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1.  Abstract
To qualify FNAL as an ITER Reference Laboratory, heat treatment and testing were performed on samples from two ITER billets with serial numbers 01UL0570A03 and 01UX0842A02, which had performance and history unknown to FNAL. This is preliminary to participation in the USIPO quality assurance program associated with the procurement of toroidal field (TF) magnet strands.

2. Description of Equipment and Procedures used
To qualify FNAL as an ITER Reference Laboratory, USIPO has provided 20 meters each of billets 01UL0570A03 and 01UX0842A02. The original scope of work for this phase included recalibration of thermocouples used in ovens, optimization studies to increase the volume of homogeneous temperature in the ovens, development of optimized procedures for wire testing, and procurement of 100 barrel assemblies. As USIPO chose not to include new barrel procurement at this stage, existing ITER-type barrels were used (see notes below). Samples from billet 01UX0842A02 were used to test each stage of the various processes and procedures. Based on this study, an optimized qualification procedure was selected and applied to samples from both billets 01UL0570A03 and 01UX0842A02. 

2.1 Heat Treatment Equipment and Procedures
Two tube furnaces of 152 mm inner diameter were used for heat treatment of the samples in high purity Argon gas at 1 bar. In the following, these furnaces, which have a three-zone temperature control system, are indicated as West oven (official ID is TOV1016), and East oven (TOV1018). In addition to the three thermocouples used by the ovens’ temperature control systems, two ungrounded K-type thermocouples were used in each oven to monitor the samples temperature at the end and at the center of the homogenous zone. These four thermocouples were calibrated at 210˚C, 340˚C, 450˚C, 575˚C and at 650˚C using a metrology well calibrator with an accuracy of 0.001˚C. 
Calibrated thermocouples were also used in the temperature distribution studies that were performed for each oven. These studies aimed at increasing the volume of homogenous temperature by optimizing the values of the three set temperatures in the control system. Fig. 1 shows an example of the results achieved for the West oven for the 650˚C dwell. In this plot the temperature, as measured by a calibrated thermocouple moved in the retort along the length of the oven, is shown as a function of its distance from the retort’s outer flange when the optimized set temperatures values are used for the three control zones. This identifies a 12 in long volume with a temperature gradient of less than 1.3˚C. 


Fig. 1: Temperature, as measured by a calibrated thermocouple moved in the retort along the length of the West oven, as a function of its distance from the retort’s outer flange when the optimized set temperatures values for the 650˚C dwell are used for the three control zones.

Chromium removal was always performed before mounting the sample on its ITER barrel for reaction. Chrome was removed only at the sample ends, using 320 and 600 grit sandpapers. ITER-type barrels made of Ti6Al4V alloy were used for reaction and testing. 
Cycle A below was used for billet 01UL0570A03 and cycle B for billet 01UX0842A02. Ramp up and down rates were of 5˚C/hr. 

Cycle A											Cycle B
210˚C for 50 hrs,									210˚C for 50 hrs,
340˚C for 25 hrs,									340˚C for 25 hrs,
450˚C for 25 hrs,									450˚C for 25 hrs,
575˚C for 100 hrs,									575˚C for 100 hrs,
650˚C for 200 hrs.									650˚C for 100 hrs.
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2.2 Wire Testing Equipment and Procedures
For test of the samples, both Teslatron 1 and Teslatron 2 systems from Oxford Instruments were used. Teslatron 1 is a 15 T/ 17 T magnetic cryostat with a cold aperture of 64 mm, a Variable Temperature Inserts (VTI) for measurements from 1.5 K to 300 K, and maximum power supply current of 1875 A. Teslatron 2 is a 14 T/ 16 T magnetic cryostat with a cold aperture of 77 mm, a VTI and maximum power supply current of 2000 A. The DAQ hardware and software systems include current, voltages, temperature, magnetic field and helium level readings, as well as quench protection. 
In the optimization stage of the test procedure, two different test probes were used. Both types of probes make use of ITER-type barrels, but one is designed for the current to be transferred from the Cu leads to the sample by pressure contact against the Cu end rings applying pressure with a brass nut (see Fig. 2), and the other is designed for the sample ends to be soldered directly onto the Cu leads (see Fig. 3). When using the pressure contact probe, a torque of 10 N·m was always used. The contact resistance for the sample on the PC-type probe is of a few µΩ, which allows to perform stable tests in liquid Helium up to 1400 A. The contact resistance for the sample of the SC-type probes is less than 100 nΩ, which allows to perform stable tests up to 2000 A at temperatures between 1.9 K and 4.5 K. With both probes, the strand was soldered over 2 turns at each end on either the Cu rings or the Cu leads. Both probes can operate in either Teslatron 1 or Teslatron 2. In the following, these two probes are denoted as “PC” for pressure contact and “SC_1” for soldered contact. Two additional probes identical to SC_1 were used in the qualification phase. These are called SC_2 and SC_3. 

  
Fig. 2: Probe with pressure contact sample holder used with ITER-type barrels and Cu end rings.


Fig. 3: Probe with ITER-type barrel where sample ends are to be soldered directly onto the Cu leads.

In the optimization stage of the test procedure, existing ITER-type barrels with two different groove sizes were used. One type had a groove 0.5 mm deep, the other 0.8 mm deep. 
The voltage taps used to report the critical current, Ic, were placed 50 cm apart at the center of the sample. The critical current criterion used was 0.1 µV/cm. The quality index, i.e. n-index, was measured in the range from 0.1 μV/cm to 1 μV/cm at each applied field, during the Ic measurement. The RRR values shown in the Results section were obtained in measurements performed during warm up of the sample and include errors due to current sharing. A separate setup is available for devoted RRR measurements, but was not used for this purpose.


