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Abstract: The Mg-Nd-Zn isothermal section at 300 °C was established in the full
composition range using diffusion couples and equilibrated key alloys. Microstructural
characterization was carried out using WDS, XRD, and metallographic methods.
The homogeneity ranges of the binary and ternary compounds were determined by
WDS analysis. Six ternary compounds were observed in the Mg-Nd-Zn system at 300 °C.
These are: 11 (NdsMg21+xZnas—x; 0 <X <4), 12 (NdsMga+yZnos—y; 0 <y < 1), 13 (NdMQ1+:ZNn2—;
0 <z <0.44), 14 (MgaoNdsZnss), 15 (Mg22-235Nd155-17.5ZNs59.1-61.8), and 16 (Nd2(Mg,Zn)23).
15 was found to have a homogeneity range of 22.0-23.5 atom % Mg, 15.5-17.6 atom % Nd
and 59.1-61.8 atom % Zn and 16 was found to have 54.1-61.3 atom % Mg at a constant Nd
of 8.0 atom %. The ternary solubility of Zn in Mg-Nd compounds was found to increase with
the decrease in Mg concentration. Accordingly, (Mgs1Nds) was found to have an extended
solubility of 3.1 atom % Zn, whereas (MgsNd) was found to have 30.0 atom % Zn.
MgNd was found to have a complete substitution of Mg by Zn. The maximum solid
solubility of Zn in a-Mg was measured as 4.8 atom % Zn.

Keywords: Mg-Nd-Zn system; diffusion couples; experimental investigation;
ternary phase diagram
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1. Introduction

Magnesium alloys are widely used in the automotive and aerospace industries, because of their high
strength to weight ratio. The reason for this interest is the reduction of fuel consumption, because
magnesium alloys are lighter than the traditional iron- and aluminum-based alloys [1]. The use of
magnesium alloys is restricted to low stress level and low temperature components due to their poor
mechanical properties and creep resistance at elevated temperatures [2,3]. Addition of zinc is known for
improving the mechanical properties and corrosion resistance of magnesium-based alloys at room
temperature [4]. However, the melting temperature of Mg-Zn alloys is very low, because of the deep
eutectic which occurs at 342 °C [5,6]. For this reason, rare earth elements are added to improve the
mechanical properties and creep resistance of magnesium alloys at elevated temperatures [7]. Addition
of neodymium to magnesium-based alloys results in improving their hardness and strength after an age
hardening treatment. This can be attributed to the formation of fine-scaled solute-rich regions,
Guinier-Preston zones (GP zones), in the Mg matrix [8]. On the other hand, the Nd-Zn binary phase
diagram [9] shows the formation of a series of stable intermetallic compounds with high melting
temperatures, which may result in improving the creep behavior of Mg alloys.

The main objective of this work is to establish the Mg-Nd-Zn isothermal section at 300 °C in the full
composition range by means of diffusion couples and key alloy experiments using X-ray diffraction
(XRD), a scanning electron microscope (SEM), energy dispersive X-ray spectrometer (EDS), and
wavelength dispersive X-ray spectrometer (WDS).

2. Literature Review

The Mg-Nd-Zn partial isothermal section (50-100 atom % Mg, 0-35 atom % Nd, and 0-55 atom % Zn)
was studied by Drits et al. [10] at 300 °C using X-ray diffraction and metallography. They reported
several binary and ternary compounds that are in equilibrium with the a-Mg solid solution. These
compounds are: Mg12Nd (denoted in their work as MgoNd), MgzZns, MgZn, MgNdsZns, MgsNd2Znz,
and Mg2Nd>Zng. In addition, three vertical sections (section 1: from 80 atom % Mg and 20 atom % Nd
to 70 atom % Mg and 30 atom % Zn; section 2: constant 10 atom % Nd and 0-60 atom % Zn; section 3:
constant 20 atom % Zn and 0-35 atom % Nd) were determined using thermal analysis. Accordingly,
two eutectic reactions: L«>a-Mg+Mgi12Nd+MgNdsZns and L—a-Mg+MgaNd2Zng+MgzZns, and two
quasi-peritectic reactions: L+MgNdsZns<a-Mg+MgeNd2Zn7 and L+MgeNd2Zn7<»a-Mg+Mg2Nd2Zng
were observed. Drits et al. [10] found that MgzZnz is stable within a narrow temperature range between
312 and 340 °C. Later, Drits et al. [11] studied the combined solubility of Nd and Zn in an Mg solid
solution at 200, 250, 300, 400, and 500 °C using X-ray diffraction, electrical resistivity, microhardness,
and microstructural examination. Based on these results, the phase equilibria between Mg:2Nd, Mg7Zns,
MgNdasZns, MgsNd2Zn7, and MgaNd2>Zng and the a-Mg solid solution were suggested. In his review paper,
Raynor [12] presented the Mg-Nd-Zn ternary phase diagram based on the results obtained by
Drits et al. [10,11]. Kinzhibalo et al. [13] reported different phase relations in the Mg-rich corner at
297 °C and ternary compounds than those reported by Drits et al. [11] at 300 °C. Kinzhibalo et al. [13]
proposed that the a-Mg solid solution is in equilibrium with Mg:12Nd, MgsNdZnz, MgsNdsZni1,
MgzNdZn12, and MgZn. Huang et al. [14] investigated the structure, composition range, and phase
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equilibria of the ternary compound 11 (M(27-334Nde.1-74ZN60.2-66.4) Using SEM/EPMA, XRD, and TEM.
The existence of 11 was confirmed in the low Nd side in the temperature range of 300—400 °C. Also,
they reported the existence of three three-phase regions t11ta-Mg+MgZn, 11+MgZn+L, and 11+Mg2Zns+L
at 300, 350, and 400 °C, respectively. Zhang et al. [15,16] reported the existence of a simple icosahedral
quasi-crystal phase with a stoichiometric composition of MgsoNdsZnss using SEM, EDS, and TEM
experiments. The quasi-lattice parameter ar was determined based on X-ray diffraction as 0.525 nm.
The phase was detected in the Mg-Nd-Zn as-cast alloys, which were made under conventional casting
conditions [15,16]. However, the presence of the MgsoNdsZnss phase was not confirmed under
equilibrium conditions.

