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The National Aeronautics and Space Administration (NASA) Space Technology and Mission Directorate (STMD) is advancing composite technologies for exploration missions. The Composite Technology for Exploration (CTE) project goal is to advance lightweight joint concepts for Space Launch System (SLS) class structures. To this end CTE is developing and demonstrating a 3D woven carbon /epoxy composite joint design co-bonded in a circumferential end ring configuration, applied to a SLS sized conceptual payload attachment structure. This joint is a lightweight alternative to heavy and costly metallic joints. The 3D woven joint development advances lightweight joint technologies through material and structural design, material and joint analyses, and fabrication, as well as demonstration through building block testing. Prior limited building block tests are mentioned. In this paper, new sub-element-scale test results are described that demonstrate the structural capability well beyond design limit load. Then, results for a sub-component test article with a 36 inch joint subjected to combined loads are presented . 
I. Introduction
	The National Aeronautics and Space Administration (NASA) Space Technology and Mission Directorate (STMD) is advancing composite technologies for exploration missions. The composite technology for exploration (CTE) project goal is to advance lightweight joint concepts for Space Launch System (SLS) class structures. These structures are highly loaded, up to 8 meters in diameter, and enable NASA's exploration to the Moon, Mars and beyond.  Launch vehicle inter-stages, payload fairings, stage adapters, payload attach fittings as well as many satellite bus structures, use metallic end rings to enable mechanically fastening ends of one structure to another and transfer load between structures. To achieve lightweight space structures, carbon fiber reinforce polymer matrix composites are commonly used for their high specific stiffnesses and strengths. End rings can be as much as 45% of the structural mass as is shown in a payload adapter example [1]. Laminated composite structures with complex load paths, like those in end rings, are limited by their relatively low interlaminar tension strength. Prior work by the Air Force Research Lab and Boeing addressed the limitation with laminate Z-pinning [2]. The European Space Agency (ESA) Future Launchers Preparatory Programme (FLPP) addressed this limitation using 3D woven composites manufactured into a monolithic ring segment [3]. Both approaches were successfully demonstrated. However, both approaches utilize costly processing techniques. The Z-pinning requires processing thousands of pins, and the monolithic 3D weave requires tight part tolerances and a complex geometrically challenging tool. The CTE project advanced a circumferential joint end ring (C-joint) design based on a 3D woven C-channel for the bolted structure interface, with a commercially available 3D woven Pi-preform co-bonded to the load bearing structure substrate and a simple C-Channel. The overall CTE project body of work includes materials evaluations [4], C-Joint manufacturing development [1], and analysis method developments [5, 6].  The C-joint design is based on the CTE point design structure, a conceptual payload attach fitting (PAF) for a SLS class structure. The CTE point design considers a worst-case payload mass, and a geometric configuration to put the most conservative (highest) loads on the end ring. Full details are in prior papers [1] [7]. Figure 1 shows the overall C-joint design concept. 
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[bookmark: _Ref74041725][bookmark: _Toc88339792][bookmark: _Toc88513685]Figure 1: CTE point design, and circumferential joint detail

This paper presents a brief design summary and details C-joint verification testing efforts and results. The paper focus is on structural analysis results leading to C-joint design limit loads (DLL), testing to up to 11x DLL performed on 9 sub-element (4 inch -long joint) specimens, and testing up to 3.7x DLL in 11 tests performed on one larger sub-component (36 inch – long joint) test article.  The test results address 3D woven C-joint structural behavior up to and beyond design limit loads, evaluate observed failure modes, and provide input to evaluate and advance damage modeling strategies. The design, analysis, and verification flow for this paper is shown in Figure 2.



[bookmark: _Ref87294925][bookmark: _Toc88339793][bookmark: _Toc88513686]Figure 2: CTE C-joint design, analysis, and verification flow



 C-Joint Design and Structural Analysis
A. Material and Design Background 
The overall design is predicated on a conceptual SLS scale structure, the CTE Point Design, representing a structure with worst-case geometry and loads for an end ring design. The design can be considered a worst-case in terms of the selected cone angle and superposition of maximum load components independent of time. 

The material selected for the C-channel is IM7/RTM 6. This fiber selection was based on fiber weave heritage in past programs and material stiffness and strength previously reported [1]. The resin was selected was based on microcracking studies that varied fiber size and matrix type also previously reported [4]. 

The material selected for the Pi-preform is IM7/5320-1. The fiber was selected based on Pi-preform weave heritage, material stiffness, and strength.  The resin was selected based on the requirement for an out-of-oven cure, a reasonably long out-time for large structure fabrication, and processibility. The CTE team performed processing development for this resin system for the longitudinal joint and had good processes established for this resin [8]. Bally Ribbon Mills (BRM) performed resin infusion to the dry preform and delivered a b-staged Pi-preform for the effort. 

 C-Joint Analyses

Global Analyses 
The C-joint design focused on sizing the three components of the joint: the conic panel, the Pi-preform, and the C-channel.  A global shell-element model was used for loads determination.  The global model is a NASTRAN based analysis model.  Both linear (NASTRAN SOL 101) and nonlinear (NASTRAN SOL 400) analyses were used.  The model was previously used in the CTE longitudinal joint design development efforts [7]. The loads applied to the global model are based on standard payloads, and the maximum values per SLS-SPIE-SPEC-009. Applied load cases consisted of all 8 combinations of maximum and minimum axial, shear, bending, and max torsion. The model combines PAF loads and SLS interface loads as illustrated below in Figure 3.  PAF loads were applied via a multipoint constraint (MPC) to the upper edge of the cone.  SLS loads were applied via an MPC representative of an upper stage interface shown in Figure 1 as the Universal Stage Adapter (USA).  The model is constrained with fully fixed single point constraints (SPCs) along the lower edge of the support structure representing the Exploration Upper Stage (EUS) adapter structure.    

Global Model Load Case Orientation

[bookmark: _Ref86252907][bookmark: _Toc88339794][bookmark: _Toc88513687]Figure 3: CTE Point Design global model and load case orientation


Each of the eight load scenarios are applied in 22.5º increments around half the circumference of the model. It is noted that longitudinal joints (L-joints) are part of this model and located at 0 degrees and every 45 degrees thereafter as shown in Figure 3. The C-joint analyses focused on areas of interest within the highlighted orange nodes and away from longitudinal joints. The highlighted nodes are also the boundary nodes used for the boundary condition transfer from the global to local model, as described later.  

The C-channel was modeled as a separate component with discrete flanges mating to the support structure.  The attachment of these discrete flanges to one another varied depending on the intent of the analysis.  Figure 4 shows the modeling approach used in the global model for the C-joint region.

