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Abstract: This study investigates the effect of nickel-aluminide on Al-Cu-Mg alloys’ non-isothermal aging behavior. 
The microstructure, mechanical properties, and corrosion resistance of nickel-aluminide-containing Al-Cu-Mg alloys 
were evaluated after non-isothermal aging treatment. The results show that the presence of nickel aluminide in the Al-Cu-
Mg alloy changes the nature of S-Al2CuMg precipitates to θ-Al2Cu precipitates by adding 1.5 wt% Ni to the Al-Cu-Mg 
matrix. The non-isothermal aging treatment temperature for achieving the maximum mechanical properties during non-
isothermal aging shifted from 250 ℃ to 300 ℃ . Compared to isothermal artificial aging treatment at 170 ℃ , the 
maximum hardness and mechanical properties increased by up to 9% in a nickel-aluminide containing Al-Cu-Mg alloy 
after non-isothermal aging treatment. The nickel-aluminide containing sample’s maximum hardness and shear strength is 
HV0.1(143.4±6.4) and (298.6±9.6) MPa, respectively occurring at 300 ℃ . After non-isothermal aging treatment, the 
corrosion current intensity was reduced by approximately 58% and 49% in the nickel-containing coating compared to the 
AA2024 aluminum alloy substrate and coating without nickel-aluminide, respectively. Compared with the conventional 
artificial aging treatment, the corrosion current decreased by 16.7% more after non-isothermal aging treatment in the 
nickel-aluminide-containing coating.
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1 Introduction

Al-Cu-Mg alloys have long been used in 
various industries, especially in aerospace. Many 
efforts have been made to improve the properties 
and performance of this group of precipitation-
hardened aluminum alloys for specific applications. 
One of the methods studied by researchers is to add 
alloying elements to this group of aluminum alloys 

[1 − 2]. Research has shown that adding nickel to 
aluminum alloys increases hardness, tensile 
properties, wear resistance, and thermal stability due 
to the formation of nickel-aluminide intermetallic 
compounds (IMCs) [3 − 5]. Considering these 
conditions, Al-Cu-Mg alloys’ coatings containing 
nickel can improve the performance of components 
exposed to high temperatures, at which they should 
maintain mechanical and wear resistance. There are 
various methods for applying the coating [6 − 8], 
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among which solid-state methods have a special 
place because they create a thick layer with a strong 
metallurgical bond and do not have the defects of 
conventional melting methods [9]. One of the solid-
state coating methods is friction surfacing (FS), 
which uses a rotating consumable rod that is 
affected by a vertical force and moves the substrate 
surface to apply the coating [10].

Recent research has shown that one way to 
simultaneously improve mechanical properties and 
reduce corrosion of age-hardenable aluminum 
alloys is to perform non-isothermal aging (NIA) 
heat treatment instead of isothermal aging (IA) heat 
treatment. Based on available sources, most NIA 
studies on aluminum alloys focus on Al-Mg-Si and 
Al-Zn-Mg-Cu alloys [11 − 20]. ZHAN et al [21] 
studied the effect of NIA treatment on Al-Cu-Mg-Si 
alloy mechanical properties, microstructure, and 
corrosion behavior. They reported that NIA 
treatment increased corrosion resistance by reducing 
the precipitate-free zone (PFZ) and the 
interconnection between precipitates at the grain 
boundary. It was also reported that the tensile 
strength and yield strength of the alloy after NIA 
treatment increased by 1.5% and 5.8%, respectively, 
compared to those after IA heat treatment. ZHOU   
et al [22] studied the effect of NIA treatment on Al-
Zn-Mg-Cu alloy stress corrosion cracking (SCC) 
behavior. They showed that NIA treatment 
significantly increased SCC resistance compared to 
conventional T6 and T77 heat treatments. KE et al 
[23] investigated the effect of NIA treatment on Al-
Zn-Mg alloy mechanical and electrical properties. 
The results showed that NIA treatment caused a 
9.7% increase in mechanical properties compared to 
T6 treatment. It also caused a significant 
improvement in electrical properties compared to 
T73 heat treatment. SEPEHRBAND    et al [24] 
investigated the effect of NIA treatment on Al-Mg-
Si alloys. The results showed that the initial 
precipitates formed during heat treatment prevented 
dynamic deformation or static recovery during the 
early annealing stages.

