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1 Introduction and Scope

1.1 Introduction

Stellarators are a class of magnetic fusion confinement devices characterized by three dimensional magnetic fields and plasma shapes and are the best-developed class of magnetic fusion devices after the tokamak. The stellarator concept has greatly advanced since its invention by Dr. Lyman Spitzer, the founding director of the Princeton Plasma Physics Laboratory (PPPL), during the 1950’s. A traditional stellarator uses only external magnetic fields to shape and confine the plasma. The National Compact Stellarator Experiment (NCSX) is the first of a new class of stellarators known as “compact stellarators.” The differentiating feature of a compact stellarator is the use of plasma current in combination with external fields to accomplish shaping and confinement. This combination permits a more compact device. The NCSX project is managed by PPPL in partnership with the Oak Ridge National Laboratory. This Subcontract will be administered by PPPL.  The NCSX device is shown in Fig. 1.1-1.  
[image: image2.png]



Fig. 1.1-1.  The NCSX Compact Stellarator

The winding forms are austenitic (non-magnetic) stainless steel structures that are one of the most important components of the modular coils and the NCSX device. The winding forms perform two very important functions: (1) the conductors are wound on the winding forms, and are located in precise position by these forms; (2) the winding forms serve as their structural support during assembly and operation. There are three (3) distinct shapes of winding forms. Six (6) of each are required for a total of eighteen (18). The NCSX device is comprised of three identical “field periods”, each of which consists of two each of the three winding form types, a 120 degree sector of the vacuum vessel, and associated toroidal field (TF), poloidal field (PF), and correction field coils.  
1.2 background & Scope

The modular coils within a field period are joined together by bolts in the outer periphery and by welding along the inner “legs”, as shown in figure 1.2-1. 

[image: image3] Figure 1.2‑1 NCSX Modular Coil Weld Interfaces

EWI performed an on-site evaluation of NCSX’s welding plans on June 15, 2007; the results of this are given in Attachment I for reference.  Since then, the welded interface has continued to evolve and has changed significantly in both design and technique.  The new interface design concept is shown in Figure 1.2-2.
Along with significant changes in the design of the interface, the welding process has been changed from TIG to MIG to better control distortion.  Consequently, this SOW focuses on a re-assessment of NCSX’s proposed weld interface design and procedures. 
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Fig. 1.2-2(a).  Isometric view of castings showing the welding interface.  Weld straps are attached to one casting by typically fillet welds on one end, and then the other casting by welds at the other end, thus avoiding shrinkage stresses directly between the flanges which were found to distort the castings.   The yellow circular discs are “drop in” limiter pucks, which are ground to the thickness needed to maintain coil spacing.  

Fig. 1.2-2 (b). Cross-section view of interface. 

1.2  Scope Details:  EWI shall perform the following tasks:  
1.2.1. NCSX  In-Service Weld Assessment – EWI is requested to assess the following aspects of the NCSX weld plans:

i. Weld details proposed by NCSX for the flex straps.

ii. PQRs  NCSX proposes  to use to qualify its welders (Attachment II).

iii. NCSX plans to perform the “production” welds based on qualification of the weld procedures and welders without NDT.  Consequently, the stress allowable proposed is 0.6 x the lesser of 1/3 the ultimate tensile strength or 2/3 of the yield strength at operating temperature (80K). EWI is requested to evaluate this proposed approach.  Limited in-service inspections (primarily by borescope) are possible;  EWI shall evaluate the value of such inspections and suggest the location(s) that shall be monitored.  
iv. NCSX has performed a fracture mechanics-based evaluation of the fatigue life of the welds (Attachment II).  EWI shall perform a fatigue assessment to determine the acceptability for fatigue loading of the welds. This will include assessments of the lifetime with both BS7608 and AWS D1.1 and a preliminary assessment of the allowable imperfection size in the weld area.
1.2.2  NDE Evaluation of (6) Welded Shims – NCSX will provide (6) of the welded shim/flange test specimens..  EWI shall perform UT and radiographic examinations (if required). 
1.2.3 Macrophotographs – EWI shall prepare (12) materials mounts and macrographs 0.280” x 0.375” of specimens which will be cut from these test parts.   It is anticipated that approximately 6 will be of longitudinal sections and 6 will be of transverse sections (i.e, 90 degrees to longitudinal, with 3 along the weld/shim interface and 3 along the weld/flange interface).   
1.2.4  Report – EWI shall provide a written report which includes evaluations of the welds based on the results of 1.2.1 and 1.2.2.  EWI shall also discuss these results relative to PPPL’s plan to, and based on PPPL’s fatigue evaluation which concluded that flaws up to ~3 mm in diameter can be tolerated at the expected stress levels for 4 x life (i.e., 520,000 cycles).  PPPL shall provide details of their weld procedures and welder qualifications for this purpose.  
1.3 Deliverables
EWI is to provide a written report (electronic format acceptable) defined in Section 1.2.4  within 30 days of the receipt of the weld samples from NCSX.  A technical review of the welded interfaces is scheduled for November 28.  It is requested that EWI submit drafts of the results of 1.2.1 to the extent possible by November 21 in support of this review. 
1.4 attachments

