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[bookmark: _Hlk86751847]Damage tolerance is an important consideration in space structures applications. The intent of damage tolerance is to demonstrate that the structure is robust to the presence of flaws over the service life of the space vehicle. Damage tolerance requirements in documents such as those in NASA, AIAA, and ISO can be challenging to implement. The intent of this paper is three-fold: (1) Provide best practices in the application of damage tolerance requirements for space applications, (2) Provide lessons learned for each of class of hardware, (3) Provide examples of challenging situations encountered in the application of damage tolerance. Examples cover additive manufacturing, composite overwrapped pressure vessels, pressurized structures, liquid rocket engines, thermal protection systems, and other classes of hardware. The philosophy and limitations of leak before burst and proof test logic are also discussed. Finally, a discussion on elastic-plastic fracture mechanics with comparisons to test data will be presented.
I. Introduction and Objectives

[bookmark: _Hlk49865356]Damage tolerance is an important consideration in space structures applications. The intent of damage tolerance is to demonstrate that the structure is robust to the presence of flaws over the service life of the space vehicle. Damage tolerance requirements in documents such as those in National Aeronautics Space Administration (NASA), American Institute of Aeronautics and Astronautics (AIAA), and ISO (International Organization for Standardization) can be challenging to implement. 

Large scale aerospace structural components under ultimate loads are often designed with lean structural margins for weight optimization, but with spare structural margin (i.e., “pocket margin”) to tackle non-conformances. This built-in ultimate margin of safety compensates for hard-to-detect flaws and ensures robustness of the structure against unanticipated flaws. Flaws may be caused by design deficiencies and pre-existing material and fabrication quality deficiencies or induced during service. A structural component that contains the presence of flaws during its service life without causing mission degradation is classified as a damage tolerant design.
 
The damage tolerance philosophy in aerospace structures was born from the airframe industry. Undetected flaws led to several failures, such as the crashes of the Havilland Comet (1953) and six B-47’s in the late 1950’s [1-3]. The catastrophic events led to the development of damage tolerance requirements in the form of MIL-8866 and MIL-8867 [4-5]. In the late 1960’s, an F-111 crashed only after one hundred hours of operations [6]. This led to the adoption of damage tolerance as a formal design requirement via the development of MIL-A-83444 [3]. Even with the adoption of damage tolerance requirements, airframe failures due to fatigue damage have occurred such as the crash of Boeing 707-300 (1977), Boeing 737-200 (1988), and an uncontained engine failure of MD-88 (1996) [5-6]. Ten percent of the accidents between 1980 to 2001 were attributed to airframe structural failures, many of them were catastrophic and potentially fatal [7]. Most incidents occurred due to failures in metallic structures. As the usage of composite structures in aerospace applications increased, the number of incidents involving composites also increased. Damage tolerance for composites is important, as flaws are likely to arise during manufacturing. Undetected damage growth between the facesheet and the core led to aircraft and spacecraft incidents due to pressure build-up in the core during ascent [8]. 

While the airframe industry pioneered early development of damage tolerance requirements for aerospace applications, space agencies such as the National Aeronautics and Space Administration (NASA) and the European Space Agency (ESA) adopted damage tolerance policies to prevent premature structural failures of space systems. All payloads used in the NASA Space Shuttle (Shuttle) [9] and all equipment items installed on the International Space Station (ISS) must comply with such policies. International aerospace organizations such as ISO and AIAA developed standards addressing damage tolerance requirements [10-11]. A compilation of analysis methodologies to substantiate damage tolerance for composites that have the potential to be used in human and unmanned spaceflight systems can be found in [12]. 
 
The intent of this paper is three-fold: (1) Provide best practices in the application of damage tolerance requirements for space applications, (2) Provide lessons learned for each of class of hardware, (3) Provide examples of challenging situations encountered in the application of damage tolerance. Examples cover additive manufacturing, composite overwrapped pressure vessels, pressurized structures, liquid rocket engines, thermal protection systems, and other classes of hardware. The philosophy and limitations of leak before burst and proof test logic are also discussed.

II. Composite Structures

Composite materials are sought in the manufacturing of space hardware due to their superior strength-to-weight ratio compared to other materials. As composite manufacturing evolves, structural components are increasingly being designed with complicated features that offer challenges from the points of view of inspection and space certification. Newer aircraft structures employ complicated composite features such as stringers with small-radii bends, and these zones are prone to delamination under certain loading conditions. Practical and robust damage tolerance approaches were successfully used in the certification of adhesively bonded joints and unvented honeycomb structures [13-14]. 
Non-inspectable regions are commonplace in composite space structures due to obstruction from view, limited access, or highly complicated features, all of which make traditional non-destructive evaluation (NDE) ineffective. Small radius bends and large bend angles are features challenging to inspect primarily due to back or front wall signal loss and probe clearance. In this section, examples summarizing approaches developed to verify damage tolerance requirements for space hardware will be presented.
Example 1

A composite design for a launch vehicle was designed to many load cycles. The following activities were performed to reduce the risk that a flaw could cause catastrophic failure:

a.	The composite structure was designed to be robust against open hole allowable, which enveloped any strength reduction from composite impact damage from all potential identified damage threats.

b.	NDE was developed to enable detection of manufacturing flaws.

c.	Full-scale testing with no flaws was performed to validate the predicted load paths by the analytical models

d.	Subscale cyclic tests with flaws greater than the NDE minimum detectable flaw size were performed, followed by an ultimate load condition, demonstrating robustness of the design to manufacturing flaws.

e.	An acceptance proof test was implemented to verify the manufacturing.

The combination of NDE, acceptance testing, test-validated analysis to inform subscale tests, subscale cyclic testing, and design robustness to impact damage reduced the risk of a flaw leading to a failure event.

