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Abstract: The insufficient damping capabilities of aluminum alloy under low temperatures (<120 °C) were addressed 
by developing high-damping laminated composites of NiTip/5052Al. This is achieved through the incorporation of 
varied pre-aging states of NiTi particles into the 5052Al matrix using a rolling composite technique. The aim is to 
enhance the application scope of aluminum alloy for vibration and noise reduction. The results demonstrated a distinct 
and integrated interface between the particle layer and the 5052Al alloy, with numerous interparticle interfaces within 
the particle layer. Increasing the aging temperature of the NiTi particles from 450 to 550 °C shifted the phase transition 
peaks of the composites to lower temperatures. The damping capacity of the laminated NiTip/5052Al composites 
notably surpasses that of the 5052Al alloy. At 28 and 66 °C, the phase transformation damping peaks of the pre-aged 
NiTi particle layer reinforced 5052Al matrix composites are 1.93 and 2 times those of the 5052Al alloy at the 
corresponding temperatures, respectively. The collaborative impact of interparticle interface damping mechanism and 
the phase transformation damping mechanism of NiTi-reinforced particles significantly amplify the low-temperature 
damping performance of the laminated NiTip/5052Al composites. 
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1 Introduction 
 

With the advancements in shipbuilding 
technology, reducing vibration and noise has 
become a critical concern in the design of 
submarines and ships. The high-speed operation of 
submarines and ships often generates intense noise 
and vibration, which can have adverse effects    
on their service life, comfort, and safety [1]. 
Utilizing high-damping alloys in design and 
manufacturing processes stands out as a highly 
effective strategy for mitigating vibration and noise 

in submarines and ships [2]. The 5xxx series 
(Al−Mg) aluminum alloy, distinguished by its low 
density, high specific strength, and exceptional 
corrosion resistance [3,4,5], is preferred in the 
shipbuilding industry due to its advantageous 
properties [6,7]. However, the inherent damping 
performance of the 5xxx aluminum alloy is 
relatively limited, which hampers its application in 
vibration and noise reduction efforts [8]. Therefore, 
enhancing the damping performance of the 5xxx 
series aluminum alloy is crucial for expanding its 
potential applications in the shipbuilding industry. 

Dislocations, grain boundaries, and interface 
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damping mechanisms are key to improving the 
damping capacity of aluminum matrix composites. 
Increasing the number of movable dislocations, 
grain boundaries, and interfaces within the 
aluminum matrix significantly enhances the 
damping properties of the composites [9−11]. 
Particle-reinforced aluminum matrix composites 
typically manifest a heightened dislocation density 
than aluminum alloys, and the introduction of 
reinforcing particles generates multiple-phase 
interfaces within the aluminum matrix composites. 
These dislocations, coupled with interface-induced 
damping behaviors, contribute to the enhanced 
damping properties of the composites [12,13]. 
Furthermore, one of the key factors that contribute to 
the improved damping performance of aluminum 
matrix composites is the intrinsic damping 
contribution of the reinforcing phase [14]. Despite 
progress in enhancing the high-temperature 
damping performance of aluminum alloys through 
composite technology, achieving substantial 
improvement in their low-temperature damping 
performance remains a persistent challenge. 

NiTi alloy is known for its excellent low- 
temperature damping property and martensite 
transformation characteristics, and typically 
exhibits phase-transition damping temperatures 
below 100 °C [15,16]. During the martensite 
transformation in NiTi alloy, the interface effects of 
austenite−martensite phases, movement of 
martensite twin boundaries, and the transformation 
itself contribute to phase transformation damping, 
resulting in distinct damping peaks [17,18]. As a 
result, the alloy demonstrates outstanding damping 
performance in the low-temperature range [19,20]. 
Furthermore, reports indicate that the phase 
transformation damping temperature range of NiTi 
alloy can be effectively adjusted through aging 
treatment [21]. For example, SONG et al [22] 
observed an internal friction peak corresponding to 
the B2→R transformation at 35 °C after aging 
Ni50.8Ti49.2 alloy at 400 °C for 0.2 h. When the aging 
temperature was increased to 550 °C, the internal 
friction peak temperature decreased to 25 °C. 
Therefore, incorporating aged NiTi particles into 
the aluminum matrix as reinforcing particles is 
anticipated to enhance and adjust the low- 
temperature damping performance of the aluminum 
alloy by leveraging the phase transformation 
damping characteristics of NiTi particles, which is 

conducive to broadening the application range of 
aluminum alloy in vibration and noise reduction. 
However, how to use NiTi reinforced particles to 
improve and regulate the low-temperature damping 
performance of 5xxx series aluminum alloy remains 
to be further studied. 

