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The Influence of In-plane Anisotropy
and Temperature on the Performance
of AA2050-T84 Alloy

AA2050-T84 alloy is a third-generation Al-Li alloy used in aircraft and
space vehicles. The spars and ribs of aircraft wings and fuel tanks of space
shuttle tanks must possess damage tolerance properties. In this work, the
tensile and fracture test specimens were extracted from the principal
directions of the 43 mm-thick AA2050-T84 alloy plate and experimentally
investigated at -50° C, 24° C, and 150° C. The dependency of tensile and
fracture toughness properties on in-plane anisotropy and test temperature
was observed. Also, the in-plane anisotropy effect on crack initiation,
propagation, and deviations from principal crack directions under Mode-I
loading was discussed. The short transverse directional tensile and
fracture toughness properties were lowest due to weakened grain
boundaries originating from the T-84 state. Further, the effect of the in-
plane anisotropy nature of the alloy on the extraction of aircraft wing
components is discussed.
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1. INTRODUCTION

Aircraft and space industries have been fascinated by
Al-Li alloys for decades to achieve the desired specific
stiffness, strength, and lower density. The inferiority
concerning anisotropy and thermal instability of first-
and second-generation Al-Li alloys resulted in modifi—
cations in the processing of next-generation Al-Li
alloys. The history of usage and withdrawal of ecarlier
generation Al-Li alloys from aircraft, helicopters, and
space vehicles due to anisotropy, thermal instability,
and strain rate dependency of mechanical properties are
well documented [1-6]. First- and second-generation Al-
Li alloys are susceptible to load rates, changes in
mechanical properties caused by heat exposure, and the
initiation of microcracks at cutouts and holes during se—
condary processes of component fabrication. The in—
compatibility of these AIl-Li alloys in the service
environments led to investigating the role and effect of
the percentage of Lithium in Al-Li alloys. The
distribution of precipitates and the size and density of
grains are significantly influenced by the lithium-to-
copper ratio (Li:Cu). Based on failure investigations, the
restriction of Lithium addition (< 2%) in the alloy with
few controlled and innovative fabrication practices was
proposed—also, the greater control over fabrication led
to 3" generation of Al-Li alloys with improved
mechanical properties. The reduction in density of these
alloys with an increase in Young’s modulus and other
mechanical properties resulted in enticing the primary
components of aircraft and space application vehicles
[2, 7, 8]. Presently, the advantages of these alloys have
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led to their use in primary structures of modern
transport aircraft and liquid propellant tanks of space
vehicles.

The key properties useful in determining the suita—
bility for critical parts of an aircraft are the alloy’s
strength, elastic modulus, and damage-tolerant pro—
perties (fatigue life, fatigue crack growth rate, and frac—
ture toughness). Conventionally, the majority of expe—
riments were conducted on standard specimens and later
verified through actual component testing. Predictions of
the damage-tolerant property of the alloy involve ex—
tensive and costly experiments. Hence, novel methods for
evaluating the mechanical properties have been
developed with the aim of reducing cost and time. The
use of modern numerical methods and the extended finite
element method (XFEM) has been reported to predict
damage-tolerant properties [9-14]. The adoption of
modern numerical methods in the aviation industry has
greatly enhanced the efficiency and speed of designing
and fabricating the critical components of aircraft.

AA2050-T84 is a 3" generation Al-Li alloy used in
the wing components (spars, ribs, and brackets) of
Airbus A380 transport aircraft. The AA2050-T84 alloy
can be made available in the form of plates of various
thicknesses. This alloy benefits from a better combi—
nation of medium strength and toughness over the 2xxx
and 7xxx series of aluminum alloys. The wing ribs of
the A380 aircraft were fabricated using various thic—
kened plates of AA2050-T84 alloy [15-19]. The advan—
tage of improved resistance to stress corrosion over
conventional aluminum alloys has led to the faster
adaption of the new alloy. The tailor-made properties of
the alloy and its improved resistance to stress corrosion
when immersed in aircraft fuel require fewer inspec—
tions of the wing parts, thus reducing the cost of
inspection [15].

Hafley et al. [20] reported the anisotropic behavior
of the 100 mm thick AA2050-T84 alloy plate and
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evaluated the alloy suitability to fuel tanks of the space
launch vehicles. The investigation reported the superior
mechanical properties over earlier used AA2195-made
tanks at room and subzero (at -195° C) temperatures.
However, most fracture toughness tests were unsuc—
cessful because of crack path deviations from the prin—
cipal direction. In contrast to the subzero temperatures,
the anisotropic nature was more apparent at room
temperature. Because of its nearly isotropic nature, the
AA2050 alloy is a good choice for fuel tanks exposed to
below-freezing temperatures [19, 20]. However, the
brittle nature of the alloy at subzero temperatures with
minimal percentage elongation is a cautious parameter.
Likewise, Chemin et al. [21] noticed a decline in the
fracture toughness of a 43 mm thick alloy from room
temperature to subzero temperature (-54° C). In addi—
tion, the decreased temperature improved the tensile
strength of the alloy, with unchanged ductility along the
rolling direction. These direction-dependent properties
of the alloy are crucial for extracting and fabricating the
lower wing parts of the aircraft from the AA2050 plates.

