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Abstract: A low density, medium entropy alloy (LD-MEA) Tizz Al V34 (4.44 g/cm3) was successfully
developed. The microstructure was found to be composed of a disordered body-centered-cubic (BCC)
matrix and minor ordered B2 precipitates based on transmission electron microscopy characterization.
Equilibrium and non-equilibrium modeling, simulated using the Calphad approach, were applied
to predict the phase constituent. Creep behavior of {110} grains at elevated temperatures was
investigated by nanoindentation and the results were compared with Cantor alloy and Ti-6Al-4V
alloy. Dislocation creep was found to be the dominant mechanism. The decreasing trend of hardness
in {110} grains of BCC TiAlV is different from that in {111} grains of face-centered-cubic (FCC) Cantor
alloy due to the different temperature-dependence of Peierls stress in these two lattice structures.
The activation energy value of {110} grains was lower than that of {111} grains in FCC Cantor alloy
because of the denser atomic stacking in FCC alloys. Compared with conventional Ti-6Al-4V alloy,
TiAlV possesses considerably higher hardness and specific strength (63% higher), 83% lower creep
displacement at room temperature, and 50% lower creep strain rate over the temperature range from
500 to 600 °C under the similar 1150 MPa stress, indicating a promising substitution for Ti-6Al-4V
alloy as structural materials.

Keywords: creep; low density medium entropy alloy; nanoindentation; hardness; activation energy

1. Introduction

Multi-principal element alloys (MPEAs), also termed as high-entropy alloys (HEAs) and
medium-entropy alloys (MEAs), have been developed and researched extensively due to their
promising mechanical properties, such as high strength [1], good wear resistance [2], and high
corrosion resistance [3], since their first announcement in 2004 [4,5]. Classical MPEAs are mostly based
on the FeCoNiCrMn, resulting in an average density ~8.1 g/cm? [6,7]. More attention has been paid
to the development of low-density multi-principal element alloys (LD-MPEAs) for energy-saving
reasons [8-19]. Some of them are still single-phase solid solutions [14-16] and some are in dual-phase
structures, and most of their densities are above 5.0 g/cm3, except for AlyLixMgi0ScaoTizg [14].
However, the low melting points of Li and Mg could make applications at elevated temperatures a
concern. It appears that the development of LD-MPEAs in either single-, dual-, or multiple-phased
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microstructures for applications at intermediate temperatures with densities less than 5.0 g/cm? is
still challenging.

The nanoindentation technique has been extensively adopted to investigate the mechanical
properties of solids with a small size. It has also been used for investigating the creep behavior of
MPEAs at both ambient and elevated temperatures. Ma et al. [20] studied the creep behavior of
face-centered-cubic (FCC) and body-centered-cubic (BCC) MPEA thin films at room temperature. They
pointed out that creep strain of the FCC CoCrFeNiCu MPEA thin film increased by enhancing the
holding load or loading rate, while a BCC CoCrFeNiCuAl; 5 MPEA thin film showed a better creep
resistance. The creep behavior of grains with different orientations was studied in a single-phase FCC
FeCoNiCrMn MPEA from room temperature to 600 °C in our previous study [21]. The dislocation-climb
mechanism was dominant in both {111} and {100} planes, the hardest and the softest orientation,
respectively. It is likely that the deformation kinetics in FCC structures could differ from those in BCC
structures. It is, therefore, of interest to evaluate the creep behavior of the grains with the strongest
nature, i.e., the {110} plane, in a BCC MPEA. To the best of our knowledge, the elevated temperature
creep response of LD-MPEAs has not been reported.

Ti and its alloys have wide applications in many fields, such as transportation and aerospace,
because of their low density, corrosion resistance, and good medium temperature strength and creep
resistance [22]. A classical Ti alloy is the Ti-6Al-4V (in wt.%) alloy which accounts for more than 50%
applications of Ti alloys. However, Ti-6Al-4V alloy cannot be used at temperature higher than 400 °C
due to its low strength at intermediate temperatures [22]. Hence, it is very attractive to develop alloys
with comparable density with Ti-6Al-4V alloy but higher usage temperature.

Thus, in the present study, we performed nanoindentation experiments to explore the creep
response of {110} grains in a BCC TiAlV LD-MEA from ambient temperature to 600 °C and compared
that with a FCC Cantor alloy and conventional Ti-6Al-4V alloy. Additionally, the Calphad (representing
CALculation of PHAse Diagrams) method, which has been widely used for the designing of MPEAs
and prediction their phase composition and phase stability, was also carried out using Thermo-calc
software employing the TTTi3 Thermodynamic Database.

