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Abstract: The influence of non-isothermal aging on the microstructure and corrosion behavior of multilayer friction 
surfaced Al−Mg−Si alloy with different amounts of silver additive was investigated. The silver in 4, 8, and 13 wt.% was 
inserted into the consumable rods by drilling holes in the cross-section of the consumable rods. The coating 
microstructure was studied by using light and electron microscopy, the mechanical properties of the coatings were 
studied by using microhardness and tensile tests, and the corrosion resistance of samples was studied by using 
electrochemical testing. The results show that the grain size of friction surfaced layers decreases from (1.5±0.3) to 
(1.0±0.3) µm with increasing the silver additive content from 4 to 13 wt.%. The solute silver in the aluminum matrix 
increases the precipitation kinetics in the Al−Mg−Si alloy. After non-isothermal aging, the yield and tensile strengths of 
the silver-containing coating are 50.6% and 43.5% higher than those of the silver-free coating, respectively. 
Non-isothermal aging treatment reduces corrosion current density and increases corrosion resistance of both samples 
with and without silver additive. The corrosion resistance of the silver-containing coating after non-isothermal aging is 
96.5% higher than that of the silver-free coating. 
Key words: non-isothermal aging; microstructure; corrosion behavior; Al−Mg−Si alloy; silver additive; multilayer 
friction surfacing 
                                                                                                             

 
 
1 Introduction 
 

Studies have shown that the addition of silver 
to precipitation hardenable aluminum alloys will 
lead to a significant change in the precipitation 
sequence of these alloys [1]. The presence of silver 
with magnesium is more effective in the 
precipitation process of the alloy. In fact, silver 
accelerates the nucleation and growth of 
strengthening precipitates to achieve higher strength 
and hardness values in fewer periods of heat 
treatment. Research has shown that silver in limited 
amounts (for example, 0.3 at.% in Al−Zn−Mg 
alloys) will have a significant effect on the 
precipitation process. Higher amounts of silver will 
lead to the formation of silver-rich secondary phase 

particles, which causes the activation of other 
strengthening mechanisms in addition to the 
strengthening mechanism through precipitates. The 
effect of silver addition on Al−Zn−Mg [1,2] and 
Al−Cu−Mg [3] alloy systems has been studied by 
various researchers. However, the effect of silver 
addition on the Al−Mg−Si alloy system has been 
studied in a limited way. 

Although the main research about the effect of 
silver on the precipitation behavior of aluminum 
alloys was done based on isothermal aging heat 
treatment, studies have shown that one of the 
solutions to simultaneously improve the mechanical 
properties and corrosion resistance of precipitation 
hardenable aluminum alloys is non-isothermal 
aging (NIA) heat treatment instead of isothermal 
aging heat treatment of precipitation hardenable  
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aluminum alloys [4−6]. Although various 
conditions of the isothermal aging process have 
been extensively investigated [7−11], the NIA 
studies on Al−Zn−Mg−Cu [4,12−15], Al−Mg−Si 
[16−18] and Al−Cu−Mg−Si [19] alloy systems have 
shown that the NIA treatment increases the 
corrosion resistance by reducing the precipitate-free 
zone (PFZ) and the precipitate aggregation at the 
grain boundary. It was also reported that the tensile 
and yield strengths of the alloy significantly 
increased after NIA treatment compared to those 
after isothermal aging heat treatment [20−23]. It has 
also been reported in some sources that the initial 
precipitates formed during NIA treatment prevent 
dynamic recovery during the deformation or static 
recovery in the early annealing stage. 

