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ABSTRACT ARTICLE HISTORY
The unique properties of aluminium alloys and their high strength- Receiced 24 March 2023
to-weight ratio make them the preferred choice for aircraft design. ~ Accepted 22 September 2023

However, fatigue cracking in ageing fleets remains significant. This KEYWORDS

study investigates microstructural cracking of cooled and heat- Aluminium alloys; heat
treated Al 7075-0, T6, and T7 alloys used in airfframes and stringers. treatment; crack initiation;
To study the effect of heat treatment, medium voltage test pieces fatigue; crack propagation;
were used according to the guidelines of ASTM E647. Scanning microstructure
Electron Microscopy (SEM) was used to observe the crack surface

morphology. The results show that Al 7075-T7 exhibits higher

resistance to the Fatigue crack growth (FCG) threshold than Al

7075-0 and T6. In the case of the quenched Al 7075-0, the fatigue

performance remains constant for samples oriented with

a perpendicular and countersunk rivet hole. SEM analysis of fatigue

cracking surface indicates that the microcracks leading to fracture

originate from inclusion zones, secondary stage grains, and micro-

structural defects. In addition, as the heat treatment condition

increased from O to T6 to T7, the area of the semi-subdivision

planes and the width of the fatigue bands initially increased and

then decreased. The final fault zones exhibit dimpled properties,

with increasing size and deeper changing depth as heat treatment

annealing progresses from O to T6 to T7. In summary, the study

highlights the outstanding fatigue resistance of Al 7075-T7 and

provides valuable insights into the microstructural aspects of fati-

gue cracking in aircraft alloys subjected to different heat treat-

ments. These results contribute to the understanding and

managing of ageing fleets, supporting the development of more

reliable aircraft designs.

1. Introduction

The unique properties of aluminium alloys and their strength-to-weight ratio make
them the preferred choice for designing aircraft with better design safety margins
and improved payload [1-3]. Massive resistance to the propagation of fatigue cracks
and enhanced formability of the alloys reduce manufacturing costs and process flow
time. Alloy 7075-T6 is used where compressive strength is a critical design
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principle, for example, in aircraft stringers and frames [4]. During maintenance,
several aircraft operators report cracking failure of parts made of aluminium alloy
7075-T6, specifically the frames and stringers [4, 5]. The remedy is to repair or
replace the parts, which takes at least 5 days of lost revenue. A compromised
structural member carrying primary and secondary loads makes operating an air-
craft unsafe. According to the Boeing Multi Operator Message MOM-MOM-19-
0536-01B, eighteen aeroplanes were inspected, including 737-700 and 737-800
variants. Of the eighteen, three cracks were reported. One aircraft showed cracks
on its left and right frame fitting’s outer chords, and another showed a crack on the
right frame fitting outer chord [6]. The cracks observed can be attributed to
repetitive loading experienced on aircraft structures during flight cycles, causing
fatigue failure over time. The high-stressed regions, such as frame fittings, may
experience crack initiation and propagation due to the cumulative stress cycles.
Additionally, the operational circumstances of the aircraft, including takeoff, land-
ing, and manoeuvring, subject the frame fittings to different types of loads that may
cause crack formation [7].

Studies on the influence of notch geometry and mean stress on fatigue life initiation on
Al alloy 7075 T6 and 7075 T71 have been performed by Benachour et al. [8] while
applying constant amplitude loading and a local strain approach. The results confirmed
that fatigue life is related to crack initiation. After the initial heat treatment (solution heat
treatment), the alloy 7075 T6 is then rapidly quenched to room temperature, which
results in the alloy reaching a stable condition known as the T6 temper. The “T” stands for
‘thermally treated’ [9]. The aluminium alloy 7075 possesses excellent mechanical proper-
ties and high strength, making it suitable for various aerospace and structural applica-
tions. In the T71 condition, the aluminium alloy 7075 is over-aged, which means it is
subjected to an extended ageing process compared to the T6 temper. This over-ageing
results in the alloy maintaining its strength levels very close to the conventional T6
temper while achieving improved stress corrosion resistance [10]. Fakioglu et al. [11]
determined the fatigue behaviour and fracture characteristics of the Al 7075 alloys aged
through different methods.

