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Introduction 
 
The NCSX Modular Coils (MC) utilize stainless steel shim stock coated with alumina to 
provide a friction shear connection between the coil flanges. The goal is to prevent 
slippage between the coil sections during magnetic loading, thus maintaining alignment 
of the coils. This test program was designed to test the performance of the shims. 
 
Objectives 
1. Validate that the "real world" friction shims work as advertised. 
2. Determine change in preload of the entire assembly when cooled to 100 K and cycled. 
3. Validate FEA models for individual bolt connections. 
4. Determine cyclic effects on the overall joint. 
5. Pull to failure of friction shim at which point bolt will load up and take shear. (when 
does this happen) 
7. From a practical standpoint, the info should allow us to come up with a re-tightening 
schedule.   
 
Performance Requirements and Criteria 

• A double shear configuration was adopted to prevent potential bending effects 
entering into the test. The goal was to study the shim performance and it was 
important to eliminate any interactions which would complicate interpretations of 
the results.  

• The test fixture utilized two tapped joints assembled into the test fixture in a 
prototypic manner, using all washers, bushings and frictional coatings used in the 
real assembly.   

 
 
Configuration  
A pull assembly, prototypic of a straight MC flange section, was fabricated to simulate 
loads in flat regions of the MC coils. The assembly was mounted within a cryogenic 
containment tank and tested on a MTS test machine located in building 4508. Figures 1-
3 show the test assembly and test section. Deflections of the pull fixture halves and shear 
bolt ends were monitored during testing by Linear Voltage Displacement Transducer 
(LVDT) gauges projecting through the tank, in addition to the MTS load train output 
readings. A liquid nitrogen bath was maintained below the pull fixture to maintain the 
temperature at 100 K, but not “wet” the assembly. 
 

• Max loading on machine in current configuration with load cell, grips, and 
spherical bearings was 50 Kips, a maximum load of 25,000 lbs/joint in double 
shear. 

• The machine maximum loading capability was 110 Kips. 
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Figure 1. Test setup using 4-post MTS testing machine in 4508 
 
Test Procedure 
 
Case 1:  
A preload of 35 ft-lbs of torque shall be placed the jack screws (70,000 lbs to 76,000 lbs 
compression on the joint) using the Super Nuts and the manufacturer’s recommended 
torque procedure.  
 

 Static Testing 
The pull fixture shall be installed on the MTS machine and a minimum of 2 pull cycles 
shall be performed in the following manner: 
- The tension load shall be ramped from zero up to 50,000 lbs at a load rate of 
approximately 50 pounds per second. 
- The load shall be held at 50,000 lbs until steady state is confirmed. 
- The load shall then be ramped down to zero load at the same rate as it was loaded. 
 
 

50 Kip Loadcell (50 kip max load) 
 
Linear Alignment coupler  
 
LVDT Rack  
 
Stainless steel tank [18” X 12” x 18”: 18 
gauge)  
 
2” Styrofoam enclosure  
 
Tank base – 4.5 OD (2” ID) conflats and 
bellows 
 
Linear Alignment coupler  
 
Threaded Adaptor to go from grip to linear 
alignment coupler
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Figure 2. Layout of Pull Fixture 
 

 
  
 Cyclic testing 

Provided that there is no apparent damage or slippage in the previous testing, the joint 
shall be cycled at the fastest rate practical, as determined during the testing. The tension 
load shall cycle between 500 and 50,000 lbs for 100,000 cycles or until failure occurs, 
which ever comes first. In the event there is unusual performance or visible damage to the 
assembly, the testing shall be terminated and the damage evaluated by Engineering 
before further testing is performed.  
 
Case 2. 
After completion of the Case 1 testing the pull fixture shall be removed from the MTS 
machine, the shims inspected, and the jackscrew tension shall be checked to determine 
whether there has been a loss of preload. The preload on the jackscrews shall then be 
reduced to 10 ft-lbs of torque (22,700 lbs to 25,000 lbs compression on the joint) for the 
Case 2 testing.   
 
 Note: Unloading of the Super Nut jackscrews must be performed per the 
manufacturer’s recommended unloading procedure to prevent damage to the 
jackscrews. 
 