Attachment I: Properties of Stellalloy and welds in Stellalloy and weld allowables calculation.   

Attachment II:  EWI Report entitled:  “EWI Project No. 50782GTH, “Visit Report on Visit to PPPL on June 15, 2007”  

Attachment III:  NCSX PQRs for welding of  316L to Stellalloy.

Attachment IV:  NCSX Fatigue Evaluation

Attachment V:  Background information: “Design and Development of the NCSX Modular Coil Welded Interface”.  

Attachment I.  Properties of Stellalloy and Weld Wire
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Attachment I.  Properties of Stellalloy and Weld Wire –Cont’d. 
Actual measured properties of the Stellalloy castings and Lincoln and Metrode weld wire at 77K and RT
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Attachment III.  Welder Qualification Procedures (pending)

Attachment IV.  Fatigue Calculations
TO: Distribution




DATE: 9 November 2007

FROM: I. Zatz

SUBJECT:  Evaluation of Crack Growth in CF8M AB Shim Welds

REFERENCE: “77 K Fatigue Crack Growth rate of Modified CF8M Stainless Steel Castings” by Walsh, et. al.

SUMMARY: Using the crack growth data of welded specimens from the referenced paper and the finite element analyses results presented by Kevin Freudenberg for the AB shim welds (most recently dated 11/7/07), a calculation has been made estimating the maximum acceptable initial flaw size in ½-inch welds to be 3.3 mm.  

DISCUSSION:  The referenced paper identifies that the average Paris constants in welded compact tension crack growth specimens to be C = 3.1E-11 mm/cycle and n = 4.15.  The tests were performed in accordance to ASTM standard E647.  The fracture toughness of the weld material at 77K was not indicated in this paper or elsewhere in the literature.

When comparing the general trend of Stage II crack growth behavior between the base material and the welded material, the indication is that the welded material appears to take longer to reach Stage II, but once there, a crack will propagate more rapidly in the weld than in the base material.  This conclusion is based solely on comparing Paris constants, where the welds generally have a lower value of ‘C’ (which is a measure of the initiation of Stage II crack growth), but a higher value of ‘n’ (Stage II crack propagation rate).

Without a value of fracture toughness, a critical crack size in the welds cannot be ascertained; however, the fracture toughness can be roughly estimated from the value of stress intensity observed at the end of Stage II crack growth from the ASTM E647 test.  This gives a first order sense of whether the critical crack sizes in the welds are limiting.  A fracture toughness value for the weld material at 77K of 65 MPa(m)1/2 was obtained in this manner.  Using a stress of 175 MPa (approximately 25 ksi) and appropriate geometric correction factors, the critical crack size (which indicates failure) is calculated to be 10 to 11 mm. 

The Paris constants allow for a crack growth calculation in welds when an initial flaw size is assumed.  Accordingly, a series of calculations were made that estimate the final flaw size in a weld when the cyclic load, number of cycles and initial flaw size are specified.  Note that the crack growth rate in such a calculation is also dependent on the weld and crack geometry.  The data represents a thru-edge crack in tension (per the compact tension specimen used in the E647 test).  No other data or fatigue curves for welds were available for the potential variety of initial flaw geometries that may occur.  Fortunately, the peak stresses observed in the Freudenberg calculations point to edge cracks in tension being the most likely scenario, so that is consistent with the test data.

