International Core Journal of Engineering Volume 10 Issue 3, 2024
ISSN: 2414-1895 DOI: 10.6919/ICJE.202403_10(3).0004

Microstructure and Properties of AlxCro.2NbTiV High Entropy
Alloys after Heat Treatment
Rongbin Lit2 2, Qiangian Lil-b, Weichu Sun?¢

1School of Materials and Chemistry, University of Shanghai for Science and Technology,
Shanghai 200093, China

2School of Materials engineering, Shanghai Dianji University, Shanghai 201306, China
alirb@sdju.edu.cn, 1071091397 @qq.com, ¢223353181@st.usst.edu.cn

Abstract

High entropy alloys AlxCro.2NbTiV (x = 0.2, 0.5, 0.8), produced via vacuum arc melting,
were solution-treated at 1000°C for 1 hour and aged at 600 Cfor 6 hours. Investigations
into their microstructures, microhardness, high temperature compression performance
and nanoindentation creep behavior. The results show that as the Al content increases,
the amount of the second phase in the alloy gradually increases. The Alo.2Cro2NbTiV alloy
is single-phase BCC. In Alo.sCro.2NbTiV, partial decomposition into Ti-rich HCP phases
occurs due to negative mixing enthalpy between Al, Ti, and Nb, while NbzAl phases form
in AlosCro2NbTiV. Hardness increases with Al content due to solid solution and
precipitation hardening, but higher Al levels also make the alloy more susceptible to
cracking under compression and affect its high temperature compression performance
negatively. Creep resistance decreases then increases with more Al, as lower HCP
stacking fault energy facilitates dislocation slip, but hard Nb:2Al particles at boundaries
hinder dislocation movement.
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1. Introduction

High entropy alloys (HEAs) are multi-component alloys composed of elements in equal or nearly
equal concentrations. The high mixing entropy of these alloys suppresses the formation of
intermetallic compounds, facilitating the formation of simple solid solutions with body-centered
cubic (BCC) or face-centered cubic (FCC) structurestt. However, due to the multitude of principal
elements contained in HEAs, intermediate phases such as Laves, sigma, etc., may precipitate during
hot rolling or heat treatment. These intermetallic compounds, serving as the second phase, can
effectively improve the mechanical properties of the alloys!?l.

Studies have shown that introducing a dispersed second phase into the BCC matrix can enhance the
strength of the alloy while maintaining certain ductility. In AlxCrNbTiVZr alloys, the addition of Al
induces the formation of hard Laves phases, thereby increasing the yield strength of the alloyEl.
Researchers have also found that in TizZrisVNbAI alloys, as the concentration of Al increases, the
phase composition of the alloy system transitions from a single BCC phase to a combination of BCC
and B2 nano-phases. This structural transformation significantly boosts the yield strength of the alloy
while maintaining tensile plasticity around 10%[*. Furthermore, the addition of Al also helps to
increase the hardness of the alloy; for instance, under the combined effects of solid solution
strengthening and second-phase strengthening, the Vickers hardness of AlxFeCrVTio2s alloys
exhibits a trend of first decreasing and then increasing®®. Adding Al can change the phase structure
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of CoCrFeNiCu alloys from FCC to BCC, which, although reducing the plasticity of the alloy,
effectively improves its creep resistance at the nanoscalef®!,

The AINDTIV lightweight high entropy alloy, with its BCC single-phase structure and high specific
strength, has emerged as a new high-temperature material with significant development potentiall’l.
However, reports on the influence of heat treatment on the phase composition and mechanical
properties of refractory high entropy alloys are scarce, and the effect of aluminum on the phase
composition of refractory high entropy alloys merits further investigation. Thus, this study utilized
the vacuum arc melting method to prepare a series of AlxCro2NbTiV (x = 0.2, 0.5, 0.8) high entropy
alloy ingots by adjusting the aluminum content in refractory high entropy alloys. It focused on
investigating the microstructure and mechanical properties of the AlxCro2NbTiV series alloys after
solution and aging treatments.

2. Experiment

2.1 Materials and Methods

AlxCro2NDbTiV alloys (x = 0.2, 0.5, 0.8, mol ratio) were produced using a vacuum arc melting furnace
in argon, melted at least four times for chemical uniformity. The samples were heated in an N61/H
type muffle furnace to 1000<C at 10<C/min, held for 1 hour, quenched, aged at 600<C for 6 hours,
then air-cooled to room temperature.

