
LJournal of Alloys and Compounds 317–318 (2001) 503–512
www.elsevier.com/ locate / jallcom

Effect of Cu and Zn on the melting and transformation temperatures of Pr
and Gd
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Abstract

Phase equilibria in the R-rich regions of the R-Cu and R-Zn binary systems (R5Pr and Gd) have been investigated by differential
thermal analysis, X-ray powder diffractometry, metallographic analysis and quantitative electron probe microanalysis. In these regions,
the lowering (DT ) of the melting and transformation temperatures of the rare earth metals by addition of copper and zinc resulted in
eutectic and catatectic or eutectoidal type reactions. The DT observed in these systems are discussed and compared with those reported in
the literature for the binary systems of Pr and Gd with Mg and with the elements from the 9th to the 14th group of the Periodic Table. In
order to complete this systematics, a few Pr-rich Pr–Cd alloys have also been prepared and analysed.  2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction more recently Subramanian and Laughlin [4] assessed the
system mainly considering the data by Canneri, although

The R-Cu and R-Zn (R5rare earth metal) binary alloy the Pr used in the experiments by Canneri [3] was quite
systems are characterized by the existence of several impure. However, the temperatures of a few invariant
intermetallic compounds often showing complex and high equilibria were modified on the basis of the interpolation
temperature melting equilibria. of data obtained for other Cu-lanthanide systems, consider-

A number of phase diagrams of the R-Cu and R-Zn ing also the crystallographic investigation by Dwight [5]
systems with the trivalent rare earths have been partially or who identified the PrCu phase.5

completely investigated. They are reported in compilations In the assessed Pr–Cu system, five intermetallic phases
such as [1,2], even though data relevant to the R-rich part are reported to exist, namely: PrCu (orthorhombic, oP8-
of these diagrams are generally lacking and in some case FeB type, peritectic formation at 5638C), PrCu (ortho-2

conflicting. rhombic, oI12-CeCu type, m.p. 8418C), PrCu (ortho-2 4

The goal of this study was to investigate the effect of Cu rhombic, oP20-CeCu type, per. form. 8248C), PrCu4 5

and Zn additions on the melting and transition tempera- (hexagonal, hP6-CaCu type, per. form. 8378C) and PrCu5 6

tures (from the high temperature cubic, bcc, to the low (orthorhombic, oP28-CeCu type, m.p. 9628C). Three6

temperature hexagonal, dhcp and hcp, structures) of the eutectic equilibria are reported between (aPr) and PrCu (at
two typical rare earth metals, Pr and Gd, representing the 4728C and 32 at% Cu), PrCu and PrCu (at 7708C and2 4

behaviour of the light and heavy lanthanides, respectively. ¯73at% Cu) and PrCu and (Cu) (at 8708C and ¯92.5 at%6

Cu). All the compounds are indicated as line compounds.
The terminal solid solubilities and the solid state equilib-

2. Literature data rium involving praseodymium were not studied.

2.1. Pr–Cu system

2.2. Gd–Cu system
The Pr–Cu system was investigated by Canneri [3];

The Gd–Cu system was investigated by a number of
researchers. Copeland and Kato [6] studied the Gd-rich*Corresponding author. Tel.: 139-010-353-6154.

E-mail address: saccone@chimica.unige.it (A. Saccone). region of the system. Subsequently Carnasciali et al. [7]
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and Cheng and Zeng [8] determined independently the PrZn), at 8338C and 57.9 at% Zn (between PrZn and
Gd–Cu system, but the two reports show discrepancies on bPrZn ), at 8308C and 73.9 at% Zn (between bPrZn and2 2

the existence and on the mechanism of formation of some PrZn ). A eutectoidal reaction occurs in the Pr-rich end, at3

phases. An assessed version of the system was reported by 5588C and 10.6 at% Zn (decomposition in the solid state of
Subramanian et al. [9], mainly based on the diagram the (bPr) in (aPr) and PrZn). The maximum solid solu-
proposed by Carnasciali et al. [7], since it follows closely bility of Zn in bPr is 11 at% Zn (at the eutectic tempera-
the systematics of Cu with the heavy lanthanides, with ture); the solubility of Zn in aPr and that of Pr in Zn are
adjustments in the elemental melting points in accordance practically negligible.
with the accepted values [1].

