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Abstract: The Cu-11Al-3Ni-2.5Mn-1Y alloy prepared by hot-press sintering was 

subjected to aging treatment at different temperatures of 350 °C, 400 °C, 450 °C, 

500 °C and 550 °C, respectively. The phase composition, microstructure, mechanical 

and damping properties were characterized. The results show that the alloys after the 

ageing treatment are mainly composed of 18R martensite and 2H martensite. The 

precipitation phase begins to appear and the best comprehensive properties are 

obtained at the aging temperature of 450 °C. The hardness and strength values 

reached 347.6 HV and 642.6 MPa, respectively. The strengthening mechanisms are 

mainly involved in lattice distortion and dislocation increment effect caused by 
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solution strengthening, shearing and hindering effect of precipitated phases and 

dislocations, fine grain strengthening effect caused by grain size reduction, and the 

increase of large angle grain boundary. Simultaneously, the room temperature 

damping reached 0.0723, which is 93% higher than the original sample of 0.38. The 

improvement of damping properties is closely related to the changes in the number 

and size of martensite, the interfacial damping effect caused by precipitated phases, 

and the pinning and unpinning reaction between dislocations and precipitated phases. 

Therefore, alloys with both high mechanical and high damping properties can be 

obtained by proper aging treatment. In addition, the increase in phase transition 

temperature of high temperature damping properties also provides some guidance for 

the exploration and development of this alloy in the high temperature field. 

Key words: Aging treatment, Microstructure, Precipitated phase, Mechanical 

properties, Damping properties 

1 Introduction 

With the development of high-speed and automation in modern industrial 

machinery, the problems of vibration and noise are becoming more and more serious 

[1-5]. It can significantly affect the safety of the machinery and endanger the physical 

and mental health of humans [6-8]. Therefore, it is a very urgent task to develop a 

damping alloy with high efficiency in consuming mechanical vibrations [9]. Damping 

alloys such as Ti-Ni [10, 11], Mn-Cu [12, 13], Fe-Mn [14, 15], and Fe-Cr [16, 17] 

exist defects such as narrow working temperature range, difficult machinability, 

relatively low damping properties or strong magnetic field dependence. In comparison, 

the Cu-Al-Ni-Mn alloy has a broad application prospect in the field of vibration 

reduction due to its stable damping property, excellent thermal stability and relatively 

simple preparation process [18-24]. However, the inherent large grain structure makes 

it show relatively poor mechanical properties [25-28]. Generally, the mechanical and 

damping properties of the material show opposite trends [9, 29, 30]. This becomes the 

key issue that limits its further development and application. However, in practical 

engineering applications, alloys with high damping and high mechanical properties 
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are very necessary. Therefore, it is crucial to find a way that can improve the damping 

and mechanical properties of Cu-Al-Ni-Mn alloy simultaneously. 

In our previous work, the mechanical properties of Cu-Al-Ni-Mn-based alloys 

were significantly improved by reducing their grain size through alloying [31]. In 

addition to alloying, heat treatment is considered as another very effective way to 

enhance the mechanical properties of alloys [2, 3, 18, 32-34]. In recent years, 

numerous studies have also shown that aging heat treatment can also improve the 

damping properties by controlling the microstructure [35-38]. Chentouf et al. [39] 

showed that after aging treatment of Cu-Al-Be alloys, the formation of equilibrium 

precipitation phase (a+γ2) is expected to promote the application of Cu-Al based 

alloys in more fields. Wang et al. [32] investigated the effect of aging treatment on the 

microstructure and damping properties of Cu-Al-Mn alloy. The appearance of the 

precipitated phase and the fineness of the martensite size in the Cu-Al-Mn alloy aged 

at 350 °C significantly improved the damping properties of the alloy. All these studies 

indicate that aging can improve the damping and mechanical properties by controlling 

the precipitation phase. However, the mechanism of the effect of aging precipitation 

on the damping properties and mechanical properties of Cu-Al-Ni-Mn-based alloys 

has not been systematically studied. 

