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__________________________________________________________________
Introduction
The paper summarizes the data on the radiation resistance of some materials used for production of electromagnets for accelerators. The data were obtained during the studies carried out at BINP and other organizations. The methodology of research applied at BINP is described. The results can be used for designing new products, and test methods ( for testing other materials. 

The problem of radiation resistance of materials arouse seriously during the manufacturng of the magnets for the SSC project (USA) in 1992. It was necessary to verify the possibility of using domestic materials for magnets ( steel, epoxy resin, various insulation materials, etc. The same question arouse during the execution of subsequent contracts. 

The work was performed during 1992(2003. At different time periods V.V. Petrov, V.A. Polyakov, Yu.A. Pupkov, V.I. Serbin, I.L. Chertok were  involved in the work.

The published data, for example, [1(12], give a large range of results, since the radiation resistance of materials can depend strongly on the specific conditions of their production and testing (type of radiation, exposure mode ( continuous or pulsed, short or long, in air or in vacuum, at different dose rates during the tests, etc.). In particular, the effect of the radiation oxidation in air can lead to a greater damage at low dose rates for fixed integral dose. Therefore, testing of materials was held under their intended operation conditions. 

Mainly, changes in the mechanical and electrical insulating properties of materials under irradiation were investigated.

The irradiation of the samples of the material, unless otherwise stated, was carried out in air, at room temperature, by scanning beam of accelerated electrons from the quasi-continuous action accelerator ILU-6 with the following beam parameters: 

Energy, MeV

2.0 

Average power, kW 

3 ÷ 10 

Irradiation area, cm 

15 ( 100

Dose rate, kGy / sec.

2 ÷ 6 

The accelerator automated control system provides a set of specified dose with the accuracy better than 10% and the reproducibility of the mode with an error less than 2%. Taking into account the uncertainty of the contribution of the electrons which are scattered and reflected from the collector, the resultant error in estimation of the dose averaged over the sample thickness does not exceed 20%. 

The control system also provides maintenance of the given temperature of the sample during irradiation. In these tests, the temperature of the sample was maintained at about 70 (C. 
1. Radiation resistance of fiber-glass plastics and epoxy compounds 
1.1. Comparative tests of fiber-glass plastics and epoxy compounds

The following types of materials were tested:

1. Fiber-glass plastic TSP-85 (domestic fiber-glass plastic, impregnated fiberglass T-10-80 by poliaminoimide binder PAIS-105P).

2. STEF fiber-glass plastic (see Annex 2).

3. Fiber-glass plastic G-10 (USA).

4. Epoxy impregnating compound EPC-1 BINP (see Annex 2).

5. Impregnating epoxy compound (USA). 

Samples of 2(10(50 mm were produced of the test materials.   

Irradiated samples were placed on a copper water-cooled collector of 3(60 cm and pressed to it with 0.1mm-thick aluminum foil, which is, simultaneously,  protected from low-energy scattered electrons. 

The sample thickness was chosen in the range 0.05 ( 0.3 of path of electrons with the given energy in the test material. Irradiation was carried out with doses: 0.1, 1, 3, 10, 30 MGy. 

To collect statistics, the tests were carried out on several samples (from 2 to 6 depending on availability of the material) for each dose. The samples were compared regarding two mechanical properties of the material ( elastic modulus E and ultimate bending strength σ for static bending. 

Testing of mechanical properties of the material was carried by the following scheme (Fig. 1):

The sample was placed on two supports spaced by L = 30 mm. Along the line between the supports and at an equal distance from them, the sample was loaded with variable load P. The sagging of the sample (f) and load P were recorded. The sample was loaded up to destruction.

[image: image1.jpg]



Fig. 1. Test scheme.

Modulus of elasticity E is given by 

E = PL3 / 4fbh3,

where b ( width of the sample, h ( thickness of the sample, f = 0.2(0.6 of maximum sagging.

Ultimate bending strength ( under static bending is: 

( = 3PmL / 2bh2,

where Pm is force, destroying the sample.

Table 1 shows elastic modulus E0 and ultimate bending strength (0 of the materials of un-irradiated samples. They are in a good agreement with the reference data.
Table 1
	
	TSP-85 
	STEF 
	G-10
	EPC-1
	Compound USA

	Е0  GPa

(kg/mm2)
	24

(2400)
	20

(2000)
	17.4

(1740)
	4.3

(430)
	4.4

(440)

	(0  MPa

(kg/mm2)
	770

(77)
	570

(57)
	300

(30)
	112

(11)
	112

(11)


Then the change in E/E0 and (/(0 of irradiated samples relative to unirradiated ones was considered. The results as well as typical values of errors for two materials are shown in Fig. 2 and 3. 

It is evident from these results that the strength characteristics of materials (( /(0), except those for TSP-85, degrade relative to the absorbed dose greater than their elastic properties (E/E0). This fact should be taken into account in the planned tests. Characteristics of TSP-85 at the achieved doses have not been changed. This result confirms a good radiation resistance of poliaminoimide substances.