The effect of the precipitates formed in the matrix through ageing depended on the
damage tolerance of the heat treatment process. Gaco et al. [12] studied the effects of heat
treatment temperatures of 420°C, 460°C, and 500°C on fatigue life and fatigue strength
on an aluminium alloy substrate. The study noted an improvement in fatigue initiation
and propagation life of aluminium alloy specimens heat-treated at higher temperatures
than those heat-treated at low temperatures. The value of fatigue strength for newly
formed material at room temperature was 79% of yield stress. The yield stress for new
material was 65% at 545°C. Permanent fatigue strength measured at maximum operating
temperature was 64% vyield stress. As a result of the more efficient dissolution and
precipitation reactions at higher heat treatment temperatures, the aluminium alloy’s
microstructure is filled with finely dispersed, stable precipitates. When cyclic stress,
a component of fatigue loading, occurs, these precipitates act as barriers to dislocation
movement inside the material. The development of precipitates increases the material’s
resistance to fatigue crack initiation and propagation, extending the fatigue life. The
input process parameters identified in the literature include: thermo-mechanical proces-
sing [13], ageing treatment [14,15], stress ratio [16,17] and riveting parameters [18].
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Even though aluminium alloys, particularly 7075-T6, are preferred for aircraft design
because of their strength-to-weight ratio and affordability, some operators have observed
cracking failures in crucial components like frames and stringers. To improve the
understanding of fatigue cracking and guarantee long-term aircraft safety and perfor-
mance, thorough tests and cooperative efforts are required between manufacturers,
operators, and researchers. This study focused on the effects of microstructure, nature
of grains, rivet-hole geometry and heat treatment on the fatigue performance of alumi-
nium alloys 7075-0/T6/T7 through fatigue loading tests and micro-structural analysis.

2. Methodology

In this study, 7075 aluminium alloy, equivalent to the material used in aircraft frames and
stringers, was procured as 7075-O and 7075-T6. Al 7075-T6 was converted to Al 7075-T7
by heating it as per Boeing standard BAC562. The middle tension [M(T)] specimen was
utilised as the standard test method for crack growth rates as per ASTM E647 [19]. Three
samples were used per experiment. The specimens designed for crack initiation at
different rivet hole orientations were prepared as per ASTM E8 [20] to avoid cracking
at the gripping holes. Figure 1 shows some of hole geometries that are used in the study of
crack initiation.

High-cycle fatigue testing (Constant-Force-Amplitude Test Procedure) on the speci-
mens was performed at the University of Nairobi, Department of Mechanical
Engineering workshop. Dummy tests were conducted before the actual test for each
specimen with an R ratio of 0.33, P,,;;, = 90 Ibs (400.34N), P,,.., = 270 Ibs (1201.01N), and
load frequency of 1498 Hz. The R ratio is a crucial variable in fatigue testing because it
influences the stress state that the material experiences during the cyclic loading. In each
cycle of the test, it establishes the loading parameters and stress range that the material
will experience. With an R ratio of 0.33, the test simulates the actual loading conditions
and offers more relevant information for engineering applications [21,22].

The equipment setup for fatigue testing was done, ensuring that the force distribution
was symmetrical to the specimen notch. A stopwatch was used to determine the elapsed
time in minutes for each crack advancement, which aided in determining the elapsed
cycles. To reduce the time taken experimenting, the load frequency chosen for testing
fatigue and crack proliferation was slightly more than that experienced in service con-
ditions or real-life scenarios. A travelling microscope was used to measure the crack
length. The data for fatigue crack advancement rate (da/dN) calculated experimentally

100.00°

Countersunk hole
/ specimen
Straight shank hole
! /_specimen
T
| - 0.016 m

Figure 1. Hole geometries of specimens designed for the study of crack initiation.
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against the range of stress intensity factor (AK) was generated via incremental technique.
The experimental data were correlated using the Paris law.

da

— = CAK™ 1

N (1)
represented in a plot of Log-log (da/dN) against AK for all materials as indicated in the
form of

da

Log (d_N> = logC + mlog(AK) (2)
Where C and m are material constants.

The cracked surfaces were cut into four pieces; (i) CI-Crack Initiation (6 mm length),
(ii) CPS-slow crack propagation (6 mm length), (iii) CPF-fast crack propagation (6 mm
length), and (iv) FF-final fatigue fracture (6 mm length). The standardised crack length of
6 mm for each section of the cracked surface allowed for consistent and repeatable
measurements and analysis. It was decided by considering factors such as having
a good sample size that can optimally portray the characteristic features under study [11].

Figure 2 shows the fatigue crack growth (FCG) rate. This particular graph has AK on
the x-axis and da/dN on the y-axis, representing the crack’s magnitude and the total
number of cycles leading to failure, respectively. There are three distinct portions in this
graph. In Regime A, the crack propagation rate rapidly declines as AK is reduced. It is
significant to note that fracture growth can happen below Ky,, even if fatigue damage is
unlikely to occur at that level. In a log plot, the fracture growth rate in regime B is linear.

