Minutes of NCSX modular coil winding form materials meeting, June 21, 2004
Attendees:  Phil Heitzenroeder, Wayne Reiersen, Dick Reed, Jim Chrzanowski, Tom Kozub, Dave Williamson, Peter Titus, Len Myatt, Brad Nelson

Background  The fatigue life of the cast modular coil winding forms and the composite copper/epoxy cable conductor must be adequate and well understood prior to operation of NCSX.  The final design review committee recommended fracture mechanics analysis of the winding forms since the cast material may exhibit unfavorable crack growth behavior and represent a fatigue problem.  Initial analyses by Peter Titus showed that a crack could grow through the web of the tee section in the highest stress region, if the less favorable of two sets of fracture constants are used and if the factor of four on fatigue life is used.  On the other hand, if data for cast 316 material generated by the ITER project is used, crack growth is not a concern.  

With respect to the cable conductor, fatigue testing of a racetrack coil at LN2 temperature is ongoing.  The initial tests at a load of 15,000 lbs of tension reached 2.6 million cycles without visible damage, but with a total plastic deformation of about .01 inches and a decrease in elastic modulus (softening) of about a factor of two.  These were straight tension tests, but torsional testing is also needed to determine allowable shear stresses and shear fatigue properties.
The purpose of the meeting was to discuss the fatigue analysis and testing of the modular coil components and decide what should be done next.

Winding form fatigue life and fracture mechanics analysis

The group reviewed the data and analysis to date via slides prepared by Phil Heitzenroeder (attached).  The first slide showed the very localized nature of the high stress regions in each of the three winding form types.  A stress level of 38 ksi, or 262 MPa, was used as the basis of a fracture mechanics analysis by Peter Titus.  His analysis showed that if we use the ITER material data, the initial flaw size can be 1.6 x 4.8 mm.  If we use the NIST data for annealed 316 wrought material we cannot meet our design goal of 4 x 130,000 cycles regardless of flaw size.  If we reduce the stress level by a factor to two, the NIST data can be used, with a minimum flaw size of 1.8 x 5.4 mm.  Dick Reed explained that the disparity in data was probably due to the type of testing, with the NIST data using the standard ASTM test method.  Orientation of specimens is also important.  
There are three ways to demonstrate improved fatigue life: 
1. reduce the stress, 
2. improve the material properties, or 
3. reduce the initial flaw size.  
Stress reduction  The stresses seem to peak at the “hinge” at the root of the wing regions of the winding forms.  This stress can be reduced by providing stiffer connections between the wing areas and the region of adjacent winding forms where the wings nest.  The actual design uses a fairly broad (3 inch wide) pillow shim, which should be stiffer than the discrete patches used in the analysis.  In addition, if a crack actually developed at these “hinge” regions, the stress would actually be reduced as the crack grew and the load were transmitted through the pillow shims.  The group decided that additional analyses were warranted, both to increase the stiffness of the wing support region and to determine what the stress would be if a “crack” were introduced in the model.
ACTION:  Myatt to modify global FEA model by “double-noding” high stress regions and disconnecting the elements to form an artificial crack

ACITON:  Myatt to increase stiffness of wing connections and pass boundary conditions to Freudenberg

ACTION:  Freudenberg to incorporate new boundary conditions into detailed FEA model
Material property improvements  A second way to increase fatigue life is to use improved material properties.  There is hope that at least one of the alloys proposed by the MCWF prototype suppliers will have good fracture properties.  In addition, tighter control of chemistry can be required in the technical specification to ensure that all heats will be similar enough to provide consistent fatigue properties.  

ACTION:  Heitzenroeder to send cast material from both vendors out for manufacture of compact tensile specimens of both cast and cast and welded material.  Care will be taken to use multiple orientations, both with the flow and across the flow.

ACTION:  Heitzenroeder to contract with MIT, NIST, National Magnet Lab to perform crack growth tests with compact tensile specimens and derive fracture mechanics material constants.

ACTION:  Heitzenroeder to tighten control of material chemistry in technical specification

Reduce initial flaw size  The third way to increase the apparent fatigue life is to reduce the initial flaw size.  Surface cracks can be detected with dye penetrant, and the technical specification will require all machined surfaces to undergo dye pen inspection.  Volumetric inspection of the entire casting is done prior to machining as part of the “upgrading” process, and this will uncover the major voids and inclusions.  An additional requirement to spot-radiograph the casting after machining in the high stress regions may also be imposed.  Discussions with Metaltek engineers indicate that it may be possible to detect flaws of 1% to 2% of the wall thickness using iridium sources.  A 5% detection capability would allow us to pick up a 1 mm diameter void.  Buried cracks are more problematic, and these may not be detectable.  Ultrasonic inspection is apparently not practical on a casting. 
ACTION:  Heitzenroeder add additional inspections to technical specification

Composite copper/epoxy winding fatigue life
Tests have been ongoing to determine the fatigue life of the copper/epoxy composite at LN2 temperatures.  A racetrack coil has endured 2.6E6 cycles without failure at 15,000 lb load, corresponding to a stress of about 14ksi in the winding pack.  The actual stress in the winding during operation will be strain limited by the winding form, but detailed calculations indicate that this stress level is near the maximum expected.  The design criteria requires a factor of safety of 20 on life or two on stress.  The required life is 130,000 cycles, so the 2.6 million cycles represents a factor of 20 on life.  The total extension of the coil was also measured, as was the apparent elastic modulus.  The coil stretched about 0.01 inches over the 6.3 inch gage length, indicating a plastic strain of about 0.16%.  The elastic modulus dropped by a factor of two.  There was no electrical or obvious physical degradation.

The group decided that it would be too time consuming to continue testing at a 15000 lb load until failure, because there was no indication of any structural degradation.  However, the group decided to increase the load by 2000 lbs and run 50,000 cycles, then increase by another 2000 lbs and run another 50,000 cycles and so on until failure.  There are additional racetrack coils that can be tested, and at least one of these should be tested at a higher stress level.  One proposal would be to test the other short racetrack coil at 20,000 lbs to obtain another data point on the SN curve.  Single cycle tests have shown some plastic deformation at 20,000 lbs, so higher loading may not be practical.
ACTION:  Nelson come up with a test plan for the remaining racetrack coils

Shear strength and torsional tests 

The Final Design Review committee was also concerned about shear stresses in the windings, especially when compared to the preliminary punch shear strength tests that have been performed.  The analysis showed stresses in the 3-4 ksi range, while the ultimate shear strength of the copper epoxy composite was only 4.6 ksi.  In order to better qualify the shear modulus and shear strength, two types of tests are planned.  The first is a simple torsional test of a single conductor to determine the shear modulus and strength of the copper/epoxy composite alone.  The second is a test of the full scale, multi-turn winding pack, to determine the global properties of the fully insulated winding.  These properties would be used in the global stress analyses, which use the full winding pack cross section.
Torsional tests of the single conductors will be performed at PPPL.  The large beam tests using the full scale winding pack will be performed at ORNL.  

ACTION:  Nelson to recommend plan for additional torsional tests.

ACTION:  Kozub to recommend test fixture for torsion tests, and perform tests

ACTION:  Nelson coordinate new end fixtures for beam tests to provide torsion loading and provide twist data

The next meeting will be held on Tuesday, June 29.