 

140-190-2 bolt 
Assembly (2X) 

1.5 -12 
threaded 

1.5 -12 
threaded 

Bottom plate  

Tapped for 6, ¾”-10 
bolts 

1.375 – 6 Class 3 
tapped holes 

Test Shim 

Super Nut 
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Figure 3. Locations of recorded LVDT readings 
 
Static testing 
The pull fixture shall be reinstalled in the MTS machine and a pull cycle shall be 
performed in the following manner: 
- The tension load shall be ramped up, from zero load, at a load rate of approximately 50 
pounds per second and shall be monitored to determine when the shim indicates slippage. 
- The testing shall be terminated when there is clear indication of slippage or off-normal 
motion. 
- In the event there is no slippage, the loading shall proceed up to 50,000 lbs and shall be 
held at that level until steady state is confirmed. 
- The load shall then be ramped down to zero load at the same rate as it was loaded. 
 
After completion of the Case 2 testing, the pull fixture shall be removed from the MTS 
machine, disassembled, and the shims inspected for damage or wear marks. 
 
 
 
Test Results 
 
Case 1 
 
Static testing  

• The torque wrench used to preload the jackscrews had a tolerance of +4 percent. 

 

Pull Fixture isometric 
view. 
Note: There are 6 
mounting holes in the 
actual assy. 

4
31 

2 
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• The Super Nuts have a tolerance of +10 percent. 
• A period of about 4 weeks transpired between the torque of the jackscrews and 

actual performance of the first pull test. 
• During cool down the unit reached a steady state temperature of 100 K in 

approximately 3 hours. The gradient between the top and bottom of the fixture 
was approximately 7-10 degrees K. 

• Approximately 200 additional cycles between 0 and 50,000 lbs were performed 
on the fixture, after the static testing was complete and while it was still chilled.  
During this testing the optimal cyclic rate for the fixture and MTS machine 
combination was determine to be 4 HZ. 

 
The loading to 50,000 lbs proceeded without incident and indicated no slippage in the 
shims. The second cycle was identical to the first. See Figure 4 and 5 for the load curves. 
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Figure 4 Ramp loading of unit. 
 
The LVDT readouts tracked with each other and confirmed that there was no relative 
motion between the assembly yokes. At times the LVDT readouts became highly 
nonlinear but this was shown to coincide with the LN2 supply valve opening, resulting in 
increased nitrogen flow around the probe G10 extension rods and sudden contraction in  
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Figure 5 LVDT deflections during ramp testing. 
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their length. This problem could be minimized by exchanging the rods with a lower 
expansion coefficient material. The effect was partially mitigated in the second ramp test 
by permitting a constant flow of cryogenic gas to flow through the system, decreasing the 
rod temperature transients. 
 
Cyclic testing 

• The unit was returned to room temperature and re-chilled between the static and 
cyclic testing. 

 
A series of 10,000 cycles were performed at 1 HZ with no apparent slippage. The LVDT 
readouts did not track with the cycling. The cause was an incorrect terminal hookup and 
was corrected on the next set of higher frequency cycling tests. 
 
The testing proceeded at 4 HZ, with no slippage for 60,000 cycles, at which time the 
testing was halted and the unit was brought back up to room temperature. The LVDT 
readouts successfully tracked with the cycling. See Figures 6 and 7 for the load curves. 
 
The unit was re-chilled and testing proceeded for an additional 24,000 cycles, a total of 
over 94,000 cycles on the unit. Cyclic testing was terminated at this point due to 
structural failure of the MTS machine.  
The unit was dismantled and removed from the MTS machine for inspection and 
preparation for Case 2 testing. During this procedure the jackscrew torque was rechecked 
and found to be higher than 32 ft-lbs and slightly less than 35 ft-lbs, indicating there was 
little or no loss of preload. Repair of the MTS took several weeks and the delay made the 
schedule critical; therefore, a decision was made not to continue with cycling testing, as 
94,000 cycles was close enough to the test plan to meet the goals. 
The shims were undamaged but did indicate some wear, with a somewhat frosted 
appearance in a ‘quilted’ pattern that was not there initially. Under 10 power 
magnification this pattern seemed to be concentrated on the high points on the alumina 
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Figure 6. Typical cycle showing load train readout. 
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Figure 7. Typical LVDT readout during cycling run. Bottom trace is global motion of 
load train. 
 
surface. Fine white alumina powder was evident on the matching stainless surfaces. See 
the photographs in the appendix.  The as-coated surface was not perfectly smooth to 
begin with and showed a rather dimpled or “orange peel” appearance under 
magnification. 
After repair of the MTS machine, the unit was reassembled and the preload on the 
jackscrews set at a torque of 10 ft-lbs. 
 