Despite the existence of conventional methods 
in the manufacture of aluminum alloy, recent 
studies have shown that heat and severe plastic 
deformation applied along with severe plastic 
deformation processes such as friction stir 
processing [24] and friction surfacing [25,26] can 
cause the dissolution of additive elements and thus 
alloying in the processed material. Although studies 
have shown that the recovery rate of additives and 
their dissolution in the matrix depend on the 
process parameters, most of the additives are 
remained in the form of secondary phase particles 
in the matrix and led to the activation of the 
strengthening mechanism through particles. The 
friction surfacing process is known as a tool for 
applying metal coatings on similar and dissimilar 
metal substrates. However, the high capability of 
this process in applying a fine-grained layer with 
significant mechanical and tribological properties 
compared to other coating processes based on 
consumable melting has prompted research into the 
ability of this process to additive manufacturing of 
various structures and alloys. DILIP et al [27] 
studied the application of multilayer coatings by 
using the friction surfacing method. They reported 
that the fabrication of plain carbon steel multilayer 
coatings using the friction surfacing process 
resulted in the formation of an integrated 
fine-grained structure with a strong bond between 
various layers. In another study, DILIP and 
JANAKI RAM [28] investigated the AA2014 
aluminum alloy multilayer coating on AA5083 
aluminum alloy substrate. They reported that the 
use of the consumable rod in the T6 treatment leads 

to over aging in the applied coatings. Although the 
loss of strength can be eliminated by solution 
treatment and aging of the coatings, this treatment 
causes extensive grain growth in the coating. 
GANDRA et al [29] studied the fabrication of 
AA6082−SiC composite gradient coating on 
AA2024 aluminum alloy substrate. By using the 
friction surfacing process, they applied a multilayer 
coating with a gradual change in SiC content from  
5 to 30 wt.%. They showed that despite the 
occurrence of over aging in the substrate, the 
hardness of the last layer increased by 30% 
compared to that of the coating without 
reinforcement. 

According to the available sources, the effect 
of non-isothermal aging heat treatment on 
Al−Mg−Si alloys containing silver has not been 
investigated so far. In this research, by applying a 
friction-surfaced multilayer coating of Al−Mg−Si 
alloy containing different amounts of silver on 
AA2024 aluminum alloy substrate, the effect     
of non-isothermal aging heat treatment on the 
microstructure, mechanical properties, and corrosion 
resistance of the applied coating was investigated. 
 
2 Experimental 
 

In order to apply the Al−Mg−Si alloy 
multilayer coating on the AA2024 aluminum alloy 
substrate, AA6061 aluminum alloy consumable rod 
with chemical composition of 0.62% Si, 0.57% Fe, 
0.32% Cu, 0.11% Mn, 1.15% Mg, and Al balance, 
and AA2024 aluminum alloy sheet with chemical 
composition of 0.18% Si, 0.25% Fe, 3.21% Cu, 
0.40% Mn, 1.35% Mg, and Al balance (all in wt.%) 
were prepared. The substrate was 2 mm in thickness 
and the consumable rod was 20 mm in diameter. 
The consumable rods with a length of 10 cm and a 
substrate with dimensions of 10 cm × 10 cm were 
cut. As shown in Fig. 1, according to the previous 
research [30], in order to apply silver powder in 4, 8, 
and 13 wt.%, holes with diameters of 2.5, 3.5, and 
4.5 mm were drilled in the cross-section of the 
consumable rod. Figure 2 shows transmission 
electron microscopy (TEM) image of silver nano 
powder used in this study. As shown in Fig. 2, the 
silver powder, with an average size of (15±7) nm, 
was used as the additive. All consumable rods  
used were solid-solutionized before coating. The rods 
were treated at 530 °C for 2 h, and then quenched in 
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Fig. 1 Holes drilled in cross-section of consumable  
rods (a), and schematic illustration of microstructural 
examination, corrosion test, and tensile test extraction 
position (b) 
 

 

Fig. 2 TEM image of silver nanopowder used in this 
study 
 
water. All coatings were measured at a rotational 
speed of 800 r/min, a traverse speed of 100 mm/min, 
and an axial feeding rate of 125 mm/min. In order 
to compare the multilayer coating containing silver 
powder and the coating without silver, a multilayer 
coating was applied using the same parameters but 
with a consumable rod without silver additive. In 
order to investigate the effect of NIA treatment after 
coating, the multilayer samples containing silver 
powder, without silver powder, and substrate were 
first solid-solutionized at 530 °C for 8 h. Then,  
the solutionized samples were subjected to non- 
isothermal aging treatment with a heating rate of 
10 °C/min. 

