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Abstract

The successful design and fabrication of metallic cryotanks for
commercial aviation applications require lightweight, durable materials
capable of withstanding high pressures and cryogenic temperatures
through tens of thousands of thermomechanical refueling cycles. Flow
forming is an advanced manufacturing technique that offers high-rate
production and scalability for fabricating integrally stiffened cylinders
suitable for cryotank applications. This work establishes the durability of
flow-formed aluminum alloys by characterizing their fatigue life
performance under conditions that mimic cryotank refueling cycles.
Residual stresses in flow-formed aluminum-lithium (Al-Li) 2195-T6
cylinders were assessed using the contour method and found to be
minimal. Fatigue life testing was conducted on flow-formed Al-Li 2195-
T6 at room temperature and cryogenic temperatures (-321°F [-196°C]),
with wrought Al-Li 2195-T6 serving as a baseline for comparison. Results
showed that flow-formed materials exhibited fatigue performance
comparable to or better than wrought materials, with no statistically
significant differences observed between different specimen orientations
relative to processing directions. Fractography revealed reduced
delaminations in the flow-formed Al-Li 2195 samples as compared to
wrought, indicating potential improvement to the microstructure that
could result in improved service properties. Texture analysis using
electron backscattered diffraction (EBSD) indicated recrystallization
during heat treatment, potentially contributing to reduced delamination
susceptibility. These findings demonstrating flow-formed material
durability coupled with the high manufacturing efficiency of flow forming,
makes flow forming an attractive process to produce aircraft cryotanks.

1.0 Introduction

The design and fabrication of cryotanks suitable for commercial aviation present numerous unique
challenges in containing fuels at high-pressures (4350 psi [300 bar]) or at low temperatures (as
low as -423°F [-253°C]) while delivering a lightweight, reliable solution [1-4]. Aluminum
cryotanks, specifically the aluminum-lithium alloy 2195 (Al-Li 2195), have been used in space
flight (e.g., SpaceX’s Falcon 9) or developmental hydrogen-powered cars [5], however both
applications have different requirements than aviation. Cryotanks for space flight, even the
reusable versions, do not need to sustain tens of thousands of thermomechanical refueling cycles
that are required in aviation. For liquid hydrogen powered automotives, alternatives to petroleum
are being sought due to energy security and carbon emissions [6]. Automotive cryotanks have
more similar refueling behavior to commercial aviation, though do not need to focus on a
lightweight design [2]. At the present, the durability demands of cryotanks for aviation point
towards a metallic design, as the composite alternatives have not demonstrated the required level
of durability [1].

The replacement of jet-fuel-powered aircraft with cryogenic fuels requires scalable and high-rate
manufacturing approaches for tank fabrication to meet the growing demands from the aerospace
industry. Flow forming is an advanced manufacturing technique that is capable of meeting the



requirements of high manufacturing rates and scalability [7,8]. Flow forming is an incremental
forming technique that involves rotating a preform and using rollers to plastically deform the
material against a mandrel. The resulting flow-formed part geometry has reduced wall thickness
and increased length. The flow forming process is capable of producing integrally stiffened
cylinders and shapes conducive to cryotank fabrication [9,10]. Flow forming appears to be well-
suited to the task of fabricating cryotanks, however the material properties, specifically durability,
of the formed parts need to be established.

The materials used in the aircraft cryotanks must have a high specific strength, stiffness, durability,
crashworthiness, toughness, and low susceptibility to hydrogen embrittlement. Flow-formed
aluminum specimens have demonstrated equivalent, if not better, yield strength, ultimate strength,
toughness, and ductility [10,11]. The flow forming process induces a high-level of strain into the
material, but the durability of flow-formed materials has not been explored. Additionally, the
material performance at cryogenic temperatures remains to be demonstrated. The initial studies of
flow-forming properties shows promise for use in cryogenic tanks; however, the issue of durability
still remains unaddressed [9—11].

