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Test Procedures for NCSX Test Program
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Introduction

The following contains a detailed description of all test procedures used in the test program to determine the mechanical and thermal properties of the epoxy/insulation system for the National Compact Stellarator Experiment (NCSX) modular coils.  This test program was carried out in conjunction with and under the direction of the Princeton Plasma Physics Laboratory (PPPL).  All test specimens were fabricated by PPPL, while the testing was conducted by Composite Technology Development, Inc. (CTD).  Testing consisted of cure shrinkage tests on the chosen epoxy vacuum impregnation resin system, CTD-101K, mechanical tests on insulated single modular coil and 2x2 modular coil bundle specimens, and thermal expansion tests on single modular coil specimens and individual turn and ground insulation specimens.  
Test Procedures

Cure Shrinkage Tests

Cure shrinkage tests were conducted to determine the amount of shrinkage that the epoxy resin system, CTD-101K, undergoes as it gels and cures from a liquid resin state to a solid state during the same cure cycle to be used in the modular coil.  The chemical reactions that occur when a thermosetting resin system cures usually results in a contraction in the volume of the resin.  While it may be possible for some shrinkage to occur prior to gelation (initial hardening) of the resin, the shrinkage measured in this test is only that which occurs after gelation and full cure of the epoxy resin.  
This test was performed according to ASTM test standard D2566, “Linear Shrinkage of Cured Thermosetting Casting Resins During Cure.”  The test involved the use of a half-cylinder shaped steel mold, shown in Figure 1 that is approximately 10.0 in. in length, with a nominal inside radius of 2.25 in.  Prior to testing, the steel mold surface is coated with a thin film of oil and is then lined with a Teflon coated release film, approximately 0.001 in thick, to prevent adhesion to the mold by the resin system and to enable easier movement of the resin within the mold during cure.  A 100 gram batch of CTD-101K resin was used for each test, which was mixed according to the manufacturers directions by using 100 parts by weight (pbw) of Part A, 90 pbw of Part B, and 1.5 pbw of Part C.  The resin was mixed and completely degassed at its processing temperature of 60°C and was then poured into the mold.  The resin was then cured using the recommended cure cycle for CTD-101K of 2.5 h ramp from its processing temperature to 110°C, a 5 h hold at 110°C, a 1 h ramp to 125°C, followed by a 16 h hold at 125°C, and finally, a 10 h cooldown to 25°C.  The linear shrinkage of the resin is calculated from the known length of the mold and the final length of the cured resin, each of which was measured using calipers accurate to 0.001 in.  The thickness of the release film was accounted for in the calculation of the linear 
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Figure 1.  Steel mold used for cure shrinkage tests.

shrinkage.  The cured resin castings were not measured until they had been held at ambient conditions for at least 48 hours.  A total of six separate tests were performed.
Mechanical Testing
Specimen Description:

The mechanical test specimens used in this test program were fabricated to be representative of the windings found within the modular coils of NCSX.  In application, the modular coils are wound into very complex shapes and are fabricated by winding the stranded copper cable conductor onto machined stainless steel winding forms, which provide the structural support necessary to react the high electromagnetic loads.  A single modular conductor turn is comprised of four, rectangular compacted copper ropes in a two-by-two configuration, measuring approximately 0.25 in. by 0.3125 in.  Prior to winding the modular coils, each single modular conductor turn would be wound, using multiple turns, with a combination of dry S-2 glass fabric and Kapton (polyimide film) tape.  Nominally, the glass fabric tape was 0.007 in. thick, while the Kapton tape was 0.002 in. thick.  The glass fabric and Kapton tape were wound around the conductor such that a low viscosity epoxy resin could easily reach and impregnate all of the conductor strands and glass fabric within the modular coil to form the turn insulation.  

Two types of test specimens were used during this program, the insulated single modular coil (ISMC) conductor specimen, representing a single conductor turn, and the insulated 2 x 2 modular coil bundle (MCB) specimen, which includes the turn insulation for each of the four conductors and the ground insulation surrounding all four conductors.  Representative, cross-sectional drawings of the insulated single modular coil specimen and of the insulated 2 x 2 modular coil bundle specimen are shown in Figure 2 and Figure 3, respectively.  

[image: image2]
Figure 2.  Cross section of insulated single modular coil conductor specimen.


[image: image3]
Figure 3.  Cross-section of the insulated 2 x 2 modular coil bundle specimen.

