
Weldability of Newly Developed Austenitic 
Alloys for Cryogenic Service: Part 1 — 

Up-to-date Overview of Welding Technology 

Deposited under the right shielding conditions, fully 
austenitic, extra-low-carbon welds displayed excellent 

toughness at 77 K 

BY T. OGAWA AND T. KOSEKI 

Background and Objectives 

In the use of cryogenics, the demand 
for austenitic alloys as structural materials 
has been accelerating considerably, espe
cially with the search for new energy 
sources and the advent of fusion power. 
Since the structural material used in fusion 
power equipment is likely to be in rather 
heavy sections, improving the strength of 
the material is a major concern. It is 
known that the improvement of the 
material strength through the addition of 
nitrogen can be far greater at a cryogenic 
rather than an elevated temperature (Ref. 
1); therefore, the initial approach to 
increase the material strength was pri
marily to add nitrogen of less than 0.15% 
to commercial Type 300 series austenitic 
stainless steel (Refs. 1-3). Lately, howev
er, to meet strong end user requirements 
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for far higher strength than that of cur
rently existing materials, a continuing 
research and development effort aimed 
at dramatically increasing strength 
through the addition of nitrogen in 
amounts close to 0.40% (Refs. 4, 14) is 
being conducted. Enhancement of nitro
gen solubility in austenite can be 
achieved by increasing chromium or 
manganese content to approximately 
25%. The new grades of resulting alloys 
are Steel A (Fe-25Cr-13Ni-0.35N) (Ref. 4) 
and Steel B (Fe-23Mn-13Cr-0.23N) (Ref. 
5), originating from Steel C (Fe-25Mn-5Cr) 
(Ref. 6 ) -Tab le 1. 

According to earlier literature (Refs. 7, 
8) and a very recent review article (Ref. 
9), the strength and toughness for con
ventional Fe-Ni-Cr alloys are following 
the trend depicted in Fig. 1. Suggested 
design specifications for a future fusion 
facility in Japan (Ref. 10) reflect this trend. 
Some data for the weldments plotted in 
Fig. 1 exhibit somewhat different and 
inferior behavior compared to the base 
metal (Refs. 11-13). 

Generally, the strength of these welds 
exceeds that of the corresponding base 
metal at cryogenic, as well as elevated, 
temperature, but toughness is usually sig

nificantly lower (Refs. 13-15, 26). There 
are several factors affecting the strength 
and toughness difference of the welds, in 
relationship with the base metal (Refs. 1, 
16-20, 37). Some of those factors that 
influence the relationship are precipitates 
such as carbides, nitrides and intermetallic 
compounds, and delta-ferrite and oxide 
inclusions, ln addition, nitrogen itself sig
nificantly decreases the toughness of 
these welds (Ref. 38), while effectively 
increasing the yield strength. In this 
inverse relationship of strength and 
toughness, it is quite important to decide 
the optimum nitrogen content for the 
weld metal. 

Figure 2 plots the 0.2% yield strength 
of the weld metal versus the nitrogen 
content in austenitic stainless steel welds, 
along with that of the corresponding 
base metals. In fact, the 0.2% yield 
strength of the weld metals bearing 0.20 
to 0.40?^ nitrogen at 77 K exhibited a 
higher value (by 60 to 150 MPa/8.7 to 
21.7 ksi) than that of the base metal. 
Figure 3 shows the tendency for tough
ness degradation as the nitrogen content 
increases in austenitic stainless steel weld 
metal. Impact toughness of the weld 
metal at 77 K decreased rapidly with 

Table 1—Several Classes of Newly Developed Austenitic Fe-Ni-Cr, Fe-Mn-Cr and Fe-Mn 
Alloys 

Fe-Cr-Ni 0.02 
0.02 

N 

0.35 
0.15 

Nominal Composition 
Cr Ni 
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14 
14 

