. Ce (at.%) Annealed condition Phase Transition temperature (◦C)

1 5 500 ◦C, 20 days (Cu) + Cu6Ce 879.2, 1020.5
2 12 500 ◦C, 20 days (Cu) + Cu6Ce 880.4, 924.6
3 14.3  500 ◦C, 20 days Cu6Ce 879.3, 944.6
4  15 500 ◦C, 20 days Cu6Ce + Cu5Ce 799.4, 879.0, 947.4
5 16.7  500 ◦C, 20 days Cu5Ce 792.4, 798.9, 879.3, 933.8
6  18 500 ◦C, 20 days Cu5Ce + Cu4Ce 789.6, 805.8, 875.8, 918.3
7  20 500 ◦C, 20 days Cu4Ce 753.4, 788.3, 801.5, 882.9
8  22 500 ◦C, 20 days Cu4Ce + Cu2Ce 753.6, 784.8, 808.1, 840.0
9 25 500 ◦C, 20 days Cu4Ce + Cu2Ce 754.0, 766.6

10  30 500 ◦C, 20 days Cu4Ce + Cu2Ce 752.0, 790.8
11 33.3  500 ◦C, 20 days Cu2Ce 752.6, 809.6
12  42 300 ◦C, 20 days Cu2Ce + CuCe 492.2, 765.1
13  50 300 ◦C, 20 days CuCe 493.5, 692.4
14  58 300 ◦C, 20 days CuCe + (�Ce) 406.9, 493.1, 608.8
15 65  300 ◦C, 20 days CuCe + (�Ce) 406.8, 477.6
16 72  300 ◦C, 20 days CuCe + (�Ce) 408.3
17  80 300 ◦C, 20 days CuCe + (�Ce) 407.6, 509.3
18 97 300 ◦C, 20 days CuCe + (�Ce) 407.2, 701.6, 731.0

Fig. 2. XRD pattern (a), backscattered electron (BSE) image (b), DSC curve with a heating rate of 10 ◦C/min for alloys 4 (Ce15Cu85) (c) and 5 (Ce16.7Cu83.3), and (d) annealed at
500 ◦C for 20 days.
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Fig. 3. Backscattered electron (BSE) image (a), DSC curves with a heating and cooling rate of 10 ◦C/min (b), DSC curves with a heating rate of 5, 10, and 20 ◦C/min for the alloy
1 e58Cu
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2  (Ce42Cu58) (c), and DSC curve with a heating rate of 10 ◦C/min for the alloy 14 (C

. Results and discussion

The invariant reaction temperatures measured from the DSC sig-
als of the annealed alloys are given in Table 1 with the reported
xperimental and assessed values. Table 2 presents the phases
dentified by XRD, optical microscopy and SEM/EDX as well as
hase transition temperatures obtained from DSC measurements.
s can be seen in Table 2, five intermetallic compounds, Cu6Ce,
u5Ce, Cu4Ce, Cu2Ce, and CuCe, were confirmed through XRD phase

dentification and microstructure observation.
From the DSC measurements for samples 1–3, it is indi-

ated that the transition temperature for the invariant reaction
 ↔ (Cu) + Cu6Ce is 879 ◦C. Fig. 1 shows the XRD pattern, backscat-
ered electron (BSE) image, and DSC curve of the sample 1 (Ce5Cu95)
nnealed at 500 ◦C for 20 days. It is indicated that (Cu) and Cu6Ce
hases exist in this sample. As can be seen in Fig. 1c, the transi-
ion temperatures for the invariant reaction L ↔ (Cu) + Cu6Ce and

iquidus are determined to be 879 ◦C and 1021 ◦C, respectively.
his measured invariant reaction temperature is in good agree-
ent with the previous experimental data (876 ◦C) [15] and the

ssessment (877 ◦C) performed by Bo et al. [26]. This result is
42) (d) annealed at 300 ◦C for 20 days.

disagreement with the assessed result (892 ◦C) performed by
Zhuang et al. [25].

It is obtained from the DSC measurement for sample 4
(Cu15Ce85) that the transition temperature for the invariant reac-
tion L + Cu6Ce ↔ Cu5Ce is 799 ◦C. Fig. 2a–c presents the XRD pattern,
backscattered electron (BSE) image, and DSC curve of sample 4
annealed at 500 ◦C for 20 days, respectively. It is found that this
sample is composed of Cu6Ce and Cu5Ce compounds. The mea-
sured transition temperature of 799 ◦C (Fig. 2c) for the invariant
reaction, L + Cu6Ce ↔ Cu5Ce, is in good agreement with the exper-
imental value (798 ◦C) measured by Rhinehammer et al. [15] and
calculated results (799 and 798 ◦C) by Zhuang et al. [25] and Bo et al.
[26], respectively. This temperature is further confirmed by the DSC
measurements for samples 5–8, although there is a little devia-
tion existence due to this thermal effect has been covered by the
first thermal effect for these samples. Fig. 2d shows the DSC curve
of sample 5 (Cu16.7Ce83.3) annealed at 500 ◦C for 20 days. As indi-

cated in Fig. 2d, the transition temperatures of 792 ◦C and 799 ◦C for
the invariant reactions L + Cu5Ce ↔ Cu4Ce and L + Cu6Ce ↔ Cu5Ce
are determined, respectively. This measured transition temper-
ature of 792 ◦C for the invariant reaction is in good agreement
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[2]  H. Fu, M.  Zou, J. Alloys Compd. 509 (13) (2011) 4613–4616.
ig. 4. The revised Ce–Cu phase diagram along with the experimental data from the
resent work and the literature (a) and without experimental data points (b).

ith the measured 796 ◦C [15] previously and calculated results
25,26].

