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DESIGN-RELEVANT MECHANICAL PROPERTIES OF 316-TYPE
STAINLESS STEELS FOR SUPERCONDUCTING MAGNETS

R.L. Tobler®, A. Nishimura, and J. Yamamoto
National Institute for Fusion Science
Toki, Gifu, Japan

Abstract

Worldwide interest in austenitic alloys for structural applications in superconducting magnets has
led to an cxpanded database for the 316-type stainless steels. We review the cryogenic mechanical
propertics of wrought, cast, and welded steels at liquid helium temperature (4 K), focussing on
aspects of material behavior relevant to magnet design. Fracture mechanics parameters essential to
structural reliability asscssments are presented, including strength, toughness, and fatiguc
parameters that are critical for some component designs.
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1. Introduction

Superconducting magnets generating high magnetic fields are used to contain plasma in
experimental fusion machines and prototype reactors. The magnet windings are superconducting
NbTi or Nb3Sn strands that are bundled and jacketed in conduits and cooled with supercritical
helium near 4.5 K. TInevitably the conduit sheaths and other magnet support structures are
austenitic stainless steels or superalloys that are highly stressed in environments more demanding
than those in traditional cryogenic applications.

Steels for primary members may constitute half the total weight of magnet structures.
Many factors are considered in materials selection to minimize weight, conserve space, and sustain
the large magnetic forces safely. Selection is based largely on mechanical propertics, fabricability,
and cost. Mechanical failure is unacceptable in view of cost and safety issues. Fracture mechanics
is used to reducc the probability of failure, and nuclear-class safety regulations apply to structural
integrity assessments for prototye fusion devices.

The 304-type steels used in early designs are being supplanted by 3 16-type steels in recent
applications. SUS 316 is the primary alloy used in the Large Helical Device (LHD) now under
construction in Japan [1], while 316LN leads the candidates for next-gencration tokamaks such as
the International Thermonuclear Experimental Reactor (ITER) {2]. The 316-type steels offer
greater microstructural and magnetic stability compared to the 304-type predecessors, and 316LN
offers higher strength at the same toughness level compared to its counterpart, 304LN,

The potential failure modes of basic structural components and the performance limits of
some candidate materials have been identified recently {3-6]. Other papers describe stainless stecls
in general and discuss improvements needed in their databases {7-9]. For 316-type steels, we
provide here a collection of references with an overview of relevant data and mechanical behavior at
4 K. The references are loosely organized by topics: physical properties [10-20], uniaxial tensile
properties including yield strength, yield-point anomalies, and creep [21-48], fracture toughness
[49-70], properties of castings and welds [71-93], and fatigue [94-105].

2. Steel Forms and Compositions

2.1 Wrought Products

The base composition of AIST 316 is Fe, 16-18[Cr], 10-14[Ni], 2-3[Mo]. At 295 K this
steel is nonmagnetic. It is a relatively low yield strength steel with high work-hardening capability,
ductility, and toughness. The stecl may be hardened and strengthened by cold-work, but the
annealed condition is specified for magnet applications since they require relatively thick sections

Table 1. Selected Physical Properties of 316 Steel [7].

Property Temperature, K

295 77 4
Young's Modulus GPa 195 209 208
Shear Modulus GPa 75.2 81.6 81.0
Poisson Ratio - 0.294 0.283 0.282
Electrical Resistivity  mQ-cm 75.0 56.6 539
Thermal Expansion K-1-10-6 158 13.0 10.2
Thermal Conductivity W-m-1-K-l 147 7.9 0.28
Specific Heat Jkg'lK-1 480 19 1.9
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and welding. Table 1 lists useful physical properties assembled from handbooks [7].

The principal grades of wrought steels in the 316 family are listed in Table 2. Included are
316L (low C), 316LN (low C, high N), and 316N (high N). Low-carbon "L" grades (0.03C, max)
are preferred to normal-grades (0.08C, max) in applications requiring welding. In addition, certain
manufacturers on limited scales have produced microalloyed versions of the LN grade to resist
sensitization as discussed later in the text.

The microstructures of wrought steels are normally 100% austenite (). Iron’s equilibrium
structure at room temperature and below is body-centered cubic, but austenite with the face-
centered-cubic atomic arrangement is achieved by alloy additions of Cr, Ni, Mn, and other elements.
The austenite is metastable: it resists transformation on cooling to 4 K but transforms when
deformed at cryogenic temperatures [10, 11].

2.2 Castings

Castings offer economic advantages over wrought products in special applications where
extraordinary size or complex shapes are required. Previous cryogenic uses of austenitic steel
castings include bubble chamber bodies and magnet tubes. Most castings have a multiphase
structure with lower cryogenic toughness compared to wrought steel; nevertheless, it is possible to
produce single-phase austenitic castings having 4-K strength and toughness combinations nearly
equivalent to the wrought products.

In terms of the Alloy Castings Institute designations, CF-3M and CF-8M are the cast
counterparts of AISI 316L and AISI 316, respectively. The corresponding cast and wrought
product compositions are not identical. A cast microstructure is typically a mixture of delta ferrite
& within the ¥ matrix. Ferrite in castings and welds alike is a major factor influencing the cryogenic
mechanical properties. Depending on the details of manufacturing and composition, from 0 to 40%
ferrite is possible in the castings. The amount is predictable from Schoefer's constitution diagram
[12].

2.3 Weld Fillers

Traditional 308L and 316L fillers are commonly used to join the 316-type steels for
cryogenic service. The fillers have broad composition ranges, and their properties can be varied by
compositional shifts within the allowable ranges. The microstructure of a deposit is fixed mainly
by the choice of the filler composition, and the amounts of microstructural constituents can be
predicted using the constitution diagrams developed by Schaeffler [13] and DeLong [14]. The as-
deposited microstructures of 316L fillers typically contain some ferrite to prevent hot cracking
during welding. The targetted structure is usually austenite plus ferrite, with at least 3% ferrite.
Otherwise, modified or unrestricted compositions may be selected to completely eliminate ferrite
and produce a more fracture-resistant single-phase austenitic structure.

3. Martensitic Transformations

The 316-type steels, although austenitic at room temperature, will transform martensiticatly
on straining at cryogenic temperatures. A martensitic transformation is a sudden shearing of atom

groups that alters the crystal structure locally with no atomic diffusion. The fcc austenite (Y)
partially transforms to bec alpha (o) and hep epsilon (€) martensite phases:

Y—> o+e (N



The newly formed « is ferromagnetic and readily detectable by magnctometry or other
mcans (microscopy, heat-tinting, and magnetic filings). The nonferromagnetic epsilon may be
detected using X-rays. Transformation kinctics depend on composition, tcmperature, stress or
strain, and applied magnetic ficld. Data on ficld effects arc just beginning to emerge and arc
considered later. Propertics in zero magnetic ficld are considered here.

Transformation occurs when the temperature is low enough and the strain is high enough.

For AISI 316 in tension (zero magnetic ficld), o' begins to form at temperaturcs below 175 K when
a critical strain of about 2% is exceeded. The amount of transformation per unit strain increases as
the temperaturc is lowered to 4 K [23]. In liquid helium, straining to fracture may produce more
than 80% o' whilc the amount of € peaks near 20% at intermediate strains and then decreases near
fracture. Increasing the C or N will modify the transformation characteristics by increasing the
critical strain slightly and decreasing the amount of transformation product per unit strain.

The following property changes arc associated with martensitic transformations in these
stecls should be anticipated in design:

3.1 Magnetic Properties

As stated earlier, bec martensite is ferromagnetic, whereas the original austenite and hep
martensite phases arc not. So in magnet systems where ferromagnetism is not tolerable, it is
necessary to select a sufficiently stable steel composition. Suzuki et al proposed a modified fatigue
failure criterion to take this factor cxplicitly into account [95].

3.2 Volumetric Expansion

A volume expansion not exceeding 3% accompanies the martensitic transformation.
Potential consequences of expansion include loss of tolerances in critically machined parts,
loosening of bolts, and the creation of residual stresses. Potential loss of dimensional tolerances
affected steel selection for the Isabelle magnet tubes [71]. Localized residual stress created by

transformation in crack-tip plastic zones is a factor affecting the growth rates of fatigue cracks at 4
K [8].

3.3 Mechanical Properties

Althongh martensitic transformations are capable of influencing any mechanical properties,
the cffects in 316-type steels are not necessarily of great concern. The austenite stability of these
steels 1s relatively high, and normally transformation is not expected unless the vield stress YS is
exceeded. Noteworthy effects are cited in the text where appropriate.

4. Magnetic Properties

Wrought and annealed 316-type stecls with the austenitic microstructure are
superparamagnetic. Magnetic permeability values are commonly quoted for as-received steels in
the initial condition at room temperature. During low temperature service the permeability value
may be altered by reversible changes at the Neel transition, or by irreversible changes accompanying
martensitic phase transformations.

4.1 Reversible Change

Magnetic susceptibility measurements for the 316-type steels show a cusp-like maximum at
cryogenic temperatures, the height and sharpness of which depends on the magnitude of the applied
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magnetic field. Apparently, a small volume of the material exists as noninteracting ferromagncetic
clusters embedded in a matrix that undergoes a spin-glass transition. At low temperatures these
clusters interact with each other, and with the matrix. These interactions cause the magnetic
susceptibility maximum to shift to lower temperatures and vanish at high fields [16-18].

