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PPPL-NCSX Memorandum

To:
Project Engineer (PPPL)
From:
Leonard Myatt (Myatt Consulting, Inc.)

Date:
June 30, 2004
Subject: Material Property Data Base to be used for NCSX Analyses

This document is a compilation of salient material property data to be used in all project calculations. Values are listed in a summary table with supporting documentation included as attachments. At this time, the table is incomplete, but recommendations are made for judiciously filling the significant cells.

· MCWF Casting: A series of tensile tests with strain gages would provide the elastic modulus (E) and Poisson’s ratio (ν) while a cooldown to 77K test would provide the coefficient of thermal expansion (α or CTE). Q: Is any of this data already available from casting vendor tests?
· VPI’d MC Conductor: A transverse compression test of the 2x5 array should fill the missing E data. A torsion test of a single conductor should provide two of three shear moduli where the applied torque and angle of twist are sufficient outputs. A representative FE model is included to demo this result. The third shear modulus value could be determined from ultrasonic testing (refer to R.P. Reed for details). And a cooldown to 77K test would provide the CTE data.

· The VPI S-Glass + Kapton properties are provided by R. P. Reed. He says, OK for analysis but not worthy of Design Criteria accountability (no traceable source).
Allowable stress levels are a natural extension of this document, and will be added as required.
Table 1.0 is a proposed structural material property data base to be used in all NCSX project stress calculations. Data is taken from NBS, ITER and NCSX test data. Minor changes are made to the referenced values, such as retaining two significant figures and achieving some consistency between similar insulating materials.

Table 1.0 Material Property Data Base for use in (80K) Structural Analyses

	Material
	Ex

[GPa]
	Ey

[GPa]
	Ez

[GPa]
	x

/K]
	y

/K]
	z

/K]
	Gxy

[GPa]
	Gxz

[GPa]
	Gyz

[GPa]
	xy
[-]
	yz
[-]
	xz
[-]

	316LN SS Annealed
	209
	13
	81
	0.283

	MCWF Casting
	Tensile w/SG
	CD w/SG
	
	Tensile w/SG

	OFHC Cu
	136
	14
	51
	0.34

	VPI S-Glass
	21
	28
	22
	7.9
	6.9
	9.6
	0.2

	VPI S-Glass + Kapton (courtesy R.P.Reed)
	19
	26
	21
	7.9
	4.2
	6.0
	0.2

	Prepreg S-Glass
	22
	30
	28
	7.4
	5.3 (6.2)
	10
	0.2

	Prepreg S-Glass + Kapton
	21
	22
	27
	7.5
	3.8
	6.2
	0.2

	VPI’d MC Conductor
	37 (TBD:2x5Test)
	78
	CD w/SG
	CD
	Ultrasonic
	Twist Test
	


Notes: 
1. Orthotropic material coordinate system: 
· x is the through-thickness direction
· y is in the direction of the wrap (i.e., around the conductor perimeter)
· z is parallel to the conductor axis
2. Cells filled in yellow signify FE-based values.
3. Cells filled in blue signify low-risk assumed values of comparable materials.
4. SG = Strain Gages, CD = Cool Down
[image: image1.png]Table 1. Mechanical Characterization of G-10CR and G-11CR (Manufacturer A; Pilot Plant)*

Tensile Compressive Tensile failure
Young's modulus, strength, strength, strain, Shear strength,
E, GPat Poisson’s ratio, ¥ o7, MPat oY, MPat eV, % o, MPat
Short beam Guillotine
Temperature,
K Warp Fill Warp Fill Warp Fill Warp Fil Normal Warp Fill Warp Fill Warp Fill
G-10CR
295 28.0 224 0150 0.144 415 257 375 283 420 1.75 1.55 60.1 45.2 42.3
76 337 270 0.190 0.183 825 459 834 557 693 3.43 2.53 131 93.4 61.3 72.9
4 35.9 29.1 0.211  0.210 862 496 862 598 749 3.67 2.70 108 72.6 78.8
G-11CR
295 32.0 255 0.157 0.146 469 329 396 315 461 1.82 1.73 71.9 44.9 40.6
76 37.3 311 0223 0.214 827 580 804 594 799 3.21 2.85 120 92.0 56.5 56.6
4 39.4 329 0.212 0.215 872 553 730 632 776 347 2.67 89.3 56.2 57.0

* Average of at least three specimens.

