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ABSTRACT

The increasing demand to decrease manufacturing costs and weight reduction is driving the aircraft
industry to change the use of conventional riveted stiffened panels to integral stiffened panels (ISP) for
aircraft fuselage structures. ISP is a relatively new structure in aircraft industries and is considered the
most significant development in a decade. These structures have the potential to replace the conven-
tional stiffened panel due to the emergence of manufacturing technology, including welding, high-speed
machining (HSM), extruding, and bonding. Although laser beam welding (LBW) and friction stir welding
(FSW) have been applied in aircraft companies, many investigations into ISP continue to be conducted. In
this review article, the current state of understanding and advancement of ISP structure is addressed. A
particular explanation has been given to (a) buckling performance, (b) fatigue performance of the ISP, (c)
modeling and simulation aspects, and (d) the impact of manufacturing decisions in welding processes on
the final structural behavior of the ISP during service. Compared to riveted panels, machined ISP had a
better compressive buckling load, and FSW integral panels had a lower buckling load than riveted panels.
Compressive residual stress decreased the stress intensity factor (SIF) rates, slowing down the growth of
fatigue cracks as occurred in FSW and LBW ISP.

© 2024 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications
Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

40/).

1. Introduction

The majority of contemporary airplanes use curved aluminum
alloy skin panels in their fuselage structure [1,2]. These panels are
attached to stiffening members known as stringers and frames,
which provide radial and longitudinal rigidity, respectively [3,4].
Usually, most skin panels have always been riveted to the stiffeners,
which means many components require high cost and time con-
sumption for the assembly. However, rivet stringer performs as
crack stoppers with increasing fail safety design. The presence of
rivet holes are stress raisers and can result in premature initiation
of fatigue cracks [5—7].

The persistent demand for optimal cost-effectiveness in pro-
duction and the advent of advanced manufacturing technology
have sparked a renewed fascination with the use of large-scale
integral metallic structures for aerospace applications [8—10]. In-
tegral structure refers to the construction of skins and stiffeners as a

* Corresponding author.
E-mail address: sapuan@upm.edu.my (S.M. Sapuan).

https://doi.org/10.1016/j.dt.2024.11.005

unified entity, which can be manufactured using extrusions, forg-
ings, castings, or other methods. Additionally, these components
can be joined together using welding or bonding [11,12]. It has the
capacity to greatly reduce the need for multipart assembly and rivet
joints. Additionally, it possesses the capacity to mitigate corrosion
by eliminating vulnerable interfaces and can enhance structural
efficiency by establishing uninterrupted load channels. Compared
to conventional panels, Integral Stiffened Panel (ISP) offer addi-
tional benefits such as enhanced performance due to a smoother
exterior surface resulting from fewer attachments and non-
buckling skin, higher allowable stiffener compression loads due
to the removal of connected flanges, and higher joint efficiencies
under tension loads thanks to the use of integral doublers [13].
Several manufacturing technologies are used in the modern
aircraft industry to craft ISPs that are partially integrated into the
fuselage and wings of aircraft. At the moment, laser beam welding
(LBW) and friction stir welding (FSW) are thought to be the most
promising welding techniques. For a restricted design range on the
A318 and A380 models, Airbus has used LBW in the manufacturing
of pressure bulkhead skin-stiffener panels and fuselage, as shown
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in Fig. 1 [14—16]. It has already demonstrated benefits in over-
coming the drawbacks of traditional riveted fuselages. The intro-
duction of LBW technology into the fuselage of small passenger
aircraft, like the ATR 42, is considerable, not just because of the
potential for weight savings but also because of the need for quick
manufacturing and cost control. Currently, complete stiffened
panels with T-joints between the skin sheet and stringer are
fabricated using the LBW technique. With two advantages over
conventional riveting, this welding technology can produce
extremely complex and competitive airframe parts: first, it reduces
weight by eliminating the need for material to be added as rivets
and metal sheet overlap; second, it can produce parts at a high rate
because LBW is very fast [17,18].

The manufacture of airplane structures extensively uses FSW.
Aluminium has experienced the most rapid progress since the
introduction of FSW in the early 1990s due to its low melting point,
high heat conductivity, and ductility [20,21]. Boeing 747 cargo
initially implemented it on its nose barrier [22]. Eclipse Aviation
utilized FSW to manufacture the fuselage and wing of the Eclipse
500 business jet [23]. Boeing invested $15 million in FSW to weld
the booster core tanks for the Delta line of space launch vehicles.
This investment was the first instance of FSW being used for
manufacturing in the United States [24,25]. Furthermore, according
to Majeed et al. [26], Boeing company analyzed 60% cost and 26%
production time reduced in designing FSW fabricated Delta II and
Delta IV for satellite launch vehicles. Fokker Aviation used FSW to
connect the Ariane 5's motor thrust frame. This frame consisted of
12 sheets reinforced with stiffeners [27]. FSW floor structure was
also utilized by the freight aircraft C130]. Subsequently, this tech-
nique has been used to produce a large number of goods, some of
which include sheet structures with stiffeners. In contrast to
traditional fusion welding, FSW is a solid-state procedure that uses
frictional heat generated between a rotating tool and the material
to be welded. This reduced heat input helps to lessen residual stress
from the welding process and structural distortion. Several types of
joints, including fillet, T-butt, butt, and lap joints, can be joined by
FSW. According to the main research on FSW join, it is possible to
achieve minimal distortion and high efficiency lap join of
aluminium panels [28]. The FSW technique, known for its superior
strength, non-melting properties, and ecologically benign charac-
teristics, has demonstrated cost savings in several applications and
facilitated the creation of innovative product forms. Fig. 2 shows
the schematic process of FSW.