Cracks in the wing brackets of Airbus A380 have
been reported, which has led to a detailed inspection
[22, 23]. Crack initiation in the lower wing parts was
first reported in 2012. The inspection committee
suggested adjusting the bracket fabrication sequence
with holes and cutouts [24]. In addition, more frequent
inspection intervals of existing Airbus wing structures
are recommended for any possible crack growth.
Recently, cracks near the spars and ribs of the wing
were observed in Airbus A380 [22, 23]. These
unpredicted cracks were related to exposure to different
operating temperatures for an extended period during
service [23]. A few Airbus A380 aircraft were scrapped
with a service record of more than 15 years due to
unanticipated cracks in rib feet originating at wing
attachments and cracks in the outer rear end of the spar
[23-24]. The thumb rule suggests using an alloy with a
minimum elongation of 5% or more for the damage-
tolerant property requirements of aircraft components
[17]. However, Hafley et al. [20] reported a 4.5% and
less elongation along the 45° to short transverse and
rolling directions. Hence, the spar, rib, or bracket
behavior depends on the extraction location and
orientation of the alloy plate.

Earlier investigations [18, 25-28] of this alloy
reported mechanical behavior dependency on tempe—
rature, specimen location and orientation extracted from
the plate, plate thickness, and percentage of constituents
present in the alloy. A less thick plate possesses greater
yield and ultimate strength than large-thick plates. In
addition, the percentage of elongation in less thick
plates is greater in the respective orientations than in
thick plates. The test temperatures considered in earlier
studies were room and subzero temperatures. However,
aircraft and space shuttles experience temperatures
ranging from -50° C to 150° C during operation [17].
Hence, the suitability of a thinner AA2050-T84 plate for
these applications in terms of key mechanical properties
is essential.

The literature discussed, related to the suitability of
AA2050-T84 alloy to aircraft wing critical parts and
space applications, is inadequate to claim structural
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integrity. Hence, this work aims to analyze the
directional anisotropy and multiple crack initiation
mechanisms of the AA2050-T84 alloy to upgrade the
structural integrity assessments in the future. In
addition, the present study aims to assist in the early
detection of cracks in service by understanding the
actual behavior of the alloy related to anisotropy,
service loads, and crack path deviations. The integrated
approach of directional anisotropy properties influences
the crack path directions, and the formation of multiple
cracks is helpful in representing realistic conditions
during service.

In this work, the tensile and fracture test specimens
were extracted from the principal directions of the 43
mm, AA2050-T84 alloy plate and experimentally inves-
tigated at -50°, 24°, and 150° C. The mechanical pro—
perties obtained from the tests were compared with res—
pect to the test temperature and directional anisotropy.

Furthermore, issues related to in-plane anisotropy
and crack path deviations from the principal crack di—
rections under Mode-I loading were examined.
Understanding the directional properties along with the
initiation of multiple cracks helps extract and fabricate
the critical components of the aircraft by choosing the
proper orientation from the plate. Thus, linking micro—
structural anisotropy with macro-scale crack behaviors
helps to improve the existing numerical methods for
evaluating the crack behavior and failure assessments of
this alloy. Finally, the compatibility of the alloy for the
aircraft wing parts with respect to structural integrity
will be discussed.

2. MATERIAL AND EXPERIMENTAL TEST DETAILS
2.1 AA2050-T84 alloy

A 43 mm thick AA2050-T84 alloy plate was used for
the extraction of the test specimens. The chemical com—
positions of the alloys are listed in Table 1. Due to the
limitations of the Al-Li alloy from earlier generations,
lithium was limited to 0.93%, which led to a decrease in
density by 3% and an increase in the alloy's Young
modulus by 6% [3, 15].

The chemical composition, as displayed in Table 1, is
said to balance the strength and toughness, making it
superior to other traditional aluminum alloys. Also, the
Zinc (Zn) addition in the alloy improves the corrosion
resistance properties suitable for application in aircraft
wings. The alloy was rolled repeatedly during fabrication
to attain the required plate thickness under a certain
operating temperature. The fabrication of rolled plates
ensures the required thickness with refined microstructure.