Radiation resistance of the materials made in Russia was higher than that of the samples submitted by the SSC Laboratory (USA). So the possibility of using Russian materials was proved. 0.
Conclusion. Assuming that 50% change in the characteristics of the material is permissible, fiber-glass plastic STEF and compound EPC -1 can be used up to doses of 30(50 MGy,  fiber-glass plastic G-10 ( up to 10 MGy, fiber-glass plastic TSP-85 ( over 30(50 MGy, taking into account the upper limit of the integral dose.
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Fig. 2. Relative change in modulus of elasticity vs the dose.
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Fig. 3. Relative change in strength vs the dose.
1.2. Additional verification of radiation resistance of epoxy compound EPC -1

Additional testing of EPC -1 was carried out almost 10 years later after the first test. It was necessary to confirm that the properties of the supplied components are not deteriorated. At the same time the maximum dose was increased. The temperature of the samples was also stabilized.
Irradiation was carried out with electrons from pulsed accelerator ILU-6.
The sample size is 80 ( 10 ( 3 mm. To provide good cooling the samples were placed in running water (distillate), so that the samples were always covered with water layer of 2 ( 3 mm thickness. The influence of ozone generated in air was excluded. The sample temperature during irradiation was monitored with a thermocouple and did not exceed 25 (C.

Several groups of samples were irradiated:

1. The samples being cooled by water after half-dose irradiation turned over. Doses: 10 and 30 MGy.

2. The same samples and irradiation conditions, see (1). Doses: 30 and 50 MGy.
3. The same samples and irradiation conditions, see (1). Doses: 25 and 50 MGy.

Results:

· after irradiation with 10 MGy, the samples were slightly darker, after 25(30 MGy – became black;

· after irradiation with 25 – 30 MGy, the samples were without visible deformation;

· after 50 MGy dose, the samples were slightly curved (sagitta.( 0.5 mm).

Ultimate bending strength (  under static bending is shown in Fig. 4. For comparison, the graph also shows the results of measurements made in 1992.
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Fig. 4. Ultimate bending strength compound EPC-1 vs the dose.

Conclusion. If we assume that a change in the characteristics of the material by 50% is acceptable, then compound  EPC -1 can be applied up to doses of ( 50 MGy.
1.3. Polymeric material "Prepreg PPM-609"

Prepreg PPM-609 is a material for hot-pressed products. It consists of chopped fiberglass impregnated with resin brought to half-cured state. Pressed parts were used as a spacer in manufacture of the magnet coils.

The method and testing process are similar to section 1.1.

The dimensions of the samples produced of the test materials are 3(10(50 mm. 

Irradiation was carried out with doses: 0.1, 1, 10, 30 MGy.

6 samples were tested at each dose for statistics collection.

Fixed load P and sagitta f were recorded during testing.

The ultimate bending strength of the material σm, which corresponds to the load of the sample destruction, and the relative change in the material elastic modulus  E/E0=P(e)/P(e)0 were determined.

The elastic modulus for un-irradiated samples: E = 7 GPa (700 kg/mm2), ultimate bending strength under static bending: (m = 150 MPa (15 kg/mm2) (see Fig. 5).
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Fig. 5. Radiation resistance of the material "Prepreg PPM-609.

Conclusion. Assuming 50% change of the properties is acceptable, "Prepreg PPM-609" can be used up to absorbed doses of (30 MGy. Radiation resistance of Prepreg PPM-609 is not worse than that of fiber-glass plastic STEF. It is appropriate to use it in a mass production of the inserts of complicated shape.

2. Radiation resistance of "ELASTOSIL" polymers

Polymer potting compound ELASTOSIL 137-312 TU 6-02-1-566-88 " is a material with high thermal conductivity. 

The basic structure: 

1. Silicone rubber SKTN.

2. Silicon nitride. 

3. Aloksisiloksan. 

Test specimens were prepared by pouring into a metal mold with the evacuation and subsequent polymerization under pressure of 2.5 MPa at 25 °C.   The size of a sample is 0.6 ( 10 ( 50 mm. 3 samples were tested at each dose for statistics collection.

Irradiation was carried out with doses: 0.1,  0.3,  1,  3,  10 MGy. 

Testing of mechanical properties of the material was carried out at disruptive apparatus at a working length of a specimen  L = 30 mm. 
The following parameters were recorded during the test: 

•  Pm – force at the moment of rupture of the specimen; 

•  fm – elongation of the specimen at the moment of rupture; 

•  Pe – force at lengthening fe (fe ( 0.2fm).
The following values were calculated basing on the test results (see Fig. 6):

• ultimate bending strength: σm = Pm / (b( h), where b – width and h –   thickness of the specimen;

• relative elongation at rapture (%): a = 100 fm / L; 
• modulus of elasticity E: E = Pe(L / (fe(b(h).
Non-irradiated samples had the following properties: 

• modulus of elasticity E0 = 81 MPa; 

• relative elongation at rapture, a0 = 80%; 

• tensile strength σm0 = 45.6 MPa.
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Fig. 6. Effect of radiation on the main characteristics of "ELASTOSIL.