107
i regime A
I mm/min
5 104
3 10
<
£
E i
=2, 1 mm/hour
e,
<
107¢ }—
le—One lattice
spacing 1 mm/day
™ per cycle
I mm/week
10°*
4 log AK
Jth

Figure 2. Fatigue crack growth (FCG) curve showing the crack growth derivative (da/dN) vs log
AK describing the three regions (regimes A, B and C) associated with crack growth rate, Ky, is the
threshold intensity range while K. is the fracture toughness [23].
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It adheres to Paris’ law, which is expressed by Eq. (1), where AK is the stress intensity
factor ranging from (Kyax - Kimin), C, and m are experimental constants, and where the
environment, temperature, material variables, frequency, and stress ratio are dependent
on the values of these variables [24]. The other regime involves accelerated crack growth.
SIF grows to the maximum value in the cycle, i.e. Kmax reaches the fracture toughness
(Kc), which depends on the material environment, strain rate, temperature, and speci-
men geometry [25]. This occurs after the typical linear stable macroscope crack
growth [26].

Then, etching was done using Keller’s reagent to show the microstructure of metals
and alloys. Etching the specimens allows scientists to notice grain boundaries, precipi-
tates, and other microstructural components. This enables them to investigate how the
microstructure affects crack propagation behaviour and fatigue performance [26]. The
crack surface morphology was observed by a standard scanning electron microscope
(with an acceleration voltage of 20 kV at Busitema University, Uganda).

3. Results and discussion
3.1. Effect of heat treatment on heat treatment conditions

The impacts of heat treatment on crack growth and propagation under constant fatigue
loading of Al alloy 7075 under varied heat treatment conditions (-O, -T6, -T7) were
studied in a fatigue testing machine. The superimposed propagation curves da/dN
against AK are illustrated in Figure 3 for the three heat-treated conditions Al alloys 7075-

109!
1093
gy,
> ———
< 10% ——
z Al
= ——
E M b = et
N ,_bgtl_‘
'c 5 —
z 107 Rt
- ——
h?g (a) Specimen 7075-T7
[
— « (b) Specimen 7075-T6
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Figure 3. Superimposed fatigue crack growth curves for Al 7075-O, T6 and T7 with their respective
power Paris lines at a constant amplitude of AP =1201 N, R = 0.33.
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T7, T6 and O for R=0.33, as seen from the graphs of the results. The Al alloys 7075-T7
condition demonstrated a more prominent resistance against crack propagation than the
Al alloys 7075-O condition.

The curves concur with those acquired by Leng et al. [23]. In the study,
compared to alloy 7075-O, alloy 7075-T7 demonstrated even stronger resistance
to crack propagation under slow crack growth conditions. The difference in
fracture resistance between the two states increased when the crack growth rates
decreased and got closer to a critical threshold value. Al alloys 7075-T6 condition
displays an intermediate behaviour between Al alloys 7075-O and Al alloys 7075-
T7 and grows towards Al alloys 7075-T7 above 10> mm/cycle. The behaviour of
solution-heated, artificially aged aluminium alloy 7075-T6 falls between alloys
7075-O and 7075-T7. The ‘intermediate behaviour’ indicates that it has
a stronger fracture propagation resistance than the fully annealed (7075-O), but
not as high as that of overaged (7075-T7). This was expected since the T6 temper
balances mechanical qualities acquired during ageing. The da/dN is greater while
AKy, is less for the Al alloys 7075-O state than for the Al alloys 7075-T7 one
while Al alloys 7075-T6 is sandwiched among the two. The monitored greater da/
dN and less AKy, under the Al alloys 7075-O condition than under the Al alloys
7075-T7 and 7075-T6 states are also registered by other researchers [20, 27, 28].