2. Materials and Methods

A TizzAl33V3s (in at%, thereafter TiAlV, or TisgAly; V41 in wt.%) LD-MEA was prepared by
arc-melting of the high-purity elements followed by drop casting. The purities of the starting elements
are all greater than 99.9%. The casting process was conducted in high-purity argon atmosphere and
the ingots were re-melted four times to ensure the uniform composition. The actual density of TIAIV
is 4.44 g/cm?, quite close to its theoretical density 4.45 g/cm3 and much lower (45% lower) than the
~8.1 g/cm?3 for the conventional MPEAs based on transition elements. Phases and lattice parameters
were determined by the SIEMENS D5000 X-ray diffractometer (XRD, Karshrule, Germany) equipped
with Cu-Ka radiation. The operating voltage and current were set to be 40 keV and 30 mA, respectively.
Scanning electron microscopy (SEM) was conducted by using the JEOL JSM-6330 TF field-emission
scanning electron microscope (Tokyo, Japan), equipped with energy dispersive X-ray spectrometer
(EDS). The grain orientations were revealed by using the gun Zeiss Supra 55 SEM (Oberkochen,
Germany) with an (Electron backscatter diffraction) EBSD system. The sample size for SEM and
EBSD characterization was 5 X 5 mm?, with 1 mm sample thickness. The flat sample surface was
mechanically polished by 4000 emery paper, followed by electrochemical polishing. The area for EBSD
orientation map construction is 350 pm x 250 um. Crystal information is obtained from the EDAX
Genesis analytical system computer software (OIM analysis 7.1, AMETEK, San Diego, CA, USA). A
dual-beam focused-ion-beam (FIB) system (Seiko, SMI3050, Tokyo, Japan) was employed to make
marks on the sample surface for position reference and prepare samples for transmission electron
microscopy (TEM) analysis. The working voltage and ion beam current were set to be 30 keV and 1 pA.
The TEM characterization was done on the field-emission TEM (Tecnai G20, FEI, Hillsboro, OR, USA)
with an operating voltage of 200 kV.
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The equilibrium phase diagram and non-equilibrium Scheil modeling was calculated using the
Calphad method with the Thermo-calc Software (3.01, Thermo-Calc, Stockholm, Sweden) and the TTTi3
database. The nanoindentation creep tests were conducted in air and high-purity argon atmosphere at
room temperature and elevated temperatures, respectively. The nanoindentation creep tests at 27, 400,
450, 500, 550, and 600 °C were carried out with a Hysitron TI Premier Nanoindenter (Bruker, Billerica,
MA, USA) equipped with a sapphire Berkovich tip (Surface Technology, Hueckelhoven, Germany),
operated with a peak load of 3000 uN, loading rate of 300 tN/s and holding time of 600 s under the
load control mode. The details have been presented in [21]. Samples for nanoindentation creep testing
were made by mechanical polishing, then by electrolytic polishing. Indentation creep measurements
were all performed on the BCC {110} grains.

3. Results

3.1. Microstructures, Crystal Structure, and Calphad Calculation

The typical microstructure of the TiAlV is shown in Figure 1a. All grains are equiaxed and the
average grain size is identified to be about 80 um. The contents of Ti, Aland V are 33 £ 2,33 + 1
and 34 + 2 in at%, respectively. EBSD was carried out to determine the grain orientations and marks
(black rectangles) were made by FIB for position reference to ensure the indenter tip is loaded on {110}
grains interior, as shown in Figure 1b. Figure 2 shows the XRD patterns of the TiAIV LD-MEA. The
as-cast TiAIV shows a single-phase BCC lattice structure. Note that the ordered B2 phase can often
be found in Al-containing MPEAs [23-25]. The B2 phase may also exist in TiAIV but it cannot be
detected by XRD due to its small volume fraction and/or small size, so the TEM characterization was
performed. A nano-scaled phase (bright spots) was seen in the disordered BCC matrix, as seen in the
TEM dark-field image in Figure 2b. The selected area electron diffraction (SAED) patterns confirm that
these precipitates are the B2 phase. The simulated equilibrium phase diagram of TiAlV is presented in
Figure 3a. Solidification starts at Tj;q = 1790 °C and ends at Ty, = 1775 °C, with a solidification range
of 15 °C. The BCC phase appears first after solidification begins. Then, with decreasing temperature, at
the decomposition temperature Tge. = 790 °C, some of the primary BCC phase is predicted to partially
transform to TizAl and then to TiAl phase at 280 °C. The temperature dependence of phase fraction
during solidification of TiAlV is shown in Figure 3b. The non-equilibrium solidification modeling was
performed using the Scheil model which is based on three assumptions: (i) no diffusion is in the solid;
(ii) diffusion in the liquid is considered to be infinite; and (iii) equilibrium at the interface of the solid
and liquid phases is kept [26]. Solidification of the studied alloy starts at 1790 °C and ends at 1565 °C,
with the solidification range of 225 °C. A single BCC phase is predicted after solidification.

Figure 1. (a) SEM and (b) EBSD images of the TiAIV LD-MEA.
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Figure 2. (a) XRD patterns of TiAlV LD-MEA; (b) TEM dark-field image; (c) and (d) corresponding

SAED patterns.
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Figure 3. (a) Equilibrium phase diagram of TiAlV and (b) simulated non-equilibrium solidification
curves for TiAIV LD-MEA (calculated by Thermo-calc with the TTTi3 database).

3.2. Creep Behavior

The representative creep displacement-holding time curves at different temperatures are shown

in Figure 4. The indenter displacement increases dramatically at the beginning and then reaches a
plateau when the testing temperature is 400 °C. In contrast, the creep curves for the testing temperature
higher than 450 °C show an increasing trend, rather than a steady stage at the end of the creep curve.
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Figure 4. Creep displacement-holding time curves for {110} grains in TiAlV LD-MEA at
different temperatures.