The following formula was used for the crack growth calculation:

N = (1 / [C*m*(S(Pi**0.5))**n] ) * [ (1 / ai**m) – (1 / af**m)]

Where:

N = Number of cycles – for 4 times life, 500,000 was used

C, n = Paris constants

m = (n/2)-1

ai = initial flaw size

af = final flaw size

S = Cyclic stress – chosen to be 175 MPa (this is a conservative value based on the

 results of Kevin Freudenberg’s analyses)

This calculation shows the following results:


When ‘ai’ equals
‘af’ equals

1.0 mm

1.2 mm


2.0 mm

3.3 mm


3.0 mm

7.7 mm


3.3 mm

10.3 mm (critical crack size – failure)

This result indicates that a thru-edge flaw in the weld will propagate to an unacceptably large size in 500,000 cycles if the initial thru flaw is greater than 3.0 mm (approximately 1/8-inch).  This is confirmed by the estimated fracture toughness calculation based on a weld width of ½-inch (approximately 12 mm).  This back-calculates to an initial flaw size of 3.3 mm.  Naturally, other initial defects in welds will produce different results, but it should be noted that surface flaws have a tendency to propagate through, as well as across, a material, until it usually evolves into a through flaw of the type on which this calculation is based.  Some additional life will naturally be achieved with a surface flaw as opposed to a through flaw, but how much is unknown without additional data.  So, to be as conservative as possible, it is recommended that the thru-edge crack flaw propagation results, presented herein, be used.  For welds smaller than ½-inch, the initial acceptable flaw size will be smaller and would need to be re-calculated since the initial flaw does not scale linearly with weld size.  
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June 20, 2007


Phil Heitzenroeder


Princeton Plasma Physics Laboratory P.O. Box 451


Princeton, NJ 08543-0451


EWI Project No. 50782GTH, “Visit Report on Visit to PPPL on June 15, 2007” Dear Phil:


Enclosed is EWI’s report for the above referenced project. One hard copy will follow by mail. Please feel free to contact me at 614-688-5182 if you have any questions or comments regarding this project.


Sincerely,





�





William Mohr


Technology Leader Structural Integrity


Enclosure





EWI Project No. 50782GTH	Date: June 20, 2007 Submitted to: Princeton Plasma Physics Laboratory Title: Visit Report on Visit to PPPL on June 15, 2007


Introduction: Princeton Plasma Physics Laboratory is currently winding the modular coils for the National Compact Stellarator Experiment (NCSX). These coils are supported by stainless steel castings. Recently, a design modification was requested to include welds on the inward sections of three types of bolted jointed between these castings. These welds will join the castings to stainless steel shims and join casting to casting across the shims.


EWI was requested to visit PPPL to review the welding plans.


Objectives: Review the welding plans during a visit to PPPL, including general fitness-for�service assessment, along with an assessment of areas of particular concern including weld distortion, and allowable stresses for both static and fatigue conditions.


Approach: EWI Technology Leader Bill Mohr and Business Development Engineer Katie Levesque visited PPPL on June 15, 2007. During that visit several of the modular coil support castings were either assembled or assembly was in progress and a welding trial plate was being cut. The EWI personnel participated in discussions with welders and engineers, including discussions with stress analysts at Oak Ridge National Laboratory.


When the support castings arrived at PPPL, only minor geometrical modifications could be made to these castings at this time. The shims had not yet been fully designed, and the joining method was to bolt the outer and inner flanges of the vessel together. Further review has indicated the need to weld as there is not adequate clearance for the bolt design. One focus of the discussion between PPPL and EWI was the choice of weld and shim design.


EWI supports the choice of an intermittent butt weld design as the primary weld joint design. The intermittent weld design avoids welding across the gaps between individual shim sections which could cause unnecessary stress concentrations.


There were areas where the outer edges of the matching flanges differ from being in the same plane by more than ½ in., such as on several areas of the A-B joint. Several options were proposed and discussed for the design of this joint. The double fillet weld design is preferred in order to allow the welders accessibility to the joint. Peening the weld in between passes can be used to limit the angular distortion. Other options used butt welding of the shim to the shorter flange.


Shim designs were discussed, particularly the shape of the outer edge of the shims. The pocketed design and the smooth outer edge design were both considered as likely to be capable of achieving good integrity joint. The pocketed design will allow a greater area of shim for carrying compressive loads across the joint.


