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Introduction
The goal of this project was to investigate the production of Filament Wound carbon fiber composite cylinders and their usefulness as hydrostatic pressure cases, and use these as lightweight, corrosion resistant, long duration, one atmosphere housing for Oceanographic applications. This involved the purchase of stock production composite tubing to be cut to length.  The inner diameter and wall thickness were chosen to match materials already in use here at MBARI in an attempt to validate the designs.  This also required the design and production of stainless steel rings to be bonded on the ends of the cut tubes, and the manufacture of end caps to seal the assemblies.

Cylinders were purchased from Amalga Composites,  in 7” ID, 0.310” wall dimensions, with 10 “layer” mandrel wound construction, at +/-80 deg. layup angles. End Rings and End Caps were machined in-house.
For all the theoretical calculations and physical tests, the internal diameters were fixed at seven inches, while the lengths investigated were 7 inches long and 21 inches long. For the theoretical calculations and Finite Element Analysis the wall thicknesses, lay-up angles and tube lengths were varied to pursue the sensitivity to failure of these parameters.
The questions to be pursued, were:
1. What influence does the length have on the failure mode as well as it’s value.
2. What influence does the angle of lay-up and or mixture of lay-up angles have on the failure mode as well as it’s value.
3. How well does the theoretically calculated failure values match the real pressure test failure values.
4. What is a reasonable lifetime in cyclic use?
Components-
This study evolved into several parts. 
-The first part was exclusively theoretical calculations involving various lay-up angles, wall thicknesses and lengths. 
-The second part involved a series of Finite Element analysis of several candidate lay-ups to look at the differences of linear and non-linear solutions. 
-Thirdly, a series of pressure tests were run on full size pressure case assemblies to determine the real world failure values.
Background
The use of carbon fiber composite tubing as a hydrostatic pressure case has the attraction of using the high strength of carbon fibers while reducing both the air weight and displacement of the final assembly. Graphite/Epoxy laminate will be less than half the weight of Grade 5 Titanium.(TENSILE PROPS) 
In this application the use of o-rings requires the placement of metallic rings on the ends of the tube to provide sealing surfaces for the o-rings.  These and the addition of endcaps will add significantly to the over all weight of the assembly.

There are many ways to make up a cylindrical shape with carbon fiber composites. The first being to simply lay-up each layer individually one on top of the other with fiber mat and wet-out each layer, butt joining the two matching edges.
The second fabrication method would be to cylindrically roll the cylinder in a spiral using pre-preg matt and heat cure the assembly leaving an exposed edge.
The fabrication method pursued here is a filament winding process where individual threads are wound at the specified angle from one end to the other repeatedly until the desired thickness is achieved.
[image: X:\901418_CompositePressureCases\DOEST_2014\MFG_filament winding.jpg]
Theoretical Considerations
All the design calculations for both the short (7 inch long) and the long (21 inch) cases were done in what is now an obsolete software package called Composite Pro. With material inputs of Fiber type, Resin (matrix) type, and design variables of internal diameter, number of layers, layer thickness and layup angle, Composite Pro provides; Critical Buckling Pressure, First Ply Failure Pressure, and in the Thin Wall Pressure vessel calculation, the delta radial dimensional change, axial strain, and Theda strain.
What follows is a walk thru of the design process within Composite Pro to calculate the failure modes and values for each of the two example case lengths. 
Within Composite Pro the fiber composition and matrix material can be selected from the menus or imported from external files.  Once the number of layers is specified as well as the individual layup angles of the fibers in each layer,   Composite Pro will display the 2D “smeared” laminate properties.  (see Figs. 1, & 2) From here the shape and dimensions, in this case a tube, can be specified.  Then specific solution modules can be chosen. 
Since the dimensions of the tubes are 7 inch I.D. and a wall thickness, for the ten layers, of 0.310 inches, the tubes are by definition Thin Wall Pressure Vessels and therefore subject to buckling failure. The Cylinder Stability Module within Composite Pro calculates a Critical Hydrostatic Pressure for a buckling failure with a general “no mid-plane symmetry” condition.  This buckling pressure, for the short (7 inch) cylinders was 7,259 psi., in three lobes (n = 3).  (Fig. 1, Test10_7x7.0-1)  Given that the buckling pressure is a function of length, the longer specimens i.e. 21 inch tubes have a significantly lower buckling pressure of 3,130 psi. in two lobes (n = 2).  (Fig. 2, Test10_7x21.0)  Both of these failure pressures have had a twenty-five percent reduction (knock down factor) applied.  This is done in a similar manner to the calculations done by the sixth edition of Roark and Young, Table 35 Formulas for elastic stability of plates and shells Case #20. In which they state, “Values of experimentally determined critical pressures range 20% above and below the theoretical values given by the expressions above. A recommended probable minimum critical pressure is 0.80q`.” Internally, Composite Pro used a knock down value of 0.75q` instead of the 0.8 book value. Thus the calculated values would be 9,679 psi. for the 7 inch tubes and 4,173 psi. for the 21 inch tubes.  This will be important when comparisons are made with hydrostatic pressure tests of physical specimens later.
For carbon fiber composites, there is no equivalent failure mechanism to material yield in isotropic materials.  The Composite Pro Thin Wall Pressure Vessel Module uses external pressure values and computes a First Ply Failure value of 4,343 psi. at the first or inner-most layer. (Fig. 3, Test10_7x7.0-1, Fig. 4,Test10_7x21.0) This is the value at which the inner ply, or laminae shears or separates from the wall and no longer supports or is part of the tube, at which point the tube can no longer support the hydrostatic pressure and collapses. This value remains constant for any length tube. 
In an attempt to validate at least some of the software calculations, an effort was also made to do duplicate the buckling calculations in MATHCAD.  The resulting calculated value for the short 7 inch tubes was 9,433 psi. minimum buckling pressure. Or less than a 3% difference between the two calculations. See Appendix “B”, for this calculation.

