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a b s t r a c t

CueAleMneTiexTa alloys (x ¼ 0, 1, 2, 3, wt.%) prepared by spark plasma sintering were

investigated for the effect of Ta content on the microstructure, mechanical and damping

properties. The microstructure and phase composition indicate that the alloy is mainly

composed of b01 martensite, g0
1 martensite, Ti-rich and Ta-rich phase. As the Ta content

increases, the grain size of the alloy first decreases and then increases. The reverse trend

was observed for hardness, tensile and compressive strength. The hardness, tensile

strength and compressive strength increased by 18.2%, 44.9% and 28%, respectively, when

the Ta content was 1 wt.% compared to the alloy without Ta element. The presence of

martensite provides the alloy with promising damping properties. Meanwhile, the for-

mation of the second phase has a two-sided effect on the damping characteristics. That is,

the increase in grain boundaries provides more interfaces for energy dissipation, but the

increased compressive stress between the interfaces also hinders the movement of the

interfaces. Excellent damping performance is demonstrated with the addition of 1 wt.% of

Ta element. The peak values of damping capacity at room temperature and at about 580 �C

reached 0.026 and 0.19, respectively. The results confirm that the addition of Ta elements is

achievable to obtain CueAleMneTi alloys with both high mechanical and damping

properties.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The excellent damping properties provided by the thermo-

elasticmartensite of CueAl-based alloysmake thembecome a

new functional material with promising applications in me-

chanical and energy fields [1e3]. However, the large grain size

of this system alloy is prone to degraded mechanical proper-

ties such as fracture along the grain and low fatigue strength

[4e6]. The practical application of damping alloys often re-

quires good mechanical properties as well. Hence, it is

necessary to obtain CueAl based alloys with high damping

and high mechanical properties by controlling the grain size.

Alloying is a simple and effective method to adjust the grain

size [7e10].

Numerous studies have shown that the addition of the

third, fourth and fifth elements can effectively reduce prob-

lems such as brittle fracture due to coarse grain size in CueAl

based alloys [11,12]. Mn elements can broaden the region of

the b-phase and reduce its degree of ordering, making

CueAleMn alloys have become another research hotspot [13].

It is shown that the addition of Ce, Ni, Cr, Si, Mg, Fe, and Ti can

further improve the properties of CueAleMn alloy [14].

Among them, the Ti-rich phase formed by the addition of Ti

elements can effectively inhibit grain growth and adjust the

properties of the alloy [15]. Therefore, it is interesting to study

the effect of the fifth element on the CueAleMneTi alloy. So

far, the addition of tantalum has shown significant effects on

the organization, mechanical properties and phase transition

temperatures of other shape memory alloys [16]. And the ef-

fect of Ta elements on the damping properties and mechani-

cal properties of CueAleMneTi alloy has not been studied.

Changing sintering process is another method to refine

grain size. With the development and demand of functional
Fig. 1 e Flow chart of the preparation o
materials in recent years, it has been shown that spark plasma

sintering (SPS) technology can inhibit the grain growth of al-

loys through rapid sintering [17e19]. What's more, this tech-

nology has the advantages of reducing alloy composition

segregation, eliminating coarse and inhomogeneous organi-

zation, and effectively reducing production energy con-

sumption compared with traditional processes such as

melting and casting [17,20,21]. Fang et al. [18] showed that the

spark plasma sintering technique plays an important role in

optimizing the comprehensive properties of Cu-based alloys

by controlling the microstructure.

Therefore, in this paper, CueAleMneTi alloys with

different Ta element contents were prepared by spark plasma

sintering process from the perspective of adjusting the

microstructure. The changes of themicrostructure of the alloy

were observed, and the mechanism of the effect of Ta ele-

ments on the mechanical properties and damping character-

istics of CueAleMneTi alloy was discussed in detail.
2. Experimental

2.1. Materials and preparation of Cu-based alloys

In this experiment, four Cue11Ale5Mne0.7TiexTa

(x ¼ 0,1,2,3, wt.%) alloys were prepared. As the increase of Ta

element content, they were numbered as #1, #2, #3 and #4,

respectively. The raw materials used were Cu powder, Al

powder, Mn powder, Ti powder and Ta powder. First, powders

with different contents were added to the planetary ball mill

(WL-1) at a ball-to-powder ratio of 7:1, with a ball milling time

of 44 h and a ball milling rate of 300 rpm. Tertiary butanol was

used as a ball milling medium to reduce oxidation of the

powder during ball milling and freeze drying. Then the slurry
f Cue11Ale5Mne0.7TiexTa alloy.
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Table 1 e Mechanical properties of the alloys.

