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Abstract: In this study, the fatigue life of
aluminum alloys (7001-T6) was predicted
with shot peening at various temperatures.
Surface treatment with shot peening steel
balls is a mechanism for reducing damage.
An experimental investigation was
conducted to find the degree of fatigue
accumulation for AA7001-T6 under
rotational bending loading and stress ratio
R = —1. The experiments were conducted at
RT (25 °C), 330 °C, and SP + 330 °C
temperatures. A modified damage stress
model that considers damage at various
load levels was recommended for
forecasting the fatigue life under high
temperatures. The model and experimental
results were compared to determine the

most damage (Miner’s rule). The
experimental results of the fatigue life
indicated that the increased testing

temperature reduced the fatigue life.
However, using shot peening at high
temperatures increased the fatigue life by
8% when loading sequence L-H and 10%
when loading sequence H-L. The results
showed a satisfactory degree of safety for
the present model. Nevertheless, Miner’s
model featured two models: one for low—
high loading and high-low loading. The
results were proper for prolonging fatigue
life.
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1. INTRODUCTION

Fatigue refers to the deterioration or cracking
that may occur in a structure or component
after it has been subjected to a dynamic load.
Damage is defined as the localized plastic
deformation resulting in cracks’ development.
Fatigue failure accounts for 90% of mechanical
failure [1]. This phenomenon occurs when a
material is subjected to varying loads. The crack
surface lengthens and experiences catastrophic
failure when the failure stress is lower than the
yield stress [2]. Aluminum is extensively
utilized in automobiles, aircraft, and several
other applications due to its great strength, low
weight, excellent thermal and electrical
conductivity, ease of recycling, and other
relevant attributes [3]. Fatigue failure is a
typical issue with industrial parts. The stress
levels at which fatigue does not occur are either
lower than the component’s ultimate strength
or lower than its yield strength [4]. Aluminum
alloys that can be heat treated, such as the
wrought aluminum alloys in the 7xxx series
with maximum strength, are the strongest
forging alloys. This type of alloy has a
reasonable level of corrosion resistance.
Furthermore, the aircraft manufacturing
industry uses this alloy for structural
components and other highly stressed
applications. Several heat-treatment
techniques have been recognized to enhance
the mechanical characteristics of metals at
room temperature [5]. The “Miner’s rule”
theory, i.e., material damage is directly
proportional to the number of cycles at a given
stress, is the most fundamentally and widely
accepted hypothesis for explaining cumulative
fatigue damage. The rule also presupposes that
the stress sequence and history are immaterial
and do not influence how quickly damage
develops at a certain stress level [6]. Although
machine and structural components may
experience varying levels of reversed stress
cycles or randomly fluctuating stress levels, the

majority of the data on fatigue failure are
acquired from tests with constant amplitude
loading. The three main categories of variable
amplitude loading are simple V.R. load
histories, block load histories, and random
service-simulating load  histories. Block
loadings can be categorized into low-high,
high—low, or a combination of these sequences
[7]. Most researchers have confirmed that
increasing temperature decreases the fatigue
life of machine parts exposed to variable loads.
Minor’s rule neglects the effect of temperature
on fatigue life. The present research aims to
improve the fatigue life of AA 7001-T6 under
high temperatures and variable loads using
shot peening. The experimental results showed
that using shot peening at high temperatures
improved fatigue life under variable loads.
2.LITERATURE REVIEW