Optimization ???
 The use of Composite Pro, also allowed the pursuit of various lengths, wall thicknesses (number of layers), and winding angles, in an attempt to define some optimal design.
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Finite Element Analysis
Several Finite Element Models were created.  One each to match the dimensions of the 7 inch and 21 inch long tubes to be tested, as well as one model at 10 inches long to match a physical point load test to determine the Youngs’ modulus of the bulk tube.
All three FEA models used the lamina properties from Composite Pro to populate the material properties of the 10 layer model. (Fig. 1, Test10_7x7.0-1)
The 10inch long test specimen of this tube material was cut and strain gauged in the 3 O’clock and 9 O’clock positions at the midpoint of the cylinder. The gauging procedure will be discussed in the pressure testing section below. The tube was placed in a hydraulic test machine and point loaded at the mid-point of the tube. Vertical displacements were measured and the values of strain measured from the gauges.  A graph of the results is shown in Fig.5, Disp. vs Strain.  
As long as the displacements are small, it would appear that the measured strains match well with the FEA calculated values.  This seems to validate the chosen material properties from Composite Pro and the layered structure used by SolidWorks Simulation. See the SolidWorks Simulation figures for strain, where the strain values are probed at the three and nine O’clock positions, (Fig.6, Modulus_Test10_7x10.0-Y-Dir_Strain), as well as the Y-Dir displacements, (Fig.7, Modulus_Test10_7x10.0-Disp-Y).

The 7 inch long tube FEA model was run as a linear static problem in SolidWorks Simulation, using the same orthotropic material properties as the previously discussed modulus test of the 10 inch tube.  Since Composite Pro predicted a first ply failure at 4,343. Psi., that pressure was used as the input for the model.  Fig. 8 (Test10_7x7.0-StressPly1) shows the maximum value of Von Mises stress on the inner surface of the tube at being 47,498. psi.  From the stress module results of Composite Pro, (Fig.xx Test10_7x7.0) a hand calculation of Von Mises stress using the mid-lamina values of; Axial Stress = 26,750. psi., Theta (hoop) Stress = 54,770. psi. and the Shear Stress = 9,776. psi., produces a Von Mises Stress result of 50,368 psi.  Or less than a 6 percent difference.  So within a linear range of loading, the FEA model appears to be an accurate representation of the theoretical calculations.
Subsequent to this effort, the same FEA model was run as a linear buckling problem.  As discussed previously, Composite Pro produced a buckling failure value of 9,679 psi. in three lobes, i.e. n=3.  The first buckling mode produced by SolidWorks Simulation is shown in Fig.xx (Test10_7x7.0-M1).  This is obviously three lobes and at a pressure load of 9,526. psi., the “Load Factor” is 1.0001, meaning the model is essentially at the buckling pressure.  Again, the FEA appears to be validated by the theoretical calculations.

