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Experimental investigation by Smith thermal analysis
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Abstract

The magnesium-cerium system has been partially revised in the Ce-rich and Mg-rich regions by us-

ing results obtained with the Smith thermal analysis (STA) technique. Nine alloys were examined

and, after the thermal measurements, were subjected to phase analysis by means of X-ray powder

diffraction (XRD), optical (LOM) and scanning electron microscopy (SEM), and electron probe

microanalysis (EPMA). The coordinates of the invariant reactions, many of them very close to each

other, were established and compared with literature data where a call for a deeper investigation was

proposed as the thermal values were open to different interpretations.
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Introduction

For the experimental determination of phase diagrams the use of different techniques

can be beneficial. The role of thermal analysis has been of primary importance since

the beginning of this research field, as has been pointed out by different authors (see

on this topic, for instance, [1–3] and the recent review by Ferro et al. [4]).

Traditional thermal analysis presents several advantages, compared to the more

modern differential thermal analysis techniques, e.g. a good precision of temperature

values. However, there can be a certain decreased sensitivity, leading to the lack of

transitions to which small thermal effects are associated. This reason, along with the

insufficient definition in some points (e.g. when a monovariant curve is crossed), led

to the greater diffusion of the DTA and DSC techniques, now the standard thermal

analysis methods in phase diagram investigation of metallic systems, for which small

(or very small) samples may be routinely used. However, other techniques ought to

be used, in particular, when a better precision in temperature data is necessary or two

or more thermal effects occur over a very narrow temperature interval. In a DTA run,

in fact, the onset of the peak associated with a thermal effect corresponds to an in-

creasing difference between the sample and reference temperatures, thus accelerating

the process to which the peak is associated, just when it should be slower to allow the

completion of the reactions to maintain equilibrium conditions. In some of the cases
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in which two thermal effects occur in a narrow temperature range, this does not allow

the first transformation to go to completion before the onset of the subsequent one

(this may be especially relevant in the case of peritectic or solid state transforma-

tions). Moreover, the ‘tailing’ of the corresponding peak can affect or even com-

pletely mask the peak corresponding to the second effect (’masking effect’). Some

drawbacks can be overcome, by using the technique described in [5], according to

which the alloy is annealed, inside the DTA apparatus, a few degrees below the ex-

pected peak, on heating (or above the peak, on cooling).

Otherwise, the technique suggested by Smith [6] and subsequently improved

[7, 8] can be used, in which the temperature difference between the sample and the in-

ternal wall of the furnace, instead of the heating and cooling rate as in the DTA, is

maintained constant. The measurement is performed in a furnace with low thermal

mass, thereby giving the quick response demanded by the system program. The rate

is governed by the value of (Tf–Ts), a constant value of which is imposed by the con-

troller (Tf is the temperature of the internal wall of the furnace and Ts the sample tem-

perature). On the basis of the conditions assumed, when Cp is nearly constant and no

transformation takes place in the sample, a nearly constant heating rate will be ob-

tained. On the other hand, when for instance an invariant reaction takes place and the

sample temperature tends to remain constant, a decrease in the heating rate will result

from the controller action in order to maintain the pre-imposed Tf–Ts value constant.

An amplification of the characteristic ‘temperature halt’ will be obtained and the

completeness of the reaction will be favoured. As the temperature remains almost

constant until the process is complete, the ‘envelopment’ phenomena, very frequent

for peritectic processes, are overcome, thus reducing spurious peaks due to ‘out of

equilibrium’ processes. When a monovariant equilibrium line is crossed, the specific

heat variation produces a more or less sharp variation of the baseline slope.

The drawbacks of this method are connected with the great slowness of the mea-

surement and the presence of additional effects due to the high sensitivity of the appa-

ratus, which sometimes requires a repetition of the measurements. On the other hand,

the method presents the advantages of a very high sensitivity and the ability to sepa-

rate peaks at very close temperatures. Moreover, it is possible to detect solid state re-

actions with smaller hysteresis effects (these are usually present when DTA is used),

provided that ∆H of the transformation is high enough.

This technique is mainly a check and refinement tool, to be coupled with other

thermal analysis techniques, e.g. DTA, and with theoretical forecast methods. The

technique has been used in the Materials Science Centre at the University of Man-

chester and UMIST (UK) to investigate several alloy systems, for instance, Al-alloys

[7, 9, 10], Au-alloys [8, 9, 11], In–Cd alloys [12] and Ag–Cd–In alloys [13, 14].

Moreover, some relevant parts of the Mg–Pr phase diagram were studied in

co-operation with the University of Genova (Italy), with a partially modified instru-

ment described in [15].

