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ABSTRACT. The third generation Al-Li alloy AA2050-T84 is widely used in
aircraft applications due to its lightweight and significant mechanical

properties. The anisotropic variations of tensile and compression properties
of this alloy at various temperatures are substantial. In this work, the
variations of the J-integral, CTOD, and Plastic Zone Size (PZS) due to
anisotropy of a 4-inch thick AA2050-T84 plate at ambient and cryogenic
temperatures were studied numerically by using Compact Tension (C(T))
specimen. The material anisotropy resulted in fracture and constraint
parameter variation for Mode-I constant load. Numerical results indicated a
decrease in crack driving parameters and a constraint parameter with the
decrease in temperature at the plate surface and central location. Plate surface
locations appear to be isotropic for both temperatures under elastic-plastic
fracture analyses as crack driving parameters were almost identical. The
temperature effect is more on constraint as the normalized PZS values at
ambient temperature have been twice that of cryogenic temperature. The
isotropic behavior of a plate under sub-zero temperature makes the plate
suitable for cryogenic temperature applications.
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INTRODUCTION

I-Li alloys are popular in aircraft and space applications due to their significant mechanical properties and

lightweight compared to conventional aluminum alloys [1]. Aircraft applications have withdrawn use of 2nd

generation Al-Li alloys owing to their anisotropic mechanical behavior, lower fracture toughness, and thermal
instability induced lower toughness [1, 2, 3]. The high Lithium weight percentage in Al-Li alloy has been the primary cause
of these limitations. The innovative processing techniques of Lithium addition to aluminum and restricting its proportion
to less than 2% has led to emergence of 31 generation Al-Li alloys. The Commercial aircraft and Space shuttle involve
critical parts necessitating the use of AA2050-T84 alloy, a 3 generation Al-Li alloy [3, 4].
Aircraft wing components prone to fracture failure incorporate ‘damage tolerance criteria’ in their design. The critical
material properties and loading patterns become essential in design to avoid fracture failure. The American Society for
Testing and Materials (ASTM) standards suggest procedure to obtain fracture toughness for Mode-I loading [5, 6]. These
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standards aim to obtain plane strain fracture toughness (Kic or Jic), assuring a minimum and conservative value at the high
constraint.

The fracture toughness depends on specimen geometry, load, and type of specimen, which coined the term constraint.
Constraint generated at the crack front is measured through well-defined constraint parameters under Linear Elastic
Fracture Mechanics (LEFM) and Elastic-Plastic Fracture Mechanics (EPFM) [7, 8, 9, 10,11,12, 13, 14]. These constraint
parameters are defined concerning either the stress field or the displacement field around the crack front. The variation of
constraint parameters concerning crack length, specimen thickness, and load variations are well documented for different
standard specimens. Moreover, selecting standard methods and specimen types to obtain fracture toughness depends on
the constraint present at the component level [15,16].

Material anisotropy was the primary concern for the withdrawal of 20d generation Al-Li alloys in aircraft applications. It
was observed that anisotropy played a prominent role in the fracture toughness of aircraft components made of Al-Li
alloys [1,4]. It also revealed that the AA2050-T84 plate of 4-inch exhibited variation in tensile, compression, and fracture
toughness to a significant level [4]. Researchers have opined that wing parts, such as spars and ribs fabricated from
AA2050-T84 behave differently due to anisotropy under the same load. The constraint variation due to material
anisotropy is scarcely reported in the literature, and is limited to specimen thickness, crack length, specimen type, and load
conditions.