The 21 inch long tube FEA model was also run as a linear static problem in SolidWorks Simulation, using the same orthotropic material properties as the previously discussed modulus test of the 10 inch tube. Since Composite Pro predicted a first ply failure at 4343. Psi., that pressure was used as the input for the model.  Fig. xx (Test 10_7x21-StressPly1) shows the maximum value of Von Mises Stress on the inner surface of the tube at 47,597. psi. From the stress module results of Composite Pro, (Fig. xx Test10_7x21) the Von Mises Stress is again 50,368. psi.   
 Since the 21 inch tube had a calculated buckling failure value of 4,173. Psi. without the “knock down factor”, the FEA model was run as a linear buckling problem as well. The results here are significantly different from the theoretically calculated values. Fig. xx, (Test10_7x21-M1). Though the first mode produced a n=2 shape, it appears that “m”, the axial mode shape is also two (m=2), and the “Load Factor” is 5.129.  Perhaps the solution is missing all the m=1 mode shapes.  This remains un-resolved.  






Pressure Tests
Pressure tests of cases made from this material were fabricated with unsupported  7 inch and 21 inch length pressure cases for the purpose of exploring the first ply failure theory  and failure due to buckling in the longer samples. Based on the theoretical calculations the shorter cases should fail in first ply failure, while the long cases being three times the diameter in length should clearly fail in buckling.
The bulk tubing material consisted of 7 inch internal diameter carbon fiber / epoxy composite with 10 ply’s of +/-80 degree layup angles for a total wall thickness of .310 inches. The tubing was cut to length in segments of 7.625 inches and 21.625 inches. These lengths were chosen to produce unsupported lengths, between the endcaps, of 7 and 21 inches respectively.
To seal the cut ends of the tubes and provide sealing surfaces for o-rings, machined rings with a “U” shape were produced for both ends of each tube. As can be seen in Fig. xxx, (P-201366-12_CaseEnd Ring), the walls of the ring were designed to be thin and allow some flexure in the wall of the tube, as a “simple” support, as opposed to a rigid moment producing support.  The bottom of the “U” shape is thick enough to provide threaded holes for the endcap and strong structural support.
As shown in both assembly prints Fig.xx, and Fig. xxx, paper punch dots were used as spacers in the bottom of the rings to provide .004 to .007 inches of space in the bottom for a glue line. 
3M Scotch Weld DP460 is the two part epoxy used to glue the end rings to the ends of the tubes. Considerable force was required to push the cylinders fully into the end rings, and get squeeze out of the epoxy glue on both the inner and outer surfaces. As will be discussed below, the L2 case assembly was not properly seated on one end ring and the difference in endwall support was apparent during our hydrostatic tests. After this, a hydraulic press was used to provide enough seating force to ensure a consistent glue line
The end caps for all cylinders and all tests were designed to 3,000 meters with a safety factor of 1.2:1. See Fig. xx (Test10_7x7.0_PV08.0-EndCapSS.xmcd) These end caps were reused from one test to the next. The only difference being the central threaded tubing port, to provide a wire pass through for the strain gauges in those tests where strain measurements were taken. There was no apparent effect of this change upon the test results for either assembly.





