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The solidification path and phase constituents of alloys in the magnesium-rich corner of the
Mg-Zn—misch metal (MM) pseudo-ternary system have been investigated by a combination
of differential thermal analysis, analytical electron microscopy and X-ray diffraction. The
solidification behaviour diagram for this system was found to be dominated by a large
two-phase (a-Mg plus T-phase) field in which the lowest eutectic temperature was ~ 500 °C.

T-phase has a c-centred orthorhombic crystal structure and exhibits a wide range of
stoichiometry. The interdendritic eutectic phase in the pseudo-binary Mg-MM system
is Mg1,MM which has the same b ct structure as Mg,Ce. The eutectic temperature here

Is 593 °C.

1. Introduction

The light alloy system Mg—Zn-rare-earth is of tech-
nological interest [ 1] because some alloys in this sys-
tem exhibit good creep resistance at elevated
temperatures. Because these alloys are generally used
in the cast condition, it is of importance to understand
the solidification process and establish the type of
intermetallic phases that can be present. It is also
important that this be done for alloys containing
misch metal (MM) rather than individual rare-earth
elements, as the low price of misch metal (approximate
composition (wt %): 50 Ce, 25 La, 20 Nd, 2.7 Pr) can
make it a more attractive alloying agent than indi-
vidual rare-earth metals.

A study of the literature reveals that a variety of
results has been obtained for different Mg—Zn-rare-
earth systems. For instance, Dobatkina et al. [2] con-
structed the crystallization surfaces, and indicated the
presence of two ternary phases, (Mg, Zn);;La, and
Mg,,Zns3las, in the magnesium-rich region of the
Mg-Zn-La system. Drits et al. [3] showed that
MgoNd, MgNdZn;, Mg¢Nd,Zn,, Mg,Nd,Zn, and
Mg-Zn; could be in equilibrium with magnesium
solid solution in the Mg—Zn—Nd system. In other
work on the Mg—Zn—MM system, Petsol’d and Beyer
[4] showed the existence of a pseudo-ternary phase
Mg,oZnsMM,.

In the present work, the solidification path and
phase constituents of cast Mg—Zn—-MM alloys were
investigated by a combination of differential thermal
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analysis (DTA), analytical electron microscopy and
X-ray diffraction (XRD).

2. Experimental procedure

Eight magnesium-rich alloys in the Mg—Zn—MM sys-
tem with the composition shown in Table I were cast
into permanent moulds.

Optical microscopy, electron microscopy, X-ray dif-
fraction were employed to investigate the microstruc-
ture of these alloys. Differential thermal analysis at
a cooling rate of about 1°C /s~ ! was used to register
phase transformations taking place during the solidifi-
cation process. Specimens for optical microscopy were
prepared by standard techniques and subsequently
etched in 1/3 HNOj in ethanol. Thin foils for trans-
mission electron microscopy (TEM) were prepared by
jet electropolishing in 1/3 HNOj in ethanol at §-15 V
and ~0°C. The thin foils were subjected to a short
ion-beam thinning operation of about 1h with an
incidence angle of ~15°. This removed oxide layers
which formed on the foil surfaces during electropolish-
ing. The specimens were examined in a Jeol 2000FX
TEM/STEM instrument with an attached Link AN
10000 EDX system. Microanalyses using the EDX
system were made quantitative using the Link RTS-
2/FLS computer program which compares spectra
against standard peak profiles, applies the thin foil
approximation, and makes corrections for absorp-
tion [5, 6]. Foil thickness were established using the
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TABLE I Compositions of the investigated alloys (wt %)

Alloy Composition

Mg-13MM?
Mg-20MM
Mg-20MM-10Zn
Mg-10MM-5Zn
Mg-5MM-2.5Zn
Mg-1.5MM—-4Zn
Mg-1.5MM-8Zn
Mg-9Zn
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2 Misch metal is an alloy containing 50% Ce, 25 % La, 20 % Nd,
2.7% Pr.
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Figure 1 DTA curves for solidification Mg—-10MM-5Zn. Curves
for both T versus t and dT/dt versus ¢ are shown.

two-beam CBED technique [7]. The K, value for
magnesium was determined by measurements on an
olivine standard mineral sample. Standard peak pro-
files were obtained from pure samples magnesium,
zinc, La, 05, CeO, and Nd,O3. The camera length for
electron diffraction patterns obtained from the speci-
mens was determined from sharp diffraction rings on
the diffraction patterns originating from a thin film of
MgO on the foil surfaces. The estimated error limit for
measurements on the diffraction patterns was about
+ 0.05mm leading to a relative error for the lattice
parameters of about + 1-1.5%.

