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Abstract

Refractory high-entropy alloys (RHEAs) have garnered attention for their exceptional
high-temperature mechanical properties, making them suitable for aerospace and energy
applications. However, balancing strength and ductility remains a challenge due to the
presence of Laves phases. In this study, AlysNbg5TiV,Zry (x = 0-2.0) alloys were prepared
using vacuum arc melting, and their microstructural evolution and mechanical properties
were analyzed. At room temperature, the AlysNbg5TiV,Zr( 5 alloy exhibits the highest
yield strength (1658.1 MPa), which is primarily attributed to strong lattice distortion in-
duced by Zr and moderate precipitation strengthening from Laves phases. In contrast,
at higher Zr contents, excessive Laves phase precipitation promotes stress concentration,
leading to a marked reduction in both strength and ductility. High-temperature compres-
sion tests revealed that the Aly5Nbg 5TiVyZrg 5 and Al 5Nbg 5TiV,Zry 5 alloys still exhibited
over 50% compressive plasticity at 800 °C and 1000 °C. However, when the temperature
reached 1000 °C, the instability of the Laves phase led to a reduction in the yield strength
to below 160 MPa, indicating that the effect of solid-solution strengthening was no longer
significant under high-temperature conditions. These findings clarify the critical role of
Zr content and temperature in governing the microstructural and mechanical evolution
of the AI-Nb-Ti—V—-Zr system and provide a theoretical basis for achieving an optimized
strength—ductility balance in RHEAs through compositional control.

Keywords: refractory high-entropy alloys; AINbTiVZr system; microstructure; mechanical
properties

1. Introduction

High-entropy alloys (HEAs) have attracted significant interest in recent years due
to their unique composition and ability to form stable solid solution phases with simple
structures, such as face-centered cubic (FCC) or body-centered cubic (BCC), over a wide
temperature range [1-3]. These alloys exhibit excellent mechanical properties, including
high strength, hardness, and wear resistance, making them promising candidates for
applications in extreme environments, such as aerospace, nuclear reactors, and high-
temperature turbines [4,5].

A subset of HEAS, refractory high-entropy alloys (RHEAs), incorporates high-melting-
point elements such as W, Nb, Mo, Zr, Ta, Hf, V, Cr, and Ti. These alloys are specifically
designed for use in harsh environments characterized by extremely high temperatures,
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intense mechanical loads, and aggressive oxidation or corrosion conditions [6,7]. RHEAs
exhibit exceptional high-temperature properties, including superior strength retention,
oxidation resistance, and creep resistance, which make them ideal candidates for high-
temperature structural applications [8-10].

While many HEAs form single-phase solid solutions, secondary-phase-containing
HEAs have also been extensively studied due to their potential to further enhance me-
chanical properties [11]. For instance, CoCrFeNiMn HEA exhibits a B2 phase in an FCC
matrix, contributing to improved mechanical strength [5]. However, HEAs containing
intermetallic phases, particularly Laves phases, receive comparatively limited attention
because the effects of Laves phases on alloy properties are strongly temperature dependent.
In binary alloys, Laves phases typically exhibit low room-temperature ductility and are
widely regarded as brittle [12]. In contrast, in HEA systems, the presence of Laves phases
is often associated with improved high-temperature strength and creep resistance [13-16].

Among RHEAs, Al-Nb-Ti-V-Zr system alloys have emerged as promising candidates
for high-temperature applications, particularly in the aerospace industry, due to their
combination of high strength, low density, and excellent high-temperature mechanical
properties [17,18]. For instance, Qian et al. reported that the AI,NbTi3V,Zr(4 alloy was
fabricated by mechanical alloying and vacuum hot pressing. The content of the Laves
phase in the alloy was 13.9%, the yield strength was 1742 MPa, the fracture strength was
2420 MPa, and the compressive strain was 38.2% [17]. In addition, Wang et al. investigated
AlgsNbg5TiV,Zry (x = 0.5, 1.0, 1.5) alloys prepared via vacuum arc melting. They found
that the Zr0.5 alloy exhibited a high yield strength of 1390 MPa at room temperature,
although its plasticity was limited. However, at 800 °C, this alloy achieved a remarkable
50% plastic deformation without fracture, demonstrating its potential for high-temperature
applications [19]. Overall, the AI-Nb-Ti-V-Zr system combines low density, high strength,
and stable high-temperature mechanical performance, making it a promising lightweight,
high-performance material for high-temperature applications.

Despite these promising findings, the influence of secondary phases, particularly Laves
phases, on the mechanical properties of Al-Nb-Ti-V-Zr alloys remains unclear, especially
under varying Zr contents and at high temperatures. Understanding the microstructural
evolution and phase stability, as well as their relationship with mechanical properties, is
essential for optimizing the performance of these alloys. This study aims to address these
gaps by systematically investigating the effects of Zr content on the phase composition,
microstructure, and mechanical properties of AlysNbgsTiVoZry (x =0, 0.5, 1.0, 1.5, 2.0)
alloys. The results provide new insights into the role of Laves phases in RHEAs and
contribute to the design of high-temperature structural materials.