The temperature at which the magnetic ordering or spin-glass transition takes place 1s the
Neel temperature, TN. For a given composition, TN is predictable. It depends on the concentration
of base alloying elements, but not on interstitials such as C and N. Based on the composition limits
listed in Table 2, TN for the AISI 316 steels lies in the range 1.5 to 43 K, and the mean specification
corresponds to TN =22.5 K [15].

4.2 Inreversible Change

The 316-type steels are superparamagnetic if a fully austenitic structure prevails, but not if
measurable amounts of 8 or o martensite are present. The & and o phases are both ferromagnetic.

Typically, & is found in castings and welds as a second phase dispersed in rapidly solidified
austenite. The magnetic permeability of castings and welds is therefore relatively high (typically
1.01 to 1.60) compared to wrought steels (typically 1.001).

The stability of austenite increases with alloying, especially with C, N, and Ni additions.
The temperatures Mg and Mq in zero magnetic field can be predicted {10, 11]. Mg is the
martensite start temperature, below which some martensite forms spontaneously on cooling. Mg
is the temperature below which martensite begins to form with deformation. The calculated
transformation temperatures involve some uncertainties because the predictive equations were
developed for compression, for a set of materials including many low-alloy steels, for specific strain
or martensite levels, and with no accounting for trace elements.

The presence of & or o' in any grade affects the cryogenic mechanical properties while
introducing ferromagnetism. No o martensite is found in properly homogenized wrought products,
and none forms spontancously on cooling to 4 K. However, o forms in substantial quantities along
with some £ when the steels are cryogenically deformed (see later text). Therefore, the magnetic
permeability of cryogenic components increases if martensite is induced by monotonic or cyclic
strains, or by thermal strains from cold thermal fatigue [3]. The resulting permeability increase is
permanent and can have undesirable effects, such as undermining the homogeneity of magnetic fields
or spawning electromagnetic forces due to eddy currents [95].

5. Elastic Properties

The elastic constants are known precisely from ultrasonic studies [18-20]. For AISI 316,
measurements of Poisson's ratio and the various elastic moduli of engineering interest (Young's,
longitudinal, shear, and bulk) have been usefully tabulated at selected temperatures between 300 and
0K [19]. Results are reproduced in Table 1 and Fig. 1.

The elastic moduli are anomalous at cryogenic temperatures. When plotted as a function of
temperature, they peak at the Neel temperature and then fall slightly instead of plateauing near
absolute zero. The anomalies are not very great in engineering terms, less than 1%. But since they
occur near TN, between liquid nitrogen and helium temperatures, the elastic property values at 4K
are not higher than at 77 K.

Elastic propertics are structure-insensitive, meaning they do not dependent strongly on
factors such as cold work, heat treatment, or phase transformations. Base composition is the
principal determining factor, and the effcets of the principal alloying elements are known.
Chromium increases the elastic stiffnesses, whereas Ni and Mn decrease them, and the interstitials
C and N have negligable effects [20]. If these factors are taken into account, the data available for

— 6 —
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Figure 1. Elastic Constants for AISI 316 Stainless Steel.

AISI 316 should be useful for other grades in the 316-steel system.

Young's modulus is by definition the slope of the initial linear portion of the engineering
stress-strain curve. A standard procedure for determining this parameter at liquid helium and other
fixed-point temperatures exists in ASTM E 111-82. Mechanically measured Young's moduli are
frequently reported along with other basic tensile properties at 295, 77, and 4 K. The precision of
mechanical measurements (10%) is larger than that of ultrasonic measurements (2%) [20].

6. Uniaxial Tensile Properties

Selected tensile properties for wrought steels are shown in Fig. 2 and Table 3. These data
come from standard tests, and they fairly represent the property ranges available for commercially
annealed 316L, 316, and 316LN plates. Measurements are most commonly reported at three fixed-
points: room, liquid nitrogen, and liquid helium temperature. Between 295 and 4 K, the amount of
strengthening can be substantial while ductilty values remain high for all grades.

Strengthening at cryogenic temperatures is generally exponential, and the contribution of N
in wrought steels, castings, and welds is outstanding. In Fig. 2, the essential difference between the

_7_
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Figure 2. Tensile Yield Strengths of Selected Steels and Welds.

Table 3. Tensile Property Measurements for Three Wrought Steels.

Steel  [Ref] Temp YS UTS EL RA
() (MPa) (MPa) (%) (%)
316L [95] 300 216 530 65 73
77 314 1235 49 61
4 431 1440 48 62
316 {98] 295 228 575 56 73
76 610 1240 62 70
4 710 1300 48 57
316LN  [34] 293 340 715 72 85
77 800 1520 75 70
4 1040 1690 51 53

316L and 316LN grades is the N content (0.05 and 0.18%, respectively). As implied by the data in
this figure, the difference in N content is mainly responsible for the YS spreads of nearly 125 MPa
{at 295 K) and 610 MPa (at 4 K). The increment of strengthening at 4 K is much greater than that
at 300 K. Large property spreads at cryogenic temperatures are evident in other mechanical
properties as well.

6.1 Discontinuous Yielding

Tensile tests have been conducted at temperatures from 4 to 922 K [21-30]. The results
demonstrate a unique material response near absolute zero that differs fundamentally from
conventional behavior. Continuous, nearly isothernmal deformation prevails at ambient temperature,
but a stable-to-unstable deformation transition is encountered at approximately 30 K. Below this
temperature, the tensile stress-strain curves at normal test speeds are serrated by discontinuous
plastic flow events.

— 8 —



The distinctive features of discontinuous plastic flow at 4 K arc audible acoustic emission,
free-running plastic deformation. and localized specimen heating 1n the deforming zone.
Deformation occurs in spurts at local regions within the gage length, owing to sudden “avalanches”
of dislocation motion [30-32] Decformation velocities up to 26 mm/s have been measured during
discontmuous clongation {43}, and the specific heats and thermal conductivitics arc cxceptionally
low for stecls near absolute zcro (Table 1). Conscquently, specimen tcmperature fluctuations
cannot be avoided during tests m liquid helium. With cach discontinuous yielding event, the
tempcrature in local regions of the reduced section rises substantially above that of the surrounding
helium cooling medium [32].

In standard cryogenic tension tests, the discontinuous yicld stress DYS is defined as the
value of the tensile stress at the first measurable instability event. For 316-type steels the DYS
generally occurs at stresses and strains beyond the 0.2% offset YS. The DYS is temperature-
sensitive and decreases with decreasing temperature below 30 K. At 4 K, the DY'S also decreases if
the specimen size or strain rate is increased, or if gaseous helium is substituted for liquid helium
[32]. This sensitivity to material and test variables renders the DYS rather impractical for use as an
cngineering design parameter (see later Discussion).

6.2 Standard 4-K Tension Tests

Standard tension tests for metals in liquid helium have been developed recently in Japan and
the United States. New standards were needed in view of the unique material behavior in this
environment. According to the published procedures, JIS 2277 and ASTM E 1450-92, the test
specimens are submerged in liquid helium and loaded in displacement control at strain rates less than
10-3/s. The standard deviation of 4-K measurements has also been determined for a homogeneous
material, to enable assessment of the variability of tensile property measurements made by these
standards. Interlaboratory tests were conducted as part of the Versailles Advanced Materials And
Standards (VAMAS) test program to provide this information [33-35]. Six laboratories performed
28 tensile tests for one heat of SUS 316LN steel in liquid helium. The results are shown in Table 4.

6.3 Metallurgical Determinants of Yield Stress

The YS at cryogenic temperatures is principally determined by two metallurgical factors:
grain size and chemical composition. Data for AISI 316 and versions of SUS 316LN confirm that
the YS is proportional to the inverse square root of the average grain diameter, D. For AISI 316
[23]:

YS =180+ 190(D) 172 at 295K, and (2)

YS =363 + 1505(D) 172 at4a K. 3)

The units are MPa for YS and um for D. According to Egs. (2) and (3), refining D from 155

to 20 um raises the 295-K YS by only 27 MPa, while the 4-K YS is raised by 220 MPa. The result
at 4 X is ten times the room temperature effect. Similar data are reported for the 316LN steels [36].
Thus, grain size effects, though negligable at 295 K, are potent at 4 K.

Table 4. Interlaboratory Tensile Test Results for SUS 316LN at 4 K {34].

YS UTS EL RA

(MPa) (MPa) (%) (%)

Average Value 1065 1714 483 48.8
Standard Dev. 15 28 19 6.2

_..9_



The cffects of composition are likewise well documented. C and N strengthen appreciably
without degrading ductility at cryogenic temperatures [37]. In practice C additions arc limited since
they produce precipitates at grain boundaries during hot-rolling operations [36-38]. The main
strengthener is therefore N. Substitutional elements such as Mo, Cu, and V may provide secondary
strengthening.

Two empirical equations were devised to express the 4-K YS of 316LN-grade steels based
on the grain size and chemical contributions. The original expression developed by steel
manufacturers is:

YS = 150 + 1700[C] + 2870{N] + 80[Mo] + 50(D)-1/2, 4

where the YS at 4 K is in MPa, D is in mm, and the brackets indicate the composition of elements
in mass % [36]. The second expression 1s:

YS = 316 + 2370[N] + 53.8[Mo] + 790(D)"1/2, (5)

where this time D is given in pm [39, 40]. Equation (5) has no [C] term; instead, the effect of C at
levels below 0.03% is implicit in the constant which happens to be 316.