Mo 
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Mn 

4 
2 

Note 

Steel A 

Fe-Mn-Cr 

Fe-Mn 

0.05 
0.05 
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Fig. 2 — Effect of nitrogen content of weld metal on yield strength at 77 K. A, 
AF and FA modes mean fully austenitic, primary austenite plus eutectic 
ferrite and primary ferrite, respectively 

ni t rogen conten t , e.g., 50 ~ 90 J 
(37 -v, 66 ft-lb) at 0.20 N to 20 ~ 40 j 
(15 -v 30 ft-lb) at 0.35 N. Rather higher 
impact toughness was ob ta ined w h e n 
the we ld metal solidified as pr imary aus
tenitic phase (A mode) , resulting in fully 
austenitic microstructure o f austenite-
eutect ic ferr i te mixture at ambient t em
perature, wh i ch wil l be descr ibed in detail 
later in this repor t . 

Judging f r o m these results, a restr icted 
ni t rogen content o f 0.20 to 0.25% in the 
w e l d metal , somewhat lower than the 
base metal con ten t , is cons idered to b e 
reasonable and is r e c o m m e n d e d to 
achieve the strength and toughness c o m 
binat ion target o f approximate ly 1000 
MPa (145 ksi) and 50 J (37 ft-lb) value fo r 
77 K cryogenic temperature. Also, in 
o rder to enhance the w e l d metal tough

ness even m o r e , those factors that are 
metallurgically detr imental t o imp roved 
toughness should be ident i f ied and 
addressed. Particularly, the carbon c o n 
tent o f h igh-ni t rogen-bear ing austenitic 
stainless steel w e l d metal should be l o w 
ered to prevent carbide precipi tat ion and 
the resulting decrease in toughness —Fig. 
4 (Ref. 37). 

This repor t is concerned primarily w i t h 
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Fig. 3 - Effect of nitrogen content of weld metal on impact toughness at 
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F/g. 6 — Fracture surfaces of the deposited weld metals that were Charpy impact tested at 77 K. 
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shielding, GMAW, as welded; D-U3, Ar + 15 C02 shielding, GMAW, as welded 

the fundamental clarification of several 
factors affecting the toughness and 
cracking resistance of the weldments, as 
related to the following items: 

1) Influence of shielding gases, carbon 
and oxygen content, carbides and inclu
sions on toughness, as a result of differ
ent welding processes. 

2) Effects of carbides and delta-ferrite 
(rj-ferrite) on toughness degradation by 
stress relief heat treatment after weld
ing. 

3) Effects of phosphorus, sulfur, sili
con, molybdenum and chromium on 
solidification and reheated weld metal 
cracking. 

4) Confirmation of pronounced segre
gation of deleterious elements promoting 
cracks at fracture surfaces, and the 
marked improvement in hot cracking 
resistance through the reduction of these 
elements. 

5) Review of research activities and 
actual fabrication procedures relating to 
welding technology in the usage of newly 
developed alloys in Japan. 

Toughness at Cryogenic 
Temperature 

Effects of Shielding Gases, Carbon and 
Oxygen Contents, Carbides and Inclusions 
on Toughness 

It is important to clarify the effects of 
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several factors that lead to a substantial 
reduction in toughness in weldments. 
Figure 5 shows the results of a Charpy 
impact test at 77 K on weld metal depos
ited with the GMAW process, using Ar/ 
15CC>2 and Ar/2C>2 shielding gases, both 
before and after stress relief heat treat
ment (SRT: a holding time of 2 h at 850°C 
(1562°F), cooled down at a rate of 55°C/ 
h (99°F/h) to 300°C (572°F) and then 
furnace-cooled). The chemical composi
tions of the filler metals used and the 
fracture surfaces of the specimen tested 
are shown in Table 2 and Fig. 6, respec
tively. Some of the filler metals are char
acterized by extra-low-carbon contents, 
and SRT reduced the effects of carbides 
and intermetallic compounds on weld 
metal toughness. Filler metal U3, which 
was fully austenitic and had extra-low-
carbon content, produced deposits that 
displayed impact toughness increases of 
20 to 30 J (15 to 22 ft-lb), both before and 