2. Materials and Methods

RHEAs with the nominal composition AlysNbgsTiV,Zry (x =0, 0.5, 1.0, 1.5, 2.0) are
prepared by vacuum arc melting (DHL-400, Sky Technology Development Co., Shenyang,
China) under an argon atmosphere on a water-cooled copper crucible. Before alloy prepa-
ration, high-purity titanium particles are initially melted to verify the airtightness of the
furnace. The elemental purities of Al, Nb, Ti, V, and Zr exceed 99.99 wt.%. To compensate
for Al evaporation during melting, approximately 10 wt.% excess Al is added to each batch
before arc melting. Each alloy ingot is melted twice and subjected to magnetic stirring
3-5 times to ensure the uniform distribution of elements. For clarity in analysis and discus-
sion, the five alloys are designated as Zr0, Zr0.5, Zr1.0, Zr1.5, and Zr2.0, corresponding to
the value of x in Aly5Nbg5TiV,Zry (x = 0-2.0).

An XEmpyrean with Cu-Ke diffraction is used to collect XRD (X-ray diffractometer,
Bruker D8 Advance, Karlsruhe, Germany) at 40 kV and 40 mA. The scan rate of the XRD
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device is 2° /min, the step size is 0.02°, and the 20 diffraction angle is 20-90°. The mi-
crostructure of the alloys is observed by SEM (scanning electron microscope, Tescan Mira4,
Brno, Czech Republic), equipped with an EDS (energy dispersive spectroscopy, Tescan
Mira4, Brno, Czech Republic) detector for analyzing the chemical composition and element
distribution in the alloys. The volume fraction of different phases is measured using Image-
J 1.54 Analysis Software on SEM-BSE images. To further observe the microstructure of the
alloys, samples are prepared into 100 um foils by mechanical thinning and ion thinning for
TEM (transmission electron microscope, Thermo Scientific, Waltham, MA, USA) analysis.
TEM investigations are performed using a FEI Talos F200X apparatus equipped with an
EDS detector at an accelerating voltage of 200 kV.

The density of the Aly 5Nbg 5TiV,Zry alloys is measured using the standard Archimedes
method. Each specimen is measured six times and reported as the mean, with sur-
face cleaning and bubble removal performed, and no additional correction for surface-
connected porosity applied. Isothermal compression of rectangular specimens measured
5 x 5 x 8 mm? is performed at 22 °C, 800 °C, and 1000 °C using a Zwick Z250 test machine
(Zwick Roell, Ulm, Germany) equipped with a radial furnace. Before heating the specimens,
a vacuum pump evacuates the chamber, which is then filled with high-purity argon to
prevent severe oxidation during high-temperature deformation. The specimens are heated
from room temperature to the specified deformation temperature at a rate of 10 °C s~! and
held at the target temperature for 3 min. The temperature of the specimens is monitored
by a thermocouple (Omega Engineering, Norwalk, CT, USA) attached to the side of the
specimen. The initial strain rate is 1 x 1073 s~1. Three specimens of each alloy are tested at
different temperatures to obtain representative stress—strain curves.

3. Results
3.1. Microstructure of the Aly sNby 5TiV,Zry (x =0, 0.5, 1.0, 1.5, 2.0) Alloys

Due to variations in elemental composition, the phase constitution of HEAs within
the same system can differ. Influenced by mixing entropy (AS,,;x) and mixing enthalpy
(AH,,ix), HEAs may form not only solid solution phases but also intermetallic compounds.
Previous studies have shown that HEAs with single solid solution phases often fail to meet
the performance requirements for structural materials due to insufficient strength [20-22].
Therefore, predicting the phase constitution of AlysNb5TiV,Zry alloys is of critical im-
portance. The phase composition can be predicted using the following equation, which
considers the effects of mixing enthalpy, mixing entropy, and atomic size mismatch on the
formation of solid solution phases:
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where AH,,;, and AS,,;, are the mixing enthalpy and mixing entropy of the alloy, respec-
tively. AH Z?ix is the enthalpy of binary mixing of the ith and jth components, c; is the molar
percentage of the ith component, R is the gas constant 8.314 J/(mol-K), (Ty,); is the melting
point of the ith component, and r; is the atomic radius of the ith component.

The calculated parameters of the AlysNbg5TiV,Zrx RHEAs are presented in Table 1.
Relevant studies indicate that the alloy tends to form a stable solid solution phase when
—20 < AHyix >5Kk]J/mol, Q) > 1.1, and § < 6.6% [23]. When Zr is absent from the alloy,
the values of AH;,, (), and 5 meet these criteria, resulting in a single solid solution phase.
However, when the molar fraction of Zr exceeds 0, the & values of the other alloys are
greater than 6.6%, making the alloy more likely to form secondary phases. This is due to
the highly negative binary AH,,;, of Al and Zr (AH,,;, = —44 kJ/mol) and the significantly
larger atomic radius of Zr compared to the other components, which makes it difficult for
Zr to dissolve in the alloy matrix. Simultaneously, the values of () and ¢ rise along with the
augmentation of Zr content. It is rational to presume that the intermetallic compounds of
the alloy increase in accordance with the growth of Zr content.

Table 1. Calculation results of related parameters of the Aly5Nbg5TiV,Zry alloys.