6.4 Temperature Dependence of Yield Stress

The existence of magnetic and elastic anomalies near TN implies that the dislocation
processes and mechanical behavior of these steels may be affected. Thus, possible links between
the magnetic, elastic, and mechanical properties have been discussed for the 316-type stecls and
related Fe-Cr-Ni alloys at subzero temperatures. Three types of anomalous strength decreases have
been reported in the Fe-Cr-Ni alloy system [26-28], but the effects were not always subsequently
confirmed [22, 23, 29]. The anomalies are attributed to different physical processes that come into
play at specific temperature intervals. They are: dislocation tunneling between 20 and 4 K,
magnetic ordering at TN between 60 and 35 K, and the y-to-€ phase transfomation between 100 and
200 K.

In relatively stable alloys that show no obvious anomalies, curve-fitting routines have been
tried. The results indicate that theories based on thermodynamics and thermally-activated plastic
flow best describe the findings for AISI 316 steels between 4 and 922 K [21-23]. In this

temperature interval, the YS divides into athermal (GA) and thermal (0T) components,

YS=0GA +OT, (6)
where

oT = (o0 - oA)exp(-CT). N

Here, o( is a constant, and the exponential coefficient C is a parameter related to activation
energy. As shown in Fig. 3, the thermal component becomes active at 550 K (1/3 the melting
point), increases exponentially at cryogenic temperatures, and emerges predominant at 4 K.

Because of the sirong exponential term, plotting YS versus temperature on a semi-log scale
has a linearizing effect that helps to expose subtle deviations from Eq. (7) behavior. Plotting this
way in Fig. 4 reveals a remarkable variety of trends for selected steel grades. For AISI 316, no
anomalous YS decreases are evident: the data trend is bilinear with inflection at 100 K [22, 23].
Other heats of AISI 316 likewise show bilinear trends, but the inflections points vary from 60 to
175 K depending on compositional variations. The inflection points correspond to changes in
exponential coefficient for each heat, implying a change in deformation mechanisms takes place at
these temperatures {23].
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Figure 4. Anomalies in the Temperature Dependence of YS for Various Steels.

Figure 4 also shows data for an SUS 316L steel that shows little net strengthening between
300 and 77 K. Detailed data for 304L steel are included for comparison. For this 304L steel, owing
to a stress-induced y-to-€ anomaly, the YS decreases with a temperature reduction between 195 and
100 K [22]. Since the 316L and 304L data match at three points (300, 77, and 4 K), the two steels
appear to behave similarly. Additional testing below 200 K might confirm the y-to-€ anomaly for
this particular heat of 316L. However, the anomaly is composition-dependent, and not all 304L
and 316L grades would be equally susceptible.

Finally, data for 316LN stand in sharp contrast to the trends reported for the lower strength,
(and less stable) 3161 and 316 grades. Abruptly at 30 K, the 316LN shows a sudden YS increase.
Obst and Bauried! attribute this to a transition in the rate-controlling dislocation mechanisms at this
temperature [25].



7. Mechanical Effects and Creep in Helium Environments

Standard tensile property measurements describe basic behavior under uniaxial loading. Such
data are useful for alloy development, material selection, quality control, and structural design.
However, because the response at 4 K is characterized by discontinuous yiclding, the actual
performance in liquid helium can be strongly influenced by mechanical or environmental factors.
Special factors for magnet applications include the speed of loading, and whether load control or
displacement (that is, stroke or ram) control is used. The effects of high speeds or load control are
not covered in the conventional standards but are described below.

7.1 Test Speed

As the rate of mechanical loading increases, heat is generated in proportion to the rate of
plastic work. The specimen temperature rises if the heat flux exceeds the cooling capacity of the
cryogen. Consequently, high tensile strain rates tend to decrease the DY'S and UTS compared to
values measured at low strain rates, but YS is hardly affected since the source of heat evolution 1s
mainly post-yield plastic strain.

Displacement-controlled tensile tests in liquid helium are reported for 316LN at strain rates
between 107> and 10-2/s [41]. As the test speed increases the UTS rises slightly but then plummets
with excessive heating at strain rates greater than 2.2 X 10-3/s. To avoid this the maximum allowable

strain rate in standard tension tests (ASTM E 1450-92) is fixed at 10-3/s or less.
7.2 Load Mode

In tensile tests at 4 K, the material response varies with the mode of loading. Using load
control rather than conventional displacement control gives different resnlts. In load control,
discontinuous plastic elongation can be sustained for longer periods without arrest. Specimen self-
heating is therefore more profuse [42, 43].

Effects of control mode on the load-carrying capability of a 316LN steel in liquid helium are
shown in Fig. 5 [43]. The YS is not significantly affected by the control mode, but the EL and UTS
values in load control are lower than values measured using displacement control. As the test speed
in load control increases from 0.5 to 5000 N/s, the UTS falls continuously until at 5000 N/s it
reaches only two-thirds the values acheived in tests of identical specimens using displacement-
control.

Displacement control is traditionally used in laboratory materials tests. In such tests, the
grips move apart at a fixed rate of displacement. As a result, tests in displacement-control at
norma) speeds display more serrations than load-controlled tests do because the plastic extensions
in displacement control are machine-limited to rather small increments. The specimen heating
behavior has been documented. Thermal spikes occur with each incremental extension and the
specimen temperature promptly returns to 4 K when deformation is arrested. For 316-steels in
displacement-control the normal relative ranking of tensile strength parameters is as shown:

YS<DYS < UTS. (8)

In load control, the applied load rate remains virtually constant, independent of material
response. The stress on a cross-section tends to increase with deformation, and the increment of
plastic extension is unrestricted. Depending on the material's strain hardening capability, arrests
may occur infrequently. There may be only one or two instability events, in which case:

YS < DYS = UTS. (9)
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In other words, under tensile stress in load-control, which closely simulates magnet service
conditions, sudden fracture may occur at DY'S. This fact has obvious implications for design since

the allowable design stress (typically set equal to one-half the UTS) for load control may be less
than that for displacement control.

1.3 Creep

Creep is time-dependent strain produced by sustained static loads. Although often
categorized as a high temperature phenomenon, creep occurs in metals at cryogenic temperatures at
activation energies that arc lower than previously expected [44]. It is now well-documented that
creep occurs in 316-type stecls at cryogenic temperatures. In addition to the usual steady-state
creep, one instance of transient creep is reported for the case of dead-weight loading of a 3161 weld
at 4 K [45].

Generally, higher temperaturcs and stresses promote creep in the cryogenic regime. Other
factors influencing creep resistance inciude alloy strength and work hardening rate [43]. Magnetic
field effects on creep remain unstudied and unknown at the present time.

Creep rates in liquid helium have been measured for wrought 3161 and 316LN steels, as well
as 316L weld metal. The rates arc rather low at 4 K, but larger than expected based on
cxtrapolations of 300-K data. In 3161, stresses between 50 and 100% of the YS produce enough
strain to be a factor in some magnet designs [43]. In 316L welds, the 4-K steady state creep rates

are near 10-10/s for applied stresses close to the YS [45]. In 316LN, creep at 4 K is not measurable
unless the applied stress exceeds the YS [46]. Thus strong N-bcaring grades offer superior creep
resistance compared to other grades.

8. 4-K Failure Mechanisms

316-type steels that arc subject to quasi-static tensile overloading at 4 X are capable of
exhibiting three basic fracture mechanisms, namely: transgranular dimpled fracture, transgranular



cleavage fracture, and intergranular fracture (grain boundary decohesion). The metallurgical
condition decides the predominant failure mechanism.

8.1 Ductile Fracture

The 300-series stainless steels are well known for low-temperature ductility, and ductile
fracture is the preferred failure mode in primary structures. The basic features of ductile fracture
are dimples created by the formation, growth, and linking of voids. Despite the crystallographic
instability of the austenite phase, anncaled 316-type steels characteristically show this type of
fracture. Embrittlement becomes possible if other mechanisms supplant the ductile failure process.

Dimples arise from voids that typically originate at inctusions and grow with subsequent
plastic strain. In wrought steels the inclusions may be MnS "stringers” {sulfide inclusion particles
aligned in the rolling direction) or small spherical particles of ill-defined composition. In one
commercial 316LN steel at 4 K, the failure process consisted of void nucleation and limited growth
of delaminations around large MnS stringers, followed by nucleation of smaller voids in ligaments
between the delaminations, causing sudden failure [47]. Single-phase castings or welds (fully
austenitic structure; no ferrite) also fail in a completely ductile mode at 4 K.

Mechanical and environmental factors affect the ductile failure process by altering void
nucleation and growth rates. For example, high magnetic fields can alter the average dimple size in
fracture toughness tests at 4 K {62]. In sensitized steels, microvoids are able to form around
precipitates in the triaxial ficlds (compact specimens) but not in uniaxial fields (unflawed tensile
specimens) [67-68].

The dimple and inclusion densitics in welds are higher compared to base metals.
Microstructural studies show that the weld inclusion counts are actually lower than their dimple
counts [47]. The origins of the "extra” dimples in such welds, as well as the small, secondary
dimples in wrought steels [47] have not yet been traced definitively. Part of the explanation for the
lack of a 1:1 correspondence in welds is that the inclusion count derives from a polished planar
surface while the dimple density derives from a non-planar surface [89]. It is also feasible that
small, undetectable inclusions exist, or perhaps strain concentration in austenite or at austenite-
martensite interfaces provides additional initiation sites.

