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Abstract: This study investigates the phase equilibria of the Al-Mo-Hf ternary system at 400 °C and
600 °C using X-ray diffraction (XRD) and electron probe microanalysis (EPMA /WDS) techniques.
Seven three-phase and five two-phase regions were identified at 400 °C, while eight three-phase and
four two-phase regions were identified at 600 °C. Despite variations in the solid solubility ranges
of certain compounds, the distribution of phase zones in the isothermal cross-section remained
consistent at both temperatures. Using the experimental results and logical deductions, isothermal
cross-sections were constructed for the Al-Mo-Hf ternary system at 600 °C and 400 °C.
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1. Introduction

Aluminum and its alloys have numerous advantages, including high strength, low
density, and favorable hot working properties. This makes them widely used in the
aerospace, electronics, electrical engineering, machinery manufacturing, and transportation
fields, among others [1-4].

The properties of aluminum alloys can be enhanced through the addition of other
elements, which can occur through mechanisms such as fine-grain strengthening, solid-
solution strengthening, and second-phase strengthening. Studies [5-7] have shown that
elements from the fourth transition group, such as Ti, Zr, and Hf, exhibit slow diffusion
in Al alloys. This is significant in the development of Al-based high-temperature alloys
with excellent thermal stability. For example, in Al-Zr alloys, the Al3Zr phase precipitates
from a supersaturated solid solution during aging, which shares structural and property
similarities with the v’ (AINi3) phase found in nickel-based high-temperature alloys. The
v’ phase is characterized by an ordered L1, structure [8-10]. Hafnium (Hf) and zirconium
(Zr) share numerous similarities. However, Hf exhibits higher solubility in aluminum
(Al) compared to Zr. The formation of L1,-structured AlzHf can inhibit grain boundary
and subgranular boundary migration, or serve as a nucleating agent to refine grains. This
effectively enhances the strength of aluminum alloys [11-13]. Molybdenum (Mo) can be
involved in synthesizing intermediate phases enriched with transition metal elements. This
offers low diffusivity and solid solubility in Al, contributing to better thermal stability.
Studies [14-16] have shown that the tensile strength and elongation of aluminum alloys
are influenced by Mo content, with properties improving with appropriate Mo additions.

Phase diagrams are useful visual representations of the relationship between phases
in thermodynamic equilibria. They provide theoretical guidance for material development
and design [17,18]. However, comprehensive phase diagrams for the Al-Mo-Hf system are
currently scarce. Obtaining accurate and comprehensive isothermal cross-sections of the
Al-Mo-Hf system is therefore of paramount importance for the study of aluminum alloys.

During initial studies of the Al-Hf binary system, researchers [19-21] identified several
binary compounds, including AlHf,, ALL,Hfs, AlsHf, AlHf, AlsHf,, Al,Hf, and AlzHf.
The crystal structure and cell parameters of these compounds were also determined. In
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1975, Kaufma et al. [22] conducted calculations on the Al-Hf binary system, yielding phase
diagrams that differed somewhat from the experimental ones. In 1998, Murray et al. [23]
summarized previous research on the Al-Hf binary system, resulting in a more accurate
phase diagram. Wang et al. [24] conducted a re-evaluation of the thermodynamics of the
Al-Hf binary system, producing calculations that closely aligned with experimental data.
In 2006, Okama [25] synthesized the findings of Murray [23] and Wang [24] to revise the
Al-Hf phase diagrams. In 2016, ZH Jia et al. [26] recapitulated the Al-Hf binary system, and
Figure 1 depicts the binary phase diagram determined by ZH Jia et al. [26].
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Figure 1. Al-Hf binary phase diagram [26].