Alloy Zx0 Zr0.5 Zr1.0 Zrl.5 Zr2.0
—AH,,ix (kJ/mol) 9.88 10.57 10.80 10.77 10.61
AS,ix ]/ (mol K) 10.08 11.86 12.22 12.21 12.01
Tm (K) 2037 2047 2055 2061 2067

Q) 2.08 2.30 2.33 2.34 2.34

5 (%) 428 6.65 6.72 7.10 7.28

As the Zr content increases from 0 to 2.0, the XRD patterns (Figure 1) indicate a
transition from a single BCC phase to a multiphase microstructure comprising BCC, C14
Laves, and C15 Laves phases. The Zr0 alloy exhibits only BCC reflections. In the Zr0.5
and Zr1.0 alloys, BCC and C14 Laves phases coexist, and the C14 peak intensity increases
with increasing Zr content. For Zr1.5, the BCC reflections weaken markedly, and peaks
attributable to the C15 Laves phase emerge, indicating the formation of an additional
Laves structure. At Zr2.0, the BCC phase is nearly absent, while C14 persists, and C15
peaks become more prominent. These results are consistent with the phase prediction that
Laves phase fraction increases with Zr addition. Overall, Zr addition is shown to stabilize
Laves phases and to promote a progressive shift from C14-dominated to C15-enhanced
phase constitution.

o BCC phase
¥ Cl14-Laves
Zr0 J.\ . e ¢ Cl5-Laves
-
=]
N. Zr0.5 v v .
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)
A1
g Zr1.0. vy Y v
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Figure 1. XRD patterns of the AlysNbg5TiV,Zry (x =0, 0.5, 1.0, 1.5, 2.0) alloys.

20 30 40

https://doi.org/10.3390 /met16030255


https://doi.org/10.3390/met16030255

Metals 2026, 16, 255

50f17

Notably, the identification of the C14 and C15 Laves phases is subject to uncertainty, as
the marked peaks exhibit low intensity and may correspond to overlapping BCC peaks. This
underscores the inherent limitations of XRD in resolving low-intensity peaks, particularly
in complex multi-phase systems. To address this, SEM and TEM analyses are planned to
provide more precise structural and phase characterization.

Based on the XRD results and SEM images (Figure 2), along with the chemical com-
position and phase volume fractions presented in Table 2, it can be observed that as the
Zr content increases from Zr( to Zr2.0, the volume fraction of the dark gray BCC matrix
phase decreases, while the light gray C14 Laves phase and the white C15 Laves phase
gradually increase. In the Zr0 alloy, Figure 2a shows a uniform dark gray region, indicating
the presence of only the single-phase BCC structure. In the Zr0.5 alloy, a light gray second
phase (C14 Laves phase, labeled as 2 in Figure 2b) appears in the BCC matrix, with a
volume fraction of 25.8%. This second phase is rich in Zr and Al (Table 2). In the Zr1.0
alloy, the volume fraction of the BCC phase decreases to 44.3%, while the C14 Laves phase
increases to 55.7%.

a

Figure 2. Microstructure of the Aly5Nbg 5TiV,Zry alloys: (a) x =0, (b) x=0.5, (¢) x =1.0, (d) x = 1.5,
(e) x=2.0.

Table 2. The estimated volume fraction of Aly5Nbg5TiV,Zry refractory high entropy alloys.

Alloy

Chemical Composition (at%)

No

Volume Fraction (%)

Al Nb Ti v Zr

Zx0 All composition 13.83 12.40 25.30 48.46 - -
13.58 12.47 25.03 48.92 - 100

Zr0.5 All composition 11.97 10.80 22.04 43.38 11.81 -
1 (BCC Phase) 10.00 12.68 22.39 50.14 4.79 74.2
2 (C14 Laves Phase) 17.90 6.73 16.56 29.71 29.08 25.8

Zr1.0 All composition 11.17 9.92 19.52 38.98 20.42 -
1 (BCC Phase) 6.96 12.77 23.92 48.72 7.63 44.3
2 (C14 Laves Phase) 15.61 7.03 10.32 36.77 30.26 55.7

Zrl.5 All composition 9.40 9.14 18.73 35.93 26.79 -
1 (BCC Phase) 5.01 13.14 24.02 49.82 8.01 18.7
2 (C14 Laves Phase) 13.34 7.89 10.24 38.07 30.47 74.0
3 (C15 Laves Phase) 6.07 9.00 34.78 15.45 34.71 7.3

Zr2.0 All composition 8.13 8.61 16.03 33.93 33.30 -
2 (C14 Laves Phase) 12.07 7.54 10.72 38.15 31.52 55.5
3 (C15 Laves Phase) 4.87 11.14 34.81 14.34 34.85 445
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In the Zr1.5 and Zr2.0 alloys, the proportion of the BCC phase further decreases,
while the proportions of the C14 and C15 Laves phases significantly increase. The Zr1.5
alloy consists of the BCC phase (labeled as 1 in Figure 2d), a Zr- and Al-rich C14 Laves
phase (labeled as 2 in Figure 2d), and a Zr- and Ti-rich C15 Laves phase (labeled as 3 in
Figure 2d). The increase in Zr content reduces the volume fraction of the BCC phase to
18.7%, while the volume fractions of the C14 Laves and C15 Laves phases rise to 74.0% and
7.3%, respectively (Table 2). However, in the Zr2.0 alloy, the BCC phase is almost entirely
absent. The sample is mainly composed of 55.5% C14 Laves phase and 44.5% C15 Laves
phase (Table 2). This indicates that the addition of Zr promotes the formation of Laves
phases, and as the Zr content increases, the proportion of Laves phases increases, consistent
with the phase prediction hypothesis.