Example 2

The following example addresses the damage tolerance approach for composite space structures with curved bends. In this example, it was found to be impractical to cycle test a large-scale composite space structures with complicated geometries such as bends with small radii. Further, inspecting these features using traditional NDE techniques was not feasible. The following approach was utilized to increase confidence in the composite design and reduce risk of a flaw propagating to failure:

a.	A pre-proof NDE of all the inspectable regions was implemented, a flight-enveloping proof test was performed, and post-proof NDE was performed again to determine whether any flaws in non-inspectable areas propagated into inspectable regions and exceeded acceptance flaw criteria.

b.	Acceptance criteria for flaws were established with a combination of a simple analytical tool validated by test, full-scale finite element models, and global-local models; thus reducing the necessity for costly and uncertain full-scale damage tolerance test program for composite systems containing such features.

c.	Subscale cyclic testing were designed to mimic flight conditions and to establish robustness of the design to manufacturing flaws.

d.	An impact damage threat assessment was made, and because of protective measures that were implemented, no additional testing associated with impact damage was performed.
Example 3

The following example is addressing a damage tolerance approach based on proof testing of sandwich structures. Trapped air in unvented honeycomb core and the surrounding environment can induce a pressure differential across the facesheet during launch ascent. Combined with the presence of a defect, the pressure differential across a facesheet in combination with external loads can cause facesheet failure or unstable facesheet debond growth. The following activities aided in the mitigation of concerns associated with this failure mode:

a. Because of the honeycomb construction, impact damage was of concern for this design. The worst-case credible damage was imposed on representative samples, subsequently subjected to cyclic loading, followed by an ultimate load. 

b. Non-destructive inspection techniques were developed to detect flaws between the facesheet and the honeycomb core; and then a pre-proof NDE was implemented to detect any manufacturing flaws. 

c. Subscale tests with detectable flaws subjected to a combination of internal pressure and external loads mimicking flight conditions were performed to demonstrate robustness of the design.

d. Since the number of expected ground-to-air cycles was expected to be less than a 100, cyclic testing was not considered to be a driving failure mode. Regardless, testing was performed demonstrating robustness of the design to cyclic loading [15]

Example 4

A component is bonded to the wall of the structure. An ultimate strength test on a dedicated hardware was performed to establish a 1.5 greater capability on limit load, thus providing margin against potential for damage during proof test, which is conducted a 1.2. An ambient proof test load of 1.2 x limit load is applied to the component to verify for workmanship and an additional environmental load correction factor is applied to account for the 12% strength reduction found through bondline testing at ambient versus at the maximum bondline temperature in flight of 120F. Pre-proof inspection found a flaw and during post-proof inspection the flaw was found to be slightly larger.  A repair was performed by reinforcing the through-the-thickness direction with a pre-loaded fastener. The proof test was repeated, and the flaw did not grow based on post-proof examination. While a full damage threat assessment is not required, it was performed, and it was concluded that no additional threats after proof test could be a detriment to the hardware. Regardless, an impact damage control plan was constructed to prevent any detrimental contact events (e.g., impact) on the bonded components. Since no remaining residual threats were determined to be present, the hardware was acceptable for flight.

III. Liquid Rocket Engines

Rotating hardware such as impellers and turbine wheels and chambers in liquid rocket engines are susceptible to crack growth either due to a crack initiating due to fatigue or a manufacturing flaw from processing. Damage tolerance of these components are challenging to assess using analysis approaches due to the complicated vibration environments, fluid oscillations, thermal gradients and centrifugal forces. For certain rotating components, the analysis may be straightforward if the boundary conditions and vibration and thermal environments are well understood and the fracture analysis can be completed starting with the initial flaw size defined by non-destructive evaluation. These components could include impellers and rotating shafts. The test program is used to verify actual hardware behavior and uncover errors in the assumed loading. While proof testing of rotating components is required, the proof test is rarely sufficient to screen for flaws, rather, it is considered a workmanship screen for the as-built component. 

Turbine wheel components and other rotating components of an engine are usually vetted through full-scale engine testing at worse-case operational conditions (e.g, mixture ratio, power-level bin). The components are usually subject to low cycle fatigue loads from engine starts and stops, but also are subjected to high cycle fatigue from duration exposure resulting from fluctuating pressure, vibrations, and thermal loads.  NASA 5012B requires testing up to six samples to two times the service life. The extensive test program is capable of surfacing vulnerabilities with the design but also vets the stability of the manufacturing program. Turbine wheels need to sustain challenging environments; therefore, it is often that cracks initiate prior to reaching two times the service life.  Damage tolerance analysis for these components tends to be of lower confidence due to the complexities involving the geometry, operating conditions, and loading conditions. An approach successfully used is to track crack growth as the engine test program progresses to increase confidence that the flaws will remain stable over four times the service life of the engine component. During the test program, particular attention is required to address operations near Campbell-crossings (i.e., resonant conditions).
Example 1

An example application for a fleet leader test is demonstrated for a engine turbine wheel. Frequently, turbine wheel blades experience flaws from either manufacturing issues or from operation. Here is an example step-by-step process explaining the general approach on how a fleet leader test may look like:

e. Types of flaws that were found during manufacturing or during the engine test program were fully characterized.
f. Root-cause investigation identified the nature and cause of the flaws.
g. Defined the service life (SL) of the engine including acceptance tests and flight and include duration and starts and stops.
h. Established an inspection during the engine test program to characterize flaws as a function of duration and starts/stops
i. Selected the engine with the worse-case flaws at 2 X SL and establish an engine test program to exercise the flaws such that the environments are bounding to expected operation.
j. Performed extended duration and starts/stops testing.
k.  Performed periodic inspections during extended duration testing.
l. Measured flaws as a function of duration and starts/stops to assess stability of flaw growth.
m. Assessed data and determined fleet leader testing sufficiently demonstrated damage tolerance of the engine against flaws.
n. Established reject/accept flaw acceptance criteria based on test/inspection results.


Example 2

Thrust chamber liner should be designed to prevent fatigue and crack-growth failure modes during operation. However, it is common to encounter thrust chamber cracks during the qualification program due to pressure loads, cyclic temperature environments, thermal gradients, and challenges associated with manufacturing complexities. NASA 5012B requires six engines to be tested to at least 2 times the service life. The extensive amount of testing at multiple operating conditions will likely expose weaknesses in the manufacturing and design. If a crack were to form during qualification or production, a good understanding of the root cause of these flaws is required.

Propulsion requirements are usually prioritized over structural requirements in the design process of engines, making it challenging to preclude cracks late in the design process. Therefore, the qualification program in combination with a failure modes and effects analysis are used to determine the adequacy of the design.  Best practices for the damage tolerance philosophy of thrust chamber liner is presented:

Option 1: The maximum acceptable flaw size should be shown through qualification test experience to be stable over four times the service life.

Option 2. A damage tolerance analysis methodology anchored to test is required to demonstrate stability of the flaw over four times the service life.