According to available sources, the effect of 
NIA treatment on Al-Cu-Mg alloys containing 
nickel-aluminide has not been investigated so far. 
Although nickel aluminides increase the thermal 
stability and corrosion resistance of the aluminum 
matrix [25− 29], adding nickel to Al-Cu-Mg alloys 
and the formation of nickel aluminides can result in 

copper adsorption in the microstructure [30], which 
can affect the aging behavior of these alloys. There 
is no investigation into the effect of Al-Ni 
intermetallic reinforcement on the microstructure 
and corrosion behavior of an Al-Cu-Mg aluminum 
alloy coating following NIA treatment. In this 
research, the AA2024 substrate was cladded with an 
Al-Cu-Mg alloy containing 1.5 wt% nickel 
aluminides using the FS process. Then, the effect of 
NIA treatment on coating microstructure, 
mechanical properties, and corrosion resistance was 
investigated. The effect of NIA treatment on the 
corrosion behavior of the coating was also 
compared with the coating treated with isothermal 
aging heat treatment.

2 Materials and methods

In this study, the FS was performed on an      
Al-Cu-Mg alloy substrate with a thickness of 2 mm. 
The composition and mechanical properties are 
mentioned in Tables 1 and 2. The coating was 
performed using an AA2024 aluminum alloy rod 
containing 1.5 wt% nickel aluminide. To make the 
AA2024 mechtrod containing nickel aluminide, 
AA2024 alloy was melted according to the chemical 
composition mentioned in Table 1, and 1.5 wt% 
nickel powder was added to the molten aluminum 
using the setup presented in Figure 1.

Nickel powder with an approximate size of       
5 − 75 µm and 99.9% purity was used as 
reinforcement. In the mechtrod fabrication process, 
various equipments such as the electric furnace, 
graphite crucible, electric motor for stirring     
molten aluminum, Al2O3-coated steel impeller, 
thermocouple, and reinforcement powder injection 
system were used. The mechtrod manufacturing 
process begins with preheating the crucible in an 
electric furnace.

Then, hexachloroethane (C2Cl6) tablets are used 
for degassing the molten aluminum; the slag is 
removed. Afterward, the stirrer is introduced into 

Table 1 Chemical composition of mechtrod and substrate 
alloys  wt%
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Alloy

Mechtrod

Substrate

Si

0.14

0.18

Fe

0.26

0.25

Cu

4.14

3.21

Mn

0.49

0.40

Mg

1.45

1.35

Al

Bal.

Bal.
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the molten aluminum, and the stirring operation is 
performed with an electric motor equipped with a 
speed-adjustment system. In this procedure, argon is 
initially introduced into the furnace at a pressure of 
3.5 bar. Nickel powder is added to the furnace at the 
inlet argon gas pressure (3.5 bar). After completing 
the nickel powder injection (for 8 min), stirring is 
continued for 2 min to ensure the reaction is made 
between the nickel powder and the aluminum alloy.

