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Abstract High-cycle fatigue (HCF) and low-cycle fatigue (LCF) fatigue lives of rolled AA1100 and

AA1050 aluminum sheets along different directions were evaluated at room temperature. Four

types of samples denoted as longitudinal (L) and transverse (T) to the rolling direction were com-

pared because the samples along the two typical directions show an obvious anisotropy. A can-

tilever plane-bending and multi-type fatigue testing machine was specially designed for this

purpose. Deflection-controlled fatigue tests were conducted under fully reversed loading. The long-

est fatigue lives in the LCF region were obtained for AA1050 (L) while AA1100 (L) samples had the

longest fatigue lives in the HCF region.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aluminum is a light material with a density (2.7 g/cm3) that is
approximately three times lower than the density of materials

such as iron, copper, and brass. Aluminum shows perfect resis-
tance to corrosion under various environmental conditions
such as air, water, and sea, as well as under the action of dif-

ferent chemicals. Aluminum possesses attractive characteristics
such as esthetic appearance, machinability, and high electric
and heat conductivity. Aluminum is quite commonly used in

the automotive industry and in aircraft owing to its physical,
mechanical, and tribological characteristics [1–3]. Fatigue is
an important parameter for determining the behavior of
mechanical parts functioning under variable loads. The fatigue

resistance of a structural component is affected by mechanical,
metallurgical, and environmental variable factors. Fatigue is
the primary reason for 80–90% of engineering failures. In
applications that frequently use aluminum composites, deter-

mining the fatigue performance of the operating element and
the effects of the operating parameters on fatigue is necessary.
Fatigue assessment can be typically performed using the S-N

(i.e. stress life) or the crack growth method [4]. Establishing
extensive databases, including stress–life (S–N) information,
is very important for precise evaluation of the fatigue charac-
teristics of an element resulting from different operating condi-

tions [1]. In engineering applications, relatively low-frequency
strain cycling as a consequence, e.g., of start and stop opera-
tions, generates low-cycle fatigue (LCF) failure [5]. There are

many crack origins due to high stresses that accompany LCF
[6]. According to the literature [7], the fatigue properties of
ultrafine-grained materials show an enhanced fatigue life under

HCF. But, a limited number of studies were carried out on
high cycle fatigue (HCF) and low cycle fatigue (LCF) of pure
aluminum [7,8]. Fatigue life is particularly affected not only by
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Nomenclature

L parallel (longitudinal) to the rolling direction

T perpendicular (long-transverse) to the rolling
direction

HCF high cycle fatigue (Nf > 105)
LCF low cycle fatigue (Nf < 105)

SL fatigue strength along longitudinal direction
ST fatigue strength along long-transverse direction
Su ultimate tensile strength

N number of cycles
Nf number of cycles to failure

No mean fatigue life

Rd deflection rate
R stress rate
R reliability level
R2 correlation coefficient

Umin minimum deflection (negative value)
Umax maximum deflection
S or r maximum stress amplitude

a, b constants of the material
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the characteristics of amaterial but also by the characteristics of
the relevant specimen: microcavities created when an aluminum
part is produced, surface flaws, hot or cold deformation, and

changes in the grain structure [9–14]. Tensile strength and fati-
gue life of aluminum were affected slightly by rolling direction
at room temperature. However, when the ambient temperature
increases, the tensile strength and fatigue life were significantly

changed based on the rolling direction [12].
In their studies on some aluminum alloys, Srivatsan et al.

have defined that yield, tensile and fatigue lives of the samples

cut in the long-transverse (T) direction decrease in high test
temperatures and high vibrational amplitudes in comparison
with the samples cut in the longitudinal direction (L). How-

ever, at room temperature, the effect of the rolling direction
on the yield, tensile and fatigue strength is not significant.
The increase in temperature causes the decrease in tensile
and fatigue strength by enlarging the grain structure [12,14].

In particular for the people working under different environ-
mental conditions, the fatigue characteristics defined according
to the rolling direction are of great importance. In general, the

‘‘stress amplitude-fatigue life curve” (S-N) of aluminum sam-
ples tested in both the longitudinal direction and the long-
transverse direction indicates an increasing tendency for fati-

gue in response to the decreasing stress amplitude. Generally,
by taking the testing time into consideration, values voluntar-
ily cut in 106 cycles are used. However, in low stress ampli-

tudes, the fatigue life of the material can be indefinite,
because no fatigue failures occur reaching to 106 cycles.