Conclusion. If we assume that an acceptable change in any of the measured characteristics of material is 50%, then  "ELASTOSIL" may be used up to doses of ( 1 MGy.
3. Radiation resistance of polyurethane, polystyrene and high-pressure polyethylene 

Estimation of the irradiation impact on these materials was made qualitatively, without  mechanical or other tests.

SKU-PFL-100 Polyurethane at 1-MGy dose became dark, but retained the elasticity; at dose of 10 MGy ( weakly elastic, close to brittle; at 30-MGy dose ( fragile, blistered.

Initially, polystyrene is red, elastic; at 1-MGy dose is fully discolored, brittle; at dose of 10 MGy ( rubbery, plastic; at 30-MGy dose again becomes rigid, close to initial state.

Initial high-pressure polyethylene is matte-white, elastic; at 1-MGy dose – without any visible changes; at dose of 10 MGy – became yellow, without visible changes in mechanical properties, at  30-MGy dose ( became  brown, less hard than in initial state.

Recommendations for use:

• SKU-PFL-100 Polyurethane - permissible doses up to 10 MGy;

• Polystyrene ( dose of 1 MGy is already impermissible;

• High-pressure polyethylene ( permissible doses up to 30 MGy.
4. Radiation resistance of Mylar and Lavsan

Polyethylene terephthalate ( thermosetting polymer obtained by polycondensation of ethylene terephthalate (in Russia( Lavsan) - is used for the manufacture of rigid sheets and films (Mylar), and strong fibers (in England ( terylene, in the USA ( Dacron) 

4.1. Dielectric strength

The breakdown voltage between the bus and the grounded copper plate depending on the irradiation dose of electrons with energy of 2 MeV was measured. The cross-section of bus is 4.5 ( 1.6 mm. 

The bus is wrapped in a one layer with one type of insulation:

• Type 1 ( Mylar tape produced by 3C company, USA, with a yellow adhesive sublayer, the thickness  is 0.06 mm;

• Type 2 ( Lavsan tape LT -19, with a transparent adhesive sublayer, the thickness is 0.05 mm. 

The thickness of Mylar and Lavsan films without adhesive sublayer is 0.025 mm.

The length of the contact area of the bus with the plate is 16 mm, the radius of the curvature at the ends of the plate is 1 mm. Contact pressure of the bus to the plate is 2 kg/cm2.

Irradiation was carried out with the doses: 0.1, 1, 3, 10, 30 MGy.
[image: image7.emf]Напряжение пробоя майлара и лавсана 

0

2

4

6

8

10

12

0.010.1110100

Dose, MGy

Breakdown 

voltage, kV

Type 1 (Mylar)

Type 2 (Lavsan)


Fig. 7. The breakdown voltage of Mylar and Lavsan vs absorbed dose (average value of 12 samples).

It is seen from measurements (see Fig. 7):

1. There is no significant difference in the behavior of the electric strength of Mylar and Lavsan depending on exposure.

2. At a fixed dose, breakdown voltage may vary significantly from one specimen to another, however, there are clearly visible doses (higher than 3 MGy) when the dielectric strength is decreased sharply.

4.2. Mechanical strength

Specimens for testing:

• Type 1: 10 layers of Mylar tape produced by 3C company, USA were glued together. Width is 25.4 mm. The tape was gradually narrowed to a width of 10 mm in the middle for more exact fixation of the point of the rapture.

• Type 2: 10 layers of Lavsan tape were glued together. Width is 19 mm. The tape was gradually narrowed to a width of 10 mm in the middle for more exact fixation of the point of the rapture.

Disruptive force for the specimens depending on the dose of irradiation with  2 MeV (see Tab. 2, Fig. 8) was measured.
It is seen from the measurements that:

1) the properties of Lavsan and Mylar do not differ significantly;

2) working range of doses for Mylar and Lavsan should not exceed 1 ÷ 3 MGy.

The results obtained are in good agreement with published data. In particular, according to [1], the coating of PET is recommended to be used at doses not more than 5 MGy.

Table 2

	Specimen
	The disruptive force (kg), at doses (MGy)

	
	0
	0.1
	1
	3
	10
	30

	Type 1 (Mylar)
	42.75
	39.5
	41.5
	22.5 *)
	0 **)
	0 ***)

	Type 2 (Lavsan)
	40
	37
	40.75
	26 *)
	0 **)
	0 ***)


*) The specimen becomes brittle.
**) The specimen is very fragile and is broken at fixing into the machine.
***) The specimen is crumbled in hands.
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Fig. 8.  Tensile strength of Mylar and Lavsan vs absorbed dose.

5. Radiation resistance of polyimide film PM

International name of analogues ( "Kapton".

We tested two types of polyimide films:

1) polyimide tape PM-A, TU 6-19-121-85, width - 20 mm, thickness - 40 microns;
2) "wide" tape, width -  30–35  mm, thickness - 80 microns.