The assessed version of the Gd–Cu system shows seven
intermetallic compounds: GdCu (cubic, cP2-CsCl type, 2.4. Gd–Zn system
m.p 8308C), GdCu (orthorhombic, oI12-CeCu type, m.p.2 2

8608C), Gd Cu (unknown structure, detected on the basis No equilibrium diagram is available for the Gd–Zn2 7

of thermal effects only, peritectic fomation at 8708C system. A schematic drawing is reported in Massalski et al.
followed by catatectic decomposition at 8258C giving rise [1] on the basis both of the existence of the known
to Gd Cu and liquidus), Gd Cu (structure based on a intermediate phases and of the melting and eutectic2 9 2 9

tetragonal cell, m.p. 9308C), GdCu (high temperature temperatures of the Zn-lanthanide systems showing a5

form, hexagonal, hP6-CaCu type; room temperature form, systematic variation across the lanthanide series. In addi-5

cubic, cF24-AuBe type, per. form. 9258C, allotropic tion to the phases showing the same stoichiometries (with5

transformation at 8708C), GdCu (orthorhombic, oP28- the exception of RZn ) reported in the Pr–Zn system (and6 11

CeCu type, per. form. 8658C) and GdCu (structure based in the schematic Gd–Zn diagram presented in [1]), other6 7

on a hexagonal cell, peritectic or peritectoidal formation intermetallic compounds are known: Gd Zn (cubic,6 23

very near to the Cu-rich eutectic followed by eutectoidal cF116-Th Mn ), GdZn (hexagonal, hP6-CaCu ),6 23 5 5

decomposition to GdCu and (Cu) at about 7008C). GdZn (tetragonal, tI26-ThMn ) (see Refs. [1,11]).6 12 12

Four eutectic equilibria are reported between (bGd) and
GdCu (at 6758C and 30 at% Cu), GdCu and GdCu (at2

7708C and 56 at% Cu), GdCu and Gd Cu (at 8208C and2 2 9

71 at% Cu) and GdCu and (Cu) (at 8608C and 90.5 at% 3. Experimental techniques6

Cu). All the compounds are indicated as line compounds
with the exception of GdCu for which a range of about The purity of the elements was 99.999 mass% in the5

1.3 at% is suggested. According to Carnasciali et al. [7], case of Cu and Zn and 99.9 mass% for Pr and Gd. All the
(bGd) undergoes a eutectoidal decomposition to (aGd) elements were supplied by Koch Chemicals Ltd., Hertford,
and GdCu at 6308C and 10.5 at% Cu. The solid solubilities UK. Major impurity elements in praseodymium and
of Cu in aGd and bGd were tentatively estimated, on the gadolinium, detected by spectrographic method, were (all
basis of DTA results, to be ¯2 at% and ¯15 at%, the values in mass%): Y (,0.05), La (,0.05), Sm (0.06),
respectively. There is no evidence of any terminal solid Pr (,0.05), Si (0.01), Fe (,0.01), Mg (,0.01), Ca
solubility of Gd in Cu. (,0.01), Al (,0.01), Ni(,0.01). Differential thermal

analysis carried out on the Pr and Gd metals gave the
2.3. Pr–Zn system following results: Pr: m.p. 9298C (instead of the accepted

→values of 9318C, from [12]), a b transformation tem-←
The Pr–Zn system has been studied by Mason and perature 7988C (instead of 7958C), Gd: m.p 13158C

→Chiotti [10]. The crystal structure of the intermetallic (instead of 13138C), a b transformation temperature←
phases are also reported by Villars et al. [11]. Seven 12398C (instead of 12358C).
intermetallic compounds occur: PrZn (L.T. form, tetragon- Differential thermal analysis and X-ray diffraction were
al, tP2-HgMn type, H.T. form, cubic, cP2-CsCl type, m.p. also performed on pure copper and zinc, giving the
8828C), PrZn (L.T. form, orthorhombic, oI12-CeCu following data: m.p Cu. 10828C (instead of 10858C), m.p2 2

type, H.T. form, unknown structure, m.p. 8988C), PrZn Zn 4198C (literature: 4198C); lattice parameter Cu a53

(orthorhombic, oP16-YZn type, per. form. 8338C), 0.3612 nm (in comparison with the literature value a53