Recently, Huang et al. [1] performed a systematic study on the Mg-rich corner of the partial
Mg-Nd-Zn system at 400 °C using XRD, SEM/EPMA, and TEM. They reported a ternary compound 12,
having the chemical formula Nd(Mg,Zn):115, which was found in equilibrium with the a-Mg solid
solution, 11, 13 (MgNdZn;), and 14 (Mg2s52Ndis7Znse1). In addition, five three-phase regions,
To+t3ta-Mg, ottito-Mg, tottetts, T2ttitts, and o-Mgtti+l, were identified [1]. More recently,
Qi et al. [8] provided a thermodynamic description of the Mg-Nd-Zn system using the CALPHAD
approach. Four stable ternary compounds, taken from the literature, were considered in their
model [8]. These compounds are t1 (Mg7NdZni2), T2 (Mg7Nd2Zn11), 13 (MgeNdZns), and t4 (MgsNdsZn1y).
The calculated isothermal section of the Mg-Nd-Zn system at 300 °C showed different phase relations
than those reported in the experimental isothermal section of Kinzhibalo et al. [13] at 300 °C.
Later, Zhang et al. [17] evaluated the Mg-Nd-Zn system at 300 °C and 400 °C using four key alloys
and thermodynamic modeling. In their work, three ternary compounds, t1 (MgssNdsZneo),
T2 (Ndg(Mg, Zn)e2), and t3 (MgsoNdisZnss), reported by Kinzhibalo et al. [13], were confirmed
experimentally using EPMA and XRD. The various ternary compounds in the Mg-Nd-Zn system
reported in the literature [1,10,11,13-16] are presented graphically in Figure 1.
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Figure 1. Graphical representation of the Mg-Nd-Zn ternary compounds reported in the
literature [1,10,11,13-16] at different temperatures.
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The available literature data focused on partial isothermal sections near the Mg-rich corner only and
the phase relations near the Zn-rich corner were poorly studied. Also, many discrepancies on the
composition of the ternary compounds were found. Thus, it is necessary to understand the phase
relationships in the Mg-Nd-Zn system at 300 °C for the whole composition range by means of
experimental techniques.

3. Results and Discussion

In the following section, ternary compounds are denoted by the Greek symbol t and are numbered
according to their order of appearance. Binary and ternary solid solutions are described using parentheses
and superscripts. For example, the binary solid solubility of Zn in 0-Mg is presented as (a-Mg)“" and the
ternary solid solubility of Zn in MgsNd is presented as (MgsNd).

3.1. Solid-Solid Diffusion Couples

The end-members of diffusion couple #1 were made from pure zinc and a two-phase binary alloy
containing MgsNd and MgNd, as shown in Figure 2d. The diffusion couple was annealed at 300 °C for
21 days. The SEM micrographs of diffusion couple #1 are shown in Figure 2a—c. Nine diffusion zones
in this diffusion couple were identified using WDS spot analysis (£1 atom %). The compositions of the
constituents of these nine zones are given in Table 1.