[bookmark: _Ref86399424][bookmark: _Toc88339795][bookmark: _Toc88513688]Figure 4: C-joint region in the global model

The C-channel was sized using the global model, while the conic panel and Pi-preform were sized using a local model.  Hypersizer was used to evaluate proposed 3D woven materials for the C-channel based on a smeared properties representation.  Separate analyses were done for sizing the web and flanges due to different load paths through the C-channel for compression and tension, as illustrated in Figure 5.

[image: ]
[bookmark: _Ref84851776][bookmark: _Toc85750096][bookmark: _Toc88339796][bookmark: _Toc88513689]Figure 5:  Compression and tension load paths through C-channel
When under compression, load transfers from the USA web to the C-channel web to the  EUS web through contact at the bolt flange interfaces.  The significantly greater magnitude of compression load versus the tension load results in compression driving the web sizing. The flanges only serve for stabilization in the compression case, and therefore glued contact (i.e., tie constraint) was used between flanges.  The flanges are sized based on tension loads.  For the tension load cases, fasteners are modeled in place of glued contact, so the load moves from web to flange, through the fastener element, then flange to web.  Bolt loads were extracted from this model for bearing and pull-through checks to size the flanges.

The C-channel web and flanges were sized using a multi-step process. The Finite Element Model (FEM) was created with best guess web and flange thicknesses as starting points. The model was cycled through Hypersizer until the web sizing (thickness) converged.    With a web size defined, analyses were re-run to extract bolt loads to size the flanges based on bearing and pull-through strengths.  An analysis iteration with the new flange and web sizes found strengths were acceptable and the sizing was considered converged. The process was run through several material iterations.   The sizing results from these various iterations are seen in Table 1.  The original 3D woven design using a factor of safety of 2.0 led to a 0.35 inch thick C-channel web and a 0.23 inch thick flange. 

[bookmark: _Ref84855431][bookmark: _Toc85750035]Table 1:  C-channel sizing results
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[bookmark: _Ref85750612]Local Analyses

The Pi-preform was sized based on global/local analysis using standard modeling approaches. The global model used 8 bays to find which bay had the peak loads. Those loads were used in the local model. The bay boundaries and the local model representing a bay local model bay are shown in Figure 6.


Pi-preform assessment area 

[bookmark: _Ref89433441]Figure 6: Global model bays and representative local model




The local model includes discretely modeled panel skins, core, and Pi-preform.   A cross section of this detailed C-joint model is below in Figure 7. The conic panel facesheets and core were analyzed and were determined sufficient to sustain the loads in the joint region, thus no core or facesheet changes were required. 


[bookmark: _Ref89434273]Figure 7: Local model cross section details

[bookmark: _Ref84882189][bookmark: _Toc85750100][bookmark: _Toc88339799][bookmark: _Toc88513692]The Pi-preform weave and geometry were based on a Bally Ribbon Mill (BRM) standard stock number.  The base and legs interlock weave properties were derived from Digimat. Figure 8 shows the Pi-preform material orientations.  Pi-preform material Margins of Safety were calculated using a safety factor of 2.0.  A very small negative shear margin (-0.05) was found for the max Ny load case. The negative margin was acceptable as the shear allowable was considered conservative, and a safety factor addresses the slight negative margin for this development effort. 
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[bookmark: _Ref88219560][bookmark: _Toc88339802][bookmark: _Toc88513695]Figure 8: Pi-preform material orientations

The Pi-preform bond-line assessment was based on testing documented in the composite crew module (CCM) effort [9].  Predicted Pi-preform loads were compared against lateral bending and pull-off test data. The CCM pull-off and lateral bending strength test data assumed a base (adherend) thickness that closely matches the C-channel web thickness. The C-joint loaded at 1.5x DLL could be achieved, yet it showed negative margin at 2.0x DLL. It is noted that typical failure in CCM testing is delamination in the base adherend assuming a laminated composite base. A 3D woven base adherend is expected to have higher out of plane strength, so the CCM failure load was considered conservative. As a backup, CCM showed that pull-off strength is increased with material applied over the Pi-preform, called overwraps. The sub-element verification testing (Section IV) explicitly targeted the Pi-preform pull-off strength to verify the design assumptions and evaluate the need for overwraps.    
 3D Woven Material Verification Tests
The team performed material verification tests on flat panels and C-Channel sections to understand 3D woven composite designs in general with a focus on issues relevant to C-joint application.  Flat panel tests were conducted to verify material properties and help to understand 3D woven composite failure mechanisms.  C-channel specimens were tested to establish strength capability in tension and compression. They were also tested under incremental loading to gain insight into the failure process in a C-Channel under tension and compression.
1. Flat Coupon Tests
1. Flat Laminate Strength Tests 
A series of 3D woven composite flat coupon tests were conducted at National Institute for Aviation Research (NIAR). The objectives of these tests were to downselect a resin system, characterize material properties, and to provide data for analysis predictions and comparisons. 

AS4 flat panels were studied in detail and previously reported [4] .  These show the matrix cracking behavior and its relatively small (<10%) influence on strength performance in uniaxial tension, compression, single shear bearing, and short beam shear. Compression and shear are matrix dominated properties and these results show that even with more and larger cracks, these 3D weaves are matrix damage tolerant materials.  
 
IM7 flat panels were studies in detail and also previously reported [10]. These tests provided material properties for comparison more closely related to the C-Channel than the AS4 panels. Four IM7/RTM6 panels were built with orthogonal weaves using 6K or 12K tow sizes and varying the warp, weft, and Z fiber fractions. Tests were all in as-processed condition at room temperature and included uniaxial tension, compression, single-shear bearing in warp and weft directions, and in-plane shear.  It was found that, the properties of these panels were directly proportional to the fiber fraction in each orientation. The panels with highest tensile and compressive strength in weft direction had the most fiber percentage in that direction regardless of other variances. Additionally, Digimat pre-test predictions for the in-plane moduli were generally within 11% of the test values and the out-of-plane stiffnesses were not predicted well.   

Flat laminate progressive damage tests
Another series of 3D woven composite flat coupon tests were conducted at NIAR to characterize the damage mechanisms and sequences leading to two-piece failure. A detailed discussion of this testing is available in [10].  Data presented here summarizes findings relevant to the sub-component assessment. 

Tensile tests using dog-bone-shaped specimens were conducted with four replicates for each weave. Dog-bone coupons were selected to reliably fail the coupon in a smaller 1 inch gage area than straight coupons with a 6 inch gage length span. First, two specimens were loaded monotonically to establish the structural response and failure load. Then, the remaining two specimens were loaded incrementally to document the damage states through the loading history. Observations were made with acoustic emission sensors, X-ray Computed Tomography, and Digital Image Correlation (DIC) full field strain metrology. A representative coupon is shown with speckle paint, for DIC metrology, and acoustic sensors.  The structural response is shown in Figure 9.