Note that one thermal effect on 879 ◦C, which corresponds to the
nvariant reaction L ↔ (Cu) + Cu6Ce, has been detected for samples
, 5 (Fig. 2c and d) and 6. This thermal effect detection for these
wo samples may  contribute to the fact that the compound Cu6Ce
s not stoichiometric in composition at high temperature.

For the invariant reaction, L ↔ Cu4Ce + Cu2Ce, a large discrep-
ncy between the measured temperatures (756 ◦C) [15,16] and
alculated values (784 ◦C [25] and 770 ◦C [26]) is reported. In the
resent work, it is indicated from the DSC measurements for sam-
les 7–11 that the transition temperature for this eutectic reaction

s 753 ◦C. This measured result agrees well with the reported
xperimental temperature (756 ◦C) [15,16],  and do not support the
hermodynamic assessments of 784 ◦C [25] and 770 ◦C [26].

For the peritectic reaction, L + Cu2Ce ↔ CuCe, the transition tem-
erature was reported and evaluated to be 516 ◦C [12,15,19].  To
onfirm the transition temperature of this invariant reaction, sam-
les 12–14 were prepared and examined. Fig. 3a–c presents the

ackscattered electron (BSE) image, DSC curves with a heating and
ooling rate of 10 ◦C/min, DSC curves with a heating rate of 5,
0, and 20 ◦C/min for the sample 12 (Ce42Cu58), and DSC curve
mpounds 511 (2012) 262– 267

with a heating rate of 10 ◦C/min for the sample 14 (Ce58Cu42)
annealed at 300 ◦C for 20 days. As can be seen in this figure, Cu2Ce
and CuCe were formed in this sample. However, the transition
temperature for the peritectic reaction, L + Cu2Ce ↔ CuCe, is deter-
mined to be 492 ◦C from DSC heating curve and confirmed from
DSC cooling curve (Fig. 3c), which has 24 ◦C lower than the value
reported [12,15] and evaluated by Subramanian and Laughlin [19].
DSC measurement of the sample 12 shown in Fig. 3d indicates
that the transition temperature for invariant reaction is in good
agreement with each other under different heating rates (5, 10,
and 20 ◦C/min), except for the temperature for liquidus. Thus, the
obtained equilibrium transition temperature for the invariant reac-
tion, L + Cu2Ce ↔ CuCe, by extrapolating the heating rate to 0 K is
492 ◦C. This indicates that the presently obtained invariant reac-
tion temperature is reliable. Since Cu2Ce is associated with these
two  invariant reactions, L ↔ Cu4Ce + Cu2Ce and L + Cu2Ce ↔ CuCe, it
is reasonably concluded that the large deviation of the calculated
invariant reaction temperature of L ↔ Cu4Ce + Cu2Ce is attributed to
the deviation from the measured invariant reaction temperature of
L + Cu2Ce ↔ CuCe.

To confirm the transition of the eutectic reaction
L ↔ CuCe + (�Ce), samples 14–18 were prepared and exam-
ined. As shown in Fig. 3d, it is indicated that the transition
temperature for this eutectic reaction is 407 ◦C, which has 17 ◦C
lower than the evaluated value [19]. The transition temperature
of 492 ◦C for the peritectic reaction, L + Cu2Ce ↔ CuCe, is further
confirmed from Fig. 3d. Additionally, according to the present
measurement, the temperature associated with the catatectic
reaction (�Ce) ↔ L + (�Ce) is determined at 702 ◦C.

Accordingly, based on the experimental data obtained in the
present work, Fig. 4 presents the revised Ce–Cu phase diagram with
the experimental data from the present work and the literature.
The revised phase diagram is expected to substitute for the cur-
rently accepted version and used for thermodynamic calculation
in progress.

4. Summary

The Ce–Cu system was  re-investigated using XRD, SEM and
DSC techniques. Five compounds, Cu6Ce, Cu5Ce, Cu4Ce, Cu2Ce,
and CuCe, were confirmed in this system. Cu6Ce and Cu2Ce
are of congruent melting behaviors, while Cu5Ce, Cu4Ce, and
CuCe are formed via peritectic reactions. Three eutectic reac-
tions, L ↔ (Cu) + Cu6Ce at 879 ◦C, L ↔ Cu4Ce + Cu2Ce at 753 ◦C, and
L ↔ CuCe + (Ce) at 407 ◦C, three peritectic ones, L + Cu6Ce ↔ Cu5Ce
at 799 ◦C, L + Cu5Ce ↔ Cu4Ce at 792 ◦C, and L + Cu2Ce ↔ CuCe at
492 ◦C, and one catatectic reaction, (�Ce) ↔ L + (�Ce) at 702 ◦C, as
well as two  congruent melting behaviors, L ↔ Cu6Ce at 947 ◦C
and L ↔ Cu2Ce at 810 ◦C, were examined. A revised Ce–Cu phase
diagram is presented mainly based on the present experimental
results.
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