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ABSTRACT 

Presently available information on austenitic Fe-Cr-Ni stainless steel 

plate, welds, and castings for service below 77 K are reviewed with the intent 

(1) of developing systematic relationships between mechanical properties, 

composition, microstructure, and processing, and (2) of assessing the adequacy 

of these data bases in the design, fabrication, and operation of engineering 

systems at 1 K. DISCLAIMER 
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1. Introduction 

Many of the most challenging needs for cryogenic materials relate to the 

design and construction of high-field superconducting magnets that operate at 

temperatures of M K or below. Three distinct types of materials are used in 

these magnets: superconducting wire to carry the current that creates the 

field, high-strength steels to position and support the conductor, and 

electrical insulators to separate the wires from one another. There are 

important problems with each of these material types, but the present paper is 

biased toward metals and is focused on materials needs and current research in 

structural alloys. 

The materials needs for high-field superconducting magnets are set by the 

performance targets of the high-field magnets that will be used in future 

systems. High-field superconducting magnets are central to a number of new 

technologies. Those that have excited major research and development efforts 

within the United States include magnetic fusion devices for energy 

production, magnetic accelerators for research in high-energy physics, and 

whole-body nuclear magnetic resonance (NMR) for medical diagnosis. The 

relevant materials research is primarily intended to support magnetic fusion 

and high-energy physics. While medical NMR will likely create a major market 

for superconducting wire, both current and projected systems require 

relatively low-field magnets that can be built with existing materials [1]. 

2. Superconducting magnet systems and materials needs 

i~. The current systems and materials needs for magnetic fusion are discussed 

under the following two headings. 
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2.1 Fusion energy experiments 

The United States Department of Energy (DOE) currently supports research 

on two basic concepts for magnetic fusion energy, namely, toroidal confinement 

and mirror confinement [2], The two concepts differ in the way the 

cylindrical plasma is bounded along its length. Both use a high magnetic 

field to heat the plasma by compressing it into a cylinder. Thus 

superconducting magnets must be employed to create that field if magnetic 

fusion energy is to be technically feasible and commerically viable. 

In the toroidal concept, the plasma is closed on itself to form a torus. 

The best known machine design is the tokamak, which is the basis for the 

Tokamak Fusion Test Reactor (TFTR) [3] the major test facility within the 

United States (Fig. 1). The TFTR employs a peak magnetic field that is 

approximately 10 T at the magnet conductor (approximately 5 T at the plasma 

center). However, the magnets are copper electromagnets. It was decided to 

develop the superconducting magnet systems for toroidal machines separately 

from the experiment itself. This decision led to the Large Coil Project at 

the Oak Ridge National Laboratory [4], in which six large 8-T superconducting 

magnets are being assembled for magnet system tests. The six magnets were 

chosen to represent different design and materials concepts. Three of the six 

large coils were constructed in the United States, two in Europe, and one in 

Japan. Five utilize NbTi superconducting wire; the sixth, built by 

Westinghouse in the United States, utilizes Kb Sn. 

A next-generation tokamak machine is now in design [5]. The device is 

called the TIBER (Tokamak Ignition and Burn Experimental Reactor). The 

physics objective of TIBER is to achieve plasma ignition and demonstrate the 

technical feasibility of magnetic fusion as a power source. While the 
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magnetie field of TIBER is not finalized, the toroidal field coils that 

confine the plasma will have a peak field near 12 T at the conductor. The 

superconducting poloidal field coils that shape the field will operate in the 

7- to 15-T range. 

A companion toroidal fusion experiment is the Alcator DCT at the 

Massachusetts Institute of Technology [6]. This device will employ 10-T 

toroidal magnets that generate a 7~T field at the plasma center and also 

employ 7-r poloidal magnets. Both magnet sets will be superconducting. The 

initial design envisages Nb3Sn toroidal coils and NbTi poloidal coils. 

In the mirror fusion concept, the plasma is a linear cylinder that is 

sealed at its ends by an arrangement of high-field magnets. The major 

facility in the United States is the Mirror Fusion Test Facility (MFTF-B) [7], 

located at the Lawrence Livermore National Laboratory (LLNL). Figure 2 is an 

artist's drawing of the MFTF-B, which is now under construction at LLNL. Tht; 

plasma is contained in a central tube of solenoid magnets. The solenoid is 

completed at either end by a combination of magnets, including two, small, 

high-field, axicell choke coils; two transition magnets to shape the plasma; 

and a large, yin-yang, mirror coil set. Current plans call for a peak field 

of 2 to 3 T in the solenoid, 12 to 13 T in the small axicells, 5 to 6 T in the 

transition coils, and 7 to 8 T in the yin-yang coil set. All magnets will be 

superconducting. Two of the high-field axicells will be hybrid magnets with 

NbTi outer solenoids and Nb,Sn inserts. The current design employs NbTi 

conductors in all other magnets. 

The first of the large yin-yang coil sets for the MFTF-B was constructed 

as part of an earlier project. One pair of yin-yang magnets is shown in Fig. 

3 to illustrate its size. The second yin-yang coil set has now been wound. 
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As of this writing (July 1985), the winding of the axicells and transition 

cells is complete and coils have been assembled into the reactor vessel. 

2.2 Practical design constraints 

Almost half of the cost and the technical difficulty of large magnets is 

associated with their force-restraining structure. Magnetic field contours 

can be thought of as pressure surfaces with 12-T fields corresponding to a 

pressure of 570 atm, as compared to the usual 200-atm design pressure for 

steam boilers. While pure tension geometries are possible, both for tokamaks 

[8] and for mirrors [9], practical manufacturing and fault considerations 

cause bending stresses to be present as well. 

No code or standards guidance exists for the design of magnet structures. 

Instead, it has become common practice to use portions of various codes, such 

as Section III or Section VIII of the ASME Boiler and Pressure Vessel Code, 

and depend on one's intuitions and calculations. However, it is easy to show 

that blind obedience to existing codes can result in either excessively heavy 

or dangerously fracture-prone structures. For example, paragraph UA-500 of 

Section VIII of the ASME code recommends that the lower of 1/4 of the tensile 

strength or 5/8 of the yield strength be used for design. For some stainless 

steels, such as Type 301 [Fe - 19 Cr - 9 Ni - 2 Mn - 0.08C], the resulting 

design stress would be limited by yield strength and be excessively 

conservative, considering the very high tensile strength and toughness of the 

alloy at low temperatures. For other stainless steels, such as Nitronic 40 

[Fe - 21 Cr - 6 Ni - 9 Mn - .02 C - .3 Ng], the Charpy impact tests at 77 K 

are not representative of the toughness and crack growth properties at 4 K. 
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Thus insufficient fracture resistance might result at H K if the material-

selection is based on 77 K data. 

It is premature to adopt a code, since little operational experience 

exists for superconducting magnets. Table 1 summarizes present practice for 

the design of the MFTF superconducting-magnet structures. The criterion that 

results in the lowest stress is used. Note that the fractions of yield and 

ultimate tensile strength used as design allowables are higher that those 

recommended in Paragraph UA-500, Section VIII, of the ASME Boiler and Pressure 

Vessel Code. This is because the forces on magnet structures are resolvable 

by the use of sophisticated computer codes. Also, the helium environment is 

noncorrosive. More restrictive, however, is the design stress dependence upon 

the material's fracture-toughness at H K because of tendency of materials to 

embrittle at low temperature, especially in the presence of a neutron fluence. 

Here, the plane-strain fracture toughness, K T„, must be known and be 

compatible with the permissible flaw size, 2a. More difficult to obtain is 

the fatigue crack-growth rate per cycle of loading, da/dn, but analyses based 

on the use of such data represents a powerful design tool to handle cyclic 

loading conditions. Linear-eJastic fracture-mechanics codes like FLAGRO-II 

can be used to predict cyclic life with crack-growth data from compact-tension 

fracture-toughness test specimens [10]. 

For a material to withstand high magnetic forces in combined cryogenic 

and nuclear environment, unusual structural-material selection criteria must 

be satisfied. Because of limited space for structure, the material must have 

both high yield and tensile strength at 4 K. The material must also have a 

high elastic modulus and a thermal expansion coefficient compatible with that 

of the superconductor to keep from overstraining the latter on cooling. The 

structural material must be tough and have a low fatigue-crack rate, so that 
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critical flow sizes will not be exceeded, thus avoiding brittle fracture. The 

structural material should also be relatively inexpensive, easily machined, 

and weldable without post-weld heat treatments. Table 2 summarizes such 

desirable material properties. 

This survey covers available information on 1 K mechanical and 

metallurgical behavior of austenitic stainless steels and their weldments as 

they are currently (July 1985) used in the construction of superconducting 

magnet systems in the U.S.A., Japan, and Western Europe. Some of the 

abbreviations and acronyms used in this paper are given in Table 3. 

3- Austenitic stainless steels 

Austenitic Cr-Ni and Cr-Ni-N- wrought stainless steels, of the type whose 

compositions are given in Table >i for wrought materials and in Table 5 for 

cast materials, are the most widely used structural materials in supercon

ducting magnets. The principal drawbacks are the high construction costs and 

the need for careful control of composition to insure microstructure stability 

under operational conditions. 

3.1. Microstructural stability 

Candidate alloys for construction of superconducting magnets must be 

resistant to microstructural transformations during fabrication and service, 

since such '..- visformations involve formation of brittle phases, volume changes 

and/or dimensional distortions, creation of localized high-residual stresses, 

and the development of significant ferromagnetic behavior in previously 
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paramagnetic materials. While austenitic stainless steels are considered to 

be fully austenitic and paramagnetic, many of these wrought materials are 

neither fully austenitic nor fully paramagnetic, especially after welding 

and/or cold-forming, followed by exposure to cryogenic temperatures. Cast 

alloys have their compositions optimized to produce 5 to 25? of a 

ferromagnetic phase upon solidification, which prevents formation of defects 

during solidification. 

Other than austenite, three metallurgical phases that can occur in 

austenitic stainless steels and create any or all of the problems mentioned 

above are delta (<5) ferrite, epsilon (e) martensite, and alpha-prime (a') 

martensite. Both the 6-ferrite and a*-martensite are ferromagnetic. 

Empirical methods exist for predicting the presence and amounts of ct'-

martenslte and 6-ferrite phases. Uses of these methods to develop 

compositional recommendations for Type 301L.N austenitic stainless steel used 

in the magnet cases of the MFTF-B are discussed below. 

3.1.1. Delta-ferrite in austenitic stainler-3 steels 

Delta-ferrite is a body-centered, cubic (BCC), metastable solid solution 

that can occur in otherwise face-centered, cubic (FCC), austenitic stainless 

steel3. Delta-ferrite usually forms on cooling as small, irregularly shaped, 

dendrites in both welds and solidifying ingots. Extensive information [11-23] 

is available on the occurrence and effects of delta ferrite in austenitic 

stainless steel weldments. Delta ferrite aids in improving the hot cracking 

or "micro-fissuring" resistance of welds in austenitic stainless steels. 