After coating operation, different samples were 
extracted for microstructural studies, mechanical 
properties test, and corrosion evaluation of coatings. 

In order to study the precipitation sequence during 
non-isothermal heat treatment, differential scanning 
calorimetry (DSC) test samples were extracted from 
two coatings. The samples were then subjected to a 
heating rate of 10 °C/min in N2 atmosphere using a 
DSC 204 Phoenix. The microstructure of the coated 
samples was studied using optical and scanning 
electron microscopes. The hardness of the samples 
was measured using the micro-Vickers hardness test 
according to the ASTM E92 standard with a load of 
100 g for a duration of 10 s. According to Fig. 1, 
tensile test samples were prepared from samples 
with and without silver powders. The tensile     
test was performed with a cross-head speed of 
1 mm/min. In order to investigate the corrosion 
behavior of the samples, the corrosion test was 
performed by IVIUM model Vertex using a solution 
of 3.5 wt.% NaCl as a corrosion medium. In the 
corrosion test, a saturated calomel electrode was 
used as a reference electrode and platinum as an 
auxiliary electrode. The scanning rate of 1 mV/s 
was used in all experiments. Before starting the test 
and drawing the TOEFL curve, in order to reach 
steady state condition, all samples were immersed 
in a 3.5 wt.% NaCl solution for 30 min. 
 
3 Results and discussion 
 
3.1 Macrostructure 

The cross-sections of coated samples without 
and containing silver powder are shown in Fig. 3. 
The coating efficiency (ηcoating) was calculated 
according to the procedure reported in Ref. [31] as 
follows:  

d
coating

b
2

d

 

π z

A vW

r v W
η =                       (1) 

 
where Ad is the deposited cross-section area, v is the 
traverse speed of the consumable rod, Wb is the 
effective bonded width, πr2 is the cross-section area 
of the consumable rod (r is the radius of the 
consumable rode), vz is the axial feeding rate, and 
Wd is the maximum coating width. Coating 
efficiencies of Layers 1, 2, and 3 in the sample 
containing silver were 17%, 19%, and 20%, 
respectively. The coating efficiencies of Layers 1, 2, 
and 3 in the sample without silver was 15%, 18%, 
and 19%, respectively. The higher efficiency of the 
coating in different layers of the sample containing 
silver powder and its increase with increasing the  
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Fig. 3 Cross-sections of coated samples: (a) Sample containing silver; (b) Sample without silver (The silver powder 
content of Layers 1, 2, and 3 in the sample is 4, 8, and 13 wt.%, respectively) 
 
amount of silver powder are related to the change of 
friction conditions on the contact surface of the 
consumable rod. As the consumable rods are in 
solid solution condition during the process due to 
heat and plastic deformation, it is possible to 
increase the strength of the consumable rod. 
Therefore, it is expected that by reducing the heat 
input during the process, a smaller increase in the 
strength of the consumable rod will occur. By 
reducing the strength of the consumable rod, the 
amount of plastic deformation increases during the 
process, and as a result, the material deposition on 
the substrate will increase during the surfacing. By 
applying a hole in the cross-section of the 
consumable rod, a part of the consumable rod 
material is removed, which reduces the amount of 
friction and thus reduces the heat input. As the heat 
input decreases, the strength of the consumable rod 
decreases and the plastic deformation capability of 
the consumable rod increases, which increases the 
deposition rate and the efficiency of the coating. 
Temperature measurements in various areas of the 
silver powder-containing sample revealed that the 
temperatures at the substrate/Layer 1, Layer 1/ 
Layer 2, and Layer 2/Layer 3 interfaces are 391, 
379, and 368 °C, respectively. The decrease in 