This work aims to establish the durability of flow-formed aluminum alloys by mimicking the
mechanical cycling of cryotanks during refueling. First, characterization and assessment of the
impact of residual stresses on fatigue life is performed. Second, the fatigue life of flow-formed and
wrought Al-Li 2195 and Al 6061 at room temperature and at cryogenic temperatures (-321°F

[-196°C])) is determined at various sample orientation relative to processing directions. Wrought
Al-Li 2195 is the conventional product form for Al-Li 2195, thus is used as a baseline. Third,
fractography of the failed wrought and flow-formed specimens is compared and discussed. Finally,
the viability of flow-forming as a future manufacturing process for production of aircraft cryotanks
is provided in the conclusion.

2.0 Experimental

2.1 Materials

The flow-formed, integrally stiffened Al-Li 2195 cylinder and Al 6061 cylinders from which
specimens were cut are shown in Figure 1a and b, respectively. The Al-Li 2195 cylinder is 8 inches
in diameter and was manufactured in 2013 [12]. The wrought Al-Li 2195 specimens were taken
from an unused flow-forming blank from the 2013 forming effort [12]. The Al 6061 cylinder is
120 inches in diameter and was manufactured in 2019 [9]. Descriptions of the development and
manufacturing process of these cylinders are provided by Tayon et al. [9]. The flow-formed and
wrought Al-Li 2195 materials were solution heat treated at 950°F (510°C) in a salt bath, water
quenched, and aged at 302°F (150°C) for 25 hours to T6 following AMS2770R. The flow-formed
Al 6061 cylinder was previously heat treated to the T6 condition [9]. In this report, any references
to Al-Li 2195 and Al 6061 are assumed to be in the T6 condition.



Figure 1. Pictures of the a) 8-inch Al-Li 2195 integrally stiffened cylinder and b) 120-inch Al
6061 integrally stiffened cylinder.

2.2 Residual Stress Measurement

To estimate the residual stress held within the heat-treated Al-Li flow-formed cylinder, the contour
method of estimation was used. The contour method destructively characterizes the residual stress
by making a precision cut and measuring the resultant deflections on either side of the cut. The
measured deflections are inputted into a Finite Element Model (FEM) as elastic displacement,
which quantifies the residual stress distribution required to generate the measured deflections.
Prime and DeWald detail the origins and best practices associated with contour method, which
include utilizing the law of superposition to determine residual stress on multiple surfaces, and
assuming machining distortion is negligible [13—15].

The original geometry was nondestructively captured after heat treatment using a Creaform
Metrascan 750 Elite structured light scanner, which is capable of measuring 3D objects with a
resolution up to 100 um. The original scanned geometry was used as the input geometry for the
finite element model and is shown in Figure 2a. The cylinder was cut with wire Electrical
Discharge Machining (EDM) to minimize machining distortion effects on the resultant deflection.
Figure 2 shows the location of the wire EDM cuts. Cut locations were selected to determine
residual stress axially and radially through the thin wall region and within the stiffener.
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Figure 2. Full heat-treated sample (a) geometry as measured with the structured light scanner,
before wire EDM extraction of (b), the location of which is shown in (a) as dotted lines. After the
characterization of distortion of (b), the sample undergoes a secondary wire EDM operation,
yielding samples (c) and (d).

The sample was cut along the dashed lines indicated in Figure 2a, which resulted in the sample
shown in Figure 2b. The Figure 2b sample deflection was measured as an intermediate step using
a profilometer before being cut axially, fabricating Figure 2¢ and Figure 2d samples. The cut
geometry faces were measured using a Keyence VR-6000 optical profilometer, which can collect
topographic data to a resolution of 4 pin (0.1 pum). The collected displacement data was averaged
and denoised in preparation for use as a displacement field in the finite element model.