In this paper, the Cu-11Al-3Ni-2.5Mn-1Y alloy was aged at different 

temperatures of 350 °C, 400 °C, 450 °C, 500 °C and 550 °C based on previous 

alloying. Through the characterization and analysis of microstructure, mechanical and 

damping properties to find out the optimal aging parameters that improve both 

mechanical properties and damping properties in this experimental range. 

Furthermore, the strengthening mechanism of aging temperature on the mechanical 

and damping properties were explored. Meanwhile, it is expected to provide 

theoretical basis and technical support for expanding the practical applications of Cu-

Al based alloys. 
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2 Experimental processes 

2.1 Material preparation 

The alloy with nominal composition Cu-11Al-3Ni-2.5Mn-1Y (Wt.%) was 

prepared from high purity Cu, Al, Ni, Mn and Y powders (purity > 99.5%) by ball 

milling and vacuum hot-press sintering. Compared to conventional casting, this 

method shows obvious advantage in preparing high-dense alloys with the 

homogeneous microstructure and improved properties [40-42]. The density of Cu-

11Al-3Ni-2.5Mn-1Y alloy prepared reached 98.6 ± 0.3%, showing relatively low 

porosity. The specific details of this preparation process can be found in our previous 

work [31]. Then the prepared alloy was heated to 900 ℃ in a vacuum heat treatment 

furnace, and held at this temperature for 60 min before water quenching. Subsequently, 

the water-quenched samples were held at 350 °C, 400 °C, 450 °C, 500 °C and 550 °C 

for 30 min and air-cooled to room temperature. The flow chart of sample preparation 

and heat treatment process parameters are shown in Figure 1 and Table 1, respectively. 

 

Figure 1. Preparation process of Cu-11Al-3Ni-2.5Mn-1Y alloy.  
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Table 1. Heat treatment temperature parameters of Cu-11Al-3Ni-2.5Mn-1Y alloy. 
Number Solution parameters Aging parameters 

#1  

 

900 ℃，60 min 

 

#2 350 ℃，30 min 

#3 400 ℃，30 min 

#4 450 ℃，30 min 

#5 500 ℃，30 min 

#6 550 ℃，30 min 

2.2 Phase and microstructure characterization 

The phase composition and microstructure of the samples with the size of 7 mm

×7 mm×4 mm were characterized by X-ray diffraction (XRD) and scanning 

electron microscopy (SEM), respectively. The phase identification was carried out by 

XRD (Bruker D8 Discover) in the 2θ range of 20° to 85° with Cu Kα radiation. The 

surface morphology was observed by SEM (JEOLJSM-7001F). The sample was 

polished by sandpaper and mechanical ball milling until there were no obvious 

scratches on the surface. In order to observe the morphology distribution more clearly, 

the acid solution of 3HNO3: 1HCl: 1H2O was used to etch the surface. To characterize 

the microstructure of martensite and dislocations inside the sample, the TEM samples 

were first cut from the RD-TD plane of the alloys with a size of 1 mm×1 mm×0.1 

mm, and punched into a sheet with a diameter of 3 mm. Then the circle sheet was 

thinned by ion milling to achieve electron transparent area for transmission electron 

microscope (TEM) observation. The crystallographic orientation and the orientation 

of the crystals were determined by electron backscatter diffraction (EBSD) with a 

field emission scanning electron microscope (FE-SEM). 

2.3 Mechanical and Damping properties characterization 

The hardness was determined by microhardness tester (HXD-100TM/LCD) and 

kept for 10 s under 1000 g loading. The tensile strength of the samples with the size of 

17 mm×2 mm×4 mm was measured by electronic universal testing machine 

(WDW-3100) at the test speed of 0.5 mm/min. The room temperature damping and 

high temperature damping properties were tested separately, and the sample size was 
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50 mm× 1.5 mm× 1.5 mm. The room temperature damping was tested in a 

multifunctional internal friction instrument (MFP1000) with a frequency of 1Hz and a 

strain amplitude of 1000×10-6. The high temperature damping characteristics were 

characterized by Dynamic mechanical analysis instrument (TA-Q800). The range of 

test temperature was from 30 °C to 600 °C, frequency was 1 Hz, and the amplitude 

was 10 μm. 

