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Abstract: The effect of electromagnetic bulging on the fatigue behavior of the 5052 aluminum alloy was investigated through 
tensile−tensile fatigue testing. The intriguing finding is that the bulged specimens exhibited enhanced fatigue strength as depicted by 
maximum stress vs the number of cycles until failure (S−N) curves, by comparison with these original aluminum alloys. Although 
the fatigue process of the original and budged alloys follows the same mechanism with three distinct steps, namely, crack initiation at 
a corner of the tested samples, stable crack propagation with typical fatigue striations and finally catastrophic fracture with dimple 
fractographic features. The typical crack propagation rate vs stress intensity factor range (da/dN−ΔK) curves derived from the 
spacing of striations reveal a lower crack propagation rate in the bulged specimens. The enhancement of fatigue strength in 
electromagnetically bulged aluminum alloy is further rationalized in-depth on the basis of strain hardening and dislocation shielding 
effect. 
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1 Introduction 
 

Lightweight design has attracted enduring attention 
in past decades due to the serious environmental problem 
and energy crisis. The substitution of conventional 
structural metals such as steel and cast iron by 
lightweight aluminum alloys thus becomes crucial in 
lightweight manufacturing. However, aluminum alloys 
intrinsically have poor formability comparing with these 
conventional mild steels, especially in traditional cold 
forming process, which seriously hinders the extensive 
application of aluminum alloys in modern industries. 
Electromagnetic forming (EMF), a high-speed forming 
process, is a revolutionized manufacturing technique 
with a series of superior properties such as high-speed, 
contactless forming, low springback, improved forming 
limit and high repeatability [1−7], thus exhibits alluring 
prospect in processing of aluminum alloy. 

In the investigation of electromagnetic forming of 
aluminum alloys, the microstructural evolutions have 
become the major concerns due to its crucial importance 
to the formed component properties. For example, 

BACH et al [8,9] found that the electromagnetically 
formed aluminum sheet shows distinct dislocation cells 
with large disorientation boundaries and sub-grains due 
to the high strain rate of electromagnetic forming (which 
is estimated to be in the range of 103−104 s−1) [4,7], 
similar results were also observed by LI et al [10]. On 
the other hand, RISCH et al [11] reported that 
AA5182-type aluminum alloy after high-speed 
electromagnetic forming exhibited smaller grain size and 
more dislocation motion as compared to the alloy 
subjected to quasi-static deformation. Recently, LIU   
et al [12] studied the structure difference of 5052 
aluminum alloy under electromagnetic forming and 
quasi-static tension, and found that electromagnetic 
forming could lead to stronger tendency of cross-slip of 
dislocations, higher dislocation density and more 
uniform dislocation configuration. 

In our recent research [13], we systematically 
studied the microstructure, texture and mechanical 
properties of annealed 5052 aluminum alloy tubes 
subjected to electromagnetic bulging. The interesting 
finding is that the electromagnetic forming induces a 
significant increase in yield strength and fracture  
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strength, but decrease in fracture elongation due to  
strain hardening effect resulting from the increase in 
dislocation density and the formation of high density 
dislocation bands. Whereas, whether these 
microstructural changes can impose an effect on the 
electromagnetically deformed aluminum alloys 
performance or serviceability or not, the research has 
scarcely been reported thus far, and the question is still 
unanswered. In the present work, the 5052 aluminum 
alloy plate was firstly deformed through high velocity 
electromagnetic forming, then the fatigue behavior of 
bulged specimens was analyzed via tensile−tensile 
fatigue testing, and compared with that of original 
(un-deformed) alloy. The maximum stress vs the number 
of cycles until failure (S−N) curves, the fracture 
morphologies and microstructural evolutions of the 5052 
aluminum alloy with and without electromagnetic 
bulging were comparatively investigated to reveal the 
effect of pre-strain induced by electromagnetic bulging 
on fatigue behavior of 5052 aluminum alloy. 
 
2 Experimental 
 

The 5052 aluminum alloy plate in an annealed state 
with thickness of 3 mm [14−16] provided by the 
Southwest Aluminum Company (China) was used in the 
study. The plate was first cut into disks with outer 
diameter of 640 mm and inner diameter of 180 mm, and 
then subjected to electromagnetic bulging deformation. 