The creep displacements and hardness of {110} grains in TiAlV for a holding time of 600 s are
given in Figure 5. It can be seen that the indenter displacement increases with temperature rising.
More specifically, it was 13.6 nm at 400 °C and increased to 144.1 nm at 600 °C. The larger displacement
at a higher temperature is expected because creep is a thermally-controlled process. The hardness of
{110} grains in TiAlV almost maintains a constant value (~7.2 GPa) when the temperature increases
from 27 to 400 °C, implying negligible creep deformation. Then, the hardness declines significantly,
reaching a hardness of 1.3 GPa at 600 °C, which is in accord with the results of creep displacements.
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Figure 5. The hardness of {110} grains and indenter displacement in TIAlV as a function of temperature
for a holding time of 600 s.

Figure 6 presents the curves of indentation creep rate ée—holding time. The indentation creep
rate can be obtained by using the following equation [27]:

. de 1| dh
S E[E]’ @)
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where /1 and ¢ are the total indenter displacement and holding time, respectively. Two distinct stages
can be seen: transient state and quasi-steady state, where the creep rate first decreases rapidly then
tends to reach an obvious quasi-steady state with a creep rate varying from 1.08 x 10~* s~! at 400 °C to
4.98 x 107* s7! at 600 °C. The strain rate at 600 s does not seem to be a quasi-steady state, which is a
compromise among the creep behavior, thermal drift and oxidation.
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Figure 6. Curves of indentation creep rate-holding time for {110} grains in TiAIV LD-MEA.

The strain rate sensitivity (SRS) m can be calculated by the equation: 0 = Aé}qf where g, A and

&5 are flow stress, pre-coefficient and creep rate at the final testing time. The flow stress ¢ can be

obtained by using the empirical formula: H = Co, where H is the hardness and C the constraint factor
which is typically ~3 for metals [28].

The results are summarized in Table 1. The average value of stress exponent n (m = 1/n) is ~4.1
over 400-600 °C in TiAlV. It is well known that the 7 is a useful parameter for estimating the creep
mechanisms such that n = 1 for diffusional creep, n = 2 for the grain boundary sliding (GBS), and n
between 3 and 8 for dislocation glide plus climb [29,30]. The n values for {110} grains in TIAIV fall in the
range of 3-8 over the temperature range between 400 and 600 °C, suggesting that the dominant creep
mechanism is dislocation glide plus climb. It was reported that GBS accommodated by dislocation
glide and climb can also have # values ranging from 2 to 5 [31,32]. The current alloy has a large grain

size, about 80 um, and the creep tests were done in the center of the {110} grains, thus GBS is unlikely
to occur.

Table 1. Summary of the experimentally measured and extracted nanoindentation data on the {110}
grains in TIAIV LD-MEA, as well as FeCoNiCrMn HEA and Ti-6Al-4V alloy. Strength data are converted
from hardness values divided by 3.

T,°C n E, GPa of, MPa of/E & 7! bfsT V0
400 41 126 + 4 2374+100 1.88x1072 1.09%x107* 225x107° 2
450 41 114 + 4 2026 +100 1.78x 1072 155x107* 4.02x107° 2
500 41 99 + 4 1243+ 67 126x1072 238x10™* 259 x107* 4
550 41 90 +3 872+33  969x10° 384x107* 1.18x1073 6
600 41 80 +3 428 £33 535x1073 498x107* 1.74 x 1072 13

T,°C Alloy H, GPa of, MPa Ty, °C Ref.
RT TiALV 72+0.1 2400 + 100 1418 -
RT FeCoNiCrMn 29+02 967 + 100 1528 [21]

RT Ti-6Al-4V 44 1467 1668 [33]
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By plotting the curve of creep strain rate as a function of flow stress o, the activation energy
Q can be extracted. Similar to the analysis presented in Ref. [21], under a fixed normalized stress
0/E (where E is the temperature dependent Young’s modulus) of 1.28 x 1072, the effective strain rate
&.ff corresponding to this fixed stress o/E at different temperatures can be obtained. The results are
summarized in Table 1. Then the Q can be evaluated according to the equation [34]:

Eoff = B(%)nexp(%), 2)

where B and R are a pre-coefficient related to grain size and gas constant, respectively, as presented in
Figure 7. The Q value is 250 kJ/mol for {110} grains over 500-600 °C.

4 - l l J
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Figure 7. Strain rate versus 1000/T for {110} grains in TIAIV LD-MEA.

The activation volume V can shed light on the thermally activated mechanism during the creep
and can be calculated by the following equation [35]:

 \BkgT
T mo

Vv 3
where kg is the Boltzmann constant. The results are listed in Table 1. The V value increases with
increasing temperature, indicating that the volume involved in vacancy diffusion increases at high
temperature. Specifically, the values of V for {110} grains in TiAlV increases from ~2 b3 (b is the Burger’s
vector) and ~2 Q) (Q) is the atomic volume) at 27 °C to ~10 b3 and ~13 Q) at 600 °C, respectively. This can
be predicted since in MPEAs, a vacancy is surrounded by various alloying elements and the exchange
between vacancy and atoms is more complex, which involves cooperative movement of several atoms
to maintain proper composition portioning [21] and, thus, an increment of activation volume.