3 Experimental results and discussion 

3.1 Phase identification of samples 

The XRD patterns of Cu-11Al-3Ni-2.5Mn-1Y alloy after heat treatment at 

different temperatures are shown in Figure 2. The phase composition of the quenched 

specimens was 18R martensite, indicating that the ideal martensite structure is 

obtained after quenching. After aging at 350 ℃, the peaks (111) and (019) as well as 

(122) and (202) corresponding to 18R martensite start to become sharp (the distance 

between the two peaks decreases). It indicates that the ordered reaction occurs during 

the process, which promotes the formation of thermoelastic martensite [30]. The 2H 

martensite also appears at this aging temperature. When the aging temperature 

increases to 400 °C, the peak strength of both 18R martensite and 2H martensite 

increase. Meanwhile, the peaks corresponding to (111) and (019) of 18R martensite 

become sharper, indicating that the aging temperature further promotes the order 

reaction [30]. When the aging temperature increases to 450 ℃, the weak diffraction 

peak of γ2 phase appears. The diffraction peak intensity of γ2 phase increases with the 

elevation of temperature, indicating that the amount of γ2 phase precipitates is 

increasing. The martensite phases are still the main phase, suggesting that the 

decomposition of the parent phase is minimal [3]. After aging at 500 ℃ and 550 ℃, 

the ratio of the peak strength of 2H martensite to 18R martensite decreases, showing 

that there is partial conversion of 2H martensite to 18R martensite during the process. 

This is related to the precipitation of the γ2 phase, which is the Al-rich phase. It leads 

to changes in the chemical composition with Cu-rich and Al-poor, resulting in the 

transformation of 2H martensite to 18R martensite [30]. Simultaneously, the shift of 

the peak to a higher angle indicates that part of the stress is released. 
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Figure 2. XRD patterns of Cu-11Al-3Ni-2.5Mn-1Y alloy with different heat treatment 

histories.  

3.2. Microstructure analysis of samples 

Figure 3 shows the scanning electron microscopy (SEM) images of Cu-11Al-3Ni-

2.5Mn-1Y alloy with different heat treatment. It is obvious that martensite structures 

are the main phase in all samples, which is corresponding to the XRD results in 

Figure 2. After solution treatment at 900 ℃, the martensite structure with relatively 

straight and clear interface was obtained. Based on the morphology and XRD results, 

it can be inferred that it is 18R martensite. In addition to 18R martensite, 2H 

martensite also appears after aging at 350 ℃. The 18R martensite becomes finer and 

has many intersecting areas in the grains compared to the quenched state. When aging 

at 400 °C, the amount of 2H martensite increases without significant dimensional 

changes. The precipitated phase begins to appear at the grain boundary, and the two 

types of martensite still exist after aging at 450 ℃. It means that the specimen after 

aging can still undergo thermoelastic martensitic phase transformation in addition to 

the formation of a small amount of precipitated phase. After the aging temperature 

was increased to 500 °C, the precipitated phase began to diffuse from the grain 

boundaries to the grain interior, and precipitation agglomeration appeared. According 

to the shape of the precipitated phase and the results of XRD, the precipitated phase is 

the γ2 phase [43]. As the aging temperature increase to 550 °C, the number and size of 
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the precipitated phases continue to increase, and typically the excess precipitated 

phases will reduce the mechanical properties. Meanwhile, we can see the martensite 

spacing in Figure 3(e-f) is wider than Figure 3(c-d), which may be related to two 

factors. For one thing, the lathe/acicular type of martensite are transforming into 

cylindrical globules martensite can be observed. For another thing, as the aging 

temperature increases, the appearance and clustering of precipitated phases make the 

martensite alignment become dispersed, which increases the spacing between the 

martensite [37]. 

 
Figure 3. SEM results of Cu-11Al-3Ni-2.5Mn-1Y alloy under different heat treatment 

temperatures. 

