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Abstract 
This paper shows that plastic deformation affects fatigue life through the creation of a large 
number of micro cracks in material matrix. As a result, the crack initiation is accelerated and 
fatigue life is reduced. The micro cracks created by plastic deformation also reduce the 
scatter in fatigue life. Although there are indications that plastic deformation may affect 
crack growth rate, the tests showed that the crack growth rate is only marginally affected. In 
an engineering treatment, the effect of plastic deformation on fatigue crack growth rate may 
be ignored. 

 

Introduction 
One of the most important properties of metallic materials is their capability to tolerate large 
plastic deformation (Wang [1]). Obviously, forging, stamping, rolling, and other production 
techniques may benefit from the plasticity of material. A less obvious aspect while being 
very important for the analysis of fatigue of metallic materials is the role of plasticity in the 
reduction of stress concentration in a complex structure. The local plastic yield reduces 
stress concentration so that high stress concentration may be tolerated. This aspect is seldom 
addressed when fatigue is considered. The yield may, however, lead to a different fatigue 
mechanism in the affected zone.  

An investigation has been performed to evaluate the effect of large plastic deformation on 
the fatigue property of metallic materials. Fatigue tests have been performed under a 
constant amplitude loading condition with single notched specimens made of 2024-T3 
aluminium sheets, both under original and plastic deformed condition. 

Fatigue Tests 
The geometry of the specimen is shown in Fig.1a. This specimen is originally designed for 
the fatigue test of fastener joints to simulate various combinations of load transfer and 
secondary bending conditions. The sheet used in the tests has a thickness of 3.2 mm. A 
single notch is cut out on the side of the specimen to create a stress concentration location to 
limit where the fatigue crack may be initiated. The specimen is loaded along L-T orientation 
(the most fatigue resistant orientation). According to a boundary element analysis, this 
specimen has a stress concentration around 3.2 at the notch. 
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Fig.1: Fatigue test specimen, and the arrangement to measure crack size. 
 

The specimens were produced according to the workshop standard. There are no special 
treatments on the surface of notches for a smooth surface or to remove production damages 
and residual stresses. 

 
For this specimen, fatigue cracks may be initiated either on the notch surface, or at the 

corner of the notch if there is secondary bending, see the insert in Fig.1a. The notch is cut 
using a cutting speed of 16 m/min and a feed speed of 2.5 mm/min. The diameter of the 
cutting tool is 5 mm. For plastically stretched specimens, the notch is cut after the specimen 
has been subjected a static load up to the desired deformation. Fatigue tests were then 
performed using MTS computer controlled hydraulic fatigue test machines. The fatigue test 
is controlled at a constant amplitude loading with a stress ratio of R=0.1. 

 
The fatigue crack initiation and propagation is monitored using a measurement 

arrangement as shown in Fig.1b (Melin [2]). In this arrangement, either laser speckle or 
white light is used to illuminate the critical area of the specimen (notch surface and one side 
of the specimen). During fatigue tests, two CCD cameras are used to follow the crack growth 
initiation and propagation process and to record images at pre-determined fatigue cycle 
intervals. The specimen is held statically when taking the images at a pre-determined load 
level. 



ECF15 

2024 T3, R=0.1, Kt=3.2

0

50

100

150

200

1.E+04 1.E+05 1.E+06 1.E+07
N, cycles

Sm
ax

, M
Pa

10% stretched
Original
a0=0.012 mm
a0=0.007 mm
AGARD, R=0

 
Fig.2: Comparison of fatigue life of the original and pre-deformed specimens. 

 
After the specimen is broken, CCD images are analysed by comparing correlations 

between the image sequences to determine the size of crack and its propagation ([2]). A 
resolution of better than 0.1 mm is achieved using this technique for measurement of size of 
the crack. 

 
The broken specimens were then inspected in both a microscope and a scanning electron 

microscope (SEM) to identify micro-mechanisms for the fatigue crack growth process, and 
to determine the effect of pre-plastic strain on the fatigue crack initiation and propagation. 
 