Case 2 
 
Static testing 
The unit was tension loaded at the rate of 50 lbs per second, starting at zero load, and the 
load train monitored for signs of slippage.  
The joint showed a sudden slippage at 26,700 lbs and continued to load to 50,000 lbs 
with four more slippage events. The first event correlates to a coefficient of friction of 
0.59 with an uncertainty of ~+0.9. It was not possible to determine if one side broke free 
before the other or if subsequent events were the same side or the opposite side of the 
joint releasing, nevertheless, the results do give a minimum value for the joint friction 
and it is in close agreement with other testing at PPPL.1   Figures 8 and 9 show the load 
curves for the test. Note the close agreement of the LVDT readout with the load train 
readout at the slip point. The LVDT readouts show a non-linearity at ~21000 lbs but there 
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is no relative motion, therefore, no slippage has occurred between the halves of the 
assembly. The perturbation is probably a thermal effect due to a change in gas flow. 
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Figure 8.  Load train readout showing slippage during the loading. 
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Figure 9. LVDT readout showing slippage during the loading. 
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After completion of testing the unit was disassembled and the shims inspected for 
damage. The only change from the inspection after cycle testing was the presence of 
stainless steel transferred onto the alumina. The slippage appeared to have sheared off 
material from the stainless surfaces, leaving a visible pattern of pits and scratches in 
distinct horizontal stripes (at least 4) on the stainless. A matching pattern was evident on 
the mating shim surface and the pattern was approximately the same on both sides of the 
assembly, indicating both shims had slipped during loading. 
 
There was considerable dishing of the 0.45” thick thrust washers under the jackscrews 
and imprints of the jackscrews in the surface, indicating that the material needs to be 
hardened in the production version of the joint. It is remarkable that no loss of preload 
was discerned. 
 
Conclusion 

• The shear joint performed with no slippage for 94,000 cycles under a tension load 
of 25,000 lbs per joint and a preload of 70,000 lbs compression on each shim. 

 
• No appreciable loss of preload was evident even after weeks of testing and three 

excursions from room temperature to cryogenic temperature and back again. 
 

• The slight loss off the alumina surface is probably due to a combination of the 
stress concentration on the high points of the surfaces and the differential 
movement during cooling and heating, not slippage during testing, as the data 
indicated no such events. The alumina may benefit from a smoother (ground) 
surface to reduce the local stressing of the coating. This would probably change 
the friction coefficient, however. 

  
• The coefficient of friction for the joint at LN2 temperature is 0.59+.9. 

 
• The material used in the thrust washers is inadequate and must be upgraded. 

 
 



NCSX-CALC-14-004-01 

                                    Page 11 of 22

APPENDIX 
 
 
 

 
 
Outer trunnion showing powder after completion of testing. 
 
 
 

 
 
Other half of trunnion. 
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Center trunion showing powder after completion of testing. 
 
 

 
Other side of trunnion. 
 
 
 
 
. 
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Shim after cycling test, showing “quilted” pattern on alumina. 
 

 
Outer trunnion showing scratch pattern after testing was completed. 



NCSX-CALC-14-004-01 

                                    Page 14 of 22

 
Stainless material on shim after testing was completed. 
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ADDENDUM A: 
 
 
Introduction 
 
During initial manufacturing trials, it was discovered that the alumina coating thickness 
was difficult to control and was not able to be applied to the flange surfaces within the 
required thickness tolerance.  Therefore, an alternative shim design was investigated. The 
selected concept consists of a stainless steel shim sandwiched between two g-10 sheets (a 
typical electrical isolation configuration found in multiple locations throughout the 
machine).  G-10 is available in sheet form which can be easily cut to any shape and the 
thickness of the interior mating shims can be precisely controlled.   
 
Small test coupons of G-10 were tested at PPPL on a sliding friction cryogenic tribometer 
with stainless steel used as the counter-face.  Results from these tests were promising and 
produced a slippage coefficient of friction around 0.4.  As a result from these tests, the 
fatigue and pull to failure tests performed on the alumina shims were re-ran using the G-
10 material to verify that this material would perform as required at liquid nitrogen 
temperature on a larger scale.  These tests were run using the same fixtures and 
procedures that were used to test the alumina coating.  However, a different MTS testing 
machine with similar loading capacity was used due to lab allocations.  
 