Pr Zn (orthorhombic, oI28-Al La , per. form. 8558C), 0.3614 nm [1]), Zn a50.2665 nm, c50.4947 nm (litera-3 11 11 3

Pr Zn (hexagonal, hP142-Gd Zn , per. form. 8918C), ture values: a50.2664 nm, c50.4947 nm).13 58 13 58

Pr Zn (tetragonal, tI100-Pu Zn type, per. form. Samples were prepared by weighing small pieces of the3 22 3 22

9568C), Pr Zn (L.T. form hexagonal, hP38-Ni Th pure elements in small tantalum crucibles. The crucibles,2 17 17 2

type, H.T. form, rhombohedral, hR57-Th Zn type, m.p. closed by electric arc welding under argon atmosphere,2 17

9788C) and PrZn (tetragonal, tI48-BaCd type, per. were induction-heated up to the melting point in a vacuum11 11

form. 7438C). Three eutectic equilibria have been reported tube furnace which could also be filled with an inert
to occur: at 5768C and 22.5 at% Zn (between (bPr) and atmosphere. Homogenization was obtained by repeated
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shaking of the crucibles. No side reactions at high tempera- 4. Results
ture with the crucibles have been found.

After melting, different heat treatments were performed, The results obtained in the investigation of the R-rich
according to the kind of analysis or measurement planned regions (up to 50 at% M, M5Cu and Zn) of the Pr–Cu,
for each sample. Gd–Cu, Pr–Zn and Gd–Zn systems are shown in the

Differential thermal analysis, X-ray powder diffrac- following. The crystal structure analysis and the lattice
tometry, metallographic analysis and quantitative electron parameters data both from this work and from the literature
probe microanalysis were used to characterize the samples. are collected in Tables 1 and 2.

The proposed Pr–Cu and Gd–Cu phase diagrams from 0
• Differential thermal analysis with heating and cooling to 50 at% Cu are shown in Figs. 1 and 2; those of the

21rates between 2 and 10 K min , using a model 404S Pr–Zn and Gd–Zn systems (up to 50 at% Zn) are reported
Netzsch apparatus (Selb, Germany). In the temperature in Figs. 3 and 4.
range considered, the temperature accuracy was esti-
mated to be within 60.5% of the measured value. The
thermocouples were calibrated by using, as calibration 4.1. Pr–Cu system
materials, high purity elements such as Al, Ag, Au,
whose melting points fall in the temperature range The addition of copper lowers both the melting tempera-
suitable for the investigated samples. The melting ture and the transformation temperature of praseodymium
points were obtained from the DTA curves using the to a eutectic reaction at 4708C and 30 at% Cu (in very
extrapolated onset temperatures, given by the intersec- good agreement with the literature data) and to a catatectic
tion with the extrapolated baseline of the tangent drawn reaction at 7808C and ¯2 at% Cu, respectively. Evidence
at the point of greatest slope on the leading edge of the for the catatectic reaction was observed in the thermal
peak. analysis and metallographic studies. This is also in agree-

• Metallographic analysis by using light optical micro- ment with the Ce–Cu system in which there is experimen-
scopy and scanning electron microscopy; the samples tal evidence of a catatectic reaction taking place at high
were dry-polished and in some cases etched with dilute temperature in the Ce-rich end of the diagram [2,17]. The
HNO alchoholic solution (0.5%). Microprobe analyses maximum solubility of Cu in bPr, at the 7808C catatectic3

based on energy-dispersive X-ray spectroscopy were temperature, is lower than 2 at% Cu; the maximum
also performed to check the overall composition and to solubility of Cu in aPr is very small, less than 0.5 at% Cu.
obtain the compositions of the co-existing phases. The typical appearance of an alloy showing catatectic

• X-ray analysis by using the Debye–Scherrer method on reaction is reported in Fig. 5. The structure of the 4708C
powder samples with Cu–K and/or Fe–K filtered and 30 at% Cu eutectic can be seen in Fig. 6. The generala a

radiations. characteristics of the catatectic reaction and the metallog-

Table 1
Crystallographic data of the intermetallic phases of the Pr-rich region of the Pr–Cu system and of the Gd-rich region of the Gd–Cu system

Phase Structure Nominal Lattice Comments Ref.
type composition parameters

at% Cu (nm)

aPr hP4-aLa 0 a50.36721 at 248C [12]
c51.18326

bPr cI2-W 0 a50.413 at 8218C [12]