This process is accomplished by efficiently 
distributing the nickel powder in molten aluminum. 
Finally, the crucible is removed from the furnace, 
and molten materials are poured into a sand mold 
with a diameter of 22 mm and a length of 200 mm. 
Then, the AA2024-1.5 wt% nickel aluminide 
mechtrod with a diameter of 20 mm and a length of 
100 mm was prepared through machining. 
According to preliminary studies on process 
parameters that lead to the highest coating 
efficiency, the coating operation was performed 
with a rotational speed of 600 r/min, a traverse 
speed of 100 mm/min, and an axial feeding rate of 
95 mm/min using rods with and without nickel-
aluminide. To investigate the behavior of the coat 

concerning NIA treatment, first, the coatings were 
subjected to solid solution treatment at 500 ℃ for     
2 h. Then, NIA treatment was performed on solid 
solutionized samples with a 10 ℃/min heating rate. 
After reaching the temperature of the sample to 100, 
150, 200, 250, 300, 350 and 400 ℃, the heat-treated 
sample was removed from the furnace, and after 
quenching in water at a temperature of 25 ℃ , the 
microstructure, hardness, and shear strength were 
evaluated. For each temperature one sample is heat 
treated. Moreover, an isothermal aging treatment 
was performed on solid solutionized coatings at 
170 ℃ for 12 h.

After coating, different samples were collected 
to evaluate the coating microstructure, mechanical 
properties, and corrosion resistance. The 
microstructure of the coated samples was studied 
using an optical microscope (DG Victory-
Dewinter), scanning electron microscope (SEM), 
and transmission electron microscopy (TEM) 
(Oxford Instruments). The TEM samples were 
prepared by hand grinding and polishing to a 
thickness of approximately 30 − 50 μm, then ion 
milling to a thickness suitable for observation under 

Table 2 Mechanical properties of mechtrod and substrate alloys 

Alloy

Mechtrod

Substrate

Ultimate tensile strength/MPa

435.76±9.03

425.91±10.02

Yield strength/MPa

311.45±8.94

304.78±9.32

Elongation/%

18.02±1.43

19.34±2.04

Hardness (HV)

136.43±6.13

131.13±4.01

Figure 1 (a) Experiment setup for fabrication of aluminum rod containing nickel-aluminide; (b) Friction surfacing 
equipment
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a TEM microscope. The ion milling was performed 
using an accelerating voltage of 2−4 keV at an angle 
of 3° to the surface. Clemex Vision image analyzers 
were used in this study to measure gain and 
precipitate sizes. Image analysis was performed on 
at least ten images related to each sample.

The hardness of the samples was measured 
using the micro-Vickers hardness test according to 
ASTM E92 using a 100 gr load for a dwell time of 
10 s. Shear punch tests (SPT) were conducted to 
measure the mechanical properties of the coated 
samples and consumable rods. The 1 mm-thick 
slices of the materials were ground to 0.7 mm, from 
which disks of 10 mm diameter were punched for 
SPT. A shear punch fixture with a 3.175 mm 
diameter flat cylindrical punch and a 3.225 mm 
diameter receiving hole, as shown in Figure 2, was 
used for SPT. All shear punch tests were performed 
at room temperature with a punch speed of         
0.001 mm/s. Electrochemical tests were performed 
to evaluate coating corrosion resistance. All 
experiments were carried out using the CS350 
electrochemical workstation. Before each test, the 
samples were immersed in NaCl solution for 1 h to 
achieve steady-state conditions. In the polarization 

tests, the samples were polarized at 250 mV below 
the open circuit potential at a scanning rate of           
1 mV/s.

3 Results and discussion

Figure 3 depicts the macrograph of the two 
coatings and the microstructure of different zones of 
the coatings. The coating efficiency of samples with 
and without nickel aluminide was calculated at 
56.32% and 58.27%, respectively, using the 
equations presented in Ref. [31]. According to the 
previous study [5], the hardness of the two 
mechtrods with and without nickel aluminide was 
HV (115.36±8.32) and HV (116.08±5.57), 
respectively. Moreover, the yield strengths of rods 

Figure 3 (a) Macrograph of nickel-aluminide free sample; (b) Macrograph of nickel-aluminide containing sample; 
Macrostructure and microstructure of different zones of (c) nickel-aluminide free sample, and (d) sample containing 
nickel-aluminide

Figure 2 Schematic of shear punch test
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with and without nickel aluminide were (183.51±
6.32) and (162.08±9.48) MPa, respectively. As the 
strength of the mechtrod increases, higher torque is 
required to create a viscoplastic layer at the tip of 
the mechtrod.