From Figure 2 and Table 1, diffusion zone #1 represents the pure-Zn end-member. Diffusion zone #2
represents the binary compound layer Mg2Zni1. Diffusion zones #3-5 represent two-phase layers. These
are: (Nd2Zni7)+Mg2Zn11, (Nd2Zni7)+MgZnz, and t1+MgZny, respectively. Three-phase equilibrium
could be determined at every interface of these zones. For instance, the three-phase equilibria
(Nd2Zn17)+Mg2Zn11+MgZn, was determined at the interface between zones #3 and #4. The three-phase
equilibria (Nd2Zn17)+MgZno+t1 was determined at the interface between zones #4 and #5. Each of the
diffusion zones #6-8 represent a single phase layer as follows: Mg2Nd2Zng (denoted as T2 in this work),
MgNdZn> (denoted as t3 in this work), and Nd(Mg,Zn)s, respectively. Drits et al. [11] reported the
existence of Mg2Nd2Zng at 200 and 300 °C and proposed that it is in equilibrium with a-Mg in both
isothermal sections. Zones #7 and #8 show that Zn substitutes for Mg at a constant Nd concentration of
25 atom %. The composition of Mg varied from 25 to 31.5 atom % in the t3 ternary compound, and from
51.2 to 75 atom % in the (MgsNd) ternary solid solution. Zone #9 is the MgsNd+MgNd end-member.

EDS elemental mapping was performed to determine the boundaries of the diffusion zones near the
two-phase end-member (zone #9) as shown in Figure 3. These maps proved that the observed
morphology in diffusion couple #1 has planar features with alternating phases and not cracks.
The elemental maps of Mg, Nd, and Zn distribution are presented in Figure 3b—d, respectively.

According to EDS elemental mapping, the dark phase in Figure 3a, zones #4 and #5, represent the
MgZn, compound, whereas the bright dendrites represent the ternary and the Nd-containing binary
phases. These phases are Nd2Zn17 in zone #4 and as 11 in zone #5. Zones #6 and #7 are 11 and T3 ternary
compounds. Zone #8 is the (MgsNd) ternary solid solution. These results were confirmed by WDS
analysis, as listed in Table 1.

It is usually difficult to locate the original interface between the two end-members after diffusion
takes place. However, knowing the location of the original interface provides information regarding
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atomic flux leading to diffusion layer formation [18]. The original interface of diffusion couple #1 was
determined at the contacting interface between zones #2 and #3, as shown in Figure 2c. This means that
the diffusion reaction took place based on Mg and Zn atom, exchange with less mobility for Nd atoms.
As a result, a very wide matrix containing Mg2Zn1 in zone #3, and MgZn; in zones #4 and #5, are
formed, and the Nd-containing phases, the bright dendrites in Figure 2a, appeared within this matrix.
Similar morphologies were observed at 300 °C in the Ce-Mg-Zn system studied by our research
group [19]. The reason for having such periodic layer morphology could be due to the difference between
the atomic sizes of Mg/Zn atoms that leads to lattice distortion, which imposes mechanical stresses that
break the ternary compound layers. The atomic radius of Zn is about 133 pm, which is relatively smaller
than the atomic radius of Mg (160 pm) [20]. Also, when a diffusion couple consists of species with very
different mobilities, various phases are grown at different growth rates. Therefore, the slowly growing
phase will be under tension as the other phase grows rapidly, and it finally splits off from the reaction
front [21]. In this work, the mobility of Zn atoms is expected to be higher than that of Nd. Thus, the very
mobile Zn atoms diffuse into the Mg-Nd end-member, leading to the formation of a Mg-Zn matrix and
Mg-Nd-Zn ternary compounds.

Original/af' ¢

interface

TMG 15.0kV 9.1mm x1.00k BSECOM ; nl"l TMG 15.0kV 10.4mm x550 BSECOMP I

Figure 2. (a—c) SEM micrographs of diffusion couple #1 annealed at 300 °C for 21 days.
The numbers represent the diffusion zones and correspond to those in Table 1 and Figure 4;
(d) is the SEM micrograph of MgNd+MgsNd end-member.
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Table 1. WDS spot analysis of different diffusion zones of the diffusion couple #1.

Composition (atom %)

Zone Description Corresponding Phase

Mg Nd Zn

1 Pure Zn (end-member) - - 100 Zn

2 Single-phase layer 154 - 84.6 Mg2Zn11
10.8 1.9 87.3 (Ndz2Zny7)

3 Two-phase layer 14.7 853 i MgsZnas
2.0 8.9 89.1 (Ndz2Zny7)

4 Two-phase layer 325 0 675 MgZn,
6.5 29.5 64 T

5 Two-phase layer 321 ] 67.9 MgZn,

6 Single-phase layer 14.5 14.7 71.8 T2

7 Single-phase layer 25.0-31.5 24.5 44.0-515 T3

8 Single-phase layer 51.2-75.0 24.6 0-24.2 (MgsNd)

9 Two-phase alloy 74.8 25.2 - MgsNd

(end-member) 50.0 50.0 - MgNd

Based on the phase equilibria determined from diffusion couple #1, the phase equilibrium and
diffusion path can be depicted as follows: pure Zn (end-member)/Mg>Zn11/Mg2Zn11+(Nd2Zn17)/
(Nd2Zn17)+MgZno+Mg2Zni1/(Nd2Zni7)+MgZna/MgZno+(Nd2Zn17)+ti/MgZnat+ta/to/t3/ (MgasNd)/MgsNd+
MgNd (end-member). Accordingly, the phase relations can be represented graphically, as shown in
Figure 4. The two end-members are connected by a dashed line. The numbered boxes represent the
corresponding diffusion zones in Figure 2 and Table 1.