8.2 Brittle Fracture

Despite a record of good service histories for these steels, it is not axiomatic that high
ductility and toughness must always prevail at 4 K. As shown below, the potential for cryogenic
embrittiement exists for wrought products that are imperfectly processed, for heterogeneous welds,
or for any sensitized steel product.

If the solution treatment temperature is incorrectly specified, the desired fully austenitic
structure will not be realized in wrought steels [47]. Imperfectly processed steels may contain
small amounts of nonaustenitic second phases able to impair cryogenic toughness. In fact, any steel
that has a multiphase structure is likely to show a mixture of ductile and brittle failures at 4 K.

For example, in dual-phase castings and welds the ferrite phase cleaves at 4 K whereas the
surrounding austenite phase remains ductile. The ferritc can dominate the fracture process if it is
present in sufficient quantity or favorably distributed. The data for CF-8M castings in Fig. 6 are
illustrative. As the ferrite content increases, the toughness at 4 K falls steadily and approaches a
plateaun value near 100 MPa-m1/2. The plateau value is nearly established when the ferrite reaches
15%, since then a continuous ferrite path is established through the ductile austenite. The
toughness is then governed essentially by the fracture resistance of the ferrite alonc, whereas at
lower percentages of ferrite the overall toughness is some average of both austenite and ferrite [73].

Certainly the most severe form of embrittlement that can occur in these steels at 4 K is
intergranular fracture (separation along the grain boundary surfaces). As discussed later,
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Figure 6. Effects of Ferrite on the Toughness of Castings and Welds at 4 K.

intergranular fracture is possible in any 316-type steel, casting, or weld that is sensitized by thermal
aging. For instance, some 316L.N conduits displayed linear breaks at 4 K with K]¢ in the range 60-
80 MPa'm1/2 after aging for up to 200 h at 650 or 700 °C [58, 70]. This type of fracture preempts
ductile fracture at 4 K and thereby decreases the toughness to unacceptable levels. In view of the
irreversible consequences, sensitization must be anticipated and avoided in magnet applications.

8.3 Transformation Effects on Fractire Behavior

The role of martensitic transformations requires some clarification. In principle,
transformations can toughen or embrittle austenitic steels depending on the amounts, types, and
ratcs of martensite formation. In 300-senes steels, the published data describing empirical strength-
toughness correlations for stable and unstable compositions of similar purity usually show a
roughly universal trend regardless of the degree of crystallographic stability [39, 40].

Some speculate that cryogenic cmbrittlement is possible in these unstable steels, since o
martensite has a nonaustenitic structure. But as yet there is no compelling evidence to support the
idea that newly transformed martensite embrittles the 316-type steels at 4 K. Dimpled fractures
are routine in 316-type steels at 4 K, and brittle cleavage mechanisms have not been reported,
despite the fact that o' forms in fractured CT specimens in large amounts up to 80%. Uniaxial
tensile tests indicate that transformation does not alter the basic ductile mechanism [47], although it
does influence the fracture process by promoting strain hardening. In AISI 316, the rate of strain

hardening increases as soon as o' begins to form [23]. Transformations might also influence

toughness by creating void initiation sites at austenite-martensite interfaces, but this effect lacks
documentation.



9. Fracture Toughness

9.1 Cryogenic Toughness Parameters

Various parameters may be used to characterize cryogenic toughness but not all methods are
equally effective at liquid helium temperature. Notched tension tests (ASTM E 602) and notched-
bar impact tests (ASTM E 23) are mercly qualitative, and correlations developed between them and
quantitative fracture toughness parameters apparently lack the required sensitivity at 4 K [49-52].

Two fracture mechanics parameters, J1¢ and Kjc, are used in the contemporary approach to
4-K toughness characterization. For linear elastic fractures, Ki¢ is measured with conventional
accuracy according to ASTM E 399. For ductile fractures, ASTM E 813 is used to determine a J-
resistance curve, measure J{¢, and estimate K¢ from J[¢. The variability in J-test measurements at
4 K is known from an interlaboratory study of 316LN: the average J[¢ measurement for {1 tests in

the L-T orientation is 337 kJ/mZ, and the standard deviation is 34.4 kJ/m?2 [33-35].

The Jic test was first standardized in 1981. Subsequent revisions (1987-1989) used a
different operational definition of Jj¢c. Consequently, some bias exists when old and new data are
compared. For the steel of the 4-K interlaboratory test described above, Jic in the 1987 version

was 337 kJ/m2, or 10% higher compared to the value representing the 1981 version [34]. The
amount of bias varies, and is lower for lower toughness steels [53].

9.2 Metallurgical Variables

The literature documents a wide range of toughness values for the 316-type steels with
greater property spreads at cryogenic temperatures. At 4 K, the lowest reported Kj¢ is 67
MPa-m!/2 for a severely aged 316LN containing grain boundary precipitates. The highest is 470
MPa-m1/2 for an annealed 316LN forging. Four metallurgical factors determine the 4-K toughness
of wrought and annealed products: yield strength, Ni content, inclusion content, and grain sizc.

For wrought steels of similar purity, the yield strength and fracture toughness values are
inverscly related [36, 39-40, 49]. At 4 K, the Kj¢ estimates from J; measurements are a
monotonically decreasing function of YS as shown in Fig. 7. As austenite is strengthened it tends
to lose toughness because less energy is dissipated in the fracture process, and because additional
sites within the austenite matrix may nucleate voids.

Alloying effects are known from impact and fracture toughness tests. Strengthening with a
sacrifice of toughness comes from adding C, N, Mo, V, or Cu. Adding Ni or eliminating S toughens
without affecting strength [36]. The roles of Ni, Mo, and N have been confirmed [38], but the
mechanism behind Ni's unique benefits is not yet fully understood.

High toughness i1s achieved by controlling the purity as well as the composition.
Nonmetallic inclusions impair the ductile fracture resistance by creating casy void initiation sites.
Therefore reducing the inclusion count has the beneficial effect of toughening the matenial without
lowering the YS [36].

Based on regression analyses of data available to them, Simon and Reed {40] expressed the
4K fracture toughness (MPa-m1/2) of 316LN steels as a function of YS (MPa), Ni content (%),
and inclusion spacing {mmy}:

Kic(J) = 150 - 0.314YS + 16.6[Ni] + 2300A. (10)

In this equation, the inclusion spacing A = n-1/2 where n is the number of inclusions per

mm2. Cleanliness, a term implying low inclusion density or large mean inclusion spacing, is not
something that can be specified in steel production, but it can be influenced by the choice of melting
practice. Electroslag remelted (ESR) heats are generally superior to induction-melted heats [37, 54].
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The strength-toughness relationship at 4 K can also be improved by grain refinement,
although the grain size factor is not explicitly shown in Eq. (10). Conventional solution treatment

produces plates with an average grain size of about 100 pm, whereas controlled rolling with direct

quenching can reduce the grain size to between 30 and 70 um. Thus, grain refinement has been used
to advantage in manufacturing some 316LN-type steels [36,54].

9.3 Anisotropv

Fracture toughness varies with the crack-plane orientation relative to microstructural
features. Therefore, in component fabrication it may be possible to increase the margin of safety by
deliberately selecting a favorable orientation of stock relative to the direction of principal applied
stress. To determine the degree of fracturc anisotropy in a product quantitatively, thick-walled
rings of forged 316N were tested in threc orthogonal orientations at 4 K [54]. The toughness
ranking reported in that study is:

C-R>C-L>L-C. (11)

The toughness is higher for cracks opening under the action of hoop stresses than for cracks
opening under the action of an axial (longitudinal) stress. (The first letter indicates the direction of
tensile loading, the second letter gives the direction of crack propagation, and C, R, and L are the
circumnferencial, radial, and longitudinal directions of the cylindrical rings. See the Appendix.)

In wrought plate, the L-T orientation is typically tougher than the T-L orientation [53].
But, following a common conservative practice in the cryogenic field, the T-L orientation is

routinely uscd for laboratory evaluations. By contrast, the T-S orientation (cracking in the through-
the-thickness direction) is rarely studied. Valid Kj¢ data for T-S oricntations are essentially



nonexistent since standard compact specimens of that orientation can be extracted only from very
thick products. A practical alternative for T-S orientations is the surfacc-cracked tension SCT test,
ASTM E 740. Mcasurable parameters include fatigue crack growth rates and residual strengths for
specimens cracked on one surface. Residual strength reflects the maximum load a cracked specimen
can sustain. Such data are beginning to cmerge specifically for conduits where crack growth through
the wall is a relevant concern [55].

9.4 Inhomogeneity

Variations in chemistry or grain size and residual stress naturally give rise to scatter in
mechanical property tests. Abnormal conditions sometimes arise during manufacture, cspecially in
the case of thick products where processing is more difficult.

Empirical findings for 316-type steels at 4 K are mixed. A 700-mm-thick 316LN forging for
MIT's Alcator C-MOD showed relatively uniform mechanical properties despite its huge size [56].
The forging was sampled at four locations, including the center and near-surface areas, using
subsized tensile and compact specimens. Tests proved that the alloy chemistry was consistent
throughout, and the existing grain size variations were not detrimental to the propertics at 4 K.

