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Experimental accelerated method for determining fatigue in aluminum 2024 alloy
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U. Azcapotzalco, SEPI; Avenida de las Granjas 682, Col. Santa Catarina, Del. Azcapotzalco, México, D.F.
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The time of developing a main fatigue crack resulting in a fracture represents only 10 to 30% of the life of a specimen. The method proposed
by Paris and Erdorgan analyzes the kinetics of developing a main fatigue crack based on the theoretical framework of fracture mechanics.
However, this method cannot be applied to fully analyze the crack incubation process stage, which is a fundamental part of the specimen
life time according to this theory. Therefore we propose to solve this problem of fracture mechanics approach by means of a high resolution
photometric and phase analysis for structure images (PHASI), evaluating the life of the material by analyzing structural damage of the
specimen surface fragments by PHASI, experimentally constructing fatigue curves using 2–4 specimens and photometrically analyzing the
specimen surfaces before and after the tests.

Keywords: Fatigue; fracture; resolution photometric; phase analysis.

Al momento de desarrollarse una grieta magistral como resultado de un proceso de fatiga, se representa solo un 10 al 30 % de la vida
del esṕecimen. El ḿetodo propuesto por Paris y Erdogan analiza la cinética de desarrollo de una grieta causante de la fractura por fatiga,
dentro del marco téorico de la mećanica de la fractura. Sin embargo, de acuerdo a esta teorı́a, este ḿetodo no es aplicable para analizar
completamente la etapa del proceso de incubación de la grieta, que es una parte fundamental del tiempo de vida del espécimen. Por lo tanto,
se propone para resolver esta inconsistencia de la mecánica de la fractura, un ḿetodo fundamentado en el análisis fotoḿetrico de iḿagenes
estructurales (PHASI), evaluando la vida del material por análisis del dãno estructural de los fragmentos superficiales del espécimen, y
construyendo experimentalmente las curvas de fatiga usando 2 – 4 especı́menes, y analizando fotoḿetricamente las superficies del material
antes y despúes de los ensayos de fatiga.

Descriptores: Fatiga; fractura; resolución fotoḿetrica; ańalisis de fase.

PACS: 62.20.mm; 61.50.Ks; 32.30.Jc; 81.40.Tv

1. Introduction

It is difficult to study fatigue phenomena because they de-
velop within a long time period. Besides, to construct their
curves requires a large quantity of specimens. Results of fa-
tigue tests can be analyzed by absolutely opposite principles.
The most common method was proposed by Paris and Erdo-
gan [1], in which the kinetics of fatigue – crack development
is described in terms of fracture mechanics. Crack growth
resulting in a fracture takes only from 10 to 30% of the spec-
imen life. Crack incubation occupies a fundamental part of
the specimen life but it is very difficult to analyze on the ba-
sis of fracture mechanics. We propose to solve this problem
of fracture mechanics approach by means of high resolution
photometry and phase analysis of image structures, estimat-
ing the life of the material by structural damage to speci-
men surface fragments, experimentally constructing fatigue
curves using 2-4 specimens and photometrically analyzing
the specimen surfaces before and after the tests.

2. Problem formulation

Fatigue causes 80-90% of machine component failures and
produces fracture in structures. It is extremely complicated
to analyze the factors operating in fatigue, and it has been
impossible to develop a single method capable of account-
ing for various aspects of this phenomenon and of dealing
with it. Besides, fatigue tests require a lot of time, and a
large quantity of specimens is necessary to construct fatigue
curves. Fatigue test results have been analyzed using com-
pletely opposite concepts and the most common approach is
the Paris–Erdogan method. Fracture process due to fatigue
finishes with the causing crack fracture development stage
which takes from 10 to 30% of the specimen life. However,
the Paris–Erdogan method cannot be applied to the initial
stage of crack growth, which is a fundamental part of the
specimen lifetime.