Option 3: No damage tolerance is required if: 

a. A through-crack of maximum size in length is found to have no impact to the functional performance of the engine
b. A through-crack of maximum size in length does not lead to other detrimental system-level failure modes
c. Any flaws during qualification are investigated and the root-cause is understood

For Option 3, a multi-disciplinary assessment involving multiple Subject Matter Experts (SME) is required to determine whether the functional consequences of a leak are benign. A failure modes and effects analysis is required for Option 3. The functional consequence of through-cracks in a Thrust Chamber Liner can be either minor or significant.  Pressure in the cooling channels are typically higher than the pressure in the combustion chamber; therefore, the colder fuel from within the cooling channels can migrate into the combustion volume when a thru-crack is present.

For single-burn engine applications, the functional effect of fluid migration from the cooling channel side of a liner to the combustion chamber side is that localized cooling will occur on the liner in the vicinity of the crack. This localized cooling can result in a change in the thrust efficiency or specific impulse (Isp) of the engine.  The consequences of the maximum crack size that can be attained by the design should be evaluated. When the impact on thrust efficiency is small and mission performance requirements can still be met, then the single-burn engine can tolerate cracks in the liner without compromising the mission.
 
Contrast with multiple-burn applications such as upper stage engines and reusable applications. Here, engines shutdown and re-ignite during the mission.  The performance impact due to the presence of a flaw during the first burn of the engine may be small.  However, when the engine shuts down and there is a period before re-igniting, the fuel can continue to inadvertently migrate into the combustion chamber.  In this scenario is that extra fuel in the combustion chamber can cause a detonation or overpressure event when the re-igniting the engine, which can result in hardware damage or rupture.  There may also be noticeable time between engine burns and fuel continues to leak from the cooling channels throughout the mission. When too much fuel is lost through the liner leak, a mission performance shortfall can occur. In the context of an upper stage, the spacecraft may not reach the intended orbit due to loss of performance and in the context of reusability, landing may not be possible. Similarly to the single-burn example, if with the maximum flaw size attainable by the design the mission objectives can be met, then the liner can tolerate cracks without compromising the mission.

In both single- and multiple-burn applications, a thorough understanding of the root cause for potential cracks should be established. If damage tolerance is not pursued then Options 3a, 3b, and 3c need to be met.
IV. Bellows

The purpose of damage tolerance verification is to demonstrate that the hardware will not fail in the presence of defects during the service life of the bellows. Due to a lack of confidence in analytical predictions, damage tolerance verification by analysis is not recommended for bellows. Further, verification by test is challenging. This is because it is difficult to develop crack-like flaws in bellows that are tied to non-destructive inspections with a P90/C95 probability of detection. Typical flaws include: disbonded seam welds, weld scratches/gouges/dents/inclusions, and convolution crown or root scratches/gouges/dents.

Here, an approach that can be utilized in the damage tolerance verification of bellows is discussed.  Apart from all the testing required for bellows design, which include fatigue testing, vibration testing, proof testing, and burst testing, bellows need to be demonstrated to be damage tolerant. In the case of multi-ply bellows, demonstrating multi-ply redundancy can be a credible approach to demonstrating damage tolerance. Life testing to four times the service life and vibration qualification testing per SMC-S-016 is performed with a ply severed at the most critical stressing location, with the following criteria met: 

a. No changes in bellows stiffness due to severing the ply prior to the test
b. No intrusion/entrapment of gasses or liquids in between plies
c. Failure of one or more plies does not generate debris

Multiple units subject to these tests (typically three), combined with fatigue tests provide confidence in the ability of the bellows to be damage tolerant for the service life of the component.

V. Thermal Protection Systems

Damage tolerance for ablative or thermally insulative structures is a multi-disciplinary challenge. These components, such as heat shields, external insulators, and nozzle liners, are primarily intended to protect an underlying component from hostile thermal environments. As such, tolerance to damage must address not only potential structural failure modes, but also interactions with the thermal functionality of these components. 

Types of damage will vary depending on materials. For ablative composites used in typical nozzle applications, the most common defect will be a delamination. However, bondline cracks or voids between components, and cracking of other materials (ceramics, metals, carbon-carbon, etc.) must also be considered. The defects may be caused during manufacturing, but can also be induced during storage, aging, or operation. Operational testing such as static fire for nozzles, or simulated heating tests for heat shields, can reveal propensity for cracking, typically in heat affected zones. Cracks leading into non-heat affected regions found after test need special attention and review to understand if these formed and propagated during the test, or afterwards during cooldown.

Regardless of type or cause, two aspects should be considered to evaluate defects in these components. The first is stability or maximum extent of damage. The loading environments on these components are a combination of mechanical and thermal stresses, which change and evolve over time, and may drive growth of flaws. Fracture analysis is needed to determine the maximum extent of the defect for the remaining service life of the part after the flaw is observed, or for the maximum size flaw that could not be observed through NDE. Test demonstration for growth or stability is often not feasible since one cannot achieve duration margins with these components sufficient to account for potential material scatter. Proof test acceptance logic is also often not feasible, since internal thermally induced stresses are usually not replicated through mechanical means with high confidence. For hardware where proof test does induce bounding stresses at the flaw location, then pre- and post-test NDE and analysis of worst-shaped flaws could be used to determine stability. In order to conduct analysis, fracture testing of the materials is needed at the relevant thermal conditions. These tests would determine critical strain energy release rate allowables to use in fracture analysis with appropriate factors of safety, in order to determine stability or maximum growth extent of the flaws. Finally, at the maximum extent of the defect, the remaining structure must maintain structural integrity in order to stay intact and provide the primary functionality of these components.

The second aspect to consider is the consequence of the maximum extent defect on the thermal performance. This is itself a multidisciplinary endeavor, as potential flow into and around the defect must be considered. The amount of thermal energy available is highly dependent on whether there can be a sustaining flow of hot gas into the defect (either as a passage to a lower pressure location, or back into the flow). If similar defects are present during representative testing such as hot fire, then this may be inferred through post-test observation of the hardware. The effect of these temperatures on nearby materials must be taken into account, and the impacts to structural integrity evaluated. The defect itself may also change the effective thermal conductivity, which then must also be assessed for the thermostructural integrity of the component. The consequences of impacts to thermal performance could thus impose limitations on location or extent of flaws.