[bookmark: _Ref87636260][bookmark: _Toc88339807][bookmark: _Toc88513700]Figure 9: Progressive damage test setup and representative monotonic test data


A key finding is that while extensive matrix cracking occurs, the matrix cracks are arrested by fiber tows oriented across the cracks. This is in contrast to traditional laminated composites where delamination and matrix cracks can link up and lead to failure.  In the 3D woven materials tested here, the matrix cracks and tow debonding are always arrested. Examples of matrix cracks observed after increments of load are shown in Figure 10 for one specimen. Fiber rupture occurs at final failure.

The final failure location is a result of stress concentrations due to specimen geometry and the weave architecture, as shown in Figure 11. In the dog-bone specimens as a result of the geometry, a stress concentration occurs where the transition region meets the constant-width region. All specimens failed in this region. As shown in Figure 11, the specific failure path follows features in the weave related to the binder tows.



[image: ]
                a) Initial state       b) 30% of failure load   c)  93% of failure load
[bookmark: _Ref87636889][bookmark: _Toc88339808][bookmark: _Toc88513701]Figure 10: Interior cracking shown in X-ray CT slices between the warp tows (specimen M, panel 10).  Surface image shows where slices were extracted. Circles identify new damage development.
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                               a)  Slice showing warp tow fracture near mid-thickness               b)  Slice from Fig. 14a line
[bookmark: _Ref87637015][bookmark: _Toc88339809][bookmark: _Toc88513702]Figure 11: X-ray CT images showing failure in specimen L, panel 10.  The arrow marks the edge termination of a warp tow.  The circles mark the location of the z-tows along the failure surface. 
C-Channel Tests
C-channels were cut into tension and compression specimens, the two primary loads paths through the C-joint, to evaluate C-channel performance. The C-channel has two effective weaves, one for the web and one for the flange. The transition area between the two is a hybrid of the two weaves, not modeled or predicted. In tension, the flanges are pulled open increasing the angle between the parts resulting in a bending moment, shear stresses and interlaminar tension stress at the junction between the flange and web. Since there are no off-axis fibers in the weave, the structural behavior in tension is nonlinear. The high stresses in the corner may induce matrix cracking. Thus, particular attention is given in this section to the C-Channel tension loading cases.

1. C-Channel Strength Tests
The test coupons are C-sections cut 1.7 inches wide from a C-channel. Testing was conducted at NIAR. NIAR clamped the bottom flange and bolted the top flange as shown in Figure 19. The tension DLL is 224 lb/inch, for a 1.7 inch wide coupon it needs to withstand 383 lb-f.  


[bookmark: _Ref87724514][bookmark: _Toc88339810][bookmark: _Toc88513703]Figure 12: C-Channel strength test coupon and test setup


The tension results are shown in Figure 13. All coupons failed in two-part separation where the upper flange meets the web at 5.2x DLL. Failure is fiber rupture of the flange Z-fibers and is seen in the inset image. Between 1.25 and 2.0x DLL small load drops were observed. The load versus displacement curve shows nonlinearity develops from a low load. This behavior is studied further with progressive damage testing discussed in the next section.  

[bookmark: _Ref87379623][bookmark: _Toc88339811][bookmark: _Toc88513704]Figure 13: Strength test results C-channel in tension
 
The compression test results are shown in Figure 13. All coupons show considerable web bending. The web ultimately fails at an average of 8.2x DLL. Unlike tension, no damage appears until failure is imminent. Two coupons, 8-35 and 4-35, show initial test setup settling eventually matching the stiffness in all other tests. The compression strength coefficient of variation (CoV) is low at 2.6%. The failure seen in the inset image shows tension side fiber failure. 



[bookmark: _Toc88339812][bookmark: _Toc88513705]Figure 14: C-Channel strength test results in compression

C-Channel Progressive Failure Tests 
A series of tests were conducted to better understand the damage behavior in the corner of the C-Channel. The test coupons are sections cut 1.4 inches wide from a C-channel with the top flange cut off to make an L-shaped coupon. The L-section test coupon and test setup is shown in Figure 15. Both tension and compression tests were conducted, but only the tension test results are discussed since they are more critical.

[image: ]
[bookmark: _Ref87380487][bookmark: _Toc88339813][bookmark: _Toc88513706]Figure 15: (a) Test specimen configuration and (b) test setup, with all dimensions in inches. Rotation due to eccentric load path: (c) initial and (d) deformed (exaggerated). All dimensions are in inches.

The test results show the first indication of damage near the corner occurs relatively early. Figure 23 shows the CTE-413-6 coupon monotonic tension test ultimate failure is at 1,584 lb-f (5.1x DLL).  The very first damage DIC observed is the right-side edge, where the flange meets the web, starting at 396 lb-f (1.25x DLL), the left side started later at 525 lb-f (1.68x DLL). The early damage is observed via the DIC correlation coefficient. The correlation coefficient gives an indication of the uncertainty of the displacement measurement, which tends to become large when displacement discontinuities from damage occur. The test of coupon CTE-413-2 to 1.15x DLL showed no damage.   

Right Edge @ 396  lbs
CTE-413-2: Test to 258 lbs, no damage
Right Edge Initiation DIC (396 lbs)
Left Edge Initiation DIC (525 lbs)
CTE-413-6: Significant damage at 1584 lbs 
Edge damage characterization based on DIC ‘measurement uncertainty’ metric

[bookmark: _Ref87380854][bookmark: _Toc88339814][bookmark: _Toc88513707]Figure 16: L-specimen tension test data showing first indications of damage in C-channel corner

The significance of this data is that by 1.5x DLL in tension, some damage in the C-channel corner (flange to web intersection) is likely to occur. When the specimen is unloaded and reloaded, it reloads along the secant stiffness of the first loading until exceeding the highest previous load. Thus, although damage occurs and results in a change in stiffness, the ultimate load carrying capability remains well above the design requirement. 
Sub-Element Verification Testing and Results
1. Sub-Element Joint Test Article
The C-joint sub-element testing demonstrates the ability to carry critical load through the Pi-preform bonded joint in tension, compression, and bending. The joint is 4 inches wide at the Pi-preform. The Pi-preform co-bonded with FM209-1M film adhesive to the sandwich panel and the C-Channel representation (C-rep) at 55°, as shown in Figure 24a.  The Pi-preform co-bonding utilizes an oven cure process. The C-rep, as the name suggests, represents the C-Channel web in terms of the 3D weave design and stiffness. For convenience, the C-rep is made from 3D woven AS4 carbon fiber tows infused with RTM6 epoxy matrix resin transfer molded (RTM) to produce a 0.6 inch thick flat panel and then machined to a final thickness of 0.45 inch. The result is that the C-rep and C-Channel web bending stiffnesses are equivalent. An aluminum load tab is adhesively bonded to the sandwich facesheets to introduce loads into the test article. The test article is clamped in a metallic load fixture such that load is transferred through the C-rep to the test fixture, which is fixed to the test frame, as shown in Figure 17b. The fixture is designed such that the C-rep is placed against a hard stop and shimmed to prevent sliding at the clamped interface during loading. A quantity of nine nominally identical specimens were fabricated and tested.


