031212_MatProps_140_IJZ

FROM: I. Zatz 
12 December 2003

SUBJECT:  Interim NCSX Modular Coil Material Properties and Allowables

REFERENCES:

[1] Fabian, Paul E., “Final Report: PPPL Test Program to Determine the Mechanical and Thermal Properties of the Epoxy/Insulation System for the NCSX Modular Coils”, Composite Technology Development, Inc. Subcontract S-04353-G Report, 21 November 2003.

[2] Zatz, I. J., “Interim Modular Coil Material Properties (Updated)”, NCSX Memo 030929_MatProps_140_IJZ, 29 September 2003.

[3] Zatz, I.J. (editor), “NCSX Structural Design Criteria – Draft”, NCSX Report NCSX_DesCrit_IJZ_051302.doc, 13 May 2002.

This document provides NCSX modular coil material properties and allowables.  The values presented are based on the results of the NCSX modular coil material property test program performed on the design based on four 0.313-inch by 0.250-inch braided copper ropes per coil conductor.  Due to the fact that the modular coil design has changed since the test program began, the material properties and allowables derived from [1] and summarized previously in [2], can only be used as interim values until the latest modular coil design can be tested in early 2004. The test program completed and reported in [1] originated with Statement of Work NCSX-SOW-142-02-00 and Subcontract S-04353-G.  Composite Technology Development, Inc. (CTD) has been performing supplementary testing with additional modular coil test samples provided by PPPL.  These additional tests will try to resolve test data with wide scatter, or was deemed tentative or unreliable.  Material properties contained herein will be updated, as necessary, when test results warrant it.

Material properties from [1] and allowables, based on the NCSX Structural Design Criteria [3] are listed for every test as a function of temperature.  Unless otherwise indicated, linear interpolation should be used to determine properties between temperatures for which data is provided.  It is worth noting that the NCSX Structural Design Criteria [3] is presently stress-based rather than strain-based for materials similar to the NCSX modular coils, which most closely resemble composite materials.  Once the test data for the latest modular coil design is obtained, evaluated and compared with the data for the prior design, the Design Criteria may be iterated and specify strain-based allowables.

LINEAR CURE SHRINKAGE OF EPOXY RESIN

For CTD-101K epoxy resin, the cure shrinkage is 1.48% for the following cure cycle:

· 2.5 hours ramp to 110 degrees C from ambient

· 5 hours at 110 degrees C

· 1 hour ramp to 125 degrees C

· 16 hours at 125 degrees C

· 10 hours cool to 25 degrees C

COMPRESSION PROPERTIES OF A SINGLE MODULAR COIL

Axial Compression Test Results

	TEMPERATURE (K)
	COMP. MODULUS (MSI)
	STRENGTH (KSI)

	76
	5.3
	48.2

	100
	6.8
	45.8

	150
	7.9
	40.9

	295
	-
	26.6 (tentative)


Testing performed at room temperature (295 K) was inconclusive with 6 test samples.  Additional testing is being performed to interpolate usable values at 295 K.  At present, assume the axial compression modulus at room temperature to be 8.0 MSI.

No compression testing has been performed in either crosswise direction of the modular coil.  Since the dominant load carrying component in the compression of the modular coil is the insulation system, for small deformations, the axial modulus can be used in the crosswise direction.  In the absence of other data, the tensile Poisson’s Ratio shall be used in compression.

The allowable stress in compression shall be limited to one-half the strength at temperature.

TENSION PROPERTIES OF A SINGLE MODULAR COIL

Axial Tension Test Results

	TEMPERATURE (K)
	TENS. MODULUS (MSI)
	STRENGTH (KSI)
	POISSON'S

RATIO

	76
	14.4
	33.6
	0.38

	100
	12.4
	32.0
	0.38

	150
	14.1
	27.4
	0.30

	295
	13.2 (tentative)
	25.0
	-


Testing performed at room temperature (295 K) was inconclusive with 5 test samples.  Additional testing is being performed to interpolate usable values at 295 K.  At present, assume the room temperature Poisson’s Ratio to be 0.30.