The electromagnetic budging experiments were 
performed on the self-built electromagnetic forming 
system at Wuhan National High Magnetic Field Center, 
Huazhong University of Science and Technology, China. 
Figure 1(a) shows the schematic of the electromagnetic 
forming apparatus, it consists of a capacitor bank 
connected to the spiral coil which was placed at the 
center of the upper die seat, and the aluminum alloy 
sheet was placed above the die and positioned by the 
pins to keep coaxial with the coil. The workpiece, coil 
and die were assembled on the JH36−250 kN press. A 
power supply with a maximum storage capacity of   
200 kJ was used for experiments. The total capacitor of 
the power supply is 640 μF and the pulse width is 
0.2−0.5 ms. The discharge voltage used in this work is 
16 kV. The detailed process of the experiments was 
described elsewhere [17]. Upon discharging the  
capacitor, the time-varying current passes through the 
coil and generates a transient magnetic field, which 
induces an eddy current in the aluminum sheet and 
creates instantaneously an opposing transient magnetic 
field. The interaction of these two magnetic fields will 
create large repulsive Lorentz body forces to drive a 
rapid plastic deformation of aluminum sheets. 

To evaluate the mechanical properties of the 

aluminum alloy in both original and electromagnetically 
bulged states, the specimens were cut from the section 
(see Fig. 1(b), wherein the deformation is relatively 
homogenous) and machined into dog-bone shapes with 
gauge length and width of 20 mm and 10 mm, 
respectively. The quasi-static tensile tests were 
performed with a constant strain rate of 1.0×10−3 s−1 at 
room temperature. According to the definition of strain 
rate: (1/ )(d / d )l l t  (here   is strain rate, l=20 mm 
is the gauge length of the sample), we calculated and set 
the loading rate dl/dt=1.2 mm/min in a universal testing 
machine (RGM−4050). The deformation of specimens 
was measured by using an extensometer. Standard 
tensile−tensile fatigue tests were conducted under load 
control using a sinusoidal waveform and a load ratio of 
R=0 (the ratio of minimum to maximum loads, herein the 
minimum load was set as zero). A nominal frequency of 
7 Hz was employed using a computer-controlled, 
servo-hydraulic mechanical testing machine (QBS−50, 
China’s mark). 
 

 

Fig. 1 Schematic drawing of electromagnetic forming 

apparatus (a) and sampling position and dimension of 

specimens (b) (unit: mm) 

 

After fatigue test, the fracture morphologies of the 
aluminum alloy specimens with and without 
electromagnetic bulging were examined through 
scanning electron microscope (SEM, FEI Quanta 200). 
The detailed microstructures of the specimens were 
characterized through transmission electron microscope 
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(TEM, FEI Tecnai G20). TEM thin foils were prepared 
by mechanical grinding to about 50 μm in thickness, 
followed by a twin-jet polishing method in the 
electrolyte consisting of 30% (volume fraction) nitric 
acid and 70% methanol at the voltage of 16−20 V and 
temperature of −20 °C. 
 
3 Results 
 

Figure 2 shows the microstructure features of both 
original and electromagnetically bulged aluminum alloy 
specimens characterized by TEM. Very few dislocations 
exist in the original specimen (see Fig. 2(a)), while lots 
of dislocation bands and walls can be observed in the 
electromagnetically bulged specimen (see Fig. 2(b)), 
indicating that the high speed electromagnetic forming 
process induced the generation of a large number of 
dislocations due to the plastic deformation (the measured 
thickness strain is about 3% for the chosen bulged 
specimens). 
 

 

Fig. 2 Dislocation configuration before fatigue test: (a) Original 

sample; (b) Bulged sample 

 
The general mechanical properties of the aluminum 

alloy with and without electromagnetically bulging were 
evaluated using quasi-static tension test, and the obtained 
stress−strain curves are depicted in Fig. 3. As compared 

to the original sample, the bulged one exhibits a strain 
hardening behavior as indicated by the increase in yield 
strength (σs) and maximum tensile stress (σb). For 
example, the values of σs=(128±1.6) MPa, σb=(216±1.3) 
MPa of the bulged sample are slightly higher than those 
of the original one (i.e., σ′s=(101±0.9) MPa, σ′b=(212±1.0) 
MPa), which is identical to the measured micro-hardness, 
i.e., a higher Vickers hardness (HV (74.8±1.8)) in the 
bulged sample than that of the original alloy (HV 
65.2±1.6). However, the mean fracture strain decreases 
from (40.7±0.7)% in the original sample to (31.6±0.9)% 
in the bulged one. Though clear serrations caused by the 
Portevin-Le Chatelier (PLC) effect [18] in both 
stress−strain curves, little difference can be distinguished, 
even in the enlarged part as shown in the insert of Fig. 3. 
 