after SRT, when the shielding gas was 
changed from Ar /15C0 2 to A r / 20 2 . 
With the GTAW process using pure 
argon shielding gas, the impact toughness 
was further improved to excellent values 
of 140 and 150 J (103 and 111 ft-lb), and a 
degradation in toughness resulting from 
SRT (hereinafter referred to as SR 
embrittlement) was hardly observed. In 
the case of fully austenitic filler metal 
NCMY, which had a relatively high-
carbon content, the toughness of the 
deposited metal in the as-welded condi
tion hardly changed, even when the 
shielding gas with the GMAW process 
changed from Ar /15C0 2 to A r / 2 0 2 , but 
it was substantially improved with the 
GTAW process. However, extensive SR 
embrittlement occurred. 

When the shielding gas was altered 
from pure argon gas to an atmosphere 
containing some amount of oxidizing gas, 
using filler metal U3, the impact tough

ness at 77 K decreased to almost half, 
even in the as-welded condition. This is 
considered to be primarily due to an 
increase in oxygen content in the depos
ited metal, and partly to carbon pickup 
from the shielding gas. In fact, the oxygen 
content, which was originally less than 
0.01%, increased markedly to approxi
mately 0.04 to 0.07% when the GMAW 
process was used with A r / 2 0 2 and Ar/ 
15C02 shielding gases, as illustrated in 
Fig. 7. Ordinarily, the oxygen in deposited 
metals can exist as various kinds of oxide 
inclusions. Table 3 presents the distribu
tions according to size and number of 
inclusions in the IB-deposited metals. 
The number of inclusions with diameters 
between 0.5 and 1.0 nm in deposited 
weld metal using A r / 2 0 2 and Ar /15C0 2 

shielding gases is approximately three to 
ten times, respectively, as that in pure 
argon gas. There is no significant differ
ence in the number of inclusions of 5.0 

Table 2—Chemical Compositions of the Welding Filler Metals (wt-%) 

1.2 mm'3', 1.6 mm<b> 

U l 

U2 

U3 

U4 

C 

(a) 0.0097 
(b) (0.0078) 
(a) 0.0105 
(b) (0.0082) 
(a) 0.0100 
(b) (0.0078) 
(a) 0.0083 
(b) (0.0063) 

Si 

0.20 

0.18 

0.18 

0.11 

Mn 

7.61 

7.48 

2.86 

2.91 

P 

0.011 

0.011 

0.011 

0.011 

s 
0.005 

0.004 

0.007 

0.006 

Cr 

18.58 

17.97 

16.51 

16.42 

Ni 

12.01 

11.85 

12.85 

12.93 

Mo 

1.00 

1.02 

0.98 

1.02 

Nb 

0.11 

" 
0.11 

N 

0.0430 

0.0575 

0.0435 

0.1240 

O 

0.0089 

0.0088 

0.0092 

0.0084 

Note 

plasma arc 

melt 

extra-low C 

Y310 
NCMY 
Y309 

0.0620 
0.0940 
0.0500 

0.40 
0.34 
0.42 

1.71 
8.06 
1.65 

0.022 
0.018 
0.023 

0.011 
0.012 
0.012 

27.07 
19.03 
23.08 

20.19 
12.01 
13.06 

-
0.88 
0.09 

0.02 

-
— 

0.0570 
0.0460 
0.0490 

0.0224 
0.0246 
0.0194 

commercial 
grades 

(a) 1.2-mm diameter for G M A W . 
(b) 1.6-mm diameter for CTAW. 
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Table 3—Influence of Shielding Gases on Inclusions in the Deposited Weld 
Metal from U3 Filler Metal 