In fact, apart from other metals, pure aluminum and its
compounds are stated not to have a distinct fatigue strength

limit. However, according to the usage areas and material
characteristics (shape, size factor, etc.), there are surface cen-
tered cubic metals having well-defined fatigue limits [12]. In

this study to better determine the fatigue strength limitations
of AA1100 and AA1050 aluminum materials, the tests were
continued up to 107 cycles. In the S-N curves, it is desirable

to use the test data indicating the effects of the different stress
rate (R) and mean stress values. However, because the test data
for which the mean stress is zero and the fully reversed variable

(R = �1) model is used are the most critical data, these values
are used mostly in designing. Moreover, these data help the
designer make quick and correct decisions about fatigue life
[15–18]. AA1100 and AA1050 aluminum sheets are used par-

ticularly for plates and appliqués in the automobile industry,
where high strength is not required but high ability for shaping
and corrosion resistance is necessary. Chemicals and foods are
carried in thin sheet metal vessels, in tubes and general con-
tainers manufactured by deep drawing and spinning processes,

in heat exchangers, in welded assemblies, in vehicle plates, and
in lighting such as light reflectors [3,19].

The main purpose of this study was to evaluate the effects
of the rolling direction at room temperature on the AA1100

and AA1050 aluminum sheets used in the above-mentioned
fields, evaluating the tensile characteristics and bending fati-
gue. In accordance with the aim of the study, a cantilever

plane-bending and multiple-specimen test machine was spe-
cially designed and produced. In our study reported in the
Ref. [10], because it was used for a single-specimen fatigue test

device, the testing frequency was chosen as 70 Hz by taking the
total test time into consideration. However, in this study, the
testing device that we have recently designed that can be con-
nected with four specimens at the same time performed the

tests at a frequency of 50 Hz. At this high frequency and using
the deflection-control fatigue test device, the fatigue tests of L
and T specimens were performed on AA1100 and AA1050 alu-

minum sheets. According to the experimental results, S-N dia-
grams (Wöhler curves) were obtained. The stress
corresponding to 107 cycles was considered as the fatigue life

limit (endurance limit). The results were interpreted compara-
tively. In this study, the fatigue lives of commercial-purity alu-
minum sheets were considered based on two rolling directions

(longitudinal and long-transverse).
2. Materials and method

2.1. Aluminum sheet specimens

In this study, aluminum sheets of commercial purity and cold-
rolled products, with chemical content and standard presenta-
tions given in Table 1, were used. AA1100 and AA1050 alu-
minum sheets were supplied from the domestic market in

Turkey. The test specimens were prepared by cutting into
dimensions of 25 � 200 � 3 mm in parallel (longitudinal) and
perpendicular (long-transverse) to the rolling direction

(Fig. 1). These prepared aluminum specimens were subject to
tensile and three-point bending tests according to TS-
EN/485-2 and ISO 7438:2005(E). The test results are presented

in Table 2 [20–23], and these results were observed to be con-
sistent with the Refs. [3,10,22–25].



Table 1 Chemical composition of aluminum alloys (wt%).

Aluminum Cr Cu Fe Mg Mn Ni Si Ti Zn Al

AA1100 0.002 0.001 0.494 0.005 0.001 0.001 0.098 0.014 0.008 Bal.

AA1050 – 0.006 0.196 0.002 0.117 – 0.065 0.0157 0.004 Bal.

L 

T 
(a) (b) 

Figure 1 (a) Different orientation structures for specimens (L, T and S) and schematic micrograin structure; (b) broken AA1100 (T)

aluminum specimen.

Table 2 Some mechanical characteristics of aluminum sheets [10,22,23,25,26].