3. Results

3.1. Differential thermal analysis

A typical DTA cooling curve recorded during solidifi-
cation is shown in Fig. 1. Inflections on cooling curves,
that correspond to the solidification of various phases,
appeared as peaks on the dT'/dt (T is the temperature,
t the time) curves. Temperature ranges for these solidi-
fication reactions are given in Table II.

Previous work [8] on alloys 6, 7 and 8 has indicated
that peak 1 in Table II is due to the formation of
primary o-Mg solid solution dendrites, i.e.
L (liquid) » L + a-Mg and that peak 3 corresponds to
the eutectic reaction whereby remaining liquid
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TABLE II Reaction temperatures determined by DTA during
solidification at 1°Cs™ 1.

No. Alloy Reaction temperature (°C)
Peak 1 Peak 2 Peak 3 Peak 4
2. Mg-20MM 593-593
3. Mg-20MM-10Zn 590 560-510
4. Mg-10MM-5Zn 625 585-500
5. Mg-5MM-2.5Zn 645 580-497
6. Mg-1.5MM-4Zn 647 558-504
7.  Mg-1.5MM-8Zn 625 480-447  346-316
8.  Mg-9Zn 632 340-317

Figure 2 Solidification microstructure of the cast Mg—20MM alloy
of near-eutectic composition. (a) Optical micrograph; note the small
amount of primary o-Mg dendrites. (b) Transmission electron
micrograph of the eutectic mixture of a-Mg plus Mg;,MM.

solidifies to a-Mg plus the intermetallic Mgs;Zn,,.
The rare-earth element additions contained in alloys
6 and 7 resulted in the formation of the pseudo-
ternary T-phase which solidified in the temperature
range corresponding to peak 2.

The other “ternary” alloys (i.e. alloys containing
both misch metal and zinc additions) had solidifi-
cation peaks that seemed to correspond to the pre-
viously identified peaks for the solidification of the
primary o-Mg phase and the pseudo-ternary T-phase.
Only one peak appeared in the dT/dt curve for alloy
2 (Mg—-20MM) and this corresponded to a substantial
isothermal (593 °C) period in the cooling curve for the
alloy.
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TABLE III Comparison of d-spacings for CeMg,, [10] and
Mg, ,MM

hkl d-spacing (nm)
CeMg,, Mg, ,MM

110 0.734 0.731
101 0.518 0.516
211 0.364 0.365
310 0.327 0.327
301,002 0.298 0.298
321,202 0.258 0.258

3.2. Eutectic transformation of the
Mg-20MM alloy

The composition of this alloy was chosen with the

expectation that it would be close to the eutectic

composition for the Mg—MM pseudo-binary system
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Figure 3 Solidification microstructures of cast Mg-MM-Zn
pseudo—ternary alloys. (a) Mg-20MM-10Zn, (b) Mg-10MM-5Zn,
(c) Mg-SMM-2.5Zn, (d) Mg—1.5MM-4Zn, (¢) Mg—1.5MM-8Zn.

because the Mg—Ce eutectic occurs at 19.4 wt % Ce
[9]. The Mg—Ce eutectic temperature is 593 °C and
this is the temperature at which the Mg—-20MM alloy
solidified. That the alloy composition was very close
to the Mg—MM eutectic composition is shown by the
optical micrograph in Fig. 2a. A few primary o-Mg
dendrites were present in the microstructure, but
otherwise the microstructure consisted of a typical
two-phase eutectic mixture.

TEM confirmed the eutectic microstructure of the
alloy (Fig. 2b) and the selected-area electron diffrac-
tion showed that the intermetallic phase in this micro-
structure had a bct crystal structure with the
following lattice parameters: a=b = 1.03 nm,
¢ = 0.60 nm. This is similar to the Mg, ,Ce compound
responsible for the Mg—Ce eutectic and therefore the
phase is called here Mg ,MM. Interplanar d-spacings
for this phase were obtained by X-ray diffractometry
and are compared in Table IIT with those given by the
ASTM powder diffraction file for Mg, ,Ce. It can be
seen that the correspondence between the two com-
pounds is very close.

