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STRUCTURE AND IDENTIFICATION
OF TRANSIENT AND EQUILIBRIUM PHASES IN Mg
ALLOYS CONTAINING RARE-EARTH ELEMENTS

BOHUMIL SMOLA"?*, IVANA STULIKOVA"*?

An overview of structure and morphology of transient and equilibrium phases in
magnesium alloys with rare-earth elements is given here. Problems and peculiarities of
the phase structure determination, phase identification and recognition by transmission
electron microscopy and electron diffraction are discussed.
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STRUKTURA A IDENTIFIKACE NEROVNOVAZNYCH
A ROVNOVAZNYCH FAZI VE SLITINACH Mg OBSAHUJICICH
PRVKY VZACNYCH ZEMIN

Je podan prehled struktury a morfologie nerovnovaznych a rovnovaznych fazi vysky-
tujicich se ve slitinach horc¢iku se vzacnymi zeminami. Jsou diskutovany problémy a zv1ast-
nosti, které mohou nastat pfi uréeni struktury fazi, identifikaci a rozliSeni fazi pomoci
transmisni elektronové mikroskopie a difrakce elektront.

1. Introduction

Alloying magnesium with rare-earth elements (R.E.), inclusive Y, is used to
develop light construction alloys for the applications at elevated and high tem-
peratures, e.g. [1-4]. The knowledge of the precipitation microstructure (phase
structure, morphology, volume fraction, density, shape and size, orientation rela-
tionship to the matrix etc.) responsible for the alloy properties is there of primary
importance. Mainly transient phases precipitating during decomposition of super-
-saturated solid solution produce the peak mechanical properties (hardness, yield
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and ultimate tensile stress, creep resistance) [3, 5-7] if dense dispersed and ration-
ally oriented in the matrix [8], similarly as rationally oriented plate- or rod-shaped
precipitates in Al alloys [9]. The structure determination of phases present in Mg-
-R.E. base alloys after a heat treatment may be complicated. The volume frac-
tion and/or size of the phases precipitated is usually low, their plane spacings are
similar and the occurrence temperature ranges overlap. Two basic sequences of
the decomposition of supersaturated solid solution are known in binary Mg-R.E.
alloys, namely:

Mg-Gd (Y) type [1, 5, 10]: &/(cph) — 8" (D019) — B'(Cbco) — f(fec, bee),
Mg-Ce type [1, 5]: &/(cph) — 8”(D019) — ' (fcc) — B(bct).

The 3" transient phase has hexagonal D019 structure (a = 2 - amg, ¢ = Cng)
and is coherent to the close packed hexagonal o’-Mg matrix in both decomposition
sequences. The ('(Cbco — C base-centred orthorhombic, a = 2 - amg, b = 8 -
d(1100)ng, ¢ = cmg) is transient phase semicoherent to the o/-Mg matrix in Mg-
Gd type sequence. The equilibrium (§ phase in this sequence is either face centred
cubic (MgsGd, a = 8-:d(1100)ng) or body centred cubic (Mg24Ys5, a2 4-d(1100)n1g)-
The ' transient phase following D019 phase in the Mg-Ce type sequence has fcc
structure (D03, ¢ = 0.74 nm, d(220) = d(0002)yg). The equilibrium § phase of
this sequence has body centred tetragonal structure (Mg;2Ce, Mgq; Nds).

These decomposition sequences can be modified in Mg alloys with combination
of R.E. from different groups (Gd and Ce) and in complex alloys with the addition
of another elements [11-13]. Modification of precipitation sequences and phase
morphology may depend not only on the alloy composition but also on casting
technology and thermomechanical treatment. Transmission electron microscopy
(TEM) and electron diffraction (ED), preferably supported also by energy dispers-
ive analysis of X-ray (EDAX), are the essential methods for determination of phase
composition, structure and morphology, especially in the case of low and very low
volume fractions and nano-size of phases involved. The present paper summarises
the current knowledge of the structure and morphology of transient and equilib-
rium phases in Mg-R.E. based alloys and the peculiarities and possible problems
encountered in the course of their analysis by TEM and ED.