+ 1 MPa = 145 psi; 1 GPa = 1.45 x 10° psi.



Supporting Documentation
1. 316LN SS Annealed
[image: image2.png]ITER N 11 FDR 26 01-07-04 R 0.1

Interlaminate shear Streneth Definition: The maximum applied load divided by the product of
the specimen width times thickness. all multiplicd by a constant of 0.75. The maximum
applied load is defined as the highest load point along the load/deflection curve.

Elexure Modulus Definition: The slope of the linear portion of the short beam three point
bend shear test load/deflection curve.
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Figure 3.2-1 Three point bending Short beam shear test fixtures. (ref. [2])
Table 3.2-1 Short-Beam Shear test Results at 77 & 42 K
Tosulation Shear Toxural Temperature Resin
systems strength (MPa) | Modulus (GPa) Progress
CTD-101K/S-2 glass! 279 ’ vei(h
(DGEBA) 341 42
shell 826/5-2 glass! 218 "‘ vei(h
(DGEBA) 316 42
NTRE i T 77 VeI
DGEBA/Aromatic Amine 42
VPLS2 na na 77 eI
(DGEBF/Liguid Aromatic amine) 42
VP62 na i 77 VeI
(TGPAP/Aromatic amine) 42
VPl 122 na i 77 VeI
(TGPAP/Aromatic amine & 42
Ceramic coating)
CTD-112/5-2 glass! 67 235 m Prepreg2)
(IGDM) L 279 42
CTD 11252 Gilass B 78 77 Trepr
with Kapton HA! 65 202 42
(TGDM)
5] o T 77 Prepreg(2)
(Eposy Novolak Prepreg) 42
P62 n.: T 77 Prepreg
(Epoxy Novolak prepreg with 42
Kapton)

(1) - see section 2 Tor definition, (2) - see section 2 for delinition, na — not available
1 ref. [2]. 2- ref. [1]
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1. 316LN SS Annealed, continued
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Table 6.1.24

for VPL
VPLDGEBA Eposy/s-? Glas
Temperane K
N o0 T T
Niodiha
Gy
Warp Ty = = =
divoton
il dineston | 7> = [y
Thowh | 7 B
hikaess
Shear o0 7 T
Mo
Gy
Toe |G T e g
T |G Iy "
T = e T T
R
T s T = = =
Trom compression ests With Sran Fauges
¢ From in-plane tensile tests with + - 45 degrees fiber lay-up with strain

sue intelaminate shear srengh for VP and Prepreg epoxy:
s (with and without an nterleaved polyimide film [kapton) layer) insulation system with
fiber volume % between 45 & 55 are shown in Table 6.1 3-1

Table 6.13-1
Siare VPLinsultion Syvien
wio Polimide film (kapton)
Staic EERI7)

Fatigoe EIRYIY
Prepreg meslaron e
with polvimide flmkapton
Siaie 0MPs

Faugue™ FIY

Wi or o tching of e polyimide i

“The interlaminate shear strength was determined at the intercept of the shear/compression
data o the vertical axis where the compression sress is zero, see Figures 62-1 10 4. The
intercept point is determined by taking the slope of the 42K data and extending it 1 the
y-axis, for the cases where 42K data is not available the average of the 77K slope was
selected. The lack of the Prepres with polyimide film insulaion systems
necessitated the selecton of conservative values.
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2. MCWF Casting (assume isotropic)
Tensile test with strain gages yields:
· Elastic Modulus
· Poisson’s Ratio

· Yield Stress

· Ultimate Strength
Cooldown to 77K with strain gages yields:

· Coefficient of Thermal Expansion
Q: Do either of the casting vendors already have any of this data?