All specimen fabrication was performed at PPPL.  The specimens were wrapped with the number of layers of S-2 glass fabric tape and Kapton, as indicated in Figure 2 and 3, and then impregnated with the DGEBA epoxy resin system, CTD-101K, and cured.  The specimens were then shipped to CTD where they underwent all mechanical testing.

Test Equipment and General Procedures

All tests were performed on a MTS Systems Servo-Hydraulic test machine with a 100 kip load capacity.  All tests were performed using a load card with a maximum range that encompassed the expected load capacity of the specimen.  A Vishay Measurements Group 2120A strain conditioner was used to monitor the strain gage and strain gage extensometer response when necessary.  

Table 1 identifies each piece of equipment used for this test program as well as the date of calibration.  All calibration certificates and related information on all equipment used in this program are available upon request.  

Table 1.  Test Equipment

	Description


	Model Number
	Serial Number
	Calibration Date
	Comments

	
	
	
	
	

	MTS Systems Corp. 
	
	
	
	

	100 kip Load Cell
	661.23E-01
	105169
	9/24/02
	±100 kip range card

±50 kip range card

	20 kip Load Cell
	661.23E-03
	57911
	9/23/02
	±20 kip range card

±4 kip range card

	LVDT
	LVDT
	106826
	2/24/03
	±0.5 in. range card

±1.0 in. range card

	
	
	
	
	

	Lakeshore Cryotronics, Inc.
	
	
	
	

	Silicon Diode
	DT-470-CU-13-4L
	D47357
	3/25/03
	

	
	
	
	
	

	Vishay Measurements Group, Inc.
	
	
	
	

	Strain Conditioner
	2120
	63543
	3/07/03
	

	Strain Conditioner
	2120 A
	100030
	4/18/02
	

	Strain Conditioner
	2120 A
	100017
	3/07/03
	

	
	
	
	
	

	
	
	
	
	


All tests that were performed at 76 K, 100 K, and 150 K used liquid nitrogen as the cooling cryogen.  For tests performed at 76 K, the entire test specimen and fixturing were submerged in liquid nitrogen contained in a cryogenic dewar.  For the intermediate test temperatures (100 and 150 K), the temperature was controlled by manual modulation of the liquid nitrogen fill pressure within a cryogenic dewar.  The cryogenic test temperature was monitored by a Lakeshore Silicon Diode temperature sensor.  Each test specimen was held at the test temperature for a minimum of 5 minutes prior to the start of the test, with the temperature being maintained to ±5 K throughout the duration of the test.  The 295 K tests were performed under ambient conditions.  

All load, displacement, and strain gage data were recorded through a data acquisition system designed by CTD.  The data sampling frequency for all tests was 10 Hz.  The original data files recorded during all tests and all modified (for data analysis purposes) data files have been recorded and will be provided to the customer with the final report.

The ISMC specimens were tested in compression, tension, and flexure, while the MCB specimens were tested in shear and flexure.  Table 2 details the tests for each of the specimen types.  Because the configuration of the material and the geometry of the specimen were so unique, no ASTM test standard existed for these specific types of composite or metal specimens.  However, the most relevant ASTM test standards were followed as closely as possible in terms of loading rates, data recorded, span ratios, etc.
Table 2.  Test Types and Specifications

	
	
	
	

	Specimen Type
	Test Type
	ASTM Test Standard*
	Instrumentation

	
	
	
	

	ISMC
	Compression
	D695
	2 - axial strain gages

	
	Tension
	D3039
	2 - 0/90 rosette strain gages

	
	Flexure
	D790
	NA

	
	
	
	

	MCB
	Shear
	D2344
	NA

	
	Flexure
	D790
	NA

	
	
	
	


* Tests were performed to comply as close to these ASTM test standards as possible.
Insulated Single Modular Coil (ISMC) Specimen Testing

The ISMC specimens were subjected to three different tests, compression, tension, and flexure.  Each test was performed at 76 K, 100 K, 150 K, and 295 K, and used from four to six specimens at each temperature.  The procedures for each of these test types is described below.
ISMC Compression Testing