In contrast, a 54-mm-thick wrought plate of 316LN displayed obvious irregularities
including scattered toughness measurements and occasional instances of unstable fracture at 4 K.
The material nonuniformity was unanticipated and frustrating to a study of specimen size effects
[57]. Also, pronounced banding was discovered in a Nb-modified 316LN conduit with a 4.7 mm
wall thickness. Banding is a term for microstructural stratification arising from chemical or
mechanical inhomogeneities. Here the austenite grains were not equiaxed, but were elongated in the
extrusion direction. The 4-K fracture was ductile, but the toughness was highly anisotropic and
lower than expected. Fractography showed atypical, elongated dimples originating from rod-shaped
sulfide inclusions aligned in the extrusion axis [58].

In brief, the findings suggest that while uniform properties can be obtained in some wrought
316-type steels despite extreme thickness, it is risky to assume without microstructural inspection
and confirmation that any product is homogeneous. Thick welds may constitute the worst case
since welds have a high potential for residual stress effects and metallurgical anisotropy.

10. Special Factors in Magnet Applications

10.1 Magnetic Fields

Like temperature, magnetic field is a relevant environmental factor that can affect the
mechanical behavior of stainless steels in superconducting magnets. Theories suggest that the
fracture mechanics parameters may be specifically affected. To date, only a few 316LN steels [59-
62] and 316 TIG welds {63] have been tested. The empirical results are limited since experiments
require unique facilities and careful attention to details of calibration.

High magnetic fields promote martensitic transformations in stainless steels. This effect has
been investigated as a basic mechanism that can influence mechanical behavior. Thus, the isothermal
stability of 316LN was confirmed by cooling specimens in liquid nitrogen or liquid helium, and
holding for 1 h in applied magnetic fields (10 or 20 T). The amount of martensite formed was
inconsequential [59]. The effects of an 8 T field on the YS of 316LN in tension at 4 K were
likewise inconsequential [60].

Figure 8 summarizes the available fracture toughness data at 4 K. One study of 316LN steel
shows a 20% decrease of J]¢ at 8 T compared to zero ficld [61]. A second study using another heat
of 316LN shows a 23% net increase of J[¢ between 0 to 14.6 T. But in the second study Ji¢ did
not change monotonically. Rather, it initially decreased between 0 and 8 T, and then increased at
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higher ficlds up to 14.6 T [62]. Other recent data for 316 welds indicates a slight Ji¢ increase of no
more than 10% between 0 and 13 T [63].

The limited number of tests-per-material (typically, one or two) is a weakness of the studies
conducted so far. Normally, three replicate tests are recommended to define material scatfer in
conventional toughness tests. Therefore more data are needed to confirm the reported data trends
for these and other alloys.

10.2 Size Effects

Laboratory toughness tests routinely use 25 mm thick specimens whereas fusion magnets
employ a range of thicknesses from thin conduits to thick support structures. The LHD support
structure is 100 mm thick for example, and coil cans in current ITER designs are thicker. Generally,
size effects are accounted for if the specimen thickness is full (that is, equal in thickness to the
service component). If not, size effects must be considered, especially if the laboratory specimens
arc thinner than the actual service components.

Textbooks predict that toughness will decrease with thickness due to a mechanical constraint
imposed by geometry. Presumably, as the specimen thickness increases, crack-tip plastic
deformation becomes small relative to the specimen dimensions and the measured toughness
approaches a constant minimum value defined as the linear clastic plane strain fracture toughness.

At 4 K, steels thicker than 25 mm are rarely tested because the cost of facilities escalates
with size. Lacking empirical data, we can make estimates using conventional size criteria as a guide
to thick-section behavior. The quantity 2.5(K[¢/YS)2 has units of thickness and is used as a
criterion in test standards to gage the validity of measurements. It can also be used to predict
whether a steel will show linear elastic fracture. Figure 9 shows this parameter calculated for a
range of YS levels based on the strength-toughness relationships (average values) shown in Fig. 7.
Comparisons between the calculated sizes for linear elastic fracture and the proposed thicknesscs



for service applications suggest that linear clastic breaks can be anticipated in 316-type welds at the
100-mm thickness range, assuming the YS is 800 MPa. On the otherhand, high-strength base metals
in monolithic sections are not expected to suffer linear breaks at 4 K unless the thickness exceeds
about 400 mm.

As for thin components, such as conduits having tubular cross-sections and 2 to 6 mm walls,
tests using full-thickness specimens are recommended. Fractare toughness data from such thin
specimens will not necessarily satisfy the validity criteria of test standards. Such measurements are
essentially size-dependent. Nevertheless the results are relevant for specific designs assuming that
the specimen thickness is full size (the same thickness as the intended service component). Thus,
size concerns are alleviated by matching the specimen and component thicknesses.

10.3 Sensitization

Major material degradation begins when stainless steels are heated n the range 450-800 °C.
After sufficient time at temperature, intermetallic compounds (principally Cr carbides) precipitate
in grain boundaries and (later) inside the grains as well. This precipitation creates a condition
known as sensitization that can ruin corrosion resistance while reducing cryogenic ductility and
toughness. Limited amounts of sensitization may be tolerated but the deterioration with continued
aging is progressive; severe embrittlement at 4 K results when the precipitates become extensive
enough to establish a continuous, low-cnergy path for cracks. A transgranular-to-intergranular
fracture transition then occurs which constitutes unacceptable embrittlement.

Sensitization effects are determined by the diffusion rates of relevant elements in the steel.
The primary cause of sensitization in stainless steels is C coming out of solution and forming the
intermetallic compound, M23Cg. Nitrogen comes out of solution at a slower rate, probably
because of its larger atomic radius. Nevertheless, in microalloyed 316LN steels (described below)
the formation of nitrides such as CrpN becomes an important secondary factor.

The toughness declines gradually at first and falls more abruptly as intergranular fracture
begins to dominate. The aging time required to sensitize a steel is a parameter of iterest that is
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fixed by the details of alloy composition, condition, and temperature. Time-temperature-
sensitization curves were constructed recently to predict the aging times for some 316LN-type
steels {64]. Those curves arc intended to illustrate basic compositional cffects and provide guidance
to avoid sensitization. Becausc of uncertaintics at this stage of knowledge, data for individual alloys
must be verified before any application is made.

10.4 Aging Effects on Steci Properties

Scnsitization resistance is a critical concern for wind-and-react superconductor conduits that
must undergo long term thermal exposurcs during rcaction heat treatments. In fabrication the
conduits experience the Nb3Sn reaction heat treatments that involve heating near 700 °C for 50-250
h. The exact treatment depends on the specifications for individual superconductors. The amount
of cold work in the steel is also a factor. Residual cold work, about 5-20% for some conduit
products, introduces dislocations that may facillitate diffusion. So steel composition and
metallurgical condition must be carefuliy controlled to survive the thermal exposure.

The stress state of test specimens is an important factor in detecting sensitization
cmpirically. Aging degrades the performance of cracked specimens at 4 K even though the tensile
and fatigue properties of smooth hour-glass specimens may show little or no effect. Thus, aging
increases the YS of 316LN at 4 K, but the effect is 10% or less [65], and it does not materialize in
some microalloyed grades, nor in 316L [66-69]. Other 4-K data for 316LN indicate no measurable
aging effects on S-N fatigue life despite a two-thirds drop in fracture toughness [70]. Thus, the
consequences of sensitization may not be fully revealed in tests using flaw-free components or test
speciumens.

In view of the above, material tests to determine sensitization resistance should use
specimens and procedures that simulate the expected service conditions as close as possible.
Quantitative data for 316LN and modified 316LN-type steels before and after aging are shown in
Table 5. Residual toughness after 180-200 h aging at 650 or 700 °C varies from 28 to 89%,
depending on composition. In severely sensitized steels intergranular fracture reduces K| to low

values in the range 60 to 80 MPa-m1/2. Such drastic reductions can occur also in AISI 316 and
316L, but fewer quantitative data are available for those grades [69].

10.5 Preventing Sensitization

The cffects of sensitization on these steels can be removed by re-annealing them at 1050 to
1100 °C, followed by rapid cooling. This restores ductility and toughness by redissolving the
carbonitride precipitates and putting the C and Cr elements back into solution. Unfortunately, this

Table 5. Thermal Aging Effects on the Properties of 316LN-type Steels at 4 K.

Material Form  Ref. Aging Treatment  Yield Strength  Fracture Toughness  Retained

Time (h)/Temp (°C)  YS, MPa Kic(3), MPam!/2Z  Toughness

Before After Before After (%)
Plate (0.019C)  {70]  200/700 1072 1135 239 67, IGF 28
Conduit (0.018C) {58]  180/650 90 930 232 80, IGF 34
Conduit (Nb,S) [58]  180/650 1354 1237 155 90 58
Plate (Nb,S) [68]  200/700 1132 1125 264 167 63
Plate (Nb) [67]  2060/700 1240 1260 210 160 76
Plate (Nb,B) [691  200/700 1120 1120 226 202 89

(Note: All tests at 4 K; IGF = intergranular fracture; all other fractures are dimpled.)



remedy is unavailable for magnet structures after fabrication, in view of large sizeand temperature.
It is therefore necessary to avoid sensitization in the first place.