In this study, laminated NiTip/5052Al 
composites were fabricated using rolling composite 
technology to incorporate NiTi granular layers with 
different aging states into 5052Al plates. In addition, 
the microstructure, phase composition and phase 
transformation characteristics of the composites 
were also analyzed, and the effects of NiTi particle 
layers in different aging states on the mechanical 
properties and damping properties of the alloys 
were studied. This research could provide a new 
strategy for the design and preparation of 
high-damping aluminum alloys for shipbuilding 
applications. 
 
2 Experimental 
 

The materials used in this work included a 
commercial 5052-H32 Al plate with a thickness of 
1.6 mm as the base material. Reinforcing particles 
of Ni50.8Ti49.2 (particle size: 10−30 µm) with a 
spherical morphology, and pure Al particles (particle 
size: 10−30 µm) with an approximately spherical 
morphology served as the bonding material within 
the granular layer. The morphologies of the 
Ni50.8Ti49.2 and pure Al particles are depicted in 
Figs. 1(a) and (b), respectively, and the nominal 
compositions of the pure Al particles and 5052-H32 
Al plates are detailed in Table 1. 

Two sets of original NiTi particles (as-NiTip) 
were subjected to a vacuum tube furnace under an 
argon atmosphere and aged for 3 h at temperatures 
of 450 and 550 °C, respectively. The aged samples 
were then air-cooled to obtain the 450-NiTip and 
550-NiTip samples with different aging states. 
These samples were mixed with pure Al particles at 
a volume ratio of 2:3 for 6 h in a V-mixer, resulting 
in an approximate 6% volume fraction of NiTi 
particles in the Al matrix composites. Subsequently, 
the 5052Al plate was annealed at 350 °C for 1 h, 
followed by surface sanding using 800# sandpaper 
and cleaning with absolute ethanol. The 
prefabricated 450-NiTip and 550-NiTip mixed 
particles were evenly placed between two 5052Al 
plates, to create two groups of composite panels. 
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Fig. 1 SEM images of NiTi particles (a) and Al particles (b), and schematic diagram of rolling process (c) 
 
Table 1 Chemical compositions of Al particle and 5052Al plate (wt.%) 

Sample Si Fe Cu Mn Mg Zn Cr Al 

Al particle 0.25 0.03 0.05 0.03 0.03 0.05 − Bal. 

5052Al plate 0.25 0.5 0.1 0.1 2.2−2.8 0.1 0.15−0.35 Bal. 

 
These panels were then rolled at room temperature 
with a rolling speed of 10 mm/s and a reduction 
ratio of 50%−55%, forming laminated 450-NiTip/ 
5052Al and 550-NiTip/5052Al composites, referred 
to as the NTAC2 and NTAC1 samples, respectively. 
The rolling process is depicted in Fig. 1(c). 

The microstructure and elemental distribution 
of the laminated NiTip/5052Al composites were 
examined using a Hitachi S4800 scanning electron 
microscope (SEM) equipped with energy-dispersive 
spectroscopy (EDS). The phase composition 
analysis of the samples was conducted using an 
X'Pert PRO X-ray diffractometer (XRD). The phase 
transition behavior of the 5052Al alloy, NiTi 
particles, and laminated composites was analyzed 
using a TA DSC 25 differential scanning 
calorimeter (DSC) with a heating and cooling rate 
of 10 °C/min at temperature of −80 to 120 °C. 
Mechanical properties of the 5052Al alloy and 
laminated composites were tested at a strain rate of 
2×10−4 s−1. A Shimadsu AGS-X-20 kN universal 
testing machine with an extensometer was 
employed for the tests at room temperature. Test 
samples were machined from the RD−TD plane, 
and each group included at least three samples with 

a gauge length of 21 mm and a cross-section of 
3 mm × 1.5 mm to ensure better reliability. The 
damping performance of the 5052Al alloy and 
laminated composites was assessed in single 
cantilever vibration mode using a Netzsch 242E 
dynamic mechanical analyzer (DMA). Test samples 
of 30 mm × 4 mm × 1.2 mm were used for the 
damping tests. For the constant temperature 
damping performance test, the frequency (f) was set 
to be 1 Hz, the amplitude (A) ranged from 0.1 to 
150 µm, and the temperature (T) was maintained at 
25 °C. In the variable temperature damping test 
(−80 to 360 °C), the frequency ( f ) was set to be 
1 Hz for the low temperature range and 0.1−150 Hz 
for the high temperature range, respectively. The 
amplitude (A) was 10 μm, and the heating and 
cooling rate was 5 °C/min. 
 