However, as DeLong [8] and Read [23] have stated, increasing ferrite content 

of austenitic stainless steel weldments causes progressive decreases in the 



-9-

77-K impact toughness and 4-K fracture toughness (Fig. J)). Since delta-

ferrite is ferromagnetic, the permeability of a stainless steel weldment, 

casting, or wrought product whose composition has not been optimized to insure 

the absence of delta-ferrite will increase with increasing ferrite content. 

To develop compositional recommendations for Type 301LN stainless steel 

that would insure freedom from delta-ferrite in the wrought form, we can use 

Long and DeLong's [17] revised Shaeffler constitution diagram for stainless 

steel weld metal (Fig. 5) and the companion equations for "nickel equivalent", 

E , and "chromium equivalent", E : 

E„. = ? Ni + 30? C + 30? N_ + 0.5? Mn (1) 
Nl 2 

E C r = ? Cr + ? Mo + 1.5? Si + 0.5? Cb (2) 

The nickel equivalent represents the effective roles of alloy additions 

that stabilize austenite, while the chromium equivalent represents the 

effective roles of alloy additions that stabilize delta-ferrite (or alpha-

prime martensite). 

By substituting into Equations (1) and (2), the values of alloy 

additions given in Table 6 for Type 3CJLN stainless steel, we obtain the 

resulting values of E... and E- that are given in the lower part of Table 6. 

It is assumed that minimum levels of C, Mn, and Si will be set as shown in 

Table 5. The reasons for assuming these values are as follows: 

a. C Levels - Less than 0.01? C results in the weaker "ELC" special 

order material and requires extremely careful selection of 

low-carbon starting material for the charge as well as expensive 
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melting and deoxidizing procedures [24]. Hence, a minimum carbon 

content of 0.01? was assumed. 

b. Mn and Si ̂ evels - Minimum Mn and Si contents vare taken as 25? of 

the maximum specified levels of 2.0? and 1.0$, respectively, based 

on unpublished data [25] and the need for at least 0.25? Si for 

effective deoxidation [24]. 

Results of the calculations summarized in Table 5 are plotted on a 

modified DeLong diagram (Fig. 5). Heats of 304LN that are low in austenitic 

stabilizers (Ni, C, N, and Mn) and high in ferrite stabilizers (Cr ard Si) may 

contain up to 12 to 11? ferrite. Heats that are low in Ni and N„ might 

contain some alpha-prime martensite. 

The composition of Type 304LN should fall above the "zero-percent 

magnetic ferrite" line (line AD in Fig. 5) to avoid ocourrene of ferromagnetic 

phases. Since this is a straight line, 

ENi " ENi A
 ECr " ECr A 

where 

ENi * 1 3-" ! { ' hi = 1 7' 7* • A D 

E =18.4? 
C rA D 
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(values obtained from Table 6 and Fig. 5). Solving for E N 1 in terms of E C r 

gives 

E N. = 1.613 E C r - 16.277 . (3A) 

Substituting in the chemical compositional variants of E„. and E„ from 

Equations (1) and (2), respectively, we obtain 

Ni + 30? C + 30$ N 2 + 0.5? Mn = 1.613? Cr 

+ 1.613? Mo + 2.420? Si + 0.807? Cb - 16.277 (3B) 

Equation (3B) indicates composition levels of the major alloy additions in 

austenitic stainless steels (such as Type 30*tLN) that will insure avoidance of 

formation of delta-ferrite on solidification. Similar procedures may be used 

for other austenitic stainless steels. 

For the MFTF-B magnet case, an average 1-K yield strength of 328 MPa was 

desired, and a minimum *)-K yield strength of 690 MPa was required. From 

Fig. 6, where the yield strengths of various N„-strengthened austenitic 

stainless steels are plotted against /C + N, one obtains 
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/C + N - 0.3800 or C + N - 0.1W* . 

At a mid-range C content of 0.015?, N = 0.13?. 

Using the minimum values of C, Mn, Si, and Cr given in Table 5, with Cb 

and Mo levels set equal to zero, the amount of Wi necessary to just avoid 

formation of delta-ferrite it! calculated as follows: 

% Ni + 30 (0.01) + 30 (0.13) + 0.5 (0.5) - 1.613 (18.0) 

+ 2.420 (0.25) - 16.277 

% Ni + 11.J15 = 13-362 

? Ni = 8.912? (3B) 

Hence, a possible composition range in weight percent for Type 304LN for 

this application might be: 

C Mn S_i Cr NjL 

0.03 2.00 1.00 20.00 12.00 

0.01 0.50 0.25 18.00 9.00 

*2 

0.15 

0.13 



-13-

3.1.2. Martensite in austenitic stainless steels 

Martensite is a metastable decomposition product of the FCC austenitic 

solid solution that is formed by a diffusfor.less transformation in rapidly 

cooled iron-based alloys. Formation of martensite in austenitic stainless 

steels at and above room temperature is usually suppressed by the presence of 

significant amounts of austenite stabilizers such as Mn; Ni, and N». However, 

martensite will form in many plastically strained austenitic stainless steels 

at or below a temperature, M D, that depends on the steel's composition, or in 

situations where the undeformed austenite is cooled to a low enough 

temperature, M„ [21, 26-37]. An excellent review of the physical metallurgy 

of martensite-format ion in Fe-Cr-Ni stainless steels is given by Rer.d [38]. 

Formation of martensite in an otherwise austenitic alloy creates residual 

stresses associated with a volume expansion and creates ferromagnetic 

behavior, both considered undesirable in superconducting magnets. Often, 

verification test results of candidate cryogenic structural materials are not 

available during the conceptual design period. However, empirical predictive 

equations are available for evaluation of the microstructural stability of 

austenitic stainless steels that are subjected both to very low temperatures 

and to plastic strain. 

Expression for the temperature(s) at which martensite might form because 

of cooling to very low temperatures, without the assistance of plastic 

deformation, i.e., M , were developed by both Larbalestier and King [31], and 

Hull [11], 

M g (+50 K) - 1578 - 61.1 % Ni - 41.7? Cr - 33-3* Mn 

- 27.8 Si - 1667* (C + N) - 36.1? Mo (ij) 
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Equation (4) was developed for steels in the composition ranges typified 

by Types 304 (L)(N) and 316 (L)(N). 

M g (+80 K) - 2700 106* Ni - 84.8? Cr - 97.5? Mn 

- 99.6? Ko - 66.8? Si - 230? V - 325? Ti 

- 532? Al - 4304? C - 6084? N 2 - 91.2? Cb 

- 136? Ta - 152.6? CuO 24.4? Co (5) 

Equation (5) was developed for steels with higher Mn and N„ contents than 

Type 304LN but is, to first order, applicable. 

Substituting the values of alloy-composition that will avoid formation 

of delta-ferrite and letting the values of any alloy addition not specified 

therein be zero, we obtain the results shown in Table 6 for calculated M g 

values. These results indicate that the Type 304LN composition range 

developed to avoid formation of delta-ferrite for the MFTF-B magnet cases 

appears to be marginally stable against transformation to a'-martensite on 

cooling to 4 K in the unstrained condition. The term "marginally stable" is 

used because, in addition to the statement on standard error of Equations (4) 

and (5) mentioned above, the M_ of the low composition alloy calculated with 

Equation (4) is about 21 K, i.e., slightly above absolute zero. Additional 

austenite stability could be conferred by raising the lower limit on Ni from 

9.0? to 10.0?. Minimum nitrogen levels should not be raised, however, as this 

may raise the minimum 4-K yield strength to values above those attainable with 

weld metals with good 4-K fracture toughness. 

The composition range of Type 304LN is metastable with respect to 

formation of a'-martensite because of extensive plastic strain, since 

calculated M n values lie at or above room temperature. However, strain-
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induced uiartensite formation is not expected to be a problem so long as the 

maximum strains developed during assembly or service are on the order of the 

yield strength strain, i.e., 0.2?. 

3.1.3* Comparison of predictions of austenite stability with experiment 

While there are many experimental observations as to the occurrence 

extent of transformation of austenite to a'-martensite in many grades of 

austenitic stainless steels [26-37], very little work had been done on Type 

304LN prior to construction of MFTF-B. Larbalestier and King [32] found that 

Type 304LN with 11.55? Ni and 0.20? N 2 and Type 304N with 10.17? Ni and 0.18? 

N 2 did not transform to martensite after cycling 11 times between room 

temperature and either 77 K or 1 K. Samples were evaluated after annealing to 

simulate material received from the mill, after machining, and after an 

extreme sensitizing treatment (973 K/168 hours) that simulated any effects due 

to thermal cycling during welding. These results are good confirmation of the 

calculated results presented in Table 6 for M_ behavior, as well as the 

microstructural stability of these steels. Regarding the behavior of Types 

304LN and 304N steels after inducing plastic deformation at 4 K by tensile 

testing to failure, extensive results reported by Larbalestier and King [32], 

Randak et al.[37], and Dalder [39] are summarized in Table 7. At the grip 

section of the tensile specimens, where strains of the order of 1? are 

experienced, no evidence of strain-induced a'-martensite was seen. 

In summation, it appears that, at least, qualitative experimental 

confirmation both of the predictive capabilities of Equations (4-6) and of 

stability of Type 304LN under credible operating conditions for the MFTF-B 

magnet-cases can be assessed by the methods described. 
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3.2. Mechanical properties 

3.2.1. Wrought alloys 

For comparison of material strength versus fracture resistance, a plot of 

4-K plane-strain fracture toughness, K™, versus yield strength, o , is used 

(see Fig. 7). All K I p values are conversions from the values determined by 

the elastic-plastic J-integral test [10-11]. Note that the relatively weak 
1/2 (o < 690 MPa) but tough (K T n > 275 MPa«m ), compositions are those with y i^ 

less than about 0.05? N 2 and carbon levels below 0.03?, such as Types 304L 

(19 Cr - 9 Ni - 0.03 C max.) and 316L (17 Cr - 12 Ni - 2 Mo - 0.03 max.) 

[42-46]. For intermediate yield strengths in the range 690 to 1035 MPa and 
1/2 with fracture toughness values in the range of 200 to 275 MPa«m , 0.10 to 

0.16? additions of N„ to the Types 304L and 316L bases are an effective and 

economical means of yield-strength enhancement [42-53], as well as a means of 

stabilization of the austenitic microstructure against both thermally-induced 

and strain-induced martensite formation [36,47,49]. Steels with these 

compositions are being used in the construction of superconducting magnet 

structures for the magnetic fusion energy and magnetohydrodynamic (MHD) 

programs. Type 304LN was the structural material for the General Dynamics-

Convair large coil, the General Electric CDIF MHD magnet, and the MFTF-B 

magnet cases. Type 316LN was used for the General Electric Company's large 

coil structure. 