(number/4.37 X 10 - 2 mm2 

Size 
M 

0.5 ~ less 
than 1.0 

1 . 0 - 5.0 

more than 
5.0 

range 
average 

range 
average 

range 
average 

GTAW|a> 

Ar 

1 ~ 100 
38.5 

1 - 8 
3.4 

0 - 3 
0.9 

A r / 2 0 2 

39 ~ 246 
118.9 

1 - 12 
4.0 

0 - 4 
0.5 

GMAW<b> 

Ar /15C0 2 

178 - 530 
360 

4 — 18 
10.6 

0 - 2 
0.9 

(a) C T A W - 2 0 0 A, 30 cm/min , 1.6-mm diameter electrode. 
(b) G M A W — 1 2 0 A, 20 V, 45 cm/m in , 1.2-mm diameter electrode, as polished, average on 15 spots by 
microscope at 400X. 
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Fig. 8B —Effects of different welding processes on the frac
ture behavior of J-Aa curves for 25Mn alloy (Steel C) weld 
metal 

nm or greater in size. Almost all these 
inclusions were spherical and were found 
to be Si and Mn oxides (Ref. 16). 

In general, oxide inclusions can detri
mentally decrease impact toughness at 
cryogenic temperatures —a characteristic 
associated with the occurrence of voids 
around them, their growth to micro
cracks and their propagation in low-
temperature ductile fracture (Ref. 21). 
The fracture surface on Charpy impact 
test specimens of fully austenitic deposit
ed metals tested at 77 K exhibited a 
typical ductile fracture. Therefore, the 
difference in the distribution of inclusions, 
indicated in Table 3, should be reflected 
in the formation of fracture surfaces. 
When the oxidizing influence of shielding 
gas on welding increased, that is, when 
the number of oxide inclusions in the 
deposited metal increased, dimples in the 
fracture surface became small, numerous 
and complex, as confirmed in Fig. 6. This 
correlates fully with a decrease in impact 
toughness. 

Toughness Degradation Due to Precipitation 
from Stress Relief Heat Treatment 

For the deposit from filler metal U2, 

which contained a small amount of 5-
ferrite, the toughness was lowest in the 
as-welded condition when Ar /15C0 2 

shielding gas was utilized with the 
GMAW process. It improved slightly as 
the shielding gas was altered to A r /20 2 . 
Using the GTAW process with pure 
argon shielding gas, the impact toughness 
was further improved to 90 to 100 ) (66 
to 74 ft-lb). After SRT, however, impact 
toughness deteriorated the most with 
GTAW, decreasing to below 10 ) (7 ft-lb). 
With the deposit from filler metal Y309, 
which contained approximately 11% 5-
ferrite, the tendency toward stress relief 
embrittlement was very high with all of 
the shielding gases, as was the case with 
the U2 filler metal and the GTAW pro
cess. 

When the deposited weld metal is of a 
dual structure containing 5-ferrite, the 
toughness in the as-welded condition is 
still lower than in the case of a fully 
austenitic structure, even though pure 
argon shielding gas is employed. It is 
obvious that 5-ferrite is one of the crucial 
causes for the decrease in toughness. 
Stress relief embrittlement was found to 
be very minimal in fully austenitic depos

its made with extra-low-carbon filler met
als U3 and U4. Accordingly, precipitation 
of carbides is considered the main cause 
of stress relief embrittlement in a fully 
austenitic structure. Severe stress relief 
embrittlement at 77 K occurred in dual-
phase weld metal containing S-ferrite. 
Large amounts of 5-ferrite-like precipi
tates were observed in the microstruc
tures of the deposits made from filler 
metal Y309 after SRT (Ref. 16). As was 
validated from a measurement of the 
5-ferrite content, the amount of 5-ferrite 
decreased markedly after SRT. A value of 
11% 5-ferrite in the Y309-deposited weld 
metal changed to 0.3% 5-ferrite — Table 
4. 