Phase analysis was conducted using a Bruker D8 X-ray diffraction (XRD) instrument equipped with
a Cu target, scanning from 20 to 90< The microstructure and composition were observed and
determined using an S-3400N scanning electron microscope (SEM) with a tungsten filament and an
attached energy dispersive spectrometer (EDS). Samples polished with a 0.4 um silica suspension
were etched for 15 seconds using an etchant containing 5% HF and 15% HNO3. Nanoindentation
creep experiments were then performed using an Anton Paar step 300 nanoindenter to analyze the
micro-deformation mechanisms of the alloys.In the experiments, a standard Berkovich indenter was
used for nanoindentation with a constant peak load of 30 mN, a loading rate of 0.5 mN/s, and a hold
time of 60 seconds at peak load, with indentations spaced 20 um apart. The hardness of the alloys
was measured using an HXD-1000 digital microhardness tester with a test load of 0.981 N and a hold
time of 10 seconds. High-temperature compression performance of the alloys was tested using a
Gleeble3180 thermal simulation test machine at a strain rate of 1*107> s™! and a strain of 0.3. Samples
for hardness testing (8 mm>12 mm>2 mm), high temperature compression testing (®3 mmx6 mm),
and nanoindentation creep testing (10 mm>10 mm>2 mm) were prepared using an electrical
discharge machining (EDM) wire cutting machine.

3. Results and Discussion

3.1 Microstructure and Phase Constitution of AlxCro2NbTiV

Figure 1 presents the X-ray diffraction pattern of the alloy. From the graph, it is evident that at x =
0.2, the alloy exhibits a single-phase BCC structure. When the Al content increases to x=0.5, the
negative mixing enthalpy between Ti and Al reaches its maximum, at -29.5 kJ/mol. A large negative
mixing enthalpy between elements tends to lead to segregation within the solid solution, forming
intermediate phases. Consequently, a Ti-rich HCP phase precipitates within the alloy®l. The lattice
constants are a=4.55nm, b=4.55nm, and ¢=2.788nm. At x=0.8, in addition to the Ti-rich HCP phase,
the alloy also contains a tetragonal NbAl phasl®. This is because the negative mixing enthalpy
between Nb and Al is relatively smaller, at -18.2 kJ/mol, compared to that between Ti and Al.
Therefore, a significant precipitation of the Nb2Al phase occurs only when the Al content further
increases to x=0.8.
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Figure 1. XRD pattern of AlxCro2NbTiV HEAs after heat treatment.

Figure 2 shows the SEM images of AlxCro2NbTiV high entropy alloys after heat treatment. From
Figure 2(a), it is observed that when x=0.2, there are no precipitated phases within the alloy. At x=0.5,
elongated second-phase precipitates are observed within the alloy, distributed in a basketweave
pattern, as shown in Figure 2(b). When x=0.8, granular sigma phases are precipitated at the interfaces
between two phases and at grain boundaries, as depicted in Figure 2(c).Due to the higher interfacial
energy present at the Ti-rich HCP/BCC phase boundaries, the Nb2Al phase preferentially precipitates
from the interfaces during heat treatment. Similarly, because grain boundaries also possess high grain
boundary energy, the Nb2Al phase is also distributed along the grain boundaries.
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Figure 2. SEM images of AlxCro.2NbTiV HEAs after heat treatment show:
(@) x=0.2; (b) x=0.5; (c) x=0.8.

Figure 3 presents the EDS images of the alloys after heat treatment. From Figure 3(a), it is observed
that the alloy with x = 0.2 shows a uniform distribution of elements, with no apparent compositional
segregation after heat treatment. At x=0.5, as shown in Figure 3(b), elongated precipitates within the
grains are enriched in Ti. When the Al content is increased to x=0.8, it is evident from Figure 3(c)
that trge]granular precipitates are rich in Nb and Al elements, indicating the presence of the Nb2Al
phasel,
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Figure 3. EDS mapping images of AlxCro2NbTiV HEAs after heat treatment:
@ x=0.2; (b)x=0.5; (c) x=0.8.
3.2 Mechanical Properties of AlxCro2NbTiV Alloys

Figure 4 shows the average micro-Vickers hardness values and corresponding indentation
morphologies for alloys with different Al contents. As evident from the figure, the Vickers hardness
of the alloys increases by approximately 100HV with the increase in Al content. The enhancement in
the hardness of the AlxCro2NbTiV alloys can be attributed to two main factors: On one hand, the
atomic radius of Al is larger than that of Cr but similar to the other elements in the system. Al atoms
dissolve in the alloy through substitutional solid solution, leading to increased lattice distortion and
enhancing the solid solution strengthening effect, thereby increasing the hardness of the alloy!*!. On
the other hand, as the Al content increases, the amount of precipitated phases within the alloy also
increases. Due to the precipitation hardening effect, the movement of dislocations during deformation
is hindered, which further contributes to the increase in alloy hardness*?l.Furthermore, as the Al
content increases, the alloy becomes more brittle, which is reflected in the figure by deeper and more
numerous cracks around the indentations.
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Figure 4. Average Vickers hardness and indentation morphology of AlxCro2NbTiV HEAs after
heat treatment.