Len,

In looking over elastic modulus data for 316-like cast alloys for Phil's specifications, I came across data from ITER (EU/KfK) that is very discouraging. I list the values that were reported for the elastic modulus at 7 K (tested in helium gas) and 4 K (liquid helium):

25 ton casting

Orientation = "Y"    124-179 GPa

Orientation = "X"    162-176 GPa

Orientation = "Z"    168-214 GPa

1 ton casting, one orientation

4 mm diameter specimen 148-176 GPa

6 mm diameter specimen 126-190 GPa

12 mm diameter specimen 170 GPa

20 mm diameter specimen 113-158 GPa

Wrought 316LN alloy 

All orientations 192-211 GPa

Source: A. Nyilas, et al, European Cryogenic Material Testing Program for ITER Coils and Intercoil Structures, Advances Cryogenic Engineering- Materials, vol. 48 (2002), AIP Press, pp 123-130.

I do not know if this very large variability is caused by measurement inconsistencies, grain size and orientation variability, flaws, or ferrite variability. Also, the chemistry is different from ours; their alloy contains more Mn, N, and Mo. However, the chemical variations should not account for the variations in the elastic modulus. The relative tightness of the wrought data suggest that the variations are due to metallurgical factors

These data do suggest that the values that I provided you for the wrought ITER 316LN are too high. Maybe, until we obtain data on our casting, a modest "sensitivity study" is in order to assess the effects of possible variations of the elastic modulus of up to 50%.

Dick Reed

3. OFHC Cu

Simon, Drexler & Reed, NIST Monograph 177

4. Epoxy-Glass Insulation Systems
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3. Epoxy-Glass Insulation Systems, continued
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‘Compressive Modulus Definition: The slope of the linear section of the loaddeflection curve
from the ongin of the plot

“The compressive stength and compressive moduli of the tests performed by the EU and US
HTS of their proposed insulation systems for ITER coils i shown in Table 3.1-1

Table3.0-1 Compression strength and Compressve Modulusof Inulation sysen
st a1 7 & 42K
Trtaon Compreseve | Compresane | Temperre | e
s g R viceal gl s
vy G
CTD-101K/S-2 glass! 1300 K \
(DGEBA)_ 1360 2
shell 826/5-2 glass! 310 K VPT
(0GERA) 1290 2
e T3 7 Vi
(DGEBA/Aromatic Aming) 1291 2
Veis? 7 VT
(DGEBF/Liquid Aromatic aminc) 2
Vhie: 7 Vi
(TGPAP/Aromatic aminc) 2
Vet 7 VT
(TGPAP/Aromatic aminc & 42
Coramie coning
ey T | P
(TGDM) 1260 2
T TIZS 2 Gl vl K| 10 T P
sl 120 2
firenty
o T T P
(Epony Novolh Prepres) i) 2
e i 7| P
(Epoxy Novolak with Kapton) L2l 42
e
32 Interlaminate Shear Strength
Table 3.2- illsrates e intelminat shear sirngth of shortbea shar tets perormed

77 and 4.2K on VP and Prepres insulaton systems by the EU and US HTs.

Interlaminate shear test Definiton: Short-beam shear tests were used o measure the
sulating composite systems. The test used a three-point

1. Specimens were placed on the lower two loading pins
(-6 mm diameter, hardened-steel pins with Re-62), and the force was applied to the top of
the specimen from a servo hydraulc actuator through a 12 mm diameter hardened steel pin
A constant actuator deflection rate no greater then 0.2 mim/sec was used.