4. Discussion

4.1. Comparison of the Thermodynamic Calculations with Experimental Data

For the equilibrium phase diagram, although three phases, BCC, TizAl, and TiAl, were predicted,
and the experiment observation shows that the BCC and B2 phase formed in the as-cast TiAIV.
Additionally, the equilibrium phase diagram can be used to predict the phase formation in MPEA.
Gao et al. [36] pointed out that the ratio of the temperature range in which the primary phase is stable
over the solid temperature, i.e., (Tso1=Tgec)/Tsol, is larger than 0.3, a single-phase solid solution would
form in the as-cast MPEA. In the case of as-cast TiAlV, the ratio is 0.55 by using the Tso; = 1715 °C and
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Tgec =790 °C determined above and a single-phase BCC solid solution is expected. However, the B2
phase appeared, indicating that the criterion is invalid for the TiAIV.

The non-equilibrium solidification modeling predicted the formation of a single-phase solid
solution in the as-cast TiAlV without the presence of B2 phase which was observed experimentally. It
can be concluded that the Thermo-calc software using the TTTi3 database can predict correct trends,
but does not provide an accurate phase constitution. The reasons for the formation of BCC lattice
structure in TIAIV may be explained in the following way: The lattice structure of V is BCC and Ti
has BCC lattice structure at temperatures higher than 882 °C [37]. Although Al possess FCC lattice
structure, it was found not only in other MPEA systems such as Al,CoCrFeNi but also steels that Al
serves as a strong BCC stabilizer [38,39]. The BCC phase forming at high temperatures was very stable
and was retained after the drop casting process, although a minor B2 phase formed. In addition, the
actual density measured by hydrometers is very close to its theoretical density p estimated by rules of

. . M; . .
mixture, i.e., p = %i{vf , where c¢;, M; and V; are the atomic fraction, molar mass and molar volume,
1V

respectively. This indicates that no intermetallic phases formed, otherwise the error can be high [40].

4.2. Comparison of the Creep Behavior of TiAIV LD-MPEA with Cantor Alloy

Due to the deformation kinetics difference between the FCC structures and BCC structures, it is
worth comparing the creep behavior in the strongest {111} plane of FCC and the strongest {110} plane
of BCC.

Figure 8a compares the indenter displacements in {110} grains of TiAIV LD-MEA and {111}
grains of FeCoNiCrMn HEA [21]. Note that the indenter displacement at 400 °C for {110} grains in
TiAlV is slightly less than that for {111} grains in FeCoNiCrMn, suggesting that {110} grains in TIAIV
has a higher creep resistance at 400 °C. However, at higher temperatures above 450 °C, the creep
displacement becomes higher than that of FeCoNiCrMn, indicating the lower creep resistance of TiIAIV
at higher temperatures. The hardness of {110} grains of TiAIV and {111} grains of FeCoNiCrMn versus
temperature is shown in Figure 8b. The hardness of {110} grains in TiAlV is consistently higher than
that of {111} grains in FeCoNiCrMn. Although the hardness data all decrease, they exhibit a different
decreasing trend. Specifically, the hardness of {110} grains in TiAlV almost maintains a constant value
(~7.2 GPa) when the temperature increases from 27 to 400 °C, implying negligible creep deformation.
Then, the hardness declines significantly, reaching a hardness of 1.3 + 0.1 GPa at 600 °C. In contrast,
the hardness of {111} grains in FeCoNiCrMn shows a continuously decreasing trend from 2.9 + 0.2
GPa at 27 °C to 0.5 + 0.1 GPa at 600 °C. The major softening at elevated temperatures is caused by the
diffusion phenomenon [41].
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Figure 8. (a) The indenter displacement and (b) hardness of {110} grains in TiAlV LD-MEA and {111}
grains in FeCoNiCrMn HEA [21] as a function of temperature.
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The different hardness decreasing trend in TiAIV and FeCoNiCrMn may be explained as follows:
It is known that the flow stress is comprised of two parts: the athermic part and the thermal part,
i.e., Peierls stress, which is temperature dependent. The contribution of the Peierls stress to the flow
stress vanishes when the temperature reaches a critical temperature T, [42]. In the current BCC TiAlV,
the T, was estimated to be 400 °C beyond which a significant decrease was observed from 7.12 at
to 6.08 GPa at 450 °C. For the FCC FeCoNiCrMn, however, although the Peierls stress cannot be
ignored at temperature below room temperature, it is negligible at elevated temperatures because the
height of the Peierls barrier decreases dramatically [43]. This trend in FCC MPEAs also observed by
Otto et al. [43] and Wu et al. [44].

The activation volume for Cantor alloy was reported to be 2 b® at room temperature and 4-8 b3
at 400-600 °C [21,45], which is the same order as the present alloy. The Q value is 250 kJ/mol for
{110} grains over 500-600 °C, which is a little lower than that obtained in {111} grains of FeCoNiCrMn
(259 kJ/mol) [21]. Coupled with the lower creep displacement shown in Figure 8a, and the higher
activation energy Q for FeCoNiCrMn, it is ensured that the creep resistance of {111} grains in
FeCoNiCrMn over 450-600 °C is better than that of {110} grains in TiAlV. This may be attributed to the
fact that the self-diffusivity in alloys with FCC structures is usually lower than that in alloys with BCC
structures due to a higher atomic stacking density in FCC structures [46].

