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Abstract

The complex coupling relationships among the thermal, mechanical, and electrical phys-
ical parameters of TiZrHf —based medium —entropy alloys represent a key factor restrict-
ing their practical applications under complex extreme environments. In this study, the
thermo—mechanical —electrical coupling characteristics of TiZrHf and TiZrHfCuos me-
dium—entropy alloys were systematically investigated using a self —developed experi-
mental platform. The results demonstrate that TiZrHf and TiZrHfCuos alloys exhibit elas-
toplastic and superelastic— plastic compressive deformation behaviors, respectively, with
both elastic modulus and ultimate strength decreasing monotonically with increasing
temperature T. Electrical property measurements reveal that the electrical resistivities p
of the two alloys range from 3 to 35 x 10¢ (QO-m. Notably, TiZrHfCuos possesses a lower
resistivity that is independent of the test frequency f. Moreover, p increases with T but
decreases with applied stress 0. At a frequency of 1 kHz, the real part of the relative die-
lectric constants &: of the alloys varies between —3.5 x 108 and —0.5 x 108 and increases with
rising f, whereas the effects of T and ¢ on ¢r are opposite to those on p. Thermal property
tests indicate that the thermal conductivities a of both alloys increase with T and eventu-
ally stabilize at 28.23 and 53.51 W-m™-K"!, respectively, while the thermoelectric coeffi-
cients S are positively correlated with the heating rate, on the basis of comprehensive data
analysis, multi—physical parameter (T, 0) dependent mathematical expressions for elastic
modulus, strength, p, &1, a, and S were established, respectively. This work provides val-
uable insights into the material response mechanisms under complex service conditions,
which are conducive to the optimization of alloy composition design and the promotion
of their practical engineering applications.

Keywords: TiZrHf alloy; mechanical properties; electrical properties; thermal properties;
electric-thermo—mechanical coupling

1. Introduction

The medium-high entropy alloys are a novel type of alloy composed of three or more
equimolar metals. This type of alloy typically exhibits superior high—temperature re-
sistance, fracture toughness, corrosion resistance, and oxidation resistance compared to
traditional alloys. To date, numerous researchers have conducted extensive experimental
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measurements and theoretical investigations on the mechanical, electrical, and thermal
parameters of medium-high entropy alloys.

It is generally accepted in the research community that the mechanical properties of
medium-high entropy alloys are closely correlated with their phase structures, the types
and proportions of constituent elements, and other relevant factors. For instance, Ste-
panov et al. [1] investigated the crystal structure, density, microhardness, and mechanical
properties of the novel AINbTiV high—entropy alloy. The results indicate that the alloy
possesses a coarse—grained single body —centered cubic (BCC) phase structure, with a
density of 5.59 g-cm™ and a hardness ranging from 4315 to 4394 MPa. The compressive
yield strength decreases from 1020 MPa at room temperature to 685 MPa at 800 °C and
further to 158 MPa at 1000 °C; the specific yield strength of this alloy is comparable to that
of multiphase refractory high —entropy alloys. Dong et al. [2] designed and synthesized
an economical and efficient Co—free AlCrFe:Niz high—entropy alloy, based on the pre-
viously reported AlCoCrFeNiz1 eutectic high—entropy alloy. The tensile yield strength of
AlCrFe:2Niz alloy is 796 MPa, the ultimate tensile strength is 1437 MPa, and the elongation
is 15.7%. These properties surpass those of most high—entropy alloys and are comparable
to those of titanium—based superfine—grain alloys. In addition, the alloy consists of a
planar face—centered cubic (FCC) phase, a disordered BCC (A2) phase, and an ordered
BCC (B2) phase. The exceptional mechanical properties of the alloy are attributed to the
spinodal decomposition of the BCC phase and the synergistic effect of the softer FCC
phase combined with the harder BCC phase. Zhou et al. [3] designed and synthesized an
isoatomic FessCr:«NiuAliuCos high —entropy alloy, which displayed a novel nanostructure
consisting of multi—stage Fe—Cr—rich and Ni—Al—rich phases. This alloy demon-
strates excellent compressive mechanical properties at both room temperature and high
temperatures. Song et al. [4] prepared a medium entropy alloy FeaNiCrNby, which is com-
posed of FCC and Laves phases. The results indicate that the addition of Nb promotes the
formation of the primary Laves phase, and the hardness of the alloy increases with the
concentration of Nb. The FeaNiCrNbos4 alloy demonstrates an excellent balance between
strength and plasticity, achieving an ultimate tensile strength of 2267 MPa and a fracture
strain of 30.8%. Wang et al. [5] summarized and explored the composition design, micro-
structural evolution, mechanical properties, and the mechanisms of strengthening and
toughening in the CoCrFeNiNbx alloy system. Wei et al. [6] developed a novel BCC phase
AlCrFeMnNi:z high —entropy alloy with a distinctive sunflower —like eutectic microstruc-
ture. This alloy exhibits an impressive yield strength of 1206 MPa, a fracture strength of
3437 MPa, and a substantial compressive plastic strain of 37.5%. Zhang et al. [7] investi-
gated the relationship between the fracture and failure behavior of Tis—xZr«Hf26Nbos (x =
14, 18, 22, 26, 30, 34) alloys and the contents of Ti and Zr. The results demonstrated that
with the increase in Zr content, the failure mode of the alloys underwent a transition from
intergranular fracture to transgranular fracture and then back to intergranular fracture.
Furthermore, the alloys with high Ti content possessed superior toughness compared to
those with high Zr content, where the elongation of the alloy with a Ti content of 34 at.%
reached 17.83%, while that of the alloy with a Zr content of 34 at.% was 16.05%. Qi et al.
[8] fabricated Nb1sSixTiyZr-Hf (x =18, 22, y =0, 4; z = 0, 4; at.%) alloys via the arc melting
process, and systematically investigated the effects of Ti, Zr, and Hf elements on the phase
composition, microstructure, fracture toughness, and crack propagation behavior of the
alloys. The results indicated that the simultaneous addition of Ti, Zr, and Hf facilitated
the eutectoid transformation of the (Nb, X)s5i phase to the (Nbss)/y—(Nb, X)sSis eutectic.
The fine and lamellar microstructures of the (Nbss)/y—(Nb, X)sSis eutectic could induce
crack bridging and branching, thereby effectively hindering crack propagation. The
room—temperature fracture toughness of the Nb16Si2TisZrsHf alloy was 11.62 MPa-m'?,
which was 87.7% higher than that of the NbisSiisTi alloy.
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In addition, some researchers have focused on the electrical properties of the alloy.
For instance, Kannan et al. [9] investigated the dielectric constant (both real and imaginary
parts), dielectric loss factor, and AC resistivity of NiosZnosFe2Os nano—ferrite particles at
temperatures ranging from 700 to 1200 °C and frequencies from 0.1 Hz to 15 MHz. The
results indicate that the dielectric constant decreases with increasing temperature, while
the AC resistivity is approximately 107 {)-m at room temperature. Sharma et al. [10] inves-
tigated the dielectric properties (temperature 300~380 K) of a quaternary ammonium salt
glass alloy, specifically (SesoTex)os—xGesPbx (x =0, 2, 4, and 6). The results indicate that the
dielectric constant, dielectric loss, and AC conductivity exhibit dependence on both tem-
perature and frequency. Furthermore, the AC conductivity follows a power law distribu-
tion. Kerli et al. [11] employed the four—point method to investigate the resistivity of
AlssY9Nis metallic glass within the temperature range of 300~877 K. The results indicate a
significant decrease in resistivity between 527 and 632 K, which aligns with the findings
from differential scanning calorimetry (DSC). Dagdelen et al. [12] prepared the shape
memory alloy (SMA) Niso—xMnssSniiTax (x =0, 1, 3) through arc melting under controlled
atmospheric conditions. The results indicate that the SMA possesses high —temperature
shape memory characteristics, and the phase transition temperature decreases with the
addition of Ta. Furthermore, the alloy demonstrates higher resistivity in the martensitic
phase compared to the austenitic phase. Ansari et al. [13] investigated the structural and
electrical properties of the glass alloy Sess—xSnaSbx (x = 0, 2, 4, 6, 8). The results indicate
that the binary specimen (x = 0) is polycrystalline, while the ternary specimens (x =2, 4, 6,
and 8) are amorphous. The dielectric constant and dielectric loss are highest in the binary
specimen, whereas the ternary specimens exhibit lower values. The addition of Sb signif-
icantly reduced the conductivity by several orders of magnitude, transitioning the con-
duction mechanism from the CBH (Correlated Barrier Hopping) of NVAP (Non— Varia-
ble Amplitude Pulses) to the CBH conduction of IVPA (Inhomogeneous Variable Ampli-
tude Pulses). Furthermore, some studies have indicated that medium-high entropy alloys
exhibit unique electromechanical conversion characteristics. For instance, TiZrHf MEA
exhibits a distinct electropolarization effect under impact loading [14]. Yang et al. [15] de-
veloped a theoretical model of current density —dependent yield strength for metallic ma-
terials based on the principle of thermo—mechanical equivalent energy density, with full
consideration of the current—induced thermal and athermal effects. This model quantita-
tively describes the functional relationships between yield strength and elastic modulus,
steady —state temperature, current density, thermal conductivity, and electrical resistivity
under the action of an electric current.