Specimens and

orientation

Tensile strength

(MPa)

Yield strength

(MPa)

Elastic modulus

(GPa)

Bending strength

(MPa)

Bending modulus

(GPa)

Hardness

(HB)

AA1100 (L) 126 120 69 120 60 32

AA1100 (T) 124 118 69 117 54 32

AA1050 (L) 117 106 69 106 54 30

AA1050 (T) 113 98 69 103 48 30
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2.2. A cantilever plane bending and multiple specimen fatigue
tests

In the closed-loop bending fatigue tests, the stress control or
strain control can easily be used. In the stress-controlled test

device, the test specimen is turned between the defined
maximum-minimum loads, and the fixed stress amplitude is
provided. As the fatigue process progresses, the strain

increases and the rigidity decreases. As far as the strain-
control is concerned, the specimen works between the defined
maximum-minimum deflection, and the fixed strain amplitude

is gained. Many commercial servo-hydraulic testing machines
with stress control are significantly higher in complexity and
in terms of maintenance, process and service costs as well as

purchase costs compared to the strain-controlled testing device
[27]. Thus, in this study, a cantilever-type plane bending fati-
gue testing device with deflection control, whose schematic pic-
ture is shown in Fig. 2, was designed and produced [22,23].

Maximum bending strength data obtained from the three-
point bending tests were useful for determining the initial stress
levels in the S-N curves [10,25,26,28–32]. All tests were per-

formed at room temperature, and the stress ratio used was
(fully reversed) R= �1. At least 200 materials were broken
into pieces to obtain four specimen groups with two different

orientation structures (L and T). Ten stress levels were deter-
mined to obtain the S–N curves corresponding to each group.
On average, five specimens for each stress level were broken,

meaning 50 specimens in total were tested. Bending fatigue
tests were performed in the deflection-controlled cantilever-
type device, which can be connected with four specimens at

the same time, at a frequency of 50 Hz as shown in Figs. 2
and 3. The tests were continued up to 107 cycles
[10,22,23,25,28,30,31].

2.2.1. Fatigue test device

In the fatigue test device, the motor used for the test was a
2.2 kW-2880 rpm motor. The motor with the V-belt started

the main axle, and the testing frequency of �50 Hz was
obtained (Fig. 2). With the two holders on both sides of the
pulley, the movement is distributed in two directions. Option-

ally, with a ‘‘separation arm”, the movement of one side can be
stopped, and the other side can continue (Fig. 3a). The main
axles have a fixed 7.5 mm axis at the tip points. In response
to the fixed amount of eccentricity, the binding parts of the

specimens were made with sliding, so that the deflection can
be changed according to the distance to the seat points
(Figs. 2a and 3e). On the control panel, a ‘‘frequency adjuster”

increases the motor frequency from 0 to 50 Hz. There is also an
‘‘emergency button” for emergency cases, a turn on/off button
for electricity, and an ‘‘LCD monitor” to show the cycles of

the specimens (Fig. 2a). A counter circuit was designed for
general purposes. Counting circuit inputs work with a square
wave of 12 volts coming directly from the specimen. In other

words, the test specimens work as electric switch at the same
time (Figs. 2a and 3d). As it can be seen in Fig. 2a, the
proximity sensors on the mechanical contrivance are placed



Figure 2 Schematic illustration of the cantilever plane-bending fatigue test machine: (a) side view and (b) front view.
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capacitively in a manner to give ‘‘signals” when they see the
metal piece in front of them [33]. Fixed deflections in the test
were measured by a comparator with a resolution of 0.01,

which was placed on the adjustment screws on the slide and
on the specimen side (Fig. 3c).

Before starting the fatigue tests, to determine the required

maximum force to be applied against each deflection value,
the force-deflection tests that are shown in Fig. 3c were per-
formed. In those tests, a FS800-type digital indicator of
5000 N capacity and an SS300-S type load cell of 0.5 N cali-

bration sensation were used. To measure the deflection during
the loading, a comparator was again used. In response to each
deflection value for L and T specimens, the average force val-

ues measured by loadcell are close to each other; the difference
between these values is negligible.

As it can be seen in Fig. 3d, the cantilever beam mechanism

can be moved in x and z direction. Through this option, it can
be tested under different deflection rates. When the specimen is
broken, the signal is transmitted to the electro-mechanical

puller and the specimen is pulled in the x-direction (Fig. 3d).
This system prevents the friction between the fracture surfaces.
An oscillating specimen holder is connected with hinge on the
sliding system. Thanks to this system, bending force is always

perpendicular to the plane tangent to the surface of the speci-
men (Fig. 3e).