[bookmark: _Ref74042138][bookmark: _Toc88339815][bookmark: _Toc88513708]Figure 17: C-Joint Subelement Test Article.
1. Sub-Element Pre-Test Analyses
Iterative design and analysis processes were conducted to size the test article and test fixture. These were done to ensure that the acreage and the load introduction regions are robust enough to carry the designated loads without failure and to push the ultimate failure to the joint vicinity. It was also done to insure that the buckling failure was not a probable failure mode under compressive loading. The test fixture also had to be stiff and capable of carrying the test article expected failure loads with no issues. Figure 17b illustrates the FEM of both test article and fixtures (element boundaries are not shown).

 Figure 18a and b show the pre-test load versus displacement predictions for tensile and compressive loading cases, respectively. 

[bookmark: _Ref89549678][bookmark: _Toc88339817][bookmark: _Toc88513709]Figure 18 Pre-test FEA Load vs. Displacement Prediction for the Tension (a), and Compressive (b) Loading Case.




Figure 19 shows the axial strain contours of the sandwich panel and Pi-preform legs under tensile and compressive loading. These full field strain contours were used as guides for implementing instrumentation (e.g., strain gages) prior to testing and to ensure that the expected DIC profiles are obtained during each test.



[bookmark: _Ref87780916][bookmark: _Toc88339818][bookmark: _Toc88513710]Figure 19: Axial Strain Contour at 3.5 kip Tensile (a) and 7.1 kip Compressive (b) Load Case.

Loading and Instrumentation 
The specimens were mounted in the test stand and an alignment procedure was used to ensure uniform load distribution. Shims were placed beneath the load fixture to achieve the desired alignment of the sandwich panel with the loading axis. The side of the joint with the obtuse angle is referred to as the front. 

In initial proof of concept testing (prior to implementing full instrumentation), two (out of ten) test articles were subjected to 2x DLL loading in tension, compression, and bending. It is noted here that, the bending DLL magnitude is very low, tested once, and not pursued in later tests having been deemed non-critical.  The first test article underwent bending, tension, and compression loading to 2x DLL then continued toward compression failure.  The second article underwent bending and compression to 2x DLL and was ultimately taken to tensile failure.
 
Subsequently, four specimens were loaded in tension and five specimens were loaded in compression. Load was applied quasi-statically using a uniaxial test stand with displacement control. One tensile specimen and one compression specimen was loaded in four cycles from near zero load to DLL to evaluate sensitivity to cyclic loads. Subsequently, all the specimens were loaded beyond 2x DLL to demonstrate residual strength and load carrying capability. Four specimens were loaded until two-piece failure. The remaining specimens were loaded to where damage was suspected, defined as a load drop or stiffness change. These specimens were unloaded after damage events were observed and inspections were performed. These were then taken to ultimate failure to show residual strength.

The specimens were instrumented with three strain gages on the back side of the sandwich panel. Load, stroke, and strain were recorded at 2 Hz in the tests to failure and 10 Hz in the sub-critical tests. Full-field displacements were measured on the front and side of the specimen with two DIC systems. The DIC systems recorded images at 1 HZ. A photograph of a test specimen prior to DIC painting and the test setup just prior to loading are shown in Figure 20. The side DIC system included speckle pattern on the load fixture edge, C-rep edge, and load tab edge. The speckle pattern for the side DIC system is not shown Figure 20b since it is on the opposite side of the test specimen. 

[bookmark: _Ref74042276][bookmark: _Ref88339581][bookmark: _Toc88339819][bookmark: _Toc88513711]Figure 20: Prior Subelement Test Configuration and Results
Test Results
The initial proof of concept testing results on the first two test articles showed that each test article successfully carried 2x DLL in bending, tension, and compression with no sign of damage. The first test article (-1) sustained compressive loading without failure at 6.8xDLL, the second article (-3) failed under tension at 11.3x DLL. The dominant failure mode in the tension case was identified to be Pi-preform base to C-rep interface disbonding. The failure surface is characterized as cohesive failure in the FM209 adhesive and C-rep adherend failure. This is a good failure mode and a load well beyond the CCM capability attributed to the 3D woven C-rep adding significant capability at the Pi-preform bond interface. 

The results of 9 additional test to failure are shown in Figure 21. Recall the -1 coupon had already been tested to 2x DLL in 3 load conditions but did not fail at 6.8x DLL in compression, so it was then included in failure testing. The test articles that were loaded to failure are shown with blue lines, -1, -4 and -5 in compression and -6 and -10 in tension. The test articles that were load cycled 3 times to 1x DLL then loaded to first sign of damage and unloaded after damage events and are shown with orange lines, -7, -8 in compression, and -2 and-9 in tension. The curves are aligned so that a line fit to the initial linear portion of the response goes through the origin. The average initial stiffness is shown with a black dashed line. Most importantly, the data show the structural response of the joint is linear and repeatable with a capability that far exceeds the DLL in tension and in compression. The cyclic article test results were consistent with the monotonic test data shown where linear and repeatable behavior was observed. In the cyclic tests, there was no visually observable damage. 

In both tension and compression, the response is characterized by an initially linear response followed by evidence of damage at higher loads. The remainder of this section discusses the observations of damage. In tension, small load drops are noted. The black arrow in Figure 21a shows an early load drop and displacement jump visible in the test result for specimen 6. Similar load drops occurred in all four tension test specimens. Careful examination of the data shows the first load drop occurred at 2.9x DLL on average (14% CoV). The load drops were accompanied by audible emissions and are likely a result of damage. Subsequent larger load drops occurred at higher loads. Two load drops in specimen 6 are labeled A and B in Figure 21a and will be discussed in more detail below. In compression, a smooth reduction in stiffness is noted starting at around 9x DLL. Since audible emissions were also noted in the compression tests, the change in stiffness could be a result of damage. In specimen 4, three large load drops where noted (labeled A, B, and C in Figure 21b). The fact that the specimens continued to carry load after the load drops is a testament to the damage tolerance of the structure. 

a) Tension
b)  Compression

[bookmark: _Ref74041841][bookmark: _Toc88339820][bookmark: _Toc88513712]Figure 21: Structural response for the nine sub-element test articles (legend shows test article number).