Recently, researchers have shown significant interest in the thermal properties of al-
loys. Ying et al. [16] measured the thermal conductivity of Mg—Zn alloys at 293~523 K
(Zn 0.5~5.0 wt%) using the laser flash method. The results indicate that the thermal con-
ductivity of Mg—Zn alloys decreases with increasing Zn content. Pan et al. [17] investi-
gated the effects of Sn content (3 wt%, 6 wt%, and 10 wt%) on the thermal conductivity of
as—cast, homogeneous, and aged Mg—5n alloys. The results indicate that the thermal
conductivity of both as—cast and homogeneous Mg—Sn alloys decreases with increasing
Sn content; the thermal conductivity of the as—cast alloy is higher than that of the homo-
geneous alloy. The thermal conductivity, electrical conductivity, melting enthalpy, spe-
cific heat capacity, and thermal diffusivity of as—cast A707 alloy were measured by Cadrl
et al. [18] using the comparative cutting rod method. The results indicate that the thermal
conductivity of as—cast A707 alloy decreases as the temperature increases. Ivanov et al.
[19] investigated the low —temperature electrical and thermal conductivity of CoSi and
Co1-xMiSi alloys (where M = Fe, Ni, and x < 0.06). The results indicate that, compared to
pure CoSi, the low —temperature electrical conductivity of CoossFeo.01Si alloy decreases by
an order of magnitude. Below 20 K, the thermal conductivity of alloys containing either
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Fe or Ni is several times larger than that of pure CoSi. Chen et al. [20] investigated the
thermal characteristics of the MgxZn«Cu alloy (x=1, 3, 5, 10 wt%). The results indicate that
thermal conductivity gradually decreases with increasing Mg and Zn content. Notably,
when x =10 wt%, the thermal conductivity of the alloy remains as high as 136.5 W/(m-K).

Although there have been studies focusing on the mechanical, electrical, and thermal
properties of medium-high entropy alloys separately, research on the multi—field cou-
pling behavior is still relatively scarce. Especially, systematic experimental data and mod-
els for the alloys under mechanical-thermal—electric coupling conditions are still lacking.
This paper aims to conduct a systematic study on the force—heat—electric coupling char-
acteristics of TiZrHf and TiZrHfCuos alloys through an independently built multi —field
coupling experimental platform, and establish the functional relationships of relevant
physical parameters, in order to provide a theoretical and experimental basis for the ap-
plication of this material in extreme environments.