In this study, deflection-controlled fatigue tests were carried

out by using different deflections. To characterize the test, a
deflection rate of Rd = Umin/Umax was defined, similar to the
stress rate (R= rmin/rmax). Umin and Umax are defined as

deflection amplitudes. Umin is the minimum deflection (nega-
tive value), and Umax is the maximum deflection. These values
are equal in absolute value to each other and are defined as

Rd = �1. Mean stress is zero. The parameters of testing are
shown in Table 3.

At the beginning of the fatigue test, the maximum force and
initial deflection values to be applied to the specimens should

be calculated. The deflection, bending force and stress values
were calculated as a cantilever beam loaded by a single force
at its free end [10,22,23,26]. Ten different deflection values were

found by decreasing the initial deflection value at the rate of
20%. These values were first put in their places in the related
equation to calculate the bending forces. These theoretical
force calculations are close to the force value measured exper-
imentally as shown in Fig. 3c; the differences are negligible.

Then, the bending stress amplitude values (S) were calculated
to compose S-N curves (Table 4). To obtain the S-N curves
given in Fig. 4, five for each deflection (50 each for L and T

directions), 200 specimens in total were broken. To evaluate
the experimental data statistically and to find the average
cycles to failure, the Weibull distribution of two parameters
was used, and a regression analysis was used to obtain S-N

curves [10,25,28,34–36]. All test results are presented in
Table 4.

3. Testing results and discussion

3.1. S-N curves

Stress and average cycles to failure for each deflection value
are given in Table 4, and the S-N curves obtained are shown

comparatively in Fig. 4. To characterize the fatigue curves,
the simplified Basquin exponential function is given in Eq.
(1), and the function parameters gained are given in Fig. 4.

S ¼ aðNfÞ�b ð1Þ
where

S: the stress amplitude or fatigue strength

Nf: the cycles to failure
a and b are the constants of the material (given in the equa-
tion in Fig. 4)

Empirical formulas indicating the relationship between the
tensile strength of the aluminum specimens with rectangular
sections in different cycles (Su) and fatigue strengths depending

on the specimen direction (SL and ST) are given in Table 5. The
data obtained are in agreement with the literature [36].

3.2. Investigation of the fracture zone and surface

Depending on the direction of the bending (tension-
compression) forces applied in opposite directions, fatigue
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Figure 3 Photographs of the cantilever plane-bending fatigue test machine: (a) top view, (b) side view, (c) schematic force and deflection

measurement, (d) the side of cantilever beam, and (e) moving side of the specimen.

Table 3 Test parameters.

Test frequency 50 Hz (adjustable from 0 to

50 Hz)

Temperature Room temperature

Control Deflection-controlled

Deflection rate Rd = �1 (fully reversed)

Maximum cycle 10 million

Specimen preparation

direction

Longitudinal direction (L)

Transverse direction (T)
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regions occurred from the top surface to the center of the cross
section, and a suddenly fracture region occurred in the center
of the cross section (Fig. 5). The sudden fracture always
occurred in the middle area. This case is a significant indicator

that the deflection rate is R= �1 (fully reversed) bending fati-
gue. In Fig. 6, the top surface view of an aluminum specimen
tested in the T direction as a result of fracture is observed. The

longitudinal long and deep macro cracks can easily be
observed through visual inspection. As the cracks on the top
surface of the specimens given in Figs. 6 and 7 are inspected,

the cracks are observed to start on both sides of the broken
area at more than one point, and the lateral cracks are sheer.
Longitudinal cracks are parallel to the surface. As the local

stress in the areas prone to the occurrence of cracks increased,
the number of points where the cracks started also increased
(Fig. 7). Cracks starting from more than one origin on the
fracture surface are combined and then compose an unique



Table 4 S-N data of aluminum specimens.