4.3. Comparison of the Creep Behavior of TiAIV LD-MPEA with Ti-6Al-4V Alloy

It was reported that the creep displacement of commercial Ti-6Al-4V alloy (in wt.%) is about
17.5 nm with a holding time of 200 s and holding load of 3000 uN at room temperature [33]. In
comparison, the displacement of current TiAlV with the same holding time and load is only 8.1 nm
(54% lower than that in Ti-6Al-4V alloy) even at 400 °C, which is the upper limitation temperature for
industry applications of Ti-6Al-4V alloy [22]. A separate run for TiAlV at room temperature reveals a
creep displacement of only 3 nm (83% lower than that in Ti-6Al-4V alloy), demonstrating a superior
creep resistance of TiAlV than that of Ti-6Al-4V alloy at room and intermediate temperatures. In
addition, the hardness normalized by density, or the specific hardness, of TiALV is 1.6 GPa/g/cm3,
which is considerably higher (by 63%) than that of Ti-6Al-4V alloy (0.98 GPa/g/cm?) [33], as compared
in Table 1.

A large range of creep activation energy values for Ti-6Al-4V alloys with different microstructures
and testing conditions were reported, from 185 to 350 kJ/mol [47-50]. The Q value (250 kJ/mol) of
TiAlV is comparable to those of Ti-6Al-4V alloys. An attempt has been made to compare the strain
rate level of TiAlV and Ti-6Al-4V alloy under the same load over the temperature range of 500-600 °C.
However, the creep testing for the bulk sample of Ti-6Al-4V alloy was usually conducted under much
lower load, for example, 200-300 MPa [50], as shown for two examples in Figure 9. In order to compare
with the loading (around 1150 MPa) for TiAlV under nanoindentation, the extrapolation method is
applied by using the equation 0 = Aé? for Ti-6Al-4V alloys with n ~5 or m ~0.2. It is found that the
resulting creep strain rate (as if Ti-6Al-4V alloy were tested under nano-scaled nanoindentation creep)
would be much higher under a load of 1150 MPa. The strain rates for Ti-6Al-4V alloys under 1150 MPa
are also plotted in Figure 9 for comparison, all higher than those of TiAlV LD-MEA under the same
temperature and applied stress levels by about 50%.
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Figure 9. Strain rate versus 1000/T for TIAlV LD-MEA and Ti-6Al-4V alloys [33].

5. Conclusions

In the current study, a TIAIV LD-MEA (4.44 g/cm®) was successfully developed. The TEM results
revealed that a small amount of ordered B2 particles in the disordered BCC matrix. The Calphad
method was employed to calculate equilibrium and non-equilibrium solidification modeling using
Thermo-calc software and the TTTi3 database. The non-equilibrium solidification modeling can predict
correct trends, but does not guarantee a precise phase constitution.

The nanoindentation tests were conducted to investigate the creep behavior of {110} grains up
to 600 °C. The experiment results were compared with FeCoNiCrMn MPEA and Ti-6Al-4V alloy.
The different decreasing trend in hardness in {110} grains of TiAlV LD-MEA and {111} grains of
FeCoNiCrMn HEA with increasing temperature results from the negligible contribution of Peierls
stress in FCC lattice structure. The better creep resistance of {111} grains in FeCoNiCrMn HEA over
450-600 °C may be ascribed to a higher atomic stacking density in FCC lattice structure. The activation
energy value of {110} grains was estimated to be 250 k]J/mol, which is lower than that of {111} grains in
FCC FeCoNiCrMn HEA because of denser atomic stacking in FCC lattice structure. In comparison with
commercial Ti-6Al-4V alloy, TIAIV LD-MEA possesses much higher room temperature hardness and
specific strength (63% higher), much lower creep displacement at room temperature (83% lower), and
50% lower creep strain rate over the temperature range between 500 and 600 °C under the similar 1150
MPa stress, suggesting greater creep resistance than the Ti-6Al-4V alloy. Therefore, TIAIV LD-MEA
appears to a promising substitution for Ti-6Al-4V alloy as structural materials used over this elevated
temperature range.

Author Contributions: Conceptualization: X.Z., HY,, and J].C.H.; methodology: X.Z., H.Y., TL., PL, M.T,, Y.L,,
and J.5.CJ.; investigation data curation: X.Z., H.T., ].C.H., and P.L., writing—original draft preparation: X.Z., H.Y.,
and J.C.H.; writing—review and editing: X.Z., H.Y,, ].C.H., YW.,, and ].S.C.J. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Ministry of Science and Technology of Taiwan, ROC, under grant no.
MOST-108-2218-E-008-009, and from City University of Hong Kong under grant no. 9380088 and 7005078.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Long, Y,; Su, K; Zhang, |J.; Liang, X.; Peng, H.; Li, X. Enhanced strength of a mechanical alloyed nbmotawvti
refractory high entropy alloy. Materials 2018, 11, 669. [CrossRef] [PubMed]

2. Lobel,M;; Lindner, T.; Lampke, T. Enhanced wear behaviour of spark plasma sintered alcocrfeniti high-entropy
alloy composites. Materials 2018, 11, 2225. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/ma11050669
http://www.ncbi.nlm.nih.gov/pubmed/29693626
http://dx.doi.org/10.3390/ma11112225
http://www.ncbi.nlm.nih.gov/pubmed/30413114

