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Test Fixture and Test Preparation for Mechanical Ten- Stack Measurements for the Common Coil Dipole model magnet
P. Bauer, N. Andreev, D. Chichili*, K. Ewald*, J. Ozelis, I. Novitski*

Technical Division/Development & Test Department and

*Technical Division/Engineering and Fabrication Department

Abstract:

Mechanical properties like Young’s moduli and thermal contraction coefficients are essential input parameters for FEM-studies of the mechanical design of the first Nb3Sn common coil high field dipole magnet. These properties were recently measured in a separate ten-stack program for the case of impregnated Nb3Sn/Cu/insulation coil-packs with pressure application onto the broad face of the cable(
). Less known is the modulus of the above mentioned composites under pressure onto the thin edge. Since the cable pack may easily collapse under pressure onto the thin edge it is necessary to measure the maximum pressure on the thin edge as a function of broad-face support pre-stress. The ten-stack measurement program presented in the following aims at determining this pressure limit. In addition, refined measurements of the Young modulus of cable stacks parallel to the broad face are sought. The following describes the procedures for the 10-stack preparation and measurement and the design of the 10-stack test fixture.
1.0
PREPARATION OF TEN-STACKS

Following a procedure developed by D. Chichili(
) the ten-stacks are reacted (if necessary), epoxy- impregnated (if necessary), cured, cut to size and instrumented with strain gages. The vacuum impregnation fixture is shown in Fig.1. The fixture is cleaned and painted with mold-release (RAM 225 and 334, mixture of 50 g each). 5.9 inch long cables are cut and wrapped in insulation. The insulated cables are stacked into the impregnation fixture with the broad face of the cable facing the bottom of the channel. The height of the top pusher block is designed such that it fits exactly the estimated height of the ten-stack at a impregnation pressure of 3000 Psi (25 MPa). The size vs. pressure curve is measured independently on a 2-stack. Silicone RTV is applied on the outer surface of the fixture to prevent leaks. The entire fixture is then tested under helium for possible leaks. The impregnation follows the procedure indicated below. A photo of the impregnation set-up is shown in Fig. 2. 

The Impregnation procedure for CTD-101K

Material
Designation
Parts by Weight

Resin
Part A
100.0

Hardener
Part B
90.0

Accelerator
Part C
1.5

Mixing Temperature: 60 oC

Mixing Procedure: Combine the weighted components into a container equipped with heating and mechanical stirring. Heat and stir the mixture until a clear solution at 60 oC is obtained. Pot-life at that temperature is 42 hours.

Degas Procedure: Degas the mixture at 27 inches in Hg for approximately 40 minutes until the bubbles evolve infrequently from the mixture. The system is now ready for application.

Fixture Temperature and impregnation: The ten-stack fixture is placed in an oven and heated to 100 oC in air for 30 minutes. The fixture is then taken out of the oven and wrapped in a heat-blanket. One end of the fixture is connected to a roughing pump while the other end is clamped. The fixture is then vacuumed for 30 minutes before starting the epoxy impregnation (this is done by connecting the end that is clamped to a epoxy mixture which has been degassed). The temperature of the fixture is maintained during the entire impregnation process. The process is terminated once the epoxy reaches the other side of the fixture. 

Cure:  

5 Hrs. at 110 oC

Post Cure: 
16 Hrs. at 125 oC
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Fig. 1: 3-D solid model of the ten-stack impregnation fixture.

The setup for the vacuum impregnation is shown below:


Fig. 2: Vacuum impregnation set-up.
The preparation of the measurements therefore comprise the following steps:

STEP
TASK
DURATION

cut
Cut 5.9 inch long cable pieces


prepare
e.g. TIG weld ends of Nb3Sn cable, wrap scotch around NbTi cable ends , solder cables ..etc
1 day

react
React Nb3Sn samples
2-3 weeks

insulate
Insulate cable pieces
0.5 day

measure
Measure thickness variation with pressure


procure
Design and procure pusher bar (4 weeks) or prepare shims
0.5 day 

clean 
Clean Impregnation fixture
1 day

Impregnate
Assemble 10-stack in fixture, eventually shim to the sides, mold release, close cover plate and apply pressure,

 heat fixture to 100 C, heat epoxy to 60 C, degas epoxy, pump fixture and impregnate
1-2 days

Cure
~ 24 hours in oven
1 day

Cut
Cut 6 inch pieces into 4 pieces with diamond saw, eliminate ends
1 day

Table 1: Steps to the preparation of impregnated 10-stacks.

2.0 SAMPLES


Fig. 5 shows a ten-stack. The convention for the labeling of the main axes refers to the 

Fig. 5: Example of impregnated ten-stack, including naming convention for main directions: (a) 10-stack (b) magnified view of cut.

magnet reference system typically used in block type magnets. The following list of samples ordered according to their priority indicates the scope of the program. 

