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1.0  INTRODUCTION

The coils used in the first R&D magnet, HGQ01 for LHC IR Quadrupole were made of G-10 end-parts and the cable was insulated with kapton coated with epoxy adhesive. In order to have a high radiation resistance, the ULTEM end-parts with kapton insulation coated with polyimide adhesive (QI®, provided by Fraivillig Materials) was proposed for the second R&D magnet, HGQ02. An amorphous thermoplastic ployetherimide, ULTEM resin has exceptional strength and modulus combined with high radiation resistance (a loss of less than 6% tensile strength was reported after cummulative exposure to 500 megarads at the rate of one megarad per hour using Cobalt 60) [1]. The particular ULTEM used here is ULTEM 2300 which has ULTEM resin reinforced with 30% glass fibers. Table 1 lists some of the mechanical and thermal properties of G-10 and ULTEM 2300 as provided by the manufacturer [1].
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Table 1: Mechanical and thermal properties of G-10 and ULTEM 2300 (as provided by the manufacturer).

The ULTEM end-parts are coated with a modified polyimide adhesive, QIX to improve the bonding between the end-parts and the cable. The thermoplastic polyimide adhesive, QIX is a polyimide/epoxy hybrid adhesive that has a lower bonding temperature (less by 20-30 oC) than a straight all-polyimide, QI adhesive. The bond strength versus the curing temperature for QIX and QI as provided by the manufacturer is shown in Fig. 1. Even though the proportion of the epoxy cross-linking agent to polyimide resin in the QIX adhesive is quite low, the manufacturer suggests that it does reduce the radiation resistance (compared to QI) [2]. 
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The first four practice coils which were wound with ULTEM end-parts and Kapton insulation coated with polyimide adhesive showed end part adhesion to be very poor. The end-parts broke loose once the coils were removed from the mandrel. Note that the coils were cured at 170 oC for 10 min where as coils with G-10 end-parts and epoxy adhesive were cured at 135 oC for 1 hr. A rule of thumb is that the higher the radiation resistance of an adhesive, the higher the curing temperature. From Fig. 1, the bond strength of the polyimide adhesive, QIX is about 1.1 lbs/inch at 170 oC. However the epoxy has a bond strength of about 10 lbs/inch which is 10 times greater than that of polyimide adhesive. Hence its possible that the bond strength obtained by curing the polyimide adhesive at 170 oC for 10 minutes was not sufficient to hold the coil and the end-parts together. The goal of this investigation was to determine the curing conditions such that the  ULTEM end-parts with polyimide adhesive can be used in coil winding.

Figure 1: Bond strength of polyimide/epoxy hybrid (QIX) and all-polyimide (QI) adhesives (as provided by the manufacturer[2]).

2.0  TESTING PROCEDURE

It is clear from Fig. 1 that the strength of the polyimide adhesive increases with curing temperature. The results shown in Fig. 1 were tested with a bonding pressure of 1000 Psi and dwell time of 3-6 minutes. Higher bonding pressure and longer dwell time should typically increase the bond strength. In the present investigation the bonding pressure was kept constant at 5000 Psi and the curing temperature and dwell time were varied to get an optimum bond strength. The following table lists the matrix of different tests performed with ULTEM end-parts and polyimide adhesive. For comparison, G-10 end-parts with epoxy adhesive were also tested. 
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SAMPLE


TEST CONDITIONS

Curing Conditions        Testing method

ULTEM end parts only + polyimide adhesive
170 0C for 10 min.        Tension and Shear

G-10 end parts only + epoxy adhesive
135 0C for 1 hr.             Tension and Shear

ULTEM + Cable with polyimide adhesive
170 0C for 10 min.                Shear

180 0C for 10 min.                Shear

190 0C for 10 min.                Shear

190 0C for 20 min.                Shear

190 0C for 30 min.                Shear

G-10 + Cable with Epoxy adhesive
135 0C for 1 hr.                     Shear

Table 2: Matrix of the various samples and the testing conditions.
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Figure 2: Schematic of the (a) tension and (b) shear samples.