2. Structure and morphology of phases in Mg alloys with R.E. elements

Most of transient and equilibrium phases of the decomposition sequences of
Mg-R.E. alloys precipitate as plates with the habit plane parallel to the first or
second order prismatic planes of the o/-Mg matrix ({1100} or {1120}, respectively).
GP zones reported to form in the pre-precipitation stage of Mg-Nd decomposition
sequence [1, 5] were also plates or rods lying in {1100} prismatic planes of the
o’-Mg matrix.
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Table 1. Overview of the occurrence conditions and orientation of 3" phase (D01g)

Alloy composition [wt.%] Treatment; Habit Ref.
temperature [°C] plane
not plate-like shape of plates
Meg-3 Nd isothermal; 200-300 {1100} nig 5]
Mg-5.08Y-2.96Nd-0.4Zr isothermal 175, 200 {1100} ng [5]
Mg-6.85MM-1.82Nd-0.52Zr isothermal 175, 200 (1100} ve | [5)
MM =75 % Y + 25 % heavy R.E.
Mg-9.33Gd, Mg-14.55Gd isochronal 180, 200 - [10]
fine spherical
Mg-2.985Nd isothermal 180-260 {1120} nig [23]
Mg-4Y-2.25Nd-0.6Zr isothermal 150, 250; {1700} Mg [12]
plates or rods
Mg-7Gd-2.25Nd-0.6Zr isothermal 150; {1120} g [12]
plates or rods
Mg-7Dy-2.25Nd-0.6Zr isothermal 150; {1120} Mg [12]
plates or rods
Mg-4Y-3.3R.E.-0.5Zr(WE43) isothermal 150; {1120} v [14]
Mg-4Y-3.3R.E.-0.5Zr(WE43) isothermal 150; {1700} Mg [14]
monolayer plates
Mg-4Y-3.3R.E.-0.52r(WE43) isothermal 250; ? [14]
Mg-9.5Gd-3Nd-0.4Zr [24]
Mg-9.3Dy-3.2Nd-0.4Zr isothermal 225, 16-64 h 7
Mg-10.8Gd-3Y-0.45Zr DO01gcoexists with Cbco {1100} mg
Mg-10.8Gd-6.6Y-0.36Zr
Mg-3Gd-8Y-0.8Zr isothermal 225, 128 h ? [7]
Mg-6Gd-5Y-0.8Zr isothermal 225, 32 h
Mg-10Gd-3Y-0.7Zr isothermal 225, 8 h
D01gcoexists with Cbco
Mg-16.9Gd-0.51Zr ? [25]
Mg-12Gd-1.9Y-0.69Zr isothermal 250, ~ 100 h
Mg-9.3Gd-4.1Y-0.7Zr D01gcoexists with Cbco
Mg-5.5Y-2Nd-2R.E.-0.4Zr(WE54) | 250, 1-4 h {1120}y | [11,15,
(D019 structure not proved 16]
Mg-1.3Ce isothermal 200, 35 ks B [26]
a stepped quasi D019 and | {1100}
D019
Mg-1.3Nd isothermal 200, 3.6 ks {1100} ng [26]
a stepped quasi D019 and | {1120}
D019
Mg-1.3MM isothermal 150, 360 ks {1120} mg [26]

(50 % Ce, 25 % La, 20 % Nd)

a stepped quasi D019 and
D019
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Fig. la. ED pattern of Mgl5Gd alloy with Fig. 1b. Simulated patterns of a), overlap-
fine 3" (D019) particles. ping [0001] patterns of o’-Mg matrix and

2.1 B”transient phase (DO0pg)

Coherent hexagonal 5" (D09, hP8, P63/mmc) phase was mostly reported to
have {1100} as the habit planes, see Table 1. Recent studies done by high resol-
ution TEM (HRTEM) revealed that the 3" plates form also parallel to {1120}y
prismatic planes in some alloys — Table 1 [12, 14]. Platelets parallel to {1120}
found in commercial alloy WE54 [11, 15] are therefore most probably of the §”
phase.