Alloys (wt.%) Relative
density (%)

Hardness
(HV)

Tensile
strength (MPa)

Compressive
strength (MPa)

Cue11Ale5Mne0.7Ti 90.6 ± 1.0 190.1 ± 9.1 266.5 ± 7.9 992.1 ± 6.8

Cue11Ale5Mne0.7Tie1Ta 95.1 ± 0.8 233.5 ± 7.2 386.1 ± 11.2 1269.9 ± 9.2

Cue11Ale5Mne0.7Tie2Ta 97.5 ± 0.6 247.2 ± 12.6 393.6 ± 9.3 1388.9 ± 7.8

Cue11Ale5Mne0.7Tie3Ta 92.3 ± 1.6 211.9 ± 8.9 357.4 ± 8.1 1150.8 ± 6.2
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obtained after ball milling was put into a freeze-drying oven

(FD-A-50) for freeze drying, and the desired composite powder

was obtained after 24 h of drying. Next, the powder is sintered

in an SPS machine (HPD25 from FCT, Germany) to produce a

metal block with a diameter of 40 mm and a height of 10 mm.

Sintering process parameters: vacuum degree <10e5 Pa,

heating rate 100 �C/min, heating up to 750 �C, pressurization
40 MPa, holding temperature 10 min and then cool down to

400 �Cwith the furnace. The experimental flow chart is shown

in Fig. 1.

2.2. Characterization of the alloys

Small squares of size 7 � 7 � 4 mm were cut from the SPS

sintered specimens for SEM and XRD. The phase composition

of the alloy was determined by X-ray diffraction (XRD, X-Pert)

using Cu Ka radiation operated at 40 kV and 20 mA. For the

microscopic analyses, the samples were etched with an acid

solution of 3HNO3:1 HCl:1 H2O. The surface morphology and

composition of the specimens were observed by scanning

electron microscopy (SEM; JEOL JSM-7001F) coupled with
Fig. 2 e (a) Relative densities of the alloys. (b) Hardness of the a

Compress strength of the alloys.
energy dispersive spectroscopy (EDS). Details about the fine

microstructure and phase structure were investigated using a

Philips CM200 super TWIN (200 kV) transmission electron

microscope (TEM) equipped with an EDAX EDX system. The

size of TEM specimen is 1 � 1 � 0.1 mm, and then Electron

transparent lamellae were prepared by focused ion beam (FIB)

standard methods using a FEI Helios NanoLab Dual Beam 650

equipment. The phase transition temperature was deter-

mined by differential scanning calorimetry (DSC). The sam-

ples were heated from 150 �C to 600 �C at a heating rate of

10 �C/min.

The density of the Alloy was determined by Archimedes

drainage method. The hardness was measured with a micro

hardness tester (HXD-100TM/LCD) and held for 10 s after

loading at 1000 g. The strengthwasmeasuredwith a universal

testingmachine (WDW-3100) at a speed of 0.5mm/min, with a

tensile strength specimen size of 17 � 2 � 4 mm and a

compression strength specimen size of 5 � 5 � 8 mm. After

tensile strength measurements, the fracture morphology and

elemental composition were characterized. In addition, the

room temperature damping and high temperature damping of
lloys. (c) Tensile stressestrain curve of the alloys. (d)
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the alloy were tested separately, and the specimen size was

50 � 1.5 � 1.5 mm. The room temperature damping was per-

formed in a multifunctional internal consumption meter

(MFP1000) as an inverted torsional pendulum test. The high

temperature damping characteristics were characterized by

the dynamic mechanics analyzer (TA-Q800). In the single

cantilever mode, the test temperature range was room tem-

perature to 600 �C, the frequency was 1 Hz, and the strain

amplitude was 1000 � 10�6.
3. Results and discussion

3.1. Mechanical properties of the CueAleMneTiexTa
alloys

The compactness of the sintered material is an important

performance indicator. The density of the material was

measured according to Archimedes' principle, and the corre-

sponding relative density was calculated as shown in Table 1.