The specimen geometry for both the tension and shear tests is shown in the Fig. 2. The width of the samples is about 0.6 inches and the gauge length of the tension sample is 3.0 inches and the shear sample is 2.5 inches. Since the cable has a key-stone angle, two cables were used to get a parallel face. The ten stack curing fixture was used to cure the samples which were then tested using a standard servo-hydraulic (Instron) machine. The idea is to compare the bond strength of polyimide adhesive cured at different conditions to that of epoxy and choose the one which is optimum to our needs. Note that it is a general practice to cure the coil at the lowest temperature possible as the interstand resistance decreases with the increase in temperature and dwell time. 

3.0  RESULTS 

[image: image11.bmp]The force verses displacement curves for all the samples listed in Table 2 are obtained. Note that the initial portion of the curve was neglected as it includes the effects of machine compliance. The bond strength (i.e., the force per unit area required to break the bond) for different  samples was then used to compare the results. Fig. 3 shows the bond strength of the polyimide and epoxy adhesives in shear and in tension. Note that these tests are performed with only the end-parts. The bond strength for epoxy is about ten times greater than that of polyimide both in shear and in tension. Since the trends in shear and tension are similar, only overlap shear tests were performed with the cables in-between the endparts. 

Figure 3: Comparison of the bond strength of polyimide and epoxy in shear as well as in tension.

3.1  Effect of Curing Temperature

Fig. 4 shows the effect of curing temperature on the bond strength of the polyimide adhesive at a constant pressure and dwell time. Note that the tests were performed with two cables in-between the ULTEM end parts. It is clear from the plot that the bond strength increases with temperature ( by a factor of 2 for an increase of  20 oC). Also shown in the figure for comparison is the bond strength of epoxy. As expected the bond strength of epoxy is greater than that of polyimide (specifically the bond strength of epoxy is greater than that of polyimide cured at 190 oC for 10 min by a factor of 2.5). Interestingly, the failure occurred between the cable and the endparts for ULTEM samples with polyimide adhesive where as for G-10 sample with epoxy adhesive the failure occurred between the two cables. The surface of the ULTEM samples tested were [image: image12.wmf]42.24
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quite smooth compared to that of G-10 samples. So its possible that the surface finish of the end-parts is affecting the measured bond strength. 

Figure 4: Effect of temperature on the bond strength of polyimide adhesive.

3.2  Effect of Surface Finish

To further investigate the effect of the surface finish, the ULTEM samples were sand-blasted before curing. The tests were performed with only ULTEM end-parts and with the cables between the end-parts. The samples with only end-parts were cured at 170 oC for 10 min and the samples with the cable were cured at 180 oC for 10 min. Fig. 5 shows the bond strength data obtained from these tests. Also shown in the figure for comparison are the bond strength data for bare samples with similar curing conditions. With only end-parts, the bond strength increased by a factor of 3 when sandblasted with 80 grit sand and by a factor of 5 when sandblasted with 40 grit sand. However, surprisingly surface finish had no effect on the bond strength when the ULTEM end-parts were tested with [image: image13.bmp]the cables (two tests were performed with the cables to check for repeatability). Further the failure occurred between the end-part and the cable for both the samples. 
[image: image14.emf]2
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Figure 5: Effect of surface finish on the bond strength of polyimide adhesive.
Figure 6: Effect of curing time on the bond strength of polyimide adhesive.

3.3  Effect of Curing Time
The effect of dwell-time on bond strength is shown in Fig. 6. The samples were cured at 190 oC for 10, 20 and 30 min. at a constant pressure. The curing time seems to have little or no effect on the bond strength in the range of duration’s investigated. 

4.0  CONCLUSIONS
The bond strength of the polyimide adhesive with ULTEM end-parts was investigated as a function of curing temperature, surface finish and curing time. The bond strength increased with curing temperature whereas the surface finish of the end-parts and the curing time had relatively no effect on the bond strength (with the cables). An increase of 20 oC in curing temperature increases the bond strength by a factor of 1.5.  However the bond strength of polyimide cured at 190 oC is less than that of epoxy cured at 135 oC for 1 hr. by a factor of 2.5. 

ACKNOWLEDGMENTS
The authors would like to acknowledge the excellent technical support from Jay Hoffman, Barbara Sizemore and Ethel Gonczy. 

REFERENCES
[1] ULTEM design handbook, GE Plastics.

[2] Personal Communication, Fraivillig Materials.

� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���








� EMBED Excel.Sheet.8  ���









- 6 -
01/23/98



[image: image15.emf]1




1

_946900000.xls
Chart5

		ULTEM+QIX

		ULTEM+QIX

		ULTEM+QIX



190 C, 10 min

190 C, 20 min

190 C, 30 min

Lap Shear Strength, Psi

42.24

37.9

42



Sheet1

		ULTEM+QIX		23.52		170 C/10 min

		ULTEM+QIX		32.82		180 C/10 min

		ULTEM+QIX		42.24		190 C/10 min

		G-10+Epoxy		106.8		135 C / 1hr

		ULTEM+QIX		42.24

		ULTEM+QIX		37.9

		ULTEM+QIX		42

		ULTEM+QIX		61.23

		G-10+Epoxy		618.24

		ULTEM+QIX		78.39

		G-10+Epoxy		814

		Bare Sample				61.23

		Sand-Blasted (80 grit)				177.4

		Sand-Blasted (40 grit)				300.5

		Bare Sample+Cable				42.24

		Sand-Blasted+Cable				47





Sheet1

		



170 C, 10 min

180 C, 10 min

190 C, 10 min

135 C, 1hr

Lap Shear Strength, Psi



Sheet2

		



190 C, 10 min

190 C, 20 min

190 C, 30 min

Lap Shear Strength, Psi



Sheet3

		



Shear

Shear

Tension

Tension

Bond Strength, Psi



		



Lap Shear Strength, Psi



		





		






_947308517.xls
Chart1

		Bare Sample

		Sand-Blasted (80 grit)

		Sand-Blasted (40 grit)

		Bare Sample+Cable

		Sand-Blasted+Cable



Lap Shear Strength, Psi

61.23

177.4

300.5

32.2

31



Sheet1

		ULTEM+QIX		23.52		170 C/10 min

		ULTEM+QIX		32.82		180 C/10 min

		ULTEM+QIX		42.24		190 C/10 min

		G-10+Epoxy		106.8		135 C / 1hr

		ULTEM+QIX		42.24

		ULTEM+QIX		37.9

		ULTEM+QIX		42

		ULTEM+QIX		61.23

		G-10+Epoxy		618.24

		ULTEM+QIX		78.39

		G-10+Epoxy		814

		Bare Sample				61.23

		Sand-Blasted (80 grit)				177.4

		Sand-Blasted (40 grit)				300.5

		Bare Sample+Cable				32.2

		Sand-Blasted+Cable				31





Sheet1

		



170 C, 10 min

180 C, 10 min

190 C, 10 min

135 C, 1hr

Lap Shear Strength, Psi



Sheet2

		



190 C, 10 min

190 C, 20 min

190 C, 30 min

Lap Shear Strength, Psi



Sheet3

		



Shear

Shear

Tension

Tension

Bond Strength, Psi



		



Lap Shear Strength, Psi



		





		






_947313432.xls
Chart1

		Bare Sample

		Sand-Blasted (80 grit)

		Sand-Blasted (40 grit)

		Bare Sample+Cable

		Sand-Blasted+Cable



Lap Shear Strength, Psi

61.23

177.4

300.5

32.8

31



Sheet1

		ULTEM+QIX		23.52		170 C/10 min

		ULTEM+QIX		32.82		180 C/10 min

		ULTEM+QIX		42.24		190 C/10 min

		G-10+Epoxy		106.8		135 C / 1hr

		ULTEM+QIX		42.24

		ULTEM+QIX		37.9

		ULTEM+QIX		42

		ULTEM+QIX		61.23

		G-10+Epoxy		618.24

		ULTEM+QIX		78.39

		G-10+Epoxy		814

		Bare Sample				61.23

		Sand-Blasted (80 grit)				177.4

		Sand-Blasted (40 grit)				300.5

		Bare Sample+Cable				32.8

		Sand-Blasted+Cable				31





Sheet1

		



170 C, 10 min

180 C, 10 min

190 C, 10 min

135 C, 1hr

Lap Shear Strength, Psi



Sheet2

		



190 C, 10 min

190 C, 20 min

190 C, 30 min

Lap Shear Strength, Psi



Sheet3

		



Shear

Shear

Tension

Tension

Bond Strength, Psi



		



Lap Shear Strength, Psi



		





		