This paper concerns a re-investigation of the phase equilibria in the Mg–Ce sys-

tem for which several data reported in literature, mostly temperatures of invariant re-

actions, are not unequivocal.
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Magnesium-rare earth systems: literature data

The binary systems formed by magnesium with the rare earth metals (R) have been

thoroughly studied by our research group working in Genova University using the

conventional DTA method. They are: Nd–Mg [16], Pr–Mg [17], Sm–Mg [18],

Tb–Mg [19], Dy–Mg [20], Ho–Mg [21], Er–Mg [22], Tm–Mg [23]. The Pr–Mg sys-

tem has also been carefully studied by using the Smith thermal analysis technique

[15].

Other binary R-Mg phase diagrams are reported in literature: Sc–Mg [24, 25],

Y–Mg [26, 27], La–Mg [28, 29], Ce–Mg [28, 30], Gd–Mg [29, 31], Eu–Mg [32] and

Yb–Mg [33].

Several smooth trends have been observed to occur in R–Mg series of inter-

metallic compounds for different properties (compound formation, temperatures of

the invariant equilibria, etc.) as a function of the atomic number of the rare earth ele-

ment involved. These trends, moreover, have also been used satisfactorily to optimise

data and to predict, particularly in the case of Mg alloys, the phase equilibria in spe-

cific ternary systems involving Mg (such as R–R’–Mg systems formed by Mg with

two rare earth metals [27, 34–37]).

Many Mg–X–R ternary systems (X=element of the Periodic Table) have also

been investigated. Data on these are reported in collections of ternary phase diagrams

such as ‘Multicomponent Alloy Constitution Bibliography’ [38], ‘Ternary Alloys’

[39, 40], ‘Handbook of Ternary Alloy Phase Diagrams’ [41].

Among the most recent contributions to the knowledge of the behaviour of metallic

systems involving magnesium and rare earth metals, we can mention the paper by Tsai et
al. [42] on Mg–Zn–Y phase diagram, involving quasi-crystals, and a paper by Hu et al.
[43], in which by using the analytical modified embedded atom method (MEAM), a

number of thermodynamic properties of Mg–R alloys have been calculated.

The binary Mg–Ce system was investigated previously by different researchers

[28, 44, 45]. A detailed assessment of the system is presented by Nayeb-Hashemi and

Clark [30], along with a thermodynamic evaluation and a theoretical prediction,

based on the interpolation of experimental data. The assessed diagram is mainly

based on the work by Vogel and Heumann [28], even if the more complex regions

have been subjected to further investigations. In particular, the Mg-rich zone has been

examined by Wood and Cramer [45] using XRD, metallographic and DTA analyses.

In spite of this, Nayeb-Hashemi and Clark [30] state that ‘a better investigation on

10 at% Ce zone could be opportune’. Up to now, no new experimental studies exist

on the Mg–Ce system.

In the assessed Mg–Ce phase diagram the following phases are reported and the

following invariant temperatures suggested:

MgCe (cubic, cP2-CsCl type, peritectic formation at 711°C), Mg2Ce (cubic,

cF24-Cu2Mg type, peritectic formation at 750°C, followed by eutectoidal decomposi-

tion at 615°C), Mg3Ce (cubic, cF16-BiF3 type, melting point at 796°C), Mg41Ce5

(tetragonal, tI92- Mg41Ce5 type, peritectic formation at 635°C), Mg10.3Ce (with

Ni17Th2 structure, peritectic formation at 621°C, followed by eutectoidal decomposi-
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tion at 611°C) and finally Mg12Ce, (two forms, Mg12Ce(I), tetragonal, tI26-ThMn12,

and Mg12Ce(II), orthorhombic, oI338-Mg12Ce(II) type, peritectic formation at

616°C).

If we consider the very small temperature difference between the reactions in the

region of 10 at% Ce (occurring from 610 to 630°C), a check by a more sensitive tech-

nique, like the Smith thermal analysis, can be effective, along with a further investi-

gation of the modality of formation of the Mg-rich phases, by means of phase analy-

sis techniques, typically X-ray diffraction analysis and electron probe microanalysis.

In addition to the Mg-rich side, the Ce-rich region, drawn in the assessed dia-

gram with dashed lines because of the lack of thermal data (except for the invariant

temperatures and the liquidus line) has also been investigated. The solvus line itself,

drawn solid in [30], was obtained by using X-ray diffraction data.

It should also be considered that many of the literature data were obtained on al-

loys prepared from low purity elements: this may have greatly affected the stability of

the phases and the values of the lattice parameters.

Experimental

Sample preparation

Small pieces of magnesium (99.99 mass% purity) and cerium (99.9 mass% purity), both

supplied by Koch Chemicals Ltd., Hertford, UK, were introduced into the opened, in-

verted crucibles (Fig. 1) and then sealed by tungsten inert gas (TIG) welding.