Figure 3 shows the energy dispersive scanning analysis of Alg5Nbg5TiVoZry RHEAs.
The increase in Zr promotes a significant change in microstructure, especially the volume
fraction of the second phase. Based on the mapping results and the compositional analysis,
the BCC matrix compositions are slightly enriched in Ti and V, while Zr is relatively
low, less than 11.81%, which implies that the solubility of the Zr element in the BCC
matrix is smaller than 11.81%. Obviously, since the radius of the Zr atom is 160 nm, it
is difficult to dissolve a large amount in the matrix. Thus, it is easier to form a stably
solid solution in the matrix with the low Zr content by the high entropy effect. Compared
with the BCC matrix, the C14 Laves phase is observed to be rich in Zr and Al, and the
C15 Laves phase shows higher Ti. Furthermore, as shown in Table 2 and Figure 3, the
measured bulk composition of the Aly5Nbg5TiV,Zry alloys closely matches the nominal
design, indicating that complete melting is achieved and that the constituent elements are
distributed uniformly during processing.

Figure 3. Energy dispersive spectrometer (EDS) mappings of Aly5Nbg5TiV,Zr, alloys: (a) Zr0,
(b) Zr0.5, (c) Zr1.0, (d) Zr1.5, (e) Zr2.0.

To further investigate the effect of Zr content on the microstructure of Aly5sNbg 5TiV,Zry
(x=0,05, 1.0, 1.5, 2.0) alloys, representative alloys with different Zr contents were selected:
Zr0.5 (Figure 4a—), Zr1.5 (Figure 4d—f), and Zr2.0 (Figure 4g—i). These alloys were analyzed
using TEM. The analysis of the three samples reveals consistency in their microstructural
features. Selected area electron diffraction (SAED) patterns (Figure 4b,e/h) for all samples
show the characteristics of a hexagonal close-packed (HCP) structure, with high symmetry
and stable crystal orientation.
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Figure 4. (a—c) Bright-field TEM and the corresponding SAED pattern and HTEM of Zr0.5.
(d—f) Bright-field TEM and the corresponding SAED pattern and HTEM of Zr1.5. (g—i) Bright-field
TEM and the corresponding SAED pattern and HTEM of Zr2.0.

Although the three samples show common Laves phase characteristics, subtle dif-
ferences between them remain noteworthy. The High-Resolution Transmission Electron
Microscope (HTEM) image of the Zr0.5 alloy (Figure 4c) shows a coherent interface between
the HCP and BCC phases. This indicates that at lower Zr content, the microstructure is
more homogeneous, with relatively stable interfaces between the two phases. In contrast,
the HTEM image of the Zr1.5 alloy (Figure 4f) reveals the coexistence of two HCP phases
(HCP1 and HCP2), with HCP2 exhibiting features of a Ti-rich C15 Laves phase. This
multi-phase coexistence, driven by Ti segregation, further demonstrates uneven elemental
distribution, which may contribute to variations in crystal orientation and phase behavior.
The Zr2.0 alloy presents an even more complex scenario. The SAED image (Figure 4h)
shows that the crystal phase remains HCP, but the appearance of {0110} and {1011} planes
suggests a significant change in crystal orientation. The HTEM image (Figure 4i) further
reveals a pronounced lattice mismatch between the HCP1 and HCP2 phases (In order to
clearly distinguish HCP1 from HCP2, a white dashed lines has been added).
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Furthermore, the element distribution of Zr0.5, Zr1.5, and Zr2.0 alloys was analyzed by
TEM-EDS. The results indicated that the HCP1 phase was enriched with Al and the HCP2
phase was enriched with Ti. This element segregation was consistent with the SEM-EDS
observation (Figure 5), confirming that HCP1 was the C14 Laves phase and HCP2 was
the C15 Laves phase. This was also in accordance with the XRD results. However, the
diffraction peak intensities in the XRD patterns of Zrl.5 and Zr2.0 were low, which might
be attributed to the uneven element distribution and lattice mismatch.

Figure 5. TEM-EDS mapping of the alloys: (a) Zr0.5; (b) Zr1.5; (c) Zr2.0.

3.2. Density and Mechanical Properties of the Aly5Nby 5TiV,Zry (x =0, 0.5, 1.0, 1.5, 2.0) Alloys

The experimentally measured densities are presented in Table 3. The measured values
closely align with the theoretical values calculated using Equation (6). As the Zr content
increases, the alloy density gradually rises from 5.58 g/cm? in the Zr0 alloy to 5.95 g/cm?
in the Zr2.0 alloy. These values indicate that the alloys under investigation fall within the
category of lightweight refractory high-entropy alloys [24].

n
=1 CiAi

= | 17 6
Pmix ?:1 CiAi/Pi ( )

where A; and 7; is the relative atomic weight and density of the ith component. Compared
with the density test results (Table 3), the theoretical density of the alloy shows minimal
deviation from the measured density, indicating a relatively uniform distribution of the
alloy components.

Table 3. Density and microhardness of the AlysNbg5TiV,Zry (x =0, 0.5, 1.0, 1.5, 2.0) alloys.