Materials 2020, 13, 36 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

Zhang, H.; Zhao, Y.; Huang, S.; Zhu, S.; Wang, F; Li, D. Manufacturing and analysis of high-performance
refractory high-entropy alloy via selective laser melting (slm). Materials 2019, 12, 720. [CrossRef] [PubMed]
Yeh, ].W,; Chen, S.K; Lin, SJ.; Gan, ].Y.; Chin, T.S.; Shun, T.T; Tsau, C.H.; Chang, S.Y. Nanostructured
high-entropy alloys with multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng.
Mater. 2004, 6, 299-303. [CrossRef]

Cantor, B.; Chang, I.; Knight, P.; Vincent, A. Microstructural development in equiatomic multicomponent
alloys. Mater. Sci. Eng. A 2004, 375, 213-218. [CrossRef]

Liao, Y.C; Li, TH.; Tsai, PH.; Jang, ].5.C.; Hsieh, K.C.; Chen, C.Y.; Huang, ].C.; Wu, HJ.; Lo, Y.C.; Huang, C.W.;
et al. Designing novel lightweight, high-strength and high-plasticity Tix(AICrNb);gg.x medium-entropy
alloys. Intermetallics 2020, 117. [CrossRef]

He, J.; Wang, Q.; Zhang, H.; Dai, L.; Mukai, T.; Wu, Y.; Liu, X.; Wang, H.; Nieh, T.-G.; Lu, Z. Dynamic
deformation behavior of a face-centered cubic feconicrmn high-entropy alloy. Sci. Bull. 2018, 63, 362-368.
[CrossRef]

Tseng, K.; Yang, Y.; Juan, C.; Chin, T.; Tsai, C.; Yeh, J. A light-weight high-entropy alloy AlyyBeyg FeySi5Tiss.
Sci. China Technol. Sci. 2018, 61, 184-188. [CrossRef]

Hammond, V.H.; Atwater, M.A.; Darling, K.A.; Nguyen, H.Q.; Kecskes, L.]. Equal-channel angular extrusion
of a low-density high-entropy alloy produced by high-energy cryogenic mechanical alloying. JOM 2014, 66,
2021-2029. [CrossRef]

Kang, M.; Lim, K.; Won, J.; Lee, K; Na, Y. Al-ti-containing lightweight high-entropy alloys for intermediate
temperature applications. Entropy 2018, 20, 355. [CrossRef]

Feng, R.; Gao, M,; Lee, C.; Mathes, M.; Zuo, T.; Chen, S.; Hawk, J.; Zhang, Y.; Liaw, P. Design of light-weight
high-entropy alloys. Entropy 2016, 18, 333. [CrossRef]

Yang, X.; Chen, S.; Cotton, J.; Zhang, Y. Phase stability of low-density, multiprincipal component alloys
containing aluminum, magnesium, and lithium. JOM 2014, 66, 2009-2020. [CrossRef]

Qiu, Y,; Hu, Y;; Taylor, A.; Styles, M.; Marceau, R.; Ceguerra, A.; Gibson, M.; Liu, Z.; Fraser, H.; Birbilis, N. A
lightweight single-phase altiver compositionally complex alloy. Acta Mater. 2017, 123, 115-124. [CrossRef]

Youssef, KM.; Zaddach, AJ.; Niu, C,; Irving, D.L.; Koch, C.C. A novel low-density, high-hardness,
high-entropy alloy with close-packed single-phase nanocrystalline structures. Mater. Res. Lett. 2015, 3, 95-99.
[CrossRef]

Stepanov, N.; Yurchenko, N.Y.; Skibin, D.; Tikhonovsky, M.; Salishchev, G. Structure and mechanical
properties of the alcrxnbtiv (x= 0, 0.5, 1, 1.5) high entropy alloys. ]. Alloy. Compd. 2015, 652, 266-280.
[CrossRef]

Senkov, O.N.; Senkova, S.; Woodward, C.; Miracle, D.B. Low-density, refractory multi-principal element
alloys of the Cr-Nb-Ti-V-Zr system: Microstructure and phase analysis. Acta Mater. 2013, 61, 1545-1557.
[CrossRef]

Stepanov, N.; Yurchenko, N.Y.; Shaysultanov, D.; Salishchev, G.; Tikhonovsky, M. Effect of al on structure and
mechanical properties of ALNbTiVZr (x= 0, 0.5, 1, 1.5) high entropy alloys. Mater. Sci. Technol. 2015, 31,
1184-1193. [CrossRef]

Chen, H.; Kauffmann, A.; Gorr, B.; Schliephake, D.; Seemtdiller, C.; Wagner, J.; Christ, H.-J.; Heilmaier, M.
Microstructure and mechanical properties at elevated temperatures of a new al-containing refractory
high-entropy alloy Nb-Mo-Cr-Ti-Al. J. Alloy. Compd. 2016, 661, 206-215. [CrossRef]

Stepanov, N.; Shaysultanov, D.; Salishchev, G.; Tikhonovsky, M. Structure and mechanical properties of a
light-weight alnbtiv high entropy alloy. Mater. Lett. 2015, 142, 153-155. [CrossRef]

Ma, Y.; Feng, Y.; Debela, T.T.; Peng, G.; Zhang, T. Nanoindentation study on the creep characteristics of
high-entropy alloy films: Fcc versus bec structures. Inf. ]. Refract. Met. Hard Mater. 2016, 54, 395-400.
[CrossRef]

Tsai, M.; Huang, J.; Lin, P; Liu, T,; Liao, Y.; Jang, ].S.; Song, S.; Nieh, T. Creep of face-centered-cubic {111} and
{100} grains in feconicrmn and feconicrmnal alloys: Orientation and solid solution effects. Intermetallics 2018,
103, 88-96. [CrossRef]

Donachie, M.]. Titanium: A Technical Guide; ASM International: Russell, OH, USA, 2000.