In 1961, Taylor et al. [27] investigated two crystal structures of the HfMo, com-
pound and determined the Mo-Hf binary system. Subsequently, Rudy [28], Garg [29],
and Brewer L. et al. [30] conducted experimental studies on the phase equilibrium of the
Mo-Hf system. Their results were consistent with the fundamental characteristics de-
scribed by Taylor et al. [27], except for some phase equilibrium details on the Hf-rich side.
Massalski et al. [31] summarized previous findings and obtained a comprehensive Mo-Hf
binary phase diagram. In 2002, Shao et al. [32] evaluated the equilibrium data of the Mo-Hf
system using the CALPHAD method and obtained complete thermodynamic data for this
system. Later, Zhao et al. [33] found that the thermodynamic data by Shao et al. [32] did
not fully align with the experimental data. The crystal structure information for each phase
of the Mo-Hf system was calculated using first-principles methods. The phase diagram
they obtained aligns well with the experimental data. Figure 2 displays the Mo-Hf binary
phase diagram as determined by Zhao et al. [33].
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Figure 2. Mo-Hf binary phase diagram [33].
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Since 1922, numerous researchers [34] have studied the Al-Mo binary system. Koch [35]
and Mondolfo [36] determined the solid solubility of Mo in Al, while Yamaguchi et al. [37]
investigated the liquid phase composition at the Al-rich end at 1000 °C. It was not until
1959 that Spernerd et al. [38] conducted a study on alloys with Mo content ranging from
20 to 95 at.%, yielding the first comprehensive Al-Mo phase diagram. Due to inconsis-
tencies at the Al-rich end of the Al-Mo system, Schuster et al. [39] re-examined various
compounds between Al and AlgMos in 1991. In 2000, Okomata [40] updated the Al-Mo
phase diagram based on the results of Schuster et al. [39], and Eumann [41] further refined
the Al-Mo binary system in 2006 by analyzing the microstructure of nine Al-Mo alloys
heat-treated and quenched between 600 °C and 1200 °C. In 2010, Cupid et al. [42] conducted
thermodynamic calculations on the Al-Mo system, reassessing the Al-Mo binary phase
diagram. Peng et al. [43] adjusted the parameters of some intermetallic compounds based
on the thermodynamic data obtained by Cupid et al. [42], setting the second derivative of
Gibbs free energy to be positive as a constraint. They also considered the experimental data
from Schuster et al. [39] and Eumann [41] to re-optimize the Al-Mo binary system, resulting
in a calculated phase diagram that aligns well with the experimental data. Figure 3 depicts
the Al-Mo binary phase diagram obtained by Peng et al. [43] (Table 1).
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Figure 3. Al-Mo binary phase diagram [43].

Table 1. Crystal structures and lattice constants of binary compounds in the Al-Mo-Hf system.

Lattice Parameters [nm]

Phase Pearson Symbol Prototype Space Group b Ref.
a c

o AlzHf tI8 Al13Ti I4/mmm 0.3982 ... 1.7155 [26]
BAIzHf tl16 AlsZr I4/mmm 0.3893 .. 0.8925 [26]

ALHf hP12 MgZn, P63 /mmc 0.6776 . 0.5372 [26]
Al;Hf, oF40 AlyZr, Fdd2 0.5522 0.9523 1.3763 [26]

AIHf oC8 CrB Cmcm 0.3253 1.0822 0.4280 [26]
AlHfy hP7 AlyZry P6 0.5343 . 0.5422 [26]
AL Hf, tP20 AlyZrs P4, /mnm 0.7535 .. 0.6906 [26]

AlHf, tI12 Al,Cu 14/mcm 0.6776 ... 0.5372 [26]
oHfMo, cF24 MgCu, Fd3m 0.7.557 ... . [44]
BHfMo, hP24 MgNi, P63 /mmc 0.5.366 . 1.7408 [44]
Alj;Mo 26 Al W Im3 0.7573 .. .. [39]
aAlsMo hP36 R3c 0.495.1 ... 2.623 [39]
BAlsMo hP12 AlsW P6522 0.4912 ... 0.886 [39]
AlgsMs; ... .. ... ... [45]
Aly,Mos oF216 Fdd2 7.382 0.916 4932 [46]
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Table 1. Cont.
Lattice Parameters [nm]
Phase Pearson Symbol Prototype Space Group b Ref.
a C
Alj7Moy mC84 C2 0.9158 0.49323 2.8935 [46]
AlyMo mC30 AW Cm 0.5255 1.7768 0.5225 [47]
AlzMo mC32 C2/m 1.6396 0.3594 0.8386 [39]
AlgMos mC22 Cm 0.9207 0.3641 1.0065 [48]
AlMo cP2 CsCl Pm3m 0.3098 e e [49]
AlMog cP8 Cr3Si Pm3n 0.4950 [50]