As an example, a delamination present in the nozzle may be found after manufacturing during routine X-ray inspection. If it is predicted that the delamination grows, but does not intersect the exposed surface (accounting for uncertainties in erosion), then hot gas could not intrude into this defect. If the remaining structural margins are positive with this defect (such that ejection of nozzle components are not a possibility), then this might be found to be acceptable for flight. However, if a delamination is found that is predicted to grow and intersect an exposed surface, additional analyses would be necessary to address potential flow into the defect and the subsequent thermostructural response.
1. Example 1

The bondline attaching a thermal protection system (TPS) to the composite was deemed fracture critical, as bondline failure could cause TPS detachment and potential burn-through. The following activities were performed to gain confidence in the design’s damage tolerance:

a. All potential damage threats were identified, and measures were taken to protect the hardware from all these threats. Further, the design was such that any contact such as impact would be indicated on the surface paint. The only concern remaining was manufacturing flaws or weak bonds. 

b. The loading spectra was fully characterized, and it was determined through extensive dynamic/thermal analysis that only few load events would be critical for the bondline so that fatigue (cyclic testing) was less of a concern. 

c. Extensive materials and fracture testing via coupon-level tests were performed to characterize the fracture toughness to cover the full temperature range.

d. Extensive analyses were performed to determine the critical bondline flaw sizes across the heatshield design and analysis demonstrated critical flaw size was greater than the detectable size using NDE

e. Pre- and post-proof NDE mimicking flight-like stresses at the bondline was implemented to ensure manufacturing flaws did not grown in size. 

f. Thermomechanical tests replicating flight conditions were performed to validate the design robustness with flaws. 

A combination of acceptance test, extensive coupon/subscale testing, development of NDE procedures to inspect for flaws, and analysis helped reduce the risk that a bondline flaw could cause catastrophic failure.

1. Example 2

TPS experience challenging environments and are usually constructed of materials that exhibit high variability and can make it very difficult to assess damage tolerance. TPS are used in the rocket nozzles, on the exterior of launch vehicles, and on heatshields. In these instances, accumulated flights can be used to establish confidence in the hardware relative to damage tolerance. An approach is to develop an acceptance criterion tied to manufactured flaws into the TPS, fly the worse-case trajectories relative to thermal and mechanical loads, and then inspect the flaws post-recovery. This flight unit that has been re-flown several times, becomes the fleet leader for the baseline design that will be flown. The fleet leader should establish a number of flights or tests that are four times the service life of the vehicle to be flown.

VI. Pressurized Structures

Damage tolerance of pressurized structures can be challenging. A stage tank is classified as a pressurized structure as it carries internal pressure and vehicle structural loads. Areas of challenge are usually weld regions and variable thickness regions with high stress gradients. Some examples posing a challenge from the damage tolerance perspective are discussed:
1. Example 1

Damage tolerance of tanks employing friction stir welds can be challenging. A threat assessment was assembled that listed all the potential weld defects that could occur based on manufacturing of coupons, first article inspection, and several development articles. An investigation was performed to understand the cause for these flaws, and it was determined that residual stresses in the heat affected zone (HAZ) was the key driver for causing these flaws. There were several concerns with using an analytical approach:

(1)	Geometry was not available in NASGRO
(2)	Plasticity was expected in that region
(3)	Residual stresses could not be fully characterized

Only one type of flaw was deemed as critical and concerning, as the direction of the flaw was through the thickness. The flaw could propagate and cause failure of the pressure wall. First, full-scale finite element model was used to determine the worst-case axial and azimuthal stress driving this flaw. A fatigue-life spectrum was developed based on the stress history expected during transportation, ground operations, wet rehearsals, contingency cycles, proof cycles, leak checks, and flight. The stress history was converted to a meaningful load history that could be applied to weld lap joints with worst-case manufactured flaws. In-service environments in this case, only improve crack growth behavior, but these beneficial effects were not accounted for. Several samples with various flaw sizes were subjected to cyclic loading based on the fatigue life spectra until the samples exhibited catastrophic failure, i.e., flaws propagated unstably. Even with the scatter observed in the fatigue crack growth test results from these tests, and using a factor greater than 4, the weld joint was assessed to be damage tolerant to worst-case flaws expected during manufacturing. Further, the drawing requirement was modified to tie the initial flaw size from these tests.  
1. Example 2

Stage tanks are typically all proof tested. NDE (surface and volumetric) post-proof inspections were performed on a lap joint friction stir welded regions as the proof test by itself was not a sufficient screen for flaws for the service life considered. The service life definition was defined as follows: number of flights, hydro proof test, operational contingency cycles, and multiple MEOP cycles. The damage tolerance analysis only considered all load cycles after proof as the inspection was performed post-proof. The fatigue-fracture data for this alloy was available from coupon testing with and without welds. A NASGRO configuration for this loading and geometric configuration was not available. A finite element model was performed to extract the stress intensity factor as a function of crack length and load, and then this analytical curve was used to integrate the Paris fatigue relationship for the alloy. The model was conservative relative to lap joint life testing, and the damage tolerance evaluation was accepted.  
When NASGRO geometry is not available it may be possible to develop an expression for the stress intensity factor as a function of load and flaw size. The process is explained for a fatigue of a shaft with a surface flaw subject to cyclic torsional loads as in [16]. The following is the process:

a. Develop finite element models of the structure with various flaw depth sizes. 

b. Use an approach such as virtual crack closure technique (VCCT) to derive an analytical expression for the stress intensity factor that is a function of both flaw size and load, such that (See Figure 1):


[image: ]
Fig 1. Stress intensity factor as a function of crack length and pressure applied to the tank.

c. Prior to proceeding, the methodology for a known flaw geometry in NASGRO is validated by ensuring the stress intensity factor calculation is accurate for a particular geometry available within NASGRO.

d. Use fatigue data for the metal and the derived Mode I stress intensity factor equation to predict the fatigue life for the structure using the modified Paris equation, which is the equation used in the NASGRO formulation:



e. Integrate the equations to determine the final flaw size given the initial flaw size:


VII. Additive Manufacturing Structures

The qualification requirements for Additive Manufactured (AM) parts are determined primarily from the application and mission, with some modifications to account for features unique to AM. These modifications are derived from two distinctions: AM is a relatively new process, and each build may be considered the entire material lot. Since each build is a unique lot, the importance of minimizing and tracking process variability becomes more evident. This is emphasized through a 3 step summary: (1) qualify AM parts to existing standards, (2) qualify the entire process, (3) production matches qualification [17]. 