The full field axial strain () contours measured for tension specimen -6 are shown in Figure 22 before and after the load drops A and B. Before load drop A (upper left result in Figure 22), the sandwich shows a symmetric and relatively uniform axial strain distribution. This result is representative of all the test articles and verifies load introduction alignment and uniformity. In Figure 22 high tensile strain at the edge of Pi-base and Pi-upright are observed. These high strains may be a result of edge effects typical to DIC. On the Pi-upright, where it is bonded to the sandwich panel, noticeable strain increases occurred at load drops A and B. The regions where the strain increases occurred are shown with the red dotted rectangles. At load drop A strain increase occurred on the right side. At load drop B a similar strain increase occurred on the left side. These strain redistributions indicate some internal damage event occurred. Even with apparent damage, load and strain redistribution took place such that tension specimens carry additional load after damage providing evidence of damage tolerance.



[bookmark: _Ref74042998][bookmark: _Toc88339821][bookmark: _Toc88513713]Figure 22: Axial strain () contours of tension specimen 6 at load drops A and B.

Axial strain () contours for compression specimen -4 are shown in Figure 23. In the sandwich panel and Pi-upright, strain magnitude decreases as load drops occur, which is indicative that the damage is occurring in other regions of the specimen. In Figure 30c, a change in sign of the strain near the corner of the Pi on the left-hand side is observed. While the magnitude of strain in this region may be unreliable due to the corner geometry, the fact that the sign changes suggest that damage may have occurred in the corner of the Pi-preform. With apparent damage, load and strain redistribution took place in compression specimens and they carried additional load after damage showing damage tolerance.



[bookmark: _Ref74050253][bookmark: _Toc88339822][bookmark: _Toc88513714]Figure 23: Axial strain () contours of compression specimen 4 at load drops A, B, and C.
 C-Joint Subcomponent Verification Testing and Results
A larger joint was fabricated and tested to address material and process scale up and structural integrity with multiple loads applied simultaneously.  This section presents the combined load test configuration, pretest analyses, testing, and test results. The test configuration is shown in Figure 24. 

Test Article with Simulators
Metrology Cameras (4 systems) 
Side Restraints
Vertical and Side Load Lines
Hydraulic Tuning Test Stand

[bookmark: _Ref87378351][bookmark: _Toc88339823][bookmark: _Toc88513715]Figure 24: C-Joint Scale Up Test Configuration
A. Test Article and Test Design
The test article design is shown in Figure 25a. An aluminum load tab is bonded to the sandwich face-sheets for introducing tension or compression side loads uniformly into the test article. The C-channel flanges include a bolt hole pattern relevant to USA interface to connect to stage structures.   The test article does not include curvature or hoop loads. The slight curvature of a 27.5 foot diameter structure is small, the 12.5 degrees angle represented by an arc length of 36 inches is only 0.1 inch different from the cord length. The hoop loads were accounted for in the design yet are not the critical load for the bonded joint stresses and/or C-channel stresses. Application of the hoop stress would have been difficult to implement in this test. The straight section test without hoop loads were simplifications made to show the technology viable with critical loading at reasonable costs. 

Sandwich Panel
C-Channel
Load Tab + Bearing 
Pi Preform
Doublerss
889mm
a) Sub component test article
b) Test assembly 
Upper Simulator 
Lower Simulator 

[bookmark: _Ref74064126][bookmark: _Toc88339824][bookmark: _Toc88513716]Figure 25: Sub-Component Test Article and Test Assembly Designs.

The test article includes simulators and side restraints to enable load introduction mimicking vehicle loads to the extent possible with a straight test article. The test article is bolted to aluminum upper and lower interfacing structures (simulators) to introduce vertical loads into the test article. The test assembly design with structure simulators is shown in Figure 25b. The simulators represent the attachment and expected load path. The upper simulator is designed to transition the vertical load into the C-channel uniformly and ensure the C-channel compression case applies the load centered on the C-channel web. The bolted geometry allows the C-channel tension cases to apply moments into the C-channel corner. 

In order to help react the side load, side restraining structures were also designed and implemented as parts of the test assembly, as shown in Figure 26. Global analyses showed buckling would not occur in the CTE Point Design. However, subcomponent test analyses without side restraints showed side loads deform the structure laterally, which made the test prone to buckling instability under vertical compression load.  Four adjustable rollers were used in the side restraint to allow the test assembly to be positioned into the test stand with typical assembly tolerances, and the rollers were adjusted into position to touch the upper simulator with near zero side load. The roller design essentially enforces a guided boundary condition on the vertical load line. The side restraints were sized based on a stiffness requirement to push the buckling load above 5x DLL. 

 
[bookmark: _Ref87522559][bookmark: _Toc88339825][bookmark: _Toc88513717]Figure 26: Side restraint design with adjustable rollers

Running loads were extracted from the global model in the vertical (C-channel) and side (sandwich panel) directions. To be conservative, the worst-case tension and compression loads were selected from all load cases and locations in the global model. Thus, four load cases were defined for the test: panel (Pi) compression, C-channel compression (PCCC); panel tension, C-channel compression (PTCC); panel tension, C-channel tension (PTCT); and panel compression, C-channel tension (PCCT).
B.  Pre-Test Analysis 
The test article and support structures were analyzed and sized through an iterative design/analysis process. A FEM was developed for pre-test analysis, as shown in Figure 27. The model was created using FEMAP, pre- post-processed in Mentat, and analyzed with MSC Marc considering geometric nonlinearity. The model was used to size the load introduction structures and features; to provide expected strain and displacement values during each load case; and to identify locations for instrumentation. The FEM included the test article, load introduction structures, preloaded bolted connections, contact, and linear elastic properties (smeared orthotropic for 3D woven composite). Figure 28 and Figure 29 show load vs. displacement FEM analysis predictions and C-channel web axial strain contours for the four load cases to 2x DLL, respectively.















[bookmark: _Ref88380853][bookmark: _Toc88513718]Figure 27: Detailed FEM used for pre-test analysis predictions


[bookmark: _Ref88382082][bookmark: _Toc88513719]Figure 28: Load vs. displacement for the four load cases to 2x DLL (Red: Tensile loading, Blue: Compressive loading).


[bookmark: _Ref88639084][bookmark: _Toc88513720]Figure 29: C-channel web axial strain contour for the four load cases to 2x DLL

In order to prevent crushing the 3D woven flange material, the connecting bolts to the upper and lower simulators were preloaded to 13% of the bolt yield stress. That preload value was used in analysis and demonstrated in test to not cause damage. In a flight hardware situation a design feature (e.g., bushing and shear pins) would be added to achieve preload to 65% of the bolt yield stress, thus preventing joint slippage and gapping.

The side load line did not have restraints for out-of-plane movements. Thus, sandwich panel instability under compressive loading was a concern. The pre-test analysis shows panel rotations and panel out-of-plane displacements, Figures 30a and b, respectively, increase nonlinearly with load. This instability is sensitive to misalignments, side restraint roller contact, and other boundary conditions that are difficult to account for in analysis. The more precise analysis provided evidence that at loads higher than 2x DLL this instability is a concern. Particular attention was given to alignment during test setup and the panel out-of-plane deformation was closely monitored during load application.  