The first step to improving the scnsitization resistance of a steel is to minimize its C
content. The specified maximum in L or LN grades is 0.03%, but levcls near 0.02% are readily
obtainable and should be specified. A 316LN steel with 0.018C proved useful for some NET
magnet components that were aged 50 h at 680 °C [64]. However, the same steel fails
intergranularly after 180 h aging at 650 °C {58]. To further extend the use of 316LN steels it
appears that still lower C contents are desirable. At present, the lower limit of commercial practice
is near 0.01%, but the cost, availability, and ultimate aging resistance of such a stcel may be
questioned. Note also that the Y'S would be decreased by a reduction of the C content.

Microalloying is a second way to improve aging resistance. Microalloyed 316LN grades
containing Nb or V have been explored to increase the aging resistance of conduits while retaining
good strength and weldability [66-69]. In combination with Nb, the cffects of P, B, N, and Mo
additions to 316LN were studied [67-69]. Niobium additions of about 0.05% inhibit C diffusion
rates and alter the timing and type of precipitates formed. Niobium in the modified grades impedes
the formation of M23Cg compounds, but, granted this extra time nitrides (CINbN and Cr2N) begin
to form as well as carbides [68]. Thus, the undesirable precipitation is forestalled but not
permanently prevented.

In conclusion, it appears that lowering C and microalloying offers the potential to forestall
but not eliminate sensitization effects on 316 steels. The ultimate potential of sensitization-
resistant Nb-alloyed steels has not yet been realized. Not every manufacturer can produce
microalloyed grades efficiently or cost effectively, and further development is necessary before such
products can be implemented in full scale applications.

11. Welding

Full-scale magnet construction necessitates welding which creates a heterogencous structure
with joints not usually 100% efficient. Although the 316-type steels are weldable by a variety of
techniques, the wrought base metals are usually tougher than their matching 316L welds when
comparisons are made at similar strengths. Design strategies emphasize locating the joints away
from the most highly stressed locations, or striving to upgrade the weld properties to match the
base metal performance.

Welding for extreme cryogenic service demands attention to the defails of the joining
process, followed by mechanical testing to confirm structural integrity. Various welding techniques
may be selected depending on economic and technical factors such as joint thickness, component
geometry, and accessibility of position. Significant gains in understanding have come from empirical
studies using 25-mm-thick compact or bend-test specimens {92, 93]. On the otherhand, thicker
welds will be required in the future, and a standard practice for weldment testing and evaluation
does not exist yet.

11.1 Conventional 3161, Compositions

Conventional tensile properties for welds are represented in Fig. 2. The scatterband shows
the spread of YS for ten shielded metal arc weldments made using E 316L titania coated electrodes
[76]. The welds in 25-mm plates were created using 17-39 passes, producing ferrite contents in the
range 0.13 to 10.1%. Mechanical tests were conducted at 295, 76, and 4 K, and the envelope in the
figure encompasses all measurements.

Figure 7 compares the toughness trends for several 316-type base metals and conventional
welds using 316L fillers [82]. As strength increascs, toughness decreases, but the welds clearly tend
to relatively lower toughness. Despite the many welding processes and procedures that were used,



a sizable disparity in K¢ cstimates persists and the conventional welds generally fall below the
basc metal performance by about 40-50%.

Scveral approaches are avatlable to improve the toughness of welds by developing a
completely ductile fracture mechanism, and by increasing the resistance to nucleation and growth of
voids which form and link to cause fracture. Contemporary rescarch indicates this can be donc by
reducing or climinating the fermite content, reducing the incluston content, and avoiding scnsitization.

{a) Ferrite

In conventional welds intended only for room temperature service, 8-ferrite in limited
amounts is desired. Ferrite prevents microfissures by inhibiting the formation of FeS and FeP (low
melting point compounds) that promotc hot cracking in fuily austenitic welds. Microfissuring is
cspecially prevalent in thick welds with high internal stress. Ferrite diminishes hot cracking
because, compared to austenite, it has a higher solution potential for low-melting point sulfides and
oxides, as well as a lower resistance to plastic deformation at higher temperatures [78].

Unfortunately, ferrite is not so desirable in welds for cryogenic service. This phase is
nonaustenitic and prone to fracture by cleavage at 4 K. Moreover, decohesion owing to sirain
incompatibility or chemical segregation has been observed at austenite-ferrite interfaces. With
respect to this behavior the effects of ferrite in welds and castings are quite similar at 4 K [73, 74].

Figure 6 demonstrates the mechanical effects of ferrite on CF-8M castings and 316L welds
at 4 K. The toughness data for a controlled series of shielded metal arc SMA welds steadily
decrease at ferrite contents ranging from 0 to 11% [76]. Data for a series of CF-8M castings
containing 0.05N are shown for comparison. The single-phase casting (100% austenite) is capable
of high toughness approaching the levels for wrought steels. It appears on the otherhand that
modest amounts of ferrite severely compromise the toughness of duplex castings. In the duplex
castings, increasing the ferrite or nitrogen content simultaneously raises the YS and lowers the
toughness at 4 K; KJ¢ decreases with ferrite content up to about 15% and then plateaus at 100

MPa'ml1/2 [73]. Perhaps the negative role of ferrite was over-emphasized in earlier research. In
practice, ferrite content is usually limited at 3-8%. At those levels, ferrite's effects may be
outweighed and masked by inclusion content. Thus, a recent study indicates that the cryogenic
effects of ferrite content below 7 or 8% can be perceived only when the oxygen content or inclusion
content is reduced first [90].

(b) Inclusions

Another basic reason for the lower toughness of welds is their relatively high inclusion
contents. The cleanliness of a deposit can be gaged by determining either the weld metal oxygen
level or the inclusion density since the two are proportional [90, 92]. The plot of inclusion spacing
versus a quality index parameter at 4 K shows improvements for welds and base metals alike [84].
The problem is that, compared to basec metals and castings, most welds have relatively high
inclusion contents owing to imperfect gas-shielding in the molten state.

Data for 19Cr-13Ni-2Mo-0.02C gas-metal arc welds clearly illustrate the effects of
mclusions on cryogenic properties [89]. The inclusion count was systematically varied by changing
the shiclding method and gas composition. For four deposits, the inclusion count varied from
19,300 to 552,000/mm?2 whereas the 4-K YS was constant at 740 MPa. The toughness at 4 K

ranged from 130 to 180 MPa-m!/2, and that spread equals the width of the scatter band for all
welds in Fig. 7. In practice the inclusion count can be reduced by choice of welding process and
electrode coating. The SMA process characteristically gives a relatively high inclusion content, but
the amount of inclusions in SMA welds can be lowered by using clectrodes with calcium-oxide-
flouride coatings rather than rutile coatings [78]. The inclusion count can also be lowered by



shifting, if possible, to GMA welding. Still better resuits can be acheived using laser beam or
electron beam welding since those techniques remelt base metal without using a filler {81, 83].

11.2 Fully Austenitic Welds

Dissimilar fillers can be used instead of the matching 316L fillers, especially if the chief goal
is to develop microfissure-free single-phase austenitic structures. This is done by choice of
composition and control of microstructure. If the base and weld metal compositions are dissimilar,
differential thermal contraction betwcen the base and weld metals becomes a potent factor to
consider. Residual stresses arising from this source can affect microfissuring as well as mechanical
property measurements.

The relative amounts of austenite and ferrite constituents in a weld deposit arc controlled
mainly by chemical composition. To exclude ferrite completely an appropriate chemistry is
selected using the Schaeffler or Del.ong diagrams. The weld is then produced with strict control
over impurity clements that cause hot cracking. Experience proves it is possible to produce fissure-
free austenitic welds having cryogenic propetties matching the base metals [92]. The following
examples emphasize the use of high Ni and Mn contents in this regard.

It is well known that nickel enhances the properties of austenitic and ferritic steels at
cryogenic temperatures, at a premium on cost. This fact has been used to produce superior welds
using Ni contents up to 20% [86,92]. For example, the fissure-free fully austenitic 18Cr-20Ni-
5Mn-0.16N weld has 4-K properties equal to wrought steels (YS = 1015 MPa and Kjc(J) = 200

MPa-m!72) [86]. Manganese counteracts microfissuring while increasing the solubility of N. Up to
6% Mn may be added for these purposes. Matsumoto et al pursued this approach, producing a
series of Mn-modified welds, one of which (18Cr-16Ni-6Mn-2Mo SMA butt weld) was examined
in detail [87,88]. This ferrite- and fissure-free weld failed at 4 K solely by ductile mechanisms. The
toughness was higher compared to conventional 316L welds, but 20% lower than wrought base
metals of the same strength. Despite its completely sound austenitic microstructure, this weld did
not reach full parity with base metals because of higher inclusion contents.

12. Fatigue

Fatigue is an important potential failure mode, especially in Tokamak-type magnets that
operate in pulses. Since large Tokamaks can accumulate many cycles in a lifetime of operation, the
fatigue resistance of some components is the design-limiting factor [5]. Fatigue crack initiation and
growth in components may lead to failure by leak or by break. Leak in a superconductor conduit
containing liquid helium occurs when a growing surface crack first penetrates the conduit wall.
Break (catastrophic failure} occurs if the critical crack size is reached.

A 4-K fatigue database for the 316-type steels has been assembled despite the difficulties
and expense of conducting experiments at this temperature. The available data include axial fatigue
life for smooth specimens [70, 95-97], crack initiation lives for notched specimens [98], and fatigue
crack growth rate measurements [99-105].