3. Results
Table I shows the results of the optimization procedure and final qualification performed using samples from billet 01UX0842A02. Heat Treatment (HT) 290 shows the results of the calibration and optimization studies for the ovens. The temperature accuracy for the 650˚C dwell was improved, as was the temperature gradient. The temperature gradient obtained for the West oven can be seen for HT 291 in Table II. The effect of a larger gradient produces a larger spread in the Ic results, as shown in Table I for HT 284. The duration accuracy for all heat treatments was always within 1 hr. 
	Table I shows also the other parameters used in the study, including the type of probe, type of barrel, and test system used. All of the samples used in this optimization stage of the test procedure were prepared for reaction and mounted for testing by the same operator T. One can see that of the 8 samples used in the study, the 2 that did not perform well in terms of reaching sufficient voltages (shown in red in Table I) were both mounted on a PC-type probe and on barrels having a 0.5 mm deep groove. All the samples tested on a SC-type probe showed clean transitions up to sufficiently high voltages, independently of the barrel’s groove size. However, in order to boost success rate, the procedure that was selected for sample qualification presently features an SC-type probe, and an ITER barrel with 0.8 mm deep groove. 
Such optimized procedure was then implemented on one last sample from billet 01UX0842A02 and on 8 samples from billet 01UL0570A03. The results for the former are shown in line 9 of Table I, and the results for the latter are shown in Table II. 


TABLE I. RESULTS OF OPTIMIZATION PROCEDURES USING 01UX0842A02

	Sample
	HT/
Oven
	Temp.,ºC
	Time, h:min
	Probe
	Groove depth, mm
	Teslatron
	12.5 T
	12 T
	11.5 T
	Quench field @12.5 T, µV/cm
	RRR
	Prep by

	
	
	
	
	
	
	
	Ic, A
	n
	Ic, A
	n
	Ic, A
	n
	
	
	

	1
	284/W
	651.4 ± 3.2
	99:20
	SC_1
	0.8
	2
	243
	37
	264
	37
	286
	37
	4.8
	159
	T/T

	2
	“
	“
	“
	PC
	0.8
	“
	246
	36
	267
	36
	287
	34
	3.5
	155
	T/T

	3
	“
	“
	“
	SC_1
	0.5
	“
	237
	34
	258
	35
	280
	35
	4.9
	151
	T/T

	4
	“
	“
	“
	PC
	0.5
	“
	-
	-
	209
	-
	-
	-
	0
	168
	T/T

	5
	288/E
	646.4 ± 0.8
	100:54
	SC_1
	0.8
	1
	235
	41
	256
	43
	279
	44
	1.1
	163
	T/T

	6
	“
	“
	“
	PC
	0.8
	“
	236
	44
	257
	43
	279
	44
	1.3
	152
	T/T

	7
	“
	“
	“
	SC_1
	0.5
	“
	235
	34
	257
	36
	279
	36
	4.6
	153
	T/T

	8
	“
	“
	“
	PC
	0.5
	“
	236
	-
	257
	-
	279
	-
	0.15
	147
	T/T

	9
	290/E
	649.4 ± 1.7
	100:45
	SC_1
	0.8
	“
	236
	35
	256
	35
	279
	36
	3.3
	132
	T/T










TABLE II. RESULTS OF QUALIFICATION FOR 01UL0570A03 (CYCLE A)

	Sample
	HT/
Oven
	Temp.,ºC
	Probe
	Groove depth, mm
	
	12.5 T
	12 T
	11.5 T
	
	RRR
	

	
	
	
	
	
	Teslatron
	Ic, A
	n
	Ic, A
	n
	Ic, A
	n
	Quench field @12.5 T, µV/cm
	
	Prep by

	10
	291/W
	651.7 ± 0.1
	SC_1
	0.8
	1
	232
	26
	253
	27
	276
	27
	4.1
	116
	T/T

	11
	“
	“
	SC_3
	“
	“
	234
	26
	256
	27
	279
	27
	3.5
	-
	T/T

	12
	“
	“
	SC_2
	“
	“
	234
	26
	256
	29
	280
	30
	0.95
	-
	T/T

	13
	“
	“
	SC_3
	“
	“
	236
	26
	258
	27
	281
	27
	8.2
	-
	T/M

	14
	“
	“
	SC_1
	“
	“
	231
	25
	253
	26
	276
	27
	5.5
	116
	M/T

	15
	“
	“
	SC_1
	“
	“
	236
	26
	258
	27
	281
	28
	9.9
	134
	M/M

	16
	“
	“
	SC_1
	“
	“
	235
	26
	257
	27
	279
	28
	8.1
	-
	M/M

	17
	“
	“
	SC_2
	“
	“
	229
	26
	250
	27
	273
	27
	5.7
	115
	M/M

	Ave.
	
	233
	26
	255
	27
	278
	28
	
	120
	

	σ
	
	3
	0
	3
	1
	3
	1
	
	9
	




4. Conclusions

[bookmark: _GoBack]After reviewing the results, USIPO came back on January 28, 2013 with the conclusion that they matched nicely with the suppliers results, and assessed FNAL as a qualified ITER verification laboratory for Critical Current testing. 
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Fig. 3: Sample holders used in tube furnaces.
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