Table 1. Chemical composition of AA2050-T84 alloy (Wt%)

Si Fe Cu Mn Mg Al
0.03 0.05 3.56 | 0.38 0.35

Zn Ti Ag Li Zr remaining
0.09 0.03 033 | 093 0.08

2.2 Specimen Details

The principal directions considered in the study were
the rolling (R), transverse (T), and thickness or short
transverse (S) directions. The tensile and fracture
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specimens extracted from different plate directions are
shown in Figure 1. The tensile specimens were ext—
racted in the RT (along rolling), TR (along transverse),
and ST (along thickness) orientations. Similarly, the
fracture toughness specimens were extracted along the
R-T (load along the rolling direction and crack propa—
gation along the transverse direction), T-R (load along
the transverse direction and crack propagation along the
rolling direction), and S-R (load along the short tran—
sverse direction and crack propagation along the rolling
direction) directions. Three specimen samples were
extracted along each considered direction for both ten—
sile and fracture toughness. A total of 54 (27 tensile and
27 fracture toughness) specimens were extracted to
cover all test temperatures and orientations.
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Figure 1. Various tensile and fracture toughness specimen
orientations
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Circular cross-sectioned tensile specimens with
threaded ends were extracted according to ASTM E8, as
shown in Figure 2 (a). A gauge diameter of 6 mm and a
gauge length of 30 mm were used. The overall length of
the specimens was 65 mm in both the RT and TR
orientations. However, due to plate thickness restriction,
the smaller tensile specimens were considered along ST
orientations, as shown in Figure 2 (b).

65 mm
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Figure 2. Tensile specimens for (a) RT and TR directions
and (b) ST direction

Similarly, a Compact Tension (CT) specimen was
used to conduct fracture toughness tests as per ASTM
E399. The details of the CT specimen are shown in
Figure 3. Both tensile and fracture toughness tests were
conducted using a servo-hydraulic universal testing
machine (UTM) of 100 kN capacity. Instruments such
as load cells, extensometers (contact and non-contact
type), and Crack Mouth Opening Displacement (COD)
were also used to record the tensile and fracture tough—
ness data. A noncontact-type extensometer was used
during the high-temperature tests. Subzero and higher
test temperatures were achieved using a furnace around
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the test specimen mounted on the UTM. A typical
experimental setup with fabricated tensile and fracture
specimens is shown in Figure 4.
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Figure 3. Compact Tension (CT) specimen

Figure 4. Experimental setup for (a) Tensile test (b)
Fracture Toughness test

3. RESULTS AND DISCUSSIONS

Tensile and fracture toughness tests were conducted at
various test temperatures and for orientation-specific
specimens. The upcoming sections will discuss their
effects on the key tensile and fracture toughness para—
meters.
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3.1 Tensile test results and discussions

Tensile tests resulted in load versus deformation plots,
which were further transformed into stress versus strain
graphs. The vital tensile properties, such as yield stress
(S, ultimate stress (S,,), Young's modulus (£), and %
elongation, were extracted from the stress and strain
graphs. Figure 5 shows the effect of test temperature
and orientation on tensile properties.

In Figure 5 (a), a linear variation in yield stress with
respect to specimen orientation was observed. Yield
stress decreased in the RT, TR, and ST orientation se—
quences for all the test temperatures. Yield stress was
highest at -50° C temperature and lowest at 150° C
temperature for all the specimen orientations. The
lowest magnitude of yield stress was noticed for ST
orientation at 150° C temperature. Similarly, the highest
magnitude of yield stress was witnessed for RT
orientation at -50° C. The microstructural stability and
effective precipitation strengthening led to the higher
yield stress at -50° C for all specimen orientations [20,
21]. The slower diffusion rates and resistance to dislo—
cation moments at -50° C enhanced the yield stress of
the alloy. Also, the thermal activation energy at 150° C
is higher, leading to an easier dislocation moment, and
the alloy becomes softer, resulting in lesser yield stress
than sub-zero temperature.

During the failure of the tensile specimen, the plastic
strain (also, % eclongation) was higher for RT and lower
for ST. Higher plastic strain implies more load cycle
withstanding capacity, which leads to higher yield stress.
The rolling direction associated with elongated grains
(RT direction) makes the stress flow paths smoother and
thus enhances the load-carrying capacity. Meanwhile, the
ST direction possesses the squeezed grains along the
loading, resulting in increased stress concentrations
between the grains. Therefore, the yield stress in ST
orientation was lower compared to RT. Overall, the yield
stress decreased in the order of RT-TR-ST orientations.
Compared to yield stress, specimen orientations had a
lesser effect on ultimate stress magnitudes. Ultimate
stress magnitudes were highest at -50° degrees Celsius
and lowest at 150° degrees Celsius, similar to yield stress.
However, the TR and ST orientation tensile specimens
produced the same magnitudes of ultimate stress across
all test temperatures. A difference of around 5% was
noticed between RT and ST orientation for all considered
temperatures. Cur—rently, the author is unable to quantify
the explanation for specimen orientation's ineffectiveness
on ultimate tensile stress and cannot locate relevant
literature. How—ever, a similar trend was reported by
Hafley et al. [20] and Chemin et al. [21]. Overall, the sub-
zero tempera—ture exposure of critical components in
aircraft and space launch vehicles prefers the AA 2050-
T84 [20, 21].