The composition of Mg;,MM was determined by
STEM/EDX to be (wt %): 66.7 + 1.7 Mg; 13.2 + 0.3
La; 17.7 £ 1.9 Ce; 2.5 £+ 0.5 Nd. This corresponds to
Mgy>,MMg which, considering the accuracy of the
measurements, is very close to Mg;,MM. Similar re-
sults concerning the crystal structure and composition
of Mg;,MM were obtained for the Mg—1.3MM alloy.
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3.3. Solidification involving the pseudo-
ternary T-phase

Optical metallography (Fig. 3) showed that all of the
alloys that contained both zinc and misch metal (i.e.
the pseudo-ternary alloys) were hypo-eutectic because
primary o-Mg dendrites had formed in each of these
during solidification. It can be seen from Fig. 3a that
the composition of the Mg—-20MM-10Zn alloys was
only slightly hypo-eutectic with ~ 10 % of the micro-
structure being occupied by primary o-Mg dendrites.
TEM showed that in all of these alloys the eutectic
mixture of phases corresponded to a-Mg and the
pseudo-ternary T-phase. Some typical micrographs of
interdendritic grains of this phase in the Mg-5SMM-
2.5Zn alloy are shown in Fig. 4.

It has been shown elsewhere [8] that T-phase has
a c-centred orthorhombic crystal structure with
a Cmcm space group and mmm point group. In the
two pseudo-ternary alloys containing only 1.5 wt %
misch metal (alloys 6 and 7) this phase had the follow-
ing lattice parameters: a = 0.96 nm, b = 1.12 nm,
¢ =0.94 nm. The lattice parameters for T-phase in
alloys 3, 4 and 5, where the MM/Zn ratio of 2 was
much greater than in alloys 6 and 7, were found to be
somewhat larger than for the two alloys containing
1.5wt % misch metal: a =101 nm, b= 1.16nnm,
¢ =0.99 nm.

The composition of T-phase in all of the pseudo-
ternary alloys was determined using STEM/EDX.

Typical spectra are shown in Fig. 5. The results of
quantitative measurements, which in each case were
made on a large number of different particles, are
given in Table IV. It is clear from Table IV that
T-phase can have a wide range of compositions. The
rare-earth content of T-phase for alloys 3, 4 and 5 was
virtually constant at ~28 wt % but the Mg/Zn con-
tent varied considerably. This consistency in total
rare-earth content was reflected in consistent lattice
parameter measurements for T-phase in these alloys.
The rare-earth content of T-phase in alloys 6 and
7 was considerably lower at 22.5 wt % and here the
lattice parameters were somewhat smaller.

3.4. High rare-earth content pseudo-ternary
phase

During analysis of intermetallic particles in alloy
3 (Mg-20MM-10Zn) by STEM/EDX, it was found
that a few of these particles had compositions out of
keeping with the vast bulk of T-phase precipitates.
Some typical compositions are given in Table V. The
rare-carth content of these precipitates totalled
~38 wt %, but the Mg/Zn content varied consider-
ably. The crystal structures of these precipitates was
not determined and it is not known whether they were
related to T-phase or had an entirely different struc-
ture.
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Figure 4 Interdendritic particles of T-phase in the Mg—5MM-2.5Zn alloy. Transmission electron micrographs of (a) a T-phase grain with

a lamellar morphology, and (b) a group of T-phase grains.
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Figure 5 EDX spectra obtained from T-phase (a) in the Mg—1.5MM-8Zn alloy, (b) in the Mg-10MM-5Zn alloy.

TABLE IV Average chemical compositions (wt %) of T phase.
The indicated error limits are the standard deviations of a number
of different measurements.

Alloy Mg Zn La Ce Nd

204+15 84+12 144412 44409
293429 93421 151+14 40+21
364+0.8 78 +22 154+20 52+1.8
51.7+19 80406 11.3+1.0 32+10

Alloy 4,5 524 + 2.1
Alloy 3 433413
Alloy 3 352425
Alloy 6,7 25.8 + 2.1

TABLE V Chemical composition (wt %) of some particles with
high rare-earth content in alloy 3

Particle Mg Zn La Ce Nd
1 34.1 28.4 11.4 19.0 7.1

26.7 34.8 10.8 232 4.5
3 18.0 435 12.5 204 5.6

4. Discussion
4.1. Solidification of pseudo-ternary
Mg-MM-Zn alloys
Discussion of the solidification behaviour of magne-
sium-rich alloys in this system is best carried out with
reference to the pseudo-ternary solidification behav-
iour diagram in Fig. 6 that has been drawn on the
basis of the results present here. Because of the limited
number of alloys that have been investigated, this
diagram should only be considered as very approxim-
ate.

All of the alloys investigated were hypo-eutectic and
the first solid phase to form during solidification was
a-Mg solid solution which formed as primary den-
drites. This corresponded to peak 1 in the DTA curves
(see Table II). Depending upon alloy composition, the
solidification began at temperatures in the range
647-590 °C, i.e. the liquidus temperatures for the in-
vestigated pseudo-ternary alloys lay within this range.