Although numerically controlled machinery has been well

Fig. 1. Future application of laser beam welded structures in the aircraft industry [19].
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Fig. 2. A schematic of the FSW process [29].

established, the introduction of high-speed machining (HSM) for
manufacturing structural components from thick aluminum plates
has several benefits [30—32]. These benefits include reduced pro-
duction time, uniform results, and the ability to fabricate thin-
walled components [33]. Cost analyses further showed that the
panel constructed from a machined plate provided a cost reduction
of 61% compared to the standard conventional panel [34]. Although
the emergence of ISP has provided many advantages over the dif-
ferential panel, the disadvantages need to be addressed. When a
skin crack intersects an ISP, it propagates continuously in both the
skin and the stringer. The crack is unable to divert from its original
crack path. The residual stress, residual distortion, and degradation
material due to the welding method affect the stability perfor-
mance and geometry tolerance of the panel structure [35].
Furthermore, the LBW technique presents crack-free connections
with low porosity [36,37], which ultimately leads to good me-
chanical performance of the welded joint, which is difficult to
achieve [38—40].

Moreover, there should be a more thorough investigation into
the creation of numerical or analytical formulations that can
accurately forecast the global and local buckling loads and the ul-
timate strength or collapse load of the structure in both the elastic
and elastoplastic ranges. Investigations into ISPs have been a
fascinating topic for many years. Many researchers have devoted
significant resources to studying panel structures' responses.
Nevertheless, understanding every facet of behavior as a whole
continues to be challenging due to its intricate nature and the
multitude of variables at play. This review paper offers a compre-
hensive overview of the current understanding and advancements
in the field of integral stiffened structures. The study provides a
thorough explanation of the buckling and fatigue of integral fuse-
lage structures, the modeling and simulation aspects, and the
impact of manufacturing decisions in welding processes on the
final structural behavior of ISP during service. This paper aims to
broaden the researcher's knowledge, enabling them to optimize
their research on the ISP of aircraft fuselage structures.

2. Buckling of integral fuselage structure

Buckling is a crucial and frequently decisive factor in the design
of airplane constructions [41,42]. Essentially, the buckling phe-
nomenon is influenced by the mechanical characteristics of the
material, contact conditions, and structure geometry. The buckling
of a fuselage panel results in localized displacement and stress
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gradients that exceed those found in an unbuckled panel [43,44].
Performing an examination of buckling initiation and growth has
gotten challenging because of the intricate effects of the regulating
parameter. Frequently, it has been noted in instability occurrence
that little alterations in the parameters can lead to very diverse
buckling behavior. As a result of these challenges, the buckling
analysis has often been carried out individually for each specific
scenario. Buckling research on aircraft ISP specifically focuses on
topics such as imperfections and residual stress in real structures,
the impact of different boundary conditions, the application of
computerized modeling and numerical buckling analyses in the
stability model of complex panel structures, and the buckling of
panels in local or non-uniform loads and localized compressive
stresses. In recent decades, researchers have studied a wide range
of buckling problems with ISP. Finite element (FE) analysis and
other computer approaches have been employed to minimize the
necessity for testing and conducting parametric design studies [45].
On the other hand, some experimental methods in both laboratory
and full scales have also been conducted to validate the computa-
tional results. Several publishing works undertaken to focus on the
buckling of ISP in both computational and experimental methods
are presented below.

Aalberg et al. [46] analyzed the flexural buckling of extruded-
welded aluminum alloy 6082 T6 ISP. Two extruded panel types,
i.e., open section (L-shaped) stiffeners and closed section stiffeners
as shown in Fig. 3 are fabricated by mean MIG welding and FSW,
respectively. The tests identified two main types of deformation:
collapse due to stiffener tripping (ST) or flexural buckling (FB) of the
full panel, resulting in either positive or negative out-of-plane
displacements (w). According to the test results, the panels failed
in stiffener tripping, flexural buckling paired with local plate
buckling, and total flexural buckling. The stiffened panel's mode of
failure had a notable impact on the panel response in the post-
buckling range in terms of axial load versus shortening, with
stiffener tripping being the least preferred because of its rapid fall
in resistance beyond the ultimate load.