The alloys were repeatedly melted in an induction furnace under flowing argon,

in order to homogenise the samples, performing the last melting with the thermocou-

ple well on the upper side of the crucible, i.e. the same position assumed during the

measurements, and finally cooled down by switching off the furnace. As it is impor-

tant that the measuring thermocouple be completely surrounded by the sample, it is

necessary to have the volume inside the crucible filled as much as possible with the

alloy. This enhances the response of the Smith apparatus for better reproducibility.

Before carrying out each thermal run, both on heating and on cooling, the samples

were annealed inside the Smith furnace for some hours so as to have the sample com-

pletely uniform. On the other hand, it has been noticed that excessively long annealing

times make the crystals of the phase too big; this makes the method less sensitive.

Nine alloys were prepared and examined by Smith thermal analysis. Eight of

them have a composition between 4.5 and 10 at% Ce, whereas the ninth belongs to

the Ce-rich side so as to localise the curve related to the solvus and other monovariant

equilibria.

Experimental apparatus

The Smith thermal analysis apparatus used in this work is the same as that used at the

Manchester Materials Science Centre (UK) and is fully described in previous papers

[11, 15], together with the details for sample temperature measurements and data log-
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ging equipment. The special-shaped tantalum crucibles, to be sealed by TIG welding,

used for the preparation of Mg–Ce alloys and the subsequent thermal analysis mea-

surements, have also been described in [15], where their use was introduced for the

investigation of the Mg–Pr system. Their use with Mg–Ce alloys, very reactive and

with high vapour pressure, was essential to avoid a change in the alloy composition

and damage of the apparatus caused by evaporation of the metals. The measurements

were performed in a flux of inert gas (Ar) to prevent the oxidation of the crucibles at

high temperatures.

Figure 1 shows a schematic drawing of the Smith thermal analysis rig with the

special–shaped tantalum crucible inside the inner alumina tube.

The calibration of the measurement thermocouple was done by reference to the

melting points of pure metals (In, Sn, Bi, Pb, Zn, Al).
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Fig. 1 Schematic drawing of the Smith thermal analysis rig. The special-shaped tanta-
lum crucible is also shown inside the central silica tube
a – top end-cap; b – argon gas out; c – chilled water jacket; d – thermocouple
sheath; e – alumina furnace tube; f – central silica tube; g – silica guide tube;
h – inner alumina tube; i – tantalum crucible; l – sample; m – heating element;
n – furnace case; o – ceramic wool; p – argon gas in; q – bottom end-cap;
r – furnace thermocouple



After the thermal runs the alloys were examined by using several techniques,
such as XRD powder diffraction (Debye method, CuKα radiation), optical (LOM)
and scanning electron microscopy (SEM), and electron probe microanalysis
(EPMA). Details on the use of these techniques to investigate rare earth alloys have
been reported in previous papers [17, 22].

Results and discussion

The investigated alloy compositions are listed in Table 1, along with the thermal data
values. Notice that the latter are a result of repeated thermal runs, performed both on
heating and on cooling so as to discard possible instrumental errors due to the sensi-
tivity of the method. Figure 2 reports the phase diagram according to the assessment
by Nayeb-Hashemi and Clark [30]; in the lower part of the drawing the enlargement
of the phase equilibria around 10 at% Ce is shown. The experimental values obtained
in the present work, indicated by black circles, are superimposed.

Table 1 Selected Mg–Ce alloys prepared and analysed by Smith thermal method

Sample number Nominal composition/at% Ce Thermal effectsa/°C

1 4.5 601.7 (L)
589.6

2 6.0 606.5 (L)
590.0

3 6.5
(from EPMA)

611.5 (L)
591.4

4 7.5 614.1 (L)
610.3
591.6

5 8.0 618.3 (L)
615.1
613.5

6 8.2 619.0 (L)
615.6
609.6

7 9.0 623.1 (L)
616.6
611.7

8 10 639.8 (L)
623.5
613.6

9 94 789.4 (L)
775.4
660.3
584.7
431.9

aAveraged values among the heating and cooling runs; L=liquidus
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The results obtained for the Ce-rich sample confirm the position of the mono-

variant curves, partly inferred in literature from XRD and metallographic data

(Fig. 2). This determination needed several measurement runs, because the intersec-

tion of these curves by an isopleth does not correspond to a thermal arrest, but only to

a slope change of the rate vs. time curve giving low reproducibility.

As for the Mg-rich alloys, our data fall within the composition range suggested

in [30]. Table 2 collects the coordinates of the invariant reactions on the Mg-rich side

of the Mg–Ce system as obtained in this work (and compared with literature value).