7]8f ol

07 mep
' BEB B

Figure 3. (a) SEM micrograph of diffusion couple #1 near zones #4-8; (b—d) EDS elemental
maps for the elements Mg, Nd, and Zn, respectively. Readers are encouraged to see the
online version for the colored maps.
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Figure 4. The phase equilibria depicted from diffusion couple #1.

SEM micrographs of diffusion couple #2, annealed at 300 °C for 40 days, are shown in Figure 5a,b.
A long annealing time (40 days) was required, because no successful diffusion occurred when a shorter
annealing time (21 days) was used. This can be attributed to the composition of the end-members,
because the diffusion process is governed by the affinity of different species to one another. For instance,
the affinity of Nd to Zn is reduced in the presence of Mg. This can be attributed to the high diffusivity
of Mg in both Zn and Nd [22]. Evidence can be seen in the thickness of diffusion zones in diffusion
couple #1, where very wide diffusion layers of Mg-Zn compounds were formed at 300 °C within
21 days only.

Both end-members of diffusion couple #2 were composed of two-phase binary alloys. The actual
composition of the first end-member, Figure 5c, is 63Mg-37Zn atom % and it contains Mg12Zn13 and
(a-Mg)?". The actual composition of the second end-member, Figure 5d, is 55Mg-45Nd atom % and it
contains MgsNd and MgNd. WDS spot analysis, summarized in Table 2, was used to determine the
composition of the diffusion zones and their constituents. A WDS line-scan, shown in Figure 6,
was performed across the diffusion zones of diffusion couple #2. The original interface location was
determined at the junction between zones #2 and #3, as indicated in Figure 5a,b.

Based on WDS spot analysis and line-scan, seven diffusion zones were determined. Diffusion
zones #1 and #7 are the end-members. The SEM micrographs and WDS results revealed that the other
diffusion zones are single-phase layers, unlike diffusion couple #1, where most of the layers contained
two phases. Zone #2 is the Mg4oNdsZnss ternary compound (denoted as 14 in this work), that conforms
with that reported by [15,16]. Diffusion zones #3-6 represent single-phase diffusion layers as follows:
11, Mg2NdZn4 (denoted as 15 in this work), 13, and Nd(Mg,Zn), respectively.
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Figure 5. (a) A SEM micrograph of diffusion couple #2 annealed at 300 °C for 40 days;
(b) the colored version of the same diffusion couple (readers are encouraged to see the online
version for the colored image); (c) is the (a-Mg)Zn+Mgi2Zn13 end-member; and (d) is the
MgNd+MgsNd end-member. The numbers represent the diffusion zones and correspond to
those in Table 2 and Figure 7.

From the WDS results in Figure 6 and Table 2, 1 was recognized as a ternary solid solution extending
from 26.6 to 29.5 atom % Mg at 6.5 atom % Nd, 13 extended from 24.6 to 38.0 atom % Mg at
25.0 atom % Nd, and Nd(Mg,Zn) extended from 43.3 to 48.1 atom % Mg at 50.0 atom % Nd. Diffusion
couples do not provide the solubility limits very accurately. However, they are useful in detecting
whether solubility exists or not. The exact solubility limits can be obtained using equilibrated key alloys.
Besides, diffusion zones #4 and #6 are relatively thinner than other zones, which can lead to large errors
in WDS results. Therefore, the composition of the corresponding compounds must be confirmed by the
key alloys method.

The SEM micrograph in Figure 5a and the colored version in Figure 5b showed that (a-Mg)“" and
Mg12Zn13 are in equilibrium with t4 from one side, and 14 is in equilibrium with 1 from the
other side of the original interface of diffusion couple #2. Based on the phase equilibria determined
from diffusion couple #2, the diffusion path can be depicted as follows: o-Mg+MgioNdi3
(end-member)/ta/11/15/t3/(MgaNd)/Nd(Mg,Zn)/MgsNd+MgNd (end-member). Accordingly, the phase
relations can be represented graphically as shown in Figure 7. The two end-members are connected by
a dashed line.
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Figure 6. WDS line-scan across diffusion couple #2.