Lockheed-Martin Space Systems conducted an investigation for
NASA where they designed, manufactured, and experimentally
tested a large-scale FSW panel made of 2090-T83 aluminum-
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lithium (Al-Li) alloy. The aim of this investigation was to analyze
the suitability of using FSW as an alternative to conventional rivet
fastening for constructing the dry bay of launch vehicles [47]. Both
the FSW panel and a regular riveted panel underwent compression
testing to failure. The study examined panel samples with multiple
stiffeners in a hat section profile. Large initial geometric defects and
initial skin buckling at loads much below projected values were
seen in both the riveted and FSW panels [48]. Scientists identified a
number of variables, such as distortion, geometric flaws, and
diminished weldment qualities, to explain this behavior. It was
determined that the FSW panel performance was significantly
influenced by distortion. The riveted panel's ultimate load strength
reached a greater value than anticipated, whereas the FSW panel's
failure load was 5% lower than expected due to welding flaws (the
welded panel had a 20% lower load of failure than the identical
riveted panel). The FSW panel did not experience a catastrophic
failure but rather exhibited ongoing deformation after reaching the
maximum load, in contrast to the riveted panel, which had a severe
failure at the same point.

Murphy et al. [49] assessed the conventional and FE analysis
processes for the buckling and crippling strength analyses of fric-
tion stir welded skin-stringer joints panel. The conventional anal-
ysis methods were done based on the conventional airplane panel
analysis technique as found in the NASA Astronautics Structures
Manual or the ESDU Structures Sub-series. Meanwhile, the FE
analysis method examined the initial buckling load, initial buckling
modes, and crippling failure load of three kinds of skin stringer
weld joint model idealizations. The study was verified using a
single test specimen of a stiffener crippling, which consisted of a Z-
section stringer stiffener made from a 7075-T76511 extrusion and a
flat skin base made from 2024-T3. In all analyses, the authors did
not consider welding effects on material properties and resultant
residual stresses. The authors came to the conclusion that con-
ventional buckling conducted may be taken into consideration
when analyzing the crippling behavior of FSW stiffened panels. To
take into consideration the weld joint geometry, however, normal
stiffened panel buckling analysis methodologies must be modified.
Furthermore, the crippling behavior may be accurately modeled
using non-linear FE analysis techniques; yet again, this requires an
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Fig. 3. Cross-sectional geometry of extruded profiles and cross-sections of panels containing five extruded profiles joined by welding [46].

3



D. Chandra, Y. Nukman, M.A. Azka et al.

accurate representation of the weld joint geometry and the contact
conditions at the joint interface.

Murphy et al. [50] characterized the primary methods by which
FSW assembly processes impact the buckling performance of
stiffened panels. Empirically verified FE models have demonstrated
that the intensity of residual stresses caused by welding and the
resulting shape distortions have a notable impact on the early
buckling of a stiffener FSW panel's skin. Moreover, they found that
the post-buckling or collapse behavior was less affected by the
applied process effects and the magnitudes of these effects when
compared to the initial buckling behavior.

Weimin et al. [51] conducted a comprehensive study to examine
the structural behavior of a curved build-up panel and an inte-
grated panel when exposed to a uniform axial compression force.
The investigation involved both experimental and numerical ana-
lyses. The panel test specimen was constructed with 3 stringers and
2 frames, and the panel skin was constructed using a 2024-T4
aluminum sheet, while the stringer and frame were constructed
using 7075-T62 aluminum Z sections. The frames were securely
attached to the panel's skin using aluminum shear clips, and the
integrated panel and the build-up panel had identical overall di-
mensions and weights. The skin-stringer panel was manufactured
by machining a single plate of 2024-T4 aluminum alloy, while the
frames were constructed from Z-shaped sections of 7075-T62
aluminum alloy and securely attached to the panel skin using
mechanical fasteners. The PATRAN code was utilized to do a
nonlinear FE analysis. The simulation included elements such as
significant displacement, the plasticity of the material, and contact
interactions between several deformable bodies. The experiment
and FE analyses indicated that when the stress on the skin excee-
ded the yield limit, it caused damage to the integral panel under a
post-buckling load. Additionally, when buckling waves crossed the
stringers at an oblique angle, it resulted in damage to the build-up
panel. Comparisons between integral panels and build-up panels
revealed that integral panels had a higher compressive load ca-
pacity. Furthermore, the critical compressive load of integral panels
rose by 18.4% in comparison to build-up panels.

Yoon et al. [52] employed numerical analysis to determine the
buckling characteristic of an FSW ISP structure. The researchers
used the Ramberg-Osgood constitutive model in the Abaqus FE
code to find the material's inelastic range for making two and three
types of stiffeners. They deduced that the weld's presence resulted
in a decline in the maximum buckling force by 3%—10% since the
reduced material behavior in the weld zone. The drop in the 2-
stiffener ISP portion was greater than that in the 3-stiffener ISP
configuration of the closer weld spacing.