PrCu oP8-FeB 50 a50.724(14) [13]
b50.433(8)
c50.630(12)

a50.7242 This work
b50.4336
c50.6307

aGd hP2-Mg 0 a50.36336 at 248C [12]
c50.57810

bGd cI2-W 0 [12]

GdCu cP2-CsCl 50 a50.35020(4) ann. 5008C [14]
a50.3503 This work
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Table 2
Crystallographic data of the intermetallic phases of the Pr-rich region of the Pr–Zn system and of the Gd-rich region of the Gd–Zn system

Phase Structure Nominal Lattice Comments Ref.
type composition parameters

at% Zn (nm)

aPr hP4-aLa 0 a50.36721 at 248C [12]
c51.18326

bPr cI2-W 0 a50.413 at 8218C [12]

PrZn H.T. form cP2-CsCl 50 a50.3678 T .46 K [15]
a50.3679 R.T This work

L.T. form tP2-HgMn a50.3652 T ,46 K [15]
c50.3695

aGd hP2-Mg 0 a50.36336 at 248C [12]
c50.57810

bGd cI2-W 0 [12]

GdZn cP2-CsCl 50 a50.3618 [16]
a50.3611 This work

raphic appearances associated with this invariant equilib- It is orthorhombic, oP8-FeB type; the lattice parameters
rium have been extensively reported by Ferro et al. [18]. reported in Table 1 are in good agreement with those of

The most Pr-rich phase is the equiatomic PrCu. It forms the literature [13].
through the following peritectic reaction at 5408C (slightly
lower than the value from [3]):

→L( ¯ 34.5 at% Cu) 1 PrCu PrCu←2

Fig. 1. Pr–Cu phase diagram (0–50 at% Cu composition range) as Fig. 2. Gd–Cu phase diagram (0–50 at% Cu composition range) as
obtained from the experimental data (n value on heating, , value on obtained from the experimental data (n value on heating, , value on
cooling). cooling).
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Fig. 3. Pr–Zn phase diagram (0–50 at% Zn composition range) [10].
Experimental data obtained in this work are superimposed (n value on
heating, , value on cooling).

Fig. 4. Gd–Zn phase diagram (0–50 at% Zn composition range) as
4.2. Gd–Cu system obtained from the experimental data (n value on heating, , value on

cooling).

Starting from pure Gd, the liquidus line decreases to a
eutectic point, whose coordinates are 7008C and 31 at% The most Gd-rich phase is GdCu. It shows congruent
Cu. The phases involved in this eutectic reaction are (aGd) melting at 8708C (literature data 8308C). The structure is
and GdCu. The eutectic temperature is in fair agreement cubic, cP2-CsCl type and the lattice parameter is reported
with the one reported by Carnasciali et al. [7] (6758C), but in Table 1.
in excellent agreement with the one suggested by Copeland
and Kato (7008C) in a previous report [6].

On the basis of the micrographic appearance, the
following catatectic equilibrium is proposed in the Gd-rich
region:

→(bGd) (aGd) 1 Liq←

whose suggested coordinates are: (bGd): ,2 at% Cu;
(aGd): ,0.5 at% Cu; Liq ¯8 at% Cu at T¯12008C.
Because of the very small heat involved in this type of
reaction, no information on the catatectic temperature have
been obtained by differential thermal analysis.

The results obtained in this work about the effect of Cu
→on the a b transformation of Gd are in contrast with←

those reported in the literature by Carnasciali et al. [7],
who reported a maximum solid solubility of about 15 at%
Cu in bGd at the Gd-rich eutectic temperature and the
eutectoidal decomposition of the (bGd) in (aGd) e GdCu.

Fig. 5. BSE micrograph of Pr-4.0 at% Cu alloy, melted and cooled in
This behaviour seemed quite unusual (as also pointed out DTA equipment at 5 K/min. Primary crystals of (Pr) surrounded by
by Subramanian and Laughlin [4]) and it is not reported eutectic structure ((Pr)1PrCu). Inside the crystals small drops of catatec-
for any of the other Cu-heavy lanthanides. tic liquid, showing the subsequent eutectic reaction.
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Fig. 8. BSE micrograph of Gd-30.0 at% Cu alloy, melted and cooled inFig. 6. BSE micrograph of Pr-25.0 at% Cu alloy, melted and cooled in
DTA equipment at 5 K/min. Small amounts of (Gd) primary crystalsDTA equipment at 5 K/min. Primary crystals of (Pr) (white)1eutectic
(white) surrounded by eutectic mixture ((Gd)1GdCu).mixture ((Pr)1PrCu).