10-STACK TYPE
Measure 
Vary

10-stack 1



41 0.7 mm diameter strand ITER cable, 100µm S2-glass sleeve-insul., CTD-101 impreg.
Ev, Eh, Ph*(Pv)
4 diff. Pv

10-stack 2



38 0.808 mm diameter strand NbTi cable, 100µm Kapton wrap, bonded with QIX 
Ev, Eh, Ph*(Pv)
4 diff. Pv

10-stack 3



41 0.7 mm diameter strand ITER cable, 150µm Kapton wrap, CTD-101 impreg.
Ev, Eh, Ph*(Pv)
4 diff. Pv

10-stack 4



38 0.808 mm diameter strand NbTi cable, soldered, 100µm Kapton wrap, CTD101 impreg.
Ev, Eh, Ph*(Pv)
4 diff. Pv

Table 2: Preliminary test agenda for 10 stack measurements; E is the Young modulus (v..vertical, h.. horizontal), P is pressure, P* is the maximum pressure before collapse.

The basic instrumentation of the stack consists of 2 strain gages and a capacitance gage. The strain gages (Measurement Group’s WK-09-125AD-350 option W and WK-09-250BG-350) are glued (MD 110) to the ends of the stack in a cross configuration. Therefore the gage at one end measures vertical strain, whereas the gage at the other end measures horizontal strain. A capacitance gage is glued to one side of the stack to measure the vertical pre-stress applied on the 10-stack (see Fig. 6). The capacitance gages have approximately the same length and width (height) as the 10 stack.

There are four samples per 10-stack type. The samples are first mounted into the test-fixture and a chosen vertical pre-stress is applied (see description of test-fixture). In this configuration (with only vertical pre-stress) the Young modulus, Ev for pressure in vertical direction, can be derived from the vertical strain gage response and the vertical pressure reading from the capacitance gage. The vertical pre-stressing involves repeated cycling to 125 % of the projected peak load in the final measurement series (e.g. in a press) to generate reproducible conditions for the following measurements, because the 10-stacks tend to irreversibly change dimensions during the first high pressure cycles. 

Fig. 6: Schematic 10-stack measurement set-up.

After the initial seating of the stack one stress-strain reading (at the given vertical pre-stress) can be done to obtain the vertical modulus of the stack. The same measurement allows to determine the Poisson ratio the ratio of horizontal to vertical strain. These measurements should confirm former results reported in [
]. After pre-stressing, the samples are submitted to force applied onto the cable thin edge (“horizontal”) to measure the horizontal modulus Eh and the horizontal pressure at which the stack collapses Ph*. This measurement requires lateral (vertical) support and it is advisable to start the measurement series with the highest lateral support pressure (e.g. 100 MPa). The horizontal modulus can be derived from the  measured horizontal strain, the Poisson ratio and the known horizontal load. After the measurement of the horizontal modulus the pressure should be raised until signs of irreversible damage appear (buckling, collapse, destruction..). The same should be repeated with 3 other 10-stacks at 3 different, lower lateral support pressures (e.g. 80 MPa, 60 MPa and 30 MPa).

The following set of equations describe the strains in the experiments (see Fig. 7). 
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The fact that the vertical faces of the 10-stack are constrained is reflected in the  horizontal stress/strain curve by the Poisson correction factor (1-v2)-1. Therefore the strain


Fig. 7: Schematic of 10-stack measurement.

x and the pressure x, together with the initial measurement of , provide the information required to derive the horizontal modulus Eh. As described above the vertical modulus and the Poisson ratio are measured (with less precision) during measurement preparation. The capacitance gage mainly serves the purpose of indicating the vertical pre-stress (warm and cold). A continuous reading of the capacitance gages would only be necessary if Ev is to be measured with higher precision (from equation 1).

3.0
TEST FIXTURE


[image: image5.wmf]WEDGE

SHIM

TOP

10-STACK

BASE

WEDGE

RAM


Fig. 8: Test Fixture for 10-stack measurements.

The 10-stack test-fixture (Fig. 8) is capable of providing bi-axial stress, namely pre-stress on the stack in one direction (e.g. vertical) and variable pressure on the stack in the other direction (e.g. horizontal). The fixture consists of a 15 cm diameter steel base with a rectangular cavity to house the ten-stack. A 38 mm thick top-plate, with a hole in the center to allow passage of the RAM, is bolted to the base. The 10-stack is pre-stressed when the top-plate pushes a set of tapered wedges into position. Shimming allows to 
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Fig. 9: FE simulation of deformation of middle part of 10-stack fixture at a pressure of 100 MPa (forces indicated with arrows). The deformation shown in the plot is exaggerated!

control the pre-stress, which is measured using a capacitance gage clamped between one shim and the ten-stack. With a tapering angle of 23(, 50 % of the force applied by the top plate on the wedges is transferred to the 10-stack. Finite element calculations showed that the deformation of the test-fixture under pre-stress is minimal. Fig. 9 shows a FE calculation of the deformation of the middle part of the fixture, which contains the forces emanating from the pre-stressed specimen. According to this simulation the boundaries between 10-stack and  fixture are displaced by merely ( 35 µm at a pre-stress of 100 MPa. Thus the displacement hardly exceeds the elastic compression of the steel bearing the load (~30 µm). The actual force containing structure includes as well the 38 mm thick base plate the fixture, giving the fixture additional mechanically rigidity. To avoid compromising the rigidity of the structure the bolts were moved out of the high stress regions. The thickness of the top plate (~38 mm) is sufficient to reduce deformation (bulging) in the contact areas with the wedges to the elastic minimum. FE calculations showed that the RAM access hole close to the affected areas does not cause excessive deformation of the top plate. The rigidity of the fixture with respect to the variable RAM pressure is evident (Fig. 8).
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