Alloy Pexp (g/cm?) Pmix (g/cm?) Microhardness (HV)
Zr0 5.58 5.62 412.79

Zr0.5 5.70 5.72 657.57

Zrl.0 5.81 5.82 602.33

Zrl.5 5.88 5.91 592.42

Zr2.0 5.95 6.0 547.75

As shown in Table 3, the hardness of the Aly5Nbg5TiV,Zry alloys first increases and
then decreases with increasing Zr content. When x increases from 0 to 0.5, the hardness rises
from 412.79 HV to 657.57 HV, which is attributed to the combined effects of strengthening
of the BCC matrix and the introduction of a moderate fraction of a hard Laves phase.
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With further Zr addition, the hardness decreases slightly, suggesting that the strengthening
efficiency is reduced as element partitioning and Laves phase constitution evolve. At x =2.0,
the alloy is dominated by Laves phases, yet the hardness decreases to 547.75 HV, indicating
that the fully Laves phase microstructure does not necessarily maximize hardness because
the effective indentation response is influenced by the specific C14/C15 Laves constitution,
local compositional variations, and microstructural scale rather than phase fraction alone.
Figure 6 presents the compressive engineering stress—strain curves of AlysNbg 5TiVZry
(x=0,0.5,1.0, 1.5, 2.0) alloys at room temperature. The yield strength, peak stress, and
engineering strain-to-failure (calculated from crosshead displacement) are summarized in
Table 4. The yield strength shows an initial increase followed by a decrease with increasing
Zr content (Figure 6b). The Zr0 alloy exhibits a relatively low yield strength (638.5 MPa)
and high deformability (engineering strain > 50%). With Zr addition, both yield strength
and peak compressive strength increase markedly. The Zr0.5 alloy exhibits the highest yield
strength (1658.1 MPa), and fracture occurs at an engineering strain of 18.8%; however, it
should be noted that strain includes testing-system compliance, so the true specimen strain
at room temperature may be lower without extensometer/DIC or compliance correction.
The Zr1.0 alloy shows a slightly lower yield strength (1531.6 MPa) with fracture at an
engineering strain of 15.4%, subject to the same strain-measurement limitation.

(a) (b)
70 52200
- 2400 | 22 °C 0 = —s— Secondary phase content
A, 2200 s | [ e 42000
= 2000 ZrLy | S 100p e, 190 1100
= 1800 Zrl.s )
4 Zr2.0 g 80 Js0 {1600
& 1600 S & {1400 E
A g o 1405 1200
wp 1200 _‘:‘ w 2
= “ = 1000 ©
= 1000 X - 40 110
= 7 - 3
g s00f ‘ k: {800
_E 600 | /7 | g 20 20 600
g 400 ‘\ é {400
= mg - . | | ) 7 o} 10 1y
0 5 10 15 20 25 0.0 0.5 1.0 1.5 2.0

Engineering strain (%) x value in Al sNby sTiV,Zr,

Figure 6. (a) Engineering stress—strain curves of the AlysNbg5TiV,Zry alloys at 22 °C, (b) Effect
of Zr molar ratio on the compressive yield strength, elongation and secondary phase content of
A10.5Nb045TiVZZI‘X alloys.

Table 4. Mechanical properties of Alg5Nbg5TiV,Zry alloys obtained during the compression tests
at 22 °C.

Alloy oys (MPa) op (MPa) e (%)
Zx0 638.5 1047.9 >50
Zr0.5 1658.1 1700.0 18.8
Zr1.0 1531.6 1532.9 15.4
Zrl5 1019.4 1029.6 10.7
Zr2.0 658.2 659.8 10.3

As the Zr content increases further, both yield strength and apparent deformability
decline. The yield strength of the Zrl.5 and Zr2.0 alloys decreases to 1019.4 MPa and
658.2 MPa, respectively, while the engineering strain decreases to 10.7% and 10.3%. This
trend correlates with the formation and growth of Laves phases. Zr addition promotes
the formation of Laves-type intermetallic phases, and the Laves phase fraction increases
with Zr content (Figure 6b). Because these hard intermetallic phases exhibit limited plastic
accommodation, increasing Laves fraction and interface density facilitates stress localization
and crack initiation. Consequently, while a moderate Zr addition strengthens the alloy,
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excessive Zr leads to a high fraction of Laves phases (>25.8%), which accelerates premature
fracture and reduces the measured strength and deformability.

Previous studies have demonstrated that Aly5Nbg 5TiVyZr( 5 alloys maintain excellent
yield strength at high temperatures of 400 °C and 600 °C, with values of 1366 MPa and
1317 MPa, respectively, which are only slightly lower than the room temperature yield
strength of 1480 MPa. However, when the temperature increases to 800 °C, the yield
strength significantly drops to 656 MPa [19]. To further investigate the relationship between
the significant decline in compressive performance after 800 °C and the Zr content (i.e., the
Laves phase content), three alloys with different compositions (Zr0, Zr0.5, and Zr1.5) were
selected for high-temperature compression tests at 800 °C and 1000 °C. These experiments
aim to reveal the influence of Laves phase content on the high-temperature mechani-
cal properties, thereby providing a better understanding of the microstructure-property
relationship in these materials.

After increasing the test temperatures to 800 °C and 1000 °C, the yield strength
of the alloys decreases significantly, while their deformability improves markedly, with
compressive strains exceeding 50% without fracture (Figure 7). Unlike their behavior at
room temperature, the yield strength of the alloys decreases with increasing Zr content
under high-temperature conditions. As presented in Table 5, at 800 °C, the yield strengths of
the Zr0, Zr0.5, and Zr1.5 alloys are measured to be 536.60 MPa, 400.24 MPa, and 381.53 MPa,
respectively. When the temperature rises to 1000 °C, the yield strengths of all three alloys
drop below 160 MPa. Notably, after reaching peak compressive strength, the Zr0, Zr0.5,
and Zr1.5 alloys exhibit a distinct softening behavior. This phenomenon may be attributed
to the increased dislocation mobility within the BCC matrix phase, leading to a transition
from brittle to ductile behavior within this temperature range [25].
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Figure 7. Engineering stress—strain curves of the AlysNbg5TiV,Zry (x =0, 0.5, 1.0, 1.5, 2.0) alloys at
(a) 800 °C, (b) 1000 °C.