3 Results and discussion 
 
3.1 Microstructure 

Figure 2 shows the morphology of the 
laminated NiTip/5052Al composites. The granular 
layer exhibits excellent bonding with the upper and 
lower aluminum substrates, with no cracks observed 
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Fig. 2 SEM images of NTAC1 sample: (a) Morphology of corroded sample; (b) Local enlarged view in (a);         
(c) Morphology of uncorroded sample; (d) Scanning element distribution of line in (c) 
 
at the interface between the layers. Nevertheless, 
small pores were observed at the interlayer interface 
and among the intergranular particles. The NiTi 
particles within the particle layer were uniformly 
distributed without agglomeration. In the granular 
layer, numerous interfaces are observed, including 
Al/Al intergranular interfaces, NiTi/NiTi inter- 
granular interfaces, and NiTi/Al intergranular 
interfaces. Due to the high hardness and 
deformation resistance of the NiTi particles, their 
original spherical shape is maintained during the 
rolling process. In contrast, the Al particles, with 
lower hardness and deformation resistance, 
experience extrusion and deformation, resulting in 
elongated shapes, as observed in Figs. 2(a) and (b). 
The interface of each element is clearly defined, 
with no noticeable diffusion layer or observable 
interfacial reaction products, as shown in Figs. 2(c) 
and (d). This result suggests that there is no 
elemental diffusion or interfacial reactions at the 
interlayer interface between the granular layer and 
the 5052Al matrix, as well as at the NiTi/Al 
interparticle interface within the granular layer 
during the cold rolling process. The primary 
bonding mechanism of the laminated composites is 
attributed to mechanical bonding. 

Figure 3 shows the XRD patterns of the 
5052Al alloy, NiTi particles, and laminated 
NiTip/5052Al composites. In the 5052Al alloy, only 
diffraction peaks corresponding to the α-Al phase 
are observed. The diffraction pattern of the as-NiTip 
and 550-NiTip samples exclusively reveals the B2 
phase of the NiTi alloy. The diffraction pattern of 
the 450-NiTip sample includes both the NiTi (R) 
phase and the NiTi (B2) phase. This observation is 
consistent with the subsequent DSC test results, 
indicating that the 450-NiTip sample undergoes the  
 

 
Fig. 3 XRD patterns of 5052Al alloy, NiTi particles and 
laminated composites 
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R-phase transition at room temperature; hence the 
prominent diffraction peak indicates the R-phase 
bimodal structure. However, the as-NiTip and 
550-NiTip samples do not undergo a phase 
transition during cooling to room temperature, 
resulting in them being entirely composed of the 
NiTi (B2) phase (Fig. 4(a)). Following the rolling 
composite process, the NTAC2 sample comprised 
the α-Al phase and the NiTi (R) phase, while the 
NTAC1 sample consisted of α-Al phase and NiTi 
(B2) phase. indicating that no new phases formed 
during the rolling process. 
 

 
Fig. 4 DSC curves of samples: (a) NiTi particles with 
different aging states; (b) Laminated composites and 
5052Al alloys 
 
3.2 Phase transition characteristics 

In Fig. 4(a), the DSC curves illustrate the 
behavior of NiTi particles in various aging states. 
Comparative analysis with the as-NiTip samples 
revealed that aging treatment of the 550-NiTip and 
450-NiTip samples led to a narrow phase-transition 
temperature range and a notable increase in the 
intensity of the phase transition peak. During the 
heating process, all three samples (as-NiTip, 
550-NiTip and 450-NiTip) exhibited a phase 