Therefore, it can be expected that with the rise 
in the strength of the mechtrod, given the constant 
coating process parameters, the formation of a 
viscoplastic layer at the tip of the mechtrod would 
be more difficult. As a result, plastic material is 
created in a smaller volume at the tip of the 
mechtrod. This reduces the coating’s dimensions 
and thickness, ultimately lowering its efficiency.

On the other hand, the temperature 
measurements at the coating-substrate interface 
showed that the temperatures in the coating with 
and without nickel aluminide were 227 ℃ and 
255 ℃ , respectively. Therefore, it can be expected 
that larger plastic deformation occurs in a mechtrod 
with lower strength. This can increase the heat 
generated by plastic deformation and friction [32]. 
As the temperature increases, the mechtrod strength 
decreases, leading to larger plastic deformation. 
Nevertheless, it should be noted that reduced 
dimensions, and thus, the lower efficiency of the 
coating with the rise in the strength of the mechtrod, 
have been reported in Refs. [31, 33].

The nickel-containing and nickel-free samples 

had average grain sizes of (2.1±0.7), and             
(3.9±0.6) μm, respectively. All coatings exhibited 
fine equiaxed grains formed due to dynamic 
recrystallization [34]. HUMPHREYS and 
HATHERLY [35] found that temperature and plastic 
strain rate strongly affect recrystallized grain size.  
The recrystallized grain size decreases with a 
reduction in the temperature and a rise in the plastic 
strain rate. And the plastic strain rate (ε̇) in the 
coated samples can be calculated using the 
geometric coating and friction surfacing parameters 
[31]. Accordingly, the plastic strain rates of samples 
with and without nickel aluminide are 987 s−1 and      
1032 s−1, respectively. The grain size distribution of 
samples coated with nickel-aluminide-free rods 
indicates that grain growth capability is 
predominant despite the higher plastic strain rate in 
these samples due to the higher coating temperature. 
These coatings have larger grain sizes.

The microstructural changes of as-cast rods 
and the central zones of the coatings before NIA in 
different samples were investigated using SEM and 
EDS analyses, whose results are shown in Figure 4.

According to the EDS point analysis (Figure 5 
and Table 3) of the consumable rod and coated 
samples without nickel aluminide, precipitates, and 
secondary phase particles are S-Al2CuMg, Al7Cu2Fe, 
and Fe-rich particles. According to previous works 

Figure 4 SEM micrograph of precipitates and second-phase particles at center of coatings: (a) Nickel-aluminide 
containing sample; (b) Nickel-aluminide free sample; (c) Mechtrod containing nickel-aluminide; (d) Mechtrod without 
nickel-aluminide
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[5, 36] and XRD analysis, similar phases were 

found. However, in the rod and coated sample 

containing nickel aluminide, Al3NiCu particles, and 

θ -Al2Cu and Mg2Si are visible in addition to the 

Al7Cu2Fe, Fe-rich secondary phase particles. As can 

be seen, S-Al2CuMg precipitates have disappeared, 
and θ -Al2Cu and Mg2Si precipitates have been 
formed.