The key tensile property in the damage tolerant part
requirement is % elongation. The highest % elongation
of 16% was witnessed along the rolling direction at 150°
C temperature, indicating the alloy's ductility. Similarly,
for -50° C and 24° C, along the rolling direction, the %
elongation was around 10-12%. Along transverse
orientation, the elongation was between 9.8 — 10.9%.
Hence, the alloy's ductility is better along rolling and
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transverse directions. However, the lowest % elongation
of 5 - 6% was noticed along ST orientation for -50° C
and 24° C.
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Meanwhile, the effect of specimen orientation on
Young's modulus of the alloy is negligible, as seen in
Figure 5 (d). The highest elasticity was witnessed at
150° C and the lowest at -50° C. The alloy exhibited the
Young’s modulus of 76 GPa at 150° C and 73 GPa at -
50° C. Overall, as the temperature increases yield and
ultimate stress decrease, and % elongation and Young's
modulus of the alloy increases for all orientations. The
rolling operation to obtain the required thickness of the
plate induces the anisotropy related to orientation. Also,
the penetration of the rolling-induced forces diminishes
towards the plate center. However, the lesser thick
plates exhibit effective transfer of rolling induced forces
resulting in identical grain orientation both at the plate
surface and center. The grain aspect ratio, which is the
ratio of grain length to width is higher (an aspect ratio
of almost 23 in the plate considered in this study) along
the RT direction.

Typical broken tensile specimens at different test
temperatures are shown in Figure 6. The ST orientation
broken tensile specimens exhibited flat fractured
surfaces, indicating the reduction in ductility of the
alloy. However, rolling and transverse orientation
broken tensile specimens displayed ductility-driven cup-
cone fractured surfaces. The tensile specimen along the
RT direction elongated more compared to the other two
orientations for all considered temperatures. The plane
of shear at 45° acting as the failure principal plane is the
indication of ductility can be seen in Figure 6 for RT
orientation. This behavior can be attributed to the
elongated grains along the rolling direction associated
with ductile nature. Similarly, along TR orientation the
classical cup-cone fractured surfaces were visible
representing ductile fracture. However, the elongation
was a bit lower compared to RT-oriented tensile
specimens.

LSTI

150 °C

Figure 6. Broken specimens during tensile test

The aspect ratio of grain and size, play a major role
in deciding the path of failure plane. Along ST
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orientation, the miniature tensile specimens were used
for testing and the broken specimens exhibited small
dimpled flat surfaces. The reduction in % elongation of
up to 50% compared to RT was noticed and brittle
fractures were suspected. Hafley et al. [20] also reported
a reduction in % elongation of about 45% between
rolling and short transverse-orientated tensile specimens
derived from a 100 mm thick AA2050-T84 alloy plate.
The rolling operation resulted in elongated grains along
the rolling direction and squeezed grain shapes in short
transverse directions resulting the anisotropy. The
anisotropy along in-plane and through-thickness were
reported for AA2050-T84 alloy [20, 26, 29, 30].
Overall, the short transverse direction is susceptible to
early fracture due to lower yield stress, ultimate stress,
and % elongation compared to other orientation-derived
tensile specimens.

3.2 Fracture toughness test results and discussions

The crack tip constraint of wing components resembles
the higher constraint represented by the CT specimen
[17, 20, 29]. Hence, the CT specimen with geometry as
per the ASTM E399 is used in the present study. A
notched specimen was fatigue-loaded to achieve the
required crack length defined as a pre-cracking stage.
The pre-cracking fatigue load is restricted in magnitude
as defined by the ASTM E399 and depends on the
fracture toughness of the alloy. Several thousands of
fatigue cycles were applied to initiate the notched crack
to a defined length (blue line in Figure 4). This pre-
cracking will ensure the natural crack characteristics at
the crack tip with high constraint. The pre-cracking step
is essentially executed at room temperature and is a
crucial step of valid fracture toughness test requirement.
Further, the pre-cracked specimen was tested at required
experimental conditions. Presently, R-T, T-R, and S-R
orientation CT specimens were used at various test
temperatures.

During fracture toughness testing, the Load-Line
Displacements (LLD), applied load (P), and Crack
Mouth Opening Displacements (COD) were recorded
continuously. The load versus COD plot was further
used to identify the critical load (Py) and led to the
corresponding determination of the stress intensity
factor (Kp). The validity requirements of the standard
tests were applied to check and declare the Ky as the
Plain Strain Fracture Toughness (K;c) of the alloy.
Figure 7 shows the magnitudes of K¢ for various orien—
tations and test temperatures.