2. Materials and Methods

2.1. Experimental Materials

TiZrHf and TiZrHfCuos cylindrical specimens (diameter ®@ = 6 mm, height H=15mm)
were selected for the experiment (Beijing Yanbang New Material Technology Co., Ltd.,
Beijing, China, purity > 99.9%). The alloys were fabricated via vacuum arc melting, natu-
rally cooled to room temperature, and subsequently processed by wire electrical discharge
machining (WEDM) to obtain specimens with fixed geometric dimensions. Figure 1 and
Table 1 present the XRD analysis results and typical phase analysis results of the original
specimens, respectively.

— Hf — CuZr,
— Zr Hf
— Ti —— CuHf,

Zr

Intensity (Counts)
_——
Intensity (Counts)

D ki \

10 20 30 40 5 60 70 8 90 10 20 30 40 50 60 70 80 90
26 (°) 26 ()

(a) (b)

Figure 1. XRD analysis results and typical phase analysis results of the original specimens: (a)
TiZrHf; (b) TiZrHfCuos.

Table 1. Typical phase analysis results of the original specimens.

Materials  Chemical Formula D PDF—#1 #d/12 Space Group a’ b3 c3 Y4
TiZrHf Hf C 89—5154 5 Im—3m (299) 3500 3500 3500 2
TiZrHf Zr C 34—0657 10 Im—3m (229) 3545 3545 3545 2
TiZrHf Ti C 44—1288 9 Im—3m (229) 3306 3306 3306 2

TiZrHfCuos CuZrs C 65—2803 28 P4/mmm (123) 4541 4541 3719 1
TiZrHfCuos Hf C 70—2820 12 P63/mmc (194) 3198  3.198 5061 2
TiZrHfCuos CuHf: X 18—0440 35 I4/mmm (139) 3170  3.170 11.133 2
TiZrHfCuos Ti D 44—1294 17 P63/mmc (194) 2951 2951 4683 2
TiZrHfCuos Zr D 05—0665 25 P63/mmc (194) 3232 3232 5147 2

! Powder Diffraction File number; 2 Relative intensity;  Lattice parameters along three directions.
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The results verify the formation of a single BCC phase in TiZrHf, whereas
TiZrHfCuos is composed of a dominant BCC phase with a minor Cu—rich FCC phase.

2.2. Experimental System

With cylindrical TiZrHf and TiZrHfCuos specimens as the research subjects, the me-
chanical, electrical, and thermal properties were measured through high temperature
quasi—static compression experiments, electrical parameter measurement experiments
under high temperature compression, and thermoelectric experiments. Figure 2 presents
the schematic diagram of the experimental system.
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Figure 2. Experimental systems: (a) High temperature quasi—static compression and electrical pa-

rameter measurement; (b) Thermoelectricity measurement.

2.2.1. High Temperature Quasi-Static Compression

In the experiment, the mechanical properties of specimens at different temperatures
were evaluated using a high temperature quasi—static compression testing system, in-
cluding a universal testing machine with high temperature and low temperature environ-
mental test chamber (WDW —100GD, Changchun New Testing Machine Co., Ltd., Chang-
chun, China), fixtures, insulation layers, metal plates, and an oscilloscope (TEKTRONIX
DPO3034, Tektronix Technology (China) Co., Ltd., Shanghai, China). One end of the fix-
ture was fixed and connected to the universal testing machine, while the other end was
attached to a metal plate with 0.8 cm x 12 cm x 12 em (insulated with polyimide, PI). Mean-
while, the oscilloscope was positioned outside the high and low temperature environmen-
tal test chamber and connected to the upper and lower metal plates via coaxial cables to
capture the electrical signals generated during the specimen’s compression process.

To obtain accurate strain time histories of the specimens during the quasi—static
compression process, two calibration lines were marked on the surface of the specimen,
spaced 10 mm apart. The real time distance between the calibration lines was recorded
using a camera. Before the experiment, the specimen was positioned at the center of the
metal plate, and the temperature was adjusted. Once the target temperatures (T = 25 °C,
50 °C, 75 °C, and 100 °C) were reached, the temperature was maintained for 5 min. Then,
the specimens were compressed at a speed of 1 mm/min. In this paper, each test condition
was repeated on three independent samples. The data presented are the average values.
Table 2 presents the experimental parameters for quasi—static compression at different
temperatures.

Table 2. Experimental parameters for quasi—static compression.

No. Specimens T/°C No. Specimens T/°C
1 TiZrHf 25 5 TiZrHfCuos 25
2 TiZrHf 50 6 TiZrHfCuos 50
3 TiZrHf 75 7 TiZrHfCuos 75
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4 TiZrHf 100 8 TiZrHfCuos 100

2.2.2. Electrical Parameter Measurement

The experiment for measuring electrical parameters under high—temperature com-
pression conditions was based on a high—temperature quasi—static compression exper-
imental system. The electrical parameters (capacitance C and resistance R) of the speci-
mens were tested using an LCR meter, as illustrated in Figure 2a. In the experiment, the
specimens were subjected to pressures of 0 MPa, 300 MPa, 600 MPa, and 900 MP using
the “force holding” mode. Then, T =25 °C, 50 °C, 75 °C, and 100 °C were adjusted at each
stress level to obtain the C and R. Table 3 shows the experimental parameters of electrical
parameter measurement under high —temperature compression.