No tension testing has been performed in either crosswise direction of the modular coil.  The dominant load carrying component in the axial tension of the modular coil is assumed to be the bonded copper strands acting as a unit.  The copper strands do not offer a comparable stiffness in the crosswise direction, which may be dominated by the insulation for small deformations.  Accordingly, tensile stresses should be minimized in the crosswise directions of the modular coil and in no case shall they be permitted to exceed 5 ksi at any temperature.

In the axial direction, the allowable stress in tension shall be limited to one-half the strength at temperature.

FLEXURAL PROPERTIES OF A SINGLE MODULAR COIL

Flexural Test Results

	
	FLATWISE
	FLATWISE
	EDGEWISE
	EDGEWISE

	TEMP (K)
	MODULUS

(MSI)
	STRENGTH

(KSI)
	MODULUS

(MSI)
	STRENGTH

(KSI)

	76
	4.3
	43.0
	4.0
	44.8

	100
	4.3
	39.8
	4.5
	43.4

	150
	4.3
	39.4
	4.1
	38.9

	295
	3.9
	27.7
	3.7
	29.5


Flatwise means bending the specimen about its weaker axis while edgewise means bending the specimen about its stiffer axis.  For simplicity, if one desires to use the same flexural properties in both modular coil directions, the more conservative flatwise properties shall be used.  The allowable flexural stress shall be limited to one-half the strength specified at temperature.

.

FLEXURAL PROPERTIES OF A 2x2 MODULAR COIL BUNDLE

2x2 Flexural Test Results

	TEMPERATURE (K)
	FLEX. MODULUS (MSI)
	STRENGTH (KSI)

	76
	4.1
	40.9

	100
	3.2
	35.1

	150
	2.9
	30.1

	295
	2.6
	25.6


Flexural properties for a two-by-two modular coil bundle are considered representative of any size modular coil bundle.  Note that the test results for flexural strength and modulus of a bundle is lower than the values for a single modular coil.  This is due to the presence of turn-to-turn insulation, which is softer and has a lower strength than an individual conductor.  The allowable flexural stress of a modular coil bundle shall be limited to one-half the strength specified at temperature.

SHEAR PROPERTIES OF A 2x2 MODULAR COIL BUNDLE

2x2 Shear Test Results

	TEMPERATURE (K)
	SHEAR MODULUS (MSI)
	STRENGTH (KSI)

	76
	2.3
	3.9

	100
	2.0
	3.6

	150
	1.2
	2.9

	295
	1.1
	2.2


Shear properties for a two-by-two modular coil bundle are considered representative of any size modular coil bundle.  The allowable turn-to-turn shear stress in a modular coil bundle shall be limited to one-half the strength specified at temperature.

THERMAL COEFFICIENTS OF EXPANSION AND MICROSTRAINS

The following pages contain plots of the microstrains and the coefficients of thermal expansion (CTE) versus temperature for the single insulated modular coil, the modular coil turn insulation, only, and the coil ground insulation, only, in both the longitudinal and transverse directions.  Since there is some scatter in the data, care should be taken to use the most conservative values for each thermal condition analyzed.

The complete tabular set of coefficient of thermal expansion (CTE) and microstrain data in both the longitudinal and transverse directions for a single insulated modular coil, modular coil turn insulation, and coil ground insulation can be found in [1].  
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ADDITIONAL NOTES AND DISCUSSION
Every test performed indicates higher strength at lower temperatures.

Tensile strength in the axial direction of a single modular coil tracks closely with the strength of slightly hardened (about 1/8th hard) copper plate.

Thermal contraction of annealed OFHC copper is somewhat less than CTD's values for a single insulated modular coil per the table below:

Temp (K)
approx. OFHC microstrain

CTD average microstrain
76

-2900




-3400

100

-2700




-3200

150

-2000




-2600

Note that steel has a microstrain of about 2800 at 76K and that the insulation materials tested by CTD are also very similar to the above values.  The conclusion from this is that there should not be a significant thermal residual stress concern between these materials when cooling down to 76K.

Worth noting is that PPPL's CTE testing results for the single modular coil, closely match the results of CTD's testing.
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