In the early stages of the ’-Mg matrix decomposition or if the super-saturation
is low, the 3" phase particles are very fine and have rather spherical shape. It
manifests itself by diffuse diffraction spots in ED patterns, see Fig. 1a [10]. The
hexagonal 3" phase has following equiaxial orientation relationship to the cph o’'-
-Mg matrix:

(1120) 5 [|{1120) p1g,
(0001);5 (0001},

ED patterns of 3" phase overlap with that of the o’-Mg matrix so that reflec-
tions of the 3" phase are exactly in the middle between those of the o/-Mg matrix
or exactly overlap with them (see in Fig. 1b the simulated ED pattern to Fig. 1a).
Due to the equiaxial orientation no extra diffraction spots can be generated by
dynamic effects (double diffraction). Also ED patterns from all equivalent orienta-
tion modes of the 3" phase overlap exactly each other. Diffraction spots from fine
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Fig. 2. Thin plates of D019 phase paral-

lel to {1120}mg planes. [0001]mg pole, see

ED patterns in inset, reflections of D01g as
streaks in (1120)n directions.

thin plates are elongated in the direction perpendicular to the habit plane (Fig. 2).
It makes possible to identify the habit plane also in the case, when the image is
masked by some artefacts (e.g. oxides) due to the thin foil preparation. Lengths
of the streaks can also yield an estimate of plate thickness.

2.2 f'transient phase (Cbco)

B’ transient phase has Cbco structure mentioned above in the alloys containing
R.E. from the Gd(Y) group (Table 2). It precipitates also in the alloys with combin-
ation of R.E. elements from different groups (e.g. WE54, WE43), see Table 2. Cbco
phase precipitates in the following orientation relationship to the o/-Mg matrix in
all alloys where it was detected:

[001]cbeol| [0001]Mg,
(100) ool {1120} .

Originally it was reported to have {1100}n habit plane [1, 5]. Recent in-
vestigation on Mg-Gd and WE alloys has shown, that plate-like form of the Cbco
phase has {1120}, habit plane but also {1100}y, plane was reported (Table 2).
In alloys with a combination of R.E. from different groups also globular form of
the Cbco phase was found [11, 14-17]. Globular particles are the nucleation sites
for another transient phase (isomorphous with transient /3’ fcc phase of Mg-Ce
system), here it is usually reported as ;.

All equivalent orientation modes of the Cbco phase precipitate simultaneously
so the overlapping of all ED patterns that suit to the orientation relationship was
observed — see in Fig. 3a [0001]yg ED pattern from Mgl5Gd alloy overlapped with
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Table 2. Overview of the occurrence conditions and orientation of 3" phase (Cbco)