Table 3. Experimental parameters of electrical parameter measurement under high—temperature

compression.
No. Specimens Stress/MPa T/°C
9 TiZrHf 0, 300, 600, 900 25,50, 75, 100
10 TiZrHfCuos 0, 300, 600, 900 25, 50, 75, 100

2.2.3. Thermoelectric Experimental System

A thermoelectric experimental system was used to measure the temperature field
characteristics and induced electrical output changes from specimens, as shown in Figure
2b. The thermoelectric experimental system consists of a fixed device, bakelite, a cold end
with ice—water mixture, a hot end with heating table (HP—1010, Wenzhou Hanbang
Electronics Co., Ltd., Wenzhou, China), an oscilloscope, and an infrared thermal imager
(FLIR SC7000, FLIR Systems, Inc., Wilsonville, OR, USA). Before the experiment, bakelite
(top)—cold end—insulation layer (PI)—electrode—specimen—electrode—insulation
layer (PI)—hot end —bakelite were fixed by the fixed device. All the devices were placed
in metal shielding boxes to shield them from external electromagnetic wave interference.
The metal shielding box has a rectangular window at the position of the specimen, which
is convenient for the infrared thermal imager to collect the temperature of the specimen.
Both ends of the electrode of the specimen are connected to the oscilloscope and synchro-
nously triggered with the infrared thermal imager.

After the experiment started, the temperature of the heating table was adjusted so
that the temperature reached Th = 50 °C, 100 °C, or 150 °C, and the oscilloscope and the
infrared thermal imager were synchronously triggered to collect the voltage and temper-
ature data (the data acquisition time was 400 s). Table 4 shows the experimental parame-
ters of the thermoelectric experiment.

Table 4. Experimental parameters of the thermoelectric experiment.

No. Specimens Tw/°C No. Specimens Tw/°C

11 TiZrHf 50 14 TiZrHfCuos 50

12 TiZrHf 100 15 TiZrHfCuos 100

13 TiZrHf 150 16 TiZrHfCuos 150
3. Results

3.1. Mechanical Properties

The stress o can be expressed as:

_F
7=3. (1)
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where F is the pressure, Ss is the cross—section of the specimen. The strain ¢ of the spec-
imen is calculated based on the distance of the calibration lines on the specimen (captured
by the camera) during the experiment. The expression is as follows:

AL
T L

&

@)

where AL is the change in calibration line distance, and L is the initial distance between
calibration lines. The quasi—static compressive 0—¢ results of the specimens are pre-

sented in Figure 3.

2100 1750 —
—— T=25°C : ?ggg _#1609.5MPa
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=0 1594.5MPa 500 T=75°C <"1404.9MPa
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L _,1370.5MPa | Lincar : /,.-¢1223.7MPa
< 1200 s . »~ < 1000 4 elastic E 40 p—
a, R =Y | -Fi
> . E 32 ?
e 9001 ' © 750 Tnitial o
1 elastic g
6001 500+ stage (E,) %1
le—— 8
300 250+ K
/ o, ™ ] .._’.-;,'.” B 0 o T 100
0 = T T T T O = T T T T T T T T | T T
0 2 4 6 8 10 0 2 4 6 8 10 12 14 16
€ (%) e (%)
(a) (b)

Figure 3. 0 —¢ curves of specimens at different T: (a) TiZrHf; (b) TiZrHfCuos.

As shown in Figure 3a, the 0 — ¢ relationship of TiZrHf is linear, and the elastic mod-
ulus Erza remains approximately constant. When the stress reaches the compressive
strength, brittle failure of TiZrHf occurs. A comparison of the experimental results at var-
ious temperatures reveals that the Etzu decreases with increasing T.

Compared to TiZrHf, the toughness of TiZrHfCuos is significantly enhanced due to
the addition of Cu. During the quasi—static compression process, the TiZrHfCuos exhibits
a multilinear response, undergoing an initial elastic stage, a linear elastic stage, a plastic
deformation stage, and a failure stage. The viscous buffering effect of Cu in TiZrHfCuos
results in a lower initial density compared to TiZrHf, allowing the initial elastic stage. At
this stage, the elastic modulus of TiZrHfCuos increases with increasing T. When the strain
of TiZrHfCuos reaches approximately 3%, the specimen becomes compacted and transi-
tions into the linear elastic stage. At this stage, the elastic modulus is largest, while it grad-
ually decreases with T. Subsequently, the specimen enters the plastic deformation stage,
during which the elastic modulus gradually declines and approaches 0. Finally, the spec-
imen fails when the local stress exceeds its maximum stress.

3.2. Compressive Fracture—Induced Electrical Response Characteristics

Figure 4 shows compressive fracture of TiZrHf and TiZrHfCuos induced electrical
signals under different T.
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Figure 4. Compressive fracture—induced electrical signals under different T: (a) TiZrHf; (b)
TiZrHfCuos.

Asillustrated in Figure 4, the electrical signals show randomness due to the structural
complexity, various metallic elements, and microdefects. The experiment demonstrates
that the amplitude of the electrical signal generated by the specimen typically ranges from
-1~1V, and the timing of the electrical signal generation is inconsistent with the failure
time of the specimen.

3.3. Electrical Properties

As shown in Figure 5, during the experiment, the LCR is connected with two square
metal electrodes (the length is L, and the initial distance between the two electrodes is H).
The LCR results can be regarded as the parallel results (parallel resistance and parallel
capacitance) of the specimens and the related air domain. In order to accurately charac-
terize the resistances and capacitances of the specimens, the LCR results are modified con-
sidering the influence of the air medium, as follows:

1 _1+1
Ricr R Ry

®)

where Ricr is the resistance measured by LCR, R is the resistance of the specimen, and Ro
is the resistance of the air domain.

Specimen
(® =6 mm
H=15mm)

\ Air

(Hexahedron
-Cylinder)

Electrode metal

Figure 5. Schematic diagram of the specimen and air domain.

The relation between resistivity and resistance is:

Po - H(o) =P0’H(0)
S, LZ—S,

Ry = 4)
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p-H(o)

R=£"22
5 (5)
where po and p are the resistivity of air and specimen, H(o) is the stress—related height of
the specimen, and Sa and Ss are the cross—sectional areas of the air and specimen between

the two electrodes. The modified resistivities of TiZrHf and TiZrHfCuos are shown in Fig-

ure 6.
40 12
354 I+ - - _
el <. _T=100°C
30, R 10 ~s
= ~ . T=100°C 9 . AR
g 251 RN = '~
G '~ ~. e 8_1\ N ~
by 20 IR hd S o ~
= T~ L S 74 S Sy
X =~ X \~\ —5()°
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o (MPa) o (MPa)

(@) (b)
Figure 6. The modified resistivities of TiZrHf and TiZrH{Cuos: (a) TiZrHf; (b) TiZrHfCuos.

