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The superconducting magnets of the Tokamak 
Ignition/Burn Experimental Reactor (TIBER II) will 
generate high magnetic fields over large bores. The 
resulting electromagnetic forces require the use of 
large volumes of distributed steel and thick magnet 
case for structural support. Here we review the 
design allowables, calculated loads and forces, and 
structural materials selection for TIBER II. 

Basic Desipi 

The Poloidal Field (PF) and Toroidal Field (TF) 
coils of TIBER II will consist of Cable-In-Conduit 
Conductors (C1CQ. In this design the 
superconducting cables are enclosed in an austenitic 
steel sheath which acts as a pressure vessel for the 
forced flow of liquid helium. An advantage of the 
CICC design is that the conduit constitutes a large 
volume of the magnet pack and can be used as a 
distributed structural member. A part if not all the 
electromagnetic forces can be carried by the 
distributed structure. Where the magnet turns are 
not self supporting the forces are transmitted to an 
external stainless steel case. A diagram of a TIBER 
II TF Coil CICC designed to withstand high 
operational forces appears in Figure 1. 

In lieu of the central bucking post we propose 
to carry all of the TF coil centering forces in the 
central PF coil stack. The PF coils consist of a large 
fraction of stainless steel (37%) and can withstand a 
high uniform radial compressive force. 
Transmitting the centering loads to the PF coils will 
also offset a fraction of the high tensile hoop 
stresses generated in these coils when they are 
energized. 
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Figure 1. A diagram of a TF coil Cable-in-Conduit 
designed to withstand high operational loads. 

Design Allowables 

Similar design allowables have been applied 
to both the magnet case and the distributed 
structure. The allowables are aggressive but have 
been successfully used in large cnogenic structures 
such as the Mirror Fusion Test Facilit. B (MFTF B). 
Allowables are based on both the yL 1 and ultimate 
tensile strength. This is to account for the general 
trend of materials to experience rapid increases in 
yield strength with decreasing temper ture, while 
ultimate tensile strengths increase only slightly. 

Membrane stresses are limited to the lower of 
2/3 of yield or 1/2 of the ultimate tensile strength. 
Where bending occurs the limiting bending stress is 
taken to be 9/10 of the yield strength. If Tiore than 
one principle stress exists they are combined using 
the von Mises formula and are limited to tbs lower 
of 2/3 yield or 1/2 ultimate. 

Where cyclic loading conditions exist a safety 
margin of four to one between predicted cycles to 
failure and the maximum allowable operating cycles 
is used. The number of cycles to failure is 
calculated using available 4 K di/dN data and 
classical fracture/fatigue mechanics. Pre-existing 
flaw size is based on a sharp crack detection limit of 
10 % of the through wall thickness. 

Stress Calculation 

PF coils 

The simple cylindrical geometry of the PF coils 
allows the magnetic forces to be carried entirely by 
the conduit, making each magnet turn self 
supporting. In this case the external magnet case is 
not a structural member but serves only as an outer 
envelope. 

Radial and hoop strains in the PF coil 
distributed structure were calculated by finite 
element analysis using Stansol, a stress analysis 
program for solenoids. The results of this analysis 
are shown in Figure 2 'or various operating 
scenarios. The details of this analysis are described 
elsewhere. The tensile strains are the highest for 
the case where the PF coil is energized while the TF 
coil system is off (no centering force). The 
calculated strains were converted to an effective 
sheath stress using a sheath modulus of 207 MPa. 
Axial strains for a free standing PF coils were 
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Figure 2. PF Coil •lastic strain at a function of 
position and operating scanario. 

calculated by J. Schultz as a function of magnet 
currents.!'] The maximum axial compressive stress 
occurs in coil 6 and is approximately 85 MPa. The 
peak principle stresses and the von Mises' stresses 
for the distributed structure of a free standing PF 
coil are shown in Table 1. 