Results and Discussions 
Several static tests were performed to obtain the static mechanical parameters of the 
material. The static tests demonstrated that 2024-T3 has more than 18% plastic stretch 
before failure occurs. According to this result, 10% pre-stretch is used for the fatigue test 
specimens to investigate the effect of plastic deformation on fatigue life. 

The reference fatigue test results show a close agreement with those results from AGARD 
small crack test results (Edwards and Newman [3]), even though the fatigue lives are slightly 
longer, see the comparison in Fig.2 to the mean fatigue life of AGARD results. 

The fatigue tests indicate that plastic deformation has effect on the fatigue life of material, 
depending on the load level. A reduction of more than 20% in fatigue strength has been 
observed near the fatigue limit regime while a less or no reduction at higher stress levels, see 
the comparison in Fig.2. 

The fractographic inspections indicate that plastic deformation may affect fatigue life 
through one of the mechanisms; the creation of a large number of micro cracks in the matrix 
of material, see Fig.3c,d. As a result of the micro cracks, the crack initiation time is reduced 
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and the fatigue life becomes shorter. The micro cracks created by plastic deformation also 
reduce the scatter in fatigue life.  

(a) (b)
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Fig.3: Microscopic surface condition of the specimens after 10% stretch. 

Although there are indications that plastic deformation may affect crack growth rate, the 
tests showed that the crack growth rate is only marginally affected. Fig.4 shows an example 
of the computed crack growth rate for a specimen with 10% pre-stretch against the reference 
specimen at a load level of 115 MPa. The crack growth rate, derived from the curve fitting of 
the experimental crack size against load cycle, agrees well between the two different 
conditions, indicating the effect of plastic deformation on fatigue crack growth rate may be 
ignored in an engineering treatment. The difference in the total fatigue life may be mainly 
due to the crack initiation time, see Fig.4 for the crack size against load cycles. 
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Crack Initiation 
The investigation indicates that different initial crack sizes may be needed in analysing the 
fatigue crack growth depending on the extent of gross plastic deformation, the stress level, 
and how many cracks may participate crack initiation process. 

 
Various defects have been found on the surface of the material for both the pre-stretched 

and original sheets. However, the defects on the original material are dominated by various 
machine scratches and defects on material matrix as the micrographic images in Fig.3a,b 
show. Fig.3a shows a typical machine scratch with the size of more than 10 mµ . The defects 
due to particles impurities in material matrix are smaller than machine scratch as Fig.3b 
shows. 

 
The surface condition is different after a large plastic stretch. Vast number of micro 

cracks in the size larger than 10 mµ  are created in the material matrix, see Fig.3c,d, both 
with the grains (Fig.3c) and along the grain boundaries (Fig.3d). Generally, the cracks 
formed within grain (Fig.3c) are much larger than those formed along the boundary of grain 
(Fig.3d). 

 
Even though the defects on the original material surface have similar dimensions as the 

cracks formed after large plastic stretch, their roles on the crack initiation time are quite 
different. 
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Fig.4: Comparison of fatigue crack growth rate. 

 

A finite element analysis is performed to identify the crack initiation mechanism using 
finite geometrical and material non-linearity models in a commercial finite element code 
(ABAQUS 6.3 [4]). The analysis is concentrated especially on the large type of scratch as 
shown in Fig.3a. 
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Plane strain model was created to simulate the impact of an edged object on the surface of 
the material. The isotropic material model is assumed. The impact object is modeled as a 
rigid surface, with a high surface hardness than that of the base aluminum alloy. A half finite 
model was used due to the geometrical symmetry. 

 
A six-step simulation was performed.  The results are shown in Fig.5 for the results of 

opening stress (Model I) at the bottom of the scratch notch against simulation steps. The first 
step is to simulate the impact of a rigid edge with a round tip. The hard edge penetrates into 
the material, similar to the dent as shown in Fig.3a. Substantial compressive residual stress is 
created by this action when the edge is removed at step 2, leaving a dent on the surface of 
the material. The residual stress is at amplitude of -600 MPa, higher than the yield stress. 
This is due to the plane strain condition that has a two-dimensional stress state. 

