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Abstract: The damage and cold work hardening of 4043 and 2024 T4 aluminum alloy were introduced by tensile test under the 

applied stress between the yield strength and ultimate tensile strength. Fatigue damage of 2024 T4 aluminum alloy was introduced 

by cycling to half of fatigue life (85 000 cycles) at 225 MPa. Then the damaged specimens were healed by D. C. electropulsing. The 

electric resistances of as-received, damaged and healed specimens were measured by electric bridge, respectively. The results show 

that the elongation increases, and yield strength and ultimate strength decrease with the increase of healing time for the 4043 

aluminum alloy tensile damaged specimen. The mechanical properties of the 4043 aluminum alloy damaged specimens treated by a 

0.5 s electropulsing are close to the values of undamaged specimens. Fatigue life is considerably prolonged by a 0.8 s electropulsing 

treatment for the fatigue damaged specimen of 2024 T4 aluminum alloy. The electric resistance of aluminum alloys increases 

obviously after fatigue or tension damage, and decreases after electropulsing treatment, but it is still larger than that of the 

as-received specimen. The treatment time has little influence on the final resistances, but the mechanical properties are quite 

different for the samples treated by various electropulsing time. Although the resistance can describe the damage of aluminum alloys, 

it is not very sensitive to the mechanical properties, so it can not be considered as a good criterion for healing evaluation. The 

observation of microstructure reveals that the damages can be partly healed after D. C. electropulsing, and recrystallizaton 

phenomenon appears.
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Many research results indicate that an electric current can 

influence the behaviors of materials, such as electromigra-

tion

[1]

, electroplasticity

[2]

, solidification of metals and alloys

[3]

, 

structural modification

[4]

, and so on. Previous works showed

that high current density electropulsing could be used for an-

nealing of cold worked copper and titanium

[5,6]

, partly healing

of microcracks of steel

[7]

, and modifying of persistent sliding 

bands (PSBs) produced by fatigue

[8]

. But above mentioned

studies were seldomly dealt with damage healing in aluminum 

alloy. Besides, how to judge the damage healing process is an 

anxious problem to be solved. There are many parameters 

which can be used to evaluate damage, such as modulus 

change, macro-hardness, toughness dissipation, potential 

change, electrical resistance, ultrasonic dynamic method, etc. 

Among them, electrical resistance method is one of the best 

nondestructive examination methods. Present investigation 

will use electrical resistance to evaluate the damage healing by 

electropulsing in aluminum alloys. 

1 Experimental Study

The studied materials were 4043 and 2024 aluminum alloys, 

whose compositions are given in Table 1. 4043 alloy was 

taken from a cold rolled plate. 2024 alloy plate was in a heat 

treated state according to T4 regime. Their main properties are 

listed in Table 2.

Tensile specimens were fabricated according to the ASTM 

E8. Their dimension is shown in Fig.1. The thickness of 

specimens was 0.92 mm for 4043 alloy, and 1.88 mm for 2024 

alloy.

The damage or work hardening of specimens were intro-

duced by the pre-tensile test, whose applied stress was 160 

MPa for 4043 alloy, and 440, 470, 490 MPa for 2024 alloy,
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Table 1  Composition of two kinds of aluminum alloys (wt%)

Alloy Si Fe Cu Mn Mg Zn Ti Al

4043 5.14 0.80 0.30 0.05 0.05 0.10 0.20 Bal.

2024 0.5 0.5 3.8-4.9 0.3-0.9 1.2-1.8 Bal.

Table 2 Typical mechanical properties

Alloy

Nominal yield

strength σ

0.2

/MPa

Ultimate tensile

strength σ

b

/MPa

Elongation/%

4043 156.6 166.8 2.7

2024 382 501 17.8

Fig.1 Schematic of the tensile specimen (mm)

respectively, located between the σ

0.2

 and σ

b

. The damaged 

specimens after tensile stress applied were treated by D. C. 

electropulsing with different time. The pulsing frequency and 

the density of current were 50 Hz and 170 A/mm

2

, respec-

tively. The treatment duration was a cumulative time; after 

every 0.2 s treatment, there was a rest of 1 min for cooling the 

specimens. The electric resistances of as-received, damaged 

and healing states of specimens were measured by an electric 

bridge. Then the treated specimens were fractured by a tensile 

test. 

The fatigue specimens of 2024 T4 aluminum alloy were 

fabricated according to ASTM466. Their dimension is shown 

in Fig.2. The work section of the specimen is 7.86 mm (width) 

×1.88 mm (thickness). Fatigue damage was introduced by cy-

cling to half of a fatigue life (85 000 cycles) at 225 MPa. Then 

the damaged specimens were healed by D. C. electropulsing. 