Material Deflection

(mm)

Strength

(MPa)

Test-1

(cycle)

Test-2

(cycle)

Test-3

(cycle)

Test-4

(cycle)

Test-5

(cycle)

Weibull parameters Mean life

(cycle)
Alpha (a) Beta

(b)

AA1100

(L)

126.00 1 1.00 1

10.00 105.47 996 998 1065 1068 1140 1083 17.02 1050

8.00 84.38 1425 1452 1496 1502 1568 1515 27.34 1485

6.40 67.50 1567 1603 1612 1638 1710 1652 29.76 1622

5.12 54.00 2850 3603 3918 4100 4275 4016 6.25 3734

4.00 42.19 6000 6112 6200 6413 8550 7227 5.35 6662

3.20 33.75 61,988 63,035 64,118 64,125 64,126 63,964 63.65 63,399

2.56 27.00 102,600 102,893 104,030 106,436 106,875 105,569 50.69 104,407

2.00 21.09 192,375 509,634 512,487 513,000 525,825 546,672 1.92 484,977

1.60 16.88 1,282,500 1,689,412 2,003,000 2,010,000 2,052,000 1,969,457 4.87 1,805,536

1.30 13.71 9,634,008 10,260,000 10,562,000 10,773,000 12,436,750 11,226,467 10.11 10,685,087

AA1100

(T)

124.00 1 1.00 1

10.00 94.92 428 514 643 678 784 668 4.30 608

8.00 75.94 784 1140 1148 1152 1283 1200 4.94 1101

6.40 60.75 1636 1710 1753 1782 1782 1762 27.92 1728

5.12 48.60 3398 3491 3633 3718 3848 3701 20.73 3606

4.00 37.97 6038 7756 7908 7980 8550 8134 7.16 7618

3.20 30.38 14,250 14,658 16,103 16,509 17,100 16,298 12.82 15,656

2.56 24.30 10,006 26,719 27,075 27,888 36,985 30,773 1.88 27,317

2.00 18.98 94,050 104,062 106,875 110,098 111,150 108,576 14.92 104,830

1.60 15.19 1,682,571 1,689,412 1,702,659 1,710,000 1,795,500 1,742,086 31.98 1,712,282

1.30 12.34 7,965,312 8,721,000 9,112,841 9,205,678 9,234,000 9,115,186 15.69 8,814,385

AA1050

(L)

117.00 1 1.00 1

10.00 94.92 1645 1998 2077 2222 2390 2196 9.03 2080

8.00 75.94 3466 4620 5528 6491 7486 6145 3.46 5525

6.40 60.75 8039 8811 9853 10,427 10,649 10,056 8.11 9476

5.12 48.60 12,497 12,619 13,489 14,040 16,390 14,342 6.23 13,333

4.00 37.97 27,171 29,164 30,476 30,833 32,049 30,815 18.26 29,928

3.20 30.38 42,723 44,257 44,647 44,880 48,593 45,951 14.12 44,287

2.56 24.30 94,350 99,368 102,337 104,114 106,068 103,422 25.82 101,258

2.00 18.98 465,478 498,861 500,487 545,784 591,676 540,583 8.35 510,131

1.60 15.19 1,280,176 1,403,949 1,968,412 2,005,168 2,125,308 1,919,493 3.38 1,723,861

1.30 12.34 7,261,948 9,845,908 10,360,059 10,662,578 10,873,874 10,505,159 16.35 10,171,184

AA1050

(T)

113.00 1 1.00 1

10.00 84.38 1108 1652 1963 2274 2274 2079 4.45 1896

8.00 67.50 3070 4045 6057 6082 7052 5946 2.76 5292

6.40 54.00 9563 11,213 12,589 13,120 13,165 12,669 8.70 11,979

5.12 43.20 14,111 14,765 15,677 18,244 18,765 17,119 5.96 15,876

4.00 33.75 23,278 24,180 27,151 31,322 31,395 28,980 5.43 26,733

3.20 27.00 32,174 32,205 34,668 36,344 41,044 36,549 6.95 34,178

2.56 21.60 51,280 62,896 73,159 76,977 79,211 74,116 6.59 69,113

2.00 16.88 254,786 304,423 314,134 455,301 515,933 405,690 2.56 360,194

1.60 13.50 1,186,864 1,304,576 1,589,473 1,667,932 1,836,201 1,627,214 4.85 1,491,468

1.30 10.97 3,328,553 6,968,361 9,382,195 10,489,276 10,624,187 9,575,582 3.35 8,596,266
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crack zone. As observed in Figs. 8 and 9, because these cracks
progressed on different planes, they split from each other with

stair lines [22,37]. However, as the deflection value decreased
and reached higher cycles, the stair lines decreased in size
and became invisible (Figs. 8c and d, 9c and d). As observed

in Figs. 6 and 8d, in T specimens, the crack progressed more
easily between the grains. Instead of little cracks, a large crack
progressed longitudinally between grains and caused fracture.