temperature by increasing the mass fraction of 
silver in the consumable rod confirms the claim of 
reducing the heat input due to the drilling of holes 
in the consumable rod. On the other hand, it can be 
seen that the efficiency of the coating in different 
layers does not differ much in the sample without 
silver powder. Although no noticeable temperature 
difference is observed at the interface of substrate/ 
Layer1, Layer 1/Layer 2, and Layer 2/Layer 3 of 
the sample without silver powder (398, 396, and 
392 °C, respectively), the decrease in coating 
temperature with an increasing number of layers is 
probably related to the effect of the underlying 
layers and the increase in heat sink caused by these 
layers. A comparison of the efficiency results 
obtained in this study with the values reported in 
Ref. [30] shows that solid solution treatment has a 
strong impact on the coating efficiency process. In 
fact, the solid solution treatment reduces the 
efficiency of the coating in the sample without 
silver powder compared to the conditions in which 
the aged rod is used. 
 
3.2 Microstructure before heat treatment 

Figure 4 shows the microstructures in the 
center zone of different layers of silver-containing 
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and silver-free samples before heat treatment. Also, 
the microstructures on the advancing and retreating 
sides of different layers of silver-containing and 
silver-free samples are shown in Figs. 5 and 6, 
respectively. Irrespective of the presence or absence 
of silver, the grain size on the advancing side, 
retreating side, and in the central zone of a layer is 
not significantly different. Also, despite the small 
difference in grain size of different layers in the 

sample without silver, in the sample containing 
silver, the grain size decreases with increasing the 
content of silver powder. Based on Ref. [32], the 
formation of an equiaxed microstructure in the 
coating is caused by the occurrence of a dynamic 
recrystallization mechanism. Two factors, temperature 
and plastic strain rate, play a key role in the 
formation of the recrystallized microstructure. As 
the temperature decreases and the plastic strain rate  

 

 
Fig. 4 Microstructures in center zone of different layers of silver-containing (a) and silver-free (b) samples before heat 
treatment 
 

 
Fig. 5 Microstructures of different layers on advancing and retreating sides of silver-containing sample 
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Fig. 6 Microstructures of different layers on advancing and retreating sides of silver-free sample 
 
increases, the size of the recrystallized grain 
decreases. According to Refs. [33,34], the following 
equation can be used to estimate the plastic strain 
rate ( )ε  during the coating process: 
 

0.5
b

eff 2 π
π z

dW v
n d

v
ε

 
=  

 
                  (2) 

 
where n denotes the mean material flow rate, deff 
represents the effective thickness of the coating, and 
d is the coating thickness. The plastic strain rate can 
be obtained according to the process parameters and 
geometric parameters of the coating. Accordingly, 
the plastic strain rate of Layers 1, 2, and 3 in the 
sample that contains silver powder is 1236, 1249, 
and 1262 s−1, respectively. The strain rate increases 
from Layer 1 to Layer 3. The temperature 
measurements have also shown that the temperature 
decreases with movement from Layer 1 to Layer 3. 
Therefore, both the temperature and the plastic 
strain rate act to reduce the grain size. Based on the 
results reported in Ref. [30], the use of aged 
consumable rod leads to similar results, meaning 
that with increasing the content of silver powder, 
grain size decreases. However, based on the results 
obtained from the aged rod, it was found that 
compared to plastic strain rate, the effect of 
temperature on the coating grain size is dominant. 

However, it should be noted that the presence of 
silver-rich particles activates the particle stimulated 
nucleation (PSN) mechanism, which can reduce the 
grain size of the coating by increasing the content 
of silver powder. 
 