Hafley et al. [4] experimentally evaluated the 4-inch AA2050-T84 alloy plate performance and discussed its applicability to
the cryogenic propellent tanks used for heavy-lift launch vehicles. The experimental comparison between AA2195-T8 and
AA2050-T84 for tensile, compression, and fracture responses was investigated. The tensile behavior of the AA2050-T84
alloy at room and cryogenic temperatures exhibited anisotropic nature. However, the reported experimental fracture
toughness tests as per ASTM test requirements at both temperatures were invalid. The likely reason for invalid fracture
toughness experiments can be related to crack tip/front constraint variations, due to material anisotropy. Chemin et al.
[17] reported anisotropy through the valid fracture toughness tests on 2-inch AA2050-T84 plate at different orientation
and temperatures. The anisotropic behavior was attributed to state of stress variation at crack influenced by grain
properties. Hence, anisotropy of 4-inch AA2050-T84 plate behavior needs numerical fracture constraint analyses based on
tensile test results of Hafley et al [4]. The experimentation needs high investment and more time, therefore researchers
prefer numerical analysis.

This work emphasizes on crack driving parameters like J-integral and Crack Tip Opening Displacement (CTOD) analyzed
for 4-inch AA2050-T84 plate. The through-thickness locations and orientations at ambient and cryogenic temperatures
for a constant Mode-I load were studied using Abaqus software. The tensile properties for preprocess stage of simulation
were adopted from Hafley et al. [4]. Plastic Zone Size (PZS) parameter was used to analyze the constraint variation at
specified conditions. The suitability of 4-inch AA2050-T84 plate for cryogenic application was verified on the basis of
anisotropy as a governing factor in crack driving and constraint parameter variations.

NOMENCLATURE, SPECIMEN AND MATERIAL PROPERTY

extracted from the plate [6]. In the present analyses, the primary directions of the 4-inch AA2050-T84 alloy plate

considered are rolling direction (L), transverse direction (T), and short transverse direction (S). The 4-inch
AA2050-T84 alloy plate rolling direction is parallel to the L. direction and possessed a larger dimension than the other two
(T and S) directions. The different plate orientations for fracture study considered were L-T, T-L, and S-T, as shown in
Fig. 1. For instance, fracture specimen L-T orientation indicates loading in the L direction and crack propagation in the T
direction. In the S-T plate orientation for 4-inch plate thickness, only one fracture specimen was possible with dimensions
considered in line with experimental tests [4].
As indicated in Fig. 1, tis the plate thickness (in this case 4-inch), making the t/2 at its center (2 inches), t/6 at outer plate
surfaces. The various plate orientations and locations at ambient (24° C) and cryogenic (-195° C) temperatures wete
considered for the fracture analyses. ASTM 1820- 20b recommends two high constraint specimens viz. Single Edge Bend
(SE(B)) and Compact Tension (C(T)) for the measurement of fracture toughness [6]. The C(T) specimen assures lower
bound toughness value compared to SE(B) and suited for primary structures of aircraft applications [1]. Fig. 2 shows the
C(T) specimen used for current fracture analyses adopting width (W) = 25.4 mm, crack length (a) = 12.7 mm and
thickness (B) = 12.7 mm in compliance to ASTM 1820-20b [6].

ﬁ ccording to ASTM E1820-20b, the fracture toughness depends on the orientation and location of the specimen
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The material chemical composition constituted copper (3.3% to 3.4%) as the primary alloying element with lithium (less
than 1%) added to introduce desirable properties [3]. The density reduction by almost 3% and rise in Young’s modulus by
6% compared to conventional aluminum alloys were noticed [1, 3].

e 318 mm N
¢ 25.4 mm > l
'
E O
E =T
0]
=)
3 :C
Lo
.
| 12,7 mm | 12.7 mm
>
Figure 1: Various Otientation and Location of Fracture Specimens in a 4-inch Figure 2: C(T) Specimen.

AA2050-T84 Plate.

The reported experimental tensile properties (shown in Tab. 1) based on Hafley et al. [4] were adopted for different
orientations and locations of the plate at ambient (24° C) and cryogenic (-195° C) temperatures for Finite Element (FE)
analyses. Tab. 1 shows the average tensile properties at various orientations and locations of the 4-inch AA2050-T84 plate
[4]. Diverse average tensile properties in different orientations and locations were reported for both ambient and
cryogenic test temperature. Anisotropic tensile behavior characterized by plate location and orientation at different
temperatures becomes essential in designing spars and ribs. The damage tolerance criterion-based design accounts for
anisotropy in the spars and ribs of the aircraft wing during the fracture analysis.