Alloy composition [wt.%] Treatment; Habit Ref.
temperature [°C] plane
not plate-like shape of plates
Mg-10Y isothermal 200-300 {1100} mg 5]
both as 3’ and B’
Mg-5.08Y-2.96Nd-0.4Zr isothermal 200-250 {1T00}Mg [5]
Mg-6.85MM-1.82Nd-0.527Zr isothermal 200-250 {1100} mg [5]
MM =75 % Y + 25 % heavy R.E.
Mg-2.985Nd isothermal 200-320 {1700} Mg [23]
discs, monocl. structure
Mg-14.55Gd isochronal 280 {1120} a1 [10]
Mg-4Y-3.3R.E.-0.5Zr(WE43) isothermal 150, 1896 h {1120} | [14]
Mg-4Y-3.3R.E.-0.5Zr(WE43) isothermal 250, 2-8 h {1120} g [14]
Mg-4Y-3.3R.E.-0.5Zr(WE43) isothermal 150, 1324 h; 250 - [14]
2-16 h; globular
Mg-4Y-2.25Nd-0.6Zr isothermal 250, 2 h - [12]
globular
Mg-9.5Gd-3Nd-0.4Zr ? [24]
Mg-9.3Dy-3.2Nd-0.4Zr isothermal 225, 16-64 h
Mg-10.8Gd-3Y-0.45Zr Cbco coexists with D019
Mg-10.8Gd-6.6Y-0.36Zr
Mg-3Gd-8Y-0.8Zr isothermal 225, 128 h ? (7]
Mg-6Gd-5Y-0.8Zr isothermal 225, 32 h
Mg-10Gd-3Y-0.7Zr isothermal 225, 8 h
Cbco coexists with D019
Mg-16.9Gd-0.51Zr isothermal 250, ~ 100 h ? [25]
Mg-12Gd-1.9Y-0.69Zr Cbco coexists with D019
Mg-9.3Gd-4.1Y-0.7Zr
WE54 isothermal 250, 4 h, 48 h - [11, 15,
globular on 37 16]
WE54 6 % cold work + anneal- - [16]
ing 250, 4 h, globular
WE54 isothermal 200, 72 h ? [16]
WE43 isothermal 200, 300 h plates [27]
Mg-6Y isothermal 150, 144 h {1700} | [28]
Mg-8.3wt. %Y isothermal 230, 48-96 h - [29]
Mg-10.7wt. %Y 270, 24-48 h
277 crept + 270, 10 h

all orientations of [001]cheo patterns. Simulated ED patterns with a single orienta-
tion of Cbco (Fig. 3b) rotated 60 and 120 degrees and overlapped (Fig. 3c) exactly
match the experimental patterns. Similarly, [4483]n, patterns from peak hardened
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(a)

Fig. 3a. ED pattern of Mgl5Gd alloy with ~ Fig. 3b. Simulated [0001]m, pole pattern
all orientation modes of Cbco phase plates, with single orientation mode of Cbco plates.
[0001]nmg pole.
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Fig. 3c. Simulated [0001]y, pole pattern e o e o

with all orientation modes of Cbco plates. aneltm kR

Mg15Gd alloy (Fig. 4a) can be unambiguously interpreted as the overlapping of
matrix pattern with [201] (Fig. 4b) and two (212) (Fig. 4c) patterns of Cbco phase
(Fig. 4d).

In the recent paper on the precipitation in WE43 [14], the authors suggest
a body centred orthorhombic structure for the ' phase instead of the C base
centred one. Unambiguous determination of the correct Bravais lattice is difficult
here as the missing reflections in some ED patterns of bco lattice can appear by
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Fig. 4a. [4483]mg pole ED pattern of the
same alloy as in Fig. 3a.
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Fig. 4c. Simulated [4483]mg pole ED pat-

tern overlapped with [212]chbeo pattern.
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Fig. 4b. Simulated [4483]m, pole ED pat-
tern overlapped with [201]cbeo pattern.
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Fig. 4d. Simulated [4483]m, pole ED pat-
tern overlapped with Cbco patterns of all
equivalent orientation modes.
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Fig. 5a. Simulated [5273]mg patterns with

ul Fig. 5b. As in Fig. 5a with pattern of bco
[112]cbeo pattern.

modification of 5’ phase.
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Fig. 6a. Simulated overlapping of [2243]umg

Fig. 6b. Simulated [2243]umg pole pattern
pole pattern with [1123]po,, pole pattern.

with <214>cpeo and <101>cpeo pole pat-
terns.

double diffraction and so the patterns would remind those of Cbco ED patterns —
cf. Figs. 5a,b. Fourier transform of the HRTEM image of single particles can help,
but thorough check of the image interpretation is essential [14].

Some authors (Tables 1 and 2) reported coexistence of D019 and Cbco plates.
Again, to decide if both phases are really present is difficult on the basis of selected
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area ED (SAED) only, as reflections of D019 and Cbco overlap, cf. overlapping
of [2243]mg with [1123]pg,, patterns in Fig. 6a and with (214)cheo and (101)cbeo
patterns in Fig. 6b. HRTEM and Fourier transforms are needed here, too.