TF Coils 

Analysis of the stress distribution in the TF 
coils is complicated by a variety of factors. Their 
"dee" shape, high overturning loads, and centering 
forces make it impractical to design coils such that 
each magnet rum is self supported. 
Electromagnetic forces in these coils will be carried 
by both the distributed structure as well as the 
external magnet case. Stresses in the TF coil case 
have been calculated by finite element analysis 
using the GEMINI program. The stresses in both 
the inner and outer legs of the TF coils are shown in 
Table 2. The stresses generated in the distributed 
structure of the TF coils have also been calculated 
by finite element analysis by assumiag an effective 
pack modulus and load transmission to the case. 
The peak tensile, radial, and axial stresses in the 

Table 1. Stresses - TF Coil Case 

Position Bending Membrane Shear Combined 
(MPa) (MPa) (MPa) (MPa) 

Outer leg 630 
Inner leg 

93 
265 410 

630 
488 

Maximum Allowable two-third yield = 653 MPa 
One-half ultimate = 750 MPa 

Table 2. Stresses - CICC Distributed Structure 

Position Hoop Radial Axial Combined 
(MPa) (MPa) (MPa) (MPa) 

PF Coils 380 ^71 4JB 58! 
5 and 6 

TF Coils 250 -410 -280 605 

sheath are 250, - 410, and - 280 MPa respectively 
(see Table 1). The combined stress calculated 
using the von Mises' formula is 605 MPa. 

Materials Selection 

Structural materials for TIBER II have been 
selected on the basis of availability, compatibility 
with fabrication techniques and strength sufficient 
to meet design allowables. The mechanical 
properties cited have been obtained either by 
testing or a review of the literature. The 
mechanical properties of the case alloys are average 
values for annealed material. The mechanical 
properties of the distributed structure are average 
values for specimens that have been heat treated 
according to a simulated Nb3Sn reaction schedule. 

The distributed structure of both the PF and 
TF coils will be fabricated using either A-286 (JBK-
75) or Incoloy 9XA. A-286 is a commercially 
available precipitation hardening stainless steel. 
Incoloy 9XA is a low thermal expansion non-
stainless precipitation hardening alloy. It has the 
advantage of a near matching thermal expansion 
with Nb3Sn thus reducing precompression in the 
conductor. Both alloys have shown wide heat 
treatments windows which are compatible with 
expected Nb3Sn processing schedules. Typical liquid 
helium temperature mechanical properties for both 
alloys appear in Table 3. I 2 - 3 ! Both alloys are 
readily weldable in thin sections by autogenous Gas 
Tungsten Arc Welding (GTAW). 

The allowable peak stress for A-286 and 
Incoloy 9XA based on the previously described 
allowables are 866 and 766 MPa respectively. This 
allowable stress is well in excess of the 585 and 605 
MPa stresses calculated for the respective peak PF 
and TF distributed structure loads. The effects of 
cyclic loads will be described later. 

We anticipate that the magnet case will be 
constructed using either 304 LN or 316 LN stainless 
steel. These alloys have excellent combinations of 
low temperature strength and fracture toughness. 
316 LN has the advantage of slightly higher 
strength and may be used in sections of the magnet 
case that are highly stressed. 304 LN, due to its 
ready availability in thick plate, will be used in the 
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Table 3 . Base Metal Mechanical Properties (4.2 K) 

Material Yield Ultimate Fracture Toughness 
(MPa) CMfa) (MPaVm") 

304 LN 810 1700 255 
(annealed) 

316 LN 980 1500 270 
(annealed) 

JBK-75 1300 1790 100 
(*ged) 

Incok>y9XA 1150 1780 110 

remaining magnet case structure. The low 
temperature mechanical properties of base metal 
alloys appear in Table 3. [41 

The mechanical properties of austenitic 
stainless steel weld metal are varied, being 
dependent on the filler metal and process selected. 
The Urge variation of strength and toughness are 
generally associated with a lack of chemistry 
control, particularly interstitial elements such as 
nitrogen. Data in the literature indicates that weld 
metal strengths approaching 1000 MPa in 
combination with high fracture toughness are 
possible.! fl Proper quality assurance procedures 
and weld process development can be expected to 
reduce variability. 