Dendritic cellular structures are clearly 
observed on the fracture surface of 
deposits made from filler metal U2 after 
SRT —Fig. 6. It, therefore, appears likely 
that such embrittling precipitates existed 
at these cellular structures, and thus 
cleavage-type brittle fracture occurred 
along these structures on Charpy impact 
testing. From the degree of the reduction 
in impact toughness, which is presumably 
due to carbide precipitation, in the 
deposits made from fully austenitic filler 
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Table 4—Delta Ferrite Content(a) of the Deposited Weld Metal from the Welding Filler Metal 
in Table 2 

Table 5—Fracture Toughness of 25Mn Alloy 
(Steel C) Weldments at 4 K 

U1 
U2 
U3 
Y-309 

Ar 
As-Welded 

6.5 
4.5 
0 

11.2 

CTAW) 
After SRT<b> 

0 
0 
0 
0.3 

Ar + 
As-Wel 

4.5 
0.3 
0 
9.7 

Ar + 202 (GMAW) Ar + 15C02 (GMAW) 
After SRT As-Welded After SRT 

0 
0 
0 
0.6 

0.4 
0.1 
0 

(a) The values were measured by ferrite scope. 
(b) SRT-stress relief heat treatment. 

metal NCMY, the main cause of particu
larly severe stress relief embrittlement of 
the dual-phase deposited weld metals 
(Y309 and U2) is judged to be sigma-
phase precipitates (Refs. 22-24). 

The reason the toughness of the 
deposits made from filler metal U2 by 
GMAW after SRT was better than that of 
the deposited metal made by GTAW is 
that a small increase in the amount of 
solute carbon, being an austenite stabiliz
er, rendered the 5-ferrite phase in the 
deposited weld metal unstable, resulting 
in the fully austenitic phase. 

Variations in Toughness Depending on 
Welding Process 

Figure 8A shows Charpy impact test 
results for the weldments from fully aus
tenitic 25Mn alloy, Steel C, which were 
welded with the GTAW, SMAW and 
SAW processes. The weld metal made by 
GTAW exhibits excellent impact tough
ness, almost equal to that of the base 
metal, while those made by SMAW and 
SAW show about one-half of that by 
GTAW. 

These test results were definitely 
reconfirmed through fracture toughness 
testings at 4 K, as indicated in Table 5 and 
Fig. 8B (Ref. 25). According to the analyt
ical investigations of J-integral versus 
crack extension Aa, which revealed the 
resistance to crack initiation and ductile 
tearing, the variations in fracture behav
iors at cryogenic temperature resulting 
from different welding processes were 
clearly visualized. The investigations sug
gested some crucial causes of these vari
ations, including the distribution of inclu-

Type 

GTAW 
SMAW 
SMAW 
SMAW 
SMAW 
SAW 
SAW 

Crack 
Position 

weld metal 
weld metal 
weld metal 
weld metal 
weld metal 
weld metal 
weld metal 

sions. In fact, Table 6 presents the differ
ences in the number of inclusions in the 
weld metals deposited by GTAW, 
SMAW and SAW processes. There are 
far more smaller spherical inclusions, less 
than 1.0 pm in diameter, in the weld 
metal deposited by the SMAW and SAW 
processes, than that deposited by the 
GTAW process. The number of inclu
sions in the SMA weld metal is approxi
mately ten times that of GTA welds. As a 
result, the decrease of impact and frac
ture toughness in the weld metal depos
ited by the SMAW and SAW processes 
can mostly be attributed to these numer
ous, finely dispersed, oxide inclusions. 
Figure 9 depicts the fracture surfaces of 
the GTA and SMA weld metal after 
impact testings. There are many relatively 
small dimples, most of which surround 
small spherical oxide inclusions, as seen in 
Fig. 6. Definite differences in the size and 
number of these dimples can be recog-

Base metal 

Jlc 

KJ/m2 

258 
221 
232 
122 
116 
150 
128 
280 

Kic(J) 
MPaVm 

230 
213 
218 
160 
156 
176 
162 
242 

nized when comparing the welding pro
cesses. 