Table 5. The compression of yield strength (oys), peak stress (op), and fracture strain (¢) of the
AlysNbg5TiV,Zry (x =0, 0.5, 1.0, 1.5, 2.0) alloys at 800-1000 °C.

Temperature (°C) 800 1000
Alloy oys (MPa) op MPa) ¢€(%) oys (MPa) op (MPa) e (%)
Zx0 536.60 602.56 >50 134.59 162.48413 >50
Zr0.5 400.24 558.79 >50 131.47 142.264 >50
Zrl.5 381.53 445.46 >50 88.62 89.84491 >50
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4. Discussion
4.1. Effect of Zr on the Structure of the Alg 5Nby 5TiV,Zry of the Alloys

The microstructural analysis of Aly5Nbg5TiV,Zry alloys reveals two key characteris-
tics. As the Zr content increases, two types of Laves phases gradually form: A Zr-Al>-type
C14 Laves phase and a Ti-rich C15 Laves phase (as shown in Figure 3). The precipitation of
these Laves phases is primarily driven by the large atomic radius of Zr (160 pm), which
induces lattice distortion, providing favorable conditions for their formation. The Laves
phases preferentially form within the grains and along the grain boundaries, with their
volume fraction increasing as the Zr content rises. While the precipitation of Laves phases
generally enhances the alloy’s strength, their inherent brittleness significantly reduces the
alloy’s ductility.

Furthermore, when the Zr content reaches 2.0, no significant volume fraction of the
BCC phase is observed. This phenomenon can be attributed to the preferential growth
of the Laves phase and competition between the phases. The large atomic radius of Zr
induces substantial lattice distortion, promoting the formation of Laves phases, while
simultaneously depleting the elements such as Nb, Ti, and V required for BCC phase
formation [26]. As the Laves phase occupies most of the alloy’s volume, the thermodynamic
stability of the BCC phase is significantly reduced, ultimately leading to its complete
disappearance at Zr2.0. Additionally, the increase in Zr content alters the free energy,
further reducing the likelihood of BCC phase formation, allowing the Laves phase to
gradually replace the BCC phase through changes in chemical potential [27-29].

Referring to the classical solidification theory [30], both the temperature gradient (G)
and the growth rate of the crystal (R) influence the solidification morphology, with the G/R
ratio playing a critical role. At higher G/R ratios, the solidification front tends to be more
stable, promoting planar or cellular growth with uniform microstructures and minimal
solute segregation [31]. Conversely, lower G/R ratios are associated with dendritic growth
or other unstable morphologies, characterized by significant solute segregation and the
formation of coarse secondary phases in the inter-dendritic regions [31]. In the vacuum arc
melting (VAM) process, the cooling rate is estimated to range between 10 and 100 Ks™},
corresponding to intermediate G and R values. Under these conditions, the interplay
between G and R governs the formation of the primary BCC phase and the secondary
Laves phases, as observed in Figure 2.

For alloys with lower Zr content (i.e., Zr0 and Zr0.5 in Figure 2a,b), the observed
microstructure suggests a relatively higher G/R ratio. A high G/R ratio stabilizes the
solidification front, promoting cellular or planar growth of the BCC phase and leading
to more homogeneous microstructures with fewer secondary phases. As the Zr content
increases (i.e., Zrl.5 and Zr2.0 in Figure 2d,e), the increase in solute segregation at the
solidification front results in the destabilization of the growth front, favoring dendritic
growth. This phenomenon is consistent with a decrease in the G/R ratio, which promotes
the formation of coarse Laves phases in interdendritic regions. This transition is evident in
the evolution from fine, evenly distributed microstructures in Zr0.5 to the irregular, coarse
microstructures in Zr2.0.

It is important to note that Zr content itself does not directly affect the G/R ratio, which
is primarily determined by the cooling conditions during the VAM process. However, Zr
addition indirectly influences the microstructure by increasing solute segregation, which
modifies the growth morphology and enhances dendritic instability. With lower Zr content,
solute redistribution is limited due to a relatively high G/R ratio, suppressing the excessive
growth of secondary phases. In contrast, higher Zr content (i.e., Zr1.5 and Zr2.0) leads to
significant solute segregation, creating favorable conditions for the growth of coarse Laves
phases and the coarsening of the microstructure.
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4.2. Effect of Zr on Mechanical Properties of the Alg 5Nbg sTiV,Zry of the Alloys

The Zr content significantly influences the mechanical properties of Alg5Nbg5TiVoZry
alloys, particularly under both room temperature and elevated temperature conditions.
The combined effects of Zr content and temperature variations result in a complex influence
on the alloy’s strength (Table 4).

First, it should be clarified that, with increasing Zr content, the BCC/Laves interface
evolves from a relatively ordered interface to a more disordered one, which quantitatively
reduces both strengthening efficiency and damage tolerance. An ordered interface enables
more effective load sharing because local shear mismatch is minimized; once coherence is
lost, larger lattice misfit and residual stresses accumulate at the interface, thereby lowering
the efficiency of load transfer and increasing local peak stresses. Moreover, a disordered in-
terface provides energetically favorable sites for void formation and microcrack nucleation,
particularly under compressive shear, which accelerates crack initiation and reduces the
apparent ductility.