On the other hand, to decide if the Cbco phase already coexists with D09,
such ED patterns of matrix should be analysed which contain Cbco reflections not
overlapping with D019 ones — e.g. [4483]y1g (Figs. 4b-d) instead of [2243]Mg (Fig. 6).
So it seems that the Cbco phase already coexists with D019 after isothermal treat-
ment of the Mg-4Y-2.25Nd-0.6Zr alloy at 150°C for 5000 h [17] contrary to the
authors interpretation and to the Mg-7Gd-2.25Nd-0.6Zr alloy after the same treat-
ment. In the latter alloy the streaks in the [0001]ng pole ED pattern (Fig. 1 there)
in (1120)ng directions really belong to the D01g reflections, in the former alloy the
streaks in (1010)n, directions are in fact reflections from Cbco phase. Of course,
another pole ED patterns should be also analysed, e.g. [4483]|ng. The same line of
reasoning can be used for the diffraction patterns of WE43 alloy annealed 864 h at
150°C [14]. In both [0001]yg and [2110]yg pole patterns (Fig. 2 there) the streaks
are in fact the reflections from Cbco phase.

23 B (f)transient phase (D0s,fcc)

The transient 3’ phase of the Mg-Ce system precipitates also in the form of
prismatic plates parallel to the {1100}y, planes [18]. It has following orientation
relationship to the o’-Mg matrix:

Table 3. Overview of the occurrence conditions and orientation of 31 phase (fcc)

Alloy composition [wt.%)] Treatment; Habit Ref.
temperature [°C] plane
not plate-like shape of plates
Mg-3Nd isothermal 200-300 - [5]
Mg-1.3MM 200, 3 h {1100} mg [18]
MM = 50 Ce, 25 La, 20 Nd, 3 Pr B’ coexists with 3
WES54 isothermal 250, 4 h {1100} Mg [16]
WES54 cold rolled 6 % and 12 % | {1100} ng [16]
+
annealing 250, 4 h
WE54 isothermal 250, 48 h {1100} mg (11,
15]
Mg-4Y-2.25Nd-0.6Zr isothermal 250, 8 h (1700} vy | [12]
Mg-7Dy-2.25Nd-0.6Zr
Mg-7Gd-2.25Nd-0.6Zr
WE43 isothermal 250, 16 h (1700} vy | [14]
nucleate on globular Cbco
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Fig. Ta. [0001]mg ED pole pattern of Mg-
-4Tb-2Nd alloy with all equivalent patterns
of 31 plates parallel to {1100}mg planes.

Fig. 7c. Simulated [0001]nmg pole pattern
overlapped with one of <110>3;1 pole pat-
tern.

Fig. 7b. Bright field image of the alloy in
the orientation shown in Fig. 7a.

i ‘0’ o (d)
B .
o g,
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., ::0 o:: 9.
° N
@ ... L

Fig. 7d. Simulated [0001]m, pole pattern
overlapped with patterns of all equivalent
orientation modes of 3; phase.
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Fig. 8. Coarse prismatic plates of 3 phase Fig. 9. Thread-like modification of Mg12Nd
parallel to {1100} planes. [0001]amg pole, phase in isochronally annealed QE22 alloy
overaged Mg-6Y-3Nd-0.5 Zr alloy. [13].

(0001)n1g {110} pos,
(1120) g (111) Do, -

The same structure D03, habit plane and orientation to the matrix was found
for transient (; phase in Mg alloys with the combination of R.E. from different
groups (Table 3).

In SAED patterns of Mg alloys with 3; plates all ED patterns of the 5; phase
orientation modifications which suit the orientation relationship do overlap — see
Fig. 7a the [0001] pole patterns from Mg-4Th-2Nd alloy with 3; phase plates
(Fig. 7b) and simulated patterns in Figs. 7c,d. It is very difficult to detect the
early stages of J1 phase precipitation as the stronger reflections from Cbco and/or
D019 phases mask weak and diffuse reflections from the (3; phase. HRTEM and
Fourier transforms can be helpful tools here again.