In the Mg-1.5MM-8Zn alloy the reaction of
L - L + a-Mg started at temperature 625 °C. The re-

\ T-phase

0+Mgg,Zn,, “vl558

1500

’é\6§utectic
Mg 632
o9 ® /585
o+T+Mg,,MM
649 do— - +
Mg o+Mg,,MM E, Mg,,MM
MM (wt %)

Figure 6 Approximate solidification behaviour diagram for solidifi-
cation of alloys in the magnesium-rich corner of the Mg-MM-Zn
pseudo-ternary system. Temperatures of the liquidus surface are
indicated, as are different measured compositions of the pseudo-
ternary T-phase.

flection between 480 and 447 °C resulted from the
formation of the T-phase [8], and peak 3 that occur-
red between 346 and 317°C corresponded to the
formation of the pseudo-binary MgZn, (containing
~1.5wt% rare-earth) and Mg,Zn,, etc., phases.
These pseudo-binary phases could be the products of
the decomposition reaction of Mgs,Zn,, phase which
had probably formed in the reaction of L + a-Mg +

T—-o-Mg+ T + MgsZn,, at about 346 °C.

With the exception of alloy 7 (Mg—1.5MM—8Zn)
whose composition appeared to be in the three-phase
o-Mg, T-phase, Mgs{Zn,, phase field, the composi-
tion of the pseudo-ternary alloys all seemed to lie
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within a large two-phase field with the as-solidified
microstructures consisting of primary a-Mg dendrites
and an interdendritic eutectic mixture of a-Mg and
T-phase. According to the temperature range for peak
2 in the DTA curves, the highest eutectic temperature
measured in this two-phase field was 585°C and the
lowest was ~ 500 °C.

The pseudo-ternary T-phase was found to have
a wide range of compositions and the various com-
positions that were measured are indicated in Fig. 6.
The considerable drop in eutectic temperatures along
the eutectic line in the two-phase a-Mg + T region
explains why a range of compositions for T-phase
could occur in alloy 3 which had a large eutectic
component.

4.2. The pseudo-binary Mg—MM eutectic
The approximate composition of misch metal used
as a alloying addition in the present investigation
was (wt %) 50Ce, 25La, 20Nd and 2.7Pr. It is
perhaps reasonable to expect that intermetallic
phases in the Mg—MM pseudo-binary system would
be dominated by the major element in misch metal, i.e.
cerium.

The intermetallic eutectic phase in the binary
Mg—Ce system is Mg;,Ce [9] and the corresponding
phase in the Mg—La binary system is Mg;,La [11],
although earlier reports named Mggyla as being re-
sponsible for the Mg—La eutectic [12]. Similarly, the
eutectic phase in the Mg—Nd system is Mg;,Nd [13].
The Mg;,RE (rare-earth) intermetallic compounds
have a bt crystal structure and the lattice parameters
of Mg,,Ce have been given as a = 1.033 nm and
¢ =0.596 nm [12].

The present observation of an Mg;,MM inter-
metallic phase with lattice parameter approximately
the same as Mg;,Ce would thus seem to be perfectly
reasonable. The measured eutectic temperature of
593 °C was also the same as that for the Mg—Ce binary
system [9].

4.3. The Mg—-Zn binary eutectic

It has been shown previously that the intermetallic
phase responsible for the Mg—Zn eutectic, which oc-
curs at 340°C is Mgs,Zn,, [8, 14]. This phase was
previously known as [ phase, Mg,Zn; [15].
Mgs,Zn,, is not stable to room temperature but suf-
fers eutectoidal decomposition in the temperature
range 340-316 °C. Nevertheless, depending upon the
rate of cooling, considerable amounts of Mgs;Zn,,
can be retained to room temperature. It was found
that the dominant interdendritic phase in the cast
Mg-9Zn alloy was Mgs;Zn,, but, depending upon
cooling rate, some of this can transform by eutectoid
decomposition to a fine lamellar mixture of a-Mg and
MgZn, (Laves phase) [8].
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5. Conclusions

1. The solidification behaviour of a number of
alloys in the magnesium-rich corner of the Mg—Zn—
MM pseudo-ternary system has been established and
an approximate solidification behaviour diagram has
been drawn.

2. The magnesium-rich corner of the Mg—Zn-MM
behaviour diagram is dominated by a large a-Mg plus
T-phase region. The lowest eutectic temperature in
this two-phase region is ~ 500 °C.

3. T-phase, which has a c-centred orthorhombic
crystal structure, exhibits a wide range of composi-
tions.

4. The intermetallic phase responsible for the eu-
tectic in the Mg-MM pseudo-binary system is
Mg, ,MM. This phase has the same bct structure as
Mg, ,Ce and the eutectic temperature of 593 °C is the
same.
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