As can be seen from Figure 6a, the resistivity of TiZrHf is 7.3 x 10 QO-m at 0 MPa and
25 °C. In addition, the resistivity of TiZrHf increases with increasing T, e.g., the resistivity
of TiZrHf reaches 34.4 x 106 ()-m at 100 °C. Beyond that, the resistivity of TiZrHf decreases
with increasing o, e.g., the resistivity of TiZrHf is 5.78 x 10-¢ (0-m at 25 °C and ¢ = 900 MPa.
The results in Figure 6b indicate that the effect of T and o on the resistivity of TiZrHfCuos
is similar to that of TiZrHf. Moreover, because TiZrHfCuos contains Cu components, Cu
increases the conductivity of TiZrHfCuos. The resistivity of TiZrHfCuos is lower than that
of TiZrHf under the same conditions due to the addition of Cu (the conductivity of Cu is
larger).

The equation for parallel capacitance can be expressed as:

CLCR = CO + C (6)

where Cicr is the capacitance measured by LCR, C is the capacitance of the specimen, and
Cois the capacitance of the air domain. The relationship between the real part of the rela-
tive dielectric constant er and capacitance C is:

_ € S,
_ & & S

where, ¢, is the vacuum dielectric constant. Figures 7 and 8 show the &r of TiZrHf and
TiZrH{Cuos, respectively.
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Figure 8. ¢r of TiZrHfCuos under different T and o: (a) 0 MPa; (b) 300 MPa; (c) 600 MPa; (d) 900 MPa.

As shown in Figure 8, the &r of TiZrHf are all negative and increase with increasing
frequency f, showing a nonlinear relationship. For example, under the conditions of 0 MPa
and 25 °C, the ¢r of TiZrHf at 1 kHz is —1.87 x 108. When f reaches 200 kHz, the slopes of
the er—f curve are almost zero; meanwhile, er reaches its maximum of —0.13 x 108. Under
the same pressure, the &: of TiZrHf decreases as the temperature rises. At the same T, the
er of TiZrHf increases with increasing o, and the increase effect is independent of f. By
comparing Figure 8 with Figure 7, it can be seen that the effect of f, o, and T on the & of
TiZrHfCuos is similar to that of TiZrHf. Under the same conditions, the &r of TiZrHfCuos
is larger than that of TiZrHf.

3.4. Thermal Property

Based on data collected by the infrared thermal imager, the temperature field distri-
bution characteristics of TiZrHf and TiZrHfCuos at Th = 50 °C, 100 °C, and 150 °C are ana-
lyzed. Taking Th =100 °C as an example, the results are shown in Figure 9.

(b)
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Figure 9. The temperature field distribution of TiZrHf and TiZrHfCuos (Th = 100 °C): (a) TiZrHf; (b)
TiZrHfCuos.

To further analyze the distribution law of T, points P1~P5 are uniformly selected
along the z—axis, as shown in Figure 10. Then, the average temperature 7 of TiZrHf
and TiZrHfCuos are obtained by calculating the T of all points at the same height z, as
shown in Figures 11 and 12.

A z=15mm
z=11.25mm
:
N z=7.5mm
I
s
z=3.75mm
v X

z=0mm

Figure 10. Schematic diagram of point selection.
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TiZrHf, 150 °C; (d) TiZrHfCuos, 50; (e) TiZrHfCuos, 100 °C; (£) TiZrHfCuos, 150 °C.
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Figure 12. The relationship between U and T of TiZrHf and TiZrHfCuos: (a) TiZrHf, 50 °C; (b) TiZrHf,
100 °C; (c) TiZrHf, 150 °C; (d) TiZrHfCuos, 50 °C; (e) TiZrHfCuos, 100 °C; (f) TiZrHfCuos, 150 °C.
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As shown in Figure 11, under Th =50 °C, the T at each point P1~P5 on TiZrHf grad-
ually increase with increasing t until it reaches the stable values (t = 60 s). The comparison
in Figure 11a indicates that Tof P1 is the largest due to the effect of the hot end, showing
a stable temperature Ts of about 43 °C; while T of P5 is the smallest due to the effect of
the cold end, the Ts is approximately 26 °C. Beyond that, the temperature difference
AT between P4 and P5 (about 8 °C) is much larger than that between P1, P2, P3, and P4
(about 2 °C). This phenomenon may occur because P5 is situated closest to the cold end,
which absorbs heat at a faster rate. However, the heat transfer rate of TiZrHf is limited
due to its low thermal conductivity. Consequently, the heat transferred from P4 to P5 is
absorbed by the cold end before it can accumulate, allowing P5 to quickly achieve a bal-
ance between heat intake and exhaust.

As shown in Figure 11¢, the T curves at each point of TiZrHf exhibited slight varia-
tions under Th =150 °C. Due to the larger T}, the time required for the stable T of P1~P5 is
extended, approximately 180 s. Compared with Figure 11a, the Ts of P1~P5 are larger, e.g.,
the Ts of P1 is approximately 97 °C, while the Ts of P5 is around 74 °C. In contrast to Figure
11a, once the stable temperature was achieved, the temperature difference between P1
and P5 is close, without a significant temperature disparity between P4 and P5. This phe-
nomenon may be attributed to the increasing Th, which significantly enhances the thermal
conductivity of TiZrHf, making it substantially greater than that between the specimen
and the cold end. As a result, the specimen accumulates heat at P5, leading to an increase
in temperature.