The electropulsing method, parameters and resistance measure 

were the same as the tensile test. The treated specimens were 

continually fatigued to fracture at 225 MPa, and the fatigue 

life times were estimated by 85 000 plus continual fatigue cy-

cles of the treated specimens.

Fig.2 Schematic of the fatigue specimen (mm)

The microscopic structure of as-received, damaged and 

treated specimens is observed by an optical microscope.

2  Results

From Table 3 we can find that the resistance of 4043 tensile 

specimens as-received is around 27.20 mΩ. After applying 

160 MPa stress, the resistance changes to 30.12 mΩ, which

increases by about 11%. When treated by D. C. electropulsing, 

the resistance becomes to 28.17 mΩ, decreases by about 6.5% 

and almost does not depend on the treated time. However, the 

resistance of treated specimens is larger than that of the as-

received specimens. The higher the pre-tensile stress is, the 

more the increase of the resistance of 2024 alloy is. Via treat-

ment of 0.8 s D. C. electropulsing, the resistance also de-

creases, and the final resistance is independent to the tensile 

stress, because the final resistance is nearly the same, as indi-

cated in Table 3.

According to Table 3 and Table 4, although the resistance of 

4043 specimens treated for different time is nearly the same, 

the tensile properties are obviously different. With the increase 

of the treated time, the yield strength and ultimate tensile 

strength intensely decease, and the elongation slightly in-

creases. Although the resistance of the damaged 4043 alloy 

specimens after treatment decreases and the different treat-

ment time results in the close resistances, the mechanical 

properties are quite different for the samples treated for vari-

ous electropulsing time.

Table 3  Resistance of tensile specimens at RT

Sample

R as

received/

mΩ

Pre-tensile

stress/MPa

R after

pre-tensile/

mΩ

Treated

time/s

R after

treatment

/mΩ

4043

27.35

27.14

27.10

160

160

160

30.17

30.10

30.08

0.5

1

10

28.13

28.32

28.06

2024

T4

25.89

25.78

25.83

440

470

490

26.56

26.90

27.29

0.8

0.8

0.8

26.01

25.75

26.04

Table 4 Tensile properties after treatment

Sample

Pre-tensile

stress/

MPa

Treated

time/s

Yield

strength

σ

0.2

/MPa

Ultimate  

strength

σ

b

/MPa

Elongation/

%

4043

160

160

160

10

1

0.5

137.2

150.9

155.8

142.4

163.5

164.4

3.0

2.9

2.7

2024

T4

440

470

490

0.8

0.8

0.8

427.5

437.5

433.5

505

497

490

17.6

18.1

19.3

12.86

2
5

152

40

4-R13.5
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Table 5 is the fatigue test results at 225 MPa. After 85 000 

cycles at 225 MPa stress, the electrical resistance increases. 

The electrical resistance after healing treatment is always de-

creased comparing with that of the counterparts after fatigue, 

but it is higher than that of the as received specimens. The re-

sistance of the specimens treated with different time is nearly 

the same; however, the fatigue life of treated specimens is 

prolonged. The optimum treatment time is 0.8 s, and the fa-

tigue life increases by about 40%. When treated time reaches

5 s, the fatigue life increases by about 30%.

3 Discussion

After the tensile or fatigue test, the ordered lattice was de-

stroyed, and the defects of the damaged specimens enhanced. 

The defects include vacancies, voids, dislocation, lattice dis-

tortion, sliding bands, grain deformation, microcracks, etc. 

The enhanced defects can disturb the direction movement of 

the electrons, and induce higher resistance. Therefore, the re-

sistances of the specimen after tension or fatigue damage in-

crease. Upon applying electropulsing to the damaged speci-

mens, the electromigration take place

[4]

. The partial defects 

will be healed or even vanish, and these processes associate 

with the electromigration. The defects of the treated speci-

mens reduce, while the resistance decreases.

Nearly all defects relate to the dislocations; therefore, the 

electropulsing is mainly used to heal the dislocations. It is well 

known that the flow stress σ for metal is related to the disloca-

tions density ρ, shown in Eq (1):

σ=σ

0

+mαGbρ

1/2

      (1)

Where σ

0

 is a contribution into the deformation resistance na-

ture, mα is orientation factor, α is close to 0.3, which is a pa-

rameter characterizing the inter-dislocation interaction, G is 

the shear modulus, and b is the Burgers vector. When 

pre-tensile stress of 2024 alloy is higher, the dislocations den-

sity ρ will increase, leading to the increase of the resistance, 

shown in Table 3.

