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Abstract. The tensile properties and fracture toughness of type 304L, 316L and 316LN austenitic
stainless steels and their weldments at cryogenic temperatures have been summarized in the
literature. Rolled plates showed a trade-off relationship between 0.2% proof stress and plane-
strain fracture toughness with those at 4.2 K. The 0.2% proof stress increases with increasing
C+N content, and the fracture toughness depends on their austenite stability to o’-martensitic
transformation at the crack tip. The formation of shear bands at low strains is directly related to
fracture toughness. The stacking fault energy represents the shear-band formation as well as slip
deformation manner, so alloy design with higher Ni, Mn, and Mo contents in the chemical
composition range of 316LN would be desirable to improve fracture toughness due to higher
stacking fault energy.

1. Introduction

The austenitic stainless steels, such as type 304L (18Cr-9Ni, in mass%) and 316L (16Cr-10Ni-2Mo),
have been widely used in cryogenic applications, especially below 20 K. However, their strength is not
sufficient for superconducting applications, such as magnets for fusion reactors and accelerators.
Therefore, type 316LN (17Cr-11Ni-2Mo-0.2N) nitrogen-strengthened austenitic stainless steel is
commonly used due to its high strength and toughness, and excellent weldability [1]. In addition,
increasing the nitrogen content improves austenite phase stability to o’-martensitic transformation and
corrosion resistance [2,3]. The 0.2% proof stress at 4.2 K is generally proportional to the nitrogen (plus
carbon) content in the composition range of 316LN, and thick plates with 0.2% proof stresses of
1000 MPa or higher have been produced [4]. Thus, type 316LN steel provides an excellent balance of
mechanical properties such as strength and toughness, corrosion resistance, and weldability, making it
a key structural material for cryogenic applications.

However, as shown by the NIST trend line [5], there is a trade-off relationship where an increase in
0.2% proof stress results in a decrease in fracture toughness. This relationship also applies to welds.
Since most superconducting devices are fabricated by welding materials together, it is important to
understand the weldability and mechanical properties of welded joints. This reference (NIST trend line,
JAERI box [6,7] as a development target) can serve as a useful decision-making tool during initial
mechanical design as well as for further alloy development. In recent years, the more ideal type 316LN
steel has been developed using these references. This report summarizes the previously reported data
for type 304L, 316L, 316LN and their weldments, focusing on tensile properties and fracture toughness,
including the trade-off relationship, and presents the development policy for new cryogenic materials.
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2. Materials and Test Procedures

The reference data in this report are those reported for type 304L [8-13], 316L [8,9,14,15], and 316LN
[13,15-26] base materials and for weldments using type 304L [9,16,27-30], 316L [9,16,27-29,31], and
316LN [16,32,33] base materials for tensile properties, fracture toughness, or both at cryogenic
temperatures. The base materials have a low carbon content (approximately 0.05 mass%) to suppress
intergranular precipitation of chromium carbides and to ensure strength and toughness at low
temperatures. The base materials are melted to a specified chemical composition, hot rolled or forged,
solution heat treated at approximately 1323 K, and water quenched. Welding methods include gas
tungsten arc welding (GTAW), which does not melt the electrode; shielded metal arc (SMA) welding,
submerged arc welding (SAW), metal inert gas (MIG), and metal active gas (MAG), which melt the
electrode; and laser beam welding (LBW) and electron beam welding (EBW), which use a high-power
beam. The electrode or filler metal is similar in composition to the base materials, such as E316, 316,
308 and 304.

Tensile test data were obtained by immersion in liquid helium (4.2 K), liquid hydrogen (20 K), and
liquid nitrogen (77 K), as well as data obtained in the ambient air (approximately 300 K). Fracture
toughness tests were also performed by immersion in liquid helium. The fracture toughness evaluation
method confirms to ASTM E1820. J-integral values are converted to plane-strain fracture toughness
values as Kic(J). For a rigorous comparison, parameters such as material manufacturing and test methods
should be standardized, but in the interest of summarizing current data, some variation in these
parameters is included.

Hot cracking is a problem in the welding of austenitic stainless steels [34]. Suutala and DeLong’s
diagrams have been used to evaluate weldability [34,35]. The Suutala diagram predicts the weld
susceptibility to solidification cracking by plotting the Ni and Cr equivalents (Vi eq. and Cr eq.)
calculated from the chemical composition for the 304L, 316L, 316LN steels and their weldments as
shown in figure 1. The plots of 316LN base materials were labeled as from “a” to “w”, because some of
them showed a good balance of high strength and high toughness. Most of the data is in the zone where
solidification cracking is unlikely to occur. Low levels of impurities such as phosphorus, P, and sulfur,
S, would be favorable. On the other hand, the DeLong’s diagram can predict the ferrite content (%) or
ferrite number (FN) by plotting the Ni eq. and Cr eq. as shown in figure 2 [34]. Many of the plots for
the 316LN base materials are O ferrite due to the stable austenitic phase. Particularly in the case of
weldments, it can be seen that the data is distributed from 0 FN to approximately 12 FN. In general, a
ferrite content of about 5 to 10% is effective for a good weld, so these data generally indicate good
weldability.

3. Data Analysis

For tensile properties and fracture toughness, the results are summarized in terms of temperature
dependence at first. Then, the results are presented in terms of C+N content, which affects strength.
Finally, the relationship between 0.2% proof stress and fracture toughness is discussed.