The alloy exhibited the lowest K¢ along S-R orien—
tation for both sub-zero and room temperatures. Irres—
pective of the temperature, for all considered orien—
tations the K¢ of the alloy decreased in the sequence of
R-T, T-R, and S-R. At -50° C temperature, the K¢ of the
alloy was lower by about 15% compared to room
temperature. Similar observations of decreased K;c of
the alloy with a decrease in temperature were made by
Chemin et al. [21]. The reduction of K;- was associated
with strain localizations and piling up of dislocations at
the crack tip by increasing the constraint (stress
concentration) at lower temperatures [21]. The S-R-
oriented specimens showed almost non-dependency on
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testing temperature. The major limitation of the second-
generation Al-Li alloys was associated with lower
toughness and has been attributed to higher Lithium
presence in the alloy. Thus, the restriction of Lithium
within 1% in AA2050-T84 alloy increased the fracture
toughness by around 20% (along R-T orientation)
compared to 2nd generation Al-Li alloys. The Lithium
restriction ensured the improved resistance to brittle
inter-granular fracture, confirmed also through the
higher % elongation in tensile tests. The fractured
surfaces both in tensile (Figure 6) and fracture
toughness tests showed the crack initiation and
propagation sites normally seen in ductile fractures.
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Figure 7. Kc at various temperatures and orientations

The SEM images of fractured CT specimens are
shown in Figure 8 for different temperatures. At room
temperature, dimples of identical shape and size were
created with few spots of inter-granular fractured sur—
faces indicating the ductility-driven crack propagation.
The propagation path within grains is suggestive of
plane stress conditions leading to higher toughness.
Similarly, the concentration of dimples was minimal in
fractured specimens of -50° C. The increase in brittle
inter-granular islands compared to room temperature
SEM image can be visible. The constitute particles
derived from Fe and Si alloying elements were present
along the boundary of the grains. The segregation of
alloying elements along the grain boundaries increases
the strain localization and further triggers the areas of
brittle intergranular fracture as observed. These
microstructural features at -50° C, accommodate the
smaller plastic zones and lead to lower fracture energy
[24-26] as witnessed in Figure 7.

At 150° C, the alloy was more ductile compared to
room temperature and showed crack blunting during the
K¢ tests. The crack blunting resulted in a higher resis—
tance to the crack propagation and eventually led to in-
valid K¢ tests.

However, the fracture toughness data reported by
Ekabote et al. [28, 29] for 200° C confirms the higher
toughness of AA2050-T84 alloy compared to room, and
sub-zero temperatures. Along with these successful
fracture toughness tests, inconsistency in a few of the
K¢ tests was also observed.The ample crack deviations
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from the principal path of propagations were noticed
during the K tests.
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Figure 8. SEM images of fractured CT specimens at (a) 24°
C and (b) -50° C

For all the test temperatures, the R-T orientation
fracture specimens were shown path deviations for most
of the samples. However, the control over wire cut
minimum notch radius, fatigue loading frequency, and
larger CT specimens (double the size mentioned in
Figure 3) for R-T specimens ensured minimal crack
deviations from the principal plane of propagation. The
majority of CT specimen samples extracted through R-T
for all considered temperatures showed crack path
deviation from the principal propagation direction. The
crack path deviations were observed in two instances.
First, during the fatigue pre-cracking stage, and the
second, while applying the tensile load for a fatigue pre-
cracked CT specimen. The broken CT specimens with
crack deviation are shown in Figure 9.

During Fatigue pre-cracking

Around 85° De
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Figure 9. Broken CT specimens during K¢ tests

The fatigue pre-cracking stage displayed crack
deviations of around 78°-87° from the principal crack
path for most of the R-T specimen samples. The crack
path deviations were associated with grain structure and
T-84 state-derived grain boundaries with misorientation
angles [31]. During fatigue loading, the crack path
chooses the misoriented grain boundary for the
propagation. Similar kinds of crack path deviations were
observed by Hafley et al. [20] for 100 mm thick
AA2050-T84 alloy plate-derived CT specimens. The
deviations were reported for thin CT specimens of
thickness 6.35 mm during the J-resistance curve
(involves loading and unloading cycles) determinations.
Along with R-T orientation, the S-R-orientated CT
specimens also show crack path deviations. In R-T
oriented specimens, 40°- 45° angle of deviation, and for
S-R oriented specimens, 45~ 60° angle of deviation
were reported [20, 26, 30, 31]. Earlier literature on K¢
of the 2050-T84 alloy under Mode-I loading [28, 29]
has not stated the crack path deviations. In the present
work, the K¢ tests in R-T orientation produced both
deviated and non-deviated crack paths. Few of the CT
samples followed the principal crack path while
propagating and obtaining a valid K;c magnitude as per
the standard mentioned in Figure 7. However, few have
shown a deviation of 28° to 55° from the principal crack
path while applying the Mode-I monotonic loading.
These deviations are also along through-thickness
direction S-R (short transverse direction) with uneven
crack surfaces as shown in Figure 9. If the pre-cracking
stage resulted in a crack tip with a micro deviation
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angle, the Mode-I tensile load exhibited the deflection
of crack paths as observed from crack tip root
deflection.