The FEMs were run in Altair Hyperworks™ with nodal displacement applied to the cut surfaces.
The material model was based on Al-Li 2195 elastic properties, with a Young’s modulus of 10
MSI (69 GPa) and a Poisson’s ratio of 0.3 [16]. The models were constructed using the light
scanned geometry as the outer shell. The full section shown in Figure 2b was meshed with 46,000
tetrahedral elements, which corresponded to an average element edge length of 0.08 in (2 mm).
The axial secondary models in Figure 2¢ and Figure 2d maintained the average edge length of 0.08
in (2 mm), which corresponded to approximately 23,000 tetrahedral elements.

23 Fatigue Life Testing

The fatigue specimens were extracted via wire EDM, and the specimen design is shown in Figure
3. The entire specimen was polished to 1200 grit to avoid any cracking from surface flaws during
fatigue life testing. The list of specimens extracted at each orientation is provided in Table 1. The
orientation of each specimen relative to the parent material is shown in Figure 4. A servo-hydraulic
test machine was used to perform fatigue life testing according to ASTM E466 with an R-ratio of
0.1, at a range of mean stresses, and at SHz frequency on specimens shown in Table 1. Ten flow-
formed Al-Li 2195 samples were fatigue life tested at -321°F (-196°C) at Westmoreland
Mechanical Testing and Research using the same R-ratio and frequency as other samples with a
run out of 2 million cycles (5 million for one sample).
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Table 1. List of the fatigue life specimens tested.

Manufacturing
Method

Flow-forming

Wrought

Flow-forming

Orientation Temperature

(F)

Parallel to stiffeners
(Figure 4a, red)

Rolling Direction (L)
(Figure 4b, black)
45° (Figure 4b,
green)
Parallel to stiffeners
(Figure 4b, white)

70 (21°C)

2321 (-196°C)

70 (21°C)

Perpendicular to 70 (21°C)

stiffeners (Figure 4b,
orange)

Mean Stress
Range (ksi)
39-59 (269 — 407
MPa)
37-60 (255 -414
MPa)

34-57 (234 -393
MPa)

29-52 (200 — 359
MPa)

Number of
Specimens

15
10
10
10

10

10



Figure 4. The specimen orientations relative to original material is shown for a) the flow-formed
Al-Li 2195 specimen extracted from the wall of the cylinder (red outline), b) top-down view of
the wrought Al-Li 2195 specimens extracted in the rolling direction (black outline) and at the 45°
angle between L and LT direction (green outline), ¢) side on view of the specimen extraction of
wrought Al-Li 2195 (blue rectangles), and d) top-down view of flow-formed Al 6061 specimens
extracted from the wall in the axial direction (parallel to the integral stiffeners [white outline])
and in the circumferential direction (perpendicular to integral stiffeners [orange outline]).

2.4  Fractography

Fractography was performed on failed fatigue test specimens to correlate crack morphology with
test results and identify any potential anomalies within the test that may be tied with underlying
microstructure or flaws. Optical microscopy and profilometry images were collected using a
Keyence VR-6000 microscope to characterize the fracture surfaces. The optical images provided
visual documentation of the fracture surface features. Profilometry maps were computed based on
changes in light reflectivity from the surface features, enabling measurement of topographical data
of the fracture surface such as depth, roughness, angle, etc.

3.0 Results and Discussion

3.1 Residual Stress

The resultant circumferential and axial deflection fields for flow-formed Al-Li 2195 are shown in
Figure 5a-b and Figure Sc, respectively. Note that color scale bars are different for each contour
plot in Figure 5. Based on the contour plots in Figure 5, the magnitude of deflections was small.
The total range of deflection circumferentially through the stiffener was 2420 pin (61.5 pum) and
through the thin wall was 3980 pin (101 um). While these measurements are within the measurable
tolerance of the profilometer (resolution 4 pin [0.1 um]), the values indicate minimal spring back
and deflection. The distributions of the deflections indicate that the middle of the thick baseplate



provided enough rigidity to prevent distortion, while the thin wall and stiffener deflected more
broadly.
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Figure 5. Circumferential deflections (a-b), and axial deflection (c) after averaging and
smoothing, showing the distributions in the stiffener (a), thin wall (b), and axial direction (c) of
flow-formed Al-Li 2195 cylinder.