As shown in Figure 11d—f, the T curves at P1~P5 of TiZrHfCuos are similar to TiZrHf.
However, under the same T, the Ts at each point of TiZrHfCuos are consistently lower
than those of TiZrHf. This discrepancy may be attributed to the increased copper content
in TiZrHfCuos, which enhances the thermal conductivity between the material and the
cold end, consequently resulting in a reduction in Ts.

3.5. Thermoelectric Properties

The temperature gradient was calculated from the temperature difference and the
distance between adjacent points. Taking P1 and P2 as an example, the temperatures at
these two points were measured by the infrared thermal imager; the temperature gradient
was then obtained by dividing their temperature difference by the distance between P1
and P2.

The matching relationship between the thermoelectric voltage U collected by the os-
cilloscope and the temperature characteristics (temperature gradient AT/ALand heating
rate AT/At)is shown in Figure 12.

It can be observed from Figure 12 that, under different Th, both the average AT/AL
and U of the specimen exhibit a trend of initially increasing followed by stabilization. Fur-
thermore, the times required for the stable AT/AL and U are approximately the same. In
addition, the variation pattern of the average heating rate AT /At of the specimen is as
follows: rising from 0 °C/s to the maximum value, and decreasing back to 0 °C/s, then
stabilizing.

Under Th =50 °C, the TiZrHf achieved a stable state at 75 s; meanwhile, the average
AT /AL at the stable state is about 1.1 °C/mm, and the average U measured is approxi-
mately 105 uV. Differently, the average maximum AT /At is about 0.18 °C/s at 25 s; how-
ever, the stable state begins at about 100 s. Under Tn = 100 °C and 150 °C, the average
AT /AL of TiZrHf and the U at the stable state are larger than that under Th =50 °C.

As for TiZrHfCuos, the smaller AT /AL and AT /At can be observed compared with
TiZrHf under the same Th. Nonetheless, the U of TiZrHfCuos is larger than TiZrHf.
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4. Discussion

4.1. Effect of T on Mechanical Parameters

4.1.1. Quasi—Static Mechanical Properties of TiZrHf
(1) Elastic modulus

The stress—strain curves of TiZrHf are approximately linear. Therefore, a linear elastic
constitutive model is adopted to characterize its stress—strain relationship, and the expres-
sion is as follows:

o=E- ¢ 9)

The Johnson—-Cook constitutive model is an ideal plastic strength model that can ef-
fectively reflect the strain hardening, strain rate strengthening effect, and temperature sof-
tening effect of metallic materials. The expression of the Johnson—Cook constitutive model
is:

o = (A+Bel) (1 + cmi-i) [1 - (%)m] (10)

where A is the yield strength of materials under quasi—static conditions, B is the strain
hardening constant, n is the strain hardening exponent, ¢, is the plastic strain, C is the
strain rate strengthening constant, &is the plasticstrainrate, £is the reference strain rate,
T is the melting temperature, Tr is the reference temperature, and m is temperature sof-
tening parameter.

In this paper, the effect of T on E can be characterized using the temperature term in
the Johnson-Cook model. The fitting results are:

_ 0.197
T —25 ) ] a1

E=382 [1 N <7662. 56

(2) The compression strength

Based on the compression strength values oy,,x of TiZrHf obtained from the quasi—
static compression experiments under different T. Taking T as the independent variable,
a linear fitting is conducted to obtain the compression strength —temperature relationship
of TiZrHf, and the expression is as follows:

Omax = —5.08T + 1870.70 (12)

4.1.2. Quasi—Static Mechanical Properties of TiZrHfCuos
(1) Multilinear mechanical behavior

The stress—strain curve of TiZrHfCuosis approximately an inverted “S” shape, and it
exhibits multilinear mechanical characteristics during the elastic stage. The Johnson—Cook
constitutive model (or elastoplastic model) used to describe linear elasticity is no longer
appropriate. Given the inherent multi—stage nature of hyperelastic models from a math-
ematical perspective, this work employs hyperelastic models (e.g., the Yeoh model) to
characterize the multilinear mechanical behavior of TiZrHfCuos, thereby achieving full
representation of the overall stress—strain response with a single constitutive model. The
related strain energy function can be expressed as:

Wyeon = C10(I1 — 3) + C39(I1 — 3)% + C3(I; — 3)3 (13)

where [ is the first invariant of the strain tensor, considering the effect of temperature,
Equation (13) can be modified by adding a T term, as:
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2 3 T —25
Wyeon = [C10(I1 — 3) + €30Iy — 3)* + C30(I1 — 3)°] (1 o T) (14)

Based on the experimental results, the following expression can be obtained:

T—-25

WYeoh=[_4'8(11 - 3) + 5390(11 - 3)2 —2.896 x 105(11 - 3)3] (1 - m

) a5

where Tn is the parameter.
(2) Quasi—plastic stage

In this paper, the Johnson-Cook constitutive model is adopted to describe the
quasi—plastic stage of TiZrHfCuos. Since the specimen is approximately in a state of me-
chanical equilibrium during the quasi—static compression process, the effect of strain rate
€ is not considered, and the Johnson—Cook constitutive model can be simplified as:

o=(A+Be")|1- (ﬂ)m 16
By fitting the experimental data, the plastic stress can be obtained.

—_— 17
140.29 17

T _ 251928
o = (1148.53 + 11590.75£5%*) [1 - ( ) ]
(3) The yield limit

According to the yield limits of TiZrHfCuos under different T, taking T as the inde-
pendent variable, polynomial fitting is carried out to obtain the expression of the yield

limits of TiZrHfCuos, as

o = 1117.87 + 2.68T — 0.06T*> (18)

4.1.3. Verification of Mechanical Parameters

In order to verify the accuracy of the mechanical parameters, the Abaqus software
2020 is used in combination with the corresponding constitutive model and parameters to
conduct numerical simulations of the high —temperature quasi—static compression. The
results are shown in Figure 13.