To further determine the grain size and grain boundary change, EBSD tests were 

performed on the alloy aged at 450 °C, as shown in Figure 4. The average grain size 
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of the sample after aging is 1.367 μm, which is significantly reduced compared with 

the original sample [31]. The results show that the formation of precipitation phase 

can effectively hinder the growth of grain. Figure 4(c) shows that the alloy is mainly 

composed of numerous large-angle grain boundaries and trace amounts of small-angle 

grain boundaries. The grain boundaries larger than 15° are called large-angle grain 

boundaries, and those between 2° and 15° are called small-angle grain boundaries 

[44]. According to the calculation results in Figure 4(d), the small-angle grain 

boundary accounts for only 9.2%, while the large-angle grain boundary accounts for 

91.8%. The number of large-angle grain boundaries increased significantly, 

confirming that the grain size was remarkably refined. The large-angle grain 

boundaries can effectively impede the expansion of cracks and improve the toughness 

of the alloy. 

 
Figure 4. EBSD results of Cu-11Al-3Ni-2.5Mn-1Y alloy aged at 450 ℃. 

Figure 5 displays the TEM micrographs of the alloy aged at 450 °C. Figure 5(a-b) 

shows abundant martensite, which are 18R martensite and 2H martensite, respectively. 
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They inherit the ordered structure of the parent phase and are typical thermoelastic 

martensite. The substructures of 18R martensite and 2H martensite are stacking faults 

and twin structures, correspondingly. The former has a microstructure that is more 

adapted to movement than the latter, and is considered more thermoelastic in nature. 

According to the electron diffraction structures in regions A and B in Figure 5(b), the 

existence of both martensite is further confirmed. They provide a guarantee of good 

damping properties for the alloy. In addition, there are numerous aggregations of 

high-density dislocations, as shown in Figure 5(c-d). In general, the strong pinning 

effect of precipitate on dislocation is one of the main reasons for maintaining high 

dislocation density and leading to high strength [45, 46]. 

 

Figure 5. TEM micrographs of Cu-11Al-3Ni-2.5Mn-1Y alloy aged at 450 ℃. (a-d) 

local bright field diagram; (e-f) corresponds to the electron diffraction results in 

regions A and B in Figure (b), respectively. 

4 Mechanical properties and correlated mechanisms 

4.1 Hardness of samples 

Figure 6 shows the hardness curves of Cu-11Al-3Ni-2.5Mn-1Y alloy after 

solution and aging treatment at different temperatures. In previous work, the hardness 

of the original Cu-11Al-3Ni-2.5Mn-1Y alloy without heat treatment was 286.52 HV 
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[31]. There is a slight increase in the hardness after solid solution treatment at 900 °C. 

This is mainly due to the formation of supersaturated solid solution during the 

quenching process, which distorts the lattice and strengthens the alloy [45]. The 

hardness after aging at 350 °C is reduced compared to the solid solution treatment. 

This is mainly influenced by two factors. On the one hand, the increased temperature 

promotes the atomic motion, and the supersaturated atoms in the matrix begin to 

precipitate, which leads to the normal arrangement of atoms in the lattice, and finally 

weakens the lattice distortion and solution strengthening [47]. On the other hand, the 

stress formed in the quenching process will be reduced after aging, which will 

eventually lead to the reduction of hardness. With the increase of aging temperature, 

the martensite becomes finer and precipitated phase begins to form. The precipitated 

γ2 phase is an electronic compound with good hardness, so the alloy has the highest 

hardness value after aging at 450 ℃. As the aging temperature continued to increase, 

the phenomenon of over aging appeared. The increase in excess of γ2 precipitated 

phase and agglomeration phenomenon can adversely affect the matrix organization 

and lead to a decrease in the hardness. 
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Figure 6. Hardness curves of Cu-11Al-3Ni-2.5Mn-1Y alloy after different heat 

treatment temperatures. 