Khedmati et al. [53] examined how various factors, such as the
thickness of the plate, the conditions of boundary, the geometries
of the stiffener, as well as the width of welding HAZ and residual
stress, affect the post-buckling behavior and ultimate strength of
welded stiffened aluminum alloy plates subjected to a combined
axial compressive and lateral pressure load. They used the non-
linear FE method for their analysis. The ANSYS code was used to
examine three types of stiffeners (weak, medium, and heavy) with
three different geometries (flat, angle, and tee) in each type. The
analysis considered both material and geometric non-linearities.
The researchers discovered the following: (i) when subjected to
low lateral pressure, the panel collapsed due to axial compression
in a mode where it was simply supported; (ii) as the lateral pressure
load increased, the collapse mode shifted to a clamped mode; (iii) a
rise in the width of the HAZ resulted in a decrease in ultimate
strength, following a bilinear trend; and (iv) the presence of
welding residual stress caused a reduction in ultimate strength,
which was influenced by the amount of type stiffener and the value
of lateral pressure.
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Neto et al. [54] examined the primary distinctions in the
strength characteristics of local buckling on FSW and rivet-stitched
panels. The FE commercial code NASTRAN was used to model and
analyze a series of one-bay panels with varying quantities of evenly
spaced longitudinal Z-stiffeners. The panel skin was composed of
aluminum alloy 2024-T3, while the longitudinal stiffeners were
built from aluminum alloy 7050-T3511. Three straightforward
processes were implemented for the FSW join. Initially, the TMAZ
width was assumed zero, and the weld was treated as a straight
line. Furthermore, the nodes in the weld joint area between the
skin and stiffener were linked together using the RBE2 rigid
element. The contact conditions between the stiffener flange and
unwelded skin were represented using a uniaxial linear gap
method. The skin rivet joins utilized CELAS2 spring elements to
model the transverse and axial joint stiffness of the rivet. These
spring elements link the flange center node to the skin's projection
node. Regarding local buckling, it was determined that the dis-
parities in local buckling strength between FSW and riveting stiff-
ened panels were insignificant when taking into account stiffened
panels without imperfections and the extent of extension or
degradation in the material's HAZ. Nevertheless, the process of skin
welding resulted in residual stress, which was critical for deter-
mining the FSW's true local buckling strength.

Caseiro et al. [55] used three different optimization techni-
ques—Hybrid Differential Evolution Particle Swarm Optimization
(HIDEPSO), Levenberg-Marquardt (LM) model, and Simulated
Annealing (SA) model to optimize an ISP that was subjected to
buckling forces. ABAQUS was used to do the buckling analysis,
which involved Ramberg-Osgood and the Riks methods. The cross-
sectional area values obtained by the SA and HDESPO algorithms
were smaller, which improved the ratio between the structural
weight and the buckling load limit. However, with fewer function
evaluations, the LM method produced a satisfying result.

To ascertain the effect of experimental errors, Shah et al. [56]
analyzed the disparities between the FE model and research find-
ings for a welded fuselage panel that was exposed to uni-axial
compression. The researchers used FE models to analyze the con-
sequences of employing various boundary conditions for simu-
lating the experimental configuration. These models included shell
elements, as well as a mix of shell and solid elements. In addition,
they employed a newer version of the ABAQUS software to accu-
rately simulate the panel's shape. The researchers determined that
the latest version of ABAQUS yielded superior results in terms of
stiffness and failure load. Moreover, the inclusion of solid compo-
nents closely corresponded to the stiffness values of the FE model,
as observed in the experimental results.

3. Fatigue of integral fuselage structure

When a structure is repeatedly loaded, fatigue is the process
that leads to an early failure [57,58]. It is described as a gradual
failure phenomenon that advances when cracks begin to form and
spread to an unstable size [59,60]. Since it indicates how durable an
aircraft structure and the growth of fatigue crack rate is a crucial
criterion. Numerous factors, including material qualities,
manufacturing quality, chemical environment, and stress history,
might influence fatigue failure. Stress studies of cracked aircraft
parts, our knowledge of how fatigue and fatigue-crack growth
happen in metals, and our ability to guess the remaining strength of
aircraft structures that are still together after a lot of fatigue damage
have all come a long way from 1969 [61].

Integral fuselage structures must be developed using damage
tolerance principles to withstand various forms of damage during
their lifespan without affecting their structural integrity. The uti-
lization of joining technologies such as FSW and LBW in structures
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generates residual stress fields that impact their fatigue charac-
teristics. The residual stresses occur because of the temperature
gradients produced by the welding process. In the FSW process,
residual stresses are induced not only by the thermal field but also
by the mechanical action involved. Multiple investigations have
been carried out to ascertain the fatigue characteristics of the in-
tegrated fuselage structure. Recent advancements in computer
technology have facilitated more precise stress analyses on three-
dimensional crack configurations, more authentic simulations of
fatigue and fatigue cracking in structural components, and the
application of more intricate fracture mechanics principles to
assess the strength and fail-safe capabilities of aircraft structures.
The subsequent segment described the investigation into the fa-
tigue of ISP areas.

The NASA Integral Airframe Structures program examined the
viability of employing integrally stiffened fabrication for fuselage
structures in transport aircraft [62,63]. The aim of the research was
to evaluate that integrally stiffened fuselage panels made from
Al7050 and Al7475 plates perform at least as well as traditional
structures in terms of weight, structural integrity, and cost-
effectiveness. This was done through pressure, compression, and
fatigue tests. The panel's residual strength testing indicated that it
could withstand a pressure range of 9.7—9.89 psi. The test findings
also indicated that the panel manufactured from 7475-T7351 had
slow crack propagation. Despite the panel design not being fully
optimized and lacking comprehensive structural criteria, the
panel's crack arrest performance showed great promise.