Distortion of the individual castings as a result of welding is expected to be minimal, by limiting heat input and making short intermittent welds. However, angular distortion which would open the gaps between the castings and the shims is considered to be likely if no measures specific to avoiding this distortion are taken. The welds will be on the outside of the flange. The angular





distortion expected from single sided butt welds or fillet welds would be expected to open the weld root, unless measures are taken to avoid this distortion.


Clamping the inward flanges closed during welding and/or using peening for the hot and fill passes was discussed as a way to minimize distortion. Peening was considered not acceptable for the root and cap passes. The discussion indicated that the peening would be the primary in process correction method, with clamping provided by the normal bolting arrangement, without placing additional bolts or clamps.


A portion of the design assessment not yet complete is the assessment of the weld area for fatigue life. EWI recommends a stress range – life assessment (S-N) be performed to determine whether the weld design was sufficiently resistant to fatigue from the design number of pulse cycles. This assessment should consider that the design curves for welded joints in this stainless steel under operating conditions be the same as for carbon steel at room temperature. This is appropriate because the high cycle fatigue resistance of welds is dominated by the elastic behavior of the surrounding metal, which has elastic properties very similar to those of carbon steel at room temperature.


A preliminary estimate based on the limited stress information given in the meeting and AWS D1.1 indicates that the weld shear stresses should be sufficiently low to allow the weld to survive to its design life of more than 500,000 cycles.


PPPL plans two types of welding trials before fabrication of complete welds for the NCSX. One will be a plate welding test to examine the effects of the design of the outer edge of the shim and welding procedure on the ease of welding and acceptability of the distortion. The second will be a full-scale welding trial using castings of the A and B designs with the full compliment of shims. This trial will be fully welded and examined. Then the weld will be removed, so the castings can be wound with their coils and prepared for final bolting and welding. EWI supported the plan for these two types of welding trials.


It may be found valuable to test the fatigue crack growth resistance of the weld metal. This data can be used in defining more accurately the allowable initial flaw size for the welds. Initial estimates can be made based on existing standard guide methods.


Conclusions and Recommendations: The information provided in this meeting indicates that it is appropriate to go forward with welding plans for the inboard sides of the modular coil supports using intermittent welds.


EWI supports the plan for two types of welding trials, one on plate and one on full castings. EWI will provide a scope of work for a fatigue assessment of the welds.


For more information contact: William Mohr at 614-688-5182.
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		updated 9/14/05  12:40 PM

		Type C

		Constituent		Min. %		Max. %		C-1 MTK Initial Results		C-1 WC Results		C-2 MTK Initial Results		C-2 WC Results		C-3 MTK Initial Results		C-3 WC Results		C-4 MTK Initial Results		C-4 WC Results		C-5 MTK Results		C-5 WC Results		C-6 MTK Results		C-6 WC Results

		C		0.04		0.07		0.06		0.06		0.06		0.07		0.04		0.06		0.04		0.04

		Mn		2.3		2.8		2.7		1.8		2.8		1.6		2.5		1.6		2.5		1.5

		Si		--		0.7		0.5		0.7		0.5		0.9		0.4		0.6		0.4		0.6

		Cr		18		18.5		18.1		18.3		18		18.2		18.2		18.3		18.2		17.8

		Ni		13		13.5		13.1		13.4		13.2		13.7		13.3		13.7		13.2		13.6

		Mo		2.1		2.5		2.2		2.4		2.3		2.2		2.3		2.4		2.2		2.4

		P		--		0.035		0.018		0.021		0.023		0.023		0.023		0.029		0.030		0.030

		S		--		0.025		0.014		0.014		0.018		0.014		0.013		0.009		0.013		0.012

		N		0.24		0.28		0.26		0.24		0.26		0.23		0.25		0.024		0.26		0.025

		Updated to Rev. 9

		Type A

		Constituent		Min. %		Max. %		A-1 Average		A-1 Re-Test Average		A-2 Average		A-3 Average		A-4 Average		A-5 Average		A-6 Average