The specimen used for the ISMC compression tests was nominally 0.655 in. deep by 0.790 in. wide by 1.0 in. long, as received from PPPL.  All specimens were tested in the longitudinal direction, or parallel to the axis of the copper conductor.  Two 0.125 in. gage length strain gages, one on either side of the specimen, were affixed to the outer surface of the insulation.  Strain gages designed for use at cryogenic temperatures were used for all cryogenic tests.  Two strain gages were used on either side of the specimen to account for any uneven loading due to misaligned loading platens or un-even cutting of the specimen edges.  A photo of an ISMC compression specimen with an attached strain gage, is shown in Figure 4.
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Figure 4.  Typical ISMC compression specimen.  The blue arrow indicates the loading direction.
For each test, the test specimen was placed between two, hardened steel platens within the load frame cryostat and a small (50-100 lb.) pre-load was placed on the specimen.  For the cryogenic tests, the specimen was cooled down to its test temperature using liquid nitrogen and then held at that temperature for approximately 5 minutes to make sure the specimen was sufficiently cooled.  The specimen was then loaded to failure at a displacement rate of 0.00033 in/s.  The load, displacement, and strain values were recorded at 10 Hz using the data acquisition system.  Failure, usually seen within the insulation, was readily apparent and was verified by a significant drop in load during the test.
ISMC Tension Testing

Specimens used of the ISMC tension testing consisted of similar cross-section to the compression specimen, approximately 0.655 in. deep by 0.790 in. wide.  However, the overall length of the specimen was nominally 15.0 inches.  Approximately 4.0 inches of insulation was removed from either end of the test specimen so that only the copper conductor would be gripped and loaded by the tensile grips, not the insulation.  Therefore, only the insulation located on the center seven inches of the tensile test specimens was left intact during the ISMC Tension tests.  Like the compression tests, two strain gages were affixed to the outer surfaces of the insulation on each specimen, one on opposite sides.  Each strain gage consisted of a 0°/90° rosette so that both longitudinal and transverse strain measurements could be taken, allowing the calculation of both the modulus and Poisson’s Ratio.  A picture of a typical tension specimen is shown in Figure 5.  
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Figure 5.  Strain gaged tension specimens with insulation removed from ends.

A special type tensile grip was fabricated in order to test the ISMC specimens in tension.  A set of split, angular tension grips were fabricated specifically to match the conductor cross-section of the ISMC specimen on the grip ends.  The grips were composed of three primary parts; the split aluminum angular grips that fit directly on the test specimen; the matching female angular grip holder made of stainless steel that the aluminum angular grips fit into; and the clevis grip ends that the specimen/grip assembly fit into and attached directly to the test machine cryostat.  Several photos showing the various grip parts and how they fit together are shown in Figures 6 - 10.
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Figure 6.  View of the ISMC tension specimen, the aluminum tension test angular grips and stainless steel grip holders used to grip the tension specimens.
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Figure 7.  ISMC tension test specimen with split angular tension grips shown in place around the specimen.
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Figure 8.  Test fixturing for ISMC tension tests.
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Figure 9.  View of how the angular tension grips, grip holders, and clevis reaction fixturing fit together to grip the specimens during testing.
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Figure 10.  View of entire gripping and test fixturing used to in the ISMC tension tests for PPPL.

The loading rates and data acquisition system used for the ISMC tension testing were the same as mentioned in the ISMC compression tests.  Due to the unusual gripping mechanism, a preload of approximately 2000 lb. was used to fully seat the tension grips prior to the start of each test.

ISMC Flexure Testing

The specimens used for the ISMC flexure tests were of the same insulated cross-section as described previously in the ISMC compression and tension tests.  Specimens were nominally 0.655 in. deep by 0.790 in. wide and were 10.0 in. long.  The specimens were tested following ASTM D790, Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Materials, as closely as possible.  Specimens were loaded at a rate of 0.00033 in/s in a three-point bend configuration, common to flexure and short-beam shear testing.  Specimens were loaded until a discernable failure occurred or until the load was maximized and started dropping off (usually in the 295 K tests).  The specimens were tested in two different directions, each perpendicular to the longitudinal direction of the conductor strands.  The two directions were designated as “edgewise” and “flatwise” and are shown, along with the test set-up an fixturing in Figures 11 and 12.  

Because of size limitations on the test fixturing, the maximum span between the lower loading noses was 8.0 in., which resulted in a span ratio (span to thickness ratio) of 10.4 and 12.2 for the edgewise and flatwise specimens, respectively.  These span ratios were slightly smaller than the span ratio of 16 that is called for in the ASTM standard.