Yurchenko, N.Y.,; Stepanov, N.D.; Zherebtsov, S.V.; Tikhonovsky, M.A.; Salishchev, G.A. Structure and
mechanical properties of b2 ordered refractory AINbTiVZry (x = 0-1.5) high-entropy alloys. Mater. Sci. Eng.
A 2017, 704, 82-90. [CrossRef]


http://dx.doi.org/10.3390/ma12050720
http://www.ncbi.nlm.nih.gov/pubmed/30832220
http://dx.doi.org/10.1002/adem.200300567
http://dx.doi.org/10.1016/j.msea.2003.10.257
http://dx.doi.org/10.1016/j.intermet.2019.106673
http://dx.doi.org/10.1016/j.scib.2018.01.022
http://dx.doi.org/10.1007/s11431-017-9073-0
http://dx.doi.org/10.1007/s11837-014-1113-x
http://dx.doi.org/10.3390/e20050355
http://dx.doi.org/10.3390/e18090333
http://dx.doi.org/10.1007/s11837-014-1059-z
http://dx.doi.org/10.1016/j.actamat.2016.10.037
http://dx.doi.org/10.1080/21663831.2014.985855
http://dx.doi.org/10.1016/j.jallcom.2015.08.224
http://dx.doi.org/10.1016/j.actamat.2012.11.032
http://dx.doi.org/10.1179/1743284715Y.0000000032
http://dx.doi.org/10.1016/j.jallcom.2015.11.050
http://dx.doi.org/10.1016/j.matlet.2014.11.162
http://dx.doi.org/10.1016/j.ijrmhm.2015.08.010
http://dx.doi.org/10.1016/j.intermet.2018.10.006
http://dx.doi.org/10.1016/j.msea.2017.08.019

Materials 2020, 13, 36 12 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Tong, C.J.; Chen, Y.L.; Yeh, JW,; Lin, S.J.; Chen, S.K.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Microstructure
characterization of Al,CoCrCuFeNi high-entropy alloy system with multiprincipal elements. Metall. Mater.
Trans. A 2005, 36, 881-893. [CrossRef]

Chen, H.; Kauffmann, A ; Seils, S.; Boll, T.; Liebscher, C.H.; Harding, I.; Kumar, K.S.; Szabd, D.V.; Schlabach, S.;
Kauffmann-Weiss, S.; et al. Crystallographic ordering in a series of Al-containing refractory high entropy
alloys Ta-Nb-Mo-Cr-Ti-Al. Acta Mater. 2019, 176, 123-133. [CrossRef]

Porter, D.A.; Easterling, K.E.; Sherif, M. Phase Transformations in Metals and Alloys; CRC Press: Boca Raton, FL,
USA, 2009.

Chen, S.; Li, W,; Xie, X.; Brechtl, J.; Chen, B.; Li, P.; Zhao, G.; Yang, F,; Qiao, J.; Liaw, PK. Nanoscale serration
and creep characteristics of Aly5CoCrCuFeNi high-entropy alloys. ]. Alloy. Compd. 2018, 752, 464—475.
[CrossRef]

Johnson, K.L.; Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK, 1987.

Yavari, P.; Langdon, T.G. An examination of the breakdown in creep by viscous glide in solid solution alloys
at high stress levels. Acta Metall. 1982, 30, 2181-2196. [CrossRef]

Langdon, T.G. Grain boundary sliding revisited: Developments in sliding over four decades. J. Mater.Sci.
2006, 41, 597-609. [CrossRef]

Langdon, T.G. The mechanical properties of superplastic materials. Metall. Trans. A 1982, 13, 689-701.
[CrossRef]

Sherby, O.D.; Wadsworth, J. Superplasticity—Recent advances and future directions. Prog. Mater. Sci. 1989,
33, 169-221. [CrossRef]

Gao, H.; Shun, Q.M.; Zhao, J. Effect of high pressure heat treatment on room temperature creep property of
Ti-6Al-4V alloy by nanoindentation technique. J. Mater. Sci. Eng. A 2018, 8, 55-58.

Li, W.-B.; Henshall, J.; Hooper, R.; Easterling, K. The mechanisms of indentation creep. Acta Metall. Mater.
1991, 39, 3099-3110. [CrossRef]

Caillard, D.; Martin, J.-L. Thermally Activated Mechanisms in Crystal Plasticity; Elsevier: Amsterdam, The
Netherlands, 2003; Volume 8.

Gao, M.C;; Yeh, J.-W.,; Liaw, PK.; Zhang, Y. High-Entropy Alloys: Fundamentals and Applications; Springer: New
York, NY, USA, 2016.