In L specimens, smaller but more cracks were observed and as
a result of the lateral progress of these small cracks, fracture
occurred. As observed in Fig. 7, when the surfaces of the spec-
imens were tested at the highest deflection value (10 mm),
many lateral cracks progressing from the surface to the center
were observed on the L specimens. This interpretation may

mean that many cracks progressing from surface to center
should occur for L specimens to break as a result of fatigue
(Fig. 7a). As far as the T specimens are concerned, as observed

in Figs. 6 and 7b, fracture generally occurred as a result of a
few critical cracks starting from the surface and macro-size
cracks that progress more rapidly and are a result of the union

of these critical cracks. As the deflection value decreases and
the cycle increases, lateral cracks become smaller. As far as
the HCF (Nf > 106) region (deflection = 1.3 mm) is con-
cerned, lateral cracks can be clearly distinguished in the L spec-



Figure 4 S-N curves for L and T directions.

Table 5 The relationship between tensile and fatigue strengths in response to some cycle values.

Specimens and orientation Cycles to failure (Nf)

103 104 105 106 107

AA1100 (L) SL = 0.63Su SL = 0.39Su SL = 0.24Su SL = 0.15Su SL = 0.09Su

AA1100 (T) ST = 0.52Su ST = 0.32Su ST = 0.20Su ST = 0.12Su ST = 0.08Su

AA1050 (L) SL = 0.84Su SL = 0.47Su SL = 0.26Su SL = 0.15Su SL = 0.08Su

AA1050 (T) ST = 0.76Su ST = 0.42Su ST = 0.23Su ST = 0.13Su ST = 0.07Su

Fatigue areas 
Sudden fracture area (middle area) Fatigue stair lines in the shape 

of “fishbone”  

Figure 5 Optical view of the fracture surface in the direction of the cross section of the AA1100 (T) specimen.

L 
Longitudinal 

T 
Transverse 

Longitudinally long and macro cracks starting 
on the top of surface and progressing parallel  

Top of surface 

Figure 6 Macro cracks progressing on the top of the surface of the AA1100 (T) specimen.
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imens, and lengthwise cracks can be distinguished on the

T specimens. The stair lines in the shape of a ‘‘fishbone” (�)
that are observed on the surface of the fatigue fracture
of AA1100 and AA1050 sheets, as in Figs. 5 and 8a, signify
that fatigue cracks can progress on leaned planes as well

[37,38].
As observed in Fig. 9a and b, there are hundreds of ‘‘thin

fatigue lines” between ‘‘fishbone” signs. Many thin cracks or



Large and longitudinal cracks starting from 
the top of surface and progressing more  

Small and multiple lateral cracks progressing from 
the top of surface to center of cross-section 

(a) (b) 

Figure 7 (a) Cracks starting from the top of the surface and progressing in the direction of main stress in the AA1100 (L) specimen. (b)

Macro cracks starting on the top of the surface and progressing in a lateral (parallel) way in the AA1100 (T) specimen

(deflection = 10 mm).

Stair lines are not 
clear  

Fatigue stair lines  

Growing direction of
macro crack  

Growing
directionof

(c) Macro cracks 
occurring on the 
top of surface and
progressing in 
parallel

(d)

(b)(a)
Growing
directionof
macro crack  

Growing direction of
macro crack  

Fatigue stair lines in the shape 

Top of surface of specimen Top of surface of specimen 

macro crack  

Figure 8 SEM view of the fracture surfaces: (a) AA1050 (L) specimen, fracture = 27,171 cycles; (b) AA1050 (L) specimen,

fracture = 7,261,948 cycles; (c) AA1050 (T) specimen, fracture = 34,668 cycles; (d) AA1050 (T) specimen, fracture = 5,038,254 cycles.
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tears are observed in these thin fatigue lines. The SEM view of

the specimens in the HCF region is observed in Fig. 9c and d.