According to previous studies [29,30], two strengthening mechanisms exist in Al-Cr-
Nb-Ti-V-Zr alloys: (i) solid-solution strengthening (SSS) and (ii) second-phase strengthen-
ing. Zr, being the element with the largest atomic radius (rz; = 160 pm), induces signif-
icant SSS through lattice distortion. Several attempts were made to evaluate the SSS in
HEASs [31,32]. These calculations gave reasonable agreement with the strength of disordered
HEAs; however, theoretical predictions are obviously inappropriate for ordered alloys like
the Al 5Nbg 5TiV,Zry. To quantify the solid-solution strengthening effect, the relationship
between the yield strength increment (Ao, the difference in yield strength between the
Zr-containing alloys and the AlysNbg5TiV; alloy (Table 4) and cz, (Zr concentration in the
BCC phase (Table 2)) was fitted using a power law function:

Ao ~ C%r @)

The value of n = 0.5 represents the solid-solution strengthening exponent in the classi-
cal Fleischer model [31]. Therefore, when n = 0.5, a good fit is achieved between Ac and
czy for the Algs5NbgsTiVaZry (x =0, 0.5, 1.0, 1.5) alloys at room temperature. Additionally,
based on SEM and TEM analyses, a significant volume fraction of the BCC phase was not
detected in the Zr2.0 alloy, indicating that its strengthening mechanism primarily depends
on second-phase strengthening rather than solid-solution strengthening (SSS).

At room temperature, Ao exhibits an initial increase followed by a decrease as the Zr
content increases (Figure 8). When x ranges from 0 to 0.5, the alloy experiences a significant
enhancement in solid-solution strengthening, with Zr0.5 reaching a yield strength of
1019.4 MPa. This is primarily attributed to the intense lattice distortion induced by Zr atoms,
which hinders dislocation movement and results in an increase in yield strength. At room
temperature, this distortion is difficult to recover, leading to a pronounced strengthening
effect. However, as the Zr content continues to increase, the yield strength gradually
decreases, likely due to the excessive precipitation of secondary phases or the introduction
of stress concentrations, which counteract part of the solid-solution strengthening’s benefits.

As the temperature increases to 800 °C and 1000 °C, the contribution of solid-
solution strengthening (SSS) becomes negligible, with Ao approaching or even falling
below zero (Figure 8). This reflects the weakening of strengthening mechanisms due to
high-temperature diffusion, lattice recovery, and phase evolution. Accelerated Zr diffu-
sion at elevated temperatures reduces lattice distortions, diminishing the effectiveness of
5SS. Additionally, the precipitation and coarsening of Zr-containing Laves phases at high
temperatures act as stress concentrators, reducing the yield strength and contributing to
embrittlement. The combined effects of solute diffusion and phase instability may result
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in negative Ao values, where material strength falls below that of the unreinforced state.
This highlights the limitations of SSS at elevated temperatures, necessitating an analysis of
secondary phase-strengthening mechanisms.
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Figure 8. The increment in the yield strength, Ao, at T = 22 to 1000 °C as a function of the Zr
concentration, cz,, in the matrix phase of the AlysNbg5TiV,Zry alloys.

As shown in Table 2, the content of the Laves phase increases significantly with the
rise in Zr content. However, the trend in yield strength does not exhibit a strictly positive
correlation with Laves phase content (Table 3). From Zr0 to Zr0.5, a positive correlation is
observed, where a moderate amount of the Laves phase enhances the material’s strength by
impeding dislocation motion through the Orowan mechanism [32]. Additionally, in Zr0.5,
the interface between the Laves phase and the matrix is coherent (Figure 4c), indicating
good lattice matching between the precipitate and the matrix. This results in a continuous
interface with minimal dislocation at the phase boundary, reducing stress concentration.
However, from Zr0.5 to Zr2.0, a negative correlation is observed as the Laves phase content
increases by 74.2%. The substantial increase in Laves phase content in Zr2.0 leads to the
formation of incoherent phase boundaries (Figure 4i). The lattice mismatch reduces the
ability to effectively impede dislocation motion compared to coherent phase boundaries,
thereby lowering the material’s yield strength.

At 800 °C and 1000 °C, the increase in Laves phase content leads to a significant
decrease in the alloy’s yield strength. This decline is primarily attributed to the brittleness of
the Laves phase, which becomes more pronounced at elevated temperatures. Additionally,
the interaction between phase boundaries and dislocation movement weakens, reducing
the strengthening effect. Moreover, the instability of the Laves phase at high temperatures
further diminishes its reinforcing contribution, resulting in a notable reduction in the alloy’s
strength under these conditions [18].

The relationship between the plasticity of AlysNbg5TiV,Zry alloys and Zr content is
illustrated in Figure 6. At room temperature, the precipitation of Laves phases significantly
affects the balance between plasticity and strength. Zr0.5 represents the optimal balance
point between plasticity and strength, as the moderate content of Laves phases effectively
strengthens the alloy by pinning dislocations without excessively compromising plastic-
ity. In Zr0.5, the Laves phase exhibits good lattice matching with the matrix (coherent
phase boundary), resulting in lower interfacial stress and efficiently impeding dislocation
movement, thereby enhancing both yield strength and fracture toughness. However, as the
volume fraction of Laves phases increases (from 25.8% to 100%), especially in Zr2.0, inco-
herent phase boundaries gradually dominate. This lattice mismatch generates significant
interfacial stress, making it difficult for dislocations to transmit stress across phase bound-
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aries, which leads to the formation of cracks at stress concentration points, significantly
reducing plasticity.