As shown in Figure 13, taking the numerical simulation results under the conditions
of 50 °C and 100 °C as examples, the numerical simulation results are in good agreement
with the experimental results (the relative error is generally smaller than 5%, generally).
In general, the proposed constitutive model indicates a negative correlation between elas-
tic modulus, strength, and temperature, in agreement with the findings presented in Refs.
[21,22].
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= 7
Tizer. &(T,0) = (~2.047 x 107 -

— 6 -4
TiZeHCuos:&r(T,0) = (1.01x 108 — 29850 (1 - 8.191 x 10740) | coth (22) + 1.9535]

(a) (b)

Figure 13. Comparison between the numerical simulation results and the experimental results: (a)
TiZrHf; (b) TiZrHfCuos.

4.2. Effect of Temperature/Stress on the Electrical Properties
4.2.1. Relative Dielectric Constant

There has been a lot of discussion about the ¢r of metals. Currently, in various calcu-
lations, the Drude equation based on the free electron gas model is mainly used to obtain
the dielectric constant of metals, the expression is [23]:

g(w) = & (w) — j&(w) (19)
wp

&1 = 1- sz‘fz (20)
Wi T

&y = m (21)

where wy is the resonance frequency of metallic plasma, 7 is the relaxation time of electrons,
and w is the frequency of the electromagnetic wave.

Only considering the real part of e, parameter a is introduced to correct the Drude
formula (19), and the expression is:

“p 22)

g=a—-—-—
" 1+ f272

By fitting the experimental data of TiZrHf under the conditions of 25 °C and 0 MPa,
the dielectric constant ¢r of TiZrHf material is determined as:

— _4.05x106 - L83x10° (23)
& =% 1+5.37 x 10-102
Considering the effect of stress, er can be modified as:
Wy
& = a_rfz‘[z (1 + bo) (24)

According to Barrett’s law, the relationship between the initial ferroelectric expan-
sion coefficient ap and T is

(25)

T® )
ap(T) = a(TP ) [% coth (Zq_T> — Tﬁ")

where Tq(P) is the quantum vibration temperature; TPis the “effective” Curie tempera-
ture. By combining Equations (24) and (25), the relationship between ¢: and temperature,
stress can be derived as follows:

w2
_ P
ST(T, O') = (a - sz‘l'z) (1 + ba’)ap(T) (26)
By substituting the experimental results and determining &r of TiZrHf and
TiZrHfCuos, it can be obtained as:
9.2740x108

1+5.366x10~1052
4.935x107

140.7
T
38.09

) (1-6.694 x 10 *0) [coth( ) —0. 8003]

27)

Figure 14 shows the comparison between the fitting results and the experimental results.
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Figure 14. Comparison between the fitting results and the experimental results: (a) 1 kHz, TiZrHf;
(b) 200 kHz, TiZrHf; (c) 1 kHz, TiZrHfCuos; (d) 100 kHz, TiZrHfCuos.

4.2.2. Resistivity

From the experimental results, it is known that the electrical resistivity p of both
TiZrHf and TiZrHfCuos exhibits an approximate linear relationship with T and o. There-

fore, this paper proposes that p can be expressed as the product of a linear function of
temperature and a linear function of stress, which is formulated as:

p(T,0)=a+ (ba+c)(T+d) (28)

By fitting the experimental data, the p of TiZrHf and TiZrHfCuos are determined as
follows:

TiZrHf: p(T,0) = 3.811 x 107° + (—2.606 x 10™'%0 + 3.74 x 10~7)(T — 16.06) 29)
TiZrHfCugyg: p(T,0) = 3.482 X 107° + (—5.257 x 1071g + 8.341 x 10~®)T

In Equation (29), the stress—dependent coefficient is negative, indicating that an in-

crease in stress leads to a reduction in electrical resistivity. This conclusion is applicable
to most medium-high entropy alloys [24,25].

4.3. Thermal Parameters
4.3.1. Thermal Conductivity
In this paper, the one—dimensional heat conduction equation is used to describe the

heat flow inside the test piece, and the expression is:
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aT (x, t 92T (x,t
(o) | 0T 0)
at ox

where u(x, t) is the T distribution with time t and spatial coordination x, and x is the
thermal conductivity. The experimental results show that there is a correlation between

the thermal conductivity and T, and the thermal conductivity of the material is deter-

mined by fitting.
TiZrHf: k = 28.23 2708
o = LS e T 55 1)
TiZrHfCugg: K¢ = 53.51 — — 00
Moo K= 00t T T g 67

4.3.2. Thermoelectric Coefficient

In this paper, the Seebeck effect is used to characterize the voltage difference U
caused by the temperature difference AT at both ends of the alloys. The calculation of the
Seebeck coefficient S is as follows:

U
=— 32
S AT (32)
Considering the effect of the heating rate, S can be modified as
oT U
— = 33
§=S.tk ot AT (53)

where S. is the constant, k is the heating rate—related parameter. Based on the experi-
mental results, the modified S can be obtained as:

aT
TiZrHf: U = (6.877 x 107+ 1.501 x 107 —) AT
Jat (34)

oT
TiZrHfCupg: U = (1.509 x 1075 + 2.767 x 1076 E) AT

The thermoelectric experimental results under the conditions of Ti =50 °C and 100 °C
are selected, and compared with the voltage time history calculated based on the modified
S. The results are shown in Figure 15.

400 420
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Figure 15. Comparison between the thermoelectric experimental results and the theoretical results:
(a) TiZrHF; (b) TiZrHfCuos.

As shown in Figure 15, the theoretical calculation results are in good agreement with
the experimental voltage—time history. Among them, the average errors of TiZrHf and
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TiZrHfCuos under the condition of Th =50 °C are 3.85% and 0.65%, respectively; the aver-
age errors of the two under the condition of Th =150 °C are 2.41% and 9.39%, respectively.
Overall, the modified Seebeck coefficient is applicable to the characterization of the ther-
moelectric properties of TiZrHf —based alloys.