 

Fig. 3 Quasi-static tensile curves and magnification of selected 

area in plastic deformation region from each curve (labeled by 

green box) 

 
The fatigue results of the original and bulged 

samples, plotted as S−N curve (the maximum stress vs 
the number of cycles until failure), are shown in Fig. 4. 
In general, the samples without visible crack initiation on 
the surface after 1.0×107 cycles were declared as the 
run-outs.  From  Fig.  4,  the  bulged  aluminum  alloy 
 

 
Fig. 4 S−N curves of original and bulged specimens 
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exhibits significant enhancement of fatigue performance, 
for example, the fatigue limit of bulged sample is about 
130 MPa, which is 30% higher than that of the original 
aluminum alloy (100 MPa). In addition, the fatigue life 
of the bugled sample tested at σmax=130 MPa and    
150 MPa are 30 and 8 times higher than that of the 
original aluminum alloy. It is also noted that the 
beneficial effects of the electromagnetic forming are 
more pronounced at a lower stress amplitude. 

To probe the possible mechanisms of fatigue 
fracture for the electromagnetic-bulged alloy, the fracture 
morphologies after fatigue tests were characterized by 
SEM, as depicted in Fig. 5. Generally, the morphology of 
all the fractured samples is composed of three distinct 
regions, namely crack initiation region (labeled as region 
I), crack propagation region (labeled as region II) and 
fracture region (labeled as region III), as indicated in Fig. 
5(a). It is evident that the fatigue crack initiates at the 
corner of the sample due to local stress concentration. 
The enlargement of the region II (see Fig. 5(b)) shows a 
few small crystallographic planes with various height 
and river patterns in the early propagation region, 
indicating that fatigue crack propagation is on different 
crystallographic planes in different grains via purely 
shearing [19,20]. Once fatigue crack propagation 

approaches a steady state, typical fatigue striations were 
observed in propagation region (i.e., region II), as shown 
in Fig. 5(c), in which secondary cracks along the fatigue 
striation can also be observed. Finally, fracture occurred 
and the fracture morphology in this region was 
characterized by typical dimple patterns, as shown in  
Fig. 5(d). 

The above crack imitation−propagation−fracture 
process was also observed in the original 5052 aluminum 
alloy, as described in Fig. 6. In order to distinguish the 
difference of crack propagation behavior in the original 
and bulged aluminum alloy samples, the striation spacing 
(s) along the crack propagation direction with increasing 
crack length (a) was measured, the typical results at 
σmax=150 MPa are displayed in Fig. 7. It is essential that 
the striation spacings for both original and bulged 
samples increase with the crack propagation. The smaller 
striation spacing in the bulged sample than the original 
one at a certain crack length apparently indicates a lower 
crack propagation rate in the bulged specimen. This is in 
a good agreement to the result in the S−N curves. 

In order to further discover the possible effect of 
initial microstructure on the fatigue behavior, the 
microstructure of the original and bulged specimens at 
various fatigue stages were characterized by TEM, and 

 

 
Fig. 5 Fractographs of bugled fatigue fracture sample at σmax=150 MPa: (a) Full view; (b) Initiation region and early propagation 

region; (c) Stable propagation region; (d) Fracture region 
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Fig. 6 Fractographs of original fatigue fracture sample at σmax=150 MPa: (a) Full view; (b) Initiation region and early propagation 

region; (c) Stable propagation region; (d) Fracture region 

 

  
Fig. 7 Striation spacing at different positions at σmax=150 MPa 

 

the results are depicted in Fig. 8. With the increase of  
the stress amplitude, a clear transition of dislocation 
features from vein patterns (Fig. 8(a)) to cellular 
structures (Figs. 8(b) and (c)) for the original specimens 
indicates an enhanced contribution of secondary slip 
systems [21−26]. However, little difference can be 
detected between the original and electromagnetically- 
bulged aluminum alloy at the same stress amplitude 
(Figs. 8(d) and (e)). 

 
4 Discussion 
 
4.1 Low fatigue crack growth rate derived from small 

striation spacing 
The above experimental results have exhibited that, 

by comparison with the original aluminum alloy, the 
electromagnetically bulged samples exhibit an enhanced 
fatigue performance. For example, the fatigue strength of 
the bulged sample increased by about 30 MPa as 
compared with the original alloy, and smaller fatigue 
striation spacing was observed in the bulged sample, 
which indicative of higher resistance to fatigue crack 
propagation. It is well known that striation features result 
from plastic blunting of crack tip on the basis of the 
double cross-slip theory [26,27], and each striation 
represents a step of crack propagation in one cycle, 
which essentially corresponds to the crack propagation 
rate (da/dN) under cyclic loading. Previous works [28,29] 
have reported a good agreement between the fatigue 
crack growth rate derived from the striation spacing and 
the direct measurements of the fatigue crack length as a 
function of the number of cycles. In order to investigate 
the difference of the crack propagation rate between the 
original and the bulged samples, the typical da/dN−ΔK 
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Fig. 8 TEM images showing dislocation arrangement of fatigue: (a) Original 100 MPa, N>107; (b) Original 130 MPa, N=282400;  