Figure 3 shows the tensile properties (0.2% proof stress: co.2, ultimate tensile strength: og, elongation:
EL, reduction of area: RA) plotted against the test temperature on the horizontal axis. For the base
material 316LN, the increase in o is more significant at lower temperatures, whereas for the oy, of the
304L, it tends to remain almost the same level at different temperatures, indicating that the solid solution
strengthening by nitrogen has a significant effect on the co,. op also increases at lower temperatures,
but there is little difference between the steel types (304L, 316L and 316LN). 602 and op trends were
generally similar for both base materials and weldments. Although EL and RA tend to decrease at lower
temperatures, the RA of weldment at 20 K is lower than that at 4.2 K, as shown in figure 3(h). This may
be due to a higher susceptibility to hydrogen embrittlement in ferrite-containing weldments. EL and RA
are generally lower for weldments than for base materials due to the hardening of the material caused
by the heat input during welding. Weldments have a greater variation, even for the same type. It has
been suggested that EL and RA are influenced by the slight difference in the chemical composition of
the weld metal, welding method and welding conditions.
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Figure 1. Suutala diagram showing the data of type 304L, 316L, and 316LN steels and their
weldments. Each plot of Type 316LN is labeled as a [13], b [15], ¢ [16], d-1 [17], m [18], n [19] 0 [20],
p [21], q,r [22], s [23], t,u [24], v [25], and w [26], respectively.
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Figure 2. DeLong’s diagram plotting data of type 304L, 316L, and 316LN steels and their weldments.
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Figure 3. Tensile properties of type 304L, 316L, and 316LN steels and their weldment at cryogenic
temperatures: (a), (b) 0.2% proof stress, 6o, (¢), (d) ultimate tensile strength, o8, (e), (f) elongation,
EL, and (g), (h) reduction of area, RA.
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Figure 4. Relationship between C+N content and strength (co» and o) at 4.2 K for type 304L, 316L,
and 316LN steels and their weldments.

£ 600 _ .
& A 00:304L m:304L Weld
S 500l A:316L A 316L Weld
= A i O:316LN @: 316LN Weld
D
G 400]
X
) /\
@ 300 O - u
= s
:05) 200} A )A A = tO
3 42K O
= 0 0.05 0.10 0.15 0.20 0.25

C+N content (mass%)

Figure 5. Relationship between C+N content and fracture toughness, Kic(J), at 4.2 K for type 304L,
316L, and 316LN steels and their weldments.
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Figure 6. Relationship between Kic(J) and oo of type 304L, 316L, and 316LN steels and their
weldments at 4.2 K.

Figure 4 shows a plot of C+N content on the horizontal axis and 6o, and og on the vertical axis at
4.2 K. To check if there is a correlation between them and the C+N content, the approximate equations
were added to figure 4 and the R* of each was evaluated. Figure 5 shows a plot of C+N content on the
horizontal axis and Kic(J) on the vertical axis at 4.2 K.

At 4.2 K, 00, increases significantly with C+N content, especially the correlation between the 6o, of
the base material and C+N content is good as R* = 0.90. The increment of 6o, of the weldments are
larger than that of the base materials. On the other hand, the correlation between og and C+N content is
very low, with R* around 0.005. The weldments tend to have higher 6, and lower og compared to the
base materials due to the hardening by welding. Kic(J) at 4.2 K tends to decrease slightly with increasing
C+N content, but they have a large variation. The Kic(J) for welding is low regardless of the steel type.

Figure 6 shows the relationship between 6o, and Kic(J) with the NIST trend line. Type 316LN has
increased the nitrogen content of 316L to achieve higher oo, but the fracture toughness decreases
accordingly. A trade-off between the two was also observed in this report. However, many of the plots
are on the high strength/high fracture toughness side of the NIST trend line because of the relatively
high fracture toughness data included in this report. In addition, the weld plots are lower than the NIST
trend line.

The fracture toughness of 316LN steel at 4.2 K depends on its phase stability to the a’-martensitic
formation, which is characterized by the Mdsy index. The Mds is the temperature (K) at which 50%
volume of the austenite matrix transforms to martensite under a true strain of 0.30 in tension for single
phase austenitic steels [36]. The Mdso of the 316LN plates correlated well with their respective fracture
toughness values, with a higher Mdso indicating lower fracture toughness [23]. Then, the fracture
toughness at 4.2 K and martensitic transformation at the crack tip were evaluated for ITER grade 316LN
thick plates with a relatively high co2 of approximately 1080 MPa [24]. The formation of shear bands
at low strains was directly related to fracture toughness. The stacking fault energy represents the shear-
band formation as well as slip deformation manner at the crack tip. An alloy design with a higher content
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of Ni, Mn and Mo in its chemical composition would be favorable for 316LN steel to provide higher
fracture toughness due to higher stacking fault energy. Data with high Ni-eq and Cr-eq, e.g., |, m, 1, s,
and u, shown in figure 2 appears high strength and high toughness. It is effective to improve the fracture
toughness of 316LN steel with high C+N content to develop a material with a good balance between
strength and toughness.

4. Conclusions

The tensile properties and fracture toughness of austenitic stainless steels, such as type 304L, 316L, and
316LN, and their weldments in the literature have been summarized and reviewed in relation to test
temperature and C+N content. 316LN steel showed a good balance of high strength and high toughness
at 4.2 K due to nitrogen solid solution strengthening. Especially for the base material, oo, increases
significantly with C+N content. However, the alloy design with higher Ni, Mn, and Mo contents in the
chemical composition range of 316LN would be desirable to improve fracture toughness as it decreases
with increasing strength.
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