transition peak corresponding to the B19'→B2 
phase transition of the NiTi alloy. During the 
cooling process, both the as-NiTip and 450-NiTip 
samples exhibited two-phase transition peaks for 
the R and B19'. In the 550-NiTip sample, only one 
B19' phase transition peak was observed at a 
temperature of −15 °C, corresponding to the B2→ 
B19' transition process, with no R phase transition 
peak observed. During the aging process of the NiTi 
particles at 550 °C, the Ni4Ti3 phase in the NiTi 
matrix gradually transforms into Ni3Ti2 and Ni3Ti 
phases. Concurrently, the Ni4Ti3 precipitates 
undergo dissolution at this temperature, leading to 
the absence of the R phase transition [20,23,24]. 
The partial dissolution of Ni-rich precipitates in the 
550-NiTip sample increases the Ni content in the 
NiTi matrix, causing the phase transition peak 
temperature to shift toward lower temperatures [24], 
resulting in a lower phase transition peak 
temperature than that of the 450-NiTip sample. 

Figure 4(b) displays the DSC curves of the 
laminated NiTip/5052Al composites and the 
5052Al alloy. Within the temperature range of −80 
to 120 °C, the 5052Al alloy does not undergo any 
phase transformation. In contrast, the laminated 
composites exhibit distinct phase transformation 
characteristics of the NiTi particles. The NTAC1 
and NTAC2 samples underwent a one-step 
B19'→B2 phase transition during the heating 
process. During the cooling process, the NTAC1 
sample undergoes a one-step B2→B19' phase 
transition, and the NTAC2 sample demonstrates a 
two-step phase transition of B2→R and R→B19'. It 
is evident that the laminated composites follow the 
same phase transition sequence as their NiTi- 
reinforced particles. The composites consisted of 
both NiTi-reinforced particles and a 5052Al matrix 
that lacked phase transition characteristics, resulting 
in significantly weak phase transition peak strength 
in the composite compared to the NiTi-reinforced 
particles. 
 
3.3 Mechanical properties 

Figure 5 shows the engineering stress−strain 
curves of the laminated NiTip/5052Al composites 
and the 5052Al alloy. The NTAC1 sample 
demonstrated a yield strength of 252 MPa, a tensile 
strength of 277 MPa, and an elongation of 5.72%. 
Similarly, the NTAC2 sample exhibited a yield 
strength of 264 MPa, a tensile strength of 278 MPa, 
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Fig. 5 Engineering stress−strain curves of laminated 
composites and 5052Al alloy 
 
and an elongation of 5.98%. The different aging 
states of the NiTi particles have a slight impact on 
the mechanical properties of the composites. In 
comparison, the 5052Al alloy exhibited a yield 
strength of 229 MPa, a tensile strength of 286 MPa, 
and an elongation of 17.32%. Compared with that 
of the 5052Al alloy, the yield strength of the 
laminated NiTip/5052Al composite is greater, and 
the tensile strength is close to that of the alloy. 
However, there was a substantial decrease in the 
elongation of the composite compared with the 
5052Al alloy. 

Figure 6 shows the fracture morphology of the 
NTAC1 sample. As depicted in Figs. 6(a) and (b), 
the overall appearance of the composite fracture is 
concave, with observable cracking occurring 
between the intermediate granular layer and the 
aluminum matrix on both sides. This behavior is 
attributed to stress concentration at the contact layer 
between the NiTi granular layer and the 5052 
aluminum matrix during the tensile process. The 
plastic deformation capacity of the granular layer is 
not as robust as that of the aluminum matrix, 
leading to interlayer cracks due to strain mismatch. 
With the transfer of load, these interlayer cracks 
continue to propagate until the particle layer 
fractures. The propagation of interfacial cracks 
requires additional energy, resulting in increased 
overall energy absorption of the composites. This 
contributed to the increase in the yield strength of 
the laminated composites, surpassing that of the 
5052Al alloy [25]. 

In Fig. 6(c), pits are observed within the 
granular layer, and the NiTi particles within the 
particle layer maintain their complete spherical 
morphology. This indicates that the NiTi particles 
do not deform during the process of interlayer 
cracking and particle layer fracture but rather 
disengage from adjacent Al particles or NiTi 
particles. Additionally, cleavage fracture is observed 

 

 
Fig. 6 Fracture morphology of NTAC1 sample: (a) Overall morphology; (b) Local amplification of (a); (c) Granular 
layer; (d) Aluminum matrix 
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between the Al particles within the particle  layer. 
This suggests that the binding force between Al 
particles is stronger than that between adjacent NiTi 
particles or NiTi/Al particles. Therefore, the 
fracture mechanism of the particle layer is primarily 
brittle, resulting in a noticeable reduction in the 
elongation of the composites compared to the 
5052Al alloy. On the fracture surface of the 
aluminum matrix of the composites, numerous 
small dimples are observed, indicating a ductile 
fracture mode of the aluminum matrix (Fig. 6(d)). 
 