There is no authoritative source for AM material properties. Mechanical properties, including modulus, strength, ductility, and fatigue life can vary considerably from wrought materials of the same chemical specification and heat treatment. The variations are driven mostly differences on the microstructural level, including characteristics like grain size, grain orientation, porosity, and crystalline phase. That microstructure, and in turn the mechanical properties, are dependent upon the machine, machine parameters, raw material characteristics, environment, post-processing and more. Thus, each manufacturer will typically qualify a material process in accordance with NASA-STD-6030. Once a process has been established, material characterization coupons will be manufactured and tested to measure elastic properties and to determine strength allowables. For parts subject to cyclic loading, fatigue testing is also required. This concept extends to the full range of expected operating conditions: liquid engine parts often require testing at elevated or cryogenic temperatures, and if so material testing for a bounding range of temperatures would be required. 
Thin-walled AM parts may behave differently than thicker parts. This has been demonstrated for fatigue loading, as the transition from plane stress to plane strain can affect the ductile zone near the crack tip and exhibit surprising responses, Figure 2. For this reason, additional testing should be performed for thin-walled parts if such regions exist in a component. 
F. Example 1

An AM component with a machined surface is studied. Consider a rotating engine part subjected to torsional fatigue loads. The Inconel 718 part is AM using powder bed fusion (PBF) to a near-net shape, and all surfaces are machined to the final shape. It is made using a Qualified Material Process (QMP), characterized in accordance with NASA-STD-6030 and that process is maintained. An approach is described to qualify the part using a damage tolerance approach.

Once the material has been characterized, damage tolerance assessment can proceed following standard procedures. Since all surfaces are machined, the surfaces can be readily inspected using a variety of methods such as liquid penetrant inspection. One approach would be to use analysis to determine the maximum acceptable flaw size for 4 times the service life. Then develop an inspection plan that can reliably detect those flaws. 

Once a part is qualified with an inspection plan in place, it is essential that the process remains under control. For AM, this means maintaining the qualified process: machines, parameters, raw material, post-processing, etc. Deviations from a qualified process must be evaluated to determine if there is any impact on the material process. Witness coupons must be manufactured and tested with every part build. The minimum number of witness coupons will be determined in accordance with NASA-STD-6030. Parts subject to cyclic loads should include fatigue testing as part of the witness testing program. The purpose of witness coupon testing is to detect changes in the manufacturing process. If the fatigue performance could degrade while the tensile performance was unaffected, then it would be essential to conduct fatigue testing of witness coupons. For metal additive, surface finish is the feature most likely to degrade fatigue capability while not affecting tensile strength. Since this part has a machined surface finish, fatigue testing of witness coupons may not be necessary. Witness testing results that deviate from the expected values are indicative of a process issue. In that case, parts from that build should be evaluated, and a review should be held to determine if there was an important or unexpected change in the manufacturing process. 
[image: ]
Fig 2. A surprising paradox for thin-walled samples: a large plastic zone can increase fatigue life due to its lower yield strength [18].


G. Example 2

Consider a rotating engine part subjected to torsional fatigue loads. The Inconel 718 part is AM using powder bed fusion (PBF) to the final shape. A few spots are machine finished for interface issues. Other surfaces are left as built; external surfaces are shot-peened while interior surfaces are not finished. There are several areas of down skins, with angles ranging from 10-45 degrees. There are also vertical, horizontal, and down skin surfaces. An approach is described to qualify the part using a damage tolerance approach. 

For mechanical and strength characterization, all the points from Example 1 apply. For fatigue characterization, the assessment and qualification approach are more challenging since the surface finish will affect fatigue performance. Generally, a rougher surface finish will lead to decreased fatigue life due to larger initial defects. But that does not always hold for AM parts, especially when the measured surface roughness does not necessarily correlate with the size of microcracks. For example, on downskins, a high surface roughness measurement may be due to partially sintered powder rather than inherent roughness. Below, an approach to characterize the fatigue performance for the full variety of surface finishes is described. 

The simple, very time-consuming approach would involve a full fatigue characterization of each type of surface finish. Then the critical flaw size for each could be determined, and inspections for each area would be based upon the surface finish. This may be effective, but the testing campaign would be costly and impractical. 

An alternative process is proposed in two steps. First, conduct a pilot study to evaluate fatigue for the surfaces suspected to have the worst performance. Those selections should be based on published research and prior work. The pilot study should also include samples that have machined surface finishes. At its conclusion, the worst performing surface finish is chosen for the second step. 

An approach has been demonstrated which obviated the need to characterize the fatigue life of each surface finish when used in conjunction with a damage tolerant methodology is adopted [19]. In this approach, flight loads are used to predict local stresses using finite element modeling. Then the known or predicted fatigue spectra (corresponding to 4 times the service life) is applied to estimate the maximum acceptable flaw size using NASGRO; the final determination requires further testing. The initial prediction should use published data for a similar alloy and surface finish. There are multiple material models available in NASGRO, or the data could be found in published literature. If a custom material model is used, the input data includes da/dN vs. dK, ultimate tensile strength, yield strength and fracture toughness. 

An exploratory test program is then adopted to evaluate fatigue for the machined surface finish (best performance) and the surface finish with the worst fatigue performance. This test series should include both defect-free samples, and samples with pre-existing manufactured flaws corresponding to the maximum acceptable flaw size, Figure 4. It is recommended that intermediate defect sizes be tested as well, since the estimate maximum acceptable flaw size may be reduced after the full test campaign. 

The machined coupons without the flaws are expected to have the longest fatigue life for a given load spectra. It was confirmed in testing that the machined samples took more than 5 times as many cycles to failure compared to the as-built samples, Figure 5. Further examination reveals that the machined coupons with the smaller pre-existing defects exhibited about 95% reduction in fatigue life.  Fatigue testing of the as-built coupons with the smaller pre-existing defects took about the same number of cycles to fail the samples. 

For that study, the machined samples with defects bounds the fatigue life of the as-built coupons without defects and matches the fatigue life of as-built coupons with defects. With that result, it could be concluded that the fatigue life with those defects is insensitive to the surface finish. That clears the path to characterize only coupons with machined surface finishes. At that point, analysis should be repeated with the fully characterized fatigue data to determine the maximum flaw size. This will follow the same process referenced earlier; the key difference is that the material properties and NASGRO parameters are determined based upon the characterization campaign. 