5. Conclusions

In this paper, the electric-thermo-mechanical coupling characteristics of TiZrHf and
TiZrHfCuos alloys have been investigated based on the self —developed experimental test
system. Based on the analysis of experimental data and numerical simulations, multi—
physical parameter (T, o) expressions for elastic modulus, strength, p, ¢, a, and S are ob-
tained and verified. The conclusions are as follows:

The compressive mechanical properties of TiZrHf and TiZrHfCuos exhibit elasto-
plastic and superelastic—plastic mechanical behaviors, respectively, with both elastic
modulus and ultimate strength decreasing with temperature T. The constitutive model
can be expressed as:

T — 25 10197

TizeHg: | E =382 [1 ~(7eez36) ]

Omax = —5.08T + 1870.70
T—25
; Wyon={~48(13 ~3) + 5390, ~ 3)* ~2.896 X 10°(1; ~ 3)*] x (1~ o) (39)
TiZrH{Cuyg: _ 0.84 _ (T —25 )1'928
l o = (1148.53 + 11590.755;*) |1 - (T o—0

\ o, = 1117.87 + 2.68T — 0.06T>

Electrical property analysis shows that p of the two alloys ranges from 3 to 35 x 10-¢
Q'm (TiZrHfCuos has a lower value, independent of the test frequency f), increasing with
T and decreasing with stress o. Their real part of relative dielectric constants ¢, range from
-3.5 x 108 to -0.5 x 108 (at 1 kHz) and increase with f; however, the effect of T and o on &,
are opposite to p. The electric parameters can be expressed as:

9.2740 x 108

tizenig: {5700 = (_2'047 X107~ T 5 366 x 10_10f2) (1 - 6.694 x 107*5) X [coth (L;”) - 0.8003]
) p(T,0) = 3811 x 10~ + (—2.606 x 1010 + 3.74 x 10~7)(T — 16.06) 6
B . 4.935 x 107 B 38.09
TiZtHiCug: 1519 = (1-01 X 10° — T 10_10f2) (1-8.191 x 10~*5) x [coth <T) + 1.9535]

p(T,0) = 3.482 x 1076 + (—5.257 X 107115 + 8.341 x 10~8)T

Thermal property tests reveal that the thermal conductivity a of both alloys increases
with T, eventually stabilizing at 28.23 and 53.51 W-m-K-1, respectively, while the thermo-
electric coefficient S is positively correlated with the heating rate. The thermal parameters
can be expressed as:

( reps 2708
k=2823———
TiZrHF: T —14.55 -
S = (6.877 x 1076 + 1.501 x 10~ —>
{ Jt (37)
cocq_ 7708
¥=5351 - ——F0—
TiZrHfCupg: T —16.67 o
S= (1.509 X 1075 + 2.767 x 10—65)

In this paper, the TiZrHf —based medium —entropy alloy is taken as the research ob-
ject. Its thermo—mechano—electrical multi—physics coupling characteristics are systemat-
ically clarified, and the temperature— and stress—dependent mathematical expressions
of multi—physical parameters are established. This work solves the core problem of the
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ambiguous nonlinear coupling relationships among multi —physical parameters for such
alloys under complex extreme environments. It can provide theoretical models and nu-
merical simulation methods for the application of medium — and high—entropy alloys in
the fields of impact—resistant protective armor, structural components for extreme envi-
ronments, novel thermoelectric conversion materials, and stress/temperature coupling
Sensors.

This study is limited to temperatures < 150 °C and stresses < 900 MPa. Future work
should extend to higher temperature regimes (on the order of 10° °C) and investigate cy-
clic/dynamic loading effects on the coupling behavior. Additionally, in situ microscopy
under coupled fields could reveal underlying microstructural mechanisms.
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Abbreviations

The following abbreviations are used in this manuscript:

BCC Body —Centered Cubic

FCC Face—Centered Cubic

AC Alternating Current

DSC Differential Scanning Calorimetry
SMA Shape Memory Alloy

CBH Correlated Barrier Hopping

NVAP Non—Variable Amplitude Pulses
IVPA Inhomogeneous Variable Amplitude Pulses
(o) Diameter

H Height

PI Polyimide

T Temperature

Th Temperature of the Heating Table

C Capacitance

R Resistance

LCR Inductance —Capacitance —Resistance
o Stress

F Pressure

Ss Cross Section of Specimen

& Strain

AL Change in Calibration Line Distance

L Initial Distance Between Calibration Lines
Ricr Resistance Measured by LCR

R Resistance of Specimen

Ro Resistance of Air Domain
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The relation between resistivity and resistance is

po Resistivity of Air
P Resistivity of Specimen
H(o) Stress—Related Height of Specimen
Sa Cross—Sectional Areas of the Air
Crer Capacitance Measured by LCR
C Capacitance of Specimen
Co Capacitance of Air Domain
& Vacuum Dielectric Constant
&r Relative Dielectric Constant of Specimens
f Frequency
T Average Temperature
Ts Stable Temperature
AT Temperature Difference
u Thermoelectric Voltage
AT/AL Temperature Gradient
AT/ At Heating Rate
A Yield Strength
B Strain Hardening Constant
n Strain Hardening Exponent
g, Plastic Strain
C Strain Rate Strengthening Constant
&, Plastic Strain Rate
é‘o Reference Strain Rate
Tm Melting Temperature
Tr Reference Temperature
m Temperature Softening Parameter
E Elastic modulus
O ax Compression Strength
Wyeoh Strain Energy Function
I First Invariants of Strain Tensor
Os Yield Limit
wp Resonance Frequency
T Relaxation Time of Electron
1) Frequency of the Electromagnetic Wave
ap Initial Ferroelectric Expansion Coefficient
T ](P) Quantum Vibration Temperature
TC(P) “effective” Curie Temperature
u(x,t) Temperature distribution
K Thermal Conductivity
S Seebeck Coefficient
Se Constant part of S
k Heating Rate Related Parameter
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