3.3 Hardness after NIA treatment 

Changes in the hardness of the sample 
containing and without silver at different non- 
isothermal aging temperatures are shown in Fig. 7. 
In both types of coatings, the hardness first 
increases and then decreases with increasing aging 
temperature. However, the increase in hardness of 
the coating occurs in the sample containing silver at 
a lower temperature and the decrease in hardness at 
the maximum aging temperature in the sample 
containing silver powder is less. The faster increase 
in hardness in samples containing silver powder is 
related to the effect of silver on the aluminum 
structure and helps to increase the precipitation 
kinetics. On the other hand, the presence of 
silver-rich particles prevents a large drop in 
hardness at high aging temperatures. In other words, 
it can be said that the addition of silver by creating 
silver-rich secondary phase particles leads to an 
increase in the thermal stability of the coating.    
A comparison of the results of coating hardness in 
different layers with the values reported in Ref. [30] 
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shows that the use of rods in aged conditions and 
isothermal aging heat treatment after coating leads 
to lower values of hardness of the coating under 
similar conditions. In order to investigate the cause 
of different hardness changes in the sample 
containing and without silver powder, micro- 
structural changes after non-isothermal aging were 
studied. 

 
3.4 Microstructure after heat treatment 

Figures 8(a) and (b) show the microstructures 
of different layers of samples containing and 
without silver powder after non-isothermal aging 
heat treatment at temperatures of 200 and 250 °C, 
respectively. Also, the grain sizes of different layers 
at different aging temperatures are reported in Table 
1. In both samples, by solid solution heat treatment, 

the grain growth occurs in different layers. However, 
it should be noted that grain growth is not very 
noticeable after non-isothermal aging heat treatment. 
Due to grain growth during the solid solution 
treatment of the sample containing silver, the grain 
sizes of different layers are almost identical to each 
other, and there is no noticeable difference between 
the grain sizes of different layers. Although grain 
growth occurs in both samples, the degree of grain 
growth in the sample without silver powder is much 
higher than the sample containing silver powder. 
Dissolution of precipitates during solid solution 
treatment and removal of obstacles against the 
movement of grain boundaries are the important 
reasons for significant grain growth in silver-free 
samples. Although precipitate dissolution also 
occurs in the sample containing silver, silver-rich  

 

 
Fig. 7 Variation of average hardness versus NIA treatment temperature of silver-containing (a) and silver-free (b) 
samples 
 

 
Fig. 8 Microstructures of different layers in different samples: (a) Silver-containing sample after NIA treatment at 
200 °C; (b) Silver-free sample after NIA treatment at 250 °C 
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particles act as grain boundary locking agents and 
prevent excessive grain growth in the sample 
containing silver powder during heat treatment. The 
comparison of microstructural results with the 
results reported in Ref. [30] shows that similar 
results are observed after isothermal heat treatment 
of samples coated with and without silver powder. 
Researchers in Ref. [30] reported that due to the 
silver-rich particles hindering grain boundary 
movement, no significant difference was observed 
in the grain size of different layers of silver- 
containing coating. 
 
3.5 Precipitates evolution before and after heat 

treatment 
SEM images of the sample containing and 

without silver powder before and after the non- 

isothermal aging treatment are shown in Figs. 9 and 
10, respectively. In the sample without silver 
powder in all layers before heat treatment, the 
microstructure contains β(Mg2Si) and Si-rich 
precipitates and secondary phase particles. Moving 
from Layer 1 to Layer 3, the difference in 
precipitate size is not noticeable. After heat 
treatment, the size of the β(Mg2Si) precipitates 
becomes smaller, but the size of the Si-rich 
secondary phase particles does not change much.  
In the sample containing silver powder before  
heat treatment, β(Mg2Si), Si-rich, and silver-rich 
precipitates and secondary phase particles are 
observed in the structure. The β(Mg2Si) precipitate 
size is finer compared to that of samples without 
silver powder. The reduction in size of the 
precipitates is related to the lower heat input during  

 
Table 1 Grain sizes of different layers of coatings containing and without silver at different NIA treatment temperatures 

Coating Layer 
No. 