Of course, the inspection program will need to demonstrate the ability to locate defects that size on all types of surface finish, including interior surfaces which are not inspectable by many methods. Generally, dye-penetrant inspections are not a good match for as-built AM surfaces, which could affect the minimum detectable flaw size. 
The qualification program could be complicated if the fatigue life with prescribed defects is sensitive to surface finish. In that case, fatigue testing would be required of several types of surface finish. Even then, full characterization can be avoided. The maximum acceptable flaw size would then be estimated for each type of surface finish. If the poor surface finish correlates to an area of low stress, then the exploratory test program could be repeated using the larger defect size to determine fatigue sensitivity to a defect of that size. Ultimately, there is no guarantee that this approach will work, and a full characterization of multiple surface finishes may be required, accompanied by NASGRO analysis specific to that stress environment and fatigue capability. 

There is also the possibility that the maximum acceptable flaw size is smaller than the minimum detectable flaw size (MDFS). If that occurs, location specific analysis can be pursued to determine the Maximum Acceptable Flaw Size and MDFS in each area of the part. The outcome could be that the maximum acceptable flaw size cannot be detected in some locations. Options at that point include redesign, or additional post-processing to improve the inspectability or fatigue capability. There is also the option of using higher fidelity inspection techniques. Figure 3 illustrates the approach for determining whether as-built surface finishes require full fatigue characterization.
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Fig 3. Approach to determine whether as-built surface finishes require full fatigue characterization
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Fig 4: Penny-shaped cracks in cylindrical samples at 10% and 30% depth
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Fig 5. Tests demonstrated that fatigue life was sensitive to surface finish (circles); with prescribed flaws, the fatigue life was similar regardless of surface finish (exes and triangles)

VIII. Proof Test Logic Guidance

A damage tolerance assessment is performed using the maximum initial flaw size in a component such that the component passes proof test. The adequacy of the component is determined by calculating the amount of sub-critical crack growth incurred during service, due to mechanisms such as fatigue, environmental attack, and creep, and up to a critical service flaw size. Proof test logic relaxes inspection requirements because the proof test acts as a flaw screening. Due to the relaxation in inspection requirements performed on the component, it becomes key to ensure that the proof test is comprehensive. The proof test level can be set such that the maximum initial flaw size can meet four times the service life. 

A successful proof test supported by fracture mechanics analysis enables hardware to enter service with a degree of confidence that no flaw will propagate to failure during its service life. However, proof test logic approach should be used with caution but can be effective in screening critical flaws for the entire service life of the component. 
When using proof test logic, the following considerations should be accounted for:

a. Analysis: Analysis methodology and material properties should have a high degree of confidence because proof test logic places greater reliance on analysis than on inspections.

b. As-Built: Caution should be exercised in using proof test logic for cases where the material is process sensitive, as one cannot ensure that as-built properties are consistent with the properties used in the proof test logic analysis.

c. Environmental Factors: If proof test logic were to be used, then proof test load levels should be adjusted to account for environmental differences based on the fracture toughness.

d. Statistics: Because materials exhibit a degree of variability, the upper bound fracture toughness should be used in establishing the maximum initial flaw size, and if not available use a 1.3 x fracture toughness.

Note, a crack-like flaw can pass proof test, go through engine hot fire, and fail in flight; this is a classic low cycle fatigue / high-cycle fatigue problem.  The larger the proof test factor, the more likely critical flaws will be screened.  The lower the proof factor, the more likely a crack can pass proof test and later propagate to a critical flaw size. 

A limitation of proof test logic relative to wall thickness is discussed. There exists a threshold flaw that will pass proof test without fracturing completely through-the-thickness and without causing a leak. If proof test logic holds, the entire four times service lives can be applied to this initial flaw and it will not propagate through-the-thickness during the component’s entire service life. For thin-walled structures, proof test logic typically fails as the proof test factor would have to be unreasonably high to screen critical flaws.  Proof test logic is not permitted for specific hardware safe-life verifications of COPVs, metallic pressure vessels, and not recommended for bellows. 

IX. Composite Overwrapped Pressure Vessels 

Metallic portions of a COPV are designated as fracture critical, and usually, the limiting life item is the liner. Many COPVs are designed with a liner that responds elastically for all pressure and combined load conditions after autofrettage. For these elastically responding liners, AIAA-S-081B allows demonstration of damage tolerance life based on linear elastic fracture mechanics (LEFM).  While LEFM can be used to assess damage tolerance of elastically responding liners that contain cracks small relative to the thickness, caution needs to be exercised when predicting life of part-through cracks in thin metals where break-through is an end-of-life condition (e.g., COPV liners).  LEFM assumptions imposes limitations on its application as follows: (1) The size of the cyclic plastic zone around the crack tip is small relative to the crack size. (2) The crack-tip plasticity is surrounded by elastically responding material. (3) The material is a homogeneous continuum and governing microstructural features are small relative to the crack size.
The use of LEFM methods may not be appropriate if the liner is relatively thin compared to the inspectable crack depth. An example is a detectable crack depth of 0.025 inch in a liner that is only 0.035-inch thick, resulting in a ligament that is 0.01 inch. The crack growth rate through the ligament may be faster than that predicted by LEFM due to plasticity and microstructural features. Specifically, for plasticity, while a far-field analysis shows that thin liners are responding elastically, local plasticity in the ligament must be considered as LEFM assumes that the cracktip plastic zone is small relative to the size of the crack. Further, the ligament thickness may be on the same order as microstructural features, such as grain size. The use of crack growth rate data obtained from standardized tests (such as that supplied in NASGRO) may not be representative of crack growth in the ligament and tests based on ASTM E647 should be pursued instead to characterize the growth of small cracks. 