[bookmark: _Ref88477095][bookmark: _Toc88513723]Figure 30: FEM analysis of panel load line instability under compressive loading: a) Test article displacement at 3.7x DLL PCCC loading, b) Panel load tab out-of-plane deformation as a function of panel load.

C. Loading and Instrumentation
A total of 11 individual load cases were planned for the test article, as shown in Table 2. Two tests were done to test the individual load lines and responses. The tests were then performed first at 1.25x DLL, then repeated in the same order at 2.0x DLL to demonstrate joint robustness. The last test was planned as the PCCC load case up to 5x DLL (test setup capacity) or ultimate failure, whichever occurred first, to establish ultimate strength and failure mode. PCCC was selected since the majority of the point designs experience this load case during launch. During the tests, strain and deformation were monitored and recorded. Full-field strain from 4 DIC camera systems were recorded. Three camera sets monitored the C-Channel performance: one camera set on each end to measure the flange behavior, and one camera set focused on the web opposite the sandwich panel to measure web behavior, as shown in Figure 31. The four DIC system measured the Pi preform strains and deformations on the lower side, as shown in Figure 32. Strain and displacement were also measured with 32 foil strain gages, and 10 linear variable differential transformers (LVDTs). 


Table 2: Sub-component test loads and directions
	Test Order
	DLL
	Loads (Kips)
+ Tension, - Compression
	Test ID

	
	
	Panel
	C-Channel
	

	A1
	0.3
	0.0
	-25.0
	030CC

	A2
	0.3
	-5.0
	0.0
	030PC

	1
	1.25
	-7.98
	-75.43
	125PCCC

	2
	1.25
	+4.87
	-75.43
	125PTCC

	3
	1.25
	+4.87
	+9.80
	125PTCT

	4
	1.25
	-7.98
	+9.80
	125PCCT

	5
	2.0
	-12.76
	-120.68
	200PCCC

	6
	2.0
	+7.79
	-120.68
	200PTCC

	7
	2.0
	+7.79
	+15.68
	200PTCT

	8
	2.0
	-12.76
	+15.68
	200PCCT

	9
	5.0
	-31.9
	-301.7
	500PCCC





Figure 33 and Figure 34 show strain gage locations on the test article, upper and lower simulators, and side restraint structure. Strain gage data were used to ensure that the test article was loaded uniformly during tests. The data from side restraint structures were calibrated to indicate side constraints reaction loads during the tests. The 10 LVDTs that were installed on the test article and support structures, used to measure displacements during the tests, are shown in Figure 35.


C-channel web DIC view
C-channel end DIC views
Flanges

Figure 31: C-channel DIC field of views

Lower Pi-preform DIC view View

Figure 32: Pi-preform DIC field of view
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Figure 33: Strain gage locations on test article and simulators
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Figure 34: Strain gage locations on side constraint structure






Figure 35: Schematic of the LVDTs Used for Measuring Displacements During the Tests

D. Manufacturing
Design includes manufacturing processes details, as it is understood that manufacturing process influences properties which in turn influences performance. The C-channel and Pi-preform manufacturing details have been presented previously [1]. The scale up manufacturing discussed here is the bonded joint assembly of those parts. The smaller sub-elements represent an easier more controlled manufacturing task. The 36 inch segment scale represents bagging, compaction, and heating challenges. The technology goal is out-of-autoclave/out-of-oven processing for cost effectiveness. A 30 foot autoclave is hard to find and very costly to use while a 30 foot oven is more common.  The most cost-effective approach is to apply heat locally to cure the Pi-preform. CTE’s approach was to use heater blankets under a vacuum bag – an approach used by NASA’s Composite Crew Module [11].   CTE worked with experts and contracted with HeatCon to design and build heater blankets formed for the defined pi-preform angles to enable good consolidation during Pi-preform curing. However, tests with heater blankets in our configuration resulted in part temperature variances as large as 25F, well beyond the +/- 10 F desired for our thermoset composite cures. Therefore, the test article made was vacuum-bag-cured in an oven. Future work has been identified to advance the heater blanket cure approach at the project level. 
E. Test Results 
All 11 verification tests were completed successfully with the last test, planned to 5.0x DLL or failure, being stopped at 3.7x DLL. The first three tests at 1.25x DLL were performed without apparent anomalies or damage. The fourth test, 125PCCT, a slip between the C-channel lower flange and the lower simulator was observed. The slip measured 0.014 inch in the panel compression direction after unloading and was confirmed with DIC. The slip magnitude was highest at the center of the test article and diminished toward the ends. No slippage was observed between the C-channel upper flange and the upper simulator. The lower 10 bolts holding the C-channel to the simulator were removed and the bolt holes were inspected without finding any visual damage.  The C-channel lower flange to lower simulator were reset to nominal position and retorqued. The 2.0x DLL tests followed without showing any anomalies or damage until the 200PTCT test. There was some hysteresis observed at 200PTCT, and then C-channel lower flange to lower simulator slippage was seen at 200PCCT. The lower bolts were removed, and visual inspection found no damage. The C-channel lower flange to lower simulator was reset to nominal position. The 500PCCC test proceeded and was stopped at 3.7x DLL due to a variance exceeding 1500 lb-f between the side load line commanded load and the side load line measured load. A visual inspection did not reveal any damage. Video camera, DIC, and LVDT data all showed rapid, large out-of-plane deformation of the panel and side load line, indicating side load line instability.  The following subsections summarize the test results for each of the four load combinations and the key irregular observations.  

Table 3 : Test outcome summarized

	Load Case in order (top down and left to right)
	1.25xDLL
	2.00xDLL
	5.00xDLL

	PCCC : Panel Compression 
C-Chanel Compression
	 
	 
	Stopped Test at 3.7 x DLL 

	PTCC : Panel Tension  
C-Chanel Compression
	 
	 
	No tests planned

	PTCT : Panel Tension 
C-Chanel Tension
	 
	Tension stiffness change
	

	PCCT :Panel Compression 
C-Chanel Tension
	Bolted Interface Slip
	Bolted interface slip
	


 

1. PCCC Test Data
The PCCC tests were performed at 1.25x DLL, 2.0x DLL and the final test to 3.7x DLL. The test article responses for the 1.25 and 2.0x DLL tests are presented in Figure 36.  The dashed lines show the initial linear stiffness for comparative purposes (here and in several of the subsequent figures). Figure 46a shows linear behavior exhibited by the C-channel for both load levels. Similarly, a linear response of the sandwich panel can be noticed in Figure 36b for both load levels.  
a) C-Channel PCCC responses 
b) Panel PCCC responses

[bookmark: _Ref88419164][bookmark: _Toc88513730]Figure 36: PCCC load vs. actuator displacement responses

The axial strain in top and bottom simulators for the 2x DLL case are presented in Figure 37b. The strain gauge locations are shown in Figure 37a. The strain distribution in the top and bottom simulators are different due to their cross-sectional configuration and strain gauge locations.  Strain values between the left and the right strain gages in a given simulator are within 10%, indicating a uniform load introduction to C-channel. 