2. Materials and Methods

The determination of experimental phase diagrams involves dynamic and static meth-
ods. In this study, the static equilibrium alloy method was employed. This method entails
placing alloy samples with varying compositions under pre-set temperature gradients
for annealing, allowing the samples to reach equilibrium at each temperature. Subse-
quent rapid quenching preserves the high-temperature phases for further phase analysis
to determine phase equilibrium relationships. To ensure comprehensive phase diagram
information, a temperature difference of at least 200 °C between the two isothermal sec-
tions is recommended. In annealed samples, the presence of a liquid phase should be
avoided, as it can affect the determination of the equilibrium structure. Considering that
the melting point of aluminum is 660.32 °C, and the melting points of its compounds
might be lower, the maximum annealing temperature should not exceed 600 °C. Therefore,
temperatures of 400 °C and 600 °C were chosen for the two isothermal sections of the
Al-Mo-Hf ternary system.

For sample preparation, granular high-purity Al (99.99 wt.%), Mo (99.99 wt.%), and
Hf (99.99 wt.%) with diameters of 3 mm and lengths of 3.5 mm were selected. Considering
Al's low density, initial sample sizes ranging from 8 to 12 g were designed based on Al
content. Samples were melted using a vacuum non-consumable arc furnace with vacuum
pressure maintained at —0.05 MPa using mechanical and molecular pumps along with
argon gas flushing to prevent alloy oxidation. A titanium sponge was placed on a water-
cooled copper crucible as an oxygen scavenger before each melting process to minimize
oxidation. Given the significantly different melting points of Al (660 °C), Mo (2610 °C),
and Hf (2233 °C), the electric current was gradually increased during melting to prevent
alloy splashing. Additionally, to ensure uniform sample composition after melting, each
sample was melted at least six times. The alloy samples were annealed in several quartz
tubes. The samples in the same quartz tube were separated by quartz granules to prevent
them contacting each other when annealing, and sealed after multiple vacuum and argon
flushing cycles to prevent oxidation during annealing.

The two sets of samples were annealed for 180 and 240 days at 600 °C and 400 °C, re-
spectively, to achieve the equilibrium states. Subsequently, the quartz tubes were shattered
in ice water and quenched. Standard metallographic samples were prepared by grinding,
polishing, and ultrasonic cleaning before EPMA and XRD analysis.

EPMA (JAXA-8800R, JEOL, 15 kV, 1 x 1078 A, Tokyo, Japan) was utilized for the
quantitative analysis of phase composition in equilibrium structures, while XRD (Rigaku
d-max/2550 VB, Cu K, 40 kV, 250 mA, Tokyo, Japan) was employed for the crystal structure
analysis of typical alloy compositions. The scanning range was set from 10° to 90° at a
speed of 5° /min.

3. Results and Discussion
3.1. Phase Equilibrium at 400 °C
In this study, we investigated the isothermal cross-section of the Al-Mo-Hf ternary

system at 400 °C by selecting 22 representative alloys for EPMA and XRD analyses. Each
alloy underwent annealing at 400 °C for 240 days. We determined the final phase composi-
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tion data by selecting and averaging 3-5 positional compositions for each phase. Table 2
presents a summary of the experimental results obtained from these 22 samples with
varying compositions.

Table 2. Compositional phases and their compositions of Al-Mo-Hf alloy samples annealed at 400 °C
for 240 days.