Figs. 7 and 8 show the micrographic appearance of the transformation temperature of praseodymiun is lowered
catatectic and eutectic alloys pertaining to the Gd-rich to a eutectoidal reaction at 5508C (literature data 5588C).
region of the system. The invariant reactions are:

→L (bPr) 1 PrZn←4.3. Pr–Zn system

→(bPr) (aPr) 1 PrZn←Only five alloys have been prepared and analysed in this
system at 10, 20, 30, 40 and 50 at% Zn. Differential Fig. 9 presents the appearance on a Pr–Zn alloy showing
thermal analyses, X-ray diffraction and micrographic ap- the above reported eutectic and eutectoidal reactions.
pearance confirm the literature data from Mason and The most Pr-rich phase is the cubic cP2-CsCl type
Chiotti [10], with slight differences in the temperature of equiatomic phase PrZn which melts congruently at 9008C
the invariant equilibria. Additions of Zn to Pr lower the (literature data 8828C).
melting temperature of praseodymium until a eutectic A few other alloys of Zn with the light rare earths, La,
reaction is reached at 5708C (literature data 5768C); also Ce, Nd and Sm have also been prepared in the R-rich

region to better understand the effect of the additions of Zn

Fig. 7. BSE micrograph of Gd-5.0 at% Cu alloy, melted and cooled in
DTA equipment at 5 K/min. Primary crystals of (Gd) surrounded by Fig. 9. BSE micrograph of Pr-20.0 at% Zn alloy, melted and cooled in
eutectic structure ((Gd)1GdCu). A typical drop of catatectic liquid, DTA equipment at 5 K/min. Primary crystals of (Pr) (white) and eutectic
showing the subsequent eutectic reaction, can be noticed inside the central mixture ((Pr)1PrZn). The (Pr) phase shows complete lamellar eutectoidal
crystal. decomposition.
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on the melting and transformation temperatures of the first
rare earth metals. Alloys pertaining to the Nd–Zn and
Sm–Zn system confirm the literature data from Refs.
[19,20]; in both cases there is evidence of eutectoidal
decomposition of the (bR). In the case of the La–Zn and
Ce–Zn systems, literature data on the R-rich region are
lacking. Micrographic and differential thermal analyses
carried out on Ce–Zn alloys indicate the presence of a

→eutectic reaction at 4958C (L (dCe)1CeZn) and of the←
eutectoidal decomposition of the (dCe) at 4908C

→((dCe) (gCe)1CeZn). In the case of La–Zn alloys only←
one invariant thermal effect was found in the La-rich
region, corresponding to the La-rich eutectic at 5308C. No
evidence of a eutectoidal decomposition was found; how-
ever, considering the systematic behaviour shown by the
rare earth metals, a eutectoidal reaction can be expected to Fig. 11. BSE micrograph of Gd-15.0 at% Zn alloy, melted and cooled in

DTA equipment at 5 K/min. (Gd) primary crystals (white) surrounded byoccur also in the La-rich end of the La–Zn system,
eutectic mixture ((Gd)1GdZn).probably at a temperature very close to that of the La-rich

eutectic.
equilibria were not revealed by differential thermal analy-
sis, even carrying out DTA runs, at variour rates, on4.4. Gd–Zn system
samples with higher mass.

Figs. 10 and 11 show the micrographic catatectic and
Starting from pure gadolinium, additions of zinc lower

eutectic appearances of alloys pertaining to the Gd-rich
the melting point of gadolinium from 13138C to the Gd-

region of the system.
rich eutectic point at 7808C and 27 at% Gd. Zinc additions

The estimated maximum solid solubility of Zn in bGd is→also lower the a b allotropic transformation of← about 2 at% Zn (at the invariant catatectic temperature
gadolinium from 1235 to about 12008C, giving the follow-