Temperature Plate Specimen T
(°C) Orientation location opgy owOMPD E(GPy)
L t/6 486.77 509.52 74.46
9y t/2 515.04  546.06 75.15
t/6
(Ambient) - / 478.5 521.93 75.15
t/2 468.84  515.73 75.84
S t/2 442.64 505.38 73.77
L t/6 561.92 612.25 82.05
t/2 59226 659.82 84.11
-195
(Cryogenic) . t/6 550.89 631.56 82.73
t/2 54399  630.18 84.12
S t/2 504 601.91 82.05

Table 1: Tensile properties of 4-inch AA2050-T84 alloy plate [4]

FINITE ELEMENT ANALYSES

using Abaqus 6.14. The stress and strain curves were adopted from the research work of Hafley et al. [4] for the
elastic-plastic fracture analysis. In this work, the material response has been considered to be a multi-linear
kinematic hardening type. The matetial's plastic part's behavior was modelled by taking twenty divisions after the yielding
point of the stress-strain curves along with elastic input viz., Young’s modulus (E) and Poisson’s ratio (v). The material
property input into the Abaqus 6.14 for elastic-plastic fracture analysis is adopted as similar to the eatlier work of Kudari

T he current work emphasizes 3D elastic-plastic numerical fracture analysis on C(T) specimen for mode-I loading
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et al. [14, 19]. The crack driving parameters such as J-integral and Crack Mouth Opening Displacement (CMOD) were
extracted directly from ABAQUS 6.14 post-processor [18].

The C(T) model being symmetric about y-axis was analyzed considering only one-half of it with a/W = B/W = 0.5, as
shown in Fig. 3. A quadratic 20-node hexahedral (brick) element with reduced integration (C3D20R) was used throughout
the model for meshing. A similar kind of element was used in earlier work [19, 20]. The model contains 15910 elements
with 71709 nodes. At the crack front, these nodes were collapsed at one end (near the crack tip side) for efficient
replication of singularity. At the crack front, 1200 elements with 6013 nodes were created for better accuracy of results.
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Fine mes
crack front

Figure 3: Meshed model of C(T) specimen Figure 4: FE Model with Boundary conditions

In the model, along the area of the crack ligament (b), y-symmetry was imposed. A constant concentrated load
cotresponding to varying load ratio (Papplicd/Pmax) between 0.1 and 1 with Prmax of 16,000 N was applied at hole along y-
direction for all numerical analyses. The applied stress (oapplica) is calculated for C(T) specimen by using the relation
mentioned in the earlier work of A. H. Priest [21]. The Pmay of 16,000 N was selected to keep the stress ratio (Gapplied/ Oys)
in between the range 0.4 and 0.5. The wireframe model with boundary conditions shown in Fig. 4 was used for all cases of
numerical studies. However, the material properties were assigned as per the specimen's location, orientation, and
operating temperature, as mentioned in Tab. 1.

RESULTS AND DISCUSSION

toughness test performed according to ASTM E1820-20b. The current numerical elastic-plastic fracture analysis

procedure was adopted and validated from the earlier work [14]. The experimental fracture toughness test resulted
in Jic of 11.589 N/mm at room temperature. The numerical analysis carried out for the same experimental load conditions
resulted in the value of J-integral as 11.02 N/mm. The marginal difference (<5%) in values are served as motivation to
extend the numerical procedure for further investigations. In the 3-D numerical analysis, the J-integral and CMOD were
extracted along the crack front (thickness direction) at room temperature as shown in Figs. 5 and 6.
Fig. 5 indicates the variation of J-integral along the crack front at the ambient temperature of 24° C for various plate
location and orientation conditions. The peak values of J-integral at crack front center were attributed to the crack
tunneling effect [6]. A similar phenomenon of peak J-integral values at the crack front center was observed at a cryogenic
temperature of -1950 C. As expected, the CMOD values are constant along the crack front for all plate orientations.
Gentile et al. [13] have performed FE analysis to predict specimen response through crack driving parameters viz.
computed J-integral with measured CTOD. In the present work we have also attempted to study the behavior of variation
of CTOD on different orientation and locations. Thus, the peak values of J-integral, and CTOD at crack front center
were taken up for further analysis at both temperatures.