Fatigue lines became thinner and denser in this area. In HCF

tests of specimens having different orientation (L and T) struc-

tures, fatigue lines are observed to decrease, and the

microstructure is similar. Thus, there is a slow and constant

crack growing in high cycles close to 107 values. This case is

a proof showing that the effect of the rolling direction in the

HCF region on fatigue strength is less than the effect of the

rolling direction in the LCF region. As observed in Fig. 4,
going from the LCF region to the HCF (Nf > 106) region,
the curves become closer to each other. Even in the S-N curves
of aluminum sheets having a reliability level of R= 0.99

(99%), the effect of rolling direction on fatigue strength is
observed to be only slightly less [10].

3.3. Factors affecting fatigue strength

Fatigue strength is affected by many factors such as testing
frequency, specimen size (size effect), specimen geometry
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(geometrical effect), testing method, microstructure of the

specimen and grain size. The details of these effects and
mechanical characteristics of some commercial aluminum are
given in the references [3,24,39–43].

3.3.1. Microstructure and the effect of grain size

If the processed aluminum alloys such as rolling or extrusions
are exposed to repeated loadings, plastic deformation areas

occur in fatigue areas. Plastic deformation depends on the
grain size, grain structure, grain direction/non-direction, grain
distribution, and grain morphology in this area of the speci-

men [44]. Cracks start primarily in the grain borders. In the
area between grains, surface cracks are observed. As a result
of the rolling and extrusion applications on materials, the pres-
ence of large grains in the micro structure and the characteris-

tics of the grain borders accelerate the crack among the grains
[45]. Grain size does not significantly affect the fatigue or ten-
sile behavior in mass-centered and surface-centered metals

having a traditional grain structure. However, grain size may
be of little or much effect on the fatigue life of the surface-
centered metals such as aluminum, copper, and a-brass [8].

Grain size has an important effect on fatigue life, especially
in aluminum alloys [46]; especially in aluminum alloys, grain
size and grain direction play a very significant role in deciding
the fatigue life. The presence of lengthened grains with the

sequence of other compounds, apart from aluminum, in the
grain border affects fatigue life. With the decrease in stress
level, the difference of fatigue strength between two directions
(L and T) can increase. In other words, the decrease in the den-

sity of the other compound apart from aluminum significantly
improves the fatigue strength at lower stress levels by bringing
fatigue strength gained in both directions (L and T) closer [47].

Therefore, this characteristic is more apparent in commercially
pure aluminum. There is a more ductile structure in the high
stress and low cycle fatigue (LCF) region of aluminum and
aluminum alloys due to the large grain structure (according

to the HCF region). In the LCF region, due to the excessive
sensitivity regarding ductile structure and shape change, tear
bands occur in the macro size. Due to the repeated deforma-

tion under low stress in the HCF region, grains change shape,
and a harder structure is formed [48]. Therefore, due to this
structure change in the HCF region, the fatigue limits in the

L and T directions are closer to each other. As the specimen
is exposed to high stress amplitudes, a crack can start from a
different position and then go on to the shear force direction

(Figs. 6 and 7). As observed in Figs. 8 and 9, if the specimen
is exposed to a lower tensile amplitude, the crack starts from
a point and continues consistently [49].

In this study, to understand the fracture mechanisms in the

LCF and HCF regions of L and T specimens, micropho-
tographs of the fracture areas were taken before and after
the tests, and these photographs are shown in Fig. 10. Internal

structure and porosity of the fracture areas in N � 107 cycles of
L and T specimens are very similar. As observed in Fig. 10(c),
(d), (g), (h), grain borders, grain size, orientation, and grain

structure are directed toward 45� planes. Therefore, cracks
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Figure 10 Microphotographs of the fracture areas in the direction of length and thickness for the AA1050 specimen, fracture for

L = 1,403,949 cycles, deflection = 1.6 mm, fracture for T = 3,328,553 cycles, deflection = 1.3 mm, (a) and (b) vertical position, pre-test;

(c) and (d) vertical position, post-test; (e) and (f) linear position, pre-test; and (g) and (h) linear position, post-test.
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causing fracture toward both L and T directions are directed
toward 45� planes. This case can be indicative that fatigue

strength in L and T directions especially in the HCF region
are at the same level. In other words, consistent deformation
occurring in the aluminum sheets tested in the HCF region

caused a very similar fracture mechanism on both sides by
affecting the grain structure and grain borders. As mentioned
above and in the references [22,23,47], because AA1100 and