The crack propagation curves of the Al alloys 7075-O, 7075-T6 and 7075-T7 are
represented for R = 0.33 by straight lines along the Paris region, i.e. the Power equation
for Paris region for the three heat treatment conditions gives;

Al alloys 7075-T7 gives, y=3 x 107 x (4K)'**”

Al alloys 7075-T6 gives, y =4 x 10~ x (4K)'**”

Al alloys 7075-O gives y=1 x 107 x (4K)**®

Representing the same on Paris equation 1 gives, for Al alloys of:

7075-T7 it becomes

da N 10.069
(dN) = 3x10 — 7(4AK)

7075-T6 it becomes

da
93\ 1077 (AK)10-869
(dN) X107 (4K)

7075-O becomes

da
93 141075(AK)%63
(dN) x10-5(AK)

Assuming the stress intensity factor is constant, for this case, let us take AK =2
For Al alloys 7075-T7

da —07/~110.869
— | = 3x1 2
(dN) 3x1077(2)

($2).475_77 = 3-22x10~* mm/cycle

For Al alloys 7075-T6
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da - 07 /~10.869
(dN>_4X10 (2)

d — —4
($2).075_ 16 = 7-48x10~* mm/cycle

For Al alloys 7075-O

day) —06 (~110.869
(dN>—1x10 (2)

($2).075_ 0 = 8-10x10~* mm/cycle

The exact value of AK, the crack propagation rate of Al alloys 7075-T7 is consistently inferior
to the crack propagation rate of Al alloys 7075-T6 and 7075-O, and they tend to become
identical beyond 1x10~>mm/cycle. We again witness that, in this model, it is inconceivable to
determine a point as an asymptotic boundary of the crack propagation curves.
Determining AKy, for different heat treatment materials.
For Al alloys 7075-T7 becomes

da
— 3x10-Y (AK)10-062
<_dN> 3x107"(AK)

1077 = 3x10"7 (4K)'**”

AKy = 0.8966
For Al alloys 7075-T6 becomes

da
93N k10797 (AK)10-869
(dN) X107 (4K)

1077 — 4X10707(AK)10.869

AKy, = 0.8802
For Al alloys 7075-O becomes

da - —06 9.663
(dN)—lxlo (AK)

1077 = 1x107%(AK)* %

AKyp, = 0.7880

The interpretation of fatigue crack propagation rates da/dN against stress intensity
span AK for Al alloys 7075-O, 7075-T6 and 7075-T7 conditions is shown in
Figure 4, for load ratio 0.33, constant amplitude. Close to threshold levels, it is
apparent that Al alloy 7075-T7 structures offer the most elevated fatigue resistance
in spans of the most inferior growth rates and the highest threshold point AKy,
values. Likened with those for the Al alloy 7075-O configuration, the threshold
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Figure 4. Superimposed fatigue crack growth of Al 7075-0/T6/T7 at a constant amplitude of AP =1201
N, R = 0.33 with (a) countersunk 100 rivet hole and (b) perpendicular rivet hole orientation.

Table 1. Material parameters.

Al alloys 7075 material condition c m AKg, (MNmM™/?)  da/dN (assumption, AK =2) mm/cycle
7075-T7 3x10°%7  10.069 0.8966 3.22x107*
7075-T6 4x107Y  10.869 0.8802 7.48 x 107
7075-0 1x107% 9,663 0.7880 8.10x107*

AKy, values in the current developments are approximately 11% and 14% more
heightened in the Al alloy 7075-T6 and 7075-T7 configurations, respectively, AKy,
standard deviation is 0.0478, at R=0.33 as shown in Table 1.

3.2. Effect of rivet hole orientation

The determination of crack propagation under constant fatigue loading in a 100° coun-
tersunk rivet hole and straight rivet hole geometry of Al 7075-O, Al 7075-T6, and Al
7075-T7 alloy specimens was investigated through a fatigue testing machine. The super-
imposed fatigue crack growth graph for Al alloy 7075-O, 7075-T6, and 7075-T7 is
depicted in Figure 4, showing the fatigue growth of countersunk and perpendicular
rivet hole geometry.

Based on the data presented in Figure 4, the rivet hole geometry has a negligible
impact on the fatigue lives of the countersunk and perpendicular rivet hole for Al
alloy 7075-0, 7075-T6, and 7075-T7. The superimposed fatigue crack growth graph
for Al alloy 7075-O is depicted in Figure 4, showing the fatigue growth of the
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countersunk following the curve for perpendicular rivet hole orientation for the
respective heat treatment conditions 7075-O, 7075-T6, and 7075-T7. The hole
geometry did not affect the fatigue crack growth rate for Al alloy 7075-T7. Its
superimposed graph depicted the growth graph of countersunk and perpendicular
are in line with each other.

A superimposed graph of all the three heat-treated conditions with different hole
geometry showed that Al alloy 7075-T7 has higher and lower AKy, than Al alloy 7075-T6
and Al alloy 7075-0. Al alloy 7075-T6 is the bandwidth between Al alloy 7075-T7 and Al
alloy 7075-T6, which agrees with the results found and other scholars [29, 30]. In
summary, the specimen geometry used to study hole geometry did not provide enough
data to determine the Paris region.