Zhang et al. [7] determined the impact of welding residual stress
on the lifespan of fracture development in welded ISP using
experimental and computational methods. The study utilized two
separate design configurations. Initially, a panel consisting of two
strings was used to investigate and confirm the effects of fatigue
through experimental studies. Furthermore, a panel consisting of
nine strings was compared to a riveted panel with the same ge-
ometry. The stress intensity factor (SIF) was measured using the FE
method with the MSC NASTRAN software package. The applied SIF
range (AK) was then modified by the effects of cyclic plasticity
(crack closure) and welding residual stresses through the argument
of the effective stress-intensity-factor range (AKefr). According to
the study, cracks originating from the weld joint exhibited accel-
erated growth because of the occurrence of residual tensile stresses
in the fusion and HAZ. This showed that the rate of crack propa-
gation was higher in machined stringer panels compared to inte-
grally machined stringer panels. Moreover, the simulation results
demonstrated that integrally machined or welded stringers were
more efficient than riveted stringers in minimizing SIF at the
connection area between the stringer and the skin. Integral panels
exhibited a reduced crack propagation rate near the outer stringer
compared to riveted panels when a skin fracture was approaching.
The welded integrated panel had the highest fatigue crack devel-
opment life but demonstrated the worst failure safety characteristic
as a result of an unstable crack that occurred after the failure of two
external stringers. The slower rate of fracture propagation in the
welded panel could be associated with the compressive residual
strains induced by the welding process near the skin doublers.
Hence, when a fracture was initiated outside the HAZ and grew
between the stringers, the pace at which the crack grew
diminished.

Burford et al. [22] investigated the rates at which fatigue cracks
grew in AA2024-T3 sheets that were connected to AA7075-T6
stiffeners using FSW. Friction stir panels were produced employing
both continuous FSW and sweeping friction stir spot welding
(FSSW). Edge crack panels with continuous FSW joints generally
propagated fatigue cracks into the parent material, moving away
from the stiffeners. The raised thickness of continuous FSW joints,
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along with the reinforcement provided by the connected stiffener,
were factors that contributed to the reduction in stress levels.
Panels created with rivets and swept FSSW connections showed
cracks aligned with the joint line. The crack propagation rates in
riveted panels increased as the crack approached the riveted joints.
Conversely, the speed at which fractures spread in panels joined
using FSSW decreased significantly as the fractures approached the
joints formed by the swept-spot welding. The research showed that
the swept FSSW method created helpful residual stresses that
stopped fatigue fractures from spreading along the joint line.

Brot et al. [64] performed a thorough examination of crack
growth in the A2024-T351 two-stringer ISP. A FEM was constructed
using StressCheck p-version software. To calculate the SIFs for
modes 1 and 2, this software used linear elastic fracture mechanics
(LEFM). A crack growth analysis was conducted using NASGRO
version 5 software based on the stress-intensity findings obtained
from StressCheck. The analysis focused on two stages of crack
propagation: the initial stage involved the formation of the crack on
the material's surface prior to reaching the integrated stiffener. In
the second phase, there were two distinct fracture paths: one on
the skin and another on the stiffener. The numerical results were
compared to the empirical test results. In the experiment, three
panels, each with a two-stringer structure, were subjected to crack
growth testing. Based on the results of the FE and experiment tests,
it was determined that ISP generally lacked strong damage-
tolerance performance. The light integral stiffener provided mini-
mal resistance to the crack's propagation. When the integral stiff-
eners had a significant weight, the failure of any stiffener
significantly sped up the propagation of cracks in the panel. The
researchers also utilized and evaluated composite material strips
that were adhered to the panel. As a result, the panel's resilience
improved significantly.

Merati et al. [65] manufactured and tested five different weld
configurations of friction stir welded AA7075 stringer- AA2024 skin
lap joints panel: single pass continuous, double pass continuous,
double pass discontinuous, (DPD), DPD+plugged (rivet), and con-
ventional riveted joints. The authors concluded that the fatigue
lives of different FSWs were dependent on the weld setting. The
result showed that the double pass welds FSW had the best fatigue
performance and FSW performance was more consistent than
riveting.

Llopart et al. [66] performed numerical and experimental works
to determine the influence of stringer geometry on SIF Kj. Several
stringer geometries involved baseline-stringer, J-stringer, hat
stringer, nose-stringer, round-stringer, triangle-stringer, keyhole-
stringer, and double flange-stringer were modeled and analyzed
using StressCheck code. A comparison of the SIF value for all
stringer versus crack length is shown in Fig. 4. The depicted figure
demonstrates that the doubler flange stringer exhibited the most
notable enhancement in SIF, increasing from 6% to 18%. Addition-
ally, it was evident that the geometry of the stringer only had a
major impact on crack propagation when the crack was in close
proximity to the stringer.