Alloy Nominal Composition (at.%) Experimental Results (at.%)
Number Al Hf Mo Al Hf Mo Phase
Al 90 5 5 91.96 0.14 7.9 Al;pMo
99.78 0.09 0.13 Al
75.19 23.71 1.1 AlzHf
A2 85 5 10 83.37 0.08 16.55 AlsMo
74.46 2431 1.23 Al;Hf
92.06 0.16 7.78 Al;p,Mo
A3 45 10 45 24.68 0.53 74.79 AlMo3
40.34 31.41 28.25 AlMoH(f
70.55 0.55 28.9 AlgMos
A4 15 25 60 20.13 5.39 74.48 AlMo3
30.04 33.04 36.92 AlMoHf
0.76 31.09 68.15 HfMo;,
A5 35 55 10 39.87 59.31 0.82 Al,Hf3
354 36.58 28.02 AlMoHf
33.43 65.84 0.73 AlHf,
Ab 45 50 5 42.41 56.27 1.32 Al;Hf,
39.28 35.88 24.84 AlMoHf
49.88 49.01 1.11 AlHf
A7 53 42 5 41.03 35.32 23.65 AlMoH(f
50.01 48.93 1.06 AlHf
59.71 39.41 0.88 Alz3Hf,
A8 40 55 5 40.24 58.62 1.14 AlHf;
37.7 37.22 25.08 AlMoHf
A9 55 20 25 71.98 2.64 25.38 AlgMos
44.66 31.18 24.16 AlMoH(f
A10 53 20 27 43.26 30.08 26.66 AlMoHf
70.81 1.51 27.68 AlgMos
All 28 12 60 21.18 3.85 74.97 AlMo3
31.69 31.24 37.07 AlMoHf
Al12 25 15 60 24.03 2.1 73.87 AlMos
37.19 3091 31.9 AlMoH(f
A13 20 35 45 2.12 34.02 63.86 HfMo;,
27.79 34.94 37.27 AlMoHf
Al4 15 37 48 1.17 37.04 61.79 HfMo,
27.32 36.89 35.79 AlMoHf
Al5 15 3 82 23.88 1.53 74.59 AlMo3
3.47 3.45 93.08 Mo
Al6 42 32 26 41.78 32.39 25.83 AlMoHf
A17 30 35 35 30.83 34.71 34.46 AlMoH(f
Al8 1 4 95 0.75 3.78 95.47 (Mo)
A19 8 87 5 8.09 86.78 5.13 (Hf)
A20 13 86 1 12.86 86.13 1.01 (Hf)
A21 14 81 5 13.87 81.23 49 (Hf)
A22 10 80 10 10.01 80.51 9.48 (Hf)

Based on the experimental findings, we established the isothermal cross-section of the
Al-Mo-Hf system at 400 °C. We will discuss the representative alloys within the different
phase regions. The microstructure analysis of alloy sample Al (AI90Hf5Mo5) revealed three
distinct phases, as depicted in Figure 4a. Subsequent XRD analysis (Figure 4b) identified the
black phase as Al, the light gray phase as AljMo, and the white phase as Al3Hf. Similarly,
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Figure 4c,d illustrate the microstructures of alloy sample A2 (Al85Hf5Mo1) alongside the
EPMA and XRD results. In this case, the black phase corresponds to Alj;;Mo, the light gray
phase to AlsMo, and the white phase to Al3Hf. Consequently, we deduced the existence of
two three-phase regions comprising Al + Al;Mo + AlsHf and Al;;Mo + AlsMo + AlzHf.
Furthermore, based on alloy samples Al and A2, we determined the maximum solid
solubility of Mo in AlzHf at 400 °C to be 1.23 at.%, and the maximum solid solubility of Hf
in AljMo to be 0.14 at.%. These two ternary phase regions agree well with the marginal
binary systems proposed by ZH Jia [26] and Peng et al. [43], further validating the accuracy
of our experimental results.
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Figure 4. (a) BSE image of A1; (b) XRD pattern of Al; (c) BSE image of A2; (d) XRD pattern of A2.

Figure 5 shows the BSE images and XRD results of alloy samples A3 (A145Hf10Mo45)
and A12 (AI25Hf15Mo060). The A3 alloy sample shows a three-phase equilibrium with the
white phase identified as AIMoHf, the light gray phase as AlMo3, and the black phase as
AlgMos. In contrast, the microstructure of the A12 alloy sample consists of AIMog and
AlMoHf phases.