Senkov, O.; Scott, J.; Senkova, S.; Miracle, D.; Woodward, C. Microstructure and room temperature properties
of a high-entropy tanbhfzrti alloy. J. Alloy. Compd. 2011, 509, 6043-6048. [CrossRef]

Zhang, C.; Zhang, F.; Chen, S.; Cao, W. Computational thermodynamics aided high-entropy alloy design.
JOM 2012, 64, 839-845. [CrossRef]

Tang, Z.; Gao, M.C; Diao, H.; Yang, T.; Liu, J.; Zuo, T.; Zhang, Y,; Lu, Z.; Cheng, Y.; Zhang, Y. Aluminum
alloying effects on lattice types, microstructures, and mechanical behavior of high-entropy alloys systems.
JOM 2013, 65, 1848-1858. [CrossRef]

Senkov, O.; Miller, J.; Miracle, D.; Woodward, C. Accelerated exploration of multi-principal element alloys
for structural applications. Calphad 2015, 50, 32—48. [CrossRef]

Wang, W.-R.; Wang, W.-L.; Yeh, J.-W. Phases, microstructure and mechanical properties of AlyCoCrFeNi
high-entropy alloys at elevated temperatures. J. Alloy. Compd. 2014, 589, 143-152. [CrossRef]

Schneider, A.S.; Kaufmann, D.; Clark, B.G,; Frick, C.P.,; Gruber, P.A.; Monig, R; Kraft, O.; Arzt, E. Correlation
between critical temperature and strength of small-scale bcc pillars. Phys. Rev. Lett. 2009, 103, 105501.
[CrossRef]

Otto, E; Dlouhy, A.; Somsen, C.; Bei, H.; Eggeler, G.; George, E.P. The influences of temperature and
microstructure on the tensile properties of a cocrfemnni high-entropy alloy. Acta Mater. 2013, 61, 5743-5755.
[CrossRef]

Wu, Z.; Bei, H.; Pharr, G.M.; George, E.P. Temperature dependence of the mechanical properties of equiatomic
solid solution alloys with face-centered cubic crystal structures. Acta Mater. 2014, 81, 428-441. [CrossRef]
Lee, D.-H.; Seok, M.-Y.; Zhao, Y.; Choi, I.-C.; He, J.; Lu, Z.; Suh, J.-Y.,; Ramamurty, U.; Kawasaki, M.;
Langdon, T.G. Spherical nanoindentation creep behavior of nanocrystalline and coarse-grained cocrfemnni
high-entropy alloys. Acta Mater. 2016, 109, 314-322. [CrossRef]

He, J.Y,; Zhu, C.; Zhou, D.Q.; Liu, WH.; Nieh, T.G.; Lu, Z.P. Steady state flow of the feconicrmn high entropy
alloy at elevated temperatures. Intermetallics 2014, 55, 9-14. [CrossRef]


http://dx.doi.org/10.1007/s11661-005-0283-0
http://dx.doi.org/10.1016/j.actamat.2019.07.001
http://dx.doi.org/10.1016/j.jallcom.2018.04.137
http://dx.doi.org/10.1016/0001-6160(82)90139-0
http://dx.doi.org/10.1007/s10853-006-6476-0
http://dx.doi.org/10.1007/BF02642383
http://dx.doi.org/10.1016/0079-6425(89)90004-2
http://dx.doi.org/10.1016/0956-7151(91)90043-Z
http://dx.doi.org/10.1016/j.jallcom.2011.02.171
http://dx.doi.org/10.1007/s11837-012-0365-6
http://dx.doi.org/10.1007/s11837-013-0776-z
http://dx.doi.org/10.1016/j.calphad.2015.04.009
http://dx.doi.org/10.1016/j.jallcom.2013.11.084
http://dx.doi.org/10.1103/PhysRevLett.103.105501
http://dx.doi.org/10.1016/j.actamat.2013.06.018
http://dx.doi.org/10.1016/j.actamat.2014.08.026
http://dx.doi.org/10.1016/j.actamat.2016.02.049
http://dx.doi.org/10.1016/j.intermet.2014.06.015

Materials 2020, 13, 36 13 of 13

47.  L1i, X.; Sugui, T.; Xianyu, B.; Liging, C. Creep properties and effect factors of hot continuous rolled Ti-6Al-4V
alloy. Mater. Sci. Eng. A 2011, 529, 452-458. [CrossRef]

48. Rosen, A.; Rottem, A. The effect of high temperature exposure on the creep resistance of Ti-6Al-4V alloy. J.
Mater. Sci. Eng. 1976, 22, 23-29. [CrossRef]

49. Chen, W. The elevated-temperature creep behavior of boron-modified Ti-6Al-4V alloys. Mater. Trans. 2009,
50, 1690-1703.

50. Badea, L.; Surand, M.; Ruau, J.; Viguier, B. Creep behavior of Ti-6Al-4V from 450 °C to 600 °C. UPB Sci. Bull.
Ser. B 2014, 76, 185-196.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.msea.2011.09.061
http://dx.doi.org/10.1016/0025-5416(76)90132-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Microstructures, Crystal Structure, and Calphad Calculation 
	Creep Behavior 

	Discussion 
	Comparison of the Thermodynamic Calculations with Experimental Data 
	Comparison of the Creep Behavior of TiAlV LD-MPEA with Cantor Alloy 
	Comparison of the Creep Behavior of TiAlV LD-MPEA with Ti-6Al-4V Alloy 

	Conclusions 
	References