Castro et al. [67] examined the fatigue behavior of AA6056 ISP
using FE analysis and experimentation analysis. The test panels are
manufactured by means of HSM, LBW, and FSW. Stiffened panels
were fatigue tested at an ultimate stress of 80 MPa with R = 0.1 and
at an ultimate stress of 110 MPa with R = 0.5. The HSM sample
exhibited the shortest fatigue life for both R values. In contrast, the
PWHT-T6 samples tested in the LBW2 configuration (butt joint)
exhibited longer fatigue lifetimes for both R ratios. The FSW sample
evaluated at an R-value of 0.1 exhibited a fatigue life comparable to
that of the LBW2 as-welded sample. At an R-value of 0.5, the FSW
sample exhibited superior performance compared to the LBW1
PWHT-T6 sample but inferior performance compared to the LBW2
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Fig. 4. SIF-values for all stringer cross-sections versus crack length [66].

as-welded sample. Upon examination of all samples, it was deter-
mined that the crack arrest feature, characterized by a decline in
crack growth rate, was not significant. This lack of significance was
likely attributed to the narrow width of these samples. However, if
the stiffeners get shattered, the remaining lifespan of the sample is
minimal.

Tavares et al. [68] conducted research that utilized LEFM prin-
ciples to ascertain the fatigue life of integral structures including
residual stresses. The work utilized ABAQUS finite element models,
the Modified Virtual Crack Closure Technique, and the J-integral
technique to measure the SIF of cracked stiffened panels subjected
to mode I loading. After performing this calculation, the NASGRO
law was employed to ascertain the fatigue lifespan of the panel,
taking into account the impact of residual stress. This law allows us
to model the effect of the load ratio variation and includes the
description of the three regions of the fatigue growth crack curve.
The author's conclusion was that HSM panels, which assumed the
absence of residual stress, had a shorter lifespan. However, the FSW
panels had a longer lifespan due to the residual compressive stress
field situated in the core of the panel. This stress field effectively
slowed down the propagation of cracks. The findings indicated that
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the occurrence of residual compressive stresses had a positive
impact on the fatigue durability of structures. Nevertheless, if a
fracture is initiated in a region with tensile residual stresses, it will
propagate at an accelerated rate.

Labeas et al. [69] developed a numerical methodology based on
three-dimensional FE Analysis by ANSYS to calculate the SIFs at
cracks in the HSM panel and LBW panel. The cracked stiffened
panel is analyzed with applied Paris law to calculate crack propa-
gation using three SIFs Kiax, Kmin, and Kayer. The numerical thermo-
mechanical simulation was used to measure the residual stresses
due to the LBW process. These residual stresses were then incor-
porated into the fracture mechanics analysis to evaluate the impact
of the residual stress field on crack propagation. The fatigue crack
propagation (FCP) results were compared to the corresponding
experimental data acquired under the DaToN Project. The findings
in Figs. 5 and 6 demonstrate that residual stresses resulting from
LBW caused a decrease in SIF values. This was consistent with the
experimental findings of LBW panels, which demonstrated reduced
FCP rates compared to the corresponding HSM panels. The reason
for this discovery could be traced to the fact that the residual stress
levels in the region where the crack fronts located were mostly
compressive during the period of FCP.

In their investigation, Nesterenko et al. [70] conducted a com-
parison of integrated and riveted panels. The study revealed that
the fatigue crack growth durations were nearly identical in both
panels, regardless of whether the initial damage was a skin crack
located below a fractured core stringer or between adjacent
stringers. This statement holds true under the condition that both
the integrated and riveted panels were constructed using the same
material, in this case, the D16 alloy. A riveted structure panel had a
greater residual strength than an integrated structure panel. After
examining their work, it was noted that the outside stringers in
both types of panels were allowed to fail once the skin crack had
moved past the stringer. As a result, there was only a slight differ-
ence between the two panels in terms of fail-safety (two-bay
fracture) and damage tolerance. Riveted stringers composed of
high-strength alloys, such as the commonly utilized 7075-T6 alloy,
were expected to stay undamaged even if a break in the outer layer
propagated.

Adeel et al. [71] studied the crack propagation properties of the
ISP and the conventionally stiffened aluminum panel using fracture
mechanics and FE analysis. The two types of stiffened panels were
studied using the FE analysis software ANSYS, with the skin and
stringer modeled using the SHELL181 4-node element. The rivets
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Fig. 5. Comparison of calculated crack propagation with experimental measurements
[69].
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were simulated in ANSYS using the spot weld features, which relied
on the internal multipoint constraint (MPC) method. The study
generated a graph comparing SIF (K7) to half crack length (a) for
both types of stiffened panels and the unstiffened panel, as depic-
ted in Fig. 7. Fig. 8 shows the relationship between half crack length
and the rate of FCP (da/dn) which determined using the Paris law.
The study indicated that integral stiffening led to a larger SIF
compared to conventionally stiffened panels when the crack tip
moved across the stringer. Additionally, the ISP exhibited less
damage tolerance than the riveted stiffened panel.

Uz.V et al. [72] conducted a comparison of the fatigue fracture
propagation characteristics between LBW AI2139-T8 stiffened
panels and panels with crenellations, as depicted in Fig. 9. Experi-
ments were conducted on panels, including crenellations, to
investigate the phenomenon of FCP in fractures that spread at a
right angle to the welded stringers. The tests were carried out
under two different loading conditions: steady amplitude and
spectrum loading. An initial notch of 64 mm in length and 0.3 mm
in width was formed in the center of both the stiffened panels and
the base metal panel employing the electro-discharge machining

STRESS INTENSITY FACTOR
VS. HALF CRACK LENGTH

140
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120 ¢ ~.—Stringer centerline
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j.L L il A
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Fig. 7. SIF vs half crack length [71].
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Fig. 9. Schematic representation of a crenellated test panel [72].