C/F Housing Instrumentation Notes 						8/21/17

For the test specimens that were to be strain gauged, we used a 3wire ¼  Bridge circuit utilizing 350 ohm,  .25” general purpose strain gages.  They were installed on the radial midline of each test article, 8 each, 45 degrees apart. The 8 gages allowed a reasonable plotting of the lobed shapes we expected to encounter whether n was 2,3, or 4 .  Installation and wiring was challenging because of their location.  Working inside a 7” diameter tube was especially difficult on the 21 inch long tubes since the view was blocked with 2 hands holding wires, adhesives, soldering iron, etc.  We started with the short tubes to develop an acceptable technique.  We used a small video camera with a shortened focal length mounted inside the opposite side of the tube to provide a close-up view of the gage and solder connections.  This was viewed on a computer screen.  These installations could not have been accomplished without this arrangement.
 [image: X:\901418_CompositePressureCases\Pic's\SGLONG1.JPG] [image: X:\901418_CompositePressureCases\Pic's\screen image.JPG]

 [image: X:\901418_CompositePressureCases\Pic's\soldering.JPG]        [image: X:\901418_CompositePressureCases\Pic's\Straingages_S1.JPG]
The constraints of space and accessibility also precluded the use of a preferred ½ bridge configuration.  The 3 wire arrangement helps to mitigate leadwire resistance issues. Also, leadwires were cut to the same length, ~8 ‘, to equalize these leadwire resistance effects.  A choice was made to install gages which had very small Cu leads attached which were then soldered to a separate small solder pad about 0.5” from the gage.  Because of the difficult mounted position of the gages the small solder pad separation allowed some safety to the gage when soldering the 3 stiff, much larger leadwires in close quarters.  This seemed a better alternative than using an integrated soldering pad right on the gage.  
The 2120A Bridge/Amps had convenient integral completion resistors available.  We had the advantage of a stabile thermal environment (2000 lbs. of steel and 20 gal of oil), and an electromagnetically quiet space to work in.  These issues are the typical compromises when using ¼ bridges and fortunately were  minimized.   The gages were installed with best practices cleaning and alignment procedures and a cyanoacrylate adhesive we were familiar with was used.   The Gain and Balance of the bridges was in accordance with written manufactures procedures. In addition a check was performed against a cantilever beam of known dimensions, with a point load and leading to a well known calculated strain field.  An identical gage with identical wiring to the test gages was installed at the base of the beam.  The indicated strain was only 4% different from the theoretical. This allowed an even more accurate gain setting. 
After the gages were installed and wired to the bridge system, checks were performed to verify proper adhesion  as the gages self heated and the thermal, electromagnetic stability of the entire system was verified.   Note, the cases were filled to appox. 90% of volume with oil to reduce the pressure spike effects on the test system.   The gages were isolated by 2 layers of conformal coatings so the oil had no effect on the gages or wiring. Week long  Stability checks prior to the beginning of testing verified these arrangements.  
 Likewise, just before the pressurization steps were started, the system was allowed to thermally stabilize in the pressure test housing for an hour or so. It was easy to verify when the gages had stabilized by watching the zero shifts since the last re-zeroing. We did not have any problems with any of these stability checks.



Zero Shifts-
During the course of the testing we had occasion to pressurize to a certain level and return to zero.  We did notice a substantial  shift in the initial zero indication that did not relax or return to the initial zero even soaking  all night at 0 pressure.   This was a permanent indicated zero shift of the gages.  They were not identical but always in the same direction.  This implied something had moved, somewhat uniformly.
My experience with strain gages led me to think it was not a problem with the adhesive, nor an electronic problem, the shifts would have been more erratic.    Therefore we suspect a slight permanent set in the layered nature of carbon fiber construction when in a significant compressive stress environment.  This shifting showed up a few times in a consistent manner and will be addressed more thoroughly in the discussion section.