Figure 6 shows the BSE image results of alloy samples A9 (AI55Hf2Mo025) and A10
(Al53Hf20M027). According to the EPMA results, a two-phase region of AlsMoz + AIMoHf
is observed. In addition, the compositional range of Al in AlgMos extends from 70.81 at.%
to 71.98 at.%, with the maximum solid solubility of Hf in AlsMos determined to be 2.64 at.%.
In the Al-Mo binary phase diagram proposed by Peng et al. [43], the AlsMo3 phase has
nearly zero solubility at 400 °C. Our experimental results are slightly higher than those
of Peng et al. The discrepancy may be attributed to the solid solution of Hf affecting the
solubility of Al

Figure 7 shows the BSE images and XRD results of alloy samples A5 (AI35Hf55Mo010)
and A8 (Al40Hf55Mo05). In the A5 alloy sample, the black phase corresponds to AIMoHf,
the white phase to AlHf,, and the gray phase to Al,Hfs. Conversely, the A8 alloy sample
shows a two-phase microstructure consisting of AIMoHf and Al,Hf;. At 400 °C, the
composition range of Hf in Al,Hf; is from 58.62 at.% to 59.31 at.%, while the maximum
solid solubility of Mo in AlHf, and Al,Hf3 is 0.73 at.% and 1.14 at.%, respectively.
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Figure 5. (a) BSE image of A3; (b) XRD pattern of A3; (c) BSE image of A12; (d) XRD pattern of A12.

AlMoHf

AlMoHf

Figure 6. (a) BSE image of A9; (b) BSE image of A10.

Figure 8 shows the BSE images and XRD results of alloy specimens A6 (Al45Hf50Mo5)
and A7 (Al53Hf42Mo5). Both alloy specimens A6 and A7 exhibit a three-phase equilibrium.
Specifically, A6 consists of AIMoHf, AlHf, and Al;Hf4 phases, while A7 consists of AIMoHf,
AlHf, and AlsHf, phases. At 400 °C, the composition of Hf in AIHf ranges from 48.93
to 49.01 at.%, and the maximum solid solubility of Mo in Al;Hfs, AlHf, and AlzHf; is
1.32 at.%, 1.11 at.%, and 0.88 at.%, respectively. The results of the Al-Hf marginal binary
system determined in this experiment align well with those of ZH Jia et al. [26].

Figure 9 shows the BSE images and XRD results of alloy samples A4 (A115Hf25Mo60)
and A13 (AI20Hf35Mo45). In the A4 sample, the black phase represents the AIMo3 phase,
the gray phase represents the AIMoHf phase, and the white phase represents the HfMo,
phase. Conversely, in sample A13, the dark gray phase represents the AIMoHf phase and
the light gray phase represents the HfMo, phase. At 400 °C, the composition range of Mo in
HfMo; is from 61.79 at.% to 68.15 at.%, while the maximum solid solubility of Al in HfMo,
is 2.12 at.%. The solubility range of Mo is greater than that determined by Zhao et al. [33].
This discrepancy is primarily attributable to the HfMo, phase in the Al-Mo-Hf ternary
system, which solubilizes a small amount of Al, resulting in lattice distortion in the HfMo,
phase. Consequently, the solubility of Mo in the HfMo, phase is altered.
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Figure 7. (a) BSE image of A5; (b) XRD pattern of A5; (c) BSE image of A8; (d) XRD pattern of A8.
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Figure 8. (a) BSE image of A6; (b) XRD pattern of A6; (c) BSE image of A7; (d) XRD pattern of A7.