The relative density of Cue11Ale5Mne0.7Ti alloy is about

90.6%, and Cue11Ale5Mne0.7Tie2Ta shows the highest

relative density of 97.5%. As the contents of Ta increase, the

change trend of relative density of the alloy is shown in

Fig. 2(a). It can be noticed that the relative density of the alloy

shows an overall increasing trend with the addition of Ta

content. It was demonstrated that the appropriate Ta element

(1 wt.% and 2 wt.% in this study) could prepare high-density

Cue11Ale5Mne0.7Ti alloys.

The Vickers hardness, tensile and compressive strength of

the alloy at room temperature are shown in Table 1. The

trends of hardness, tensile and compressive strength with Ta

content were displayed in Fig. 2(b)e(d). The mechanical

properties of alloys are closely related to their density and

microstructure. It can be observed that the trends of hardness,

tensile strength and compressive strength are basically the

same as the trends of relative density. They all increase as the

relative density increases and decrease as the relative density

decreases, only with different trends. The hardness, ultimate

tensile strength and compressive strength of

Cue11Ale5Mne0.7Ti alloy are 190.1 HV, 266.5 Mpa and 992.1

Mpa, respectively. The highest hardness, ultimate tensile

strength and compressive strengths are 247.2 HV, 393.3 MPa

and 1388.9 MPa, respectively, which are shown in the
Fig. 3 e (a) Damping properties of Cue11Ale5Mne0.7TiexTa al

modulus curves of CueAleMneTie1Ta alloy during heating.
Cue11Ale5Mne0.7Tie2Ta alloy. The effect of microstructure

on them will be discussed in later section.

3.2. Damping properties of the CueAleMneTiexTa
alloys

Fig. 3(a) shows the curves of the damping properties of

CueAleMneTiexTa alloy at room temperature with different

amplitudes. The damping properties of all alloys increasewith

the increase of strain amplitude. Generally, the change in

alloy damping is relatively slow at low strain amplitudes.With

increasing strain amplitude, the various interfaces of the alloy

(phase interfaces, twin surfaces, and metastable interfaces)

will be more prone to interfacial movement, consuming more

energy and improving the damping performance [22]. In

addition, the damping properties of the alloy are also influ-

enced by the Ta element. The damping property of

CueAleMneTi alloy is 0.034 and CueAleMneTie1Ta alloy is

0.026. And the damping decreases with further addition of Ta

elements. The change in damping characteristics at room

temperature is closely related to the amount of martensite,

grain size and second phase distribution. This will be dis-

cussed in later sections.

The damping properties and modulus curves of the

CueAleMneTie1Ta alloy duringheating are shown in Fig. 3(b).

During the heating process a high temperature damping peak

appears, which is closely related to the thermoelastic

martensitic phase transformation. When the temperature

reaches the phase transformation temperature, the amount of

phase transformation and the corresponding phase interface

increase as the phase transformation proceeds. During the

phase transformation process, both the phase transformation

product volume effect and the shearmotion of different phase

interfaces under external alternating stress cause energy loss.

When the number of phase interfaces reaches the maximum,

the sum of the internal consumption caused by the volume

effect of the phase transition and the interfacial viscous mo-

tion reaches the maximum, and the peak internal friction of

0.19 occurs at approximately 580 �C. The magnitude of the in-

ternal dissipation value during the variable temperature test is

obtained from the ratio of the loss modulus to the stored

modulus [3].With a decrease in storagemodulus, the damping

increases and the maximum damping appears at the lowest

storage modulus, which is consistent with Fig. 3(b).
loy at room temperature. (b) Damping properties and
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Fig. 4 e (a) XRD pattern of Cue11Ale5Mne0.7TiexTa with different Ta contents. (bee) BSE morphology of

Cue11Ale5Mne0.7TiexTa alloys. Cue11Ale5Mne0.7Ti, Cue11Ale5Mne0.7Tie1Ta, Cue11Ale5Mne0.7Tie2Ta,

Cue11Ale5Mne0.7Tie3Ta, respectively. (f) Dispersion strengthening mechanism.
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3.3. Characterization of the CueAleMneTiexTa alloys