24 3 equilibrium phases (fcc, bce, bet)

Equilibrium [ phases in Mg-R.E. base alloys with fcc (isomorphous with
MgsGd) and bec (isomorphous with Mgo,Ys) structure precipitate also in the form
of coarser plates with {1100}n, habit plane (Fig. 8). Both phases have the same
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orientation relationship to the o/-Mg matrix as the 3; phase has. The composi-
tion and parameters are dependent on the alloy composition and heat treatment
applied.

It is not possible to simply apply decomposition sequences of binary alloys to
Mg alloys with combination of R.E. elements. Not necessarily should the structure
of an equilibrium phase agree with that of the binary Mg alloy with the majority
element, as some authors argue [19]. So the equilibrium S phase in all WE alloys
has the fcc structure (MgsGd) instead of a bec (Mga4Y5) —e.g. [5, 6, 11, 17] etc.

The equilibrium phase in Mg alloys with R.E. of Ce group does not precipitate
in the form of prismatic plates. It has body centred tetragonal structure either
t126 (Mg12Ce, a = 1.033 nm, ¢ = 0.596 nm) or tI192 (Mg41Nd5, a = 1.476 nm, ¢ =
= 1.039 nm) [5, 30, 31]. Peculiar metastable morphology of the 5 phase (thread-
like Mg12Nd) was observed in isochronally annealed QE22 alloy (Mg-Ag-Nd-Zr)
[13] (Fig. 9). Both metastable modification of Mg12Nd and stable Mg;2Ce have
the following orientation relationship to the a’-Mg matrix:

(OOOl)MgH (100)pet,
(T100) g ]| (0T pes.

Transient phase with the same structure and orientation was observed in
ribbon-like morphology in as cast complex Mg-Ce-Sc-Mn alloy [20, 21].

25 Transient phases of R.E. with addition elements in
complex Mg-R.E. base alloys

Additive elements such as Zn, Mn etc. are used to improve mechanical prop-
erties of Mg-R.E. base alloys, e.g. [20, 22]. A common feature observed in alloys
with these additions is a precipitation of thin plates parallel to the basal plane of
the o/-Mg matrix. The plates contain corresponding addition element and R.E.
(e.g. Y and/or Gd respectively). The ordered hexagonal structure was suggested
for these defects interpreted as GP zones [22]. They have following orientation
relationship to the o/-Mg matrix [3, 20]:

(1010)pp || (1120) 01,
(0001)1p | (0001 ) g

The main feature of diffraction patterns are long streaks of intensity in [0001]g
direction. Lattice parameter a = 2 - d{1100}nmg = 0.556 nm, ¢ = cpg. Not all re-
flections in different poles of the o’-Mg matrix ED patterns can be interpreted on
the base of this lattice and parameters. In fact, they can be unambiguously inter-
preted as the intersections of the streaks mentioned above with the Ewald sphere.
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Figure 10 shows very dense arrange-
ment of thin basal plates in MgYN-
dZnMn alloy. The spots in ED pat-
terns corresponding to the intersection
of streaks with Ewald sphere were ob-
served to change their position continu-
ously during tilting this specimen from
one to another pole.

3. Conclusion

The analysis of phase structure,
form and orientation of precipitates,
etc. is possible by means of a conven-

tional transmission electron microscopy
and electron diffraction if care is taken

Fig. 10. Very dense arrangement of thin
plates parallel to the basal plane in Mg-4Y-
-2Nd-1Zn-1Mn alloy. [1100]ame pole pat-  lems. They are connected mainly with
tern in inset, notice intensity streaks per- 3 dynamic character of electron diffrac-

of all possible peculiarities and prob-

pendicular to basal plane. tion (double diffraction) and with mor-

phology and form of phases (dimension

effect in ED, simultaneous precipitation
of all equivalent modifications, an overlapping of the ranges of transient phases oc-
currence etc.). High resolution transmission electron microscopy, microdiffraction
and Fourier transform of HRTEM images of single particles are more and more
gaining on importance in the phase analysis of Mg alloys.
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