GENERAL NOTES—
All gages had identical Gage Factors, Transverse Sensitivity, etc.,  all installed as similarly as possible. After the initial Gain factors were set-up and verified,  No adjustments to the bridges were necessary for all the tests other than initial zeroing/balance and the zero shifts documented above.
Graphs showing distortions from cylindrical are grossly exaggerated for illustration. Actual distortions are in several hundredths of an inch.  
Strain readings increased negatively as the local radius was reduced, i.e. Gages in compression. When the external pressure was increased,  the wall moved inward, uniformly reducing radius,    as long as a cylindrical shape was retained.  
 As evidenced most clearly with L1, as a 2 lobe elliptical shape emerged, the reduced local radius of the bulged  areas caused the strain to increase (neg.) dramatically.  The areas that where “flattening” showed a reduced rate of strain increase even to the point of a curve reversal @~2000 psi. GraphXX,   L2 had gages that went positive around 1500 psi.  That indicated the local curvature was of a radius greater than the as-built, as installed  0 pressure condition.  
The 1/Bending Strain is a graphical technique which when slightly extrapolated tends to converge on a pressure value which is close to the failure point.    This technique did not work very well with the short tubes but was very good when graphing the data from the long tubes.   Of course the best results were obtained when including data which was past the “knee”, so we were less than 10% away from failure anyway.   It still was a good verification of proper functioning overall of our instrumentation. 
[image: X:\901418_CompositePressureCases\Pic's\DSCF0068.JPG] [image: X:\901418_CompositePressureCases\Pic's\installed gage.JPG]
Typical installations,  Short tube ready for install into Pressure Test Cylinder and Strain Gage in mid-line of C/F test cylinder.  Tape is ¾” for size ref.  





Jims discussion----

	An analysis of Mandrel wound Carbon Fiber Cylindrical Tubes in a Uniform Compressive Force Environment.
FEA based engineering stress/strain predictive packages for Composite Structures are notoriously optimistic at 1st ply failure and worse at buckling.  The prediction of buckling failure especially in “long” tubes (L=2+ x D) is an area of special concern and the basis for our tests.

DETAILS--
S1-taken to 3600 psi, obvious sharp knee in s-str curves @3300 psi.  max Diff-850 uE,  
      1/Bending Strain graph traces converged  >3600 ,    Blocky appearance to distorted shape.
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S2- fail at 3600 psi, softer knee in curves~3200 psi, max diff- 952uE,  1/BS~3600 or much higher, depending on how it was graphed, 3 lobe shape very apparent.  Wall shattered completely around cylinder, roughly 1/3 of length.
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L1- taken to 2100 psi, sharp knee @ 2000, Max diff- 714 uE, 1/BS ~2100,  2 lobe,   Stopped test due to previous experience with failure just past knee shape in SStr curves.  The delta (highest – lowest) between the gages at the “knee”~2000 psi was only ~250 ustrain.  This implies the tube is still very cylindrical.  Curves overall very similar to short tube tests.   Close “family” (cylindrical shape) to the curves then strong a deviation starts at “knee”( Non-cylindrical, elliptical).
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L2- fail at 2000 psi,  SStr curves did not track as a “family”, no real knee,  distortion from a cylindrical shape started (2 lobe shape)<300 psi, (L1 started distorting@2000 psi) increasing buckling >1700 psi.  Max diff-5053 uE (>5X greater than L1).  When the tube was removed post-test, one bonded support end ring had come free.  A detailed examination revealed poor adhesion partly due to incomplete fitment of the ring to tube so the bond interface was compromised.   The large deviation in strains and curve shape from L1 implied a substantial influence by the end rings on initially stabilizing the cylindrical shape but little influence on  final failure. 
 [image: ]
One end suffered the apparent loss of a “fixed” support.  That end is still simply supported, held circular but generating no supportive moments.  This allowed an early departure from a circular shape.  Moreover, that distortion was probably skewed to the poorly supported end, i.e. not symmetrical about the midline of the cylinder.  Since the strain gages are on that midline, they may have been sensing a skewed and much more non-uniform strain field than that present in the long cylinders with symmetrical fixed supports at both ends.   Even with this “configuration”, the tube failed within 5-10% of the L1 and L3 assuming L1 was imminent.     
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L3- Due to unexpected behavior of L2’s  inconsistency from  S/Str curves from S1, S2, L1, we decided to extend our test to include L3 to help resolve these differences.   Does the longer shape allow a large amount of distortion/buckling, before failure?  5000uE?  End cap effects?
Up to ~1900-2000psi, L3 looked nearly identical to L1 except the recorded range of strains were much higher.  At the “knee”, delta strains were ~2500 ustrain, 10 times larger difference between highest to lowest than observed on L1 at approximately the same psi. 
 Of note, the average of the 8 gages indicated hoop strain at ~2000 psi was nearly identical.  L1-878ustrain,  L3-826 ustrain.  Even though L3 was distorting from a cylindrical shape much more than L1, the average strain was very similar.  A similar trend is seen at 1900 psi when including L2,  -822, -816, -796 respectively. This is very interesting because this is just at the point the curves quickly diverge (the knee) and the tube fails very soon after this point.   We took L3 to failure, the delta strain ~7500, even more than L2.  1/BS plot  pointed to ~2200 psi.  
 The interesting part here was as we hit 2100 psi, even holding the pressure steady as possible, the gages kept creeping such that we only caught indications on the fly.  It took 10 minutes for the tube to fail.  We apparently caught it just as the structure was failing, presumably successive ply failures.
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Implosion sucks in protective bags and distorts/stretches endcap fasteners.[image: X:\901418_CompositePressureCases\Pic's\long3-2.JPG] [image: X:\901418_CompositePressureCases\Pic's\long3-top.JPG]