In contrast, the Zr( alloy demonstrates over 50% compressive strain at room temper-
ature without fracturing, which is attributed to the high plasticity of its BCC phase. The
BCC structure contains multiple slip systems that facilitate dislocation motion, allowing
stress to be more evenly distributed throughout the alloy and delaying crack initiation.
Additionally, the stress distribution in the single-phase BCC structure is more uniform,
reducing the formation of localized stress concentration points [33]. As a result, the Zr0
alloy maintains high plasticity under high strain conditions, preventing early fracture.

At elevated temperatures of 800 °C and 1000 °C, the compressive plasticity of the
alloy is significantly enhanced. The AlysNbg5TiVyZry alloy exhibits high plasticity at these
temperatures, with no clear correlation to the Laves phase content. This is likely due to
the increased dislocation mobility at high temperatures, which improves the material’s
ductility. Future research could further investigate the dissolution behavior of the Laves
phase at elevated temperatures and its specific effects on the alloy’s microstructure and
mechanical properties.

Overall, this study elucidates the combined roles of BCC-matrix solid-solution
strengthening (SSS) and Laves phase/interface strengthening in Aly5Nbg5TiV,Zry RHEAs
at both room and elevated temperatures. The results indicate that at room temperature, low
Zr addition strengthens the BCC matrix via SSS while a moderate Laves fraction provides
additional strengthening, leading to an increase in yield strength. However, when the
Zr content becomes excessive, the rapidly increased Laves phase volume fraction and
interface density promote stress localization and early cracking, so the overall strength
becomes dominated by second-phase effects rather than further matrix SSS. As the tem-
perature increases to 800 °C and 1000 °C, thermally activated deformation in the BCC
matrix and diffusion-assisted phase evolution reduce the effectiveness of both matrix SSS
and dispersion strengthening, resulting in pronounced softening. This research provides a
theoretical foundation and design guidelines for optimizing Zr content to balance strength
and ductility, particularly for high-temperature applications.

5. Conclusions

In this study, the structure and mechanical properties of the AlysNbgs5TiV,Zry
(X=0,05,1.0, 1.5, 2.0) refractory high-entropy alloys were examined. The following con-
clusions were drawn:

(1)  With increasing Zr content, the volume fraction of the second phase gradually in-
creased from 0% to 100%. The Zr0 alloy exhibited a single-phase BCC structure. The
Zr0.5 and Zr1.0 alloys were composed of a BCC matrix and ZrAl-type C14 Laves
phase. The Zr1.5 alloy consisted of BCC, C14 Laves, and Ti-rich C15 Laves phases.
In the Zr2.0 alloy, only C14 and C15 Laves phases were observed, indicating the
complete disappearance of the BCC phase.

(2) The density of the AlysNbgsTiV,Zry alloys increased slightly from 5.58 g/ cm® to
5.95 g/cm> with increasing Zr content. The hardness exhibited a peak at Zr0.5,
reaching 657.57 HV. The subsequent decrease in hardness for higher Zr contents
suggests that the excessive precipitation of Laves phases led to a reduction in the
strengthening effect.

(3) As the Zr content increases, the strength of the AlysNbgs5TiV,Zry alloys changes
significantly. At 22 °C, the yield strength rises sharply from 638.5 MPa for Zr0 to
1658.1 MPa for Zr0.5, primarily due to solid-solution strengthening induced by Zr
and second-phase strengthening from the precipitation of a moderate amount of
Laves phase. However, when the Zr content increases further to Zr1.0 and above,
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the yield strength gradually decreases to 658.2 MPa. This reduction is attributed to
stress concentration caused by the excessive precipitation of the second phase, which
diminishes the effect of solid-solution strengthening. At 800 °C and 1000 °C, the
yield strength further decreases, likely due to the increased brittleness and instability
of the Laves phase at elevated temperatures, causing the strengthening effect to
gradually diminish.

(4) The plasticity of the alloys exhibited a complex relationship with Zr content. At 22 °C,
the plasticity decreased from 18.8% for Zr0.5 to 10.3% for Zr2.0. However, at 800 °C
and 1000 °C, the plasticity of AlysNbg5TiV,Zry (x = 0.5, 1.5) exceeded 50%, indicating
that at high temperatures, the second-phase precipitation had no significant impact on
plasticity. In contrast, the Zr( alloy (single-phase BCC structure) exhibited excellent
plasticity at both room temperature and high temperatures, with over 50% strain
without fracture.

In conclusion, this study demonstrates that the addition of Zr has a significant impact
on the microstructure and mechanical properties of AlysNbg5TiV,Zry alloys. Moderate
Zr content (e.g., Zr0.5) provides an optimal balance between strength and ductility due to
solid-solution strengthening and controlled Laves phase precipitation. However, excessive
Zr leads to brittle behavior and reduced strength, especially at elevated temperatures.
These findings contribute to the understanding of microstructure-property relationships
in refractory high-entropy alloys and provide valuable insights for the design of high-
temperature structural materials.
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