Present practice is to use the restricted carbon content (C < 0.03?) "L" 

grades to minimize grain-boundary carbide precipitation during welding thermal 

cycles, called "sensitization", and th° resulting loss in toughness. Two 

examples of this are seen on Fig. 7: 
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Sensitization of Type 310s (25 Cr - 20 Ni - 2 Mn - 0.05 C) caused by 

furnace cooling after annealing reduced the 4-K KT_ 38%, from 

248 MPa-m 1 / 2 to 180 MPa>m 1 / 2 with no change in 4-K o [54]. 

Sensitization of Type 304LN (19 Cr - 10 Ni - 2 Mn - .02 C - .15 N) 

by heat-treating at 922 K for 16 hours and furnace cooling reduced 

the 4-K K I C 51?, from 275 MPa«m 1 / 2 to 182 MPa-m 1 / 2
f with no change 

in 4-K ay [39]. 

For yield strengths above 1035 MPa, such strengths are, in principle, 

attainable by a combined carbon and nitrogen content of about 0.2% or by a N_ 

content of about 0.17% for maintenance of the "L" grain maximum carbon content 

of 0.03% (Fig. 6). However, it is difficult to purchase Types 304L or 316L, 

bases with these nitrogen levels in commercial quant»iies from U.S. steel 

suppliers. Problems quoted by steel producers include difficulties in 

production of pore-free ingots at high N ? contents, embrittlement of ingots by 

grain-boundary precipitation of Cr N during solidification and subsequent hot 

working, and difficulties with incorporation of high-N„ scrap in steel-plant 

recycling procedures [55,56]. Hence, for yield strengths beyond 1035 MPa, 

present practice is to use Mn-N -modified austenitic stainless steels. 

Increased levels of Mn are used to increase nitrogen solubility and raise the 

4-K yield strength to levels in excess of 1380 MPa. Unfortunately, some of 

these materials suffer a serious decrease in fracture toughness at 4 K, to 
1/2 levels below 100 MPa-m , as discussed by Read and Reed [57] for the 22 Cr -

12 Ni - 5 Mn - 0.3 N - .03 C alloy. This loss of toughness is associated with 

incomplete solution of a grain-boundary phase, such as M_,(C,N)6 carbonitride. 

Improper melting practices and thermomechanical processing [58] causes similar 
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loss of cryogenic fracture toughness in the 21 Cr - 9 Mn - 6 Ni - 0.03 C - 0.3 

N alloy. In addition to these problems, the unavailability of welding 

consumables with 4-K yield-strengths that match those of the corresponding 

base metals at adequate fracture-toughness levels has limited the use of these 

materials in the as-welded condition for MFE magnet structures. 

The available 4-K load-controlled [59] and strain-controlled [42,60-61] 

fatigue data for wrought stainless steels are presented in Figs. 8 and 9, 

respectively. Using the data presented in Fig. 8 to evaluate the fatigue-

notch sensitivity, q, at the hfTF-B design-point [62] of 4000 cycles, where q 

is defined as [63], 

KF " 1 

and 

K F = ̂ 22th_ ( ? ) 

notched 

at a given number of cycles, in this case 4000. A material that experiences 

no reduction in fatigue because of a notch (K_ - 1) has a q of zero, while a 

material in which the notch has its full theoretical effect (IC, - K_.) has a q 

of 1.0. 
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Material K„ at 4000 Cycles 3 

Nitronic 40 1.51 0.243 

310S 1.35 0.167 

Examination of the strain-controlled fatigue data in Fig. 9 yields no clear-

cut correlation between the fatigue performance of a steel and its yield 

strength, as Nitronic 40 has a 4-K yield-strength of 1380 MPa but is weaker in 

fatigue beyond 2000 cycles than Type 304L with a 4-K yield strength of about 

350 MPa. Perhaps the excellent cyclic performance of Type 310 is associated 

with its excellent raicrostructural stability, as it is the only one of the six 

steels tested that does not normally undergo some strain-induced martensite 

formation at 4 K. 

The available 4-K fatigue crack-growth performance of various wrought 

austenitic stainless steels [44,48,51,53,57,64-72] is presented in Figs. 10 to 

13 and summarized in Fig. 14. Three types of behavior are seen, based on the 

degree of stability of the austenitic matrix with respect to stress-induced 

decomposition to a'-or e-martensite and on th^ extent to which grain-boundary 

carbonitric> precipitation occurs, as previously observed by Tobler et al. 

[64,72]: 

• Some alloys are unstable and transform to a'- or e-martensite during 

fatigue-crack growth at 4 K. Alloys such as Type 304 (19 Cr - 10 Ni 

- 2 Mn) and Type 316 (17 Cr - 12 Ni - 2 Mn - 2.5 Mo), and their 

controlled carbon and nitrogen variants, Types 304(1-)(N) and 

316(L)(N), Nitronic 33 (18 Cr - 13 Mn - 3 Ni - 0.35 N), Nitronic 40 

(21 Cr - 9 Mn - 6 Ni - 0.35 N), and Nitronic 50 (22 Cr - 12 Ni 
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- 5 Mn - 2 Mo - 0.3 N), and the Soviet 13 Cr - 19 Mn - 0.2 N alloy 

fall in this class. Within this class, there is considerable 

variation in fatigue-crack growth rate from alloy to alloy, about a 
1 /2 factor of 7 at a AK range of 30 MPa«m (Fig. 11), or even within 

the same grade of alloy, such as Type 304 (Fig. 12), a factor of 10 
1/2 at a constant AK range of 30 MPa«m 

Some alloys are stable and did not show evidence of having 

transformed to a'- and/or e-martenslte during testing at 4 K. 

Alloys such as Type 31 OS (25 Cr - 20 Ni - 2 Mn - 0.08 C), 310 (25 Cr 

- 20 Ni - 2 Mn - 0.3 C), and Kromarc 58 (15 Cr - 21 Ni - 11 Mn -

0.05 C - 0.17N) fall into this class (Fig. 10). Within this class, 

there is a much smaller variation in fatigue-crack growth rate at a 
1/2 AK range of 30 MPa«m , about a factor of 2. 

Some alloys, when tested in the sensitized condition, underwent a 

change in fracture mode from transgranular to intergranular. This 

behavior was seen for Nitronic 33 [72] and Type 304LN [39] (see Fig. 

15). As shown in Fig. 13, depending on the alloy, sensitization 

results in behavior ranging from no apparent change in fatigue-crack 

growth behavior (Type 31 OS) to a two- to three-times acceleration in 

fatigue-crack growth behavior for Nitronic 33 at a mid-range AK 

value of J)& MPa«m 1 / 2. 
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3.2.2. Cast alloys 

Information on cryogenic mechanical properties of austenitic stainless 

steel castings other than Types CF8 (19 Cr - 10 Ni - 1 Mn - 0.05 C) and CF8M 

(19 Cr - 10 Ni - 2.5 Mo - 1 Mn - 0.05 C) is very scarce. 

Available information on 20-K and 4-K properties (tensile, 

fracture-toughness, and impact properties) of Kromarc 55 [73~75] and modified 

CK-20 [76] are summarized in Table 8. The 20-K and k-K yield strengths of 

these cast alloys fall below 690 MPa, which place them in the "low-strength" 

category, as previously discussed for wrought stainless steels. 

Considerable ^-K mechanical property information was developed in the 

last few years on alloys CF3 and CF8M, the cast-product analogs for Type 30f 

and 316, respectively. Recourse to the composition ranges for these casting 

grades, coupled with use of the Schoefer Diagram [77-78] (Fig. 16), which is 

the casting-industry analog of the weldors' DeLong diagram for representation 

of regions of phase stability, indicates that both of these alloys can be 

manufactured with up to 30$ ferrite. 

In Fig. 17, the 4-K yield strengths of CF8 and CF8M castings [79-83] are 

plotted as a function of carbon and nitrogen content. Although yield strength 

increases with increasing carbon and nitrogen, similar to wrought single-phase 

austenitic stainless steels, the large amount of scatter indicates that other 

factors contribute to the strengthening of these alloys, such as grain-size 

and the presence of dispersed delta-ferrite. In Fig. 18 we summarize the 

fracture-toughness information on these castings as a function of yield 

strength at H K. Two types of behavior are seen. 
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• Single-phase CF8 and CF8M castings exhibit fracture-toughness and 

yield-strength performances as good as their wrought counterparts 

that have similar compositions. Small differences in properties 

between cast and wrought steels are probably caused by one or more 

of the following: (1) solidification shrinkage-porosity, (2) 

greater compositional inhomogenities expected in castings vs wrought 

alloys, and (3) larger grain sizes in castings as opposed to wrought 

alloys. 

t Duplex austenite plus ferrite CF8 and CF8M castings suffer greatly 

reduced fracture toughness with increasing yield strength as 

compared to wrought alloys. Castings of CF8 and CF8M containing 

about 10 to !5? delta-ferrite (Fig. 19) suffered 70% decreases in 

*t-K K T„, relative to their ferrite-free variants. At equal yield-

strength levels, about 70% of this was attributable to the presence 

of delta-ferrite and the remaining 30? was attributed to the 

increased yield strength (Fig. 18). Failure in the duplex castings 

of boti? grades occurred by cleavage (brittle fracture) of the delta-

ferrite and was followed by ductile fracture by void coalescence in 

the surrounding austenite at stresses greater than those needed to 

crack the ferrite. 

In Fig. 19 are also plotted the variations in yield strength with 

delta-ferrite for CF8 and CF8M castings [78-83). For both alloys, 

yield-strength increased with increasing delta-ferrite content, the dependence 

being greater than linear at delta-ferrite contents beyond about 10? for CF8 

and 20? for CF8M. In Fig. 20 fracture-toughness and yield strength of CF8M 
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castings is plotted as a function of nitrogen content for alloys with an 

essentially constant (9+1%) ferrite content. Note that increasing nitrogen 

content increases yield strength rapidly, but decreases fracture toughness 

slowly. 

In Fig. 21 is plotted available 4-K fatigue-crack growth information for 

several heats of CF8M castings wth delta-ferrite levels ranging from 1 to 29% 

[84-85]. There is a general increase in fatigue-crack growth rate with 

increasing delta-ferrite content, which is attributed to the occurrence of a 

"quasi-cleavage" fracture in the alloys with cast more than 1% ferrite [84]. 

4. Fusion welding of austenitic stainless steels 

4.1 Compositions and microstructures of stainless steel weld metals 

Compositions of welding consumables used to join austenitic stainless 

steels for cryogenic service are summarized in Table 9 for domestic products 

[86-91], and in Table 10 for some European and Japanese products [92-103]. 

Figure 22 is a plot of these welding products on the standard De Long Diagram 

[15-16], which relates the chemical-composition of the weld metal to the 

presence or absence of delta-ferrite. 