		C		0.04		0.07		0.04		0.06

		Mn		2.3		2.8		2.4		1.6

		Si		--		0.5		0.4		0.6

		Cr		18		18.5		18.2		18.1

		Ni		13		13.5		13.3		13.7

		Mo		2.1		2.5		2.4		2.4

		P		--		0.015		0.022		0.027

		S		--		0.015		0.009		0.009

		N		0.24		0.28		0.28		0.25

		Type B

		Constituent		Min. %		Max. %		B-1		B-2		B-3		B-4		B-5		B-6

		C		0.04		0.07

		Mn		2.3		2.8

		Si		--		0.5

		Cr		18		18.5

		Ni		13		13.5

		Mo		2.1		2.5

		P		--		0.015

		S		--		0.015

		N		0.24		0.28

		Weld Filler Metal

		Constituent		Min. %		Max. %		Weld Material Lincoln Lot # 3012668/82743 *		Weld Material Metrode Lot # WO19711 **										* Updated using Lincoln certification values. 
** Not used on C-1 and may not have been used for MCWF's at all.

		C		--		0.03		0.02		0.02

		Mn		5.0		9.0		7.2		3.4

		Si		--		1.0		0.4		0.2

		Cr		19.0		22.0		19.6		17.7

		Ni		15.0		18.0		15.7		16.2

		Mo		2.5		4.5		2.7		2.8

		P		--		0.03		0.014		0.02

		S		--		0.02		0.003		0.002

		N		--		--		0.17		0.15

		Corrected to NCSXCSPEC-141-03-09 requirements



Roy B Sheppard:
Weld rod chemistries supplied by the manufacturer are typicals and a close match to the casting alloy itself.  Variances in some of the other elements exist such as Carbon min .04  tested .02, Chromium min 18% max 18.5%  tested 19.5 % & 17.7%, Nickel min 13% max 13.5% tested 15.1 & 16.2, Molybdenum min 2.1% max 2.5% tested 3% and 2.8% Phosphorus .015 max tested .03% and .02%,Sulfur .015 max tested .03, Nitrogen min .24% max .28%.

Roy B Sheppard:
Weld rod chemistries supplied by the manufacturer are typicals and a close match to the casting alloy itself.  Variances in some of the other elements exist such as Carbon min .04  tested .02, Chromium min 18% max 18.5%  tested 19.5 % & 17.7%, Nickel min 13% max 13.5% tested 15.1 & 16.2, Molybdenum min 2.1% max 2.5% tested 3% and 2.8% Phosphorus .015 max tested .03% and .02%,Sulfur .015 max tested .03, Nitrogen min .24% max .28%.



Mechanical 

		updated 2/15/07

		AVERAGES								Type C

		Casting Comparison		77K (-320F)														293K (RT)

		Property		Required		C1		C2		C3		C4		C5		C6		Required		C1		C2		C3		C4		C5		C6

		Elastic Modulus		21 Msi             (144.8 Gpa)		23.3		25.5		24.9		26.5		30.2		28.8		20 Msi             (137.9 Gpa)		23.1		22.7		21.6		23.1		27.3		24.1

		0.2% Yield Strength		72 ksi              (496.4 Mpa)		98.4		93.2		97.1		97.8		102.5		99.5		34 ksi               (234.4 Mpa)		35.1		36.6		38.3		37.4		38.8		44.5

		Tensile Strength		95 ksi              (655 Mpa)		170.3		163.8		163.1		164.8		170.9		159.9		78 ksi               (537.8 Mpa)		83.7		82.4		82.7		83.1		87.0		83.7

		Elongation		32.0%		55.7%		54.3%		55.7%		54.0%		42.4%		42.3%		36.0%		52.0%		53.5%		52.5%		55.7%		58.0%		40.3%

		Charpy V – notch Energy		35 ft. lbs.         (47.4 J)		77.7		84.3		99.7		86.7		80.3		85.3		50 ft-lbs           (67.8 J)		142.0		150.7		157.3		175.7		139.0		152.3

										Type A

		Casting Comparison		77K (-320F)														293K (RT)

		Property		Required		A-1		A-2		A-3		A-4		A-5		A-6		Required		A-1		A-2		A-3		A-4		A-5		A-6

		Elastic Modulus		21 Msi             (144.8 Gpa)		25.5		25.3		26.7		28.9		26.4		27.9		20 Msi             (137.9 Gpa)		21.7		22.2		21.9		22.9		23.1		22.6