Palmgren and Miner [2-4] described fatigue damage ac-
cumulation in tests. Their analysis permits to account the
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accumulate damage experienced by the material by gradually
varying the load applied during the test. The so-called linear
hypothesis of cumulative fatigue damage put forward in the
work of Palmgren and Miner can be expressed as:

n∑

i=1

(
ni

Nr(σi)

)
≥ 1 (1)

Whereni is the number of cycles applied in the tests to a
specimen with an stress of amplitudeσi; Nr(σi) is the spec-
imen life for the stress amplitudeσi. The problem of this ap-
proach is related to the fact that the left-hand part of Eq. (1)
depends on the load commutation sequence. When the com-
mutation sequence of loadσi is decreasing, the cumulative
damage previous to the specimen fracture is less than one.
When the loadσiincreases and varies between 0.25 and 4, the
left-hand part of Eq. (1) is significantly more than one, mean-
ing that the fracture is instant. Both methods estimate mate-
rial fatigue damage only by test parameters, namely, crack
length, number of test cycles for a particular load, and the
specimen life for a similar amplitude. Nonstructural parame-
ters are used to study sample surfaces for evaluating the dete-
rioration degree experienced by samples during tests. For this
reason, in this work we propose to improve these methods
by the following: 1) to quantitatively evaluate fatigue dam-
age using photometric analysis of structure specimen images
PHASI; 2) to estimate the time life of the material by analyz-
ing the structure of specimen surface fragments fractured dur-
ing PHASI, 3) to construct fatigue curves using test specimen
data (2–4 specimens) and carrying out photometric analysis
of surfaces before and after fatigue tests.

3. Research methodology and the analyzed
material

As a result of plastic deformation, surface roughness of tested
specimens is sufficiently modified, because when the dislo-
cations scape to the surface they form stair shape geometry.
One individual dislocation generates one monoatomic stair
step; however, the repetitive action of the dislocation sources,
in the crystals volume, conducts to a notable change of sur-
face roughness and this effect is the leading one. The re-
flected visible light, from the metal surface, can be analyzed
as an indicator of the energetic states of the free electrons,
because they act directly in the formation of their physical
and chemical properties. In this case the estimation of the
reflected spectra under the effect of the external energetic in-
fluence allows the determination of the changes related to the
energetic states of the free electrons [5].

Their reflectivity also changes; the more is the stress am-
plitude applied cyclically in tests, the more is the reflectivity
change. If we calculate the magnitude of the energy cap-
tured by the surface of a specimen exposed to fatigue while
the specimen reflects an incident light beam, this can pro-
vide us with information which may serve as a measure of

the damage experience by the material surface. For such pur-
poses, it is possible to use the brightness spectrum of the vis-
ible light reflections from the specimen surface before and
after its exposure to fatigue by scanning such surface. By
means of a computerized processing of spectra and surface
images taken in a numeric code using a particular algorithm,
it is possible to obtain values of luminous energy absorbed by
specimen surface fragments and the distribution of such frag-
ments for a known level of energy absorbed by a surface. To
achieve this and in order to obtain stable results in measuring
the brightness parameters of the reflected spectra, it is neces-
sary to strictly establish the conditions of taking images, as
well as the conditions of photometric measuring of specimens
accomplished not during load application but statically after
the specimens were fractured during tests or after a particular
number of cycles. During measuring procedures, it is impor-
tant to keep surface illumination conditions constant as well
as the temperature and humidity of the environment where
brightness spectra of reflection are captured. It is necessary
to remark here that the reliable photometric results were ob-
tained by illuminating the surfaces with visible light and also
with monochrome light beams of different color. Besides,
big surfaces of flat specimens provide more stable reflection
conditions compared to curved surfaces. For this reason, the
use of big flat specimens guarantees significant advantages in
photometric measuring.