_945755759.xls
Chart10

		ULTEM+QIX

		ULTEM+QIX

		ULTEM+QIX

		G-10+Epoxy



170 C, 10 min

180 C, 10 min

190 C, 10 min

135 C, 1hr

Lap Shear Strength, Psi

23.52

32.82

42.24

106.8



Sheet1

		ULTEM+QIX		23.52		170 C/10 min

		ULTEM+QIX		32.82		180 C/10 min

		ULTEM+QIX		42.24		190 C/10 min

		G-10+Epoxy		106.8		135 C / 1hr

		ULTEM+QIX		42.24

		ULTEM+QIX		37.9

		ULTEM+QIX		42

		ULTEM+QIX		61.23

		G-10+Epoxy		618.24

		ULTEM+QIX		78.39

		G-10+Epoxy		814





Sheet1

		0

		0

		0

		0



170 C, 10 min

180 C, 10 min

190 C, 10 min

135 C, 1hr

Lap Shear Strength, Psi



Sheet2

		0

		0

		0



190 C, 10 min

190 C, 20 min

190 C, 30 min

Lap Shear Strength, Psi



Sheet3

		0

		0

		0

		0



Shear

Shear

Tension

Tension

Bond Strength, Psi



		





		






_945758922.xls
Chart9

		ULTEM+QIX

		G-10+Epoxy

		ULTEM+QIX

		G-10+Epoxy



Shear

Shear

Tension

Tension

Bond Strength, Psi

61.23

618.24

78.39

814



Sheet1

		ULTEM+QIX		23.52		170 C/10 min

		ULTEM+QIX		32.82		180 C/10 min

		ULTEM+QIX		42.24		190 C/10 min

		G-10+Epoxy		106.8		135 C / 1hr

		ULTEM+QIX		42.24

		ULTEM+QIX		37.9

		ULTEM+QIX		42

		ULTEM+QIX		61.23

		G-10+Epoxy		618.24

		ULTEM+QIX		78.39

		G-10+Epoxy		814





Sheet1

		ULTEM+QIX

		ULTEM+QIX

		ULTEM+QIX

		G-10+Epoxy



170 C, 10 min

180 C, 10 min

190 C, 10 min

135 C, 1hr

Lap Shear Strength, Psi

23.52

32.82

42.24

106.8



Sheet2

		0

		0

		0



190 C, 10 min

190 C, 20 min

190 C, 30 min

Lap Shear Strength, Psi



Sheet3

		0

		0

		0

		0



Shear

Shear

Tension

Tension

Bond Strength, Psi



		





		






_946898657.xls
Chart1

		Bare Sample

		Sand-Blasted (80 grit)

		Sand-Blasted (40 grit)

		Bare Sample+Cable

		Sand-Blasted+Cable



Lap Shear Strength, Psi

61.23

177.4

300.5

42.24

47



Sheet1

		ULTEM+QIX		23.52		170 C/10 min

		ULTEM+QIX		32.82		180 C/10 min

		ULTEM+QIX		42.24		190 C/10 min

		G-10+Epoxy		106.8		135 C / 1hr

		ULTEM+QIX		42.24

		ULTEM+QIX		37.9

		ULTEM+QIX		42

		ULTEM+QIX		61.23

		G-10+Epoxy		618.24

		ULTEM+QIX		78.39

		G-10+Epoxy		814

		Bare Sample				61.23

		Sand-Blasted (80 grit)				177.4

		Sand-Blasted (40 grit)				300.5

		Bare Sample+Cable				42.24

		Sand-Blasted+Cable				47





Sheet1

		



170 C, 10 min

180 C, 10 min

190 C, 10 min

135 C, 1hr

Lap Shear Strength, Psi



Sheet2

		



190 C, 10 min

190 C, 20 min

190 C, 30 min

Lap Shear Strength, Psi



Sheet3

		



Shear

Shear

Tension

Tension

Bond Strength, Psi



		



Lap Shear Strength, Psi



		





		






_945755758.xls
Chart3

		130		162

		140		175

		150		180

		165		193

		175		205

		185		217



QIX

QI

Temperature, C

Bond Strength, g/mm

1

1

6.5

7.5

21.5

12

25.5

19.5

21.5

25.5

27.5

37



Sheet1

		130		1		162		1

		140		6.5		175		7.5

		150		21.5		180		12

		165		25.5		193		19.5

		175		21.5		205		25.5

		185		27.5		217		37





Sheet1

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



QIX

QI

Temperature, C

Bond Strength, g/mm

0

0

0

0

0

0

0

0

0

0

0

0



Sheet2

		





Sheet3

		