In order to analyze the mechanism of the influence of Ta el-

ements, extensive microscopic characterization of

CueAleMneTi alloy was carried out. The XRD patterns of the

CueAleMneTi alloy with different Ta elements are shown in

Fig. 4(a). The alloy is mainly composed of b01 martensite, g0
1

martensite and CuTi3. The new phase AlTa2 is accompanied

by the addition of Ta elements. The peak intensity of AiTa2
was enhanced with increasing Ta content. Martensite is

formed during the rapid cooling process when using SPS sin-

tering. They have close chemical composition and inherit the

ordered arrangement of the parent phase and become ther-

moelastic martensite [23,24]. Meanwhile, according to the

height shift of the strongest peak of b01 and g0
1, the height

continues to decrease with the addition of 1 wt.% and 2 wt.%

Ta elements. However, the height increases after the addition

of 3 wt.% Ta element compared to 2 wt.% Ta. The variation of

martensite strength has the same trend as Fig. 3(a). It is shown

that the Ta element can change the damping properties of the

alloy by affecting the amount of martensite. For the

CueAleMneTi alloy, its damping properties are mainly

derived from its inherent thermoelastic martensite. Usually,

the increase in the number and type of martensite provides

more interfaces for energy consumption and obtains higher

damping properties [23].

Fig. 4(b)e(e) shows the BSE morphology with different

contents of Ta element, and the different precipitated phases

were tested using EDS spectroscopy. In Fig. 4(b), the main

precipitated phase is the Ti-rich phase for the alloy without

the addition of Ta element. The EDS results show that the

contrast between the two regions is different due to the

different contents of Ti element at point 1 (85.2 at.%) and point

2 (25.2 at.%). In general, the microstructure contrast is corre-

latedwith the atomic number in the SEM backscatteringmode

[25]. Point 1 has more Ti content compared to point 2, indi-

cating that the point 1 region is mainly an aggregation zone of

Ti-rich phase. In addition, according to the energy spectrum
analysis, Ta-rich phase (AlTa2) appeared after addition of Ta,

which is consistent with the XRD results. The formation of

this phase is mainly due to the different crystal structures of

Al (FCC) and Ta atomic (BCC), which are almost insoluble in

the solid state [26]. In addition, the atomic radius of Ta and Ti

atoms is larger than that of Cu, Al, and Mn atoms, which

makes Ta and Ti atoms less soluble in the substrate and thus

forms the second phase.

In addition to changing the martensite content, the Ta

element can also affect the damping properties of the alloy by

adjusting the grain size. In order to show the grain size change

more clearly, the local grain boundaries, which represent the

overall grain size change trend, are darkened in the figure, as

shown in Fig. 4(b)e(e). Without Ta elements, the damping

peak reaches 0.034; after adding 1 wt.% of Ta elements, the

damping peak decreases to nearly 0.026, as shown in Fig. 3(a).

This is due to the decrease in grain size, which increases the

compressive stress at the near-neighbor interface as well as

the elevated bonding forces at the grain boundaries, leading to

a decrease in interfacial slip [27]. When 2 wt.% Ta is added, the

damping properties of the alloy decrease sharply. This is

mainly caused by the greater interfacial binding force pro-

duced by the reduced grain size. Moreover, the suppression of

interfacial mobility by the second phase particles outweighs

the damped interfacial effect of the increased second phase.

The CueAleMneTie3Ta alloy shows a slight increase in

damping, which is related to a slight increase in grain size. In

conclusion, the element Ta can influence the damping prop-

erties by affecting the amount ofmartensite and the grain size

in the alloy.

Moreover, the formation of the second phase leads to fine

grain strengthening and dispersion strengthening that can

also affect the mechanical properties of the alloy. It can be

found that the grain size decreases firstwith the addition of Ta

elements. This is attributed to the pinning effect of the second

to grain boundary [28,29]. When 3 wt.% Ta was added, an

abnormal growth of grains occurred. This may be due to the

formation of an oversized and unevenly distributed AlTa2

https://doi.org/10.1016/j.jmrt.2021.10.031
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Fig. 5 e (a) SEM image of the Cue11Ale5Mne0.7Tie1Ta alloy. (bef) Distribution of different elements on the surface.
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phase, causing some grain boundaries to be completely pin-

ned and others to be completely unpinned. The unpinned

grain boundaries evolve quickly and will merge with the sur-

rounding grains, leading to anomalous grain growth. After

grain refinement, the number of grain boundaries increases,

which expands the dislocation blockage and increases the

strength of the alloy; when the grains grow, the obstruction of

dislocation movement by grain boundaries decreases and the
Fig. 6 e SEM micrograph of fracture surface. (a) Cue11Ale5Mne

Cue11Ale5Mne0.7Tie2Ta. (d) Cue11Ale5Mne0.7Tie3Ta.
strength reduces, which is consistent with the results of

Fig. 2(c) and (d).