Table 2. WDS spot analysis of diffusion zones of diffusion couple #2.

Composition (atom %)

Zone Description Corresponding Phase
Mg Nd Zn
1 Two-phase alloy 95.6 - 4.4 (a-Mg)?"
(end-member) 47.3 - 52.7 Mngang
2 Single-phase layer 45.6 1.8 52.6 T
3 Single-phase layer 26.6-29.5 6.5 64.0-66.9 T
4 Single-phase layer 28.8 13.1 58.1 Ts
5 Single-phase layer 24.6-38.0 25.0 37.0-50.4 T3
6 Single-phase layer 43.3-48.1 50.0 1.9-6.7 Nd(Mg,Zn)
7 End-member 50.0 50.0 - MgNd

Figure 7 shows that the diffusion path is mainly passing across the lower side of the line connecting

the two end-members. However, the mass balance principle must be taken into account in any diffusion
couple. To understand the mass balance in this diffusion couple, the diffusion reaction starting from
zone #7 to zone #1 can be described as follows. In the case of binary diffusion couples, the growth of
diffusion layers is sequential rather than simultaneous [23]. However, the case could be different for
ternary diffusion couples. Due to the presence of more than two species having different mobilities,
layers can form simultaneously. For instance, if two of the diffusing species react to form a binary
compound, the third element could be simultaneously consumed adjacent to the interface to form another
layer. Evidence could be observed through the layers around the original interface, where the less mobile
Nd atoms form 14 on one side, and the Zn atoms with high mobility form many layers on the other side.
More specifically, Nd(Mg,Zn) firstly formed adjacent to MgNd (from zone #7) by dissolving diffusing
Zn form zone #1. Simultaneously, Zn depletion from Mgi2Zn13 produced a layer of 4, with low Nd
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concentration, in zone #2. The concentration of Zn increased gradually with the decrease in Mg and Nd
concentrations, starting from zone #6 until the interface between zones #2 and #3, as illustrated in
Figure 6. As a result, the diffusion path, in Figure 7, was pulled down towards the Zn-rich side.
This could be due to the mobility of Zn atoms. In zone #3, there is Zn/Mg exchange at around 6.5 atom
% Nd to form 11. At the end of zone #3, the diffusion path changed its direction towards the Mg-Zn side.

Mg m WDS spot analysis
1- Mg122n13+(<1-Mg)Zn (end-member)

21,
Xy Mg, Nd,

3-T,

\ Mg Nd 4T,
5-T,

% 6- Nd(Mg,Zn)

7- MgNd+Mg_Nd (end-member)

Mg,Zn,, y

Mole fraction, Nd

Figure 7. The phase equilibria depicted from diffusion couple #2.

Diffusion couple experiments revealed the existence of five ternary compounds in the system at
300 °C. These are: 11 (Mg7NdZni), 12 (Mg2Nd2Zng), t3 (MgNdZnz), 14 (MgsoNdsZnss), and
5 (Mg2NdZna4). The preliminary results obtained from this work showed that (a-Mg)#" is in equilibrium
with Mg12Zn13, 11, and t4. Also, the ternary compounds t1 and t3 were recognized with extended solid
solubility. However, these results must be confirmed using equilibrated key alloys. The combined results
of diffusion couples and key alloys improve the accuracy of the obtained phase equilibrium information.
In the following section, the results obtained from equilibrated key alloys are discussed.

3.2. Equilibrated Key Alloys

Twenty-five equilibrated key alloys, selected at different compositions of the Mg-Nd-Zn system,
were annealed at different time intervals. Figure 8 shows the distribution of the selected key alloys
based on their actual composition obtained by SEM/EDS area analysis.

Because annealing was performed at 300 °C, a long time was required to achieve the equilibrium
structure. For some compositions, annealing for about 45 days was not sufficient to homogenize the
structure. In such cases, the equilibrium was inferred by comparing the as-cast microstructures and XRD
patterns with the annealed ones. Tables 3 and 4 list the experimental results obtained from equilibrated
key alloys containing three-phase and two-phase equilibria, respectively. The question marks in the XRD
results in Table 3 denote that the crystal structure of the compound is unknown. The crystal structure of
11 was taken from [14] and of 13 and 16 Was taken from [1].
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Figure 8. The actual composition of the Mg-Nd-Zn key alloys.
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Figure 9. SEM micrographs of alloys annealed at 300 °C selected from different regions in
the Mg-Nd-Zn system: (a) sample #2, (b) sample #6, (c) sample #9, (d) sample #10,
(e) sample #12, and (f) sample #21.
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Table 3. Actual composition of key alloys containing three-phase equilibria and their
experimental results.