Specimens of tape were irradiated with an electron beam from an accelerator ILU-6 with 2 MeV, with the average beam power of about 10 kW. Doses for different samples: 0.1, 1, 3, 10, 30 MGy.

The specimens temperature during irradiation did not exceed 100 (C.

To check the electrical strength, the specimens were wound on a stainless steel tube of 40 mm in diameter, to which  DC voltage of 10 kV from the test set UPU-10 was applied. The similar stainless steel tube, located perpendicularly to the first one, was the second electrode. Because of high dielectric strength of the tested insulation the measures were taken in order to avoid a breakdown through the film surface.

Test results (see Fig. 9).
1. After irradiation up to maximum doses color of the specimens remained practically unchanged.

2. All specimens, both non-irradiated and irradiated, stand the test with a DC voltage of 10 kV without breakdown. The higher voltage tests were not carried out. According to reference data, the dielectric strength of polyimide films is at least 200 kV/mm, that corresponds to 8 kV for a film with 40 micron thickness. Therefore, guaranteed insulating properties of the films are kept at least up to 30 MGy.

3. Tensile strength of the specimens remains practically unchanged up to doses of 30 MGy.
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Fig. 9. Rupture strength of the polyimide film vs absorbed dose.

6. Radiation resistance of insulation of winding wires (buses)

Several types of wires used for the manufacture of correction coils of magnets (see Table 3) were tested. Main insulation properties of the wires are presented below:

1. Wire PSDT (TU16.K71-129-91) ( two types – thinned insulation from glass fibers, put in two layers, with gluing and impregnation with heat-resistant lacquer or compound.

2. Wire PSDT-L (TU16.K71-129-91) ( one type –thinned insulation from glass fibers, put in two layers, with gluing and impregnation with heat-resistant lacquer or compound, with a surface layer of lacquer.

3. Wire type PSD (GOST 7019-80) ( two types – insulation from glass fibers, put in two layers, with gluing and impregnation with heat-resistant lacquer or compound.

For all specimens the breakdown voltage between the wire (on the wide side) and a grounded copper plate was measured, depending on the dose of electrons with 2 MeV energy. Length of contact region between the wire and the copper plate is 16 mm. The radius of curvature at the ends of the plate is R = 1 mm.
Table 3

	Type of specimen
	Transverse dimensions of the wire for copper, mm(mm
	Wire thickness with insulation, mm
	Force of pressing the wire to a grounded plate, kg/cm2
	Number of specimens



	PSDT type 1
	2.36 ( 5.6
	2.73
	1.6
	18

	PSDT type 2
	2.12 ( 4.5
	2.49
	2.0
	18

	PSDT-L
	2.8 ( 6.3
	3.21
	3.0
	6

	PSD, type 1
	1.6 ( 4.5
	2.0
	3.5
	12

	PSD, type 2
	2.8 ( 8.0
	3.15
	2.3
	12


The test results are shown in Fig. 10.
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Fig. 10. The insulation breakdown voltage vs dose.
Conclusion. If we assume that a 50% change of the measured characteristics of material is valid then these wires may be used at least up to doses ( 30 MGy.
7. Radiation resistance of various types of paints

7.1. Test of the effect of irradiation on the paint at the accelerator ILU-6

The radiation resistance of various types of paints for magnet was checked during execution of contracts for the manufacture of the magnets for SSC, KEK and other laboratories. In particular, the following types have been tested:

1. Epoxy lacquer EP-730 plus nitro paint NC-25 (white). The paint was applied to the cleaned surface of the iron, without priming. Drying ( natural, without heating.

2. Dual-component epoxy enamel EP 51 (yellow).

3. Paint ML-152 (orange) on the basis of alkyd and formaldehyde resins. The paint was applied on the insulation coating of steel surface without preliminary cleaning and without priming. The painted specimens were baked in an oven at the temperature of 60(80 (C.

4. Paint ML-12 (red). The paint was applied on the insulation coating of steel surface without preliminary cleaning and without priming.

5. Finnish analogue of paint ML-152 (red) applied on top of primers PL-05-K. Drying ( natural, without heating.

6. Enamel ML (gray).

7. Paint "GEPARD" (red). The paint was applied on the insulation coating of steel surface without preliminary cleaning and without priming.

8. Finnish paint Sadolin 012 of different colors.

9. Powder coating (gray-beige).

The specimens were irradiated in air at room temperature, by an electron beam from the accelerator ILU-6.

During irradiation, the specimens were clamped to a massive metal plate which was cooled by water. The temperature of specimens during irradiation did not exceed 70 ( 85 (C. The rated power of doses was ranged from 0.4 to 5 kGy/sec. The maximum dose of irradiation was 30 MGy.
Test results:
1. Lacquer EP-730 plus nitro paint NC-25 (white). The paint begins to change color (becomes dark ) at doses of 0.3 MGy and more. Blistering of the paint coat starts at doses of 10 MGy and above.

2. Enamel EP 51 (yellow). Appreciable change of the color appears already at a dose of 10 MGy. Noticeable change in the mechanical properties of paint was not observed up to doses of 30 MGy.