T he numerical procedure for the determination of J-integral was validated through an experimental fracture

Effect of plate location
Crack driving parameters characterized by J-integral and CMOD were extracted in LT, TL, and ST orientations at
through-thickness locations of the plate. These parameters relative values provided insight into the behavioral aspects of
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the plate under constant external load subjected to different plate orientations. Figs. 7 and 8 depict them for varying load
ratios.
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Figure 5: J-integral along the crack front at Ambient temperature.  Figure 6: CMOD along the crack front at Ambient temperature.
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Figure 7: Variation of J-integral for different plate orientation Figure 8: Variation of CMOD for different plate orientation and
and location at 24°C location at 24°C

The non-linear nature of J-integral exhibited the increasing order LT-TL-ST, with the highest value recorded for ST
orientation at a load ratio greater than 0.4. The J-integral differed by around 12% between LT and TL and around 30%
between LT and ST orientations with peak load ratio for unity. Similarly, CMOD value differed by about 8% at peak load
ratio between LT and TL and around 23% between LT and ST orientations. The value of J-integral and CMOD for LT
configuration was higher by 8-9% at plate center (t/2) against plate sutrface (t/6). Howevert, it decteased by 2% in TL
orientation at peak load ratio.

Figs. 9 and 10 depict J-integral and CMOD variation for various load ratios at different orientations and locations of the
plate for cryogenic temperature. The J-integral and CMOD varied slightly (4% - 8%) exhibiting gradual increase in the LT-
TL-ST sequence of plate orientations at peak load ratio. Their values at cryogenic temperature increased by 2-4% from
positions t/2 to t/6 for LT against less than 1% for TL orientations at peak load ratios. The anisotropy effect on crack
driving parameters was less at cryogenic temperature, confirming with observed in tensile test results of Hafley et al. [4].
CTOD is another important fractute parameter based on displacement at the crack tip/front of the specimen. According
to ASTM 1820-20b [6], CTOD is calculated from J-integral value. Figs. 11 and 12 show the CTOD variation for different
plate orientations and locations at ambient and cryogenic temperatures. These CTOD variations follow a similar trend
displayed by J-integral in Figs. 5 and 7. Plate sutface (t/6) locations ate isotropic for both temperatures under fracture
analyses as crack driving parameters were almost identical. A similar observation was reported in the tensile behavior of
Hafley et al. [4]. The weaker intensities of deformation texture components were due to surface rolling associated with
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lower yield strength. The isotropic propetties at t/6 location at both temperatures make it a congenial material for wing
components like spars and ribs over the surface of the AA2050-T84 plate.
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Figure 9: Variation of J-integral for different plate orientation
and location at -195°C
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Figure 11: Variation of CTOD for different plate orientation and
location at 24°C
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Figure 10: Variation of CMOD for different plate otientation
and location at -195°C
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Figure 12: Variation of CTOD for different plate orientation and
location at -195°C

The location in a plate was quite significant at both temperatures because of appreciable variations in crack driving
parameters. However, the plate orientation had a substantial effect at ambient temperature compared to cryogenic
temperature. AA2050-T84 plate showed inconsistent fracture behavior concerning locations and orientations at different
temperatures being significant for designing aircraft primary wing components. Chemin et al. [17] have observed that the
plane strain fracture toughness (Kic) of the 2-inch thick AA2050-T84 alloy material decreased with LT to TL otientation
by almost 23% at ambient temperature. On the contrary, in the present EPFM analyses, J-integral increased by nearly 11%
from LT to TL orientation at a similar temperature. Thus, the TL orientation is more susceptible to fracture failure than
the L'T under identical load at ambient temperature due to its lower Kic value.