For COPVs with far-field plastic response, coupon or vessel testing is required per S-081B. Such tests may be adequate to address small scale effects by test if the test captures the effects of plasticity and microstructure in the remaining ligament.  Any engineer working on damage tolerance assessments for COPV liners should be knowledgeable of the work in Reference [20].  The following are examples of COPV damage tolerance issues:
1. Example 1

A COPV experienced a leak due to cracking at a weld during ground operations. Analysis with a thru crack demonstrated that leak before burst (LBB) criteria was met. A performance analysis indicated that leak rates predicted negligible impact for the mission to be successful. This example illustrates the use of LBB and performance analysis to demonstrate adequacy of the COPV design to complete mission.
1. Example 2

Part of the qualification program of a COPV design requires that damage tolerance requirements be shown to be met. Machining of the flaws into the liner was performed but pre-cracking was not achieved, raising concerns that the crack-tip may not be sufficient sharp and that the life of the COPV could be overstated. In this example, the issue had to be addressed by repeating the tests but this time by performing pre-cracking and a thorough characterization of the flaw prior to initiating testing. 
1. Example 3

Linear elastic fracture mechanics was being used for a liner that was plastically strained after each cycle of operation. Further, the analysis did not consider any plastic correction factors. A full-scale test or coupon-level test was required to demonstrate adequate damage tolerance of the COPV.
1. Example 4

A hydraulic system COPV had a thickness that per NASA-STD-5009 for standard penetrant inspection would require an evaluation of a thru-crack. Initially a partial thru crack (PTC) was used, but this was deemed unacceptable. Instead, the issue was resolved by a performance analysis demonstrating that an assumed leak can be sustained to complete the mission.
1. Example 5

A COPV design had a liner thickness less than the thickness required based on Table 1 of NASA-STD-5009 for standard non-destructive evaluation (NDE) methodologies. Further, it was advised that Special NDE be implemented and then NASGRO be used for the damage tolerance analysis as the liner was shown to remain linear elastic after autofrettage. However, the net section check in NASGRO failed. While there was a push to accept the analytical results, the results could not be accepted due to the low confidence in the analysis. A full-scale test to demonstrate safe-life requirements was conducted with a pre-crack.


X. Leak Before Burst Guidance

Many pressure vessels are designed to satisfy Leak Before Burst (LBB) criteria to allow a vessel to depressurize from a leak safely before catastrophic rupture occurs.  Typically, LBB criteria involves the demonstration of sufficient residual strength capability to tolerate a thru-crack of length 10t without rupturing.  More specifically, LBB requirements are used to verify that a thru-crack of length 10t remains stable with stress intensities sufficiently below the fracture toughness of the material during its operating environments.
  
In addition to LBB criteria, proof tests are performed on pressure vessels to screen out hardware with significant defects.  Proof testing helps to open material flaws and can relieve crack-closure mechanisms, thus making it easier to detect defects in test and afterwards when performing inspections.

The following considerations for LBB criteria and proof testing are highlighted to increase awareness that catastrophic rupture can occur in pressure vessels, even when LBB and proof test requirements are satisfied.  These considerations are introduced here at a top-level and then described in greater detail in the upcoming paragraphs.

(1) Verifying residual strength for a thru-crack of length 10t protects for some but not all initial flaws sizes and geometries.  As a result, there are defect sizes and aspect ratios that can produce a burst failure even when LBB criteria are satisfied.  If uniform stress fields are assumed when evaluating the stability of thru-cracks, then catastrophic failure can occur at lower load levels under some non-uniform stress fields.
(2) If inspections are not performed after proof testing, there is a potential for flaws with small aspect-ratios can go undetected and result in catastrophic rupture.
(3) Typical LBB criteria in spaceflight applications do not address the need to determine the leak rate for a thru-crack, and to verify that leak can be detected before exceeding the residual strength of the vessel. This is of particular importance if the vessel will be repressurized/refilled during ground operation or in flight, when it will be subjected to dynamic loads afterwards, or when e.g. timely switch to a back-up system is required.
1. Initial Flaw Sizes, Geometries, and Failure Modes

A crack-like defect that extends across the surface and some depth into the cross section is the most common geometry assessed for pressure vessel defects. The crack half-length is defined as c, where 2c is the total crack length. The crack depth is defined as a. The ratio of the crack depth to the crack half-length, a/c, describes the shape of the surface crack and refers to crack’s aspect ratio. The depth of a surface crack when normalized by the thickness, refers to the amount of the cross section penetrated by the surface crack, a/t.

A first order approximation can be made to estimate the sizes and shapes of cracks that are covered by the 10t residual strength requirement.  When a = t and 2c = 10t, then the aspect ratio of the crack is a/c = t/5t = 0.2, Figure 6.

One interesting issue with the assessment of crack growth and verification of leakage or burst failure mode is the relationship of the failure mode to the initial crack aspect ratio. Orange et al. [21] performed cryogenic tests of aluminum and titanium alloy tensile coupons and observed that there are certain geometries of surface cracks that can rupture at a lower load than a thru-crack of the same length. From the coupon testing performed, a crack’s aspect ratio can be used to infer the failure mode that would occur in thin cross-sections and when a failure mode would shift from leakage to rupture. Therefore, the analyst must be cognizant that LBB assumptions do not always guarantee an LBB failure mode, and that this depends on the crack’s aspect ratio. In addition, researchers that studied size and shape of initial flaws were able to produce burst failures prior to leakage [22].
[image: ]
Fig 6. Illustration of full through-crack of 10t length (shown in blue), and elliptical part through-crack of 2c = 10t (shown in orange)


The following examples from the literature are consistent with Orange et al.’s observations that failure mode transition from leak to burst in actual hardware for cracks with low aspect ratios:

(1) Pressure testing was performed on three retired SSME high pressure oxidizer ducts made of Inconel-718 with initial flaws with low aspect ratio surface cracks. All three test units failed with a burst failure mode, even though stability of a thru-crack of 10t limit was predicted [22]. 
(2) Underwood et al. observed that deep cracks with short lengths (cracks with high aspect ratios) exhibited LBB failure modes in test [23].
(3) Burst failure modes were observed in pipe sections with internal pressure and loaded in 4-point bending when circumferential flaws with low aspect ratios were present [24]. 
(4) Initial defect sizes and shapes that produce a burst response instead of a leak in pipes with circumferentially oriented flaws has been published in German nuclear industry documents, echoing the propensity for low aspect ratio cracks to result in a burst failure mode [24]. 
(5) A metallic-lined COPV with low aspect ratio cracks in the liner was filled with water and pressure tested; and the study is based on the Orbiter case study RCS COPV S/N-021.  An instantaneous failure of the liner and an instantaneous loss of the pressurized contents was observed.  Although the composite overwrap remained intact, possibly due to the low stored energy of the compressed liquid, one could overzealously conclude that the COPV had exhibited an LBB failure mode.  However, it is not known whether the composite overwrap would remain intact under the increased stored energy of a pneumatic application.  Recall that an LBB failure mode typically consists of stable crack propagation through the pressure containment wall, followed by a controlled leak that is detectable prior to failure.  The burst failure of the liner was consistent with Orange et al.’s observation for low aspect ratio flaws.  However, since the leak rate did not permit intervention to mitigate collateral damage and/or loss of a mission critical subsystem, the COPV would not conform to the standard definition of LBB behavior,. and would need to be accepted based on a dedicated rationale.
(6)  A demonstration of the 10t LBB requirement in a cryogenically-formed spherical tank is provided in Reference 25. Here, the stainless steel (301 series) tank had a nominal diameter of 23” with a weldment effective thickness of 0.314”. The crack size at leakage was with a large aspect ratio (~4.3t) led to a leak instead of burst, which was accepted as sufficient instead of 10t.  
1. Uniform versus Non-Uniform Stress Fields