Fig. 4(f) shows the dispersion strengthening effect played

by the generated second phase AlTa2. It is mainly achieved

through the interaction of second-phase particles with dislo-

cations. The dislocation line is blocked by the second phase

particle during its motion. And the increase of the applied

shear stress bends the dislocations until they meet at A and B.
0.7Ti. (b) Cue11Ale5Mne0.7Tie1Ta. (c)

https://doi.org/10.1016/j.jmrt.2021.10.031
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Fig. 7 e (a) SEM image of the fracture morphology. (bef) EDS surface scanning diagram of fracture surface. (g) Schematic

diagram of the effect of second phase on tensile fracture.
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Then, the dislocation lines A and B in opposite directionsmeet

and cancel, leaving a dislocation loop. Subsequently, the

dislocation lines bypass the particles and return to their
Fig. 8 e (a) TEM bright-field images of Cue11Ale5Mne0.7Tie1T

patterns of regions 1 and 2 in Fig. (a), respectively. (d) Dislocatio
original state and continue sliding. The combined effect of this

process and grain refinement increases the strength of the

alloy.
a alloy. (bec) Corresponding to the electron diffraction

n damping pinning model.
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Fig. 9 e (aec) TEM bright-field images of the martensitic structure of different regions of Cue11Ale5Mne0.7Tie1Ta alloy. (d)

TEM bright field images of the Mn-rich phase.
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The surface SEM morphology of Cue11Ale5Mne0.7Tie1Ta

is shown in Fig. 5. It is observed that the overall distribution of

the elements is relatively uniform and no obvious holes

appear. Moreover, the Ti-rich and Ta-rich phases are mainly

precipitated, which is consistent with the results in Fig. 4. This

indicates the superiority of SPS sintering in obtaining highly

dense materials, which is consistent with the high densities

shown by the materials in Table 1.
Fig. 10 e DSC curves of the Cue11Ale5Mne0.7TiexTa

alloys with different Ta contents.
Fig. 6 shows the SEM morphology of the tensile fracture of

the Cue11Ale5Mne0.7TiexTa alloy. The solid yellow areas (in

the web version) for each group of specimens are enlarged

areas with yellow dashed boxes. From the dimples and cleav-

age surfaces, which are present in each group of fractures, it

can be inferred that the alloy is a mixture of ductile and brittle

fractures. The Cue11Ale5Mne0.7Tie2Ta alloy has the largest

number and depth of dimples and shows the best strength,

which is consistent with Fig. 2(c). The number of toughness

dimples decreases with further addition of Ta elements, the

alloy is prone to fracture and the tensile strength decreases.

The fracture surface of Cue11Ale5Mne0.7Tie2Ta alloy are

shown in Fig. 7(a)e(f). It shows that the elemental distribution

is not uniform throughout the fracture, and second phase ag-

gregation ofMn, Ti, and Ta elements occurs. The second phase

can affect the mechanical and damping properties of the alloy

by changing the grain size and thenumber of grainboundaries,

as mentioned in the previous analysis. Fig. 7(g) shows the

schematic diagram of tensile fracture after the addition of

alloying elements. Where the direction perpendicular to the

stress is more likely to form a crack source and thus fracture.

Depending on the shape size dimensions of the second phase,

fracture is more likely to occur near the larger second phase

[30]. A properly sized second phase can effectively prevent

crack propagation or change the direction of crack propaga-

tion. Thus, it is again evident that themechanical properties of

https://doi.org/10.1016/j.jmrt.2021.10.031
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the alloy were improved by the appropriate addition of the

appropriate content of Ta elements in this experiment.

To further analyze the microstructure of the samples, TEM

tests were performed on the Cue11Ale5Mne0.7Tie1Ta alloy,

and the results are shown in Fig. 8(a)e(c). The energy spec-

trum results show the same composition in both regions 1 and

2. Combinedwith the results of the electron diffraction region,

they are both Cu2AlMn. In addition, the appearance of dislo-

cation structures in region 2 is usually closely related to the

damping properties of the alloy with different amplitudes.

The dislocation-damped pinning model is shown in Fig. 8(d).

Usually, the dislocations are pinned by the second-phase

particles; as the strain amplitude increases, the dislocations

protrude into an arc; after the strain amplitude increases

further, the dislocations can break away from the weak pin-

ned points of the second-phase particles and restrain them-

selves to the strong pinned points, forming a dislocation ring.

This process consumes energy and increases the damping

properties [31], which corresponds to Fig. 3(a).