3. A noticeable change in color and mechanical properties for the remaining samples of paints was not observed up to doses of 30 MGy.
7.2. Test of the effect of irradiation on the white paint EP-140 at the accelerator ELV-6

The white dual-component epoxy enamel EP-140 was tested with various additives and under different drying conditions. The paint was applied onto thin sheets of steel without a primer. 5 types of specimens were tested:

(1) The specimen covered only with paint EP-140, air drying.

(2) The specimen covered only with paint EP-140, drying with baking at 60 ( 80 (C.

(3) The specimen covered with paint EP-140 with the addition of nitro-enamel NC-11, air drying.

(4) The specimen covered with paint EP-140 with the addition of zinc oxide, air drying.

(5) The specimen covered with paint EP-140 with the addition of zinc oxide, drying with baking at 60 ( 80 (C.

The specimens were irradiated in air at room temperature, by an electron beam from a continuously working accelerator ELV-6 with the following parameters:

Electron energy 



1.4 MeV

The current density on the specimens 

0.5(10-6 A/cm2

Specimens during irradiation were glued to a massive metal plate cooled by an air stream. The specimens temperature during irradiation did not exceed 50 ( 60 (C. The rated power of doses was 1 kGy/sec. The maximum dose of irradiation was 10 MGy.
Test results:
1. Specimens do not change the original white color when being dried in air.

2. When being dried with baking, the color of specimens changes to a sand-yellow.

3. Irradiation doses higher than 3 MGy lead to an additional yellowing of the specimens, that may be analogous to baking because irradiated specimens were heated by an electron beam (see above).

4. The minimal change of the color was observed for the samples of type (4), which slightly turned yellow at doses of 10 MGy. The maximal change was for specimens of type (3), which significantly turned yellow at doses above 1 MGy.

5. A noticeable change in the mechanical properties of paint, up to doses of 10 MGy, was not observed.
8. Radiation resistance of the insulating coating of steel sheet

The objective of the test was to study the properties of the insulation coating of steel when exposed to radiation. The steel sheets with TSh–type coating (heat-resistant electrical insulating coating for improvement of stamping) from two manufacturers – Novolipetsk Steel (NLMK) and Verkhissetsk plant (VIZ) were tested.

Steel sheets of type 2312, State Standard 21427-2.83, with thickness 0.5 mm were tested.  A 5-micron coating provides packing factor of at least 98%.  The coating composition includes orthophosphatic acid, polyvinyl alcohol, magnesium oxide, aluminum oxide, ether.

Tested parameters: 

• Electric resistance of the coating before and after irradiation. 

• Fastness of the coating and its adhesion to the steel surface before and after irradiation. 

Test procedure for the steel stacks of the NLMK production: 

• 36 specimens with the dimensions of 30 ( 30 mm2 were cut out from different areas of steel sheet having the dimensions of 1.5 ( 0.3 m. After taking away burrs, the specimens were packed into two stacks - 18 specimens each (thickness - 9 mm), and compressed with force of 100 kg between two flat conductive surfaces. Resistance of the stack was measured in the direction perpendicular to the surface of the steel sheets. The applied voltage amplitude U ≥ 1 V / mm. 

• Measurements were done before and after irradiation. 
Test procedure with clamping electrodes for the steel of the VIZ production: 

• 16 specimens with the dimensions of 110 ( 23 mm2 were cut out from different areas of steel sheet having the dimensions of 0.5 ( 0.3 m. 

• Each specimen was clamped between two polished electrodes Ø 20 mm. Clamping force is about 3 kg. The measurements were performed at 4 ( 5 points for each specimen.

• The measurements were done before and after irradiation.
Firmness of the coating was tested according to the State Standard GOST-21427.2-83, Paragraph 4.13 by bending the sample around cylinder with the diameter of 20 mm. The absence of cracks and peelings off of the coating from the steel surface were checked.

Irradiation of the samples: 

• The samples were irradiated by the electron beam emitted to the atmosphere from the pulsed linear electron accelerator ILU-6.

• The samples were placed under the beam in two layers. To eliminate the influence of large amounts of ozone produced during the irradiation, the samples were wrapped into one layer of 0.1 mm thick aluminum foil.
• The temperature of the samples as well as the absorbed dose was monitored during the tests.
• Average beam power was checked and regulated to provide the temperature of the samples lower than 70 °C. 

• The exposure time was defined to be 10 hours in order to accumulate absorbed dose of 100 MGy.
• The absorbed dose was estimated with 10% accuracy. 
The test results of the stacks:

1) Stack resistance at voltage of 9 Volts (1 V/mm) before irradiation was close to infinity. The discharge took place when the voltage applied to the stack reached 45(50 V ((5 V/mm), i.e. a five-fold excess of the required value.
2) Stack resistance at voltage of 9 Volts (1 V/mm) after exposure to radiation was close to infinity (leakage resistance is 100 kOhm). The discharge took place at voltage of 35(45 volts (4(5 V/mm). The discharge voltage was measured several times. After the discharge the packet was disassembled, the samples were mixed up and stacked again. 