AA1050 are commercial aluminum sheets of high purity, they
contain other compounds in small amounts. This case can be a
proof for the improvement of similar fracture mechanisms for
both directions.
3.4. Reliability levels of aluminum sheets at different cycles

In the calculation of the average fatigue life, a Weibull distri-

bution was used, and a, b parameters characterizing this distri-
bution were calculated [10,25,28,34,35]. Test results and the
Weibull parameters (a and b) calculated for each stress level

and estimated mean life values are given in Table 2. Graphics
of ‘‘reliability or probability of survival” of the aluminum sheets
in this study in both low cycle regions (LCFs) as 104–105 and

high cycle regions (HCFs) are observed in Fig. 11. The most
important characteristics of these graphics shown in Fig. 11
are that they facilitate the selection of the material. As the



Figure 11 Reliability (Probability of Survival) graphs for low-cycle (LCF) and high-cycle fatigue (HCF) regions.
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graphics of N = 104 and N= 105 cycles are concerned

(Fig. 11a and b), in this low cycle region, AA1050 (L) should
be chosen. In the high cycle regions (HCFs) of N= 106 and
N= 107 cycles, AA1100 (L) should be preferred. Another

example is that in the high cycle region of N= 106 cycles
(Fig. 11c), our preference in the R = 0.50 (50%) reliability
level between AA1100 (T) and AA1050 (T) should be

AA1100 (T). From these diagrams, it is easy to find and
compare the response, reliability percentage and fatigue life
in response to any reliability value. In addition, reliability

graphics are helpful to the designer in terms of material
selection.
4. Conclusion

In this experimental study, the following results were obtained
regarding the cantilever plane-bending fatigue behaviors of
AA1100 and AA1050 aluminum sheets.

� According to the test results, although the tensile and yield
values are a little higher in specimen cut in longitudinal

direction (L), tensile characteristics are generally not much
affected (1.6–3.4%) by the rolling direction at room
temperature.

� In all aluminum sheets, as the cycles increase, fatigue
strength eventually decreases. S-N curves at R � 0.50 (mean
fatigue life) reliability level for all specimens were plotted,

and power function parameters (a and b) were obtained.
By using these curves, it is possible to estimate the fatigue
life of related aluminum sheets under any stress. These
curves provide the reliable fatigue lives required by the

designer.
� The empirical formula indicating the relationship between
tensile and fatigue strength for AA1100 and AA1050 with

rectangular sections in different cycles are gained, which
can lead designers in practical applications as well.

� Because AA1100 and AA1050 were commercial aluminum
sheets of high purity (Al > 99%) and the tests were per-

formed at room temperature, microstructure and grain size
did not affect test results significantly.

� Because the internal structure and porosity in both rolling

directions (L and T) are very similar and due to the consis-
tent deformation in the HCF region, grain structure and
grain borders were affected and similar fracture mecha-

nisms occurred in both directions. Therefore, in the HCF
(N> 106) region the effect of rolling direction on fatigue
strength is less compared to the effect of rolling direction

on fatigue strength in the LCF region.
� The effect of rolling direction on fatigue strength in the
high-cycle fatigue (HCF) region is less than the effect of
rolling direction in the low-cycle fatigue (LCF) region.

� As observed in S-N curves and reliability graphs, for the
same reliability levels, the longest fatigue life in the LCF
region between N = 104 and N= 105 cycles was gained

in AA1050 (L), and the shortest fatigue life was gained in
AA1100 (T) specimens. However, in the HCF region
between N= 106 and N = 107 cycles, the longest fatigue

life was gained in AA1100 (L), and the shortest fatigue life
was gained in AA1050 (T) specimens.

� According to the test results, AA1100 and AA1050 alu-
minum sheets should be used in the places where high fati-

gue level and fatigue strength are not needed. In other
words, it is more appropriate to make secure designs of this
type of aluminum sheets to work dynamically in LCF

region.
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[8] H. Mughrabi, H.W. Höppel, Cyclic deformation and fatigue

properties of very fine-grained metals and alloys, Int. J. Fatigue

32 (2010) 1413–1427.
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