3.4 Damping behavior 

Figure 7 shows the internal friction−strain 
curves of the laminated NiTip/5052Al composites 
and the 5052Al alloy. With increasing strain, the 
internal frictions of all three materials increase. 
When the strain is below 0.05%, there is a slight 
difference in the internal friction between the 
composites and the Al matrix. However, as the 
strain continues to increase, the internal friction of 
the composites gradually surpasses that of the 
5052Al alloy. For interfaces in a weak binding state, 
the energy loss (η) due to friction during the cyclic 
loading of the reinforcing phase with the matrix 
interface can be analyzed as follows [26]:  

3π
2
μkγη ϕ=                              (1) 

 
where µ represents the friction coefficient between 
NiTi particles and Al, k denotes the stress 
concentration factor at the interface between the 
reinforcement phase and the metal matrix, γ is the 
correction factor, and φ is the volume fraction of 
 

 

Fig. 7 Internal friction−strain curves of laminated 
composites and 5052Al alloy 

added NiTi particles. During cyclic loading, the 
strain mismatch between NiTi particles and the Al 
matrix leads to stress concentration at the particle 
interface. Moreover, the bimetallic interface in a 
mechanically bonded state typically exhibits a high 
friction coefficient. Consequently, the damping 
performance improvement in the composites is 
primarily attributed to the interface damping caused 
by NiTi−Al interface slip. When the strain reaches 
0.2%, the internal friction of the NTAC1 sample 
reaches 0.0258, which is increased by 90% 
compared to that of the Al matrix (0.0136). 

Figure 8(a) shows the internal friction− 
temperature curves of laminated the NiTip/5052Al 
composites and 5052Al alloy within the 
temperature range of 120−350 °C. From the graph, 
it is evident that as the temperature increases, the 
internal friction gradually rises for both the 5052Al 
alloy and the laminated NiTip/5052Al composites. 
This can be attributed to the contribution of the 
grain boundary damping behavior of the aluminum 
matrix, which improves the damping properties of 
the 5052Al alloy and the aluminum matrix 
composites. However, when the temperature is 
higher than 320 °C, the damping properties of 
5052Al alloy and laminated NiTip/5052Al 
composite decrease significantly. Under high- 
temperature conditions (120−350 °C), the laminated 
NiTip/5052Al composites exhibit superior damping 
performance compared to the 5052Al alloy. The 
granular layer of the laminated NiTip/5052Al 
composites contains numerous interfaces, including 
NiTi/Al, Al/Al, and NiTi/NiTi particle interfaces. 
During high-temperature deformation, these 
interfaces experience micro-slip, inducing interface 
damping behavior. This effect contributes to the 
enhancement of the high-temperature damping 
performance of the laminated composites. 

Figure 8(b) shows the internal friction− 
temperature curves of NTAC2 samples at various 
testing frequencies ranging from 120 to 360 °C. It is 
evident that as the frequency increases, the internal 
friction of the composites steadily decreases. When 
the frequency decreases under the same temperature 
and amplitude conditions, the number of mobile 
dislocations in alloys increases with decreasing 
frequency at a constant temperature and amplitude, 
because more pinned dislocations could be 
activated at the low frequency stress [27]. As a 
result, the laminated composites exhibit the best 
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Fig. 8 Internal friction−temperature curves of laminated composites and 5052Al alloy at 120−360 °C (a), internal 
friction−temperature curves of NTAC2 samples at different test frequencies (b), and SEM image of NTAC2 sample 
after high-temperature damping test and area scanning element distribution maps (c) 
 
damping performance at a testing frequency of 
0.5 Hz. Furthermore, all the NTAC2 samples tested 
at different frequencies exhibit damping peaks at 
approximately 320 °C. 