12.1 Smooth and Notched Specimen Results

Low-cycle fatigue data are available for annealed 316L and 316LN steels tested in fully
reversed axial-strain control [70, 95]. For both steels, the fatigue life at 4 K is higher than at 295 or
77 K. High-cycle data are also available for unnotched SUS 316LN in the annealed and sensitized
conditions [96]; for both conditions the conventional S-N curves shift to higher stresses at
cryogenic temperatures, and the fatigue strength improvement at 108 cycles is proportional to the
YS increase at 77 and 4 K.



Crack initiation at notch tips is reported for compact specimens of anncaled AISI 316, The
number of load cycles N required to generate a 0.25-mm fatigue crack is a function of the notch-tip

radius, p, and the nominal applicd stress intensity factor range, AK. The AK/p /20N curves are
shaped like S-N curves. The crack initiation resistance improves at 76 and 4 K, and the
improvement at 100 cycles is proportionai to that of the YS [98].

12.2 Fatigcuc Crack Growth Ratcs

[n large magnet structures, cracks alrcady exist, or are assumed to exist because of inspection
limitations. The service life is then determined by the rate of crack growth da/dN which correlates
with AK, as shown schematically in Fig. 10. The da/dN-AK plots on logarithmic coordinates are
usually subdivided into three different regimes featuring low, intermediate, and high growth rate
behaviors. Long-crack, short-crack, and surface-crack data are distinguishable, and the distinctions
are significant in fatigue-critical assessments of structures.

(a) Long Cracks

The growth rates of long cracks are conventionally measured using CT specimens at a fixed
stress ratio, R. Experimental data are available at positive R between 0 and 0.8 which is the rangc of
practical interest for superconducting magnets [5]. The data reported for AISI 316 at R = 0.1 are
representative: The room temperature rates follow a linear trend for four orders of magnitude,
whereas the 4-K curve is knee-shaped and approaches an asymptote at low AK [101]. At very low
growth rates a threshold AKT is operationally defined as the stress intensity factor corresponding

to a cracking rate of 10-7 mm/cycle. Thresholds at this level have sometimes been estimated by
extrapolations using midrange data. At4-K, however, the experimentally determined thresholds are
consistently higher than the midrange cxtrapolations, and, as indicated in Fig. 10, some accuracy is
lost when extrapolated values are used instead of measured values.
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Figure 10. Fatigue Crack Growth Rates (Long Cracks at Constant R = 0.1)



Long-crack growth rate measurements such as shown in Fig. 10 are affected by crack closure.
At Tow loads and low R ratios, certain physical processes (local plastic deformation, crack surface
roughness, and volumetric expansion at crack tips due to martensitic phase trasnsformation) keep
the crack closed for the initial part of the load cycle, even though the applied load may be
increasing. Consequently the nominal value of AK overestimates the cifective driving force for
crack growth in this type of test. The effective or intrinsic material behavior is obscrved only after
the closure effects are factored out. A closure correction factor may be applied to the apparent
long-crack threshold.

(b) Short Cracks and Rate Simulation Test Results

Because of size effects, short cracks are exempt from closure phenomena, and they grow at
higher rates than data for long-crack specimens might suggest. Conservative designs strive to
account for this difference.

Short crack simulation (SCS) has been pursued at 4 K since the direct measurement of short-
cracks and their growth rates is impractical at this temperature. SCS tests use compact specimens
but employ a continuously increasing R-ratio that begins at 0.1 and terminates at 0.8. This
procedure avoids crack closure, shortens testing time, and gives reliable cracking rates and intrinsic
threshold measurements [102, 104].

Long-crack data and SCS trends for 316LN at 4 K have been compared directly [102].
Testing at R = 0.1 gives the conventional curve for long cracks where the ratec measurements are
subject to closure. The SCS trendline represents a relatively easy-to-measure upper bound
approximation for short crack behavior. Between the two trendlines is a zone where the short-crack
growth rates would be expected to fall, assuming they could be measured.

(¢) Surface Cracks

Surface flaws are part-through cracks that grow simultaneously in two directions. Surface
cracks are a common type of flaw in conduits and other components. Surface crack tension (SCT)
tests simulate this type of crack growth better than unidirectional cracking in compact specimens
can. The typical SCT specimen is a pin-loaded panel with a shallow flaw created by EDM
machining. A semielliptic or semicircular crack, shaped like an actual service flaw, forms in fatigue
and grows two dimensionally. By definition, a is the crack length in the through-thickness
direction, and 2c is the surface crack length along the specimen width. The crack growth rate is
da/dN or dc/dN, where ¢ is half the surface crack length.

SCT data are available for two heats of 316LN at 12 K [105]. Crack growth rates dc/dN in
the range 104 to 10-7 mm/cycle are reported for the two steel heats. The number of cycles needed
to initiate a crack from an EDM flaw at R = 0.1 is a regular function of the peak fatigue stress.
Fatigue in axial tension produces nearly semicircular cracks whereas fatigue in bending produces
semielliptic cracks, depending on the influence of stress conditions at the vicinity of crack tips.

{(d) Three Stage Behavior

In Stage III of the da/dN curve (high AK), an upper limit for rate measurements is
encountered near 10-3 mm/cycle. For most 316-type steels which are ductile, the upper limit is due
to the onset of excessive plastic deformation and hysteretic compliance behavior. But for some
relatively brittle stecls, a limit is reached because the cracking rates rapidly accelerate as Kmax n
fatigue approaches the critical value for unstable fracture. For 316-type steels, this accelerated
cracking in stage 11T was observed for a severely sensitized 316LN conduit steel at 4 K [104].

In Stage II (midrange AK), the rates of cracking are governed by the power-law:



da/dN = C(AK)M. (12)

Here. m 1s the slope of the log-log da/dN-vs-AK plot, and C 1s the value of da/dN at AK = 1. Some
cmpirically determined C and m values for wrought, cast, and welded products are listed in Tablc 6.
The value of m may depend partly on the range of stress intensity factor under consideration since
the da/dN curve 1s not linear over wide ranges of AK.

Material variables can also affect the fatigue crack growth rate data. The cffects depend on
specific values of AK, and are not casy to predict. For cxample, midrange data for Nb-alloyed
316LN indicate that aging has little or no effeet [58], or that it tends to increase C sli ghtly compared
to solution treated and quenched (STQ) material [69]. In surface-cracked 316LN alloys, rates for a
cold-drawn conduit at 12 K arc higher than ratcs for an STQ plate, and this was attributed to
metallurgical diffcrences {105].

In anncaled AISI 316, test temperaturc which strongly affects the strength-toughness
relationship had no measurable effect on the fatigue cquation parameters at 295, 76, and 4 K [99].
In Stage [ of the da/dN curve (low AK), the cracking rates diminish and approach a threshold AKT
below which further cracking is negligable. Threshold measurements for castings and welds are not
available yet, but in wrought steels the intrinsic thresholds are higher at 4 K than at 295 K, in
agreement with dislocation dynamics theory [102, 103]. Other data in Table 7 for wrought steels
suggest that the near-threshold behavior at 4 K is not very microstructure-sensitive. Data cxist for
316L, 316, and 316LN {plates or conduits) at selected R-ratios and temperatures (295, 76, and 4

Table 6. Midrange Fatigue Crack Growth Data Summary for 3 16-type Steels at 4 K.

Material & Condition  Exponent,m Coefficient, C  AK Range Reference
() (10-10 mm/cycle) (MPa-ml/2)
Wrought Steels

annealed AISI 316 3.80 2.1 19-60 [99]
annealed AISI 316L.N 3.26 7.89 [75]
annealed SUS 316L 3.96 1.2 30-60 [69]
aged 4.53 0.12 30-60

annealed JK1S 3.96 0.9 20-60

aged JK1S 3.69 3.5 20-60

annealed JK1B 3.65 2.5 25-70

aged JK1B 3.57 5 25-70

annealed JK1P 3.81 14 25-70

aged JK1P 3.75 2.6 25-70

Castings

CF-8M, 1% & 3.63 2.72 23-83 [100]
CF-8M, 8% d 3.08 34.2 23-63 [100]
CF-8M, 29% & 3.99 1.59 20-60 [100]
Matching Welds

3161. SMA #4 3.36 1.41 30-50 {76]
316L SMA #5 3.90 1.24 20-50

316L SMA #6 3.63 2.73 30-90

316L SMA #7 3.95 1.09 25-90

316l SMA #8 345 5.85 25-90

Mn-modified Weld

6%Mn SMAW 6.0 12x10-14 2660 [88]



K). As shown in Fig. 11, the effective or intrinsic 4-K thresholds range from 5 to 7 MPa'm

independent of variables such as YS and aging.

Table 7. Fatigue Cracking Rate Thresholds.