3.3. Fatigue fractographic analysis

The typical crack paths in the Al alloy 7075-O, 7075-T6 and 7075-T7 specimens
are shown in Figure 5. In the Al Alloy 7075-O sample, the crack path associated
with fatigue is sharply angled and twisting, deflecting, and branching, as shown in
Figure 5(a), and measured deflection angles through the optical microscope are
about 30°, 45°, and 70°, with a standard deviation of 17. Al alloy 7075-T6 and
7075-T7 samples exhibit nearly straight, linear, with no deflection fatigue crack
path as depicted in Figures 5(b,c). The failure analysis for the fracture surface is
trans-granular in all subjects with proof of slip steps, facets and ledges. Such
facets are mainly enunciated in the Al alloy 7075-O form and have an appearance
aspect of crystallographic fatigue surfaces [23,30,31]. In distinction with Al alloy,
7075-0 fractures displaying a zigzag appearance, Al alloy 7075-T6 and 7075-T7
are predominately linear, outlying fewer crack deflections crack paths.

Figure 5. (a) Crack path for Al 7075-0, (b) crack path for Al 7075-T6, (c) crack path for Al 7075-T7.
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3.4. Fatigue fracture morphology observation of al alloy 7075-0/T6/T7

3.4.1. Fatigue crack initiation
From this study, the fatigue-fractured surface morphology of the fatigue initiation of Al
alloys (a) 7075-0, (b) 7075-T6, and (c) 7075-T7 were examined, as indicated in Figure 6.
The fatigue fracture surfaces of tests Al alloy 7075-O, 7075-T6 and 7075-T7 under R =
0.33 were examined in scanning electron microscopy (SEM). Figure 6 illustrates the all-
around fracture surfaces and the fatigue crack initiation for (a) 7075-0O, (b) 7075-T6, and
(c) 7075-T7. The failure analysis for the fracture surfaces consists of fatigue crack
initiation regions for the three heat-treated conditions.

Crack directiof | * ficrack direcgon o T
‘ ._.-?., Cl|(b) ‘ .. Cl
X ,

d'i!t'&\r-—

S — "’

Seco\ndary phase particj;es
) - 4

Micro cracks ¥

Dimples
Tearing ridges /

/‘\
SEMHV; 200KV ; 20pm | A SEMHV: 200KV 205m

Crack direction

SEMHV: 200KV 20um.

Figure 6. Fatigue-fractured surface morphology of the fatigue initiation of (a) Al alloy 7075-0, (b) Al
alloy 7075-T6, (c) Al alloy 7075-T7.
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The samples without internal tissue flaws, the stress concentration of the sur-
face or subsurface commonly initiates fatigue cracks [23, 32, 33]. Internal tissue
flaws include voids, inclusions, and uneven distribution of alloying elements or
impurities within the material’s microstructure. These imperfections are frequently
tiny and cannot be noticeable to the human eye. They may be added during
manufacturing or developed due to various situations during the formation of
the material [31]. Other factors that lead to stress concentration flaws
include minute porosity (tiny pores or voids caused by incomplete consolidation
or trapped gases), surface scratches, and impurities developed when it is under-
going smelting and heat treatment. In these tests, the impurity phase particles
separated from the matrix under the cyclic loading was where the crack was
initiated. Chen et al. [34] and Clemens et al. [32] concluded that the impurity
phase particles’ Young’s modulus, Poisson’s ratio, and strength differ from those
of the alloy matrix. Under cyclic loading, the impurity phase particles either
fracture themselves or slide and detach from the rich iron phase matrix. The
crucial zone’s weakest point is where the crack first appears. The fatigue fracture
is then formed as it spreads from the initiation to the inside along the path of
perpendicular loading. The propagation rate is slow because the fatigue fracture
initiation surfaces are exposed to the air [33]. When a metal is exposed to air,
oxygen reacts with it to generate an oxide coating. This oxide layer can act as
a stress concentrator and is brittle, which could cause the crack to spread. Second,
a metal can rust if exposed to air [35]. Corrosion is the process by which
chemicals eat away metal, which permits crack propagation. Temperature and
humidity are other environmental factors that might affect the rate at which
a fatigue crack spreads. High humidity can speed up corrosion, which can cause
the crack to spread more quickly [34]. The fracture surface is made smooth and
bright due to repeating open and close cyclic loading. Meanwhile, those cracks
initiated at different planes meet during propagation; the radial stairs are left.