4.2 Tensile strength of samples 

Figure 7 shows the tensile strength curves of Cu-11Al-3Ni-2.5Mn-1Y alloy with 

different temperature treatments. It is observed that the trend of strength is consistent 

with hardness. The curve shows that the alloy is transitioning from the elastic 

deformation stage to the plastic deformation stage, and fracture occurs when the 

external force reaches a certain value. The highest strength value of 642.6 MPa is 

obtained for the specimens aged at 450 °C, which is 7% higher relative to the initial 

sample of 601.75 MPa. The increase in strength is closely related to the precipitation 

of the γ2 phase. The precipitation of γ2 phase inhibits the grain growth and achieves 

fine grain strengthening, which corresponds to the EBSD results in Figure 4. At the 
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same time, the precipitated precipitate will inhibit the dislocation movement and 

realize precipitation strengthening. Combined with the inherent high strength of 

martensite itself, the martensite size becomes finer and therefore the strength is 

increased. The alloy also exhibits improved ductility, thus shows good mechanical 

properties. This may be due to the optimal distribution and minimum size of aging 

precipitates in the alloy [48]. When the aging temperature exceeds 450 ℃, the 

excessive increase and aggregation of γ2 phase have adverse effects on the 

microstructure , thus the strength begins to decrease. The strength and elongation of 

the alloy were significantly reduced once the aging temperature was increased to 

550 °C. It shows that the over-aging phenomenon occurs and the strength of the alloy 

is reduced by excessive and unevenly distributed precipitated phase. As shown in 

Figure 3, with the increase of aging temperature, especially up to 600°C, a significant 

clustering of the precipitates leads to its non-uniform distribution, accompanied by an 

increase in the size of the precipitates. Similar phenomenon was observed in the study 

of Li et al. [3]. Therefore, the control of precipitated phase proportion plays an 

important role in alloy properties. Meanwhile, compared to the Cu-Al based alloys 

with strengths of 260 MPa to 440 MPa and fracture strains of 0.6% to 0.8% prepared 

by casting, the alloys with high strength prepared in this paper has also shown the 

advantage of the method [49, 50]. 
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Figure 7. Engineering stress-strain curves of Cu-11Al-3Ni-2.5Mn-1Y alloy under 

different heat treatment temperatures. 

4.3 Fracture analysis of samples 

Figure 8 shows the tensile fracture morphology of Cu-11Al-3Ni-2.5Mn-1Y alloy. 

The fractures of all samples consist of primarily numerous dimples, showing excellent 

toughness. This is because under the action of tensile stress, a certain number of 

microscopic holes will be formed in the micro-zone range of the material. With the 

increase of stress and time, these microscopic holes will undergo nucleation, growing 

and gathering. Eventually these holes are formed and interconnected leading to 

fracture, which leaves dimples on the fracture surface [48, 51]. Generally, the size, 

number and depth of dimples affect the properties of the alloy. The larger the size and 

depth of the dimple will absorb more energy, thus the alloy has better plasticity [29]. 

After aging at 350 ℃, the sample has the largest average dimple size and obvious 

depth, which reflects the best ductility, corresponding to the results in Figure 7. The 

number and size of dimples decreased obviously, indicating that the energy absorption 

ability of the alloy after aging at 550 ℃ became weaker. The gaps shown in Figure 8(f) 
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may act as crack sources at the beginning of fracture and develop into secondary 

cracks under subsequent shear stresses [51]. The appearance of a cleavage surface is 

also observed, indicating a decrease in the ductility, which corresponds to the result in 

Figure 7. 

 
Figure 8. Tensile fracture morphology of Cu-11Al-3Ni-2.5Mn-1Y alloy treated with 

different temperatures. 