S3- noninstrumented pressurize to failure.  500 psi/min to 3000psi, 100 psi/min to failure.  Failed 3745psi.   No sagging of pressure, no warning.   Halves separated roughly 1/3 away from one end, very similar to S2.
[image: X:\901418_CompositePressureCases\Pic's\S3-4.JPG]



Fatigue Tests-  A series of cyclical tests were conducted to determine the cyclic fatigue nature of our particular C/F tubes.  We still had S1 and L1 unfailed and also constructed 1 short and 1 long additional tubes in an identical fashion to those previously fabricated.  We still had 2 strain bridge-amplifiers, the previous tests were run with 8 bridges, but decided to run the fatigue tests non-gaged since there was no way to optimally place the gages. 
 We had documented permanent zero shifts on S1 and L2,  ranging up to 20% of reading, but generally less than 10% of indicated strain. These shifts did not recover even after 12 hrs.  The S1 shifts averaged -120+-25uStrain or 3-5%.  L1 had a wider variation due to a much wider strain field, zero shifts went from 2-20%.   S1 had been taken to 3000 psi,  83% of probable fail psi and L1 had been to 1200 psi,  60% of fail.  In both these cases the gages were rezeroed in preparation for the next test which was run continuously to its respective conclusion.  It is probable these shifts are attributable to transverse micro-cracking  (citation),  the gradual loss of the binding of the resin to the fibers.  In a cyclical strain pattern, we would expect  this phenomenon to be cumulative, leading eventually to a sufficient loss of strength of the composite, resulting in delamination and structural failure.   From previous experience in an earlier job, I had been able to hear the tinking of individual fibers breaking in  cyclic loading in open air.  Unfortunately, this was not possible in these tests inside a 2”  wall thickness Stainless Steel container filled with oil.   
 We decided to subject L4, a new long tube,  to  300 psi/min at 80% of failure pressure of previous similar long tubes..  The reasoning was to introduce a sufficient hydrostatic cyclical strain to cause failure in a reasonable number of cycles.  Reasonable implying more than 10 and less than 1000 cycles.  1000 cycles is a reasonable proxy for a working lifetime of the housing. 300 psi/min is a compromise between the very slow rates seen in oceanographic use and getting the testing completed sometime this year. Add ref from Jones here-  20% difference in shear stress just due to strain rate.  
  L4 was  cycled  to 2100psi x 0.8= 1680 psi.  Short tubes 3700 psi x ??? ---psi.  The cyclic  tests were run in groups of 25-35 cycles/day which allowed constant monitoring and was compatible with our LabView based controller and graphing of the pressure traces.  The tube was filled approx. 90% with oil to reduce the pressure spike effects on our test system should that occur.
L4 did not show any visible or recordable effect from 1000 cycles at 300 psi/min from 200 psi to 1700 psi with 1 min soak at both ends of each cycle.    