Fatigue tests of cantilever specimens allow us to apply a
wide range of load with respect to the specimen length which
in its turn allows us to establish a tight relation between the
stress amplitude and its correspondent characteristic of mate-
rial fatigue damage. To study the influence of cyclic loads ap-
plied to fatigue cantilever specimen structure, both working
surfaces are useful, namely, the superior surface and the infe-
rior one, and both surfaces were employed in measurements.
We used a structural damage quantitative metricDs[6-9] de-
fined on the basis of photometric measurement parameters
according to the following equation:

Ds =
pi(N)− pi(0)

pi(0)
(2)

wherepi(N) andpi(0) are average brightness spectra densi-
ties of light reflections in a spectrum intervali afterN load
cycles and at the beginning of a test, respectively.

In many cases, it is possible to takepi(0) = pi(0), where
po is the average spectrum density of the whole initial speci-
men surface in a spectrum intervali. When damage is caused
by dynamic loads, optimal results are obtained using the ex-
treme left-hand spectrum interval, where light absorption is
dominant over the processes of light dispersion and reflec-
tion, see Fig. 1.
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FIGURE 1. Brightness spectrum of the visible light reflections from
the surface of one specimen fragment before fatigue testing.

FIGURE 2. Fragments of the specimen surface before fatigue test-
ing.

In Figure 2, surface fragments are observed in the same
area shown in Figure 1, from the 2024 aluminum specimen
before fatigue testing.

Figure 3 shows the brightness spectrum of light reflec-
tions from the same fragment of Figure 1 after it experienced
fatigue crack in a test.

Spectral density of intensity of visible light reflected by
the fragmented surface (in other words, brightness of light re-
flected by the specimen fragmented surface) is projected on
the axis of ordinates for the graphs of specimen fragment im-
ages and is symbolized asp(I), whereI is the reflected light
intensity, therefore

FIGURE 3. Range of reflected light brightness of the fragment of
Fig. 1 after the specimen experienced fatigue crack in a test.

FIGURE 4. Fragments in the specimen surface after fatigue.

p(I) =
N(I)
N(Σ)

,

whereN(I) is the number of pixels of reflection brightnessI,
N (Σ) is the total number of pixels of the analyzed fragment;
p(I) is dimensionless and oscillates between 0 and 1.

The brightness of visible light reflected by the specimen
surface fragments (in other words, the intensityI of visible
light reflected by the surface fragments) is projected on the
axis of abscissas. Physically, it is the energy of light reflected
by a unit of fragment surfaces in a unit of time and is ex-
pressed in conventional dimensionless units. Therefore, it
is considered that the black completely absorbs the incident
light on the surface due to whichI = 0, and the white light
totally reflects the incident light, and its intensity (brightness)
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FIGURE 5. Difference in the brightness spectra of the visible light
reflections from a fragment’s surface (Specimen No. 1).

is I = 1. The intensity values corresponding to different
shades of gray vary within the interval from 0 to 1.

It can be observed that after fatigue tests, the reflected
light spectrum density decreases significantly in the whole
spectral interval. The spectral line is noticeably deformed,
and the spectrum moves into the direction of less intensity.
This occurs because of an increase of the specimen reflective
surface, in its turn caused by a rugosity increase due to cyclic
load.

Figure 5, shows the difference between the spectra re-
flected by the same fragment of the specimen’s surface before
and after fatigue tests.

4. Results and discussion

In this work, to evaluate the structural damage rate, we used
a parameter defined by the following equation:

Ds =
Si(0)− Si(N)

Si(0)− Smax(N)
(3)

whereSi(0) andSi(N) are integrals equal to the area below
the curve of visible reflected light spectrum of theith frag-
ment of specimens at the beginning of experiments and after
N load cycles, respectively.

As it can be seen, the concept of material structural dam-
age has been modified. It was done with the purpose of taking
the full advantage of the information obtained by photometric
analysis.

On the other hand, since the integral equal to the area
below the light spectrum curve is proportional to the energy
reflected by the specimen’s surface, this integral serves as the
best definition of fatigue damage energy.

All calculations related to the definition of fatigue struc-
tural damage rate of the studied specimen’s fragments are ful-
filled according to the program designed especially for this
case.