Grain size/μm 

400 °C 350 °C 300 °C 250 °C 200 °C 150 °C 100 °C 25 °C 

Silver- 
free 

1 11.4±0.4 10.8±0.2 11.1±0.1 11.2±0.3 10.8±0.6 11.2±0.5 10.9±0.5 11.3±0.6 

2 11.2±0.1 11.3±0.6 10.9±0.7 11.1±0.6 10.9±0.3 11.5±0.1 11.2±0.3 11.5±0.2 

3 11.5±0.6 11.2±0.5 11.2±0.5 10.9±0.6 11.2±0.5 11.2±0.1 11.5±0.6 11.8±0.3 

Silver- 
containing 

1 10.2±0.3 9.9±0.5 9.9±0.2 9.9±0.3 10.1±0.3 9.8±0.7 10.1±0.3 9.9±0.4 

2 10.5±0.1 9.8±0.2 9.8±0.8 9.9±0.5 10.6±0.6 9.9±0.5 10.2±0.2 10.1±0.3 

3 9.9±0.3 10.1±0.1 10.2±0.3 10.1±0.7 10.3±0.4 10.2±0.4 9.9±0.5 10.4±0.6 
 

 
Fig. 9 Microstructures of different layers in different samples before NIA treatment: (a) Silver-containing sample;    
(b) Silver-free sample 
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Fig. 10 Microstructure of different layers in different samples after NIA treatment: (a) Silver-containing sample;     
(b) Silver-free sample 
 
the coating of the layers containing silver powder, 
which prevents the growth of these precipitates, and 
finer precipitates are formed in the structure than in 
the sample without silver powder. It should be 
noted that higher heat input during coating of a 
sample without silver powder leads to a more 
complete precipitation process in solid-solutionized 
rods. As a result, it can be expected that by 
increasing the heat input, the precipitates will be 
fully formed and the growth stage of the 
precipitates will begin. After non-isothermal    
heat treatment, the size of Mg2Si precipitates 
decreases, as in the case without silver powder. 
After non-isothermal heat treatment in the silver- 
containing sample, the Q (Al4(Cu,Ag)Mg4Si4) 
precipitates are formed. The presence of smaller 
silver-rich particles is quite evident after the aging 
treatment. The reason for this is the solid solution 
treatment and the possibility of silver dissolution in 
the aluminum matrix. 

In order to study the precipitation sequence of 
samples containing and without silver, after solid 
solution treatment, the DSC samples were prepared 
from Layers 1−3 of different coated samples.   
The DSC test results are shown in Fig. 11. As can 
be seen, the precipitation sequences of the      
two coatings are not much different, and the only 

 
Fig. 11 DSC data of different layers in different samples: 
(a) Silver-containing sample, (b) Silver-free sample 
 
obvious difference between the two coatings is the 
height and position of the peaks related to different 
precipitation stages. By comparing data reported in 
Refs. [35−37], in the coating without silver, the 
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exothermic peaks around 80 °C (Peak A) and in the 
temperature range of 120−190 °C (Peak B) are 
related to the formation of vacancy−Si clusters and 
GP zone, and peaks around 240 °C (Peak C) and 
290 °C (Peak D) are related to the formation of βʺ 
and βʹ precipitates, and the exothermic peak around 
480 °C (Peak E) is related to the formation of β 

precipitates. In the silver-containing coating, Peaks 
D1 and D2 are related to the formation of βʹ and Qʹ 
precipitates. Also, Peaks E1 and E2 are related to the 
formation of β and Q precipitates. As can be seen, 
with the addition of silver powder, the heights of 
peaks related to Qʹ and Q precipitates increase. This 
indicates that the addition of silver to the aluminum 
matrix increases the precipitation rate of Q 
(Al4(Cu,Ag)Mg4Si4) precipitates. 
 