The angle of deviation depends on the micro—
structure and aspect ratio of the grain. The deviations of
40°-60" were associated with grain aspect ratio. As the
thickness of the plate increases, the rolling process
causes less grain elongation and controllable aspect
ratio resulting in minimal crack path deviations. In thick
plates, the rolling process causes minimal grain elon—
gations in the rolling direction ensuring a lower aspect
ratio in R-T and S-R. In thin plates, the rolling process
penetrates easily through the thickness of the plate
producing the elongated grains and higher aspect ratio
between R-T and S-R. During fatigue loading, these
aspect ratios play a deciding role in choosing the crack
propagation path as the slow and steady crack initiation
and propagation occur. The AA2050-T84 alloy rolled
plates are available from 25 mm to 152 mm thicknesses.
It has been observed that in thick plates the grain aspect
ratio at the center of the plate is lesser compared to the
plate surface [21, 30]. Hence, fatigue loading results
larger deviation angle in thin stock plate-derived CT
specimens and a lesser deviation angle in thick stock
plate-derived CT specimens. The presence of micro-
cracks was noticed (especially towards the short trans—
verse direction) in the fractured surfaces of Figure 9.
The fractured specimens during pre-cracking fatigue
loading stages may have micro-cracks at an angle of
70°%- 90° from principal crack paths. The crystallo—
graphic structure of the alloy is the reason for crack
deviation [4]. Figure 10 shows the micro-structural ob—
servations in CT specimens for valid and in-valid K¢
tests at room temperature.

The SEM images of deviated and non-deviated
cracks at different microscales are shown in Figure 10.
These microstructures can be differentiated by the type
of fracture modes, inclusion intensity, and location,
rolling effectiveness on grain, and formation of shear
bands. Fracture modes include ductile or brittle fracture-
driven intergranular or cleavage types. Inclusions are
the other alloying elements influencing the crack initi—
ation and sometimes deflection. Rolling operation in
plate formation commonly affects the grain aspect ratio
and orientation, resulting in the overall texture of the
microstructure. Similarly, Shear bands are the indication
of local plasticity during crack propagation. The micro—
structure analysis of Figure 10 concerning these features
is shown in Table 2.

ARV R ST TR w4

Non-deviated Crack CT Specimen
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Figure 10. SEM images of CT fractured surfaces at room
temperature

Table 2. Comparison of microstructural features in cracked
CT specimens

Microstructural | Non-deviated crack | Deviated crack
features surface surface

Irregular grain Highly irregular
1. Fracture tvpe boundary fractures |and branched
’ P with secondary intergranular

cracks. fractures.

Dense inclusions
with a mix of
initiation and
deflection.

Medium-sized
inclusions causing
crack initiation.

2. Inclusions

Extreme elon—
gation and strong
directional grain
flow.

Noticeable grain
3. Rolling effects | elongation and
texture change.

Widespread
shear bands with
severe localized
plastic zones.

Shear bands were
observed near large
inclusions.

4. Shear bands
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Thus, clear and differentiable microstructure chan—
ges in both types of crack propagation were witnessed
through the above features. Both SEM images showed
uneven grain boundaries, although more extensive
branching was seen on deviated fracture surfaces. These
branches resulted due to highly irregular grain boun—
daries. Similarly, secondary particles or inclusions in
the matrix initiate the crack, but owing to segregation at
one place has influenced the crack paths. The size of the
inclusions was almost identical (for the majority por—
tion) in both microstructure images, but deviations were
produced from clusters of larger-sized secondary
particles.

Rolling operation produces the elongated grains, and
the aspect ratio of these grains is crucial to crack
propagation directions. A detailed analysis of the aspect
ratio on crack deflection is discussed in earlier literature
[32]. The difference in elongation of the grains from the
same plate can be attributed to CT specimen extraction
from plate surfaces and below the surfaces. The plate
surface exhibited larger elongated grains than sub-
surface derived CT specimen grains. Shear bands are a
clear indication of plasticity sites in the microstructure.
The more populated shear bands were seen in deviated
crack micro surfaces, leading to more considerable
plasticity. Though the cracks deviated from the principal
path, their toughness was slightly larger (almost 2%)
than valid K test results. Figure 11 helps to understand
the intensity of these features' presence in both micro—
structures. The intensity was measured based on the
presence of the features in the microstructure.
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Figure 11. Comparison of feature impact across
microstructures of deviated and non-deviated cracks