Actual alloy Composition Phase Phase Composition .
Sample (atom %) Identification (atom %) Corresponding
Phase
Mg Nd Zn XRD Mg  Nd Zn
Zn - - 100.0 Zn
1 6.8 5.3 87.9 Mg2Zn11 15.4 - 84.6 Mg2Zn11
(NdzZﬂn) <1.0 10.1 89.1 (Ndzzn17)
M922n11 154 - 84.6 Mg22n11
2 16.8 3 80.2 MgZn, 33.3 - 66.7 MgZn;
(Ndzan) 11 10.1 88.9 (NdzZnﬂ)
Mglzznlg 48.0 - 58.0 Mglzznlg
3 38.0 2.5 59.5 Mg2Zn; 40.0 - 60.0 Mg2Zns
T 32.0 7.0 61.0 T
4 52.4 3.8 43.8 (a-Mg)#" 95.2 - 4.8 (a-Mg)?"
Mglzznlg 48.1 - 519 Mglzznlg
15 66.7 37 29.6 ? 34.9 7.0 58.1 T1
(a-Mg)#" 95.3 - 4.7 (a-Mg)?"
5 35.5 9.7 54.8 To 49.0 7.2 43.8 Ts
T1 30.0 6.5 63.5 T1
To 54.8 8.3 36.9 T6
6 24 17.8 58.2 ? 227 176 59.7 5
T3 265 249 48.6 T3
(Nd3zn11) 35 214 75.1 (ngZnn)
7 8.12 18.6 73.28 T3 25.1 250 49.9 T3
? 11.0 15.0 74.0 T2
(nganl) 35 21.4 75.1 (ngZnn)
8 8.2 28 63.8 (Ndzn,) 25 33.4 64.1 (NdZn,)
T3 26.2 25.0 48.8 T3
(Ndzn,) 25 33.4 64.1 (NdzZn,)
9 8.0 34.4 57.6 Nd(Mg,Zn) 2.0 50.0 48.0 Nd(Mg,Zn)
T3 28.3 250 46.7 T3
(a-Mg)#" 99.4 - <1.0 (a-Mg)#"
20 88.0 6.0 6.0 (Mga1Nds) 87.0 10.0 3.0 (Mg41Nds)
(MgsNd) 55.0 25.0 20.0 (MgsNd)
(a-Mg)#" 98.2 - 1.8 (a-Mg)#"
21 65.8 10.4 23.8 T6 63.5 75 29 6
T3 30.0 25.0 45.0 T3
? 21.0 16.0 63.0 5
24 16.0 16.5 67.5 T3 25.2 25.0 49.8 13
? 12.5 155 72.0 2

“?” is used to indicate unknown crystal structure.
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Table 4. Actual composition of key alloys containing two-phase equilibria and their
experimental results.

S | Actual alloy Composition Phase Phase Composition c di
ampie (atom %) Identification (atom %) orresponding
Number Phase
Mg Nd Zn XRD Mg Nd Zn
Nd(Mg,Zn) 3.5 50.0 465 Nd(Mg,Zn)
10 115 421 458 T3 305 25.0 445 3
Nd(Mg,Zn) 190 500 31.0 Nd(Mg,Zn)
11 155 56.4 28.1 Nd 100.0 ] ] Nd

Nd(Mg,Zn) 28.3 500 217 Nd(Mg,Zn)
(MgsNd) 600 250 15.0 (MgaNd)
(Mg41Nd5) 89.0 10.1 <1.0 (Mg41Nd5)
(MgsNd) 700 250 50 (MgsNd)
(a-Mg)™™ 988 - 12 (a-Mg)?"
(MgNd) 481 250 26.9 (MgsNd)
Nd(Mg,zn) 430 500 7.0  Nd(Mg,zn)
(MgNd) 700 250 5.0 (MgsNd)
Nd(Mg,Zn) 86 500 414  Nd(Mg,zZn)

12 426 321 25.3

13 733 175 9.2

14 76.3 9.5 14.2

16 56.5 34.1 9.4

17 195 44 365 (MgsNd) 470 250 280 (MgsNd)
Mg)?" 7. - 22 -Mg)?"

18 4l 1Ld 14.2 EK/Igaﬁl)d) Z?.g 250 28.0 Eﬁ/lgsgN)d)
Mga:N 70 10 . Mga:N

19 72 s ss QMY 0 20 10 (Mang
Nd.Z 75 10 2. Nd,Z

22 24213 08.3 ( dznnu) 29.50 6955 34.2 ( dznnﬂ)
-Mg)?" 943 - 57 -Mg)?"

23 64 81 533 “ ng) 315 7.2 613 ; ng)
Nd.Z 70 105 825 Nd,Z

25 65 15 783 ( Znnﬂ) 255 75  67.0 ( Znnﬂ)

The microstructures of equilibrated key alloys selected from different regions of the Mg-Nd-Zn
system are shown in Figure 9. The equilibrated phases are labeled on the same micrographs. WDS
analysis of all the equilibrated key alloys is shown graphically in Figure 10, where the arrows point to
the detected phases.