Estimating structural damage of fragments of both types,
namely, the ones with fatigue fracture crack and the ones
whose integrity is preserved during tests, we calculated the
number of cycles taken place before the undamaged frag-
ments of specimens (Nir) was fractured using the following
equation:

Nir =
Dsr

Dir
×Nr (4)

whereDsr is the fragment’s structural damage through fa-
tigue crack which fractured the specimen,Dir is the struc-
tural damage of theith fragment which preserved its integrity,
Nr is the number of cycles before the specimen was frac-
tured [10].

Equation 4 is obtained on the basis of a hypothesis that
the number of cycles before specimen destruction is directly
proportional to the structural damage at the moment of frac-
ture. Photometric information obtained by scanning the sur-
face fragments of specimens destroyed due to fatigue and
processed by a computer program forms the operating sys-
tem PHASI. This photometric information is represented as
a matrix of specimens. If such matrix includes more than 20
elements, it is representative enough to characterize the fa-
tigue resistance of the material and these results are not less
to those obtained in a standard fatigue test.

This processing was accomplished for the results ob-
tained from fatigue tests on wrought iron 08KP carried out
by both methods [3,4]. To construct a fatigue curve, the data
matrix {Nir} had to be complemented with a matrix of cor-
respondent stress amplitudes{σi} which affected the metal
life value and generated the matrix{Nir}.

Based on a previously developed method to evaluate ma-
terial’s structural damage PHASI [11,12], we developed an
accelerated method to construct fatigue curves according to
photometric analysis of surface structure of a limited number
(2-4) of specimens exposed to cyclic load. A fatigue curve
can be considered as the locus of limit states reached by the
material during cyclic tests. The material surface reflects in
consequence the evolution of patterns of the internal structure
which is continuously affected by cyclic tensions.

If a specimen is loaded according to the cantilever bend-
ing scheme, then the stress amplitude over the specimen
varies continuously, and by structural studies it is possible
to detect the part which maintains a stable damage level un-
der low determined test conditions. This corresponds to the
fatigue limit of the material under study.

We evaluated a static approximation of load for a can-
tilever beam. The elastic line equation for a beam of a con-
stant section exposed to a uniformly distributed loadq ac-
cording to [8] can be represented as follows:

EJy′′ = qlx− ql2

2
− qx2

2
(5)

whereql2/2 is the bending moment at the fixed end,ql is the
support reaction at the fixed end,E is the elastic modulus,
x is the coordinate of the cross section measured from the
fixed end, andJ is the moment of inertia of the beam cross
section. The right-hand side of Eq. 5 describes the distri-
bution of bending moments along the beam. After the first
integration, Eq. 5 is converted into the following expression:

EJy′ =
qlx2

2
− ql2

2
· x− qx3

6
+ C (6)
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whereC is the first integration constant. Having been inte-
grated again, Eq. (6) takes the following form:

EJy =
qlx3

6
− ql2x2

4
− qx4

24
+ Cx + D (7)

whereD is the second integration constant. The integration
constants are determined by the initial conditions which in
our case can be expressed asy′(0) = 0, y(0) = 0. Substitut-
ing the initial conditions in Eqs. (6) and (7), we find out that
the constants are equal:C = 0 andD = 0. Therefore, Eq. (7)
can be re-formulated as follows:

EJy =
qlx3

6
− ql2x2

4
− qx4

24
(8)

The maximum bending moment operating at the fixed end
is equal to

Mmax =
ql2

2
(9)

According to Eq. 8, the maximum stresses operating at
the beam’s fixed end are expressed by the following equa-
tion:

σo =
ql2

2W
(10)

where W is the section modulus which for a rectangular
beam isW = 2J /h = bh2 , hereh is the height of the beam’s
cross section andb is its width. Having this expression for
the section modulus, Eq. 9 can be re-written as:

W =
2J

h
=

bh2

6
(11)

Substituting Eq. 9 in Eq. 7, we obtain:

y =
2σo

Eh
·
[
x3

3l
− x2

2
− x4

12l2

]
(12)

Substituting the boundary conditiony(1) = A in Eq. 10,
we get the equation to determine the stressσ0:

σo =
2EhA

l2
(13)

For the estimated values of the stressσ0 and using Eq. 9,
we estimate the uniformly distributed load intensityq. This
allows us to express the stress distribution along the specimen
with the equation:

σ(x) =

[
6qlx− 3ql2 − 3qx2

]

bh2
(14)

Equation 12 permits to determine the localized stress cor-
responding to the limit fatigue values estimated according
to photometric measurements as previously explained. Ap-
plying Eq. 12, we generate a matrix whose components are
stress amplitudes which in combination with the data of cor-
responding durability allow us to construct a fatigue curve for
the material under study.