4.4 Mechanical strengthening mechanisms 

In summary, the main mechanical strengthening mechanisms involved in this 

paper can be described as [46, 47] : 

𝛥𝛥𝜎𝜎 = 𝛥𝛥𝜎𝜎0 + 𝛥𝛥𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝛥𝛥𝜎𝜎𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝛥𝛥𝜎𝜎𝑝𝑝𝑝𝑝𝑒𝑒𝑑𝑑𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝛥𝛥𝜎𝜎𝑠𝑠𝑝𝑝𝑠𝑠𝑜𝑜𝑑𝑑𝑠𝑠 + 𝛥𝛥𝜎𝜎𝐺𝐺  
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Where 𝛥𝛥𝜎𝜎0  is the inherent lattice strength of the matrix material (60 MPa for 

copper alloy [18])；𝛥𝛥𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the solid solution strengthening effect, as shown in 

Figure 9(a) ； 𝛥𝛥𝜎𝜎𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the enhancement caused by massive dislocations; 

𝛥𝛥𝜎𝜎𝑝𝑝𝑝𝑝𝑒𝑒𝑑𝑑𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the shear strengthening effect of the precipitated phase with 

dislocations, as shown in Figure 9(b)；𝛥𝛥𝜎𝜎𝑠𝑠𝑝𝑝𝑠𝑠𝑜𝑜𝑑𝑑𝑠𝑠 is the strengthening effect caused by 

the precipitation phase hindering the dislocation movement, as shown in Figure 9(c)；

𝛥𝛥𝜎𝜎𝐺𝐺  is the grain boundary obstruction dislocation movement caused by the decrease 

of grain size. Meanwhile, according to the EBSD results shown in Figure 4(c-d), the 

alloy is mainly composed of large-angle grain boundaries, as shown in Figure 9(d). 

Large-angle grain boundaries can effectively prevent crack expansion and improve 

the toughness of the alloy [38, 44]. Toughness is a comprehensive expression of the 

strength and plasticity of the alloy [38], which is reflected in the improvement of the 

tensile strength and elongation. The massive appearance of large-angle grain 

boundaries also means that the grain size is significantly reduced, which is 

corresponding to the EBSD calculation results shown in Figure 4(b). It indicates that 

aging precipitation can effectively hinder the movement of grain boundaries to reduce 

the grain size, as shown in Figure 9(e). Therefore, combined with the above 

strengthening mechanisms, the optimal strength was obtained for the specimens aged 

at 450 °C. It demonstrates that suitable aging treatment can achieve alloys with 

desirable mechanical properties. 
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Figure 9. Main mechanical strengthening mechanisms of Cu-11Al-3Ni-2.5Mn-1Y 

alloy. 

5 Damping behaviors and correlated mechanisms 

5.1 Room temperature damping of samples 

Figure 10 shows the room temperature damping curves of Cu-11Al-3Ni-2.5Mn-

1Y alloy treated with different temperatures. The damping properties of all alloys 

increased with increasing amplitude. This is because the increase in strain amplitude 

facilitates the migration of various interfaces (phase interfaces, twin surfaces, and 

variant interfaces), thus promoting energy consumption and enhanced damping 

properties [52]. The damping properties of the samples treated with different 

temperatures are also varied. The damping value of the original samples obtained in 

our previous experiments is 0.038 [31]. After solution quenching at 900 ℃, the 

presence of adverse defects (such as residual stress and vacancies) will inhibit the 
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motion of interface and martensite, resulting in a reduction of damping properties. 

When aging temperature increases from 350 ℃ to 450 ℃, the damping property is 

significantly improved. This is because aging reduces the internal defects and 

facilitates interfacial movement to consume energy. The 18R and 2H martensite 

variants in the matrix are also the key sources of damping properties [53]. They are 

thermoelastic martensite inherited from the ordered structure of the parent phase, 

resulting in more twin planes and phase interfaces, which is conducive to the 

improvement of damping properties. The highest damping value of 0.0723 was 

obtained for the specimens aged at 450 °C, which was 93% higher than the original 

specimens and showed excellent damping properties. This is closely related to the 

combination of the following three factors: (1) The reduction in size of 18R 

martensite and 2H martensite promotes the movement of martensite interface, which 

facilitates energy dissipation. (2) The precipitation of γ2 phase increases more phase 

interfaces for energy consumption. (3) Dislocations within the matrix contribute to 

part of the energy dissipation by pinning and unpinning with the precipitated phase. 