Figure 10 shows the BSE images and XRD results of alloy samples A15 (Al15Hf3Mo082)
and A18 (AI1Hf4Mo095). Sample A15 consists of two phases, AlMos; and Mo, while sample
A18 has a single-phase Mo microstructure. The analysis of the AIMo3 phase in samples A3,
A4, A11, A12, and A15 shows that the compositional range of Mo in AlMos at 400 °C is
from 73.87 at.% to 74.97 at.%. Furthermore, the maximum solid solubility of Hf in AIMos is
5.39 at.% and the maximum solid solubility of Al in Mo is 3.47 at.%. The solubility of Hf
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in the AlMos phase is relatively high, which may lead to changes in the properties of the
AlMojz phase. The solubility of Alin Mo is also slightly higher than the results reported by
Peng et al. [43], which may be attributed to the solubilization of Hf.
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Figure 9. (a) BSE image of A4; (b) XRD pattern of A4; (c) BSE image of A13; (d) XRD pattern of A13.
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Figure 10. (a) BSE image of A15; (b) XRD pattern of A15; (c) BSE image of A18; (d) XRD pattern
of Al8.

Figure 11 shows the BSE images and XRD results of alloy samples A17 (AI30Hf35Mo035)
and A19 (AI8Hf87Mo5). Sample A17 has a single-phase AIMoHf microstructure, while



Processes 2024, 12,969

10 of 17

sample A19 has a single-phase Hf microstructure. Samples A19 to A22 all exhibit a single-
phase Hf microstructure with the maximum solid solubility of Al being 13.87 at.% and the
maximum solid solubility of Mo being 9.48 at.%. By analyzing alloy samples containing
AlMoHf phases such as A3 to Al4, A16, and A17, the solid solubility of AIMoHf ranges
from Al27.32Mo035.79H£36.89 to Al44.66Mo24.16Hf31.18.
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Figure 11. (a) BSE image of A19; (b) XRD pattern of A19; (c) BSE image of A17; (d) XRD pattern
of Al7.

The isothermal cross-section of the Al-Mo-Hf system at 400 °C was established based
on experimental findings, as illustrated in Figure 12. Seventeen ternary regions were
highlighted in green, with seven of them being experimentally confirmed: Al + Al;Mo
+ Alng, Al;pMo + A15MO + A13Hf, AIMoHf + A1M03 + A18M03, A1M03+ AIMoHf +
HfMo,, Al,Hf; + AIMoHf + AlHf,, Al3Hf; + AIMoHf + AlHf, and AIMoHf + AIHf +
AlzHf,. Additionally, the experiment identified five binary regions shaded in light red:
AlMoHf + AlgMos, AlMos + AIMoHf, AIMoHf + HfMo,, Al,Hf; + AIMoHf, and Al +
AlMos. In Figure 12, red triangles represent the compositions of alloy samples, while
green circles and blue squares indicate phase boundaries, and green-dashed lines delineate
extrapolated phase regions. Furthermore, measurements were conducted to determine the
solid solubility of AIMoHf, AlMoz, AlgMoz, HfMo,, Hf, and Mo.

3.2. Phase Equilibrium at 600 °C

To ascertain the isothermal cross-section of the Al-Mo-Hf ternary system at 600 °C,
EPMA and XRD analyses were conducted on 21 alloy samples. The experimental findings
from annealing the 21 samples with varying compositions at 600 °C for 180 days are
summarized in Table 3.

Figure 13 shows the BSE images and XRD results of the Bl (AI90Hf5Mo5) alloy
specimen and the B2 (AI85Hf5Mo010) alloy specimen. It is evident that alloy Bl exhibits a
ternary phase comprising Al, Alj,Mo, and AlzHf, while alloy B2 demonstrates a ternary
phase composed of Al;;Mo, AlsMo, and Al3Hf. Furthermore, comparison with the Al and
A2 alloy samples at 400 °C reveals an increase in Mo’s maximum solid solubility in Al;Hf
at 600 °C from 1.23 at.% to 2.58 at.%.
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Table 3. Compositional phases and their compositions of Al-Mo-Hf alloy samples annealed at 600 °C