Effect of Plate orientation
The comparison of crack driving parameters at different temperatures was crucial to claim its suitability at cryogenic

temperatures. This issue is prominent in the design of space shuttle tanks because of material extraction from different
orientations. The variation of crack driving forces at these orientations at various operating temperatures was crucial also
for aircraft component damage tolerance design. Figs. 13 to 18 present the variation of J-integral, CMOD and CTOD at
different plate locations dependent on plate temperature and orientations.
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Figure 13: Variation of J-integral for different plate
orientation at t/6 location
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Figure 14: Variation of J-integral for different plate
orientation at t/2 location
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Figure 16: Variation of CMOD for different plate
orientation at t/2 location
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Figure 15: Variation of CMOD for different plate
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Figure 17: Variation of CTOD for different plate
orientation at t/6 location
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Figure 18: Variation of CTOD for different plate
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The decrease in J-integral and CMOD was noticed at a cryogenic temperature at both location and plate orientations. The
temperature change from ambient to cryogenic leads to the decline by 22%, 32%, and 45% for J-integral values in LT, TL,
and ST ortientations of t/2 locations for peak load ratio. Similatly, 28% of the drop in J-integral at t/6 locations for both
LT and TL orientations were observed for peak load ratio. In Figs. 14 and 16, the specimen extracted at the plate surface
(t/6) was less affected (<2%) by otientation at ambient and ctryogenic temperatures. From Figs. 13 and 15, the plate
center (t/2) location show significant vatiations in J-integral and CMOD values at ambient conditions only. The Figs. 17
and 18 depict similar trend of CTOD variations to establish a correlation with J-integral. The observed behavior was
attributed to resistance for dislocation movement at cryogenic temperature, causing the material to dissipate lower energy
[21].

Fracture results at t/6 location of the plate exhibited isotropic behavior similar to tensile results Hafley et al. [4] at both
ambient and cryogenic temperatures. However, the plate center (t/2) location showed higher anisotropy at ambient
temperature than cryogenic temperatures. The anisotropy was attributed to the strain gradients introduced during rolling,
tesulting in an increased strain in the vicinity of t/2 location [4]. These results strongly support use of AA2050-T84 plate
for cryogenic applications.

Effect of anisotropy on PZS

The modern-day fracture assessment criterion requires data on constraint variation near the crack front and crack driving
parameters. Constraint is defined as the restriction to plastic deformation at the crack front [22]. Plasticity around the
crack front is measured as plastic zone size and shape, which depend on the in-plane dimension (crack length) and out-of-
plane dimension (specimen thickness) [14]. 3D crack front stress tri-axiality fields significantly affect the constraint
measured by PZS [19, 23]. The plastic zone shape and size at the crack front are usually helpful to define plane stress and
plane strain conditions. PZS is a suitable parameter to measure constraint near the crack under EPFM. The PZS also
significantly affects the standard specimen size required for experimental testing of fracture toughness [5, 6]. Since the
plastic zone is crucial in EPFM analysis, the anisotropy role will be noteworthy in PZS variation. The present analysis
attempts measurement of the constraint variation concerning anisotropy and temperature using normalized PZS
(PZS/crack length = 1,/a) at crack front. PZS measured as per Kudari et al. [14] at the center of the crack front is shown
in Fig. 19, and the shape of PZS along the crack front is shown in Fig. 20. Figs. 21 and 22 show the variation of
normalized PZS for plate orientation and location at ambient and cryogenic temperatures.