As the aging temperature continues to increase, the damping properties begin to 

decrease. This is mainly because the increase of γ2 precipitates and agglomeration will 

inhibit the movement of martensite and reduce the martensite damping effect. The 

precipitated phase also impedes the motion of the interface and reduce the damping 

effect of the interface. Meanwhile, the alloy in this paper shows superior damping 

property, compared to other similar alloys at room temperature [3, 5, 6, 29, 54, 55], as 

shown in Figure 11. Therefore, the ideal damping property can be obtained by 

rationally setting aging parameters to control the quantity and distribution of 

precipitation. 
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Figure 10. Room temperature damping curves of Cu-11Al-3Ni-2.5Mn-1Y alloy 

treated with different temperatures. 

 
Figure 11. Comparison of damping properties at room temperature of the present 

Cu-11Al-3Ni-2.5Mn-1Y alloy and other similar alloys. 
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5.2 High temperature damping of samples 

In recent years, the application of high temperature damping properties of Cu-Al-

Ni based alloys has also received significant attention. The above experimental results 

show that the mechanical and room temperature damping properties of the alloy are 

remarkably improved after aging at 450 ℃. The original sample and the 450 °C aged 

sample were characterized for high-temperature damping, as shown in Figure 12. The 

original sample has two damping peaks during this temperature range, which are near 

150 ℃ and 528.6 ℃. The low temperature peak is attributed to the energy dissipation 

of twin martensite in Cu-11Al-3Ni-2.5Mn-1Y alloy [43], while the high temperature 

peak originates from the reverse martensite transition. The appearance of phase 

transition damping peak is related to the transition from martensite to austenite. As the 

phase transition occurs, the increase of the phase interface and volume effects will 

promote energy dissipation. When the phase interface reaches the maximum value, 

the interface damping effect and volume effect reach the maximum value, thus the 

damping peak appears [56]. As the phase transition continues to increase, the number 

of martensite decreases and austenite increases, and damping properties begin to 

decrease. The damped sample aged has only one maximum value, and there is no 

damping peak near the low temperature. This may be related to the strong pinning 

effect of the γ2 precipitation on twins. In addition, the damping values of the aged 

samples near 350 °C were larger than those of the original samples. This may be 

because the martensite becomes finer after aging, which is more conducive to 

interface migration. When the temperature is higher than 350 ℃, the damping 

increase rate of aged sample is slower than that of original sample. This may be 

related to the pinning effect of γ2 precipitation on the interface. In the temperature 

range of this test, only the maximum damping value of the aged sample appeared, and 

no damping peak value appeared. It can be inferred that aging at 450 ℃ increases the 

phase transition temperature of the alloy. Due to the experimental equipment, the 

maximum temperature can only be tested up to 600 ℃, but the results are still of great 

reference significance. 
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Figure 12. High temperature damping curves of Cu-11Al-3Ni-2.5Mn-1Y alloy in the 

original state and aged at 450 °C. 

5.3 Damping strengthening mechanism 

With the development of engineering applications, the damping properties of the 

alloy at room temperature have great research importance. The improvement of the 

room temperature damping properties is mainly achieved by the combined effect of 

the martensitic damping effect, interfacial damping effect and dislocation damping 

effect. Massive dislocations existed in the samples aged at 450 °C, as shown in Figure 

13(a-b). Generally, the dislocation damping effect can be explained by the K-G-L 

model [57], as shown in Figure 13(c). When the second phase particles pin the ends of 

the dislocation, the dislocation damping mechanism under the action of external 

forces can be divided into two types. They are amplitude-independent vibration 

damping as shown in equation (1-1) and amplitude-dependent static hysteresis 

damping as shown in equations (1-2)-(1-4) [57]. 

                     𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛬𝛬𝛬𝛬𝐿𝐿4𝜔𝜔
36𝐺𝐺𝑏𝑏2

                           (1-1) 
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Where 𝛬𝛬 is dislocation density; B is a constant; L is the length of the pinned 

dislocation; 𝜔𝜔 is the angular frequency; G is the shear modulus of the alloy; B is the 

Burgundy vector of the alloy. 