2 x 2 Modular Coil Bundle (MCB) Specimen Testing

The MCB specimens were subjected to two different tests, flexure and shear.  Each test was performed at 76 K, 100 K, 150 K, and 295 K, with six specimens being tested at each temperature.  The procedures for each of these test types is described below.
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Figure 11.  Specimen orientation for edgewise flexure testing.
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Figure 12.  Specimen orientation for flatwise flexure testing.

MCB Flexure and Shear Tests

The 2 x 2 MCB flexure and shear test specimens, fabricated at PPPL, are composed of four, individual ISMC specimens that were bundled together to form a 2 x 2 matrix that was then insulated with a ground wrap insulation layer.  A drawing of the cross-section for a 2 x 2 MCB specimen was shown previously in Figure 3.  Actual, as fabricated, specimen cross-sectional dimensions were nominally 1.35 in. high x 1.55 in. wide.  A photo showing the cross-section of an MCB specimen is seen in Figure 13.  The MCB flexure and shear specimens were identical in cross-section and only differed in the length of the specimens.  Flexure specimens were nominally 18 inches long, while the shear specimens were 7 inches in length.  

Both the flexure and the shear tests were performed using the 3-point bend configuration common to both the flexure test standard (ASTM D790) and to the shear test standard (ASTM D2344, Short-Beam Strength of Polymer Matrix Composite Materials and Their Laminates).  Specimen orientation for both the flexure and shear testing was in the flatwise orientation or with the loading direction normal to the widest dimension of the specimen.  

For the MCB flexure tests, a span of 16 inches was used, resulting in a span ratio of 12.0, as was used in the ISMC flexure tests.  As expected from the standard flexure testing, failure typically occurred as a compressive failure at the top of the specimen or as a tensile failure at the bottom of the specimen.  
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Figure 13.  Typical cross-section of a 2 x 2 MCB flexure or shear specimen.  

For the MCB shear tests, a span of 6.7 inches was used, resulting in a span ratio of 5.0.  The span ratio for the shear tests follows convention outlined in the D2344 test standard that recommends the use of a span ratio of 5.0 for glass fiber reinforced laminates.  The 3-point bend shear test was used to simulate a shearing effect in the insulation between the top and bottom modular coil pieces.  This type of shear loading was successful based on the shearing type of 

failure mode noted on the MCB shear specimens when visually analyzed after each test was completed.

In both the flexure and shear tests, each specimen was loaded at a rate of 0.00033 in/s until failure.  At cryogenic temperatures, the failure point was usually readily discernable.  However, at room temperature, failure was very gradual, with a progressively lower load carrying capacity noted after reaching a maximum load.  A photo of a loaded MCB flexure test specimen is shown in Figure 14.
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Figure 14.  Loaded 2 x 2 MCB flexure specimen at 295 K.  

It should be noted that the strength values reported for the flexure test are calculated from the equation:
S = 3PL/2bd2

Where:


S = stress at the outer surface of the midspan


P = maximum load


L = support span


b = width of the specimen


d = thickness of the specimen

Whereas, the strength values reported for the shear test are calculated from the equation:

S = 0.75 P/bd

Where:


S = shear strength


P = maximum load


b = width of the specimen


d = thickness of the specimen

Therefore, the strength values reported for the flexure and shear tests are not directly comparable.  The flexural modulus was reported for all tests, both flexure and shear, and is calculated from equations taken from the flexure test standard (D790).  Although the modulus calculation is not included in the shear test standard (D2344), it was calculated for the shear tests for comparison purposes.  The flexural modulus was calculated from the equation:
EB = L3m/4 bd3

Where:


EB = modulus of elasticity in bending (flexural modulus)


L = support span


b = width of the specimen


d = thickness of the specimen


m = slope of the tangent to the initial straight-line portion of the load-deflection curve

Thermal Testing

Thermal expansion tests were performed during this test program from 76 K to 295 K.  The specimens used and the test procedures are described below.

Specimen Description:

Three different types of specimens were tested for thermal expansion, including an ISMC specimen, much like a ISMC compression specimen shown previously in Figure 4, the ISMC turn insulation without the conductor, and the MCB ground insulation without the conductor.  Two different specimens of each type were tested.  The ISMC specimen that included the copper conductor was tested to determine if any effect could be discerned in the thermal expansion due to the conductor.  This specimen was nominally 0.655 in. wide x 0.790 in. high x 1.0 in. long.  