These calculations were carried out as follows: 

a. Where a point analysis, rather than a range of composition was 

given, Ej,. and E„ for the point analysis were calculated and the 

point plotted on Fig. 22. 
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b. Where only a "maximum level" of a particular element is stated, a 

minimum level was assumed to be 25? of the maximum. 

c. Since N ? level is not often reported, the following convention for 

N„ levels as a function of welding process is used: 

Process Assumed H„ level 

SMA 0.06? 

GTA 0.06? 

GMA 0.08? 

Examination of Tables 9 and 10 and Fig. 22 show that the domestically 

produced welding consumables are specifically designed to be used with either 

the conventional Cr-Ni austenitic stainless steels or with the higher strength 

Cr-Mn-Ni-Np austenitic stainless steels. Examples of the former class are 

Types 308 (L) (Fe - 20 Cr - 10 Ni), 316 (L) (Fe - 17 Cr - 13 Ni - 2 Ho), and 

310 (Fe - 26 Cr - 21 Ni - 2 Mn). The first two types are used interchangeably 

with Types 304 and 316 base metals and their carbon and nitrogen variants, 

while the last type is used to join Type 310 or 31 OS (low carbon) base metals. 

Examples of the latter class are Nitronic 35W (Fe - 18 Cr - 12 Mn - 5 Ni), 

Nitronic 40W (Fe - 20 Cr - 10 Mn - 7 Ni), and Nitronic 50W (Fe - 23 Cr -

6 Mn - 11 Ni - 2 Mo), used to join the Nitronic 33, 40 and 50 base metals, 

respectively. Generally, as-deposited weld metals of the 308(L), "N xx W", 

and 316(L) types contain 4 to 12? delta-ferrite at room temperature, which is 

needed to prevent the formation of solidification-related defects [11-21, 104-

107.1, referred to as "microfissures" or "hot cracks". 

The reason for concern about the composition of a specific weld metal is 

that two of the design constraints, low magnetic permeability and high 



-25-

cryogenic fracture-toughness, imposed by the need not to perturb the plasma 

and to maintain a high level of resistance to brittle fracture at H K, are 

most easily achieved by use of welding-consumables that result in a weld 

deposit free of ferrite. Fi:r".ro 23 presents a correlation [108] ' ' ween 

magnetic permeability, \i, and the amount of ferromagnetic phase in the weld. 

Figure 2U presents a pier, of cryogenic plane-strain fracture toughness, K „, 

as a function of the amount of ferrite in carefully made shielded metal arc 

welds, using Type 316L filler metal [109]. Note tr.at ferrite additions to 

levels of k to 12$, the levels commonly found in most stainless steel welds, 

results in the following changes: 

• Perii.sability increases of about 1.20 to 2.10, a -45% increase. 

1 /2 
• t-K fracture toughness decreases from 160 to 99 MPa>m , a 38$ 

decrease. 

1.2. Solidification-induced defects in austenitic stainless steel weld metals 

On cooling from the liquid to the solid state after welding, two closely 

related types of solidification-related defects can occur in austenitic 

stainless steel weld metals [110]: 

(1) "Hot Cracks", which ars gross separations along interdendritic 

(solidification-structure) boundaries. These defects are large 

enough to be seen with the naked eye and usually result in the 

assembly either undergoing extensive repair or being discarded. 
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(2) "Microfissures", which are very small separations along 

interdendritic boundaries. These defects are typically [111] 0.005 

to 0.020 in. long, and are impossible to detect by nondestructive 

examination. Their danger lies in their growing under cyclic 

applied stresses, typical of the condition seen in operation of 

mirror or tokamak magnets. 

Recently, several groups of researchers [102, 111-124] developed the 

following explanation of why some delta-ferrite must be present to prevent 

cracking at elevated temperatures during and just after the solidification of 

nominally "austenitic" stainless steel weld metals. As the level of ferrite 

stabilizers, such as Cr, increase or level of austenite stabilizers, such as 

Ni, decrease (see Fig. 24), the primary phase formed on solidification of a 

weld varies as follows: 

(1) Austenite is the only solid phase formed, and no further 

high-temperature metallurgical reactions occur on rapid cooling of 

the weld metal to room temperature (Fig. 25a). 

(2) Austenite forms as the primary phase. A small amount of delta-

ferrite forms on solidification of the impurity-enriched, 

interdendritic liquid (Fig. 25b). 

(3) Delta-ferrite forms as the primary phase. A moderate amount of 

austenite forms on solidification of the impurity-enriched, 
i 

interdendritic liquid. On cooling of the just solidified weld metal 

to point 1 on Fig. 24, the delta-ferrite transforms to austenite, 

the transformation being complete as the cooling weld bead passes 

/ 
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point 2 on Fig. 24. The resulting raicrostructure is shown 

schematically in ?igs. 25c and 25d. 

(4) Delta-ferrite is the only solid phase formed as the weld metal 

solidifies, and part of it transforms to austenite on cooling 

towards room temperature. The resulting microstructure is shown 

schematically in Fig. 25e. 

All fusion-welding processes involve separation of various alloy 

additions (Cr, Ni, Mn, Mo, C, N.) and of tramp elements (Si, P, S) introduced 

during the manufacture of steel to one or more of the phases; liquid, 

austenite, and/or ferrite. In stainless steel welds, Cr is rejected to the 

liquid during solidification of austenite as the primary phase (Fig. 25a-b), 

and Ni is rejected to the liquid during solidification of ferrite as the 

primary phase (Fig. 250-e^. 

Elements such as Si, S, P, and Mo, which have high solubilities in 

delta-ferrite, are rejected to the liquid during solidification of austenite 

as the primary phase. Elements which have high solubilities in austenite, 

such as Cr, N„ and Mn, are rejected to the liquid during solidification of 

ferrite as the primary phase. 

Phosphor-us and sulfur form low-melting-point alloys between phosphides 

and sulfides, while Si tends to form a glassy silicate film, such as MSiO^ 

where M may be Cr, Fe, Ni, Mn and/or Mo. Such low-melting-point nonmetallic 

phases will remain liquid, long after the bulk of the weld has solidified. In 

the case of alloys with solidified austenite as the primary phase, S, P, and 

Si are rejected to the liquid. There they form in the interdendritic regions 

the above described low-melting-point phases which are the last to solidify. 
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Once the bulk of the weld is solid, any attempt to transfer deformations 

induced by thermal contraction or other sources, such as the weight of the 

structure, results in the necessary accommodation-deformations being 

concentrated in regions that are unable to sustain relative motion, i.e., the 

solute-enriched low-melting point interdendritic liquids. This results in the 

formation of cracks as the liquid flows away from the locations under load. 

Alloys that solidify with delta-ferrite as ths primary phase reject lesser 

amounts of these elements (P, S, and Si) to the liquid, the result being 

little or no formation of the low-melting-point nonmetallic phases. 

Therefore, these alloys are much more resistant to the formation of 

microfissures and hot cracks. 

The probable effect of component size, especially increasing section 

thickness, on the hot cracking and microfissuring behavior Of stainless steel 

weld metals is to provide an increasingly rigid restraining mass around the 

partially molten weld metal. Also increasing amounts of accommodation-

deformation must be taken up by the partially molten weld metal. Hence, weld 

metals that were borderline with respect to microfissuring and/or hot cracking 

at a given section thickness are expected to become increasingly prone to 

cracking as the section size increases. 

In practice, it has been long recognized that austenitie stainless steel 

welds are susceptible to cracking in the fusion zone (weld metal) of single-

pass welds [125-129], in the heat-affected zone of the base metal [126,130-

157] and in the heat-affected zones of weld metal produced by thermal cycles 

induced by subsequent welds in multipass joints [12H, 130-131,138-140]. 

Cracking in single-pass welds may be dealt with by reducing the level of 

residual stress in the weld joint (known as "restraint") and by adjustment of 

the composition of the welding consumable (electrode, bare wire plus shielding 
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gas, or wire plus flux) to assure the presence of some ferrite in the weld 

after cooling to room temperature. Cracking in the base-metal heat-affected 

zone occurs almost exclusively in the Nb-stabilized Type 347 (Fe - 18 Cr -

12 Ni - 0.05 C) grade and has become less of a problem in recent years because 

of improved tramp-element control and improvements in thermomechanical 

processing of the base plate. 

Cracking in multipass welds in austenitic stainless steels is of 

increasing importance in the Magnetic Fusion Energy program because of the 

need to use heavy-section (up to 127-mm thick) stainless steel welds in the 

manufacture of increasingly larger superconducting magnet structures. General 

agreement exists amoung welding researchers that cracking in multipass welds 

occurs in the heat-affected zone of the weld metal resulting from the thermal 

cycles of subsequent weld passes [124,140-149]. Composition control of the 

deposited weld metal, which ultimately results in delta-ferrite in the room 

temperature microstructure, can suppress this cracking. 

Several studies [144-146] that employed actual production welds of Type 

316 stainless steel (Fe - 17 Cr - 13 Ni - 2 Mo - 2 Mn - 0.06 C) found neither 

cracking in the base-metal heat-affected zones nor in the last or cover passes 

in the weld metal. However, many small cracks, called "microfissures", were 

found in the interior of these welds, all in heat-affected zones of 

subsequently deposited weld beads. These observations were recently confirmed 

by investigations on various austenitic stainless steel weld metals, using the 

fissure bend test [20,120, 148-149]. 

Hadrill and Baker [140] and Hoheycombe and Gooch [106,141-143], in 

studying Types 310 and 316 weld metals, found that fully austenitic 

ferrite-free stainless steel weld metals contained extensive microfissuring. 

In multipass welds, these researchers found that the microfissuring was 
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concentrated in the heat-affected zones of previously made weld passes. 

Microfissures seldom were seen in weld passes not subsequently subjected to 

additional weld thermal cycles. These observations confirm the work of the 

researchers just cited [106,140-142]. Most recent work published on formation 

of weld defects in multipass, heavy-section welds in austenitie stainless 

steels [20,107,124,140,141-147,119] identified the location of the 

microfissures just described and agreed that: 

• Fissures occur along grain boundaries regardless of whether they are 

located in the base-metal heat-affected zone, weld-metal heat-

affected zone, or in weld passes only slightly affected by 

subsequent weld passes. 

• Weld-metal heat-affected zones produced by subsequent weld passes in 

thick, multipass welds are the preferred site for formation of 

fissures. 

• Fissures are formed at elevated temperatures, above about 1144 K, 

and may result from more than a single cracking mechanism, such as 

liquation-cracking when some solute-laden grain boundaries are still 

molten, followed by failure of embrittled grain boundaries in the 

"hazard heat-affected zone" [124]. 