Based on the EDS analysis of the coated 
samples, after solid solution heat treatment, copper 
concentrations in nickel-containing and nickel-free 
samples were obtained at 1.9 at% and 3.1 at%, 
respectively. Therefore, it can be said that the 
addition of nickel reduces the concentration of 
copper in the matrix due to the adsorption of copper 
atoms. This reduces the formation of S-Al2CuMg 
precipitates in the coating containing nickel. In 
other words, it can be said that by reducing the ratio 
of copper to magnesium in the aluminum matrix, 
the copper in the matrix has precipitated in the form 
of θ precipitate, and magnesium has also appeared 

Figure 5 EDS results of points marked in the Figure 4: (a) Spot I; (b) Spot II; (c) Spot III; (d) Spot IV; (e) Spot V;         
(f) Spot VI

Table 3 Chemical composition of different points marked 
in Figure 4 at%

Position

I

II

III

IV

V

VI

Al

74.08

80.12

85.59

85.77

68.61

63.2

Fe

15.12

0.13

0.05

5.32

0.02

0.07

Cu

0.12

0.05

14.12

8.65

16.89

19.43

Mn

10.21

0.12

0.04

0.04

0.05

0.05

Mg

0.23

13.56

0.09

0.09

0.07

17.21

Si

0.24

6.02

0.11

0.13

0.04

0.04

Ni

—

—

—

—

14.32

—
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in the form of Mg2Si.
After solid solution heat treatment of the two 

samples, NIA heat treatment at a heating rate of 
10 ℃ was performed on the coated samples.    
Figure 6 shows hardness and shear strength 
measurement results. As can be seen, with the rise 
in temperature, hardness and strength increase and 
decrease. The nickel-free sample’s maximum 
hardness and shear strength are HV0.1(154.3±5.3) 
and (305.5±8.9) MPa, respectively, occuring at 
250 ℃. However, the maximum hardness and shear  
strength are HV0.1(143.4±6.4) and (298.6±9.6) MPa, 
respectively in the sample containing nickel 
occuring at 300 ℃. The lower hardness and strength 
of the nickel-containing sample and achieving the  
maximum hardness and strength at higher 
temperatures are probably due to the effect of nickel 

on reducing the formation of S precipitates in the    
Al-Cu-Mg alloy. However, as shown in Figure 6, 
both coatings show higher hardness and strength 
after isothermal aging and NIA treatment.

Another important point is the high thermal 
stability of the nickel-containing coating. This 
means that the hardness reduction rate in a nickel-
free sample after reaching the maximum hardness is  
HV0.33/℃, but in the sample containing nickel, the 
hardness reduction rate after reaching the maximum 
hardness equals HV0.13/℃. A similar trend can be 
seen in the shear strength results. Figure 7 shows the 
grain size distribution of coatings with the 
maximum hardness after NIA and isothermal aging 
treatment.

The average grain size of the nickel-containing 
coating after NIA and IA treatments is (89.2±10.1) 

Figure 6 Variation of (a) average hardness and (b) shear strength of different samples versus non-isothermal aging 
treatment temperature (The hardness and shear strength after IA treatment reported as a point in the graphs)

Figure 7 Microstructure of center zone of coated samples after heat treatment: (a) Nickel-aluminide containing sample 
after NIA; (b) Nickel-aluminide containing sample after IA treatment; (c) Nickel-aluminide free sample after NIA;       
(d) Nickel-aluminide free sample after IA treatment
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and (93.4±9.7) μm, respectively. Meanwhile, the 
average grain sizes of the nickel-free coating after 
NIA and IA treatments are (145.9±7.1) and (150.1±
10.2) μm, respectively. The average grain size of 
coatings after NIA and IA treatments is almost the 
same. As can be seen, all coatings have experienced 
significant grain growth. Although the grain size is 
smaller in nickel-aluminide coatings, abnormal 
grain growth (AGG) is observed in all coatings. 
Various factors such as anisotropy in grain boundary 
mobility and energy, reduction of barrier force on 
grain boundary due to the growth or dissolution of 
precipitates or second-phase particles, and 
thermodynamic driving force due to grain size 
distribution can affect AGG. AGG has also been 
observed following heat treatment in previous 
studies [37 − 39], where a fine recrystallized 
microstructure is created via friction stir processes. 
Notably, nickel-aluminide intermetallic acts as a 
grain growth barrier, preventing it to a large extent.