3.6 Tensile test results of coated samples 

The results of the tensile test samples 
containing and without silver powder before and 
after non-isothermal heat treatment are shown in 
Fig. 12. The results show that by performing the 
aging heat treatment, the yield strength and tensile 
strength of both samples increase, but the 
elongation decreases. It should be noted that the 
increase rate in strength of the sample containing 
silver powder is much higher than that of the 
sample without silver powder. Indeed, after 
non-isothermal aging, the yield and tensile strengths 
are 19.4% and 3.6% higher respectively than those 
of the sample without silver powder. Although the 
two samples do not differ much in the nature and 
morphology of the precipitates, the presence of 
silver-rich particles by activating the strengthening 
mechanism through secondary phase particles could 
be the main reason for the higher strength in the 
sample containing silver powder. Figure 13 shows 
the fracture surface of different layers in the 
samples containing and without silver powder after 
non-isothermal aging treatment. In the sample 
without silver powder, the presence of smaller and 
deeper dimples in Layer 1 indicates a greater 
elongation of this layer. After addition of silver 
powder, the dimples become shallower, which is 
consistent with the results of the stress−strain curve. 
On the other hand, dimples in the sample containing 
silver powder after non-isothermal heat treatment 
are less than those in the sample without silver 
powder. 

 

 
Fig. 12 Stress−strain curves of silver-free and silver- 
containing samples before and after NIA treatment 
 
3.7 Corrosion behavior 

The pitting morphologies of silver-containing, 
silver-free samples, and substrate, are shown in 
Fig. 14. The substrate has a larger number of pits 
with smaller size than silver-containing and silver- 
free samples. The pits on the substrate are linearly 
concentrated in localized regions. The semi-linear 
distribution of pits should be due to the elongated 
grains induced by rolling processing, suggesting a 
preferential corrosion feature at grain boundaries. It 
is observed that the sample without silver presents 
larger and deeper pits than that containing silver. 
The larger average size of pits in the sample 
without silver is because the larger Mg2Si and 
Si-rich precipitates and secondary phase particles 
are more easily pitted. The important point is that 
the presence of silver-rich particles in the silver- 
containing sample along with finer secondary phase 
particles and precipitates leads to the reduction in 
the amount of corrosion on the surface. 

Figure 15 shows potentiodynamic polarization 
curves of substrate and different coated samples 
after non-isothermal aging treatment. It should be 
noted that the corrosion potential can be considered 
as the necessary force for the corrosion reaction to 
occur. Therefore, the more positive the corrosion 
potential is, the greater force is needed to perform 
the corrosion. On the other hand, the corrosion 
current density means the amount of charge 
exchanged in the corrosion reaction, therefore, the 
lower the quantity, the higher the corrosion 
resistance of the sample. The corrosion started by 
attacking Cl− ions on the oxide surface, as the test 
was conducted in NaCl. The Cl− ions are replaced 
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Fig. 13 SEM images showing fracture surfaces of different layers in silver-free and silver-containing samples after 
non-isothermal heat treatment 
 
by oxygen in the uniform oxide film and chlorine 
metal is formed, which reduces the oxide film and 
begins to form cavities. Thus, corrosion products 
mainly containing aluminum hydroxide (Al(OH)3), 
aluminum oxide (Al2O3) and aluminum chloride 
(AlCl3) have been observed [35]. According to 
Fig. 15, it is clear that the use of silver powder leads 
to the transfer of polarization curves to more 
positive potentials and lower current densities. Also, 
the values of corrosion potential and corrosion 

current densities obtained from the potentiodynamic 
polarization curves are reported in Table 2. On the 
other hand, it is observed that the coated samples 
have higher corrosion resistance than the AA2024 
aluminum substrate. According to Table 2, it is clear 
that the corrosion potential of silver-containing and 
silver-free samples is 3.2% and 1.7% less than that 
of the substrate, respectively, and the corrosion 
current density is 99.5% and 86.8% less than   
that of the substrate, respectively. Corrosion current  
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Fig. 14 Surface morphologies of different samples before and after corrosion test: (a) Silver-containing sample;       
(b) Silver-free sample; (c) Substrate 
 

 