The true stress-strain curves for AlxCro2NbTiV series alloys at high temperature are presented in
Figure 5. It is observed that at 1000°C, the strain of the alloys exceeds 0.3, and with the increase in
Al content, the yield strength first decreases and then increases.Comparing the compression data in
Table 1, it is noted that the alloy with x = 0.2 has the highest yield strength, at 218.3 MPa. Generally,
an increase in the degree of lattice distortion leads to an increase in the material's compressive
strength.However, as the Al content increases, the content of the BCC matrix phase in the alloy
decreases, while the formation of Ti-rich HCP and Nb,Al phases, due to their inherent brittleness and
the cleavage they induce in the matrix, exacerbates stress concentration during deformation, making
the alloy more prone to cracking under compression(*®l. Therefore, the yield strength of the
AlCro2NbTiV (x = 0.2, 0.5, 0.8) series alloys significantly decreases.
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Figure 5. True stress-strain curves at 1000 <C for AlxCro2NbTiV HEAs after heat treatment.

Table 1. Compressive mechanical properties (co.2-yield strength, oc-compressive strength) of
AlxCro2NbTiV HEAs after heat treatment.

Strength/MPa x=0.2 x=05 x=0.8
602 218.3 157.5 173.9
Gc 230.3 181.7 185.1
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Figure 6(a) shows the load-displacement (P-h) curves for the AlxCro2NbTiV series alloys. It can be
observed that with an increase in Al content, the maximum penetration depth of the alloy decreases,
indicating an improvement in the alloy's resistance to deformation.Figure 6(b) is a magnified view of
Figure 6(a), where it can be observed that the P-h curves of all three alloys exhibit a pop-in
phenomenon during the loading stage. This phenomenon is a response of the alloy to the nucleation
behavior of dislocations, with the nucleation sources generally being pre-existing dislocations or
vacancies™.With the increase in Al content, the quantity of precipitated phases in the alloy gradually
increases, obstructing the nucleation and expansion of dislocations. Consequently, the pop-in events
observed in the curves gradually diminish.
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Figure 6. (a), (b) Displacement-time curves; (c) Creep displacement-time curve;(d) Relationship
curves of creep exponent and thermal activation volume with respect to Al content.

Based on the creep displacement-time curves, the equivalent stress and creep rate can be calculated:

. 1 dh

s @)
_ Pmax
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In the formula, z represents the creep rate, ¢ denotes the equivalent stress, p,___ is the peak load, and
c Is the indenter constant for the hardness tester. For a Berkovich indenter, the value of . is 24.56.

Similar to traditional alloys, the creep rate of high entropy alloys also follows a power-law
relationship with the equivalent stress, and the creep stress exponent is determined by Equation (3):

= o= 3)

Zlng
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To further analyze the creep deformation mechanism of the alloy, the activation volume during the
creep deformation process can be calculated using the following equation:

pr = @

H

In the formula, k represents the Boltzmann constant, {H is the hardness, and T is the temperature.

Figure 6(c) displays the creep displacement-time curves for the alloy, showing that with an increase
in Al content, the creep depth first increases and then decreases. Correspondingly, the activation
volume of the alloy decreases initially with increasing Al content and then increases, as shown in
Figure 6(d). A smaller activation volume facilitates the easier generation of dislocations, which in
turn weakens the creep resistance of the metal materiall*®).When x=0.2, the activation volume of the
alloy is 1b®, indicating that the creep mechanism is governed by grain boundary sliding. At x=0.5, the
activation volume is 0.2b3%, suggesting that the alloy undergoes creep deformation through direct
atom-vacancy exchange, characteristic of diffusion creep at this stagel*®l. When x=0.8, the activation
volume increases to 4.31b3, at which point the alloy achieves creep deformation through dislocation
slip and climb. Table 2 shows the stiffness, Young's modulus, and other parameters of the alloy under
nanoindentation testing. With an increase in Al content, the quantity of precipitated phases within the
alloy also increases. The precipitated Ti-rich HCP and NbAl phases are brittle and hard, capable of
increasing the Young's modulus of the samples. Consequently, the Young's modulus of the alloy
increases as the Al content increases.

Table 2. Parameters measured by nanoindentation include: hardness(H), Young's modulus(E),
reduced modulus(Er), and stiffness(S).

Al Content(at%) H(GPa) E(GPa) Er(GPa) S(N/m)
x=0.2 5.56 122.89 120.82 3.24x10°
x=0.5 5.69 126.50 123.98 3.3610°
x=0.8 5.81 138.98 134.77 3.57x10°

4. Conclusion

As Al content increases, precipitate phases in the alloy also increase: at x=0.2, it's a BCC single phase;
at x=0.5, Ti-rich HCP phases precipitate; at x=0.8, Nb2Al phases form at HCP/BCC interfaces and
grain boundaries.

With increasing Al content, the alloy's creep resistance first improves and then decreases, peaking at
x=0.8.

Due to solid solution strengthening and precipitation hardening, the microhardness of the alloy
increases with Al content; however, the brittleness of the precipitated phases leads to a significant
decrease in the alloy's compressive strength at 1000°C.
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