• The tendency toward fissure formation decreases when the 

room-temperature weld-metal microstructure contains some delta-

ferrite. 
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4.3 Evaluation of Austenitic Stainless Steel Weld Metals for Fissuring 

Tendencies 

Numerous types of weldability tests may be used to evaluate the 

mierofissuring tendencies of a weld metal. Such tests include the 

circular-groove test [128], fisco test [150a], murex hot-crack test [151], 

case pin hot-tear test [13,152], hot-ductility test [153], varistraint test 

[111,113,128-129,150], fissure-bend test [124.14Y-148,i54-155] and P.V.R. test 

[148]. Most domestic [142,155] and some foreign [147-148] welding consumables 

for joining austenitic stainless steel have been evaluated for microfissuring 

tendencies by the fissure-bend test. The results of these tests, summarized 

in Fig. 26, indicate the following: 

• The microfissuring tendency (worst to best) for U.S.A.-supplied 

welding consumables deposited by the shielded metal arc (SMA) 

process is Type 347 (worst), Type 318, Type 309, Type 308L, Type 

316, Type 308, Type 316L, and Type [16 Cr - 8 Ni - 2 Mo] (best). 

• The presence of 0.5 to 0.7? Nb, usually added to suppress 

intergranular carbonitride formation which can cause low-temperature 

embrittlement in stainless steel weld metals, rendered both weld-

metal Types 347 [18 Cr - 12 Ni - 0.6 Nb - 0.06 C] and 318 [17 Cr -

12 Ni - 0.5 Nb - 0.06 C] extremely prone to microfissuring. 

• Consistent production of microfissure-free welds without the 

presence of ferrite is quite difficult to achieve. However, 

microfissure-free welds made with higher than usual levels of Mn and 
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Mo, in the range of 3 to 7% each, and a ferrite level of at least 1? 

appear to be consistently achievable. Several commercially 

available European welding consumables, such as Avesta's 832SKR-LF 

and P-6, and A. Johnson's 2RM69 (all in Table 10), as well as Bohler 

Brothers Alloy "F", fall in this category. 

• The nature of the welding process has an effect on the occurrence 

and extent of microfissuring over and above that imparted by a 

change in welding consumable. Type 310 weld metal microfissured 

extensively (53 fissures) when deposited by the SMA process and only 

slightly (5 fissures) when deposited by the GTA (gas-tungsten arc) 

process. 

4.4 Mechanical properties of weld metals at cryogenic temperatures 

Figures 27 and 28 summarize k-K. fracture-toughness data for many 

stainless steel welds made by various processes [71,76,97,109,156,161] in the 

form of plane-strain fracture toughness vs yield strength plots. Also shown 

on these figures is the base-metal trend line from Fig. 7. Examination of 

Figs. 27 and 28 indicates that, in general, the usual inverse relationship 

between fracture toughness and yield strength prevails. Specific comments 

follow: 

(1) Use of the shielded-metal arc (SMA) process with either 308L 

electrodes can produce welds with yield strength in the range of 690 

to 932 MPa with corresponding plane-strain fracture-toughness values 
1/2 varying over a wide range (88 to 204 MPa«m ). Considerable 
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improvement in the plane-strain fracture toughness of SMA welds 

deposited with E316L-15 electrodes could also be attained by use of 

interpass peening with or without a final post-weld annealing 

treatment [158-159]. 

(2) Use of high deposition-rate welding processes, such as submerged arc 

weld (SAW) [158-159] or flux-cored metal arc (FCMA) [159-161] with 

both Types 308L and 316L welding consumables, produced welds with 

much lower plane-strain fracture-toughness values, typically 66 to 
1/2 132 MPâ m , than was seen for the SMA welds made with the same 

f i l l e r metals. 

(3) At weld-metal yield strengths above 1035 MPa, the corresponding 

plane-strain fracture-toughness values fe l l in the 82 to 154 

MPa'm 1 7 2 [109,158]. 

(4) The highest combinations of plane-strain fracture toughness and 
1/2 yield strength occurred in SMA and SAW welds: 259 MPa-m 

fracture-toughness and 1628 MPa yield strength for the SMA weld made 

with the Bohler Brothers [Fe - 19.5 Cr - 15.5 Nl - *t Mn - 2 Mo -
1 /2 0.02 C] electrode [159]; and 159 MPa>m fracture-toughness at 1118 

MPa yield-strength for the SAW weld made with Paton Ins t i tu tes "20-

16-6" f i l l e r wire [Fe - 20 Cr - 16 Ni - 6 Mn - 0.2 N - 0.06 ] [97] . 

This l a t t e r material i s said to f a l l within the range of coverage of 

an Armco Steel Company patent [162]. 
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The general effect of increasing amounts of ferrite on the 4-K 

plane-strain fracture toughness of stainless steel weld metals is to decrease 

the fracture-toughness, as shown in Figs. 4 and 29 [107,158-159,161-163]. 

However, the large amount of variation in the plane-strain fracture-toughness 

values of these welds indicates that the ferrite content alone is not the only 

important factor in the degradation of 4-K fracture toughness. Whipple and 

Brown [833 demonstrated that the amount and distribution of ferrite in 

ferrite-containing austenitic stainless steel weld metals and castings exerts 

a profound effect on path of the fracture and, presumably, on the measured 

fracture-toughness values. The inherently rapid solidification rates and 

cooling rates in weldment produce a highly-directional solidification pattern 

and a relatively fine, cellular-dendritic microstructure with the delta-

ferrite closely associated with the original solidification pattern. Since 

crack growth during fracture-toughness testing is usually associated with 

cracking of the residual delta-ferrite, any factor that results in a 

continuous network of delta-ferrite along dendrite-boundaries will provide a 

preferred cracking path and lower toughness that would be expected for a weld 

(or casting) of the same amount of delta-ferrite distributed in a 

discontinuous morphology. 

Recent work by Szumachowski and Reid [22,164] and Marshall and Farrar 

[165] on the factors that affect the 77-K toughness of SMA stainless steel 

weld metals indicate that optimum 77-K impact resistance may be achieved by 

using SMA welding consumables and welding conditions that produce welds with 

the following: 
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• No ferrite or other distributed second phase that can act either as 

a preferred site for void-nuoleation or as a preferential continuous 

path for crack propagation. 

• Low carbon, less than 0.01?. 

• Low N„ and Og, less than 0.05? each. 

• High in nickel, "as high as possible". 

• A basic, fluospar-lime (-15) electrode coating. 

• Low S and P, less than 0.05? for each element to limit occurrence of 

dispersed, brittle, second-phase particles that can act as preferred 

sites for void nucleation. 

Unfortunately [107,158-159,163], there is no universal, clear-cut, 

correlation between the parameters measured in the impact testing of stainless 

steel weld metals at 77-K and the 1-K plane-strain fracture toughness of these 

weld metals. However, individual correlations between 4-K fracture toughness 

and 77-K energy absorption in the Charpy V-notch impact test have been seen 

[107,158-159,161] in specific weld series runs with welding consumable, joint 

design, and other welding parameters nominally fixed. 

Available 1-K fatigue-crack growth information on various stainless steel 

weld metals is presented in Figs. 30 to 31 [71,116-118,166]. Consider first 

the performance of Type 316L weld metal deposited by either the SKA or SAW 

processes (Fig. 30). Neither weld process nor ferrite level (8? in the SAW 

weld, 0 to 1? in the SMA welds) appeared to influence the fatigue-crack growth 
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performance. Only the combination of interpass peening plus a post-weld 

annealing treatment [158] performed on the SMA weld reduced the fatigue-crack 

growth rate by a factor of 2 to 2.5 at higher WK levels from the "as welded" 

data (Fig. 30). This insensitivity in the Paris regime of fatigue-crack 

growth rate to metallurgical factors is normal; a factor of 2 scatter is 

common for fatigue-crack growth rate determined on the same material by the 

same test laboratory [167]. 

In Fig. 31 the three most resistant weld metals to fatigue-crack growth 

are GMA-deposited [18 Cr -16 Ni - 9 Mn], GTA deposited Kromarc 58 [Fe - 16 Cr 

- 20 Ni - 11 Mn - 2.25 Mo - 0.06 C] and SMA-deposited Type 310. All are 

microstructurally stable when tested at 1 K. The other four weld metals 

consist of three lots of Type 308L, two being deposited by the FCMA process, 

one by the SMA process, and one lot of GTA-deposited Nitronic 10W [Fe - 20 Cr 

- 7 Ni - 9.5 Mn - 0.3 N~ - 0.02 C]. These four weld metals are 

microstructurally unstable in that they undergo transformation to either a'-

or E-martensite during testing at 4 K [60,168]. This results in decreased 

resistance to fracture near the tip of the growing fatigue crack and in faster 

fatigue-crack growth. 

Figure 32 compares the fatigue-crack-growth behavior of microstructurally 

stable and unstable weld metals. Note that the microstructurally-stable weld 

metals exhibit fatigue-crack-growth rates of one-fourth to one-third of that 
1 /o of the microstructurally-unstable weld metals at a AK range of 33 MPa«m . 

As the stress-intensity range increases, some overlap in performance of the 

two classes of weld metals is seen (Fig. 32), but the unstable weld metals 

still have much higher maximum fatigue-crack growth rates than the stable weld 

metals. This relationship between the fatigue-crack growth rates of 

\ 
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microstructurally unstable and of stable weld-metals is qualitatively similar 

to that seen for the same two classes of base metals (Fig. 14). 

5. Discussion 

A perennial argument raised against the use of weld? and castings in 

highly-loaded structures is that they have inferior mechanical properties as 

compared to their wrought counterparts such as plate. For austenitic 

stainless steels intended for t-K service, it is appropriate to examine this 

thesis in the case of two classes of steels: first, for comr'.stely austenitic 

plate versus completely austenitic castings and welds and, second, for 

completely austenitic plate versus ferrite-containing castings and welds. 

Consider the comparisons presented in Table 11. 

(1) Completely austenitic products. Two distinctly different types of 

behavior are seen for Type 310 stainless steel. The weld and plate 

have comparable yield strengths (810 MPa vs 790 MPa) but a factor of 
1/2 2 difference in fracture toughness, about 120 MPa>m for the SMA 

i/2 

weld versus about 240 MPa«m for the plate. However, for the 

[Paton Institute "20-16-6" alloy] the plate (1150 MPa) and weld 

(1000 to 1200 MPa) have comparable yield strengths, but the weld's 
1/2 toughness (150 to 208 MPa«m ) is about 39* higher than that of the 

plate. 

(2) Completely austenitic plate versus ferrite-containing weld metal and 

castings. The behavior here is as one would expect. For wrought 

Type 304LN plate compared with Type 316L weld metal and CF8M 
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ea8tings, at comparable yield strengths of 600 + 40 to 880 + 20 MPa, 

the average fracture toughness values for the welds and eastings 

were 50 ± 5% of that for the wrought plate. So, it is appropriate 

to have concern about the cryogenic mechanical properties of welds 

and castings if they contain delta-ferrite. 

6. Closure 

Many auatenitic stainless steels, both standard and special grades, are 

suitable for use in load-bearing applications in superconducting magnet 

systems and for cryogen-handling and storage systems and for other uses that 

involve operation at 1 K to 77 K. For most common grades of wrought alloys, 

such as Type 30̂ 4 and 316 and their low-carbon high-nitrogen variants, 

necessary information exi3ts to permit compositional optimization, material 

selection, and design analysis for fracture-critical applications, using a 

"leak-before-break" design philosophy, supplemented by fracture-mechanics 

analyses. 