for 180 days.
Alloy Nominal Composition (at.%) Experimental Results (at.%)
Number Al Hf Mo Al Hf Mo Phase
Bl 90 5 5 42.38 55.94 1.68 Alj,Mo
39.14 37.36 23.5 Al
49.7 48.57 1.73 AlzHf
B2 85 10 5 41.55 35.88 22.57 AlsMo
49.87 48.46 1.67 AlHf
59.44 39.27 1.29 Alj,Mo
B3 45 10 45 70.45 342 26.13 AlMos
45.29 31.92 22.79 AlMoHf
2243 541 72.16 AlgMog3
B4 15 25 60 29.85 31.95 38.2 AlMos
24.36 3.58 72.06 AlMoHf
39.15 30.41 30.44 HfMo,
B5 35 55 10 3.92 32.68 63.4 ALHf,
26.23 35.38 38.39 AlMoH(f
2.62 35.94 61.44 AlHf,
B6 40 55 5 25.23 37.89 36.88 Al3Hf,
4.01 4.29 91.7 Al Hf3
22.59 1.48 75.93 AlMoH(f
B7 45 50 5 42.38 55.94 1.68 AlzHf,
39.14 37.36 23.5 AlMoHf
49.7 48.57 1.73 AlHf
B8 53 42 5 41.55 35.88 22.57 AlMoHf
49.87 48.46 1.67 AlHf
59.44 39.27 1.29 AlyHf,
BY 55 20 25 70.45 3.42 26.13 AlgMos
45.29 31.92 22.79 AlMoHf
B10 28 12 60 22.43 541 72.16 AlMog3
29.85 31.95 38.2 AlMoH(f
B11 25 15 60 24.36 3.58 72.06 AlMos
39.15 30.41 30.44 AlMoH(f
B12 20 35 45 3.92 32.68 63.4 HfMo,
26.23 35.38 38.39 AlMoH(f
B13 15 37 48 2.62 35.94 61.44 HfMo,
25.23 37.89 36.88 AlMoH(f
B14 15 3 82 4.01 4.29 91.7 (Mo)
22.59 1.48 75.93 AlMos
B15 42 33 25 41.13 33.49 25.38 AlMoHf
Bl6 30 35 35 30.03 35.94 34.03 AlMoH(f
B17 2 4 94 1.69 3.81 94.5 (Mo)
B18 18 77 5 18.24 76.91 4.85 (Hf)
B19 13 82 5 13.01 82.33 4.66 (Hf)
B20 4 90 6 3.31 90.5 6.19 (Hf)
B21 10 81 9 10.16 80.81 9.3 (Hf)
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Figure 12. Isothermal section of Al-Mo-Hf ternary system at 400 °C determined in this work.

10,000
(b) v ALHF
+ AlMo
- Al
8000 4
)
5 6000
=3
14 v
z
Z
S 4000
E
VooV
2000 .
. . vy 'y Y Vo oY
A vl v plv 1 v
o e LM Y T e e
20 10 60 80
26(degree)
(d) 10,000
v ALHF
+ Al Mo
* AlMo
8000
)
5 6000
=3
5 v
z
Z
I 4000 4
= v .
|
vV vy .
2000 4 . 1
v v v
| vl vl t . A Vool N
0 N‘-JLWJ_/\JUL\IEJ u\‘w‘-“ ) ’U‘ “U [uk*' h‘u\»‘@[‘ ‘L:L b
T T T i
2

0 10 29(degree) 60 80

Figure 13. (a) BSE image of B1; (b) XRD pattern of B1; (c) BSE image of B2; (d) XRD pattern of B2.

Figure 14 shows the BSE images and XRD results of alloy samples B3 (Al45Hf10Mo045)
and B6 (Al40Hf55Mo005). Alloy sample B3 has a three-phase equilibrium structure, with
the white phase identified as AIMoHf, the light gray phase as AIMog3, and the dark gray

phase as AlgMogz. In contrast, sample B6 is a three-phase equilibrium alloy consisting of
A13Hf4 ’ AlMOHf, and Alef3.
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Figure 14. (a) BSE image of B3; (b) XRD pattern of B3; (c) BSE image of B6; (d) XRD pattern of B6.