                       𝑄𝑄−1 = 𝑑𝑑1
𝜀𝜀0
𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑑𝑑2

𝜀𝜀0
�                      (1-2) 

                         𝑐𝑐1 = 𝛺𝛺∆0
𝜋𝜋2

𝛬𝛬𝐿𝐿𝑛𝑛3

𝐿𝐿𝑐𝑐
                          (1-3) 

𝑐𝑐2 = 𝑘𝑘𝑑𝑑𝑘𝑘
𝐿𝐿𝑐𝑐

                            (1-4) 

Where 𝜀𝜀0 is the strain amplitude of the alloy, 𝛺𝛺 is the orientation parameter of the 

dislocation in the slip system, ∆0= 4(1−𝛾𝛾)
𝜋𝜋2

 is Poisson's ratio, 𝛬𝛬  is the dislocation 

density, 𝐿𝐿𝑠𝑠  is the maximum length of the dislocation pinned, 𝐿𝐿𝑑𝑑  is the minimum 

average length of the dislocation pinned, 𝑘𝑘 is a constant, 𝑡𝑡 is the lattice constant, 𝛿𝛿 is 

the ratio of the size of the pinned solute atom to the solvent atom, 𝑐𝑐1 is proportional to 

the dislocation density. 

The precipitated phase formed in the age-treated Cu-11Al-3Ni-2.5Mn-1Y alloy 

prevents the movement of dislocations, as shown in Figure 13(c). Under the action of 

sufficiently large external force, the dislocation line pinned by the precipitate phase 

will bend to a certain extent. The movement of the dislocation can consume energy to 

contribute partial damping properties. Under the combined action of applied and 

residual thermal stress, it exhibits damping properties related to strain amplitude [1]. 

In this case, various defects in the alloy will become the pinning points of dislocations, 

which can be divided into immobile strong pinning points (such as precipitated phase 

and grain boundary) and mobile weak pinning points (such as impurity atoms and 

vacancies) [58]. Under the maximum stress, the dislocation in Cu-11Al-3Ni-2.5Mn-

1Y alloy will break away from the weak pinning points (such as vacancies) and be 

inhibited by the strong pinning points (such as precipitate phase and grain boundary) 

to form dislocation rings. During this process dislocations consume energy through 

pinning and unpinning, significantly improving the damping properties of the alloy. 

Therefore, the Cu-11Al-3Ni-2.5Mn-1Y alloy exhibits good room temperature 

damping properties under the combined effect of the above microstructure. 
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Figure 13. (a-b) TEM image of the sample aged at 450 ℃; (c) Dislocation damping 

effect. 

6 Conclusion 

In this paper, the Cu-11Al-3Ni-2.5Mn-1Y alloy prepared by hot-press sintering 

was subjected to aging treatment at different temperatures. The effects of different 

aging temperatures on the microstructure, mechanical and damping properties of Cu-

11Al-3Ni-2.5Mn-1Y alloy were studied. The conclusions are as follows: 

(1) The alloy after aging treatment is mainly composed of 18R martensite and 2H 

martensite. The γ2 phase is formed in the specimens aged at 450 ℃, and the amount of 

γ2 phase increases with the increase of temperature. 

(2) After aging at 450 ℃, the strength of the alloy increases to 642.6 MPa. This is 

mainly due to the lattice distortion and dislocation increment effect caused by solution 

strengthening, the shear and obstruction effect of precipitated phase and dislocation, 

the fine grain strengthening effect caused by grain size reduction, and the increase of 

large-angle grain boundaries. 
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(3) After aging at 450 ℃, the damping peak reaches 0.0723, which is 93% higher 

than that of the original sample. This is mainly caused by the change in the number 

and size of martensite, the interfacial damping effect caused by the precipitated phase, 

and the pinning and unpinning reactions between dislocations and the precipitated 

phase. 

(4) In this experiment, the mechanical and damping properties of the alloy aged at 

450 ℃ were significantly improved. The results show that appropriate aging treatment 

can improve the mechanical and damping properties simultaneously, which is 

expected to promote the application and development of Cu-Al based alloys in more 

fields. 
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