The test results with electrodes:

1) The resistance of non-irradiated samples is 0.4 ± 0.2 Ohms.

2) The resistance of the irradiated samples is 0.5 ± 0.3 Ohms. Within the spread of samples and measurement points the resistance values are equal.

The fastness of the coating and its adhesion to the steel surface for the irradiated samples were the same as for those not exposed to radiation.

Conclusion. Exposure to radiation at absorbed dose of 100 MGy does not lead to the deterioration of the insulation properties of TSh–type coating. Electrical steel with such a coating was used for the magnets at LEB (USA), MBG and QTG (CERN).
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Appendix 1

Electrical insulating glue-coating "Stabolit 70" (based on [13])

Electrotechnical steel with Stabolit 70 coating is widely used in the manufacture of electromagnets in BINP. 

Stabolit 70 is an adhesive lacquer based on heat-resistant synthetic resin and is used to bond sheets of electrical steel, assembled in blocks. Steel sheet is covered at one or both sides with a layer of the lacquer with thickness of 6 microns. Varnish is a partial cure, without sticking. Laminated blocks are glued at heating under pressure. 

The best result on the strength of bonding was obtained by heating to 190°C and holding time for 15 minutes, in this case, the tensile strength obtained was 11.9 N/mm2, shear strength ( 22.2 N/mm2. 

Fig. A1.1 shows the dependence of the strength limit of the sample, which was glued with Stabolit 70 and subjected to gamma radiation, on the radiation dose. 
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Fig. A1.1.  Shear strength of irradiated Stabolit 70 samples.

The value of shear strength for specimens exposed to 109 rad is approximately 60% of the ultimate strength without irradiation. 

Conclusions. Resin bonding of laminated cores provides a sufficient shear strength and can be used as a method of magnet construction. The Stabolit 70 showed the highest shear strength of the resin tested. The Stabolit 70 samples are sensitive to curing conditions, therefore, an accurate control is required during manufacture of yokes when using this method. The curing temperature should be accurately monitored, and no part of the stack should be over 210 ºC.

Appendix 2

Chemical, mechanical and electrical properties of the Russian electric insulating materials used for the testing (According to the State Standards and the Manufacturer's Specifications)

1. Epoxy impregnating compound  EPC-1

Epoxy impregnating compound EPC-1 is intended for vacuum impregnation of magnet coils and gluing of end packages.

1.1. Structure of epoxy compound EPC-1 in parts by weight:
· The epoxy-dian resin ED-16

100 

· Hardener MA


2.28 ( K

· Plasticizer MGF-9


20

· TEa accelerant



0.5

Note: a factor K is a quantity of epoxy groups in a resin according to elemental composition.

1.1.1. Epoxy resin ED-16 (GOST 10587-84) is a liquid, highly viscous reactive oligomeric product based on diglycidyl ether of diphenylolpropane.

Depending on the physical and chemical properties, the following brands of epoxy-diane resin are established: ED-22, ED-20, ED-16, ED-14, ED-10, ED-8. Designation of brands consists of the following letters: E ( epoxy; D – diphenilolpropan; numbers indicating the limit of normal content of epoxy groups (the greater epoxy-diane number corresponds to the lower content  of epoxy resin groups in a molecule and to the  lower strength of the adhesive layer).
Uncured epoxy-diane resins can be converted into infusible and insoluble state under the effect of the curing agents of different types.
Coatings based on epoxy resins are characterized by the following properties:

• good adhesion to metal, glass and ceramics;
• high hardness;
• flexibility;
• valuable dielectric properties;

• resistance to aggressive environments.
Specifications

	Epoxy resin GOST 10587-84
	epoxy-diane resin ED-20
	epoxy-diane resin ED-16

	
	Superior
	First
	Superior
	First 

	1. Appearance
	Viscous
	High viscosity

	
	transparent liquid, without visible mechanical inclusions and traces of water

	2. Mass fraction of epoxide groups, %
	20.0-22.5
	16-18

	3. Mass fraction of volatile matter,%, no more
	0.2
	0.8
	0.2
	0.4

	4. Dynamic viscosity, Pa • s, at:
	
	
	
	

	              25±0.1°C
	13 – 20
	12 – 25
	–
	–

	              50±0.1°C
	–
	–
	15 – 18
	5 – 20

	5. Gelatinization time, h, no less
	8.0
	4.0
	4.0
	3.0

	6. Molecular mass
	480 – 540

	7. Density, kg / m3
	1155

	8. The open flash-point, (C
	above  270

	9. Epoxy equivalent
	269 – 239


1.1.2. Hardener MA ( malEPC anhydride. 

1.1.3. Plasticizer MGF-9 ( polyester, product of polycondensation of a methacrylic acid of an phthalic anhydride and triethylene glycol. 