To more precisely examine the nature and type 
of precipitates formed in the coatings, TEM images 
of the coatings before NIA, coatings with maximum 
hardness after NIA, and coatings after IA treatment 
are shown in Figure 8. The microstructure of the 
coated samples before NIA and IA heat treatments 
confirms the SEM results. Al3NiCu particles can 
also be seen in the nickel-containing coating.        
The formation of round S-Al2CuMg and rod shape     
θ -Al2Cu precipitates in the nickel-free and nickel-
containing coating is quite evident. Their average 
size in the coating with and without nickel is (102.5±
7.3) and (112.4±8.5) nm, respectively. The image 
analysis performed on TEM images shows that the 
area ratio of S-Al2CuMg and θ-Al2Cu precipitates is 
0.032 and 0.019, respectively. The microstructure of 
the coating after the NIA and IA heat treatment 
processes shows that the type and morphology of 
precipitates and second-phase particles do not 
change, but the size of S-Al2CuMg and θ-Al2Cu 
precipitates and their concentration change 
according to the heat treatment conditions. The 
concentration of strengthening precipitates                
S-Al2CuMg and θ -Al2Cu, regardless of the type of 
heat treatment, is lower in the nickel-containing 
coating. Although the concentration (area ratio) of   
these precipitates does not change much after NIA 
and IA treatments, the size of precipitates in the 
samples undergoing NIA treatment is finer than in 

the samples undergoing IA treatment. In the coating 
containing nickel-aluminide, the average size of         
θ -Al2Cu precipitates after NIA and IA treatment is 
(69.3±7.2) and (74.8±6.4) nm, respectively. Besides, 
in the nickel-aluminide-free coating, the average 
size of S-Al2CuMg precipitates after NIA and IA 
treatment is (65.9±5.7) and (68.4±6.3) nm, 
respectively.

The effect of NIA and IA heat treatment on the 
polarization curve of the coated samples, the 
substrate, and the mechtrod is shown in Figure 9. 
Figure 10 reports corrosion current, voltage, and 
resistance results. According to the polarization test 
results, it can be concluded that regardless of nickel 
aluminide, NIA and IA treatments will improve 
polarization resistance. Of course, it should be noted 
that the presence of nickel aluminide and the NIA 
treatment causes a significant change in polarization 
results. This is due to the improvement of 
polarization resistance. According to the 
microstructural results, it may be possible to 
attribute the significant improvement in corrosion 
resistance in the nickel-containing coating after NIA 
treatment to the formation of θ precipitates and 
nickel-aluminide compounds. Corrosion begins with 
Cl− ions attacking the oxide surface. The ions 
accumulate instead of secondary phases, precipitate 
with a weak protective layer, and destroy the oxide 
layer.

Next, a microgalvanic cell is formed between 
Al and S, θ and nickel-rich precipitates and 
compounds, and corrosion changes from chemical 
to electrochemical. The θ and S precipitates have a 
more negative potential than the aluminum matrix. 
They accept the role of anode and corrode. It seems 
that the presence of nickel-rich particles, as reported 
in Ref. [40], could give a complete protective role to 
θ precipitates than S precipitates. Of course, it 
should be noted that several factors, such as the 
formation of fine precipitates [41−42], the reduction 
of residual stresses caused by heat treatment, and 
the reduction of grain boundary density, can all 
contribute to the coating’s corrosion resistance. The 
Nyquist plots reported in Figure 11 exhibiting 
capacitive loops, also reflected in the Bode 
impedance plots. This reveals the formation of an 
oxide layer on the surface in the chloride solution 
environment. The corrosion process of extruded 
samples can be explained using equivalent circuits 
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reported in Ref. [43].
Based on the fitting parameters, the greatest 

corrosion resistance is related to nickel-containing 
coating after NIA treatment. Figure 11 displays the 
samples’ phase curves. Each sample exhibits a 
consistent decline in phase angle, indicating the 

presence of a passivation layer. In addition, it 
exhibits a decline in protective properties with time 
and frequency. The highest and greatest phase angle 
indicate considerable electrochemical resistance and 
further support the creation of a high-density oxide 
film.