Hot Cracking Resistance in the Weldments 

It is quite well-known that 5-ferrite, 
silicon and impurities, such as phosphorus 
and sulfur, greatly affect the hot cracking 
susceptibility of austenitic stainless steel 
weld metal (Ref. 27). This situation is 
almost the same in high-nitrogen-bearing 
austenitic stainless steels and high-manga
nese austenitic steels. Figure 10 illustrates 
the influences of phosphorus, sulfur and 
silicon on the solidification weld cracking 
of 25Mn alloy (Steel C), tested by the 
Varestraint test. Each element exhibited 
detrimental effects on the resistance to 
hot cracking. Particularly with a phospho
rus content above 0.032%, the total 
crack length in the weld metal increases 
conspicuously, as compared to that of 

Table 6—Number of Inclusions in 
Processes 

Size of 
Inclusions 

M 
0.5 - less 

than 1.0 

1.0 - 5.0 

more than 5.0 

range 
average 

range 
average 

range 
average 

25Mn Alloy Weld 

GTAW 

25 - 87 
53.3 

0 - 6 
2.1 

0 - 1 
0.3 

Metals Made by Different Welding 

(number/4.7 X 10" 
SMAW 

215 - 637 
402.7 

2 - 3 0 
10.1 

0 - 3 
0.3 

"2 mm2) 
SAW'0' 

207 - 317 
275.6 

1 - 8 
4.1 

0 - 2 
0.2 

(a) G T A W - A r shielding gas. 
(b) SMAW- l ime -coa ted . 
(c) SAW - CaFg-SiCVCaO flux, as polished, average on 10 spots by microscope at 400 magnification. 

Fig. 9 - Different appearances on the fracture surfaces of GTAW and SMA W weld metals for 25Mn alloy (Steel C). A-4 K, SMA W; B-77 K, SMA W; 
C-77K, GTAW 
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Type 310S, a fully austenitic weld metal. 
In Fig. 11 A, sulfur and silicon segregations 
at the crack fracture surface of the solid
ification grain boundary of 25Mn alloy 
(Steel C) were ascertained by AES analy
sis, as was the austenitic stainless steel 
weld in Fig. 11B (Ref. 28). Hot cracks in 
butt joint welds made with the GTAW 
process, using a filler metal containing 
0.034P, were typical solidification cracks 
in the grain boundary (Ref. 26). Figure 12 
gives the effect of 5-ferrite on hot crack
ing of nitrogen-bearing 23Mn alloy (Steel 
B) showing it to be beneficial in curbing 
weld cracking, as is the case with conven
tional stainless steels. Figure 13 shows the 
effects of chromium, nickel and molyb
denum on the hot cracking propensity of 
25Mn alloy (Steel C). 

In order to examine the resistance to 
cracking in the reheated weld metal, the 
double-bead Varestraint test (Ref. 29) 
was performed. This test simulates the 
hot cracking tendency of weld joints in 
which the weld metal is reheated, such as 
in repair welding or multipass welding. 
The test results are illustrated in Fig. 14. 
High-Mn alloy welds show excellent resis
tance to cracking in the reheated weld 
metals, as is the case with the common 
Type 300 series. The situation is quite 
different from Type 310 Nb and 36Ni-Fe 
alloy welds. 

Some Aspects of Welding Research on a 
Newly Developed Material in Japan 

Nitrogen-added conventional Type 
304LN and 316LN austenitic stainless 
steels have been the most common 
structural materials used for various cryo
genic pressure tanks, superconducting 
magnet cases and supporting vessels of 
superconducting generators. In recent 
years, however, as already listed in Table 
1, several classes of newly developed 
Fe-Ni-Cr, Fe-Mn-Cr, and Fe-Mn alloys 
have become available for cryogenic or 
non-magnetic usages in Japan (Ref. 30). 

Fig. 11 — Significant segregations of S, P and Si by Auger electron 
spectroscopy on solidification cracking grain boundaries of—A and 
B — 25Mn alloy (Steel C) and — C — high-Si-containing, fully austenitic 
weld metal (0.05C-0.6Mn-2Si-0.025P-0.005S-17Ni-23Cr) 
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Fig. 14- Hot cracking in the reheated weld metal of various kinds of fully austenitic materials in the double-bead Varestraint testing 
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of 25Mn alloy (Steel C) in the fabrication of the experimental MHD generator units. Photos courtesy of Toshiba 