Crack difection
(a) Crack direction <t ,L,

1Y

Secondary phase particles

Tearing ridges

voids

N N

\ \
" \ ‘
—_— y
N |
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> ! }}

}ea ring ridges I I : I

Figure 7. Fatigue crack propagation morphology of Al alloy 7075-0 (a) CPS (b) CPF.
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3.4.2. Fatigue crack propagation
The scanning electron microscopic morphology of fatigue crack propagation areas under
a stress ratio of 0.33 and constant amplitude are shown in Figures 7, 8 and 9. The slow
and fast crack propagation fractographic is depicted in the figures.

Figures 8(a) and 9(a) illustrate the initial fracture step due to fatigue propagation,
which consists of two phases: crack initiation, followed by cracks propagating along the

Crack direction
<

Furrow pattern

striations_

!

P difiples

Levooloron]

20 pm

Tearing ridées

Figure 8. Fatigue crack propagation morphology of Al alloy 7075-T6, (a) slow crack propagation, (b)
fast crack propagation.

(b) Crack directiony j CP-F

-—

Secondary phase particles

\

/
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Tearing ridges

Figure 9. Fatigue crack propagation morphology of Al alloy 7075-T7, (a) slow crack propagation, (b)
fast crack propagation.
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primary slip plane of the slip band to the within of the material using the pure shear
method. Figures 7(b), 8(b) and 9(b) show how the fatigue crack propagates for
a particular length before changing directions and follows the stress’ perpendicular
orientation. These three phenomena are typical for the second phase of fatigue crack
propagation. The quasi-cleavage fracture plane and the parallel zigzag area may be
noticed on the fractography of aluminium alloy 7075, which has been aged at various
Temper O, T6, and T7, as illustrated in Figures 8(a) and 9(a). After ageing treatment to
different Temper O, T6 and T7, plenty of nano-strengthening phases leave in the matrix,
the crack propagation is intercepted, and extensive deformation arises on the borders of
cracks, leading to the cracks combining by ripping them and resulting in creating lamella
fracture surface. The quasi-cleavage fracture plane’s location of test Al alloy 7075-0 is the
least, while the quasi-cleavage fracture plane’s area of test Al alloy 7075-T7 is the most
extensive. The form and extent of the quasi-cleavage fracture plane are linked with the
alloy’s micro-structure in the grain proportions state, the precipitated phase type, size,
and disbandment, and the more extensive the grain, the bigger the quasi-cleavage
fracture plane’s area [36].

The second phase of the fatigue crack propagation displays fatigue strips.
Individual strip denotes a stress cycle and indicates the crack tip site under this
cycle, as is portrayed in Figures 7(b), 8(b) and 12(b). The average widths of tests Al
alloys 7075-O, 7075-T6, and 7075-T7 are 0.28, 0.68 and 0.36 um, respectively.
Fatigue crack propagation surfaces exhibit some second micro-cracks parallel to
the strips. The second stage particles thwart the crack propagation and alter the
propagation direction; ultimately, the crack continues propagating after going
around them.

When subjected to cyclic loading, the holes are left because of the second-stage
particles desquamating from the matrix. By measuring the size of the holes, the diameter
of the second stage particles is 2-3 um, adversely impacting high cycle fatigue perfor-
mance. In addition, numerous nanoscale precipitated stage particles are distributed in the
matrix, favouring high cycle fatigue performance.

3.4.3. Final fracture
The final fatigue-fractured surface morphology of Al alloy (a) 7075-O, (b) 7075-T6, and
(c) 7075-T7 is outlined in Figure 10.

The material cannot handle the cyclic loading when the crack length comes to
the critical length. Unstable crack propagation is experienced, eventually leading to
transient material fracture. Final fracture SEM images are displayed in Figure 10
for Al alloy (a) 7075-0O, (b) 7075-T6, and (c) 7075-T7. The surfaces of the final
fracture are coarse and mixed ductile-brittle fractures with numerous tearing
ridges, as noticed in Figure 10(a-c). The dimple size measured through the SEM
machine for Al alloy 7075-O is the smallest (11 pm), and the size is the most
diminutive. The outcomes indicate that the dimple dimensions and depth of Al
alloy 7075 gain slowly with the increase of heat treatment from 11 pm in 7075-O
to 15um in 7075-T6 to 18 um in 7075-T7. The number of dimples is closely
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Figure 10. Final fatigue-fractured surface morphology of (a) Al alloy 7075-0, (b) Al alloy 7075-T6, (c) Al
alloy 7075-T7.

associated with the precipitated stage particles. The better and the finer precipi-
tated stage particles, the more the dimples. It can be therefore inferred that the
more Al alloy 7075 is heat-treated, the more finely predicated phase particles
occur.