1.1.4. TEa accelerant ( triethanolamine.
1) Chemical formula




CH2OHCH2) 3N 

2) Molecular weight




149.2 

3) Physical properties: 

• A boiling point 




335 ° C 

• Melting point 




20 – 21 °C 

• Relative density (water = 1) 


1.1 

• Solubility in water 



mixed 

• Vapour pressure, Pa at 20 °C 


1.33 

• Flash point 




179 °C cc 

• Temperature of spontaneous ignition

324 °C 

1.2. Physical and mechanical properties of  EPC -1 compound
Breaking point  at a static bending, kg / cm2

1100
Compressing breaking point, kg / cm2


1470 

Specific impact elasticity, kg(m / cm2


16

Ultimate tensile strength, kg / cm2


700 ( 800

Coefficient of linear expansion, 10-6/ (C

60

Thermal conductivity, W/cm((C


0.0017

Impregnating capacity of number of layers of cambric 
170 

Shrinkage,% 




1.5 

Heat resistance (Martens), (C 


70 ( 80

Viability at 70 (C, min



240
1.3. Electrical insulating properties of  EPC -1 compound. 

Dielectric loss tangent at frequency of 50 Hz at 20(C
0.025
Volume specific resistance, Ohm(cm


not less 1014 

Permittivity at frequency of 10 Hz


4.2 

Dielectric strength at frequency 50 Hz, kV / mm
25 ( 30
2. Fiber-glass plastic STEF and STEF-1.

Fiber-glass plastic STEF GOST 12652-74 (equivalent to U.S. G10/G11) is manufactured with a thickness from 0.5 mm to 50 mm. 

STEF glass fiber /STEF-1/ was obtained by compressing fiber-glass with epoxy phenolic binder. The content of the binder is 30 ( 35%, mode of pressing ( 160 (C, pressure - 4 MPa. It is intended to work outdoors under normal conditions of relative humidity at a voltage above 1000 V and 50 Hz, as well as for working outdoors in high humidity environment (93 +2)% at a temperature (40+2) (C, at up to 1000 V and 50 Hz. High mechanical strength and electrical stability allow machining of the material and using it for structural parts of electrical equipment. 

Glass fiber brand STEF-1 is produced with a thickness from 0.2 mm to 50 mm. It has the same properties as STEF, but it has more homogeneous fine internal structure that allows producing from it small electrical components. 

Decryptment of symbolic representation of the STEF-brand fiberglass: ST ( glass fiber; EF ( epoxy phenolic binder.
Mechanical and electrical-insulating properties of fiber-glass plastics STEF and STEF-1
	Description
	Standard

	
	STEF
	STEF-1

	Composite structure
	Fiberglass, epoxy phenolic binder 

	Density, kg / m3
	1600 – 1900

	Admissible continuous operation temp. (C
	From – 65 to +155

	Heat resistance (Martens), (C
	185 – 200

	Heat-resistance within 24 hours , (C, not less
	200

	Thermal conductivity, W / m( (C
	0.3

	Specific heat, kJ/kg( (C
	0.92 ( 1.45

	Temperature coeff. of linear expansion, (C
	(4(8) ( 10-6

	Modulus of elasticity, MPa

   ( along a sheet                  

   ( across a sheet
	20000

15000
	21000

16000

	Water-absorbing capacity for 24 hours, %
	1 ( 0.2

	Ultimate flexural strength, perpendicularly to the layers, MPa, at least
	350

	Tensile strength, MPa, at least
	220

	Charpy impact strength parallel to the layers on samples with notch kJ/m2, at least
	50

	Electrical resistance: 

   ( Volume specific resistance, Ohm (m,

   ( Internal, Ohm
	1011

1011 ( 1012
	1011

1011 ( 1012

	Breakdown voltage parallel to the layers (one-minute verification test) in M/90°C/transformer oil, kVeff, at least
	35

	Insulation resistance after conditioning in 24h/23°C/distilled water, MOhms, at least
	5(104

	Loss tangent at 1(106 Hz, after conditioning under 24h/23°C/distilled water, not more than
	0.04

	Loss tangent perpendicular to the layers at 50 Hz
	0.003(0.005
	0.03(0.05

	Short-time electric strength: 

   ( perpendicularly to layers, MV / m       

   ( in parallels to layers, kV / 10 mm
	30 ( 20

45 ( 30
	30 ( 20

50 ( 30


3. Polyimide film (Kapton). 

Dielectric strength, kV / mm, at least 


200 

4. Glass tape. 

Glass tape is intended for a secondary interturn insulation and frame insulation of coils of the magnets. 

4.1. A glass tape of the LES brand is used ( from threads alumina-boria-silicate of a glass, with a linen interlacing. 

The tape with thickness of 0.2 + 0.025 mm, a width of 20 +1 mm is used.

Glass fiber sizer  is a paraffinic emulsion removed at baking. 