The averaged contour plot in Figure 5c for the axial deflection measurements showed even less
distortion than the circumferential measurements. The total range of deflection was 861 pin (21.9
um). It is assumed that most internal stresses were relieved through the primary cut and minimal
stress relief occurred during the secondary machining operation.

Figure 6 and 7 show the resultant von Mises stress distributions generated from the FEM for the
circumferential and axial directions. Figure 6 shows both the thin wall and stiffener have minor
residual stress with a maximum residual stress of 2.2 ksi (15.1 MPa) occurring in the thick clamp
region. However, the through stiffener region shows a consistent stress averaging 0.9 ksi (6 MPa)
compared to 0.19 ksi (1.3 MPa) in the thin wall, indicating the stiffener formation generated more
residual stress over the thin wall forming. Moreover, inspection of von Mises stress distributions
in the axial direction (Figure 7) shows the same trend, where the stiffener is observed to carry
approximately 2 ksi (13.7 MPa) of stress compared to nominally zero stress through the thin wall.



Stress (ksi)
von Mises

2.19
I 1.45
1.27

& 109
g 0.91
# 0.73

0.55
0.37
0.19
0.00

Figure 6. von Mises stress distributions in the circumferential direction of the flow-formed Al-Li
2195 cylinder, comparing the distributions and magnitudes between the stiffener (left) and thin
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Figure 7. von Mises stress distributions in the axial direction of the Al-Li 2195 cylinder. The
boxed and expanded region is the stiffener.

Based on the low estimated residual stresses seen in the bulk of the flow-formed cylinder, it can
be assumed that the T6 heat treatment was sufficient to remove any residual stresses that may have
been generated in the as-formed cylinder, and residual stress effects can be treated as negligible
for fatigue life testing.

3.2 Fatigue Life

The S-N curves generated from the fatigue life experiments on flow-formed and wrought Al-Li
2195 are rationalized based on performance requirements for aircraft cryotanks. The design
allowable stress is assumed to be 34 ksi (234 MPa) [3]. The tank must be able to survive 60,000
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thermomechanical cycles (i.e., estimated number of refueling cycles per flight for average aircraft)
with a life reduction factor of four [3] yielding a 240,000 cycle criterion. This stress level and cycle
count are used to evaluate the candidacy of the tested material for further development as cryotank
material.

The S-N curves for wrought and flow-formed Al 6061 are shown in Figure 8. The S-N curve for
the flow-formed Al 6061 (blue) compared to wrought material (black) taken from literature [17].
The S-N curves for flow-formed and wrought Al-Li 2195 are shown in Figure 9. The Basquin
equation (S = BN™™), where S is stress; N is the number of cycles; and B and m are fitting
constants, was used for determining the line of best fit. The data for wrought Al 6061 was taken
from Yahr [17]. The data was corrected via mean stress conversion with the linear Goodman
equation and fatigue life curve fit from Yahr [17]. The flow-formed Al 6061 just meets the
cryotank candidacy metrics of surviving 240,000 cycles at 34 ksi (234 MPa). For Al-Li 2195, both
the wrought and flow-formed material exceed the candidacy metrics. Flow-formed and wrought
Al-Li 2195 are predicted to survive stresses up to ~40 ksi (276 MPa) and 43 ksi (297 MPa) for
240,000 cycles, respectively. The flow-formed and wrought Al-Li 2195 data sets were found to be
statistically equivalent by a two-sample t-test at a 5% significance level (0=0.05).

Wrought vs Flow-formed 6061

90
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¢ \Wrought (literature)

80

~
o

@2}
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3
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w
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10 e L e
104 10° 240,000 10°

Figure 8. The S-N curve for the flow-formed Al 6061 (blue) compared to wrought material
(black) taken from literature [17].



Wrought Al-Li 2195 vs Flow-formed Al-Li 2195
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Figure 9. The S-N curves for the flow-formed (blue) and wrought (black) Al-Li 2195.