The peak calculated stress in the TF coil case 
is 630 MPa, which approaches but does not exceed 
the maximum base metal allowable stress of 653 
MPa for 316 LN. Weld strength margins are 
difficult at present to assess and are subject to 
location of welds relative to high stress regions of 
the case. 

Fatigue Considerations 

Pulsed operation scenarios will introduce a 
cyclic load on the TIBER II magnet system. The 
largest load fluctuations will be on the PF coil 
system where the coils will be ramped from full to 
zero field. We have analyzed the effects of pulsed 
operation in order to set an operating limit based on 
fatigue of the PF coil distributed structure. As a 
worst case we have used the strains for the unlikely 
situation where the PF coils are energized alone 
with no centering forces generated by the TF 
magnets. 

The PF coil distributed structure will be 
fabricated using welded construction either in the 
form of butt welds or longitudinal seam welds. The 

welds are likely sources of flaws which under cyclic 
loads can propagate and cause failure. Liquid 
helium temperature fatigue crack growth data for 
for JBK-75 (A-286) welds are available from the 
Large Coil Project (LCP). t 6 - 7 ! For the purposes of this 
analysis we have assumed that weld flaws less than 
10% of the wall thickness (2.42 mm) cannot be 
detected by conventional NDE. Fatigue life has been 
calculated using classical fatigue crack growth rate 
analyses. 

The critical crack size for failure (ag,) is given 
by 

K l c 2 Q 

•*- n w 
acr = 7.6 mm 

where: K u = fracture toughness 
= (100 MPa Vm" ) 

o = peak stress (585 MPa) 
Q = flaw shape parameter = 1 

We therefore have a leak before failure 
situation where acr is equal to the wall thickness 
(2.42 mm). We assume that a helium leak 
constitutes failure. 

The fatigue crack growth rate (da/dN) in the 
Paris law region can be described by, 

da/dN = C AK"i 

where 
AK = cyclic stress intensity, and 

C and m are constants 

From References 6 and 7 we find that for the weld metal 

m = 2.73 
C = 5.286 x 10-12 

The number of cycles to failure (N) is given by 

( m - 2 ) C ( s ) m / 2 A o m j a 0 ( m - 2 ) / 2 " „ c r ( m - 2 ) / 2 

Where: 
ao = initial flaw size (2 X 10~ 4 m) 
acr = critical flaw size (2 X 10"3 rn) 

s = geometric factor (= 1.21K ) 
Ao = alternating stress 

The number of cycles to failure is 
approximately 27,000. With a safety factor of four 
operation is limited to 6750 cycles. While this 
appears to be a low number of pulsed cycles one 
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should bear in mind that this takes into account an 
unusual operating scenario, in which the PF coils are 
energized alone. 

Under normal cyclic operation the TF set 
would remain energized while only the PF coils are 
ramped up and down. Since the PF coil set will be 
used as the central bucking cylinder, the coils will 
remain in compression as long as the TF coil set is 
energized (Figure 2). This is one of the major 
advantages of using the PF coils as a bucking 
cylinder, coil life is not limited by fatigue. However 
this applies only to the case where tight tolerance 
can be maintained, such that wedging of the TF coils 
is not allowed and gaps between the TF and PF coils 
do not occur. 

Conclusions 

Commercial structural alloys are available 
which have sufficient strength and toughness at 
cryogenic temperatures to meet the design 
allowables for TIBER II. Stresses in the cryogenic 
components have been found in some case to 
approach but not exceed the design limit of 2/3 of 
yield strength. 

The use of the central PF coil stack as the 
central bucking post has been found to have the 
advantages of reducing PF coil strains and extending 
the fatigue life of the PF coil set. Free standing PF 
coils have a useful limit of approximately 6750 
cycles. PF coils under centering forces from the TF 
coil set do not appear to have a cyclic fatigue limit. 
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