Fig. 15 Polarization curves of substrate, silver-free and 
silver-containing samples after NIA treatment 

Table 2 Electrochemical parameters of different samples 
Sample φcorr (vs SCE)/mV Jcorr/(mA∙cm−2) 

Silver-containing −556.64 0.011 

Silver-free −565.11 0.315 

Substrate −575.01 2.402 

 
density is 2.402, 0.315, and 0.011 mA/cm2 for the 
substrate, silver-free, and silver-containing samples, 
respectively. All these results clearly indicate the 
positive effect of adding silver on the corrosion 
resistance of AA6061 aluminum alloy. The increased 
corrosion resistance in the silver-containing samples 
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can be related to smaller grain size and the presence 
of silver-rich particles. Reducing the grain size due 
to the friction surfacing process means increasing 
the grain density in the metal. Therefore, as grain 
boundaries tend to have a higher chemical reaction 
than other areas, it is expected that the process of 
protective surface layer formation is facilitated. 
Another important point is the finer size of β and  
Q precipitates in the sample containing silver 
powder, which leads to an increase in corrosion 
resistance. The comparison of corrosion results with 
the results reported in Ref. [30] shows that 
non-isothermal heat treatment reduces corrosion 
density and increases corrosion resistance in both 
samples with and without silver powder. The 
smaller grain size as well as the silver-rich 
secondary phase particles in the samples subjected 
to non-isothermal heat treatment can be the main 
reasons for the increase in corrosion resistance. 
 
4 Conclusions 
 

(1) Although the coating efficiency increases 
by increasing silver additive in different layers, the 
efficiency of the coating in different layers does not 
differ much in the sample without silver additive. 

(2) Irrespective of the presence or absence of  
a silver additive, the grain size on the advancing 
side, retreating side, and in the central zone of a 
layer is not significantly different. 

(3) In the sample containing silver, the 
increase in hardness of the coating occurs at a lower 
temperature and also the decrease in hardness    
at the maximum aging temperature in the sample 
containing silver powder is less. The presence of 
silver-rich particles prevents a large drop in 
hardness at high aging temperatures and increases 
the thermal stability of the coated layers. 

(4) In both samples containing and without 
silver, by solid solution heat treatment after friction 
surfacing, the grain growth occurs in different layers. 
However, the grain growth is not very noticeable 
after non-isothermal aging heat treatment. 

(5) The corrosion potential of silver-containing 
and silver-free samples is 3.2% and 1.7% less than 
that of the substrate, respectively, and the corrosion 
current density is 99.5% and 86.8 % less than that 
of the substrate, respectively. 

(6) The smaller grain sizes as well as the 
silver-rich secondary phase particles in the samples 

that have been subjected to non-isothermal heat 
treatment can be the main reasons for the increase 
in corrosion resistance. 
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摘  要：研究非等温时效对添加不同银含量 Al−Mg−Si 合金多层摩擦表面显微组织和腐蚀行为的影响。通过在耗

材棒横截面上钻孔的方式添加 4%、8%和 13% (质量分数)的银。采用光学显微镜和电子显微镜研究涂层的显微组

织，采用显微硬度和拉伸实验研究涂层的力学性能，采用电化学测试研究样品的耐腐蚀性。结果表明，随着银添

加量从 4% (质量分数)增加到 13% (质量分数)，摩擦堆焊表面层的晶粒尺寸从(1.5±0.3) μm 减小到(1.0±0.3) μm。铝

基体中的溶质银能够加速 Al−Mg−Si 合金的析出动力学。经非等温时效处理后，含银涂层的屈服强度和抗拉强度

分别比不含银涂层高 50.6%和 43.5%。经非等温时效处理后，材料的腐蚀电流密度降低，含银和不含银样品的耐

腐蚀性均提高，含银涂层的耐蚀性比无银镀层提高了 96.5%。 

关键词：非等温时效；显微组织；腐蚀行为；Al−Mg−Si 合金；银添加剂；多层摩擦堆焊 
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