A similar situation exists with respect to the two most commonly used 

weld metals, Type 308L and Type 316L. However, we must recognize that much 

remains to be learned about optimizing the amount and distribution of ferrite 

in the weld metal to permit attainment of the seemingly mutually-exclusive 

goals of freedom from weld-cracking or microfissures, of minimum magnetic 

permeability, and of attaining useful combinations of yield strength and 

fracture toughness. All of these must be attained using welding processes 

that deposit weld metal economically in both shop and field fabrications. 

We find a similar situation with Types CF8 and CF8M castings. The basic 

K _:o trade offs for these cast grades are similar to those encountered with IU y 
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Types 308L and 316L weld metals. However, results for these castings were 

generated on carefully processed small castings, with special care being 

exerted to maintain high quality and freedom from microshrinkage and other 

common casting-related defects. Whether these property levels can be reliably 

reproduced on large cast parts must be demonstrated by evaluation of the 

latter's cryogenic mechanical properties. 

In closing, it is the opinion of the authors that while a level of 

information exists that is "necessary" for the design and fabrication of 

austenitic stainless steel structures for 1-K operation, the absence of any 

extensive systematic body of operating history (such as exists for the Power 

Boiler and Pressure Vessel industries) renders premature the idea that the 

present body of knowledge assembled in this paper is "sufficient" to support 

the generation of handbook-based designs. 
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Table 1. Recommended design factors for superconducting 

magnet structures. 

Design stress <2/3 yield (primarily tension and combined) 

Design stress <90? yield (primarily bending) 

Design stress <l/2 ultimate tensile strength 

Design stress <1/2 K-c /no 

Design stress cycles >4 lifetimes 

The lowest stress value should be used. 

The a is half-crack length. 



-64-

Table 2. Characteristics of an "ideal" structural material. 

Special criteria 
1. Thermal contraction on cooling to 1 K > 0.3?. 
2. "Low levels" of ferromagnetic behavior at 4 K. 

Strength related criteria at 4 K 
1. High yield strength, >690 MPa. 
2. High elastic modulus, >208 GPa. 
3. High low- and high-cycle fatigue performance. 

Ductility or toughness-related criteria, at 4 K 

. Yield strength £ 
Ultimate tensile strength — 3 

2. High plane-strain fracture toughness: high enough to avoid purely 
elastic action in thickest section used. 

3. Low fatigue crack-growth rate. 
4. High uniform and total elongations, reduction in area. 

Producibility-related criteria 
1. Low cost, preferrably £$4.50/kilo. 
2. Welds deposited by high deposition-rate processes with properties 

"as good as" those of base metal. 
3. Weldable without need for post-weld heat treat. 
4. Inspectable "in-place." 
5. "Readily" formable and machinable. 
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Ta. List of acronyms-

Weld process: 
ESW Electro-slag weld 
FCMA Flux-covered metal arc 
GMA Gas-metal arc 
GTA Gas-tungsten arc 
SA or SAW Submerged arc weld 
SMA Shielded metal arc 

Condition i: 
FC 
LA 
MA 
S 
STQ 
WQ 

1366 K (1 h), slowly cooled in furnace 
Lab annealed 
Mill annealed 
922 K (1 h), slowly cooled in furnace 
1̂ 50 K (1 h), quenched in water 
Water quenched 



Table 1. Composition of wrought austenitic stainless steels for liquid helium service composition (%). 

Type C N P S Si Cr Ni Mo Mn Other 

AISI 301 0.08 0.10 0.015 0.03 1.0 18-20 8-10.5 b 2.0 
301L 0.03 0.10 0.015 0.03 1.0 18-20 8-12 b 2.0 
301LN 0.03 0.10-0.16 0.020 0.015 1.0 18-20 9-12 b 2.0 P+S: 0.03 max 
301N 0.08 0.10-0.16 0.015 0.03 1.0 18-20 8-12 b 2.0 
316 0.08 0.10 0.015 0.03 1.0 16-18 19-11 2-3 2.0 

. 316LN 0.03 0.10-0.16 0.015 0.03 1.0 16-18 10-11 2-3 2.0 
Nitronic 33 0.08 0.20-0.10 0.060 0.03 1.0 17-19 2.75-3-75 b 16.5-11.5 

10 0.01 0.15-0.10 0.060 0.03 1.0 19-21.5 5.5-7.5 8-10 i 
50 0.06 0.10-0.10 0.010 0.03 1.0 20.5-23.5 11.5-13-5 1.5-3 0 1-6 Cb: 0.1-0.3 T 

V: 0.1-0.3 
Kromarc 58 0 .02-0.08 0.21-0.30 b b 12-15 11-17 18-21 1.75-2 75 8-13 V: 0.12-0.21 

Composition in weight percent; maximum unless range is given 
Not stated. 
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Table 5. Chemical compositions of cast austenitic stainless steels for 
cryogenic service. 

Wrought 
equiva lent 

Composition (J ) 

Grade 
Wrought 

equiva lent C Mn Si P S Cr N Mo 

CF3M 316L 0.03 
max. 

1.5 
max. 

1.5 
max. 

o.on 
max. 

0.04 
max. 

21 
17 

13 
9 

3 
2 

CF8M 316 0.08 
max. 

1.5 
max. 

2.0 
max. 

0.04 
max. 

0.04 
max. 

;>1 
18 

12 
9 

3 
2 

CF3 304L 0.03 1.5 2.0 0.04 0.04 21 12 
max. max. max. max. max. 17 8 

CF8 301 0.08 1.5 2.0 0.04 0.04 21 11 
max. max. max. max. max. 18 8 

Kromarc 55 None 0.01 9.5 0.30 a a 16 20 2.25 

CK-20 Mod 310 0.03 4.1 1.35 0.003 0.037 23.7 22.6 

Not specified or reported. 
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Table 6. Composition assumptions and calculations of nickel and chromium 
equivalents for Type 301LN steel for the MFTF-B magnet cases. 

1. 

3. 

Composition assumptions: (?) 
_N 
0. 
0. 

C Mn 
0.03 2.0 
0.01 0.5 

Cr Ni 
20.0 12.0 
18.0 8.0 

Si 
1.0 
0.25 

_N 
0. 
0. 

„ Comment 
16 High 
10 Low 

Results for E„. and E„ calculations —M i Cr 
a 

ENi 
level 

ECr 
level 

ENi 
percent 

ECr 
percent 

Low Low 11.55 18.38 
Low High 11.55 21.50 
High Low 18.70 18.38 
High High 18.70 21.50 

Calculated upper and lower limits on M n and M„: b 

Composition MS MS MD 
limit Eqn 2 

21 K 
Eqn 4 
-128 K 

Eqn 5 
Low 

Eqn 2 
21 K 

Eqn 4 
-128 K 627 K 

High -106 -651 331 

aE N. = ? Ni + 30? (C + N 2) + 0.5? Mn, E C p =* ? Cr + ? Mo + 1.5? Si + 0.5 Cb. 
See Refs. 11 and 32. 
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Table 7. Summary of experimentally observed behavior of annealed Types 304LN 
and 304N steels after straining at liquid helium temperatures. 

Grade ? Ni 
(?) 

? N. 
(?) 

Elongation a' -martensite in: 
at Fracture Gage 

fracture area length Grip3 

(?) (?) (?) (?) 

304N 10.147 0.180 60.7? 65 

304LN 10.10 0.134 12.0 90 80 

304N 11.25 0.120 43.0 90 54,61 

304LN 10.15 0.165 72.2 
9.13 0.121 8.0 

90 45-70 

Any ferromagnetic response was below the limits of detection of the 
experimental equipment or less than 0.5? ferromagnetic phase. 



Table 8. Cryogenic mechanical properties of cast austenitic stainless steels. 

Wrought Tensile propertiesa 

Steel analog Temp. U.T.S. Y.S. Elong. 
(K) (MPa) (MPa) (%) 

Reduction Notched U.T.S. 
in Area 
(?) 

Smooth U.T.S. 
(joule) 

Charpy V notch 
Energy absorbed Conditions 

Kromarc 
55 

None 20 883 569 12. t 

4 .2 725 580 52 

2.5 868 593 H5 

Modified 
CK-20 

310 
p lus 

5% Mn 

20 835 611 26.3 

29.8 1.37 89 

102 

Heat-treated 
at 1366 K 
for 1 hr and 
air cooled. 

i -J o i 

U.T.S. - ultimate tensile strength; Y.S. - yield strength. 
K m - 10 
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Table 9. Domestic stainless steel welding consumables. 

Composition (wtjt) 
Covered electrodes 
E308L 

E308 

E316L 

E316L plus Mn 

C Si Mn __P_ _J3_ Cr 
.04 .9 2.5 .04 .03 21_ 
max. max. max. max. max. 18 
.08 .9 2.5 .04 .03 Z\_ 
max. max. max. max. max. 18 
.04 .9 2.5 .04 .03 20 
max. max. max. max. max. 17 
.035 .30 4.0 .018 .009 17.5 13.5 2.1 

Ni 
11 

Mo 

9 

11 
9 

14 2.5 
11 2.0 

E316L (Hi. ferrite) .035 .30 1.c 

E316 

E310 

2RM69 

N35W 

N40W 
N50W 

.018 .009 18.12 12.4 2.1 

.08 .9 2.5 .04 .03 20 14 2.5 
max. max. max. max. max. 17 11 2.0 

.20 .75 2.5 .04 .03 28 22.5 
max. max. max. max. max. 25 2 

.02 
max. 

.3 
max. 

6 
3 

.015 
max. 

.015 
max. 

26 
23 

22 
20 

3 
2 

.07 .4 12.0 .015 .015 18. 5 4.92 

.049 max. 11.2 max. max. 17. 9 4.54 

.017 .14 9.52 .012 .007 19. 93 7.17 

.06 
max. 

.5 
max. 

7 
5 

.025 
max. 

.025 
max. 

24 
21 

12 
10 

2.6 
1.6 

.25 

.15 

.fa 
typ. 
.06 
typ. 
.06 
typ. 
.06 
typ. 
.06 
typ. 

.06 
typ. 
.20 
.10 
.24 
.16 
.25 

.1 
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Composition (wt?) 

Bare wire and rod C Si Mn P S Cr Ni Mo V N 2 Cb 

ER308L . 0 3 
max. 

.60 

.25 
2.5 
1.0 

.03 
max. 

• 03 
max. 

2.2 
19.5 

11 
9 

.08 
t y p . 

E308 . 0 8 
max. 

. 6 0 

. 2 5 
2.5 
1.0 

.03 
max. 

.03 
max. 

22 
19.5 

11 
9 

.08 
t y p . 

ER316L . 0 3 
max. 