 
Test Procedure 
 
The fatigue (or cyclic) test was performed first with the preload for the jack screws set at 
35 ft-lbs of torque (70,000 lbs to 76,000 lbs compression on the joint).  The tension load 
was cycled between 0 and 50,000 lbs at the rate of 1 hertz for 100,000 cycles.  The test 
was interrupted due to the breakage of a threaded adapter at approximately 17,000 and 
60,000 cycles.  The adaptor was located at the top of the pull rods and did not impact the 
test when it failed.  
 
The static test was performed twice with a preload of 18 ft-lbs (40,860 lbs to 45,000 lbs 
compression on the joint) and 9 ft-lbs (20,430 lbs to 22,500 lbs compression on the joint) 
on the super nut jack screws.  The load was ramped from 0 to 50,000 lbs at a rate of 
approximately 50 lbs per second.  All tests were performed at liquid nitrogen temperature 
(100 K +/- 10 K).  
 
 
Test Results 
 
The LVDT readouts (fatigue test) tracked with each other and confirmed that there was 
no relative motion between the assembly yokes.  Figure 10 shows the displacement for all 
4 LVDT’s for 0 thru 100,000 cycles.  The interruptions shown were the result of the 
breakage of the threaded adapter.  The test fixture had to be brought back up to room 
temperature to make the repairs and then re-cooled to resume the test.  
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The static test data did not show any slippage during the tension test at 18 ft-lbs.  It is 
possible that the yoke was tightened in the fully extended position which would prevent 
any motion from occurring during the tension test.  However, during testing there were 
clear audible noises that began at around a friction coefficient of 0.4-0.5.  It is also 
possible that the slippage was not as dramatic as the alumina case which experienced 
severe stick slip behavior.   The g-10 is likely to transition more broadly from static to 
kinetic friction compared to the extremely hard alumina.  Such small deflections occur 
over a long period and may be lost in the noise of the data.  
 
The jack screws were loosened and the yoke assembly was compressed to allow slippage 
at a lower tensile load.  The jack screws were torqued to 9 ft-lbs and the static test was re-
ran.  This data shows definite slippage at a load of 19,000 lbs (see Figure 11).  The 
coefficient of friction is 0.44 with an uncertainty of ~+/- 0.9.  A possible reason for the 
more dramatic result on this test is that the g-10 had already been scuffed a bit on the first 
slippage test.  The scuffed surfaces are more likely to exhibit "alumina like" behavior due 
to the increased roughness of the g-10 surfaces.  The same distinct audible creaking 
noises were heard when this sample began slipping. 
 
The assembly was allowed to return to room temperature and disassembled.  Visual 
inspection of the g-10 material showed only a slight “scuffing” of the surface (see 
pictures).  There was no cracking or breakage of the g-10 material and there was no 
visible g-10 residue on the stainless steel surfaces as there had been with the alumina 
shims. 
 

Fatigue Chart
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Figure 10.  Fatigue Chart 



NCSX-CALC-14-004-01 

                                    Page 17 of 22

Static Test  (1/4 Torque)
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Figure 11.  Static Test 
 
Conclusions: 
 

• The coefficient of friction of 0.44 (+- 0.9) is adequate for the intended use.  This 
is consistent with the findings at PPPL on the smaller coupon tests.  Also, it is of 
note that the sample was pulled to slippage multiple times and exhibited similar 
slippage behavior (either by noise or by LVDT reading). 

 
• The shear joint performed with no slippage for 100,000 cycles under a tension 

load of 25,000 lbs per joint and a preload of 70,000 lbs compression on each shim 
g-10 sandwich. 

 
• No appreciable loss of preload was observed after several weeks of testing and 

two warm up periods when pieces of the load train failed. 
 
• The slippage event was not as distinct as the alumina shims and was difficult to 

capture with instrumentation in the first attempt.  However, the sample did exhibit 
a distinct audible creak noise corresponding to the point of slippage in each case.  
The initial noise was then followed by a series of more rapid noises until the 
experiment was ended indicative of some stick slip behavior. 

 
 
Pictures of the test setup and g-10 shims are attached below: 
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Test Setup 
 
 

 
 
LVDT’S 
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Yoke Assembly in Tank 
 
 

 
 
Test Setup During Cool-Down 



NCSX-CALC-14-004-01 

                                    Page 20 of 22

 

 
 
Yoke Assembly at Liquid Nitrogen Temperature 
 
 

 
 
First Breakage of Coupler 
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Yoke Assembly after testing 
 
 

 
 
Scuffing on g-10 shim after testing 
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Scuffing on g-10 shim after testing 
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