3.5. Fractographic analysis of different hole orientations

3.5.1. Fatigue crack initiation to study hole geometry
Figures 11 and 12 show SEM sections for crack initiation for different hole geome-
tries and varied heat treatment conditions. Fracture surfaces were examined with an
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Figure 11. Fatigue crack initiation morphology of (a) Al alloy 7075-O countersunk rivet hole, (b) Al
alloy 7075-0 perpendicular rivet hole, (c) Al alloy 7075-T6 countersunk rivet hole, (d) Al alloy 7075-T6
perpendicular rivet hole.

SEM. The statistics show crystallographic facets characterising stage I growth on
specimens tested in air.

Fatigue cracking starts at the countersink for a chamfered hole (after initiation
on the other side, a crack is noticed propagating along the countersink after
initiation on the opposite side in all cases). Nevertheless, crack initiation is
consistently trans-granular, despite the existence of some crystallographic facets
that are anticipated during stage I growth. Under the fracture surface exist micro-
cracks connecting pits together [37]. Micro-cracks starting from the cladding and/
or at the cladding/core metal interface are also noticed in both straight hole and
chamfer hole samples.
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Figure 12. Fatigue crack initiation morphology of Al alloy 7075-T7, (a) countersunk rivet hole, (b)
perpendicular rivet hole.

3.5.2. Fatigue crack propagation to study hole geometry
The SEM results on fast and slow crack propagation at different rivet hole orientations
and varied heat treatments are shown in Figures 13,14, and 15.

A significant disparity was noticed in fractographic attributes between the Al
alloy 7075-O, 7075-T6, and 7075-T7 conditions and an insignificant difference
between the countersunk and perpendicular rivet hole geometry. The typical
fractographs of the Al alloy 7075-O, 7075-T6, and 7075-T7 specimens of stress
ratios 0.33 are shown for two different rivet hole geometry (countersunk and
perpendicular). Slow fatigue crack propagation growth rate images for the differ-
ent rivet hole orientations are shown in Figures 13(b), 14(a), 14(c), 15(a), and 15
(c). In contrast, images for fast crack propagation growth rates for different rivet
hole orientations are shown in Figures 13(a-c), 14(b-d), 14(d), 15(b-d).
Countersunk rivet holes establish a smooth surface on the structure by allowing
flush placement of rivet heads. Stress concentration is the crucial factor that
countersunk rivet holes affect when it comes to fatigue fracture initiation.
When a hole is countersunk, the area surrounding the hole’s edge thins out,
causing tension to concentrate there. Compared to the rest of the structure, that
location may experience higher stress levels due to stress concentration. As
a result, under cyclic loads, fatigue cracks are more prone to start at or close
to the countersink zone. Conventional holes without any countersinking or
tapering are drilled through the centre of the material to form perpendicular
rivet holes. The load distribution surrounding the hole is primarily responsible
for how perpendicular rivet holes affect the development of fatigue cracks. As
there are no stress concentration spots at the hole’s borders, the stress
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Figure 13. Fatigue crack propagation morphology of Al alloy 7075-0, (a) CPS- countersunk rivet hole,
(b) CPF- countersunk rivet hole, (c) CPS- perpendicular rivet hole, (d) CPF - perpendicular rivet hole.

distribution in this instance is considerably more uniform than in countersunk
holes. However, due to stress concentrations that may develop at the hole’s edge,
perpendicular rivet holes can still contribute to the development of a fatigue
crack. Additionally, improper hole alignment or excessive rivet tightening might
create residual stresses that could encourage the start of a fatigue crack [35].
An increase in AK makes crack propagation entirely trans-granular. There is clear
visibility of beach marks. A constituent particle is at the base of a dimple. A faceted
fatigue crack growth depicts the Al alloy 7075-O state. The facets are constituted on
crystallographic planes, their direction shifts from grain to grain, and the crack surface is
relatively rough. They are compatible with an essentially planar slip mode, which
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Figure 14. Fatigue crack propagation morphology of Al alloy 7075-T6, (a) CPS — countersunk rivet
hole, (b) CPF — countersunk rivet hole, (c) CPS — perpendicular rivet hole, (d) CPF — perpendicular rivet
hole.

happens when the precipitates are shearable [38]. The crack surface of the Al alloy 7075-
T7 sample is relatively flat, displaying some regions without features, patches of faint
striations, and dimples.