In order to evaluate the thermal effect of the copper on the insulation, the turn insulation, including the Kapton layers, had to be evaluated by itself, without the conductor.  Therefore, a section of the turn insulation was removed from the surface of an ISMC tension test specimen for evaluation.  Special care was taken in the removal of the insulation from the conductor to ensure that the bond between the glass insulation and the Kapton film was not damaged.  The turn insulation specimen measured approximately 0.5 in. wide x 2.0 in. long x 0.07 in. thick.  
Likewise, to obtain a sample of the ground insulation, a section of the ground insulation was cut and removed from one of the 2 x 2 MCB flexure specimens.  The ground insulation did not include any Kapton layers and was composed entirely of fiberglass reinforcement and CTD-101K epoxy resin.  The specimens used for these thermal tests measured approximately 1.5 in. wide x 2.0 in. long x 0.04 in. thick.
Thermal Expansion Test Procedures

All of the thermal expansion tests were performed using the strain gage method.  This test method is a modified version of other strain gage thermal expansion measurement methods used previously by Composite Technology Development, Inc. (CTD) and others,
, 
, 
 and is intended primarily for use at cryogenic temperatures.  This test method was first developed and used by the National Institute for Standards and Technology (NIST) in Boulder, CO and has been used by CTD for many years on numerous government and industry cryogenic test programs.  The accuracy of the thermal expansion measurements is approximately 1% and the reproducibility is usually ( 20 (( in the temperature range from 4K to 300K.

In preparation of the specimen for use in thermal expansion testing using the strain gage method, each specimen was cut or machined to size suitable for used in the test fixturing.  A suitable strain gage, rated for use at cryogenic temperatures, was adhered to the specimen in the correct orientation in order to measure the thermal expansion in that direction.  Strain gages with gage lengths of 0.125 in. were used for all tests.  For all specimens, separate strain gages were aligned in the longitudinal or axial direction of the conductor as well as in the transverse direction or 90° from the longitudinal direction.  All strain gages were adhered to the outer surface of the specimen using a strain gage adhesive suitable for use at cryogenic temperatures.  A NIST traceable copper standard of known thermal expansion characteristics was also strain gaged with the same type and lot of strain gages used on the other test specimens to help eliminate any variation in strain measurement.  The gages on both the specimen and the standard were wired in order to transmit strain data to a strain conditioner, which in turn, transmitted strain data into a PC-based data acquisition system.  Thermocouples were attached to the specimen and to the Cu test standard.  

The specimen and standard, both with wired strain gages and thermocouples, were placed inside an insulated specimen holder that is equipped with a heater on the outer surface.  The specimen holder was lowered into a cryogenic dewar and the strain gage wires and thermocouples were attached to the strain conditioner.  The strain gages were balanced so that the strain was zero at room temperature.  The gages were also calibrated for gage factor change with temperature, using the internal shunt calibration resistor in the strain conditioner.  The temperature of the specimen and standard was then lowered using liquid nitrogen (76K), until equilibrium of the test specimens at the desired temperature was reached.  Once the temperature was stable, the data acquisition program was started and the temperature and strain were recorded at set intervals, usually every 20 seconds.  The temperature and strain data were recorded at these intervals while the temperature of the specimen and standard slowly warmed up to ambient temperature.  After all desired data had been collected, the data acquisition program was terminated. 

To analyze the data set, the known thermal expansion of copper was subtracted from the reference copper data to give the strain gage thermal output (Figure 15).  The strain data were normalized to zero at 293K.  The gage thermal response was then subtracted from each specimen’s data set to calculate the thermal expansion (TE) of the specimen.  To obtain the coefficient of thermal expansion (CTE) of each material, the derivative of the polynomial equation fitting the thermal expansion curve was calculated.  The actual CTE curves and values calculated for any given temperature are more susceptible to small errors in the measurements since they are calculated from the derivative of a polynomial curve fit.  Each data set was plotted as microstrain versus temperature and CTE versus temperature.  


[image: image15.wmf]-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0

500

1000

0

100

200

300

Temperature (K)

Strain (10-6 m/m)

Strain Gage Thermal Output

Apparent Strain of Copper

Copper Thermal Expansion


Figure 15.  Example of how a typical strain gage thermal output is calculated from the measured apparent strain of the copper reference and the known thermal expansion of copper.
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