At ambient temperature, normalized PZS for peak load ratio was almost 18% higher in LT otientation, t/6 location
compared to t/2 location. PZS is inversely proportional to the square of the yield stress of the material [18]. Normalized
PZS increased with plate orientation in the order of LT-TL-ST in agreement to observations made by Hafley et al. [4] that
reported a decrease in yield stress in the order of LT-TL-ST at both locations of the plate. However, the constraint
variation between LT and TL ortientation for both temperatures was minimal (<5%) at t/6 location. The minimal
difference of yield stress values can be visualized at t/6 locations from Tab. 1 for both temperatures. Unlike Figs. 14 and
16, which showed minimal crack driving parameters at the t/2 location of the cryogenic temperature, the normalized PZS
difference was substantial for different plate otientations. This trend indicated isotropic behavior at t/6 plate location for
both temperatures, making the AA2050-T84 alloy plate surface suitable for ambient and cryogenic applications.

From Figs. 23 and 24, the effect of plate otientation on normalized PZS at t/6 location for cryogenic temperature was
negligible. At cryogenic temperature, the variation of normalized PZS at t/2 location increased almost 35% between LT
and TL or ST otientations for peak load ratio, respectively. But, at t/6 location, the constraint variation was minimal
(<5%) at cryogenic temperature. However, at ambient temperature, the normalized PZS variation was significant for plate
location and otientation. At ambient temperature, the variation of normalized PZS at t/2 location increased almost 22%
between LT to TL and 48% between LT and ST orientations, respectively.

Similatly, at t/6 location the constraint vatiation was almost 4% between LT and TL otientations at ambient tempetatute.
The temperature effect is remarkable on constraint as the normalized PZS values at ambient temperature were almost
twice that of cryogenic temperature. The possible reason for lower values of normalized PZS is the brittle nature of the
AA2050-T84 alloy at cryogenic temperature. The observations from crack driving parameters and constraint variation at
cryogenic temperature strongly suggest that the plate orientation effect nullified and almost behaved as isotropic material
at t/6 location (plate sutface).
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Figure 19: PZS (1) measurement at crack center
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Figure 20: Plastic Zone Shape along the crack front
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CONCLUSION

inch AA2050-T84 alloy plate behavior under mode-I loading using C(T) specimen was analyzed in the present

study. The effect of anisotropy on fracture and constraint parameters in J-integral, CTOD, CMOD and PZS was
studied at ambient and cryogenic tempetatures. On account of rolling, plate sutrface (t/6) location elongated mote and had
higher crack driving parameters than mid-plate location (t/2) under identical mode-I loading. Plate otientation had a
negligible effect on crack driving parameters at both ambient and cryogenic temperatures. However, the constraint
parameter, PZS variation, was significant. Both crack driving parameters and PZS increased in the order of LT-TL-ST for
ambient and cryogenic temperatures.
The studies based on through-thickness variation indicated that crack driving parameters were maximum at plate surface
(t/6) locations for both temperatures. The crack driving parameters were twice at the sutface of the plate as compated to
the mid-plate location. Constraint parameter PZS was higher at plate sutface (t/6) ambient temperature than mid-plate
(t/2) location. Howevet, the effect of plate location on constraint parameter PZS was minimal at cryogenic temperature.
The crack driving parameters exhibited a falling trend with decreased test temperature. The effect of temperature on crack
driving parameters and PZS was maximum at the plate surface compared to the mid-plate location.
The plane strain fracture toughness (Kic) of the AA2050-T84 alloy plate reduced with a decrease in temperature along LT
orientation and was almost independent of orientation in TL [17]. The results obtained in the current work are helpful in
deciding the location and orientation of the aircraft wing component extraction from AA2050-T84 alloy plate, as crack
driving parameters and constraint variation were significant to anisotropic plate properties at different temperatures. The
isotropic behavior at the t/6 location under sub-zeto temperature made the plate sutface suitable for cryogenic
temperature applications.

T he computational investigations on the AA2050-T84 specimen revealed the following conclusive remarks. A 4-
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