For tests, we used specimens in the form of a blade with
dimensions∼ 1×10×145 mm3. Table II presents the param-
eters and conditions of the tests. The 2024 Aluminum blades
were treated to the T8 type temper.

Using Eqs. (5-12) and the data in Table II, we calculated
the maximum amplitudes at the fixed ends of the specimens
and determined their distribution along each specimen. Some
results of these calculations are presented in Table III.

According to photometric measurements of the working
surfaces of the analyzed specimens and the data in Table III,
we constructed the fatigue curves, see Fig. 6.

It can be observed in Fig. 6 that the constructed curves
coincide almost completely. However, the curves obtained
by photometric analysis PHASI were constructed using the
data of four points, and the standard curve was constructed
with the data of 12 points.

TABLE I. Chemical composition of aluminum alloy 2024 (D16 Russian standard).

Cu Mg Mn Al
Fe Si Zn Ti Ni Cr Σ(Fe+Ni)

Other impurities

Each Σ

No more than

3.8-4.0 1.2-1.8 0.3-0.9 Base 0.5 0.5 0.3 0.1 0.1 0.15 0.5 0.5 0.1

TABLE II. Dimensions and conditions for fatigue tests on aluminum alloy 2024 specimens.L is length ,b is width,H stands for height,A
is amplitude,f is frequency,t is time.

No. of specimen
Dimensions of the specimens,mm Test conditions

L B H A, mm f, Hz t, min

A-1 1.13 9.98 143 8.5 39.6 8742

A-2 1.11 10 143
6 40.8 901

11 41.1 96

A-3 1.12 10 143 13.5 37.5 20

A-4 1.12 9.95 145 10 37.5 396

A-5 1.13 9.95 145 12 37.5 324
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TABLE III. Parameters of fatigue tests on aluminum alloy 2024
(D16) specimens;σ is stress,q is normally distributed load,N is
number

No. of σ in the N of

specimen fixed end, MPa q,kg/mm cycles

A-1 64.81931 0.013465 2.077×107

A-2
44.94499 0.009027 2.206×106

82.39914 0.016549 2.367×105

A− 3 102.0373 0.020864 4.50×104

A− 4 73.51249 0.014547 8.91×105

A− 5 89.00262 0.017928 7.29×105

FIGURE 6. Fatigue curves for aluminum alloy 2024 (Obtained
from the D16 Russian standard), constructed according to the data
of standard tests (¤) and by photometric analysis of the specimens’
surfaces (♦).

5. Conclusions

In this work, it has been demonstrated that the accumulated
damage during fatigue tests affects in a direct manner the sur-
faces of specimens in terms of their roughness. When stress
applied during a long time period increases, the roughness
also increases which is revealed in a major or minor capac-
ity of reflecting an incident light beam directed to the speci-
men’s surface. This effect can be directly observed in a dis-
placement of brightness spectra of visible light, providing us
important information concerning the processes of damage
incubation in the initial stage of tests which is the most time
consuming part of fatigue experiments. This permits to suffi-
ciently reduce the fatigue test time and the number of speci-
mens involved. With this in mind, we developed an acceler-
ated testing method based on data obtained from photometric
analysis of plane specimen’s surfaces in the form of beams
exposed to fatigue. The method is also based on the data
we obtained by evaluating structural damage of surface frag-
ments. Finally, the whole theoretic and experimental analysis
procedure can be applied to any type of materials indepen-
dently of severity and conditions of tests.
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