The existence of ternary compounds 11, T2, T3, and 15, detected by diffusion couple experiments,
was confirmed using the equilibrated key alloys. Furthermore, key alloys revealed the presence of a
ternary compound equilibrating with (a-Mg)#". This compound was given the formula Nd(Mg,Zn)115 in
the work of Huang et al. [1] at 400 °C. It is denoted as e in the current work. We assume that t4 was not
detected by key alloys due to the low Nd concentration, which falls within the WDS detection limits.
Thus, the phase might be read as Mgi2Zn13 for negligible Nd concentration. However, it was clearly
recognized in diffusion couple #2, where 14 is in equilibrium with (0-Mg)?", Mgi2Znis, and 1.
More data and discussion regarding the ternary compounds and solid solutions are provided in the
following sections.
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Figure 10. Phase equilibrium results obtained from WDS spot analysis of equilibrated
key alloys, where the arrows point to the detected phases.

3.2.1. Ternary Compounds

Six ternary compounds in the Mg-Nd-Zn system were confirmed experimentally at 300 °C by
diffusion couples and key alloys. The homogeneity range of these compounds was determined by WDS
analysis. 11 extends from 29.0 to 35.0 atom % Mg at a constant Nd concentration of ~6.8 atom % and
has a hexagonal crystal structure with lattice parameters of a = b = 1.5 nm and ¢ = 0.87 nm [14].
12 extends from 10.0 to 12.0 atom % Mg at a constant Nd concentration of 15.1 atom %. t3 extends from
25.0 to 36.0 atom % Mg at a constant Nd concentration of 25.0 atom % and has a face-centered cubic
crystal structure with lattice parameters of a = b = ¢ = 0.68 nm [1]. 15 was found with a homogeneity
range of 22.0-23.5 atom % Mg, 15.5-17.6 atom % Nd and 59.1-61.8 atom % Zn. 16 extends from
54.1t061.3 atom % Mg at a constant Nd of 8.0 atom % and has a C-centered orthorhombic crystal structure
with lattice parameters of a = 0.965-0.984 nm, b = 1.18-1.135 nm and ¢ = 0.946-0.963 nm [1].

3.2.2. Solid Solutions

Although the binary solid solubility of Nd in Mg is negligible [10,11], Kinzhibalo et al. [13] showed
that (a-Mg) contains ~5 atom % Nd in the Mg-Nd-Zn isothermal section at 300 °C. In this work, the
solubility of Nd in a-Mg is negligible and the maximum solid solubility of Zn in (a-Mg)“" was measured
as 4.8 atom % Zn at 300 °C.

The ternary solubility of Zn in Mg-Nd compounds was found to increase with a decrease in Mg
concentration. For instance, (Mgs:Nds) was found to have an extended solubility of 3.1 atom % Zn,
whereas (MgsNd) was found to have 30.0 atom % Zn. MgNd was found to have a complete substitution
of Mg by Zn. Thus, the complete solid solubility line Nd(Mg,Zn) was established between MgZn and NdZn.
This was also reported in the literature for this system at 300 °C [13] and confirmed in the current work.
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3.3. Mg-Nd-Zn Isothermal Section at 300 °C

The Mg-Nd-Zn isothermal section at 300 °C, established using the diffusion couples and key alloy
results, is shown in Figure 11. The existence of six ternary compounds was confirmed by WDS analysis.
The ternary solubility ranges were determined using key alloy experiments. Because of many wide
two-phase fields, many key alloys are required to determine the boundary tie-lines. In this work, tie-lines
were interpolated based on the mass balance principle as described in [19]. In this method, each
two-phase field must be determined experimentally by at least three tie-lines. Two lines, parallel to the
boundary composition lines, are extended from the two ends of each experimental tie-line until they
intersect. For each region, three intersection points are assigned. Then, these points are connected
together to give the balance curve, which represents the amount of the equilibrated phases versus
composition. Each point on the produced curve represents an intersection of a tie-line that occurs in that
field with the extended composition axis. Once the curve is determined, the process can be reversed and
additional tie-lines can be interpolated by extending two lines parallel to the phase boundary composition
lines. Using this method, many regions in the Mg-Nd-Zn isothermal section could be determined.

Mg

Mg..Zn

12713

Nd

Mole fraction, Nd

Figure 11. The Mg-Nd-Zn isothermal section at 300 °C.