Figure 8 TEM images of different samples: (a) Nickel-aluminide free sample before aging; (b) Nickel-aluminide 
containing sample before aging; (c) Nickel-aluminide free sample after IA treatment; (d) Nickel-aluminide containing 
sample after IA treatment; (e) Nickel-aluminide free sample after NIA treatment; (f) Nickel-aluminide containing sample 
after NIA treatment
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4 Conclusions

This study investigated the effect of NIA 

treatment on the microstructure, mechanical 

properties, and corrosion behavior of an Al-Cu-Mg 

alloy coating reinforced with 1.5 wt% nickel-

aluminide. The main findings are as follows:

Figure 9 Polarization curve of different samples

Figure 10 (a) Corrosion current (Jcorr) and corrosion 
voltage (Ecorr); (b) Polarization resistance (Rp) and 
corrosion resistance (Rcorr) of different samples

Figure 11 EIS results of different samples; (a) Nyquist 
plots; (b) Phase plots; (c) Bode plots of EIS plots
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1) Due to the adsorption of copper atoms        
by nickel-aluminide in the Al-Cu-Mg alloy, the         
S-Al2CuMg precipitation ability decreased, such 
that by adding 1.5 wt% Ni to the Al-Cu-Mg matrix, 
the peak of maximum mechanical properties during 
non-isothermal aging shifted from 250 ℃ to 300 ℃.

2) A comparison between the coatings’ 
mechanical properties after artificial aging and NIA 
treatment revealed the higher hardness of both 
coatings with and without nickel-aluminide after 
NIA treatment.

3) During the NIA treatment, the hardness 
reduction rates in the nickel-free and                  
nickel-containing samples were HV0.33/℃ and 
HV0.13/℃, respectively, after reaching the          
maximum hardness.

4) The average grain size of coatings after NIA 
and IA treatments was almost the same. Moreover, 
nickel-aluminide intermetallic acted as a grain 
growth barrier, preventing it to a large extent.

5) In both coated samples with and without 
nickel-aluminide, corrosion current decreased after 
NIA and IA heat treatments. Besides, compared to 
the IA treatment, the corrosion current decreased by 
16.7% more after the NIA treatment in the nickel-
aluminide-containing coating.
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(Edited by ZHENG Yu-tong)

镍铝化物增强摩擦堆焊Al-Cu-Mg合金基复合涂层的非等温时效行为

摘要摘要：：本文研究了镍铝化物对Al-Cu-Mg合金非等温时效行为的影响。对经非等温时效处理的含镍铝

化物 Al-Cu-Mg 合金的组织、力学性能和耐蚀性进行了评价。结果表明，在 Al-Cu-Mg 基体中加入      

1.5 wt% Ni后，Al-Cu-Mg基体中镍铝化物的存在使析出物由S-Al2CuMg转变为θ-Al2Cu。在非等温时效

过程中，达到最大力学性能的非等温时效处理温度由250 ℃转变为300 ℃。与170 ℃等温人工时效处

理相比，经非等温时效处理的含镍铝化物Al-Cu-Mg合金的最大硬度和力学性能均提高了9%。含镍铝

化物试样在300 ℃时达到最大硬度和抗剪强度，分别为HV0.1(143.4±6.4)和(298.6±9.6) MPa。非等温时

效处理后，与AA2024铝合金基体和不含镍铝化物涂层相比，含镍涂层的腐蚀电流强度分别降低了约

58%和49%。与传统的人工时效处理相比，经非等温时效处理的含镍铝涂层的腐蚀电流降低了16.7%。

关键词关键词：：非等温时效；镍添加剂；摩擦堆焊；微观结构；腐蚀行为
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