	[bookmark: _Hlk87606348][image: ]
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	a) Strain Gauge Location on Simulators 
	 b) C-channel Load vs. Axial Strain in Simulators


[bookmark: _Ref88136046][bookmark: _Toc88513731]Figure 37: Axial strain in C-channel of Scale-up C-Joint Test Article – PCCC 


The axial strain at 2.0x DLL and strain gage positions associated with the sandwich panel are presented in Figure 38b. Again, linear strain behavior is observed. And the difference in strain values between the left and the right strain gauges is within 7%, indicating uniform load introduction into the panel.


[bookmark: _Ref88420132][bookmark: _Toc88513732]Figure 38: Axial strain in C-channel of Scale-up C-Joint Test Article - PCCC

All load cases were found to have loads uniformly applied to the C-channel and Panel as was shown for the PCCC case. The data presented after this provide additional insights into the test or test responses. 


2. PTCC Test Data
The PTCC tests load vs. displacement responses are presented in Figure 39.  Linear load vs. displacement behavior is exhibited by the C-channel and the sandwich panel for both load levels.  
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	a.   C-Channel Load vs. Load Actuator Displacement
	b.   Panel Load vs. Load Actuator Displacement


[bookmark: _Ref88136557][bookmark: _Toc88513733]Figure 39: PTCC load vs. actuator displacement responses



Axial strain behavior on the simulators are linear, with the left and right simulator strain gauge values within 12%, suggesting a good uniform loading of the panel.




3. PTCT Test Data
The PTCT tests load vs. displacement responses are presented in Figure 40.  In the PTCT load cases, a nonlinear behavior is present in both C-channel and panel. Initial linear behavior becomes nonlinear relatively early which is expected based on previous sub-element C-channel tests shown in section IIIB. However, a good repeatability was achieved with respect to load for both C-channel and panel.
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	C-Channel Load vs. Load Actuator Displacement 
	Panel Load vs. Load Actuator Displacement


[bookmark: _Ref88137071][bookmark: _Toc88513735]Figure 40: PTCT load vs. actuator displacement responses.




The nonlinear response and potential for damage presented in section IIIB motivate a more detailed investigation of C-channel tension data.  DIC system 1 data was used to create virtual extensometers across the upper and lower simulators. The virtual extensometer locations are shown in the bottom right corner of Figure 41. The virtual extensometer displacement vs. C-channel load for 1.25 and 2.0x DLL are plotted in Figure 41.  Upon 2.0x DLL loading test the initial stiffness is reduced compared to the 1.25x DLL stiffness. The displacements are the same at 1.25x DLL. After both load levels, a residual deformation exists when the specimen is unloaded.
 [bookmark: _Ref88642852][bookmark: _Toc88513740]Figure 41: PTCT C-Channel displacements  
Initial stiffness 1.25x DLL
Initial Stiffness 2x DLL
Permanent deformation
Virtual extensometers defined in DIC
Left
Right
1.25 to  2.0 DLL Stiffness change

Figure 42 shows C-channel end DIC axial displacement measurements after the 2.0x DLL test was completed and unloaded. The measurement shows a 0.006 inch residual displacement between the C-channel corner and simulator. This small deformation maybe a result of viscoplastic deformation in the C-channel matrix, matrix cracking, or both, and is consistent with the behavior observed in the C-channel tests described in section IIIB. Based on the C-channel tests demonstrating load capacity to 5 x DLL, damage that may have occurred when the C-channel is loaded in tension does not reduce the strength capability.
DIC contour showing residual displacement of 0.006 inch after 2.0x DLL PTCT unloading

[bookmark: _Ref88504183][bookmark: _Toc88513741]Figure 42: C-Channel end axial displacement after 200PTCT



4. PCCT Test Data
The PCCT tests load versus displacement responses are presented in Figure 43.  These test data show linearity during loading and hysteresis upon unloading in the C-channel loading axis. In the panel loading axis, significant nonlinear displacements are noticed during loading in addition to hysteresis during unloading.  

C-channel stiffnesses are linear at the 1.25x DLL and 2.0x DLL test loadings, each with different slopes.  These are seen in Figure 43a. The 200PCCT test occurred after the 200PTCT test. The change in stiffness likely resulted from damage in the C-channel flange as noted in the 200PTCT test.   

The sandwich panel load versus displacement plots (Figure 43b) show several noteworthy features. First, the initial stiffness for both the 1.25 and 2.0x DLL tests are the same up to about 3 kips. Nonlinearity is observed starting at about 3.5 kips in the 1.25x DLL test, and start at about 4 kips in the 2.0x DLL test. The panel load versus displacement slope initially reduced and then at higher loads recovers to the original stiffness.  This phenomenon is a result of sliding between the lower simulator and C-channel flange. The onset of stiffness reduction coincides with the onset of sliding. The recovery of the original stiffness is thought to be a result of bearing between the bolt shanks and bolt holes arresting the slip. Secondly, the sudden side actuator displacement at the end of the test was observed. This behavior was predicted as a side panel instability noted in the pre-test analyses right around 12 Kips (Figure 30).  
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	a) C-Channel Load vs. Load Actuator Displacement 
	b) Panel Load vs. Load Actuator Displacement


[bookmark: _Ref88137622][bookmark: _Toc88513742]Figure 43: Structural Response of Scale-up C-Joint - PCCT.

After unloading at the 1.25 PCCT test conclusion, a displacement between the lower simulator and lower C-Channel flange was seen and measured to be 0.014” at the centermost part of the test article.   C-channel and simulator out-of-plane displacements obtained from DIC data are presented in Figure 44 and confirm the post-test hand measurements. This load combination, pulling the C-channel in tension, reducing the flange to simulator contact force, while pushing the panel to the side and down overcomes the bolt preload and friction.
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[bookmark: _Ref88504802][bookmark: _Toc88513743]Figure 44: Out-of-plane Displacement Contours at C-channel & Flange Interface– PCCT Case.


Post-test visual inspections for damage were performed. The lower 10 fasteners were removed, and the flange bolt holes inspected. No damage was observed by visual inspections. The lower flange position was reset, the bolts retorqued, and the side restraints repositioned. The position history through all load cases was captured via DIC and showed the relative position change was small (0.02 inch) throughout all the testing. This is within assembly tolerances.   