Additional fatigue cycling was deemed necessary so L1 seemed a good choice.  This cylinder only had a single cycle to 2100 psi, the former test was stopped shy of failure as indicated by the strain gages being monitored at the time.   This series of pressure cycling was 2100 psi x 0.9 = 1890 psi or 1900 psi.  
This test series was run identically to the L4 series except to 1900psi this time.    An image of the 2nd cycle from our LabView based GUI—300 psi /min with 1 min soak at max and Min.  The pulses of the pump can be see and the smooth let down as well.
[image: X:\901418_CompositePressureCases\CF Notes-graphs\cycle#2.jpg]







We were hopeful we would see some indication of progressive fiber/matrix  failure in the 1 minute soak at 1900 psi somewhere in this test series by increased pumping required to hold at 1900 psi.  This did not show up.  
An image near the end of the test series-  cycle # 1436, is indistinguishable from cycle #2 above.
[bookmark: _GoBack][image: X:\901418_CompositePressureCases\CF Notes-graphs\cycle1416.jpg]



Discussion
Referring to the graph in Fig. 12.  








Conclusions

Addendum-
Equipment List- Vishay Micro-measurements Group
2100 Strain Gage Conditioner and Amplifier System
Eight 2120A Bridges
EA-06-250BF-350/L Strain Gages
M Coat A Polyurethane Coating
CPF-75 Terminal Strips
330-DFV 3 Conductor Wire
Dow Corning 3140 and 3145 Non-Corrosive Silicon Coating
MBARI High Pressure Test Facility

Vendor 
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7.  PROJECT LIBRARY: X:\901418_CompositePressureCases 
8.  CASE RING / TUBE glue-up with SCOTCH-WELD DP460.


ITEM 
NO. UNIT QTY. Part_Number DESCRIPTION Vendor MATERIAL


13 1 DP460 Glue (Scotch Weld DP460) Loctite Inc.


12 12 92196A138 #6-40 x 5/8 Soc Hd Cap McMaster-Carr AISI 304


11 2 #2-260 O-RING BUNA - N


10 2 #2-167-N-70 O-RING BUNA - N


9 1 SS-T4-S-049-20 5/8 Tube x .065 wall (A269) Swagelok 316 SS


8 1 SS-1010-1-10ST 5/8 Male Connector (SAE/MS Straight Thread) 7/8-14 Swagelok Inc. 316 S.S.


7 8 KFH-6-120-C1-11L1M2S 6mm Strain Gauge Omega


6 8 9529K19 3/8 Dia. 440 S.S. Ball McMaster-Carr 440 S.S.


5 8 P-201371-12 Glue Spacing Shims MBARI Bond Paper


4 1 P-201511-13 Test10_7x7.0 EndCap S.S. MBARI 17-4ph S.S. (H1150)


3 1 P-201511-13 Test10_7x7.0 EndCap S.S. MBARI 17-4ph S.S. (H1150)


2 2 P-201366-12 Test10_7_Case_Ring MBARI Gr. 2 Titanium


1 1 P-201367-12 Test10_7x7.0 Press. Tube MBARI Hexel AS4 Carbon Fiber
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7.  PROJECT LIBRARY: X:\901418_CompositePressureCases 
8.  CASE RING / TUBE glue-up with SCOTCH-WELD D460.


ITEM 
NO.


Higher 
assembly/QTY. Part_Number DESCRIPTION Revision Vendor MATERIAL


13 2 #2-260 O-RING BUNA - N


12 2 #2-167-N-70 O-RING BUNA - N


11 2 SS-4-HPST SAE #4 Soc Hd Plug Swagelok 316 S.S.


10 1 SS-T4-S-049-20 5/8 Tube x .065 wall (A269) Swagelok 316 SS


9 2 SS-1010-1-10ST 5/8 Male Connector (SAE/MS Straight 
Thread) 7/8-14 Swagelok Inc. 316 S.S.


8 8 KFH-6-120-C1-11L1M2S 6mm Strain Gauge Omega


7 8 9529K19 3/8 Dia. 440 S.S. Ball McMaster-Carr 440 S.S.


5 8 P-201371-12 Glue Spacing Shims MBARI Bond Paper


4 1 P-201511-13 Test10_7x7.0 EndCap S.S. B MBARI 17-4ph S.S. (H1150)


3 1 P-201511-13 Test10_7x7.0 EndCap S.S. B MBARI 17-4ph S.S. (H1150)


2 2 P-201366-12 Test10_7_Case_Ring A MBARI Gr. 2 Titanium


1 1 P-201517-13 Test10_7x21.0 Press. Tube MBARI Hexel AS4 Carbon 
Fiber
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