“The Naimum shear tress (tupe) was calculated s ollows (ref [2])
e = 0.75 Plit, P = Max. applied load, w = Specimen width, ¢ = Specimen thickness
Note: The shear sresses are o maximu i the center of the specimen

ST Nl Dabese, Arile 3 NorNelic Ntorls Duabse & Specticaions Toaew




4. Epoxy-Glass Insulation Systems, continued

[image: image6.png]Tangent Modulus of Elasticity

(ASTM D-790)

Specimen Area Used Specimen Modulus Modulus
Material For Modulus Temperature Average Std Dev
Deg.C 10E6 psi 10E6 psi
Bare Cu Full 255 9.7 0.81
Bare CU Full -196 1.3 0.69
Glass Full 255 6.3 0.26
Wrap
Glass Full -196 74 0.42
Wrap
Glass Cu Only 255 10.6 0.09
Wrap
Glass Cu Only -196 1.7 0.14
Wrap

Peer Review- Conductor Material

Properties
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4. Epoxy-Glass Insulation Systems, continued

[image: image7.png]Longitudinal Compressive Test Results

» The compression modulus for type 1 initial
compression cycle was about 6 to 8 Msi.

» The compression modulus for type 2 initial
compression cycle was about 2.5 to 3 Msi.

» Subsequent cycles were all nearly the same for
both type 1 and 2
» Average 9.114 Msi
»SD 0.570 Msi

Peer Review- Conductor Material 38
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4. Epoxy-Glass Insulation Systems, continued

[image: image8.png]MECHANICAL, ELECTRICAL, AND THERMAL

CHARACTERIZATION OF G-10CR AND G-11CR
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National Bureau of Standards
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4. Epoxy-Glass Insulation Systems, continued
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4. Epoxy-Glass Insulation Systems, continued
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4. Epoxy-Glass Insulation Systems, continued

Included here for the purpose of estimating Poisson’s Ratio for VPI’d and Prepreg insulation systems.

[image: image11.png]Barrel-Shaped Deformation
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as expected (this is a
3% effect on Effective
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April 13, 2004 Leonard Myatt 4
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5. VPI’d MC Conductor
[image: image16.png]STAINLESS STEEL (316LN)

Elastic Properties Young’s Modulus (E)

The Young’s modulus of alloy 316LN as a function of temperature is presented in the
following table.

Temperature (K)
295 76 4
Young’s modulus (GPa) 196 209 207





[image: image17.png]STAINLESS STEEL (316LN)
Elastic Properties Shear Modulus (G)
Bulk Modulus (B)
Poisson’s Ratio (»)

The shear and bulk moduli and Poisson’s ratio of 316 at low temperatures are from one
set of ultrasonic measurements by Ledbetter (1980, 1981). The data are provided in the

table below; shear moduli are plotted in Figure 13.

Temperature (K)

Elastic Property 205 20 2
Shear modulus (GPa) 75.2 81.4 81.0
Bulk modulus (GPa) 157.5 160.5 158.9
Poisson’s ratio 0.294 0.283 0.282






5. VPI’d MC Conductor, continued
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The plot below shows shear stresses in a 0.31” W x 0.351” H x 2” L  conductor section (middle 0.4” shown) which is subjected to an axial torsional displacement at its ends. The material is assumed to be isotropic with an elastic modulus of 78 GPa (11.3 Msi) and a Poisson’s ratio of 0.3. The plot title lists the shear modulus determined from model results (29 GPa) and analytical shear stress (T/(0.214HW2) or 873 MPa which nearly match the analytical value of E/(2(1+ν)) or 30 GPa and finite element stress of 862 MPa.
The polar moment of inertia is a trivial calculation for a circular cross-section and more complicated for a non-circular cross-section. So, using finite element results such as the maximum shear stress (taumx), angle of twist (dth) and torque (t_applied) to determine the effective shear modulus (gfe) requires taking some liberties, like the definition of the effective section radius (r_sec) as shown in the following calculations:

r_sec=sqrt(h**2+w**2)/2

jfe=t_applied*r_sec/taumx

gfe=t_applied*l_tot/(jfe*dth)

In spite of the lack of formalism, the agreement with more traditional methods is excellent and will be carried into future analyses when ever it is necessary. Notice that the maximum shear stress produced by this torsional load is SYZ (or SθZ in a cylindrical coordinate system). This is consistent with a GXZ or GYZ in a Cartesian CS.







Room Temp Test Results








3-pt Flexure Test Results
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