 
The significant residual stress makes will prevent crack initiation until the applied stress 

is more than 85% of initial yield stress (400 MPa). The strong residual stress exists at the 
bottom of the dent as well as on the side of the dent. When a fatigue load is applied, the 
residual stress state at the dent determines that fatigue crack can only be initiated at the other 
site of material instead of within the zone around the dent, see Fig.5. 

 
The residual stress may be released with a significant compressive load, see Fig.5 for a 

compression of 400 MPa. The compressive plastic flow created by the stress concentration 
can release a large part of the compressive residual stress. 
 

Step

M
od

e 
I S

tre
ss

, M
Pa

Impact

Dent

400 MPa

-400 MPa

400 MPa

Zero load

 
Fig.5: Schematic of the finite element simulation of the impact dent effect on the local stress 

condition. 
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After the compression, for example, the residual stress on the bottom surface of the dent 

is reduced. However, the residual stress beneath the surface is still significant, creating a 
condition that a fatigue crack may be initiated on the bottom surface of the dent due to the 
stress concentration, but the crack has yet to overcome some resistant residual stress by 
penetrating a part of material before a fatigue crack is initiated. The crack may be stopped 
due to the residual stress. 

 
The analysis gives a good explanation to the observation that fatigue cracks are initiated 

more often away from the machine scratches. Fig.6 shows a microscopic inspection at the 
notch of one specimen. In spite a significant number of machine scratches on the bottom of 
the notch, the fatigue crack is observed to be initiated away from the machine scratches in 
the material matrix on the part of smooth surface. 

Machine ScratchMachine Scratches
Notch Surface for Al3 specimen

Crack Initiation

 
Fig.6: Site of the fatigue crack initiation 

Accidentally, this analysis may also explain the difference between the reference test 
results and those of the tests performed under AGARD project. The specimens in AGARD 
test were prepared with a chemical process to remove a layer of material on the notch to 
remove the residual stress and machine scratches on the bottom of the notch. Probably, the 
beneficial effect of the machine scratches is removed as well so that the fatigue life becomes 
slightly shorter than that of the reference tests with original notch surface condition, see the 
comparison shown in Fig.2. 

Conclusions 
An investigation has been performed to evaluate the effect of plastic deformation on the 
fatigue property of metallic materials. Fatigue tests have been performed under the constant 



ECF15 

amplitude loading with single notched specimens made of 2024-T3 aluminium sheets, both 
under original and plastic deformed condition. 
 

The fatigue tests indicate that plastic deformation has a considerable effect on the fatigue 
life of material, depending on the stress level. A reduction of more than 20% in fatigue 
strength has been observed near fatigue limit while a less or no reduction may be expected at 
higher stress levels. 

 
The crack initiation and propagation is monitored with either laser or white light 

illuminated CCD camera, and the fatigue crack growth is evaluated based on the image 
analyses. Microscopic and scanning electronic microscope inspections have been performed 
both on the specimen surface and on the fatigue and fracture surfaces to identify fatigue 
crack initiation and growth mechanisms for original as well as plastic deformed material. 

 
The research shows that plastic deformation affects fatigue life through the creation of a 

large number of micro cracks in the material matrix. As a result, the crack initiation is 
accelerated and the fatigue life is reduced. The micro cracks created by plastic deformation 
also reduce considerably the scatter in fatigue life. Although there are indications that plastic 
deformation may affect the crack growth rate, the fatigue tests showed that the crack growth 
rate is only marginally affected. In an engineering treatment, the effect of plastic 
deformation on fatigue crack growth rate may be ignored. 

 

The investigation indicates that different initial crack sizes may be needed in analysing 
the fatigue crack growth depending on the stress level and how many cracks may participate 
crack initiation process. 
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