Figure 8(c) shows the SEM image and area 
scanning element distribution of the NTAC2 sample 
after a high-temperature damping test. The results 
reveal very slight elemental diffusion between the 
NiTi particles and the Al matrix. However, there is 
no sign of an interfacial reaction layer, indicating 
virtually no reaction between NiTi particles and the 
5052Al alloy. At high-temperatures (>320 °C), the 
damping performance of the composites and 
5052Al matrix decreases rapidly. The likely reason 
is that the internal grains of the material undergo 
recrystallization and growth at high temperatures, 
reducing the contribution of grain boundary 
damping, and resulting in a decline in the damping 
performance of the material [15,28]. 

Figure 9 shows the internal friction− 
temperature curves for the laminated NiTip/5052Al 
composite and the 5052Al alloy over the 
temperature range of −80 to 120 °C. The diagram 
reveals distinct internal friction peaks in the 
laminated composites during both the heating and 
cooling processes. These internal friction peaks are 
caused by the phase transition behavior of NiTi 

reinforced particles in the composites [18,29]. The 
low-temperature damping performance of the 
laminated NiTip/5052Al composites is significantly 
superior to that of the 5052Al alloy. During 
vibration deformation, the weakly bonded 
interfaces between particles in the composite 
experience micro-slip motion due to strain 
mismatch and low mechanical binding force, 
resulting in interface damping behavior. This 
improves the damping performance of the 
composite. The coupling effect between interfacial 
damping among particles and the phase 
transformation damping mechanism of NiTi- 
reinforced particles contributed to the excellent 
low-temperature damping properties of the 
laminated NiTip/5052Al composites. 

During the heating process, the NTAC1 
sample exhibited an internal friction peak at 28 °C, 
with an internal friction of 0.0083, which was 1.93 
times that of the 5052Al alloy at the corresponding 
temperature (0.0043). The NTAC2 sample exhibited 
an internal friction peak at 66 °C, with an internal 
friction of 0.0096, which is twice that of the 
corresponding temperature of the 5052Al alloy 
(0.0048). These peaks correspond to the B19'→B2 
phase transition process in the 450-NiTip and 
550-NiTip samples, respectively. During the cooling 
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Fig. 9 Internal friction−temperature curves of laminated 
composites and 5052Al alloy within range of −80 to 
120 °C: (a) Heating process; (b) Cooling process 
 
process, the NTAC1 sample exhibits a phase 
transition internal friction peak temperature of 
−54 °C, with an internal friction of 0.0079, 
corresponding to the B2→B19' phase transition 
process in the 550-NiTip sample. During the 
cooling process, the NTAC2 sample demonstrates 
the presence of R phase high damping platform 
resulting from the occurrence of R phase transition 
in the NiTi-reinforced particles [30]. These findings 
indicate that the aging treatment of NiTi particles at 
different temperatures effectively controlled the 
phase transformation damping temperature range of 
the laminated NiTip/5052Al composites, enhancing 
the higher damping properties within the low- 
temperature range of −80 to 120 °C. 

The rule of mixtures (ROM) was used to 
assess the impact of specific components in 
composite materials [31]. The damping performance 
of the laminated NiTip/5052Al composites can be 
evaluated by [32] 

c p p m m i i= + +V V Vη η η η                      (2) 
 
where ηc represents the damping performance of the 
composite material, ηp, ηm and ηi represent the 
damping of NiTi particles, 5052Al matrix and 
interface, respectively, and 𝑉𝑉  represents their 
respective volume fractions. It can be inferred that 
the inclusion of NiTi particles enhances the 
damping performance of the composites. As the 
volume fraction of the NiTi particles in the 
aluminum matrix composite increases, such as the 
particle layer thickness, the composites are 
expected to achieve better overall damping 
performance. This improvement is attributed to the 
high intrinsic damping performance of NiTi alloy 
and the weak bonding interface damping behavior 
between NiTi and Al particles. Based on the ROM, 
increasing the thickness of the aluminum plate also 
enhances the damping properties of the composites, 
but this enhancement may be limited due to the 
poor low-temperature damping properties of 
aluminum alloys. 