Temperature  Stecl Type

T=4K 316
316LN
316
316L
316LN
316L
316LN

T=295K 316
316L
316LN
316L
3161LN

13. Discussion

13.1 Database

[101]
[102]
[101]
[103]
[103]
[103]
[103]
[101]
[103]
[103]
[103]
[103]

Stress Ratio

()
0.1
0.1
0.3
0.4
0.4
0.7
0.7
0.1
0.4
0.4
0.7
0.7

(MPa-m1/2)
8.5
8.5
6.4
6.5
6.0
5.5
52
75
3.1
3.1
28
23

Apparent AKT  Closure

Effect
2.4
2.5
1.3
0.0
0.3
0.0
0.0
3.0
0.1
03
0.0
0.0

Effective AKT
(MPa:m1/2)

6.1
6.0
5.1
6.5
5.7
5.5
5.2
4.6
3.0
2.8
2.8
23

i/2

z

The cryogenic database has grown significantly in the past 20 years, but more so for base
metals than for castings and welds, and more so for 316LN grades than for the 316 or 316L grades.
For all grades of steels, the data spreads arc larger at 4 K because metalturgical and test variables
have a greater effect at cryogenic temperatures, and also because new deformation and fracture

mechanisms emerge at cryogenic temperatures.

Intrinsic Crack Rate Threshold (MPavm)

Figure 11. Intrinsic Fatigue Cracking Rate Thresholds for 316-Type Steels at 4 K.
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compositional variations within the material specifications, Consecquently, heat-to-heat differences
at 4 K owing to chemustry variations allowed in the material specifications can be sizable. Even
among different heats within a single grade, properties at 4 K can vary significantly owing to
chemistry variations within the specified allowable ranges. To increase control and achieve
targetted properties it may be desirable in critical cases to place more stringent requirements on
specifications written for the procurement of crvogenic materials.

13.2 Uncertaintv in Material Behavior

In addition to an cnlarged databasc, understanding of structure-property relationships is
needed to aid material selection and develop reliable test techniques to confirm the propertics of
procured materials,

Table & lists the predictable parameters cited in the text. These cmpirical predictive schemes
have practical value for material sclection and research purposes, but, as stated in most cascs by the
origmators of thesc expressions, predicted values are not intended to be used as substitutes for
empirical measurements. Discrepancies between predictions and rcality are anticipated, and
qualification tests are necessary before procured materials can be placed into service at 4 K.

A task in building superconducting magnets is to ensurc that sufficient toughness is
preserved. Cryogenic strengthening superimposed on welding and thick-section size effects tends
to reduce the fracture toughness of these steels. As strength is increased, less plastic energy tends
to be dissipated in ductile fractures while brittle failure mechanisms such as cleavage or intergranular
fracture become more energetically favorable.

Sensitization is a potential problem for any steel that cxperiences high heat input. Aged
superconductor conduits are a main concern because of the need for superconducrtor reaction heat
treatments, but sensitization can be anticipated in any thick weld or base metal that is heated for
deformation processing. Stainless steels have low thermal conductivity, and heat in thick sections
cannot be dissipated quickly. Precipitation in magnet components causes irreversible damage since
solution treatments to redissolve carbonitrides are not feasible in heavy-section sizes. The
possibility of excessive aging must be anticipated and avoided beforehand.

Major causes of the toughness disparity between base metals and welds have been
identified, but additional clarification is needed on the effects of grain structure, fracture-plane
orientation, segregation, and residual stress cffects, especially in thick sections.

Relatively few fatigue data exist for welds. Experience with other types of austenitic steel
butt welds suggests that fatiguc cracking rates may be critically dependent on crack-plane
orientation relative to microstructure and residual stress [80]. Residual stress is frequently manifest
in the form of high exponents (m > 4) in Eq. (12). Residual strength as well as fatigue crack growth
ratc measurements are desirable, especiaily for SCT tests of conduits where through-the-wall
cracking can cause helium leakage. In the case of nonmatching welds, orientation and residual stress
effects could outweigh other metallurgicai factors.

Table 8. Parameters Predictable from Composition.

For castings: ferritc content FN  {12]

For welds: ferritc content EN  [13, 14]

For wrought steels: Neel temperature TN [15]
Martensite start {cooling) Mg [10]

Martensite start (deformation) Mg [I1]
4-K Yield Strength (3I6LN) YS  [36, 40]
4-K Fracture Toughness (316LN) Kic  [40]
Sensitization time (316LN) t [64]



13.3 Cryogenic Testing and Standards

Unstable plastic flow and heating at extreme cryogenic temperatures has important
implications for test standards and structural design. Above 30 K, the test temperature is
traditionally regarded simply as an environmental parameter that affects material properties. Below
30 K, the material response is strongly affected by the test dynamics as well as the test
temperature. Therefore, some modifications to design approach appear to be justified.

(a) Tensile deformation parameters

Tensile property data in liquid helium (especially UTS and ductility measurements) lack the
customary significance they have at ambient temperatures where the deformation processes are
nearly isothermal and discontinuous yiclding does not occur. The YS is operationally defined as an
engincering measure of initial resistance to plastic deformation. At 295 K where deformation 1s
stable, post-yield deformation requires ever-increasing loads, and ductility therefore constitutes a
margin of insurance against fracture. The same margin of safety does not exist at 4 K, since plastic
deformation becomes unstable.

Owing to discontinuous yiclding, tensile testing in load control and displacement control
produces two different material responses. Since internal heating of identically sized specimens in
the two cases is different, UTS measurements in displacement control are generally not conservative
compared to values acheivable in load control. Displacement control is traditionally used in
laboratory materials tests, whercas load contol best simulates the service environment of many
magnet structures. To simulate the 4-K scrvice environment more precisely, it is more consistent to
evaluate materials using load control.

Another approach is to forego considerations of the post-yield tensile parameters and
concentrate only on the YS. Design stress levels are typically set at 1/2 the YS or 2/3 the UTS as
measured in displacement controlled tests. At 4 K, the conventional Y3 measured at 0.2% offset is
insensitive to specimen size, test speed, and mode-of-loading effects. Therefore it retains its
customary significance as a reliable design parameter for magnet applications. By comparison, DYS
and UTS are sensitive to many test variables; moreover, they are nonconservative, since plastic
instability accompanies or precedes the stress levels they represent based on displacement-
controlled standard tests.

(b) Test Procedure

In any steel susceptible to brittle fracture, the probability of failure increases at low
temperatures and is greater at 4 K than at higher temperatures. Therefore tests at 77 or 295 K can
not be relied upon io detect brittle behavior at 4 K [50, 75]. Tests at the 4-K service temperature
arc needed.

Charpy impact tests are traditionally used to detect transition temperatures in nonaustenitic
steels at temperatures as low as 77 K. The standard technique of ASTM E 23-94 does not work
below 77 K because it specifies no insulation. Also despite the development of improved methods,
impact measurements at 4 K suffer a sensitivity loss owing to extraordinary adiabatic heating [50,
51]. Temperature rises up to 180 K are predicted and measured in stainless steel specimens during
fracture at impact strain rates, and the maximum temperature rise is practically the same for any
initial test temperature below 77 K [50]. Consequently, impact tests may fail to detect certain
embrittlement phenomena that occur only at the most extreme cryogenic temperatures. Although
recent data for alloys including 316-type steels indicate that Charpy impact tests are of limited
value for screening 4-K materials, a full concensus on the limits of Charpy tests as an indicator of 4-
K toughness has not yet been reached. In 316-type steels the principal sources of embrittlement
are cleavage in multiphase materials containing ferrite, and intergranuiar fracture in severely aged



matenials. Further quantitative correlations between Charpy data and K¢ must be developed before
the impact test could be shown to be effective in detecting embrittlement from these sources at 4 K.

14. Summary

The 316-type stainless steels are magnetically, microstructurally, and thermally unstable
during mechanical tests in liquid helium. The mechanical property spreads increase at cryogenic
temperatures, and arc significantly greater at 4 K than at 300 K, for two basic reasons: material and
test vanables gain potency ncar absolute zero, while new deformation and fracture processes arc
activated. Some important trends are briefly summarized as follows:

1) The yicld strength increases exponentially at cryogenic temperatures and is strongly dependent
on C + N content. Strength and toughness arc inversly related at 4 K.

2) The fracture toughness of 316-type steels and welds can be improved by increasing the Ni
content, but many other factors tend to decrease it.  Attractive strength and toughness
combinations can be obtained at 4 K. However, brittle fracture is more possible at high strength
levels and severe embrittlement occurs in aged steels that contain grain boundary precipitates, or
in castings and welds that contain excessive inclusions or nonaustenitic phases.

3) Fatigue resistance is greater at 4 K than at room temperature. Smooth test specimens show
improved life at cryogenic temperatures whereas cracked specimens show no such strength
dependence. The cracking rate da/dN is critical in some applications at 4 K; complete da/dN
curves exist for the base metals, but data for welds and castings are still lacking,
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APPENDIX

DESIGNATIONS FOR CRACK PLANE ORIENTATIONS

L. Base Metal

For unwelded base metals, the fracturc plane orientation is designated using a two-letter
code. The first letter desginates the direction normal to the crack planc. The second denotes the
expected dircction of crack propagation.

For rectangular products (Wrought Plate):

L = Longitudinal or principal forming direction (maximum grain flow)
T = Transvers direction
S = Short transverse direction or third orthogonal direction.

For Cylindrical Products:

L = longitudnal axis
R = radial direction
C = circumferential or tangential direction

[1. Weldments

For weldments, a three letter code is used. The first letter designates the direction normal to
the crack plane, and the second designates the expected direction of crack growth; the third letter is
the crack tip location.

W = the direction of welding,.
T or L is the rolling direction of the plate.

The most commonly tested crack plane orientations are the TW or LW and TS or LS.
Because of material limitations, bend bars are commonly used whereas compact speccimens are
routinely used for base metals.
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