According to the orientation factor mα, the dislocations can 

be divided into two kinds: easy healing and difficult healing. 

When the mα of dislocations is favorable to the current direc-

tion, after treatment by electropulsing, the dislocations of easy

healing could vanish owing to electromigration, but the dislo- 

 

Table 5  Fatigue test results of 2024 T4 aluminum alloy

at 225 MPa

R as

received/

mΩ

R’ after

85 000

cycles/mΩ

Treated

time/s

R’’ after

healing

/mΩ

Total cycles/

N

0 170 000

25.95 27.20 0.5 26.09 186 323

26.48 27.93 0.8 27.06 287 823

27.08 27.87 1.2 27.53 281 310

26.02 27.77 5.0 26.78 220 670

cations of difficult healing are left. Hence only partial defects 

will be healed or even vanish after electropulsing, which can 

explain why the resistance of treated specimens decreases, and 

is always larger than that of the received specimens. Owing to 

the fact that only the favorable mα of dislocations to the cur-

rent direction can be used for healing, it is that no matter how 

long the treatment time is and how big the pre-tensile stress is, 

the final resistance via treatment by D. C. electropulsing is 

nearly  the same, and independent on treatment time, as 

shown in Table 3 and Table 4. However, extra treatment time 

result in the annealing due to the elevated temperature; there-

fore the yield strength and ultimate tensile strength decease 

intensely, and the elongation increases slightly with increasing 

of treatment time.

R’–R indicates the damage value, while the difference 

R’–R’’(R’’ is the resistance of the treated specimen by elec-

tropulsing) expresses damage restorable value. (R’–R’’)/(R’ 

–R)×100% denotes damage restorable percent, as well as the 

[1–(R’–R’’)/(R’–R)×100%]  indicates residual damage percent. 

The data shown in Table 3 and Table 5 are not satisfied to this 

concept; although resistance can reflect the damage recovery 

by electropulsing, it can not evaluate recovery extent, especial 

for the specimen with extra treatment time.

Observation in the same site of damaged and treated speci-

mens shows that the damage is partly healed by electropulsing. 

Fig.3 is one of illustrations. Before tensile test, no damage ex-

ists (Fig.3a). After the tensile test, there are several damage 

which can be found, and obvious damage is indicated by an 

arrow (Fig.3b). When treated by electropulsing, partial 

damage is recovered (Fig.3c). After the fatigue test, we can 

find slip bands, as indicated by an arrow in Fig.4a, and grain 

boundaries. In the same corrosion condition for the fatigued 

specimens, the specimens treated by the electropulsing are 

difficult to be corroded (Fig.4b), and even the grain boundary 

can not be found clearly. This phenomenon indirectly demon-

strate that defects decrease after the electropulsing treatment, 

because the more the defects, the easier the corrosion. In 

Fig.4b, it can be found that grain size decreases, which means 

that the recrystallization takes place after the electropulsing.

Fig.3 Optical micrograph of 4043 Al-Si specimen: (a) before ten- 

sion, (b) after tension, and (c) after 0.5 s electropulsing

Observation of damaged and treated specimens by an opti-

cal microscope reveals that the damages has been partially 

healed after the D. C. electropulsing treatment, and recrystal-

lization phenomenon occurs. 

b ca

×50
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Fig.4 Microstructure of 2024 T4 alloy specimen: (a) after fatigue

and (b) after 5.0 s electropulsing

4 Conclusions

1) The elongation increases, and yield strength and ultimate 

strength decrease with the increase of the electropulsing heal-

ing time for the 4043 pre-tensile damaged specimen. The 

higher the pre-tensile stress is, the more the increase of the re-

sistance of 2024 alloy is. Via treatment by the D. C. electro-

pulsing for 0.8 s, the resistance also decreases, and the final 

resistance is nearly the same. Fatigue life is considerably in-

creased by a 0.8 s electropulsing treatment under 170 A/mm

2

current for the 2024 fatigued specimen.

2) The electric resistance increases obviously for the dam-

aged specimens and decreases after the electropulsing treat-

ment, but it is still larger than that of the as received specimen. 

No matter how long the treatment time is and how big the 

pre-tensile stress is, the final resistance via treatment by D. C. 

electropulsing is nearly the same. Although the resistance can 

reflect the damage recovery by the electropulsing treatment, it 

can not evaluate the extent of the recovery, especially for the 

specimen of extra treatment time due to annealing. 

3) The observation of microstructure reveals that the dam-

ages can be partly healed after D. C. electropulsing. 
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