(EDM) method. The middle stringers were severed on the rein-
forced panels, including this incision. In Fig. 10, it can be seen that
the crenelated panel greatly increased the overall lifespan
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Fig. 10. Comparison of a vs. N curves of reference and crenellated panels under
spectrum loading [72].
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compared to the case where the amplitude loading stayed the
same. The overall lifetime enhancement increased from approxi-
mately 65% under steady amplitude loading to a range of 90%—150%
with spectrum loading. The novel panel form with crenellations
had significantly longer fatigue lives than regular LBW panels.
Augustin et al. [73] used a computer simulation to show how
fatigue cracks form in an HSM Al 2024-T351 ISP loaded with both
constant amplitude and spectrum. The SIF calculations for cracks in
the skin and stiffeners, acquired from MSC Patran/Nastran, were
inputted into the NASGRO crack growth analysis tool. The crack
closure method (CCT) was utilized in this process. The SIF calcula-
tion demonstrated a substantial decrease in growth when passing
through the stiffener. NASGRO examined three crack propagation
models: non-interaction, Willenborg, and strip yield. To make sure
the crack growth simulation was correct, researchers tested and
analyzed a basic CCT specimen and a two-stringer HSM panel
specimen. The Willenborg and strip yield models demonstrated the
highest accuracy in estimating the fatigue crack growth life, with an
error rate of less than 9%, according to the test results. When
compared to experimental results, these models demonstrated the
highest level of precision in predicting fracture propagation for the
CCT specimen model. The HSM panel with two strings accurately
forecasted crack growth, with a maximum deviation of around 25%.
Lemmen et al. [74] examined how the weld nugget zone, TMAZ
zone, and HAZ zone affect the fatigue start behavior of the FSW
joint AA2024-T3 for various weld orientations. The specimen was
fabricated by welding four sheets, each with a thickness of 2.5 mm,
together. The welds were spaced 150 mm apart for the T-L speci-
mens. On the other hand, for the L-T specimens, several sheets
measuring 60 mm in width and 600 mm in length were welded
together, as illustrated in Fig. 11 holes with a diameter of 1 mm,
were drilled at specific locations according to the hardness profile.
The sample was obtained by severing the strip from a welded sheet
and then precisely shaping it to a width of 50 mm. The fatigue test
was examined using constant amplitude loading with a stress ratio
(R) of 0.1 and a frequency of 10 Hz. The potential drop method
(PDM) was employed to identify the onset of cracks and quantify
the length of cracks at intervals of 2500 cycles. Figs. 12 and 13
depict the fatigue initiation test results for both the T-L test spec-
imen and the L-T test specimen. There were no notable differences
between the S-N curves for several points in the T-L test specimen's
weld. Unlike the T-L test results, the findings indicated significant
disparities in fatigue initiations across several locations. The re-
searchers determined that the disparities reported in the fatigue
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4. Modeling and simulation aspects

The research by Paulo et al. [75] represented that shell FE
models can precisely forecast the behavior of stiffened panels un-
der compressive loads, especially at the ultimate load level, in the
occurrence of elasto-plasticity. The eventual load was forecasted
with remarkable precision, notwithstanding the imperfect
connection between numerical simulations and experimental data.
Both evaluated models exhibited significant sensitivity to initial
imperfections, whether related to shape or magnitude. Maximum
variances of 14.9% and 22.4% were recorded for types TR and L,
respectively, using the same 2 mm magnitude with differing forms.
The escalation in the extent of defects markedly affects the trend of
ultimate load levels, contingent upon the selected shape of the
imperfections. The majority of initial imperfections shapes exhibi-
ted a reduction in ultimate load as their magnitude grew; however,
several shapes demonstrated an opposing tendency. The imperfect
shapes derived from the prior studies devoid of imperfections at
the collapse moment facilitated the identification of the minimal
ultimate load values, or approximations thereof, for a specified
imperfection magnitude. This kind of flawed form resulted in ul-
timate load fluctuations of up to 14.4% within a range of magnitude
(0—2 mm). The use of a material with heat-affected characteristics
in the HAZ did not substantially influence the ultimate load value
relative to models that utilized the original plate material proper-
ties in the same region. Consequently, when subjected to
compressive loads, an accurate ultimate load prediction must be
preceded by a thorough evaluation of the geometric defects
included in the original model.

Paulo et al. [76] analyzed the influence of residual stresses on
the plate subjected to compressive load strength. The contour
method was employed to characterize the residual stress fields in
FSW, facilitating a detailed mapping of longitudinal residual
stresses within the welded plate cross-section. The research indi-
cated that residual stresses reduce the plate's collapse load in
comparison to stress-free models, influenced by the length of the
plate and the extent of geometrical imperfections. Geometrical
imperfections had a substantial impact on plate behavior and
collapse load, where a rise in the magnitude of imperfections leads
to a reduction in collapse load. Furthermore, Paulo et al. [77]
assessed a shell-based FE model designed for simulating the tran-
sient thermal field and stress-strain distribution in FSW operations.
The model was calibrated with a basic benchmark of individual
plates connected via an FSW technique. Three distinct single stiff-
ener cross-section geometries were examined: a panel with a T
stiffener geometry and two panels with blade stiffeners. The re-
sidual stress distribution was comparable across several panels,
with the exception of the stiffener region. The distortion magnitude
exhibited a similar pattern but varied in magnitude among panels
with different cross-sections.