¯12008C) and it is less than 1 at% Zn in aGd (at the
ing catatectic reaction:

invariant eutectic temperature, 7808C).
The most Gd-rich phase is GdZn that melts congruently→(bGd) (aGd) 1 Liq←

at 10108C. The crystal structure is cubic, cP2-CsCl type.
The type and the extent of this reaction is proposed on the The lattice parameter, obtained by the powder method and
basis of metallographic analyses, highlighting mor- reported in Table 2, is in agreement with the literature
phologies already described in the previously reported [16].
Cu–Pr and Cu–Gd systems. The catatectic invariant

5. Conclusions

Two types of invariant reactions have been found to
occur in the Pr-rich regions of its binary systems with Cu
and Zn; these are catatectic and eutectoid respectively. In
the Gd-rich ends of the Gd–Cu and Gd–Zn alloy systems,
only reactions of the catatectic type are found, possibly
also due to the smaller difference between the melting and
transformation temperatures of Gd with respect to Pr.

In the case of Pr, data relevant to the Pr-rich regions are
available for several Pr–M binary systems. The effect of
the 6th period elements on the melting and transformation
temperatures of Pr has been studied by Griffin and
Gschneidner [21]. Now, in this work, the data concerning a
larger set of elements are summarized. Table 3 collects the
characteristic values of the invariant equilibria of the

Fig. 10. BSE micrograph of Gd-8.0 at% Zn alloy, melted and cooled in Pr-rich ends of the binary systems formed by Pr with
DTA equipment at 5 K/min. Primary crystals of (Gd) surrounded by

several elements of the 3rd, 4th, 5th and 6th periods of theeutectic structure ((Gd)1GdZn). A typical drop of catatectic liquid,
Periodic Table. Fig. 12a and b report the trend of theshowing the subsequent eutectic reaction, can be noticed inside the

crystal. coordinates of the Pr-rich eutectics (temperature and
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Table 3
Invariant reactions occurring in the Pr-rich regions of a few binary systems of the 3rd, 4th, 5th and 6th periods of the Periodic Chart

System Reaction Reaction Composition of the Temperature References
type phases (at% M) 8C

→Pr–Mg L (bPr)1PrMg Eutectic 40.0 ¯32 ¯47 735 [22]←
→(bPr) (aPr)1PrMg Eutectoid 19.5 ¯10 ¯49 510←

→Pr–Al L (bPr)1bPr Al Eutectic 17.5 10 25 650 [23]← 3

(bPr)→(aPr)1bPr Al Eutectoid 8.0 2.5 25 6203

→Pr–Si (bPr) L1(aPr) Catatectic ¯1 8 ¯0.5 772 [24]←
→L (aPr)1aPr Si Eutectic 11 ¯0.5 37.5 732← 5 3

Pr–Co – – – –
→L (Pr)1Pr Co Eutectic 19.5 0 25 570 [25]← 3

aPr–Ni – – – –
→L (Pr)1Pr Ni Eutectic 19 0 25 460 [26]← 3

20.5 0 25 540 [27]

→Pr-Cu (bPr) L1(aPr) Catatectic ,2 7 ,1 780 This work←
→L (aPr)1PrCu Eutectic 30 ,1 50 470←

→Pr–Zn L (bPr)1PrZn Eutectic 21.5 14 50 570 This work←
→(bPr) (aPr)1PrZn Eutectoid 11 2 50 550←

→Pr–Ga (bPr) L1(aPr) Catatectic 6.7 10 4.2 740 [28]←
→L (aPr)1PrGa Eutectic 18.5 ,0.5 33.3 580← 2

→Pr–Ge (bPr) L1(aPr) Catatectic 1.85 8.4 0 774 [29]←
→L (aPr)1Pr Ge Eutectic 12 0 25 755← 3

Pr–Rh No data – – –

Pr–Pd No data – – –

→Pr–Ag (bPr) L1(aPr) Catatectic 3.7 14.6 1.2 652 [30]←
→L (aPr)1AgPr Eutectic 22 ,1 50 586←

→Pr–Cd L (bPr)1PrCd Eutectic – 720 This work←
→(bPr) (aPr)1PrCd Eutectoid – ¯450←

→Pr–In L (bPr)1Pr In Eutectic 12 9.6 25 825 [31]← 3
→(bPr) (aPr)1Pr In Eutectoid 8.4 5.4 25 725← 3