The S-N curves for flow-formed Al-Li 2195 tested at room and cryogenic temperatures (-321 °F;
-196°C) are shown in Figure 10. The cryogenic S-N curve highlights the ability of Al-Li 2195 to
survive ten times the required number of cycles at the target stress of 34 ksi (234 MPa). At 240,000
cycles, Al-Li 2195 improves from withstanding ~43 ksi (~297 MPa) at room temperature to 59 ksi
(407 MPa) at cryogenic temperatures. The mechanical properties of Al-Li 2195 previously have
been shown to increase at cryogenic temperatures [18,19], thus it not surprising that the fatigue
life also shows improvement. The room temperature and cryogenic S-N curves were shown to be
statistically different via a two-sample t-test. The durability of flow-formed Al-Li 2195 to
withstand the thermomechanical cycles required for an aircraft appears to be favorable.
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Figure 10. The S-N curves for the flow-formed Al-Li 2195 tested at room temperature (black)
and at cryogenic temperature (-321°F; -196°C; blue).

Samples with different orientations with respect to rolling or flow-forming processing methods
were tested (see Table 1). There were no statistically significant differences found between the
different orientations sampled in terms of fatigue life performance. Al 6061 usually has a weak
texture, thus lack of influence of directionality (anisotropy) on the fatigue performance is expected.
On the other hand, Al-Li 2195 tends to have a stronger texture effect, especially in extruded
materials [20], which has been shown to influence fatigue life [21]. Since the processing direction
and crystallographic texture can be correlated, the lack of influence of texture on fatigue life
performance is notable.

3.3  Fractography

Fracture surfaces from select fatigue test specimens from the flow-formed Al 6061, flow-formed
Al-Li 2195 and wrought Al-Li 2195 material were investigated with optical fractography. Optical
fractography images (left) and profilometry images (right) are shown for representative samples
of flow-formed Al 6061 (a), flow-formed Al-Li 2195 (b), wrought Al-Li 2195 (c) and flow-formed
Al-Li Al 2195 tested at cryogenic temperatures (d) in Figure 11.

11
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Figure 11. Representative fatigue test specimen fracture surfaces from flow-formed a) Al 6061,
b) flow-formed Al-Li 2195, c¢) wrought Al-Li 2195 and d) flow-formed Al-Li Al 2195 tested at
cryogenic temperatures. (Left) Optical image and (right) profilometry image both generated from
Keyence microscope. Dashed black line denotes the fatigue crack front.

In the flow-formed Al 6061 and Al-Li 2195 material, most of the fatigue specimen cracks initiated
at the corners of the rectangular specimen geometry and propagated to the boundary denoted by
the dashed black line on the left-hand optical images (Figure 11a and b). The specimen geometry
and surface finish were the driving forces for initiation of the fatigue cracks. There did not appear
to be any indication of the flow forming process resulting in material defects that influenced
nucleation.

Examination of the surfaces in greater detail using SEM depict radial fatigue cracks progressing
from either the edge or corners of the specimen across the specimen for a short distance until they
failed via overload fracture. The distance of fatigue crack propagation and corresponding fatigue
life is heavily influenced by the stress amplitude. Higher stress amplitude resulted in shorter life
and shorter fatigue crack propagation, as expected. The fatigue crack initiates at the corner of the
specimen. The fatigue crack region is consistent with fatigue fracture surfaces from other
aluminum alloys. The overload regions were characterized as single slant fractures. The overload

12



regions exhibited dimpled rupture, indicating ductile failure via microvoid coalescence (MVC). In
flow-formed Al-Li 2195 (Figure 11b), the grain structure was elongated in the long-transverse
(LT) dimension of the cross-section, hence some shallow, subtle ridges were observed in the
overload region, which correlate with grain boundaries in the material. The sides of the test
specimens exhibit some necking in (reduction in cross-sectional area), further indicating a ductile
overload failure mode post-fatigue fracture.