For the thermal effects between 610 and 630°C concerning the eutectoidal de-

composition of Mg10.3Ce (613°C), the peritectic formation of Mg12Ce (615°C) and the

peritectic formation of Mg10.3Ce (623°C), the values now obtained are in very good

agreement with those by Wood and Cramer [45] but with a higher precision (±1°). In

[45], these results were obtained from partially resolved peaks.
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Fig. 2 Mg–Ce system; upper part: Mg–Ce phase diagram as presented in [30]; lower
part: enlarged Mg-rich region. The Smith thermal analysis data obtained in this
work are superimposed in both drawings (full circles)



Table 2 Mg–Ce system: invariant reactions of the Mg-rich side

Reaction Reaction type
Composition of

the phases/at% Ce

T/°C
this

work

T/°C
literature

L↔Mg melting point 0 – 650

L↔(Mg)+Mg12Ce eutectic 4.3 0.09 7.7 590±1 592

L+Mg10.3Ce↔Mg12Ce peritectic ∼7.5 8.85 7.7 615±1 616

L+Mg41Ce5↔Mg10.3Ce peritectic ∼8.5 10.9 8.8 623±1 621

Mg10.3Ce↔Mg12Ce+Mg41Ce5 eutectoid 8.8 7.7 10.9 613±1 611

L+Mg3Ce↔Mg41Ce5 peritectic ∼10 ∼23 10.9 – 635

As for the Mg41Ce5 phase a peritectic reaction at 635°C was suggested in litera-

ture [45], by using temperature data obtained only from the heating runs. The results

now obtained from the sample at 10 at% Ce indicate that the peritectic formation tem-

perature of this phase could be a few degrees higher.

The temperature of the Mg-rich eutectic was found at 590°C (literature value

592°C).

The metallographic examination was performed by LOM and SEM analyses and

confirms the formation mechanisms of the Mg-rich phases. The compositions of the

phases present in every sample are in agreement with the compound stoichiometries

reported in literature, and the relevant global compositions were checked by EPMA

analysis. The check of the global composition permits us to ascertain the homogene-

ity of the samples and possible composition changes. Actually, sample #3 revealed,

after EPMA analysis, a composition different from the theoretical one, so its thermal

values were assigned to the corresponding experimental composition.

Figure 3 shows the typical micrographic appearance of a Mg–6.0 at% Ce alloy.

Table 3 summarises the crystal structure and the lattice parameters of the phases

pertaining to the Mg–Ce system both from this work and from literature.
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Fig. 3 Backscattered electron (BSE) micrograph of a Mg–6.0 at% Ce alloy, after Smith
thermal analysis runs
Mg12Ce phase (white) surrounded by eutectic structure (formed by Mg solid so-
lution and Mg12Ce)
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Table 3 Mg–Ce crystal structure and lattice parameters data

Phase/nominal
compositions

at% Ce Structure type
Sample

composition/
at% Ce

Lattice parameters/
pm Comments References

a c

(Mg) 0 to 0.09 hP2-Mg 320.93 521.07 [46]

4.5 321.2 521.4 this work

6.0 321.1 521.8 this work

Mg12Ce (I) 7.69 tI26-Mn12Th 1033 596 [45]

1032 596 this work

Mg12Ce (II) 7.69 oI338-Mg12Ce (II) 1033 7750 [45]

Mg10.3Ce 8.85 hP38-Ni17Th2 1031 1032 [45]

9.0 1035 1036 two-phase sample this work

10.0 1034 1032 two-phase sample this work

Mg41Ce5 10.87 tI92-Mg41Ce5 1454 1028 [45]

9.0 1456 1025 two-phase sample this work

10.0 1460 1031 two-phase sample this work

Mg3Ce ? to 25 cF16-BiF3 743.6 [28]

Mg2Ce 33.33 cF24-Cu2Mg 870 [28]

MgCe 50.00 cP2-CsCl 392.4 [30]

(δ-Ce) ? to 100 cI2-W 412 [46]

(γ-Ce) 91.8 to 100 cF4-Cu 516.1 [46]

βCe – hP4-αLa 368.10 1185.7 [46]

αCe – cF4-Cu 485 [46]



Conclusions

In conclusion, it is possible to state that the Smith method, which proves to be very

accurate in the precise determination of close effects, allowed us to confirm the

Mg-rich part of the Mg–Ce phase diagram in which a number of intermetallic phases

with peritectic formation is present. On the other hand, information about the solidus

and solvus lines (to which very small thermal effects are generally associated) of the

Ce-rich region of the diagram have also been obtained. Thus, it can be highlighted

that, in the field of metallic phase diagrams, combination of the DTA technique, gen-

erally faster in the investigation of a large temperature interval, and the Smith method

may be especially beneficial.

* * *
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