Fig. 9 shows the TEM bright-field images of different regions

of the Cue11Ale5Mne0.7Tie1Ta alloy. In Fig. 9(a), two different

b01 and g01 martensitic laths can be observed separated from

eachother bygrainboundaries. In Fig. 9(b) it is observed that the

substructure of b01 martensite is lamellar dislocation and the

substructure of g01 martensite is twinning. Generally, g01
martensite has manymobile twin structures, which are highly

mobile and favor the energy consumption of the alloy and in-

crease the damping properties [23]. The b01 martensite also

promotesthedampingpropertiesof thealloybecause itsgrowth

in the adaptive group is controlled [22]. In addition to the

different martensitic variants observed, localized dislocation

regionsarealsopresent,asshowninFig.9(c).Themainsourceof

damping in copper-based alloys is the hystereticmobility of the

various phase interfaces and twin grain boundaries in the

martensitic variant [32]. During the thermoelastic martensitic

phase transformation,differentmartensiticvariants canreduce

the stresses formed during the phase transformation and the

stored elastic modulus, which favors the damping capacity of

thealloy, becomes “self-regulation” [31].And, aphase transition

damping peak appears during the heating or cooling process,

indicating that the interpretation of Fig. 3(b) is correct. Fig. 9(d)

shows thepresenceofaMn-richphase,which isnot observed in

both XRD and SEM, probably due to this phase is only present in

tiny amounts in localized areas.

The DSC curves of CueAleMneTiexTa alloys during

heating are shown in Fig. 10. As the temperature increases, a

phase transformation peak gradually appears at the begin-

ning of the smoothing curve, which is consistent with the

value of the variable temperature damping peak in Fig. 3(b).

It shows that the alloy has a martensitic structure that

provides damping properties by undergoing phase trans-

formation during the heating process. The difference be-

tween the temperature of the DSC curve peak and the

temperature of the variable temperature damping peak may

be due to the small differences that occur in different parts

of the alloy and the different sensitivity of the different

equipment during the test. In addition, as the Ta element

increases, the phase transition temperature of the alloy shift

to high temperature side. This requires consideration of the

changes to the Al element in the alloy with the addition of
the Ta element. According to the CueAl binary phase dia-

gram, the decrease of Al content will increase the phase

transition temperature. According to Fig. 4(b)e(e), the

amount of AlTa2 increases with the increase of Ta content.

The increase of AlTa2 phase decreases the Al content in the

substrate and thus increases the phase transition tempera-

ture. Combining the phase transition temperature in Fig. 10

and the high temperature damping peak appearing in

Fig. 3(b), it can be inferred that this experiment achieves

higher temperature damping applications compared to the

existing CueAl based alloys.
4. Conclusion

In this paper, Cue11Ale5Mne0.7Ti alloys with different Ta

contents were successfully prepared by spark plasma sinter-

ing technique. The effects of Ta content on the microstruc-

ture, mechanical properties and damping properties of

CueAleMneTi alloys were investigated. The conclusions are

as follows:

1. The ultimate tensile strength, compressive strength and

room temperature damping properties of the alloy reached

386.1 MPa, 1269.9 MP and 0.026, respectively, when only

1 wt.% of Ta element was added, although the damping

properties decreased to some extent compared to those

without the addition of Ta element. It is shown that the

alloy with both high mechanical and damping properties

can be obtained by adding appropriate content of Ta ele-

ments to CueAleMneTi-based alloys.

2. The improvement of the mechanical properties is mainly

achieved by the combined effect of fine grain strength-

ening and second phase dispersion strengthening after the

addition of Ta elements.

3. The change in room temperature damping properties of

the alloy after the addition of Ta is attributed to the com-

bined effect of the change in grain size, martensite amount

and the dislocation damping effect. And the grain refine-

ment has a two-sided effect on the damping properties of

the alloy. On the one hand,moremovable interfaces can be

added to consume energy; on the other hand, the increased

compressive stress between the interfaces can hinder the

movement of the interfaces.

4. The energy absorbed by the migration of b01 martensite

and g01 martensite as well as various interfaces (phase

interfaces, twin surfaces, and metastable interfaces) facil-

itates room-temperature damping. In addition, attractive

high-temperature damping can also be achieved by phase

transformation ofmartensite during heating. The damping

in this experiment reached 0.19 at about 580 �C, which

provides a reference for higher temperature damping ap-

plications of CueAl based alloys.
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