Wrought Al-Li 2195 fatigue test specimen fracture surfaces (Figure 11¢) demonstrated a similar
proclivity for fatigue crack initiation at the corners and edges of the specimen. The fatigue cracks
were typically longer and less symmetric that those occurring in the flow formed Al-Li 2195
specimens. The longer fatigue cracks may be indicative of greater cycles to failure assuming
similar crack growth rates, and/or increased load carry capacity in the remaining region outside of
the fatigue crack. The overload fracture surfaces were a mix of single and double slant fractures.
Generally, the fracture features in the overload area were considered ductile with evidence of MVC
and some out-of-plane brittle intergranular failures (known as delaminations), which are common
in Al-Li alloys, of varying widths and depths.

Within the overload regions, a majority of the specimens exhibited some minor to significant
evidence of delamination fracture along the elongated plate grain boundaries in LT direction.
Several delaminations are indicated with arrows in top half of the fracture surface in (Figure 11c¢).
The occurrence of delamination was a noticeable difference compared to the flow formed material,
which did not exhibit delamination fracture, except when tested at cryogenic temperatures (Figure
11d). In specimens with large delamination cracks in the overload region, the fatigue life measured
in number of cycles to failure was generally lower than those without delaminations.

The decreased occurrence of delamination in flowed-formed AIl-Li 2195 suggests the
microstructure is more resistant to grain boundary cracking than wrought. Flow-formed Al-Li2195
tested at cryogenic temperatures did show signs of delamination, however delamination cracking
is known to be more numerous at cryogenic temperatures [22,23]. This may be associated with a
slightly smaller plastic zone size due to the elevated yield strength at cryogenic temperatures,
leading to greater plane strain constraint and elevated stress triaxiality which are favorable for
delamination.

Prior studies have indicated that delaminations may increase fatigue life [24], which may seem
counterintuitive. However, the delamination cracks are energy absorbers and decrease the fatigue
crack driving force. The presence of an interior delamination crack causes a transition from plane
strain (maximum constraint and stress triaxiality) to plane stress [23]. Longer fatigue life is
expected for plane stress conditions, and shorter life for plane strain. Indeed, the fatigue
performance of the wrought Al-Li 2195, based on number of cycles to failure, was slightly higher
than the flow formed Al-Li 2195, which may partly be attributed to the impact of delamination
cracking. Thus, while delamination benefits fatigue performance based on laboratory testing, the
presence of the delamination cracks could negatively impact durability when subjected to complex
3D stress states akin to in-service loads.

In light of the delamination behavior, one must question if the test data represent a conservative
estimate of performance in service based on linear elastic fracture mechanics principles, where
loading may be substantially different from laboratory test conditions. Even if the design is
conservative, the delaminations are secondary cracks that propagate on grain boundaries (normal
to the Short-Transverse (S-T) plane). Al-Li alloys are known for poor S-T toughness [25-27].

13



Thus, under the right stress state, there is potential for delamination cracks to preferentially grow
at an accelerated rate under complex loading conditions not replicated via testing. Flow-formed
material, less prone to delamination cracking, could show higher durability than wrought material
in complex loading scenarios, though further testing is required to confirm the hypothesis.

The reason why the flow formed Al-Li 2195 microstructure exhibits less delamination cracking
will require further examination to explain, which is outside of the scope of this work. However,
some rationale may be proposed based on inference using existing knowledge.

Delamination cracking is associated with several synergistic factors:
1. Long, flat (lamellar) grain boundaries [16,25,27],

2. Unfavorable, unrecrystallized preferred grain orientations (texture) paired together that
result in a lack of slip transfer at the grain boundary [28,29],

3. High aspect ratio T1 precipitates in the grain boundary plane (microcrack nucleation sites)
that may separate from the matrix on one side [28],

4. High dislocation density due to planar slip bands intersecting the grain boundary as a result
of shearing matrix delta prime (J°) precipitates [28—33].