5. Final test: 500PCCC

The 500PCCC test was performed with the intent of achieving structural failure.  PCCC load combination was chosen for loading to failure as a critical load case for launch vehicle applications. The test was stopped at 3.7x DLL load, prior to reaching failure, as a result of previously mentioned side load line instability.  

The 500 PCCC load vs. displacement responses are presented in Figure 44 along with the 125 and 2.00 PCCC data.  These test data show the C-channel response is linear. The sandwich panel response is linear until 17 kips then follows a nonlinear path until the test was stopped. A change in boundary condition in the side load actuator led to large deformation of the panel which reached the pre-programmed difference limit and triggered unloading automatically. 


PCCC C-Channel Load vs Displacement
Load (Kips)
Actuator Displacement (in.)
PCCC Panel Load vs Displacement
Load (Kips)
Actuator Displacement (in.)
Change in load line boundary condition

[bookmark: _Ref89636589]Figure 45: Structural Response of Scale-up C-Joint - PCCC

The axial strain distribution in top and bottom simulators is presented in Figure 46. The difference in strain values between the left and the right strain gauges is within 2% in both the simulators, which suggests a uniform load introduction to C-channel. Nonlinearity in the slope of strain curves were noticed beyond 150 kips suggesting bending of both simulators. The strain distribution in top and bottom simulator is different due to its cross-sectional configuration and strain gauge location. A C-channel strain jump was noticed at 223.3 kips (max load) in upper simulator and a slight decrease in lower simulator indicating unloading of it and bending of upper simulator until load release. 

The sandwich panel axial strains are shown in Figure 46b.  Linear behavior of the strain up until 17 kips is observed and the difference in strain values between the left and the right strain gauges is within 7.5%, suggesting a uniform load introduction into the panel. At 23.6 kips (max load) in the sandwich panel, the axial strain suddenly decreases.  
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	a) C-channel Load vs. Axial Strain in Simulators 
	b) Panel Load vs. Axial Strain in Simulators


[bookmark: _Ref88511122][bookmark: _Toc88513745]Figure 46: Axial strain in C-channel of Scale-up C-Joint Test Article - PCCC. 

The sandwich panel LVDTs include in-plane displacement at both left and right ends, (LSE1 and 2), and out-of-plane displacements at the panel left and right ends (LSP1 and 2), and are shown in Figure 47. The in-plane displacement tracked uniformly until the load stopped with a small nonlinearity above 15 kips. The out-of-plane displacements show relatively little movement until about 10 kips. After 10 kips LSP1 starts to displace more than the LSP2. At maximum load, the panel shows a large out-of-plane displacement. The large out-of-plane displacement was also observed in a video recording showing a sudden and large shift where the sandwich panel load tab connects to the load actuator.   
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	a) In-plane LVDT Displacement vs. Panel Load
	b) Out-of-plane LVDT Displacement vs. Panel Load 


[bookmark: _Ref88511828][bookmark: _Toc88513746]Figure 47:  Sandwich panel LVDT displacements  - 500PCCC.


The significant jump in the out-of-plane panel displacement leads to a conclusion that the panel and load actuator experienced instability. This data is supported by the pretest prediction of this instability shown earlier in Figure 30. The panel instability is also confirmed by the axial strain contours in the sandwich panel, which are presented in Figure 48, just before and after the boundary instability.  The higher load for this instability compared to the 200PCCT test can be attributed a change of boundary conditions made after the 200PCCT test to reset flange position after the slippage. The strain before and after this event measured 1086 micron and 60 micron, respectively, indicating unloading of the sandwich panel. The low strain before and after the event also suggests it is unlikely that damage precipitated the event or that damage occurred.  
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[bookmark: _Ref88513101][bookmark: _Toc88513747]Figure 48: Axial Strain Contours in Sandwich Panel before and after Boundary Instability – 3.72 x DLL - PCCC.




6. Final Evidence of Successful Structural Verification

Loading at 3 different PCCC levels show C-Channel and sandwich panel stiffnesses in compression remains the same and linear after all 10 prior load combinations were applied as seen in Figure 45. This repeatable, linear performance demonstrates structural integrity was maintained in the most critical load case. It is concluded that suspected matrix cracking in the C-channel from PTCT and PCCT tests do not adversely affect the structural behavior under compression, nor do they impact the Pi-preform bond integrity. These results prove the 3D woven composite C-joint design is robust and applicable as a primary structural load path for large composite structures. 

II. Conclusions
The CTE project advanced 3D woven composite bonded joints for SLS scale applications through materials, design, analyses, manufacturing, inspection, and structural verification testing at multiple length scales. The CTE point design established a relevant structural concept to develop and validate lightweight end ring designs. A design concept is shown with a 3D composite woven C-Channel for the bolted stage interface and a 3D woven Pi-preform co-bonded to the C-Channel and conic structural acreage panels.  Bonded joint assembly development produced assembly procedures at both the 6 inch and 36-inch scales. Vacuum bag cure in an oven were performed for all jointed verification test articles. Flat panel verification tests employing progressive damage measurements showed 3D weaves start with matrix cracking and fiber tow debonding, and as load progresses toward failure, those cracks were arrested by tows oriented across the cracks. This resulted in damage tolerant material behavior with no susceptibility to matrix dominated failure modes such as delamination in traditional laminated composites. Loss of load carrying capability occured by fiber rupture. Verification testing of C-channels showed this damage behavior in C-channel tension testing with cracks appearing at the web to flange corners about 1.5xDDL. Nonetheless, C-Channel strength data showed ultimate strengths of about 5.2x DLL. C-Channel compression strengths were about 7.0x DLL with damage prior to failure occurring at a much higher fraction of ultimate load than in the tensile tests. Sub-element verification testing on 6” jointed test articles demonstrated capability to 2x DLL in tension, compression and bending without damage. Tests show the Pi-preform to C-channel pull of strengths exceeded 10x DLL. Larger 36 inch sub-component joint verification tests with loads applied in two directions simultaneously further demonstrated the C-joint design and manufacturing scaled up.  The sub-component test article was subjected to several loadings.  Initially at 4 load conditions at 1.25x DLL, then repeated at 2.0x DLL. Some slight damage appeared evident in the C-Channel corner during C-channel tension cases, with a stiffness reduction observed in tension loading. However, the C-joint was still able to carry designed loads and meet structural performance requirements. Finally, loading to 3.7x DLL in the structure’s compression dominant load case, showed no stiffness change occurred from the first test. This indicated that any damage that did occur in tension did not affect the structural performance in compression. The Pi-preform bonded joint region remained fully bonded and the C-channel maintained structural integrity throughout all testing, proving the lightweight 3D woven composite C-joint design is robust and applicable for use in future large composite structure primary load paths.
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C-CHANNEL COMPRESSION - LOAD VS DISPLACEMENT
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