→Pr–Sn L (bPr)1Pr Sn Eutectic 10 2.9 25 794 [32]← 3
→(bPr) (aPr)1Pr Sn Eutectoid 2.5 1.7 25 754← 3

→Pr–Ir (bPr) L1(aPr) Catatectic 0.35 8.2 ,0.2 793 [21]←
→L (aPr)1Pr Ir Eutectic 12.1 ,0.2 28.6 729← 5 2

→Pr–Pt (bPr) L1(aPr) Catatectic 0.45 9 ,0.12 789 [21]←
→L (aPr)1Pr Pt Eutectic 13.4 ,0.12 30 718← 7 3

a →Pr–Au (bPr) L1(aPr) Catatectic 1.56 10 ,0.12 757 [21]←
2 8 ,0.12 760 [33]

→L (aPr)1Pr Au Eutectic 17.7 ,0.1 33.3 619 [21]← 2

18 ,0.1 33.3 610 [33]

→Pr–Hg L (bPr)1PrHg Eutectic 20.3 14.6 50 624 [21]←
→(bPr) (aPr)1PrHg Eutectoid 12.0 0.9 50 519←

→Pr–Tl L (bPr)1Pr Tl Eutectic 13.9 9.0 25 767 [21]← 3
→(bPr) (aPr)1Pr Tl Eutectoid 8.0 2.5 25 687← 3

→Pr–Pb L (bPr)1Pr Pb Eutectic 9.3 3.5 25 824 [21]← 3
→(bPr) (aPr)1Pr Pb Eutectoid 3.1 2.2 25 778← 3

a For these systems data from different authors are given.



A. Saccone et al. / Journal of Alloys and Compounds 317 –318 (2001) 503 –512 511

Fig. 12. Trends of the coordinates (versus the atomic number) of the invariant reactions for Pr-rich alloys of a few binary systems of the 3rd, 4th, 5th and
6th periods of the Periodic Chart. (a) Characteristic invariant temperatures. On the left: Temperatures of the Pr-rich eutectic (d). The 9318C melting point
of Pr is reported as a reference. On the right: Temperature of the equilibrium (catatectic, h, or eutectoid, j) involved in the decrease of the a to b

transformation temperature of Pr by additions of a second element. The 7958C transformation temperature of Pr is reported as a reference. (b)
Compositions. On the left: Eutectic composition of the Pr-rich eutectic (d). O the right: Catatectic (h) or eutectoidal (j) composition of (bPr).

concentration) and of the equilibria, catatectic and eutec- The extent of the solid solubilities of the different
→toid, coming from the a b allotropic transformation of solutes in Pr, the trend of the mono-variant (liq / sol or←

praseodymium with respect to the atomic number of the a /b) equilibria and, as a consequence, the coordinates of
partner element. the invariant equilibria are certainly dependent on the

The trends of the Pr-rich eutectic coordinates, for the common metallurgical factors (size, electronegativity, etc.)
elements of the 3rd (from Mg to Si), 4th and 6th periods which influence the alloying behaviour. The data obtained
(from Co to Ni and from Ir to Pb respectively), show a indicate, however, that, even if the solubility extent is not a
minimum of the temperature and a corresponding maxi- simple function of one or two factors but involves the
mum of the concentration centred around the elements of interplay of all the factors, a major role is certainly played
the 11th and 12th groups (or 2nd for Mg). Similar trends by the group number (the valence electron number) of the
(even more marked) are observed in the plots of catatectic solute element. We notice, indeed, a quite similar be-
or eutectoidal equilibria coordinates. For the elements of haviour in the different periods of the Periodic Table on
the 5th period (from Rh to Sn) data are scarce. They, passing from one group to the subsequent ones.
however, seem to indicate the same trend as for the other
periods, with minima of the temperature (and maxima of
the concentration) around Ag and Cd. To confirm this
trend, a few Pr-rich alloys of the Pr–Cd binary system Acknowledgements
have been prepared in this work and analysed by differen-
tial thermal analysis and metallography. The preliminary This work is performed in the framework of the Italian
data so far obtained, corresponding to a eutectic halt at ‘‘Programmi di ricerca scientifica di rilevante interesse

`7208C and a eutectoidal equilibrium at ¯4508C, have been nazionale’’ of the MURST (Ministero dell’Universita e
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agreement with the foreseen trend. Progetto Finalizzato ‘‘Materiali Speciali per Tecnologie
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