Initial flaw sizes with both a/t < 1 and a/c ≤ 0.2 are bounded by the 10t thru-crack, Figure 6, provided that 100% of cyclic loading is under tensile stress (i.e., R , where R is the ratio of minimum stress over maximum stress in the loading cycle).  Tensile stresses are common in pressure vessels subjected predominately to internal pressure.   However, there are some designs where compressive stresses and R < 0 loading can occur.  In addition, it is common for pressure vessels to have uniform in-plane stress at the crack location and through the thickness of the vessel.  Tensile loading and uniform far-field stress tends to promote crack growth in the direction of crack depth, a, instead of the direction of crack length, 2c. As a result, it is less common for a flaw to grow and transition into a low-aspect ratio configuration that could result in a catastrophic burst failure mode. Note that tensile residual stresses, when present, increase damage accumulation and reduce the residual strength of the vessel, especially when uniform tensile stress fields are present. 

The presence of R  loading in most pressure vessels, combined with compressive residual stresses being more common in metallic liners, helps to explain why the existing LBB requirement has been largely successful to date in traditional pressure vessels. Under these conditions, shifts in failure modes from leakage to rupture due to changes in crack aspect ratio are less likely.  Large static strength factors of safety, the absence of undetected rogue defects, proof test requirements, and the low duty cycle nature of most spaceflight applications are additional contributors that have helped to mitigate catastrophic failures. 

Now consider non-uniform stresses through the thickness.  In these cases, initial flaws with low aspect ratios may be less common but should still be considered in the fracture mechanics assessment.  In addition, the shape of cracks (i.e., aspect ratio) can change as a crack propagates, especially when a non-uniform stress field is present at the flaw.  Therefore, it is possible for a flaw to start with a larger aspect ratio and transform to a smaller aspect ratio as the flaw grows which can make catastrophic fracture more possible. Nonuniform stress gradients through the thickness that promote changes in flaw aspect ratio can arise from stiffness discontinuities that result from welding, geometric mismatches and offsets, non-uniform residual stress fields, and/or shape changes (e.g., cylinder/dome transition).   A demonstration of how fatigue crack growth changes crack aspect ratio as a function of applied loading and stress gradients has been published [26]. Changes in failure modes as cracks grow has also been identified by the American Petroleum Institute (API) as a limitation in leak before burst requirements. Even though nondestructive inspections performed after proof testing can help to verify the vessel quality and reduce the  uncertainty in flaw size and shapes assumed during LBB verification, the effects of non-uniform stress fields and other crack geometry should be evaluated to prevent catastrophic rupture.

In cases of significant non-uniform stress and through-thickness variations, a finite element analysis should be used to extract directional stresses and gradients.  Fracture codes such as NASGRO® can readily accept stress gradients as part of their inputs and provides a more robust approach than one that relies on the simplifying assumptions of uniform stress (no spatial and thickness variation), especially in conditions where the stress gradients are known to be non-uniform.
1. Proof Testing at 1.25 x MDP

Often pressure vessels are proof tested to at least 1.25 times the Maximum Design Pressure (MDP).  Proof tests screen for flaws by either targeting a failure of a particular critical flaw size or opening embedded flaws to be more readily observed through NDE post-test.  This test has the potential to screen initial defects that are relatively deep (i.e., a/t approaching 1) even when low aspect ratios (i.e., a/c < 0.2) are present.  These low aspect ratios are of interest because they can cause failure modes to more readily transition from leakage to burst.   Note that static proof testing does not always prevent the cyclic propagation of cracks in-service.  In addition, one of the challenges with relying on proof testing to screen for flaws is that the presence of residual stresses and local stress gradients can prevent the definitive determination of the flaw sizes that were screened out by the proof test.  In addition, variability in fracture toughness properties and the potential for stable tearing responses at flaws in higher toughness materials can make it difficult for flaws to be detected at a macro-level.  Comprehensive inspections, when performed after proof testing, serve to mitigate the proof test uncertainty by ruling out unacceptable flaws, thus increasing confidence in the vessel’s structural integrity for in-service applications.

A successful proof test at 1.25 x MDP provides a sound measure of vessel quality and has contributed to the success of pressure vessels to date; however, it does not fully ensure leakage will occur prior to burst, especially when a large number of cycles or nonlinear stress gradients are present.
1. Leakage Detection

The use of LBB requirements to provide a measure of safety requires that the fluid contents of the pressure vessel be non-hazardous to people and property if a leak were to occur.  Even for designs with non-hazardous fluids, an important operational consideration is whether the system is sufficiently monitored so that leakage can be detected prior to vessel failure.  To enable closed-loop monitoring without causing a safety hazard for inspectors, the leak rate for unacceptable flaws would need to be understood and able to be detected by the system.  Note that when the critical crack size that causes the pressure vessel to burst is smaller than the crack size of when leakage can be detected, then the design does not achieve the level of safety that LBB requirements were intended to provide.  Conversely, when the leak rate is sufficiently large and is sufficiently detectable prior to a thru-crack reaching its critical size for fracture, then the vessel can be operated in a safe manner.  
1. Summary

This section highlighted scenarios when the LBB requirements and the 10t criteria need to be applied with caution.  These observations are consistent with API recommendations regarding the applicable range of the LBB methodology. API emphasizes that safety of the vessel in LBB designs is achieved through (a) being able to detect leaks, (b) evaluating and mitigating conditions that will cause low aspect ratio cracks from becoming critical under fatigue loading, (c) avoiding thru-crack leakage scenarios near the unstable region of the material’s fracture toughness (i.e., vertical asymptote of fatigue crack growth curve), and (d) limiting LBB verification to pressure vessels that contain non-hazardous fluids. These factors need to be considered when relying on LBB behavior to ensure system safety.
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