The flow-formed microstructure may impact some of these factors due to the flow forming process.
First, long, flat grain boundaries may be retained. However, these boundaries may become less
planar as a result of material flow patterns, a feature documented previously in [10]. Additionally,
the high level of deformation may introduce more substructure. These two grain morphology
changes may slightly improve delamination resistance by making the crack path more tortuous,
increasing the difficulty for the crack to extend long distances. This may be most noticeable in the
stiffener regions where the grain morphology is highly curved due to material flow [10]. However,
there was insufficient material within the stiffeners to produce standard fatigue test specimens in
this study.

To compare the role of texture in flow-formed and wrought Al-Li 2195, a representative cross-
section from the radial-axial plane for one of the FF Al-Li 2195 cylinder wall sections was mapped
using electron backscattered diffraction (EBSD) and is presented in Figure 12. Recrystallization
was observed closer to the outer mold line surface (surface directly in contact with rollers) with
larger grain sizes present likely occurring during heat treatment. These grains retained the general
elongated morphology typical of wrought plate, but with reduced aspect ratio (increased grain
thickness and reduced length). Further away from the outer mold line (OML) surface, some bands
of highly deformed, unrecrystallized, refined grains are present. Some waviness of the grain
boundaries has been observed with optical microscopy, particularly in an orthogonal plane like the
radial-circumferential plane.
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Figure 12. EBSD inverse pole figure map indicating recrystallization within the wall of the Al-
Li 2195 flow-formed cylinder.

The flow forming process may modify the texture of the material. Wrought Al-Li plate is most
commonly produced via rolling [27]. Rolling often produces a strong texture [29,34,35]. Flow
forming may reduce the strength of this texture, and/or produce a preferred texture different from
that of conventional wrought products (rolled plate). Texture analysis was performed on the
sample referenced above to explore this hypothesis. Pole figures were plotted from the EBSD data
in Figure 12 and are presented in Figure 13a. To contrast this texture, EBSD pole figures from Al-
Li wrought plate displaying a typical rolled texture are presented in Figure 13. EBSD pole figures
from a) Al-Li 2195 flow-formed wall section (RD = axial direction and TD = radial direction of
the flow-formed cylinder) and b) rolled Al-Li 2195 plate. The observed flow-formed texture has
similar strength to the wrought plate, measured statistically in the form on multiples of a random
distribution (4.6 vs. 5.2, respectively). However, the texture has evolved due to recrystallization.
The pole figure plots revealed cube or ND-rotated cube texture components that are characteristic
of static recrystallization processes for face-centered cubic metals. Whereas the typical rolling
texture is comprised of rolling texture components, particularly the brass orientation. The
recrystallization most likely occurred during solution heat treatment (SHT) to the -T6 temper. A
weakening of the typical wrought texture and development of a recrystallization texture may, at
least partially, explain the reduction in observed delaminations for flow-formed Al-Li 2195 versus
wrought.
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The early generations of Al-Li alloys were known to have significant concerns over planar slip,
strong texture (anisotropy), and weak S-T plane (normal to the longitudinal — long-transverse (L-
LT) grain boundary plane) properties [24]. In prior work by Rao and Ritchie [24], they noted that
newer generation alloys were processed to reduce texture and anisotropy through the incorporation
of a (partial) recrystallization annealing treatment [27], which resulted in reduced fatigue
performance. Thus, the increased fraction of recrystallization texture components in the flow
formed material may have improved delamination resistance but slightly reduced fatigue
performance. Prior work suggests that introducing an anneal prior to SHT (known as a
recrystallization anneal), may better control the extent of recrystallization that occurs during SHT.
This additional thermal processing step may be utilized if less recrystallization is desired [27];
however, further exploration of the impact of delaminations under complex loading on durability
is needed.

b)/

001

1318
1000

y i 14

Figure 13. EBSD pole figures from a) Al-Li 2195 flow-formed wall section (RD = axial
direction and TD = radial direction of the flow-formed cylinder) and b) rolled Al-Li 2195 plate.