		0.2% Yield Strength		72 ksi              (496.4 Mpa)		97.3		99.9		98.9		100.0		101.0		103.2		34 ksi               (234.4 Mpa)		36.6		43.3		43.2		43.8		42.4		44.5

		Tensile Strength		95 ksi              (655 Mpa)		166.3		165.3		166.0		165.9		165.2		163.0		78 ksi               (537.8 Mpa)		82.4		83.7		82.6		84.6		82.2		89.2

		Elongation		32.0%		56.0%		56.3%		51.0%		46.0%		48.7%		38.3%		36.0%		53.2%		56.0%		53.3%		50.3%		50.0%		49.0%

		Charpy V – notch Energy		35 ft. lbs.         (47.4 J)		78.7		79.0		87.3		76.7		70.3		73.0		50 ft-lbs           (67.8 J)		163.7		164.0		158.0		150.3		146.3		126.7

										Type B

		Casting Comparison		77K (-320F)														293K (RT)

		Property		Required		B-1		B-2		B-3		B-4		B-5		B-6		Required		B-1		B-2		B-3		B-4		B-5		B-6

		Elastic Modulus		21 Msi             (144.8 Gpa)		25.9		27.4		29.3		25.3		29.3				20 Msi             (137.9 Gpa)		22.7		22.5		22.6		22.8		22.6

		0.2% Yield Strength		72 ksi              (496.4 Mpa)		98.7		103.9		107.4		100.2		107.4				34 ksi               (234.4 Mpa)		43.3		58.9		42.7		42.6		42.7

		Tensile Strength		95 ksi              (655 Mpa)		164.9		177.5		172.5		166.1		177.5				78 ksi               (537.8 Mpa)		86.0		86.6		84.1		85.6		84.1

		Elongation		32.0%		46.3%		50.3%		56.3%		53.3%		56.3%				36.0%		47.3%		49.5%		44.7%		43.5%		44.7%

		Charpy V – notch Energy		35 ft. lbs.         (47.4 J)		88.0		63.7		74.7		65.7		74.7				50 ft-lbs           (67.8 J)		146.7		135.7		115.0		119.7		115.0

		Weld Material		77K (-320F)														293K (RT)

		Property		Required		Lincoln 3018926/78309		Lincoln Lot # 3012668/82743		Lincoln 3018513/78308		Lincoln Lot # 3017006/72262		Metrode Lot # WO21735		Metrode Lot # WO19711		Required		Lincoln 3018926/78309  Doc #10		Lincoln Lot # 3012668/82743  see previous info ->		Lincoln 3018513/78308		Lincoln Lot # 3017006/72262		Metrode Lot # WO21735		Metrode Lot # WO19711		Previously Reported Heat/Lot # 3012668/82743

		Elastic Modulus		21 Msi             (144.8 Gpa)		23.3		27.1               Doc#9		27		23.2		24.3		26.4                     Doc#9		20 Msi             (137.9 Gpa)		24.5    Doc 10		22.6		23.4		24.9		23		23.1                      Doc#10		25.5                     Doc#10

		0.2% Yield Strength		72 ksi              (496.4 Mpa)		114.3		126.3             Doc#9		128.2		112.4		102.1		109.5                  Doc#9		34 ksi               (234.4 Mpa)		56.9    Doc #10		57.4		65.2		54.9		54.8		63.9                       Doc#10		56.5                Doc#10

		Tensile Strength		95 ksi              (655 Mpa)		157.5		187.7                Doc#9		182.1		176.4		166.6		166.9                   Doc#9		78 ksi               (537.8 Mpa)		93.9     Doc #10		93.7		95.2		92.1		88.2		98.1                     Doc#10		85                     Doc#10

		Elongation		32%		16.0%		33%              Doc#9		34.0%		48.0%		38.0%		34%                Doc#9		36.0%		42%     Doc #10		41.5%		38.0%		42.5%		37.5%		54%                       Doc#10		55%               Doc#10

		Charpy V – notch Energy		35 ft. lbs.         (47.4 J)		36.33		51                Doc#11		54		53		48		48                    Doc#11		50 ft-lbs           (67.8 J)		100     Doc #10		98		103		117		93		111                 Doc#12		102                 Doc#12





Weld Repairs

																		MetalTek				MTM

																		Total		Major		Total		Major

																C-1		329		96