3.5.3. Final fracture to study hole geometry
The SEM results on final crack fracture at different rivet hole orientations and varied heat
treatments are shown in Figures 16 and 17.

A substantial contrast is visible in fractographic characteristics between the Al
alloy 7075-O, 7075-T6, and 7075-T7 conditions and an insignificant difference
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Figure 15. Fatigue crack propagation morphology of Al alloy 7075-T7, (a) CPS — countersunk rivet
hole, (b) CPF — countersunk rivet hole, (c) CPS - perpendicular rivet hole, (d) CPF — perpendicular rivet
hole.

between the countersunk and perpendicular rivet hole geometry for the same
temper condition. The typical fractographs of the Al alloy 7075-O, 7075-T6, and
7075-T7 specimens of stress ratios 0.33 are shown for two different rivet hole
geometry (countersunk and perpendicular). Figures 16 and 17 show SEM views
for crack initiation, slow and fast crack propagation, and final fatigue fracture.
A faceted fatigue crack growth depicts the Al alloy 7075-O state. The facets are
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Figure 16. Final fatigue fracture morphology of Al alloy, (a) 7075-O countersunk rivet hole, (b) 7075-O
perpendicular rivet hole, (c) 7075-T6 countersunk rivet hole, (d) 7075-T6 perpendicular rivet hole.

constituted on crystallographic planes, their direction transitions from grain to
grain, and the crack surface is relatively rough. They agree with a predominantly
planar slip mode, which transpires when the precipitates are shearable [39-41]. The
crack surface of the Al alloy 7075-T7 sample is somewhat flat, showing some regions
without features, patches of murky striations, and dimples. Like other aluminium
alloys, the present results on metallurgy Al alloy 7075 demonstrate that Al alloy
7075-T7 micro-structures have prominent near-threshold fatigue crack propagation
resistance to Al alloy 7075-T6 and Al alloy 7075-O micro-structures.
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Figure 17. Final fatigue fracture morphology of Al alloy 7075-T7, (a) countersunk rivet hole, (b)
perpendicular rivet hole.

4. Conclusion

This study found that The Al 7075-T7 yielded greater resistance to threshold fatigue crack
growth, shown by greater AK & and K, than the Al 7075-O and T6. It was noticed that
fatigue strength varied depending on the specimen’s heat treatment. With increasing ageing
from O to T6 to T7, the fatigue performances increase, and the fatigue curves of Al-7075 T6
are close to that of Al-7075 T7. As expected, crack orientation did not affect the cracking of
Al 7075. The 7075-aluminium alloy under the temper O showed the same fatigue perfor-
mances for specimens designed with countersunk and perpendicular rivet hole orientation.
The ageing treatment improves fatigue performance for the same rivet hole orientations.
With increasing ageing conditions (aged at O, T6, T7) for the same rivet hole orientation
(100° countersunk or perpendicular), the fatigue performances increase from O to T6 to T7.

Resistance to fatigue crack elongation increases with an increase in heat treatment
from -O to -T6 to -T7 showing growth rate at the near-threshold being slower and
fatigue threshold AKy, values higher, agreeing with decreased measured levels of crack
closure and a diminishing crack path tortuosity. It was evident in fatigue fractured
surface SEM reviews that micro-cracks that induce fracturing initiate from zones
where inclusions, coarse, secondary stage grains, and micro-structural flaws are
present or in the regions very near to these areas and cause fatigue fracture. The Al
7075-O state exhibited a micro-structure possessing coherent, shearable precipitates
and a tortuous and faceted crack path. Meanwhile, the Al 7075-T7 and Al 7075-T6
showed micro-structure comprising incoherent and non-shearable precipitates and an
almost straight crack path. The coherent shearable precipitates resulted in a more
significant threshold fatigue crack growth resistance of the Al 7075-O specimen.
Those precipitates promote reversible planar slip, facilitate crack deflection and
branching, decrease the effective stress intensity factor for fatigue crack growth, and
delay fatigue crack growth.
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Some structural designs allow fatigue cracks to happen after an acceptable
lifetime, but they should have a low risk of an entire failure. The crack initiation
life is similarly of interest, and it should be extensive enough for an acceptable in-
service lifetime. If failure is inappropriate, a dependable inspection technique is
necessary. This is used in aircraft structures and can be applied to several
structural joints. As an outcome, both the crack initiation life and the crack
growth life are essential.
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