Figure 10 shows the storage modulus− 
temperature curves for the laminated NiTip/5052Al 
composites and the 5052Al alloy. As the 
temperature increases, the storage modulus of both 
the 5052Al alloy and the laminated NiTip/5052Al 
composites gradually decreases. The storage 
modulus of the NTAC1 and NTAC2 samples 
exhibits minimal difference, indicating that the 
aging state of the NiTi particles slightly influences 
the storage modulus of the laminated NiTip/5052Al 
composites. Moreover, the laminated composites 
also exhibit a higher storage modulus than the 
5052Al alloy. Previous reports suggest that an 
increase in residual stress within the alloy 
contributes to an enhancement in its storage 
modulus [28]. During the rolling composite process, 
interparticle compression takes place within the 
granular layer of the laminated NiTip/5052Al 
composites, which leads to an increase in the 
dislocation density within the particle layer and at 
the interlayer interface. Consequently, this results in 
the generation of residual stress within the 
composites, thereby enhancing the storage modulus. 

Figure 11 shows the EIF−temperature curves 
for the laminated NiTip/5052Al composites and the 
5052Al alloy, where EIF is defined as the product of    
the storage modulus and the internal friction (IF, fi), 
which serves as a measure of the comprehensive  
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Fig. 10 Storage modulus−temperature curves of laminated composites and 5052Al alloy in range of −80 to 120 °C:   
(a) Heating process; (b) Cooling process 
 

 
Fig. 11 EIF−temperature curves of laminated composites and 5052 Al alloy: (a) Heating process; (b) Cooling process 
 
damping performance [33]. The calculation formula 
for EIF is 
 
EIF=ESfi                                                   (3) 
 

In Eq. (3), the storage modulus of the material 
is denoted as ES. The graph illustrates that the 
laminated composites show a considerably higher 
EIF value compared with the 5052Al alloy, 
indicating their superior overall damping capacity. 
At a temperature of 66 °C, the NTAC2 sample 
shows EIF value of 369 MPa, which is 2.22 times 
that of the 5052Al alloy (166 MPa). Similarly, at a 
temperature of 29 °C, the EIF of the NTAC1 sample 
was measured as 318 MPa, which is 2.02 times that 
of the 5052Al alloy (157 MPa). These data imply 
that the potential of laminated composites holds 
promise as lightweight damping materials in 

various engineering applications. 
 
4 Conclusions 
 

(1) Laminated NiTip/5052Al composites that 
exhibit high damping properties at low 
temperatures, are successfully produced through 
rolling composite technology. Numerous 
mechanically bonded inter-particle interfaces are 
distributed in the particle layer of the composites, 
characterized by distinct boundaries and no 
evidence of element diffusions. 

(2) Laminated NiTip/5052Al composites 
exhibit NiTi phase transition characteristics, which 
are absent in aluminum alloys. With an increase in 
the aging temperature of the NiTi particles, the 
phase transition peak shifts towards low 
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temperatures, facilitating tuning of the phase- 
transition damping temperature range in the 
composites. The yield strength of laminated 
NiTip/5052Al composites is higher than that of 
5052Al alloy, and the fracture morphology of the 
composite exhibits a combination of ductile and 
brittle fracture characteristics. 

(3) Compared with those of the 5052Al   
alloy, the enhanced low-temperature damping 
performance and overall damping efficiency of the 
laminated NiTip/5052Al composites are attributed 
to the synergistic effect of phase transition damping 
due to the NiTi particles in the particle layer and 
interface damping from interparticle slip. 
Consequently, these composites are expected to be 
advantageous in the shipbuilding sector as high- 
damping and lightweight structural materials. 
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摘  要：针对铝合金在低温(<120 ℃)下阻尼性能不足的问题，采用轧制复合技术，在 5052Al 基体中引入不同预

时效状态的 NiTi 颗粒，制备低温高阻尼 NiTip/5052Al 层状复合材料，进一步扩大铝合金在减振降噪领域的应用。

结果表明，颗粒层与 5052Al 合金之间存在清晰且结合良好的界面，颗粒层中存在大量的颗粒间界面。将掺入 NiTi

颗粒的时效温度从 450 ℃提高到 550 ℃，复合材料的相变峰向更低的温度移动。NiTip/5052Al 复合材料的阻尼

性能明显优于 5052Al 合金。预时效 NiTi 颗粒层增强 5052Al 基复合材料在 28 ℃和 66 ℃时的相变阻尼峰值分别是

5052Al 合金在相应温度时的 1.93 倍和 2 倍。在振动变形过程中，NiTi 增强颗粒的相变阻尼机制和颗粒间界面阻

尼机制的耦合作用显著增强了 NiTip/5052Al 复合材料的低温阻尼性能。 

关键词：预时效；NiTi 颗粒层；5052 铝合金；相变行为；阻尼性能 
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