Mass fraction of matters removed at baking, %, no more   
1.9
Strength at stretching, Pa 




2.8 ( 109 

Modulus of elasticity, Pa 




7.4 ( 1010  

Specific electric resistance at 200 (C, Ohm(cm 


4 ( 1012 

Appendix 3 

The radiation resistance of epoxy resins (some published data)  [1]

Epoxy resins are obtained by condensation of epichlorohydrin with two- and polyatomic phenols, or by direct epoxidation of unsaturated compounds by peroxy acids. The curing process consists in the formation of insoluble products ( epoxy resin with a net  three-dimensional structure. 

Radiation resistance of epoxy resins considerably depends on the curing agents used, on the presence or absence of plasticizers and fillers. The resins cured with aromatic rather than aliphatic compounds are the most radiation-resistant. Irradiation of the former to a dose of 109 rad at 70(C results in the reduction of bending strength to 60% of its initial value, and irradiation of the latter ( leads to a decrease in strength down to 25 ( 30% of( its  initial value already at 4(108 rad. 

The irradiation of epoxy resins change their color from yellow to dark red (5(108 rad), at higher doses resins turn brown, embrittle and crumble into powder. The epoxy resins with higher temperatures of thermal fracture are more resistant to irradiation. It is also noticeable that thin films of epoxy resins irradiated in air are less resistant to radiation than thick samples.

Figs. A3.1 ( A3.2 show the relative radiation resistance of the majority of the plastics and elastomers being used. The lower section of the strip (light) for each material represents a range of doses, in which the radiation damage is expressed very weakly, ie material in such circumstances might be used more often than not. The next section of the strip (shaded) characterizes the range of doses of the weak or moderate (25%), radiation damages, most often the material behaves satisfactorily. The last section of the strip (dark) covers doses that cause moderate to considerable radiation damages in the material (only limited use is allowed). These estimations are based on an analysis of changes in the most important physical properties: for plastics ( tensile strength, for elastomers ( lengthening. 

Table A3.1. Relative resistance to irradiation of epoxy resin depending on the filler [1]. 

	Filler
	Irradiation dose, rad 

	
	Destruction threshold 
	Destruction by 25%
	Destruction by 50%
	Destruction by 90%

	Unfilled
	2(108
	3.2(109
	1010
	7(1010

	With glass-fiber
	2.5(109
	2.65(1010
	7.4(1010
	2(1011

	With mineral filler (Aluminum oxide) 
	7(108
	5(109
	3(1010
	1011

	With glass-fiber and mineral filler
	8(109
	5(1010
	1.25(1011
	3.5(1012


Table A3.2. Change of flexural strength of epoxy resins at different curing agent under irradiation [1]. 

	Hardener
	Original value, kg/cm2
	Sample thickness, mm


	Percentage (%) of original value remaining after exposure to a dose, rad

	
	
	
	108
	109
	1010

	Aromatic amine
	1190
	3
	80
	50 – 80
	–

	Aliphatic amine
	1295
	3
	50 – 80
	10
	–

	Acid anhydride
	1295
	3
	80
	50 – 80
	–

	Acid anhydride (with a long side chain)
	805
	3
	50 – 80
	10
	–

	Araldit, type B, cast (resistance shift), kg/cm2
	560
	4.1
	–
	80
	50 – 80
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Fig. A3.1. Relative radiation resistance of thermoplastic resins [1].
[image: image13.emf]0.1

1

10

100

1000

10000

phenolic resin with

glass-fibre filler

phenolic resin with

asbestos filler

phenolic resin

without filler

phuranic resin

epoxy resin

polyether with

glass-fibre filler

polyether with

mineral filler

polyethylene

terephtalate(mylar)

polyester resin

silicon with mineral

filler

silicon with mineral

filler from glass-

fibre

silicon without filler

aniline-

formaldehyde resin

without filler      

melamine-

formaldehyde resin

without filler      

Dose, Mrad

The radiation damages are moderate to considerable (only limited use)

The radiation damages are weak or moderate (25%)

The radiation damages are expressed very weakly


Fig. A3.2. Relative radiation resistance of thermoreactive resins [1].
Table A3.3. Minimum levels of exposure causing a noticeable (20 ( 30%) changes of the properties of certain materials. 

	
	Dose of γ-radiation, Gy 

	Thermoreactive resins

	Phenolic resin with filler
	106 – 108

	Polyester with filler
	107 – 3(107

	Epoxy resin
	106 – 2(107

	Polyester resin
	3(103 – 104

	Silicon
	106 – 5(106

	Thermoplastic resins 

	Polystyrene  
	5(106 – 5(107

	Polyvinylchloride
	106 – 107

	Polyethylene
	105 – 106

	Polypropylene
	5(103 – 105

	Cellulose acetate
	104 – 3(105

	Nitrocellulose  
	5(103 – 2(105

	Polymethylmethacrylate
	5(103 – 105

	Polyurethane
	105 – 106

	Teflon
	2(103 ( 5(105

	Elastomers

	Natural rubber  
	5(104 – 5(105

	Polyurethane rubber
	104 – 3(105

	Acrylic elastomers
	104 – 7(105

	Organosilicic elastomers
	104 – 105

	Butyl elastomers
	104 – 3(105
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