.60 

.25 
2.5 
1.0 

.03 
max. 

.03 
max. 

20 
18 

14 
11 

3 
2 

.08 
t y p . 

ER316 . 08 
max. 

. 6 0 

.25 
2.5 
1.0 

.03 
max. 

.03 
max. 

20 
18 

14 
11 

3 
2 

.08 
t y p . 

ER310 . 1 5 
. 08 

.60 

. 2 5 
2.5 
1.0 

.03 
max. 

.03 
max. 

28 
25 

22.5 
20 

.08 
t y p . 

2RM69 .02 
max. 

. 3 
max. 

6 
3 

.015 
max. 

.015 
max. 

26 
23 

22 
20 

3 
2 

.20 

.10 

N35W . 0 5 3 .6 12.37 .025 .025 18.4 4.96 .38 
.OH .4 11.40 max. max. 17.8 3.94 .18 

13-20 Cb .051 
. 0 4 5 

. 4 
max. 

162 
9.7 

.015 
max. 

.015 
max. 

15.7 
13-9 

20.9 
12.3 

.21 1.80 

.056 1.02 

MOW . 022 .39 9.29 .011 .006 19.68 7.09 .223 

N50W .06 
max. 

. 5 
max. 

7 
5 

.025 
max. 

.025 
max. 

24 
21 

12 
10 

2.6 
1.6 

.25 

.15 
. 3 
.1 
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Table 10. Typical European weld-metal compositions. 

Composition (wt%) 

Designation Process Supplier C Mn Si Cr Ni Mo 

832 SKR-LF 

P-6 

SMA 

SMA 

1.4432 SMA 
[19 Cr - 15 Ni - 3 Mo] 

GTA 
Cr-Ni-Mo-Mn-N„ SMA 
[19 Cr - 15 Ni - 9 Mn GTA 

- 3 Mo - 0.2 N g] GMA2 

SA 2 

20-16-6 SA 

GMA 

Avesta 0.30 3.0 

Avesta 

0.6 0.015 0.025 18.5 15.c 2.7 

Paton 

max. max. max. 

0.030 5.0 0 .3 0.015 0.025 19.0 17.0 2.7 
max. max. max. 

0.030 5.0 0.60 0.025 0.025 18.5 17.0 2.7 
max. max. max. max. 

0.028 5.0 0.40 0.005 0.014 18.4 17.1 2.72 

0.039 1.84 0.18 0.013 0.018 18.44 15.05 2.8 

0.024 1.92 0.57 0.012 0.031 18.30 14.37 2.86 

0.052 9.85 0.20 0.008 0.023 18.45 2.6 14.83 

0.028 10.59 0.35 0.014 0.022 19.43 2.8 16.14 

0.032 7.93 0.47 0.010 0.030 18.82 2.88 14.58 

0.032 7.93 0.47 0.010 0.030 18.82 2.88 14.58 

0.06 6.2 0.29 0.025 0.025 20.4 16.5 0.21 

0.06 6.2 0.31 0.023 0.026 20.3 16.6 0.22 

0.17 

0.17 

0.17 

0.156 

0.042 

0.025 

0.130 

0.171 

0.190 

0.190 

0.18 

0.19 

,Weld metal deposit composition. 
Weld wire composition. 
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Table 11. Comparison of austenitic stainless steels on the basis of 1-K yield-
strength, fracture toughness, and fatigue-crack growth. 

Fatigue crack 
Product Yield Fracture growth at 

1/2 Alloy No ferrite Ferrite form strength toughness 50 MPa«m AK 
1 /2 (MPa) (MPa«m ) (rara per cycle) 

310S X Plate 790 210 3 x 10-*1 

310 X Weld 810 120 

20-16-6 X Plate 1150 115 

Weld 1000-1200 200-150 

CF8 X Casting 113 131 

301LN X Plate 620-880 290-210 1.8x10~ 3 

3>6LN X Plate 900-1150 260-200 1.0-3.0 x }0~'i 

316L X Weld 880-900 190-75 3-0-6.0 x 10-1 

CF8M X Casting 560-860 119-81 3.5 x lo'** to 
2.0 x 10~3 
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FIGURE CAPTIONS 

Figure 1. Tokaraak fusion test reactor. 
Figure 2. The MFTF-B axicell. 
Figure 3. One pair of MFTF-B yin-yang magnets. 
Figure H. Fracture toughness vs ferrite content for E316L weldments. 
Figure 5. Itee of DeLong diagram to determine range of composition for the 

austenitic stainless steel. 
Figure 6. Dependence of 4-K yield strength of austenitic stainless steels on 

carbon and nitrogen contents. 
Figure 7. Plane-strain fracture toughness vs yield strength at t K for 

austenitic stainless steels. 
Figure 8. Axial-load controlled fatigue performance of stainless steel bar 

at 4 K. 
Figure 9. Strain-controlled fatigue performance of austenitic stainless 

steels at 4 K. 
Figure 10. Fatigue-crack growth behavior of microstructurally stable 

austenitic stainless steels at 1 K. 
Figure 11. Fatigue-orack growth behavior of various austenitic stainless 

steels at 4 K. 
Figure 12. Fatigue-crack growth behavior of Types 301 and 316 steels at 1 K. 
Figure 13. Fatigue-crack growth data at 1 K for three wrought austenitic 

stainless steels before and after a "sensitization" heat 
treatment. 

Figure 14. Fatigue-crack growth rates of stable and unstable austenitic 
stainless steels. 

Figure 15. Microstructure of sensitized Type 301LN plate after fatigue crack-
growth testing at 4 K. Note (a) carbonitride-laden grain 
boundaries and (b) intergranular fracture. 

Figure 16. Schoefler diagram. 
Figure 17. Yield strength at U K vs sum of carbon and nitrogen contents for 

ferrite-containing austenitic stainless steel castings. 
Figure 18. The strength-toughness trend for austenitic stainless steel 

castings compared to that for wrought alloys. 
Figure 19. Plane-strain fracture toughness and yield strength of austenitic 

stainless steel coatings at 4 K as functions of ferrite content. 
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Figure 20. Plane-strain fracture toughness and yield strength at 4 K as 
functions of nitrogen content for CF8M austenitic stainless steel 
castings with 9 + 1 ? ferrite. 

Figure 21. Fatigue crack-growth behavior of CF8M castings at 4 K. 
Figure 22. Locations of some stainless steel welding consumables on DeLong 

diagram. 
Figure 23. Analytical relationship between magnetic permeability and volume 

percent ferrite in austenitie stainless steel weldments. 
Figure 24. Schematic pseudo-binary diagram of the Fe-Cr-Ni ternary system, 

illustrating the effect of composition on austenite-ferrite 
morphology in austenitic stainless steel weldments. 

Figure 25. Proposed solidification model for austenitic and austenitic-
ferrite weld metals (schematic): (a) Type A—the weld metal 
solidifies completely to austenite and no further high-temperature 
transformation takes place, (b) Type A—austenite is the leading 
phase and delta-ferrite solidifies from the rest of the melt, 
(c) Type B—delta-ferrite is the leading phase, austenite 

solidifies from the rest of the melt, and a quick transformation 
of 6 to Y takes place at high temperatures, (d) As in (c), but a 
higher volume fraction of ferrite at room temperature is present. 
(e) Type C—the weld metal solidifies completely to delta-ferrite 
and austenite forms through a solid-state transformation. 

Figure 26. Summary of fissure-bend test on austenitic stainless steel weld 
metals. 

Figure 27. Plane-strain fracture toughness vs yield strength for austenitic 
stainless steel welds at 4 K. 

Figure 28. Plane-strain fracture toughness vs yield strength at 4 K for 
various austenitic stainless steel weld metals. 

Figure 29. Longitudinal fracture toughness as a function of ferrite-number 
for shielded metal arc (SMA) welds. 

Figure 30. Fatigue-crack growth performance of Type 316L weld metals at 4 K. 
Figure 31. Fatigue-crack-growth behavior of various stainless steel weld 

metals at 4 K. 
Figure 32. Comparison of fatigue-crack growth behavior at 4 K of 

microstructurally stable and unstable austenitic stainless steel 
weld metals. 
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Dalder, Juhas - Figure 1 
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Dalder, Juhas - Figure 2 
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Oalder, Juhas - Figure 3 
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Dalder, Juhas - Figure 4 
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Dalaer, Juhas - Figure 5 
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Chromium equivalent [% Cr + % Mo + 1.5% Si + 0.5% Cb] 
26 

For line AD: 

( 1 ) E " r E N i * 
-Ni, - E Ni, 

E c r " E c r A . 
E Cr D " E Cr A 

/. E N i = 1.613 E C r - 16.277 

"Ni. 13.4% 

E w i -17.7% -Ni 

"Cr, 

-Crr 

' 18.4% 

21.5% 

(2) % Ni + 30% C + 30% N + 0.5% Mn 
s 1.673% Cr + 1.613% Mo + 2.420% Si + 0.20% Cb - 16.277 
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Dalder, Juhas - Figure 6 

1400 — 

1200 

s 1000 

I 
1 
35 
CM 

800 — 

600 -

400 — 

200 — 

1 1 V A 1 

— '$ — 

If* 
— 

• k 
/ © x — 

.h V • 
— '%/ 

% 
«x {ay) min 

fi * Symbol Alley fi / o 304 — 

°L> 
A 
X 
© 

304L 
304N 
304LN 

— A©/ • 
25Cr-13Ni-N 
316 

L i t >•
• 316LN 

316LN + 1% V 
N-33 

— If 
V 
> 
< 

N-40 
N-50 
N-50X If K K-58 

/ L 316L 

— / 0 27-Cr-18Ni-N — 

1 1 

9 e 
c 

304LN + 4% Mn 
304LN + 6% Mn 
CF8 casting 

1 
0.25 0.50 

[C + N ] 1 / 2 ( % ) 1 / 2 

0.75 
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Dalder, Julias - Figure 7 

400 

E 

300 

! 
s 
•5 200 

100 

Symbol 
• 

Alloy 
N 4 0 

Condition* 
A 

o 304 A 
€ 304L A 
© 304LN A 
s 304LN A + S 
D 316 A 
C 316LN A 
A N 3 3 A 
V N 5 0 A 
T N 5 0 A + S T Q 
K Kromarc 58 K 
® 310S A 

0 310S FC 
X 304N A 
R 20Cr-16Ni 

- 6 M n 
A 

O06C 

\ K 

— Mill annealed or lab annealed 
and quenched in water \ 

STQ - 1450K (1 h), quenched in water \ 
FC - 1366K (1 h), cooled in furnace (slowly) \ 
S - 922K (16 h), cooled in furnace (slowly) \ 

'Conditions: 
A 

1 
400 800 1200 

0.2% offset yield strength (MPa) 
1600 
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Dalaer, Juhas - Figure 8 

1200 r-

Cycles to failure 
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Dalder, Juhas - Figure 9 

10.0 

I 
1.0 

25-mm plate 
25-mm plate 
25-mm plate 
25-mm plate 
37-mm plate 
25-mm diam. bar 

*Mill annealed 

Strain-range ratio = 
Min. 