Hantoosh [8] conducted an experimental
investigation to assess the fatigue accumulation
damage performance of aluminum alloy 2024-
T4 under rotational bending loads and a stress
ratio of R = —1. Room temperature (RT), 25 °C,
and 200 °C were employed in the experiments.
A modified damage stress model was used to
predict the fatigue life under high temperatures
and considered four damages at different load
levels. The present model outcomes were
compared with the experimental findings and
estimates obtained with the most popular
fatigue damage model (Miner’s rule). The
comparison showed that the present approach
presented satisfactory safety, while Miner’s
model occasionally provided a safety factor
close to unity. Zakaria et al. [9] used the
standard S—N curve to forecast an aluminum
alloy’s S—-N curve at high temperatures.
According to this study, the temperature
sensitivity, ¢, and the increased temperature
test for AA6061 were correlated. This
correlation can be utilized to forecast the S—N
curve. The AA6061’s fatigue life significantly
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decreased from 75% to 83% when the
temperature was increased from 27 °C to 250
°C. Consequently, the S—-N curve at high
temperatures shifted, demonstrating a shorter
fatigue life. The study also found a load
sequence effect. The low-to-high sequence
loading at RT and higher temperatures
produced the longest fatigue life, while CAL
demonstrated the shortest fatigue life.
However, the load sequence influence was more
pronounced at ambient temperatures than at
high temperatures. Al-Alkawi et al. [10]
examined the behavior of the aluminum alloy
AA7349 under cumulative and continuous
creep-fatigue interaction with an established
electrical system and the creep-fatigue
interaction at different temperatures and stress
levels. A continuous and variable creep-fatigue
test was performed on an hourglass-shaped
specimen of aluminum alloy AA7349 under
rotational bending loads, stress control, and a
stress ratio of one. Miner’s rule was used to
analyze and compare the results of the creep-
fatigue life with the outcomes of the suggested
and experimental methods. The study
demonstrated that Miner’s rule and the
recommended model produced results that
plausible and closely matched experimental
fatigue lifetimes. Ali [11] used the laser shock
peening technique with two energies of 250 and
500 mJ. The objective of the study was to
determine ways to extend the fatigue life of AA-
7075 under constant and varied loads. The
results demonstrated that the fatigue life was
enhanced to different degrees under various
constant stress amplitude loads. The
improvements in the life factor of the treated
specimens were approximately 1.534 and 1.157
under constant amplitude stress in the range of
0.3—0.8. The experimental results of the
cumulative fatigue damage under two-step
programs of low-high (156—312 MPa) and
high—low (312—156M Pa) stress tests also
demonstrated improvements in the life factors
of 1.61 and 1.54 compared with those of the
untreated specimens. Kadhim and Kamal [12]
conducted experimental studies to calculate the
lifetime of aluminum alloy thermal fatigue.
They studied the fatigue—temperature
interactions on aluminum alloy 6063-T6 under
different temperatures and a stress ratio of R =
—-1. A power law relationship was observed
between temperature and the number of cycles
that would fail and the fatigue strength, both of
which decreased with temperature. High
temperatures cause interactions between
temperature and fatigue service, significantly
lowering the number of cyclists. Temperature
enhanced the declining life ratio, i.e., Nf
evaluated temperature/Nf room temperature.
Mahammed et al., [13] examined the effects of
shot peening and ultrasonic impact treatment
on the fatigue strength and constant cumulative

fatigue life of AA7075-T6. The fatigue life of the
S—N curve and the fatigue strength during
treatment of 3.46% and 8.57% at 107 cycles
were determined through fatigue studies under
constant and changing amplitude (R = —1) at
ambient temperature. The study demonstrated
that SP and UIP-treated specimens had better
fatigue life than the unpeeled specimens after
two stages of cumulative fatigue damage
testing. The fatigue endurance limit was
increased by 35% and 54% for UIT and SP,
respectively. These results demonstrated a
direct correlation between an improvement in
the material’s mechanical properties and an
increase in fatigue strength after application.
3.EXPERIMENTAL WORK

Aluminum alloys are often utilized in structural
applications in the aviation, automotive, and
construction industries due to their high
specification ~ dependability, exceptional
corrosion resistance, and affordability. The
primary material in this work is aluminum,
AA7001-T6, which has the greatest strength of
any working aluminum alloy [14].

3.1.Tensile Test

The experimental mechanical properties were
determined by performing tensile tests at RT
and 330 °C with a WDW-50 tensile test
apparatus with a 200 KN capacity. Fig. 1 shows
the shape and measurements of the tensile
specimen. The tensile specimen was selected
based on ASTM A37o0.