The current study showed different phase relations than those reported by Qi et al. [8],
Drits et al. [11], and Kinzhibalo et al. [13] at 300 °C. However, the phase relations near the Mg-rich
corner are consistent with Huang et al. [1] except for the presence of the liquid phase, and consistent
with Zhang et al. [17] except for the presence of 14 at 300 °C.
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4. Experimental Procedures

In order to study the phase relationships in the Mg-Nd-Zn isothermal section at 300 °C, solid-solid
diffusion couples along with key alloys were prepared and analyzed using a PANalytical (Almelo,
The Netherlands) X-ray diffractometer (Cu K-a radiations) and a Hitachi (Tokyo, Japan) S-3400N SEM
equipped with Oxford® (Abingdon, UK) EDS/WDS detectors. EDS and WDS analyses were used to
determine the phases and to quantify their compositions. Pure metals (Mg, Nd, and Zn) were used as
standards for WDS calibration. X-ray scans were performed on powder-form samples, in the range
from 20 to 120 degree 20 with 0.02° step size, to identify and confirm the phases obtained by WDS
measurements. X-ray phase analysis was carried out using X’pert Highscore Plus software (Almelo,
The Netherlands). The standard intensity data were taken from Pearson’s Crystal Data software (Crystal
Impact, Materials Park, OH, USA). Silicon was added to the powder samples and used as a calibration
standard to correct for the zero shift and specimen displacement of the obtained diffraction patterns.

4.1. Key Alloy Preparation

Pure elements were used for sample preparation and diffusion couple end-members. Mg ingots with
purity of 99.8% were supplied by CANMET Materials Technology Laboratory (Ottawa, ON, Canada).
Nd ingots with purity of 99.9% were supplied by STREM Chemicals Incorporated (Newburyport, MA,
USA). Zn rods with purity of 99.9% were supplied by Alfa Aesar Company (Haverhill, MA, USA).
The key alloys, 3-4 gm each, were prepared in a tantalum crucible under argon atmosphere using
induction-melting furnace. The melts were left to solidify in the crucible.

Alloys near the Zn-rich corner were prepared by adding pure Zn to previously prepared Mg-Nd binary
alloys to avoid the exothermic reaction between Zn and Nd. The other compositions were prepared by
melting the three pure metals together. Excess amounts of Mg and Zn (around 10%) were added to
compensate for losses due to evaporation. The actual global composition was determined using
EDS/SEM area analysis. An average of three readings from three different locations was taken as the
actual composition. The WDS error of measurements was estimated as £1 atom %.

4.2. Solid-Solid Diffusion Couples

The end-members of the solid-solid diffusion couples were prepared from pure metals and/or alloys.
The contacting surfaces were ground gradually up to 1200 SiC paper using 99% pure ethanol to reduce
friction and to prevent oxidation. The ground surfaces were polished down to 1 pum using an
alcohol diamond suspension. The end-members were attached together strongly using stainless steel
clamping rings.

For annealing purposes, samples and diffusion couples were wrapped in tantalum foil and
encapsulated inside an argon-purged quartz tube with an internal pressure of about 8 x 107! torr.
To reach equilibrium, diffusion couples and key alloys were heated up to 300 °C for a predefined
period of time. Annealing time was chosen based on the composition of the selected end-members.
After annealing, the quartz tubes, containing samples and diffusion couples, were rapidly quenched in
cold water in order to maintain the high temperature structure. The equilibrated samples and the diffusion
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couples were analyzed using SEM/WDS spot analysis and line-scans. The isothermal section of the
Mg-Nd-Zn phase diagram at 300 °C was constructed based on these results.

5. Conclusions

The Mg-Nd-Zn isothermal section at 300 °C was established for the whole composition range by
solid-solid diffusion couples and equilibrated key alloys. The microstructural characterization was
performed using XRD, SEM/EDS/WDS, and metallography. An annealing temperature of 300 °C was
chosen to avoid the liquid phase formation upon annealing and to resolve the inconsistent phase relations
found in the literature [1,8,10,11,13,14,17]. The current study showed different phase relations from
those reported by Qi et al. [8], Drits et al. [11], and Kinzhibalo et al. [13] at 300 °C. However, the phase
relations near the Mg-rich corner are consistent with Huang et al. [1] and Zhang et al. [17].

Six ternary compounds were detected in the Mg-Nd-Zn system at 300 °C. These are:
11 (NdsMQ214xZNas—; 0 < X < 4), 12 (NdsMQz+yZnas—y; 0 <y < 1), 13 (NdMQ1+:Zn2—; 0 < z < 0.44),
T4 (MgaoNdsZnss), 15 (Mg22-235Nd155-17.5ZN59.1-61.8), and t6 (Nd2(Mg,Zn)23). The ternary solubility of Zn
in Mg-Nd compounds was found to increase with decrease in Mg concentration so that (Mg4:Nds) and
(MgsNd) were found to have an extended solubility of 3.1 and 30.0 atom % Zn, respectively. MgNd was
found to have a complete substitution of Mg by Zn.
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