(c) Original 180 MPa, N=44443; (d) Bulged 130 MPa, N>107; (e) Bulged 180 MPa, N=88873 

 
curves (here ΔK refers to the stress intensity factor range) 
are derived from a series of striation patterns obtained 
from SEM micrographs. Herein, the rate of crack 
propagation da/dN was determined by the average value 
of the fatigue striation spacing s [28], and ΔK can be 
defined as [27] 
 

max minK K K     
 

max min max (1 )a a a r           (1) 
 
where K is stress intensity factor, max and min are the 
maximum stress and the minimum stress in one cycle, 
respectively; a is the crack length, β is stress intensity 
factor correction and r is stress ratio. Considering that 
r=0 in the present work as mentioned above, then the 
equation (1) can be rewritten as 
 

max a                                (2) 
 

Consequently, the correlation between da/dN and 
ΔK can be expressed through the typical Paris function 
as [28] 
 
da/dN=c(ΔK)n                                                 (3) 
 
wherein c is a constant and n is the Paris exponent. The 
values of β were referred to handbook and related 
literatures [30−32], then the relationship between da/dN 
and ΔK for both original and electromagnetically bulged 
samples can be obtained, and the results are plotted in the 
double logarithm coordinates (see Fig. 9). It is notable 

that the values of da/dN in bulged specimens are lower 
than those in the original aluminum alloy, demonstrating 
a higher resistance to crack propagation, which is 
responsible for the enhanced fatigue limit, and consistent 
with the results as observed in Fig. 4. 

 

 
Fig. 9 da/dN vs ΔK plot for original and bugled specimens 

 
4.2 Physical original of low crack propagation rate in 

EMF-bulged alloy 
The question then arises as to why the 

electromagnetically bulged sample has a lower crack 
propagation rate than that of the original aluminum alloy. 
This phenomenon is similar to what was reported in 
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pervious literatures [33−36], the authors regarded that 
the pre-deformation induces strain hardening that 
hampers materials flow. As a result, the nucleation and 
the propagation of the fatigue crack are delayed, and 
finally enhance the fatigue limit. 

In general, the plastic energy absorbed in the plastic 
zone that forms ahead of the crack is proportional to the 
energy released during the crack propagation [37,38]. 
The rate of the crack can be expressed as [36] 
 

2 2 2
1 p s maxd / d ( )a N A a                        (4) 

 
where σp is the maximum stresses in the plastic zone that 
forms ahead of the crack, σs is the yield strength, σmax is a 
maximum gross section stress and A1 is a constant. 
According to Eq. (4), the strain hardening behavior 
(corresponding to the increase in yield strength σs) as 
shown in Fig. 3 indicates a reduce crack propagation rate, 
which results in an enhanced fatigue limit. 
 
4.3 Dislocation shielding effect 

The strain hardening is essentially related to the 
multiplication of dislocations during plastic deformation. 
In general, dislocation generation is a very chaotic 
process in which dislocations of all allowed Burgers 
vectors are formed. As a crack progresses through a 
material, in the plastic zone dislocations are generated 
with the necessary local geometric density to shield the 
crack [39]. In addition, in order for the crack and its 
geometric screening cloud to move uniformly,  
generation, motion and a large degree of annihilation of 
the real dislocations will be required. Because of the 
irreversibility of the deformation, a wake behind the 
crack is generated. The wake contains a large amount of 
stored and thermal energy; however, and since it is 
produced by the deformation field, it exerts an effective 
drag force on the geometric screening dislocations 
against their motion through the crystal. In these terms, 
the dislocation has a significant effect on the crack 
propagation. 

The increase in dislocation density induced by the 
electromagnetic forming process, in turn, affects the 
stress field in front of crack tip and then reduces the local 
stress intensity, namely the dislocation shielding   
effect [39−41]. Figure 10 shows schematically the 
dislocation shielding effect due to the interaction 
between stress field generated by crack and the stress 
field caused by electromagnetic forming-induced 
dislocations. 