45 mm
on [

==

35 mm R=6

Fig.1 Tensile Test Specimen.
The tensile test is conducted using a material
tensile test rig, which measures the mechanical
properties of AA7001-T6 at RT and 330 °C.
Fig.2 depicts the tensile test apparatus.
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—

Inner Environmental

Lower Fixed Grip

Fig. 2 High-Temperature Tensile Test
Specimen Loaded into the Grips with Proper
Alignments [15].
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3.2.Fatigue Test

The sample was produced on a programmed
CNC lathe. Fig. 3 depicts the fatigue test sample
following the basic parameters for the cylinder
fatigue study (DIN 50113).

l_ 6.74

——

Fig. 3 Fatigue Test Specimen.

The PUNN-type fatigue testing machine,
depicted in Fig.4, was used to perform fatigue
tests with constant and fluctuating loads
through rotating bending. Eq. (1) below is used
to calculate the stress (f) at the point of failure

[6].

10

32x125.7P(N)
md3

o;(MPa) = @

Fig. 4 Furnace Connected to the Fatigue
Machine with a Digital Thermal Control Board.

3.3.Shot Peening Process

To evaluate the shot peening process, the Shot
Tumbleset Control Panel Model (STB-OB) was
used as a testing instrument, as shown in Fig. 5.
The test specimens were subjected to cast steel
balls with an average diameter of 1 mm,
propelled at approximately 40 m/s. The nozzle
was positioned 10 cm from the specimen's
surface, and the balls had a Rockwell hardness
of 48-50 HRD. The specimens were dampened
with water prior to capturing photographs.

Centrifugal
shot peening

Fig.5 Shot Peening Device.
The primary parameters of the SP device are
peening pressure (12 bar), the number of balls
for each operation (50 runs), speed (40 m/s),
the distance from the jet to the specimen (15
cm), the average ball size (0.6 mm), and
coverage (100%).

4.RESULT AND DISCUSSIONS
4.1.Cumulative Fatigue Damage Result
Constant-amplitude fatigue S—N curve is
defined as fatigue under cycle loading with
constant amplitude and constant mean stress.
The amplitude and mean of structures
subjected to variable loading (VL) are not
constant, and many theories were proposed to
describe the fatigue life under VL. The simplest
and oldest theory is the Miner’s rule. This rule
needs to stabilize the S—N curve for the material
that estimates the fatigue life. The S—N curve
equations of the condition tests presented in
Table 1 are drawn from the same sources based
on the Basquin equation in Table 2. According
to Miner’s rule, Nf1t and Nf2 are the numbers of
cycles at failure corresponding to 61 = 377 MPa
and 62 = 502 MPa obtained from the S—N curve
equation listed in Table 3.

Table 1 Fatigue Results under VL High Temperature and SP.

Condition Spec. Loading Nt Nrav Spec. Loading Nt Nrav
no sequences (cycles) (cycle) No sequences (cycles) (cycle)
(MPa) (MPa)
Low-High High—Low
(L—H) (H-L)
1 26,800 4 16,800
RT (25 °C) 2 377502 24,600 24,733 5 502-377 13,000 17,533
3 22,800 6 22,800
7 16,600 10 10,000
330 °C 8 377—502 20,500 17,300 11 502—-377 11,600 11,733
9 14,800 12 13,600
13 18,000 16 10,800
SP + 330 °C 14 377—502 22,000 18,867 17 502-377 13,600 13,133
15 16,600 18 15,000

Table 2 S—N Curve Equations of AA7001-T6 under Three Testing Conditions.

Condition S—N curve equation Rz

RT (25 °C) of = 1980 Ngo0148 0.9939
330 °C Of = 1401 Ngo1158 0.9921
SP + 330 °C of = 1375 Ngo1u3 0.9832
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Fig.6 S—N Curve of AA7001 — T6 under Three Testing Temperatures.