Max. 
1.0 

0.1 
101 102 10 3 

Cycles to failure 

10" 10 5 



- 8 6 -

Dalder, Julias - Figure 10 

— 
1 i — 

1 

/ 

l/l 1 

i 

T = 4.2K 

if 
SI/ 

! 

/ „ _ Min. load _ Q 1 

Max. load 

- I 
lit n 

Product form -
-

1 fF^ No. Material plate (mm) Condition 

if 310 25 MA 

if! 
310 37 MA 

if! 
310S 37 LA.WQ 

if! 31 OS 37 LA.WQ 
ii i 

ml!\ K-58 25 LA.WQ 
4';U 

1 1 

310S 37 LA, FC 

11 50 100 

Stress-intensity range ( M P a - m 1 / 2 ) 
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Dalder, Juhas - Figure 11 

10" 

! 

5 o 

o 
CO 

10" 

T = 4.2K 

R Min. load _ _ .. 
Max. load 

4 316 
5 376 
6 N-40 
7 N-50 
8 316 LN 
9 Fe-13Cr-19Mn 

10 CF8M casting 

Product form-
plate (mm) 

37 
25 

Tube 1.02 m o.d. 
X 67 mm wall 

37 
25 
37 
50 
25 
19 

Condition 

MA 
MA 
MA 

MA 
MA 
MA 
MA 
MA 

Normalized 
As cast 

n-5 10"° 11 50 100 

Stress-intensity range (MPa-m 1 ' 2) 
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Oalder, Juhas - Figure 12 

Plate 
product 

Symbol (mm) Alloy 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

25 304L 
304 
304 
304 LN 
304IM 
304N 
304LN 
304N 
304N 
304LN 

50 316LN 
50 316LN 

_i i _ u i i J—L—L. 
10 50 100 

Stress-intensity range (MPa * mA) 
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Dalaer, Juhas - Figure 13 

10 -2 

- N33(18Cr-3Ni-13Mn-.37N): 
1 Sensitized (977 K, 0.75 h) 
2 Sensitized (977 K, 1.5 h) 

- 3 Annealed 

" Type 304LN (19 Cr-10 Ni-2 MN-0.2 C-.13 N): / 
4 Sensitized (922 K, 20 h) 

~ 5 Mill annealed 
6 Mill annealed or sensitized 

Type 310S (25 Cr-20 Ni-2 Mn-.04 C): 
7 Annealed or sensitized 

I 
i 

I 

S 10-(0 
u. 

Stress-intensity factor range, AK (MPa*m 1 / 2 ) 
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Dalder, Juhas - Figure 14 

T = 4K 

Microstructurally 
unstable alloys 

K^j Microstructurally 
J^si stable alloys 

11 50 100 

Stress-intensity range (MPa*m 1 ' 2) 
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Dalaer, Juhas - Figure 15 

(b) MAb\ X'fo 



-92-

O 

1 
I 
I 
8 

1 

Dalaer, Juhas - Figure 16 

Ferrite (vol %) 
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Dalder, Juhas - Figure 17 

1400 

1200 

1000 

- i i • r-y 
T = 4.2K ' 

/ 
Alloy Wrought analog / 

T 800 h 

* 600 

400 

200 r-

0.2 0.4 
[C + N ] V 2 (%) 1 / 2 
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Dalder, Juhas - Figure 18 

400 800 1200 
Yield strength (MPa) 

1600 
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Dalder, Juhas - Figure 19 

«3 a. 
S 

f 
1 

I 

200 

1000 

800 

600 

f 

10 20 
Delta ferri* (%) 

30 
400 
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Dalder, Ouhas - Figure 20 

£ 

250 

200 

#1100 

M 150 -

I 
5 « 100 

(0 

i 
c 

0.1 
Nitrogen (%) 



* f 

Fatigue-crack growth rate (mm/cycle) 

o r 

o i o 
-1 1 1 1—I—I -1 I 1 1—I—I—I I I I -i r 

% 
i—i—i i i 

I 

S ui 
•B O 
A) 

*> co to -» 

g IS 00 

a. 
rp 
i 

e 

c 
- J 



-98-

Dalder, Juhas - Figure 22 

r i 

Chromium equivalent (% Cr + % Mo X 
1.5%Si + 0.5%Cb) 
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Dalder, Juhas - Figure 23 

3.5 

3.0 

£2.5 

I 
& 

2.0 

1.5 

H = 1.01 + 0.018 X F + 0.0061 X | 
n = +0.96/ 

1.0 

95% probability that p will 
not exceed a given value for 

a given ferrite content 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

5 10 
Ferrite, X F (vol %) 

15 
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Da's aer, Julias - Figure 24 

2 
3 
E 

Primary 
Prirr 

— de 
fer 

ary 
ta - — 

austenite 

Prirr 
— de 

fer ite 

1 
Liquid 

1 

1 V S + L 

« 

/ s7 V 1 
1 V S + L 

« 

y + L-S Y 

7 + 5 + L-'' 
5+r 

1 V S + L 

« 

7 

2 \ 

A
us

te
ni

te
 &

 
in

te
rc

el
lu

ar
 fe

rr
ite

 

Ve
rm
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e 
&
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A
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W
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m
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st
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ite

 &
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<D <3> G) 
Fe-Cr-Ni 

Pseudo-binary -* 
romium 
Nickel 

Fe-Cr-Ni 
Pseudo-binary -* 

romium 
Nickel 
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Dalder, Juhas - Figure 2b 

M 
a b c 

L = Liquid • = Austenite 
d e 

I = Delta ferrite 
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Dalder, Juhas - Figure 

100 

2 
E 
Z 

Filler metal 

E318-16 
E308-16 
E308-16 
E316-16 
E316L-16 
E309-16 
E347-16 
2RM69 
832 SKR-LF 
P6-16 
P6 
E310-16 
310 
19Cr-14Ni-LC-Basic 
E308L-16 
E316L-16 
18Cr-16Ni-3Mo-LC-rutile 
17Cr-16Ni-5Mn-2Mo-LC-Basic 
20Cr-25Ni-4Mn-7Mo-LC-Basic 
E320-15 

t 
See below 

Weld 
process 

SMA 
SMA 
SMA 
SMA 
SMA 
SMA . 
SMA 
GTA 
GTA 
SMA 
GTA 
SMA 
GTA 
SMA 
SMA 
SMA 
SMA 
SMA 
SMA 
SMA 
SMA 
SMA 
SMA 

Ni Mn Mo Coating 

25 20 
25 22 
25 22 

Basic 
Basic 
Rutile: 

basic 

!W 

O F T X P ^ C J 
Ferrite number or % ferrite 
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Dalaer, Juhas - Figure 27 

Symbol 1 Filler matal 
Base 
nwal Process 

B FOX TT-2S0 316L SMA 

> 316L-15 316LN SMA 

• 316L-15 304LN SMA 
P 316L-15 316LN SMAvJ, 
A 316L-15 316LN SMA^b, 

< 31BL-16 304L SMA 

< 316-16 304L SMA 

9 308L-15 316LN SMA 
F 308L 304L FCMA 
G 308L 304L GMA 
S 316L 316LN SA 
X 16-16-2 

Cr-Ni-Mo 
304L FCMA 

V 18-16-9 
Cr-Ni-Mn 

304U GMA 

K — K R O M A R C 5 8 — " - GTA 

• —-N1TRONIC 4 0 — — GTA 

A 310-16 3105 SMA 
R 20-16-6 20-16-6 SA 

® Cr-Ni-Mn Cr-Ni-Mn GMA 

•4^ Weld peened after each pass 

-5-As in above note, also 1311 K, 1 h, 
fan air cool after welding 

400 800 

0.2% yield strength (MPa) 

1200 
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Dalder, Juhas - Figure 28 

Major elements {%) 

Symbol Cr Ni Mn Mo 
Weld 

process 

B 17 16 4 2.2 SMA 

< 
20 
18 

16 
20 

7 
6 

2.8 SA 
GMA 

« 18 20 6 GMA 

V 18 16 9 GMA 
® 16 16 4 1 5 FCMA 

T 16 15 4 1 8 SMA 
+ 20 10 2 SMA 

© 20 10 2 FCMA 
6 20 10 2 GMA 
X 16 16 2 2 FCMA 
K 16 20 10 2 GMA 

• 20 7 9 GMA 

A 27 21 2 SMA 
R 20 16 6 SA 

® 20 16 6 GMA 

E 

I 

250 

200 

150 

2 100 

c 50 

J L J L 
700 800 900 1000 1100 1200 

0.2% offset yield strength (MPa) 
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Dalder, Juhas - Figure 29 

Diam. Weld Diam. Weld 
Symbol (mm) position Symbol (mm) position 

e 3.2 F O 3.2 + 4.0 V 
0 3.2 F < 3.2 V 
0 4.0 F V 4.0 V 
O 4.0 F A 3.2 F 
• 4.8 F V 4.0 F 
B 4.8 F • 3.2 F* 
0 6.4 F • 3.2 V 
® 6.4 F 
<fr 6.4 F F = flat 
o 6.4 F V = vertical 
<+ 3.2 V 
• 4.0 V * 16 coating, rest are 15 

coating 

250 

> 
^ 

> 

E 
£ 200 

ra
ct

ur
e 

to
ug

hn
es

s 

o 

• ® o 

•v. 

100 

I 
50 

V 

-MFTF-B 

V . . 

-L 

'•"-RL 

_L 
4 8 

Ferrite number 
12 
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10_ 

I 
f 

t 
3 

LL 

5 -

10 ,-4 

Duloer, Juhas - Figure 30 

10 -5 

SMA D 

SMA 
SMA 
SMA 
SA 

alnterpass peened, 1311K for 1 hr, 
fan air cool 

Interpass peened. 
I I 

11 50 100 

Stress-intensity range (MPa'm 1 ' 2 ) 
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Dalder, Juhas - Figure 31 

10 i -5 

T = 4.2K 

R _ Min. load _ _ . 
Max.load ~ U I 

Conditions: 
No. 10 - annealed 
All others — as welded 

Base Weld Weld 
o. metal metal process 
1 304L 308L FCMA 
2 304L 308L FCMA 
3 304L 308L GMA 
4 304L 18Cr-16Ni 

-9Mn 
GMA 

5 K-58 K-58 GTA 
6 3105S E310-16 SMA 
7 N-40 N40W GTA 
8 304L 308L FCMA 
9 304L 308 SMA 
0 304L 308 SMA 

11 50 100 

Stress-intensity range (MPa*m 1 / 2 ) 
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Dalder, Juhas - Figure 32 

10" 
H Microstructurally 

stable alloys 

I I Microstructurally 
I unstable alloys 

I 
11 50 100 

Stress-intensity range (MPa-m1^2} 