Figure 15a,b show the BSE images and XRD results of the B11 (A125Hf15Mo060) alloy
specimens. It is clear that alloy B11 is composed of two phases: AIMoHf and AlMos;.
Figure 15¢,d display the BSE images of samples B12 and B13, respectively, revealing the
presence of two phases, AIMoHf and HfMo,, according to the EPMA results. Figure 16
displays the BSE images and XRD results of alloy samples B16 (AI30Hf35Mo035), B17
(Al12Hf4M094), and B20 (A14Hf90Mo6), which represent single phases of AIMoHf, Mo, and
Hf, respectively.
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Figure 15. (a) BSE image of B11; (b) XRD pattern of B11; (c) BSE image of B12; (d) BSE image of B1.
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Figure 16. (a) BSE image of B16; (b) XRD pattern of B16; (c) BSE image of B17; (d) XRD pattern of B17;
(e) BSE image of B20; (f) XRD pattern of B20.

From the EPMA results of samples B3 and B9, the composition range of Al in AlgMo3
is determined to be between 70.45 at.% and 71.04 at.%, with the maximum solid solubility
of Hf in AlgMog3 recorded as 3.42 at.%. Subsequently, analysis based on the EPMA results of
samples B3, B4, B10, B11, and B14 reveals that the composition range of Mo in AIMos spans
from 72.06 at.% to 75.93 at.%, with the maximum solid solubility of Hf in AIMoj reaching
8.59 at.%. Further examination of samples B4, B12, and B13 indicates that the composition
of Mo in HfMo; ranges from 61.44 at.% to 68.32 at.%, while the maximum solid solubility of
Al in HfMo; is 3.92 at.%. In the single-phase Mo alloy, the maximum solid solubility of Al
is 4.01 at.%, whereas in the single-phase Hf alloy it is 18.24 at.%, and for Mo, the maximum
solid solubility is 9.3 at.%. The solid solubility interval of the ternary compound AIMoHf
at 600 °C ranges from Al25.23Mo036.88Hf37.89 to Al45.29M022.79Hf31.92. The solubility
ranges of each phase at 600 °C are slightly higher than those at 400 °C.

Figure 17 shows the isothermal cross-section of the Al-Mo-Hf ternary system at 600 °C.
There are no significant differences compared to the cross-section at 400 °C, except for
variations in the solubility of certain solid phases. Experimental measurements were
conducted to determine eight ternary regions: Al + Al;yMo + AlzHf, Al;;Mo + AlsMo
+ A13Hf, AlMoHf + A1M03 + AlgMOg, A1M03 + AIMoHf + HfMOz, AIZHf3 + AIMoHf +
AlHf,, AlzHfy + AIMoHf + Al Hf;, Al;Hf4 + AIMoHf + AlHf, and AIMoHf + AIHf + AlzHf.
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Additionally, four binary regions were identified: AIMoHf + AlgMos, AlMos; + AIMoHf,
AlMoHf + HfMo,, and Al + AlMog,
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Figure 17. Isothermal section of Al-Mo-Hf ternary system at 600 °C determined in this work.

4. Conclusions

Currently, there is no reported ternary phase diagram information for the Al-Mo-Hf
system. In this study, the phase equilibria of the Al-Mo-Hf ternary system at 400 °C and
600 °C were investigated using the equilibrium alloy method, complemented by EPMA
and XRD analyses. Isothermal sections of the Al-Mo-Hf phase diagram were determined at
these temperatures. The following conclusions were drawn from the analysis:

1.  At400 °C, seven three-phase regions and five two-phase regions were identified, while
at 600 °C, eight three-phase regions and four two-phase regions were observed. The
distribution of phase zones in the isothermal sections at both temperatures was largely
consistent, with some variations in the solid solubility ranges of certain compounds.

2. The solid solubility range of the ternary compound AIMoHf was determined to
be from AlI27.32Mo035.79Hf36.89 to Al44.66Mo024.16Hf31.18 at 400 °C, and from
Al25.23M036.88Hf37.89 to Al45.29M022.79Hf31.92 at 600 °C. Meanwhile the phases
A13Hf, A13Hf2, Ale, A13Hf4, Alez, A112MO, A15MO, A1M03, A18M03, HfMOz, Hf,
and Mo were determined in two isothermal sections, and the corresponding solid
solubilities were determined.

3. Partial solid solubility ranges of some binary compounds were also determined
during the study, with the solid solubility regions of each compound increasing as the
annealing temperature rose.
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