Table 3 Comparison of the Experimental Fatigue Life of AA7001-T6, Miner’s Rule, and the Proposed

Model.
Condition Loading sequence Nt (av) Nt Miner Nrmodel(cycles)
(MPa) (cycles)
L-H (377-502) 24,733 19,364
RT 19,
H-L (502-377) 16,433 747 17,795
0 L-H (377-502) 17,300 13,456
330°C H-L (502-377) 11,733 14,254 10,425
o L-H (377-502) 18,867 16,372
SP+330°C H-L (502-377) 13,133 15,486 15,356
® L-H experimantal ® Miner wModel
30000
24733
15000 -
19747
20000 19463 18867
. 17300
| e 15486 16372
| & 14254
| %'m” 13456
|2
10000
5000
ol
RT 330°C SP+330°C
Fig.7 Low—High Cumulative Fatigue Life Prediction for the Different Temperatures.
@H-L experimantal # Miner u Model
25000
19747
20000
17533 17795
B 15486
= 14254 15356
o 13000
2 13133
% 11733
3 10425
Z 10000
5000 1
0
RT 330°C SP+330°C

Fig. 8 High—Low Cumulative Fatigue Life Prediction for the Different Temperatures.
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5.DISCUSSION

Table 3 illustrates that the fatigue life under L—
H loading is conserved, i.e., Nf is less than the
experimental value; however, under H-L
sequence loading is higher than the
experimental one (non-conservative). This
result may be due to the reasons reported
below. According to Miner’s rule, the amount of
work can be observed until fatigue stabilizes at
a constant value. The work observed during N1
and N2 was comparable. N1 and N2 were the
numbers of cycles at failure corresponding to
61= 377 MPa and 62= 502 MPa obtained from
the S-N curve equation. Nevertheless, damage
at n1 unequaled that at n2. Damage nonlinearly
varied, while the Miner’s rule presupposes that
damage linearly varied. The S-N curve
equations of AA7001-T6 were used to obtain
the fatigue life under variable loading.

The fatigue failure stress was less than the yield
stress because the fatigue test was done under
high cycle fatigue. The type of failure was mode
1. The values of fatigue lives were reduced as the
temperature increased; however, when shot
peening was applied at high temperatures, the
fatigue lives increased. Using the shot peening
at high temperatures increased the fatigue life
by 8% with loading sequence L-H and 10% with
loading sequence H-L.

Miner’s rule was applied to evaluate the
variable loads on the AA2024-T3 sheet material
without any environmental effect
(temperature) and surface treatment (SP). Two
to four different blocks were used. It was found
that the summation of damage (D) varied from
0.61 to 1.45. The average value was selected
close to 1.0. [16]. However, this method is
unreliable because it is valid for some
specimens but not others. This rule does not
consider the environmental effect and surface
treatments. The interaction effect of loading
sequences was also ignored. Al Alkawi et al. [17]
tested AA7349 under variable loading,
considering the effect of loading sequences and
high temperatures. They proposed two models,
one for low—high loading and the other for
high—low loading. The results were suitable for
fatigue life prediction.

6.CONCLUSIONS

The behavior of AA 7001-T6 was examined
under various temperatures and thermal
fatigue using rotational bending loads with a
stress ratio of R = —1, allowing symmetric strain
amplitudes (R = —1) during the cyclic loading
studies without negatively affecting the
specimen’s mechanical behavior. Fatigue S-N
curve was eliminated, i.e., reduced by
combination fatigue and 330 °C, and it
improved using prior shot peening and 330 °C
(sp+330 °C). Temperature affected the fatigue
strength and life, i.e., increasing temperature
reduced life and strength, while shot peening
treatment significantly increased strength and

fatigue life. This study modified the AA7001-T6
S—-N curve under three testing settings,
compared the material’s mechanical properties,
and examined its experimental fatigue life with
Miner’s rule. Miner’s rule provided a safety
factor for specimens under high-low stress and
predicted some specimens’ safety for low-high
loading sequences.
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NOMENCLATURE
AA Aluminum Alloy
ASTM American Society for Testing and Materials
CNC Computer numerical control
d Diameter
KN Kilo Newton
L-H Low—High
H-L High—Low
HRD Rockwell Hardness
mj Milljjoule
Mpa Megapascal
p load
R Stress ratio
RT Room temperature
S-N Stress—Number of cycles
SP Shot peening
Té6 Heat treatment process
UIT Ultrasonic impact treatment
VL Variable loading
Greek symbols
of Stress to fatigue
Subscripts
f Fatigue
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