So far, most of these new alloys have 
been used only as high-strength and non
magnetic structural materials at ambient 
temperature, but their final research and 
development activities are targeted for 
cryogenic service. Examples of the new 
alloys are Fe-14Mn-0.6C and Fe-18Mn-
0.6C steels for 5.7-m (18.7-ft) diameter 
coil cases for the jT (Japanese Atomic 
Energy Research Institute, Tokamaku) 60 
fusion reactor (Ref. 31); Steel A for 4.4-m 
(14.4-ft) diameter vacuum torus cham
bers on the experimental fusion reactor, 
Heriotron E (Ref. 32), at Kyoto University; 
Steel C for the supporting outer frames 
of the 2.3-m (7.5-ft) diameter magneto-
hydrodynamics generator at Tokyo Insti
tute of Technology (Ref. 33), as shown in 
Fig. 15; and for the room-building 
materials for nuclear magnetic resonance 
used for medical diagnosis at a hospital in 
northern Japan. 

For fabricating these facilities, SMAW, 
GMAW and electron beam (EB) welding 
processes were employed successfully, 
particularly EB welding of a heavy section 
of 160-mm (6.3-in.) thick plate for the 
JT60, and 33-mm (1.3-in.) thick plate for 
the Heriotron E. Porosity, voids and hot 
cracking could be avoided by choosing a 
good combination of bead width and 
penetration with optimum welding 
parameters (Ref. 34). Bead defects 
caused by electron beam deflection 
could be limited by adopting proper 
procedures for demagnetization of the 

materials welded. With SMAW and 
FCAW processes, there is a continuing 
effort to find some remedy for the poor 
detachability of slag inside the groove on 
multipass welding. In addition, the fabri
cation of future facilities will demand 
welding efficiency for heavy section 
plates. This demand will encourage an 
intense research and development effort 
for techniques in the narrow gap GTAW 
and GMAW processes. 

Referring to the fabrication of the JAERI 
coil for LCT (Large Coil Task) (Ref. 35), the 
following predictive regression analysis 
equation for impact toughness of Type 
308 and 316 austenitic weld metals at 4 K 
(Ref. 36) has been proposed. The equa
tion was based on extensive and specula
tive investigations regarding the quantita
tive relation between experimental 
toughness data and metallurgical factors, 
such as ferrite number and carbon and 
oxygen contents. The equation is: 

vE[J] = 90.6 - 4.56 (ferrite number) 
- 44.2(%C) - 824(%0), where 

vE[J] = Charpy impact toughness at 4 K 
These metallurigcal factors closely relate 
to the precipitation of carbides and inter
metallic compounds, and to oxide inclu
sions in the weld metal, as already stated 
in an earlier portion of this report. 

Conclusions 

Metallurgical factors and phenomena 
affecting toughness degradation at cryo
genic temperature and hot cracking pro

pensity are summarized as follows; 
1) Fully austenitic, extra-low-carbon-

deposited weld metal shows excellent 
toughness at 77 K when welding is con
ducted under shielding gas conditions 
that do not permit an increase in inclu
sions. 

2) Even with an extra-low-carbon filler 
metal, the carbon content of the deposit
ed weld metal increases to approximately 
0.05% when welding with an Ar /15C0 2 

shielding gas, and because of the carbide 
precipitates after stress relief heat treat
ment (SRT), weld metal toughness at 77 K 
decreases, even with a fully austenitic 
structure. 

3) If SRT is performed after welding, 
the deposited weld metal containing 
more than approximately 4% 5-ferrite 
exhibits particularly severe embrittlement 
at 77 K, due to its transformation to sigma 
phase, regardless of carbon content. 

4) With the GMAW (Ar /15C0 2 shield
ing gas), SMAW and SAW processes, the 
number of small inclusions of 0.5 /im to 
less than 1.0 nm in the weld metal 
becomes very numerous. These inclu
sions promote void generation and crack 
propagation, thus substantially deteriorat
ing the toughness at 77 K and 4 K. 

5) Sulfur, phosphorus and silicon 
decrease hot-cracking resistance in fully 
austenitic weld metal. Segregation of 
these elements to the solidification grain 
boundaries was confirmed by AES exam
ination. 
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