According to the theory proposed by RICE and 
THOMSON [42], the local stress intensity factor k can 
be defined as 
 
k=Kextra+Kexternal                                              (5) 
 
wherein Kexternal is the external stress intensity factor, 
Kextra is the extra stress intensity factor describing the 

 

 
Fig. 10 Schematic diagram of dislocation shielding effect 

(Point O is tip of crack, r is distance between the tip of crack 

and dislocation, θ is angle of crack propagation direction and 

line of crack tip and dislocation, φ is angle of slip plane of 

dislocation and the propagation plane of crack, Kextra is the 

extra stress intensity factor describing the interaction between 

the external stress field and dislocation stress field, Kexternal is 

the external stress intensity factor) 

 
interaction between the two stress fields as mentioned 
above. As for Mode I crack, Kextra of single dislocation is 
defined as 
 

e
extra 2

3
[3sin cos sin( )cos ]

2 24(1 ) 2

Eb
K

r


  

 
   


 

  (6) 
where be is the edge component of the dislocation, E is 
the elastic modulus and μ is Poisson ratio, r is the 
distance between the tip of crack and dislocation, θ is the 
angle of crack propagation direction and the line of crack 
tip and dislocation, φ is the angle of the slip plane of 
dislocation and the propagation plane of crack. If the 
value of Kextra is negative, then k=Kextra+Kexternal<Kexternal, 
in this case the dislocation shielding effect happens. 
According to typical plastic mechanics, the size of plastic 
zone of Mode I crack can be defined as [43] 
 

2
2 2external

2
s

{(cos ) [1 3(sin ) ]}
2 22

K
r  


 


             (7) 

 
It is recipient that the pre-exist dislocations induced 

by electromagnetic forming process will affect the 
formation of the plastic deformation zone (PDZ) and the 
propagation of the crack. So, the extra stress intensity 
factor (Kextra) induced by the pre-exist dislocations in the 
plastic deformation zone can be calculated according to 
Eqs. (6) and (7). 

By considering that the dislocation density (ρ) is 
uniform and φ equals to π/4 in an ideal condition, and 
E=72 GPa, be=0.286 nm, μ=0.33 [44] and σs=100 MPa, 
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then the total extra stress intensity factor (Kextra,tol) in the 
plastic deformation zone can be calculated as 
 
Kextra,tol=−9.52×10−8ρKexternal                                (8) 
 

Equation (8) actually demonstrates that the value of  
Kextra is below zero and k=Kextra+Kexternal<Kexternal. In this 
situation as mentioned above, the local stress intensity 
factor in front of crack tip can be reduced due to the 
interaction between stress field from crack tip and the 
stress field from pre-exist dislocations, this is the main 
reason that the crack propagation rate in the 
electromagnetically bulged samples is smaller than that 
in the original aluminum alloy. Our finding is essentially 
consistent with Kobayashi’s observations [45], they 
found that there are most edge dislocations in the plastic 
zone (for Mode I crack) with slip planes beyond the 
crack surface, whose motion finally leads to crack 
opening and blunting. Therefore, one can image that the 
increase of dislocation density in front of crack tip will 
impede crack propagation, and finally results in a smaller 
striation spacing, lowers crack propagation rate and 
enhances fatigue performance, as already observed in  
Fig. 4. 
 
5 Conclusions 
 

1) The fatigue limit of the bulged specimens 
increases by 30% over the original aluminum alloy. 

2) The striation spacing in the stable crack 
propagation in the bulged specimen is smaller than that 
in the original alloy, demonstrating a higher resistance to 
fatigue crack propagation in the bulged specimens. 

3) The crack propagation rate da/dN as a function of 
the stress intensity factor range ∆K indicates that the 
crack propagation rate in bulged specimens is lower than 
that in the original aluminum alloy. 

4) The enhancement of the fatigue strength and the 
increase of the resistance to fatigue crack propagation in 
the electromagnetically bulged aluminum alloy are 
caused by strain hardening and dislocation shielding 
effect. 
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电磁胀形对 5052 铝合金疲劳行为的影响 
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摘  要：为了研究电磁胀形技术对铝合金疲劳行为的影响，对电磁胀形后的 5052 铝合金样件进行疲劳试验研究。

疲劳应力−寿命曲线结果表明，相对于原始试样，电磁胀形后的疲劳试样疲劳强度有显著增加。采用扫描电子显

微镜对断口形貌进行分析，结果表明，两种条件下，疲劳裂纹都萌生于存在应力集中的边角处，随着裂纹扩展都

出现了典型的疲劳辉纹和韧窝结构。对比不同位置的疲劳辉纹宽度并计算裂纹扩展速率，由此得到的裂纹扩展速

率曲线表明电磁胀形后试样疲劳裂纹扩展速率降低。理论分析表明疲劳强度的提高主要归因于电磁胀形引起的应

变硬化和位错密度增加对裂纹尖端的屏蔽效应。 

关键词：疲劳行为；铝合金；电磁胀形；位错 

 (Edited by Xiang-qun LI) 