Another study by Paulo et al. [78] presented that the numerical
analysis of the buckling behavior of stiffened panels welded using
FSW demonstrated the effectiveness of various modeling ap-
proaches tested. The research examined various distributions of
welding effects adjacent to transverse edges and determined that
the distribution of residual stress or softened material did not
significantly influence the final outcomes. The incorporation of
work hardening properties, in contrast to a simple perfectly plastic
relation, enhanced the collapse load, especially in panels exhibiting
elevated collapse load/yield load ratios, contingent upon higher
equivalent plastic strain levels. Two methodologies for modeling
welding effects, namely FSW simulations and simplified modeling,
exhibited differing results attributable to distinct initial geomet-
rical imperfections. Initial geometrical imperfections significantly
influenced the collapse loads and buckling modes of panels,
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thereby affecting the residual welding effects. The presence of
softened material in the welded zone of panels exhibiting similar
collapse modes led to a reduction in collapse load. Residual stress
fields in panels exhibiting similar collapse modes postpone the
initial mode change during loading, while in the welded zone
softened material enhanced the collapse load. Residual stresses and
softened materials may influence the buckling modes in certain
instances.

5. Impact of manufacturing decisions of welding processes
on the final structural behavior of ISP during service

The final structural behavior of ISP during service is largely
determined by manufacturing decisions, especially those made in
the welding operations. Characteristics of the weld joint, including
strength, ductility, and dimensional accuracy, are influenced by the
choice of welding process, heat input, and cooling rates. The
structural integrity may be compromised by residual stresses and
distortions following welding, which may result in fatigue, stress
corrosion cracking, or early collapse under load [79]. Joints are
weakened by defects like porosity or partial fusion, and material
toughness is changed by microstructural alterations in the HAZ
[80]. To guarantee weld quality and increase durability and service
life, post-weld treatments and strict inspection procedures are
necessary. Under operating conditions, dependable performance is
ensured by proper control of these elements [81]. Furthermore, for
FSW, Process parameters include welding traverse speed, rotational
speed, tilt angle, shoulder profile, probe, and axial force must be
optimized in order to a successful application of FSW [82].

6. Conclusions

This study reveals that numerous numerical and experimental
investigations have been conducted to predict the buckling load,
fatigue life, and fatigue crack growth rate of ISP and to compare
these results with those of conventionally stiffened panels. How-
ever, the methods and results have been not the same. Herein,
buckling investigations have been carried out where the panels are
compressively loaded axially considered. Both buckling and fatigue
investigations have been only modeled and tested on the flat in-
tegral panel without a frame in the structure. In comparison to the
riveted panel, the machined ISP has had a better compressive
buckling load. However, due to residual stress, the FSW integral
panel had a lower buckling load than the riveted panel. With
respect to fatigue investigation, LEFM based on SIF has been used to
determine the magnitude of the local stress around the crack tip in
FCP analysis. This factor is affected by various factors including the
loading, the size and shape of the crack, and the boundaries of the
geometric structure. Residual stress is influencing the fatigue life of
ISP. Absences of residual stress, such as in machined stiffened
panels, demonstrated a lower fatigue life. In opposition, the FSW
panels have a higher fatigue life due to the residual compressive
stress field in the middle of the panel that causes the crack growth
rate to slow down. Similar to that, residual stress since LBW leads to
a decline of the SIF values, reducing the growth of fatigue cracks. In
comparison to riveted panels, integral stiffening causes a higher SIF
and has a lower damage tolerance capability. Fatigue crack growth
and buckling resistance in FSW and LBW are directly influenced by
the weld's quality. Thus, to improve weld quality, structural integ-
rity, and productivity, precise computational models, experimental
methods, and welding parameter optimization are required.
Further study is needed as follows:

1. It is known that the panel's curvature has an effect on its
buckling and fatigue performance. The experiment by Weimin
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et al. [51] resulted in the buckling behavior of curved machined
ISP. For further investigation, it is crucial to determine the
buckling and fatigue performances for curved FSW ISP or curved
LBW ISP containing frame to more represent the aircraft fuse-
lage panel.

2. The optimal buckling and fatigue behavior can also be affected
by the geometry, shape, configuration, and dimensions of
stringers and frames. The investigation by Caseiro et al. [55]
exhibited the importance of optimization of the cross-section of
ISP structure. Therefore, the design analysis of the stringer
cross-section, shape, and configuration needs to be conducted to
improve the buckling and fatigue behavior in integral structures.

3. The joining quality of FSW or LBW influences the buckling
strength and crack growth rate of the panel. Optimization of
FSW and LBW parameters and geometry could be done to in-
crease weld quality and productivity.

4. To further improve the fatigue and buckling behavior of welded
ISP, future research should concentrate on creating sophisti-
cated design tools, reliable simulation models, and exhaustive
experimental inspections.
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