4.0 Conclusion

Flow-formed aluminum alloys were evaluated for use as cryotank material in aircraft by measuring
residual stresses and fatigue life performance. The failed fatigue specimen fracture surfaces were
analyzed to understand the role of flow-forming on the failure mechanism. The main take-aways
from the work are:

e Flow-formed Al-Li 2195 did not show significant residual stresses

e Flow-formed Al-Li 2195 demonstrated near-equivalent fatigue life to wrought Al-Li 2195
and showed decreased levels of delamination that could result in increased service life

e Flow-formed Al-Li 2195 and Al 6061 met or exceeded estimated fatigue life requirements
for aviation cryotanks at room temperature

e Flow-formed Al-Li 2195 exceeded fatigue life requirements at cryotemperatures
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e No discernable orientation dependence for wrought or flow formed Al-Li 2195 and Al
6061 fatigue life was observed

e Fractography revealed reduced delamination in flow formed versus wrought Al-Li 2195
specimens attributed to grain morphological and texture changes due to flow forming

The S-N curves for flow-formed materials, specifically Al-Li 2195 and Al 6061, provided novel
evidence of the durability of such materials. Further testing is warranted to understand the
performance of materials under more realistic flight conditions, not simply uniaxial tension. The
high-rate efficiencies of the spin forming process coupled with the demonstrated durability are an
attractive combination for further design and development of flow-formed metallic cryotanks.
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Appendix A.  Full Organizational Model

Table 2 lists the specific results from the fatigue life tests performed that were used to create the
S-N curves.

Table 2. Results from fatigue life testing from all specimens tested.

Stress

Alloy Temperature Orientation/Location (ksi) Cycles
53.7 6.2E+04
44.9 9.0E+04
50.9 1.4E+05
39.8 1.1E+06
Rolling 39.9 5.5E+05
51.3 5.8E+04
Ln 46.0 8.5E+04
= 51.9 | 2.8E+04
':'T 46.1 1.1E+05
< TemR":rr;ure 54.8 | 4.6E+04
® P 50.6 | 8.7E+04
o 39.6 4 2E+05
= 56.5 | 3.5E+04
45.1 9.1E+04
45 45.4 5.8E+04
34.4 1.4E+06
45.9 5.5E+04
57.4 2.3E+04
40.3 2.2E+05
55.8 7.3E+05
58.5 2.1E+05
58.3 6.5E+05
- 58.4 | 2.6E+05
g Cryogenic 48.6 4.8E+05
= 55.9 | 7.0E+05
= 53.7 | 2.0E+06*
2 Between Stiffeners 38.8 5.0E+06*
£ 50.0 | 2.0E+06*
o 48.6 2.0E+06*
- 37.8 | 5.6E+05
- Room 52.2 | 3.9+04
Temperature 56.4 2.5E+04
51.8 4 3E+04
57.4 1.2E+04
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47.7 6.3E+04
60.0 1.8E+04
48.2 6.7E+04
37.1 2.0E+05
42.6 6.7E+04
54.4 2.7E+04
37.7 1.7E+05
554 1.1E+04
51.1 3.7E+04
46.9 1.5E+05
46.6 9.1E+04
Behind Stiffener 46.1 1.0E+05
46.2 7.9E+04
46.4 9.5E+04
31.8 2.3E+05
50.5 1.3E+04
50.0 2.1E+04
294 1.8E+06
. 44.7 5.7E+04
Axial
- 46.3 | 8.0E+04
§ 35.8 4.3E+05
= 515 | 1.4E+04
o Room 41.2 | 7.6E+04
S Temperature 41.7 8.4E+04
S 46.1 | 3.4E+04
3 28.6 | 2.4E+05
- 28.6 4.0E+05
Circumferential 41.9 >-5E+04
34.7 2.4E+05
48.1 1.9E+04
28.6 7.7E+05
39.3 5.1E+04

*Test stopped due to hitting run-out limit.
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