Figure 11 helps to clearly distinguish the impact of
these features on crack path deviations seen in CT
specimens. Each feature shows the 2-point extra inten—
sity in deviated crack microstructure compared to non-
deviated crack paths. The rolling process is the deciding
feature as it affects the structure's inclusion distribution
and slip band formation. If the rolling process is uni—form
and results in controllable grain sizes (aspect ratio),
clustering of inclusions can be avoided, and fewer slip
bands will be formed. Thus, it produces less irregular
grain boundaries with intergranular fractures at room
temperature. Also, in Figure 10, The microvoids or small
dimples formation at room temperature repre—sent the
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local plastic deformation and resistance to the fracture
phenomenon. The more significant number of micro
voids in SEM images represents the more plasticity or
ductility witnessed through the larger magnitude of K¢
and more % eclongation during tensile tests. The
dislocation movements were also more sig-nificant at
room temperature. The anisotropy resulted in weaker
grain boundaries along the S-R orientations and thus gave
rise to crack initiation. The rolling operation on the plate
squeezes the grains in the short transverse direction, and
misoriented grains are formed. The fracture path was
influenced by secondary particle segregation along the
grain boundary at room and sub-zero temperatures. At
room temperature, these particles help to distribute the
stress, leading to plastic deformations. The difference in
mechanical properties of secondary particles and alloy
matrix leads to crack initiation at the interface.
Sometimes, the piling up of secondary particles at large
numbers along the grain boundary may deviate from the
crack path and produce the intergranular fracture as
witnessed in deviated crack path K- tests. The better
processing of the alloy reduces the seg—regation of
secondary particles and thus helps to pro—pagate the
crack in the principal path. The absence of crack
deviations during K¢ tests at -50° C can be attributed to
weakened grain boundary, less resistance for crack
propagation, and reduction in ductility of the Aluminum
matrix. Hence, the combined effect of ani—sotropy and
temperature varied the nature of the alloy. The crack path
deviations can be minimized by striking a balance
between grain sizes, resulting in less aniso—tropy with an
even distribution of the secondary particles.
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Figure 12. Relationship between yield stress and fracture
toughness of the AA2050-T84 alloy

Further, the yield stress and fracture toughness
obtained for different temperatures and orientations are
used to derive the relationship between yield stress and
fracture toughness. The relationship between fracture
toughness and yield stress of the AA2050-T84 alloy is
shown in Figure 12. The yield stress and fracture toug—
hness were compared for R-T and T-R orientations. In
conventional Aluminum alloys, yield stress and fracture
toughness were inversely proportional. A similar
behavior was witnessed for AA2050-T84 alloy for both
the rolling and transverse directions. The secondary
phases and precipitates improve the strength of the alloy
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but act as stress concentration sites along the grain
boundary. Hence, at low temperatures, the increase in
strength also triggers the crack initiation from these
sites, resulting in lower fracture toughness of the alloy.
However, the conventional Aluminum alloys (AA7050)
used in aircraft wing parts lack the right balance
between yield stress and fracture toughness of the alloy
compared to AA2050-T84. Thus, the use of AA2050-
T84 alloys to damage tolerant property requirement
parts of the aircraft justifies its selection. The additional
advantage is the stress corrosion resistance property of
the AA2050-T84 alloy due to other alloying elements
mentioned in Table 1 necessary while immersed in the
fuel of the aircraft wing.

The micro-crack's presence reveals the crack
branching during fatigue loading of AA2050-T84 alloy.
The presence of micro-cracks was minimal compared to
2" generation Al-Li alloys [32]. The misorientation of
grains at the crack tip is easy to propagate as witnessed
in earlier literature [30, 31]. However, the fracture toug—
hness of these deviated crack specimens was almost
identical to the valid Kj- tests. Also, the tensile and
fracture toughness properties of the AA2050-T84 alloy
are higher than the earlier conventional Aluminum alloy
(AA 7075), making it a better choice for aircraft wing
parts applications. Meanwhile, these deviations will be
difficult to inspect and to identify crack arrest directions
in the wing parts. A more frequent inspection of
AA2050-T84 alloy-made wing parts is necessary to
achieve the structural integrity of the wing. Although
novel experimental and numerical techniques for detec—
ting component fractures have been published, they
have not yet been included in aviation standards. [33-
36]. Therefore, frequent inspection intervals increase the
cost of maintenance but are essential to avoid sudden
catastrophic failures.

Overall, the present investigation revealed the ani—
sotropy-related tensile and fracture toughness properties
of the 43 mm thick AA2050-T84 alloy. The guideline
for selecting primary aircraft structures with damage-
tolerant properties requirement necessitates a minimum
elongation of 5% as one of the criteria [17]. Thus, the
short transverse orientation lacks the ductility or mini—
mum elongation (or is almost on the verge of) needed
for wing spars and ribs. The Type-I and Type-II cracks
in Airbus A380 may be related to minimum fracture
toughness along the S-R orientation at lower tempe—
ratures. The short transverse orientation also has the
lowest % elongation before fracture as reported through
tensile tests. Together, temperature and in-plane aniso—
tropy may have led to the crack appearances in wing
brackets. Further, the wing components demonstrate
elevated stress concentration points due to holes and
cut-outs. These stress concentration points in the parts
diminish the strength and toughness leading to crack
initiation and propagation as visualized in the wing
brackets. However, the higher constraint CT specimen
represents these stress-concentrated effects in the Mode-
I fracture toughness testing. Hence, the spars, ribs, and
brackets of aircraft wings must be extracted along the
rolling or transverse directions of the plate stock to
satisfy the minimum damage-tolerant property requi—
rement. This will ensure moderate ductility and tough—
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ness coupled with elevated yield and ultimate strength
in the loading axes, guaranteeing the structural integrity
of the aircraft.

4. CONCLUSIONS

The rising concerns over the crack appearances in wing
parts of the Airbus A380 triggered the inspection of
essential mechanical and fracture toughness property
evaluation of AA2050-T84 alloy and anisotropic nature
dependency. The experimental investigation of the 43
mm plate-derived tensile and CT specimens showed
improved characteristics over the conventional AA7050
alloy. Operating temperature, anisotropy, and plate
thickness are key factors in selecting and extracting the
wing parts from alloy plates. The major findings of the
present work are concluded below.

e In tensile testing, an increase in testing temperature
decreased the yield and ultimate stress of the alloy.
In-plane anisotropy was witnessed, and the yield
and ultimate stresses were decreased in the RT, TR,
and ST orientation sequence for all considered tem—
peratures. The short transverse direction possesses a
lower % elongation with a brittle nature at subzero
temperature, making the ST direction-derived parts
non-suitable to wing primary components.

e During fracture toughness tests, a decrease in test
temperature induced the brittle nature of alloy with
lower Kjc. The clear patches of intergranular sites
were visible in SEM images resulting in lower
fracture energy. However, the alloy's ductility inc—
reased at higher temperatures, and the elastic-
plastic fracture toughness (J-integral) parameter
was suggested for toughness evaluation owing to
crack blunting.

e Crack path deflections were observed in R-T and S-
R orientation-derived CT specimens. Path deflec—
tion can be attributed to weakened grain boundaries
in the T-84 state, misorientation angles of grains in
transverse directions, and a higher aspect ratio of
the grains. However, these orientation-specific
fracture toughness magnitudes are more significant
than the earlier AA7050 alloy at subzero tempe—
ratures, making AA2050-T84 alloy a superior
choice for aircraft wing parts.

e The wing's primary components must be extracted
along the R-T or T-R orientations for better struc—
tural integrity of the aircraft wing. Avoiding the
short transverse direction loading and crack propa—
gation ensures the required damage-tolerant pro—
perty for wing parts.
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YTUIAJ AHU3O0TPOIIUJE Y PABHU U
TEMIIEPATYPE HA IIEP®@OPMAHCE JIEI'YPE
AA2050-T84

H. Exat6ore

Jlerypa AA2050-T84 je Al-Li nerypa tpehe renepamnuje
KOja ce KOPUCTH Y aBHOHHMA M CBEMUPCKHM BO3MIINMA.
Hocauu u pebpa kpuia aBHOHA ¥ pe3epBOapH 3a TOPHBO
CBEMHPCKHX IIAaTiIOBa MOpajy IOCENOBaTH CBOjCTBA
Tonepannuje Ha omTehema. Y OoBOM paxy, y3opiu 3a
UCIIUTHBAC 3aTe3arba U JIoMa Cy u3Bal)eHn U3 riaBHUX
npagara mwioye jgerype AA2050-T84 nebspune 43 mm u
ekcriepuMeHTanHo wucnutanu Ha -500°C, 240°C wu
1500°C. ITocmarpaHa je 3aBHCHOCT CBOjCTaBa 3aTe3HE U
KMJIABOCTH JIOMa OJf aHW30TPOIHje y PAaBHH M TEMIIe—
parype wucnutuBama. Takole, pasmarpaH je edekar
AQHW30TPONMjE Y PABHH Ha HACTaHAK, LIMPSHE M OC—
Tynama OJ TJIABHUX IIpaBalla MyKOTHHA IIOJ ONTepe—
hemeMm y pexumy I. CBojcTBa KpaTKOTpajHE MOTIPEUHE
3aTe3He W JKWIABOCTH JIoMa Owja Cy HajHmXKa 300T
ocnabsbeHUX TPaHUIIa 3pHA KOje MOTHYY U3 cTamba T-84.
Hasee, pazmarpan je edexar IpHpoOJe aHU3OTPOINHUje y
paBHM JIETYpe Ha W3BJIAYCHC KOMIIOHEHTH Kpuiia
aBHOHA.
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