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ABSTRACT

Tensile properties of 304L and 3108 stainless steel were investi-
gated in liquid helium with unnotched and notched specimens. The yield
strength for 3108 stainless steel was nearly twice that for 3041, stain-
less steel. The ultimate tensile strength for 310S was about 80 per-
cent of that for 304L stainless steel in the unnotched condition.
Tensile strengths of notched unwelded and welded specimens for 3108

stainless steel were significantly higher than those of 304I stainless
steel.
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SUMMARY

Tensile properties of 304L and SlOS stainless steel were investi-
gated in liquid helium at -452° F (~269° €). Sheet specimens of both
alloys were tested with loading applied either parallel or transverse
to the sheet rolling direction using both unnotched and notched speci-
mens. Notched specimens were tested in the unwelded and welded condi-
tion. Limited data were also obtained at -456° F (-271° ¢) with un-
notched specimens only and no significant differences in tensile be~
havior Were observed with either material compared to those observed
at -452° F (-269° C).

In all cases the unnotched tensile strengths for both alloys were
higher than their notched tensile strengths. The yield strength for
3108 stainless steel was nearly twice that for 304L stainless steel.
However, the ultimate tensile strength for 3108 was about 80 percent of
that of 304L stainless in the unnotched condition. In tests with 3=
inch wide center notched specimens, the average tensile strength of 3108
stainless steel was higher than that of 3041 stainless steel for both un-
welded and welded specimens by as much as 41 000 psi (280 MN/sq m). For
3041 stainless steel the average notch-in-weld (without backing strip)
tensile strength was 9000 psi (60 MN/sq m) less than that for notched un-
welded specimens. For 3108 stainless steel there was no significant
difference in tensile strength between notch-in-weld (without backing
strip) and notched unwelded specimens. X-ray diffraction studies showed
that austenite in 30LL stainless steel transformed to martensite during
tensile tests in liquid helium. No transformation was observed with
3108 stainless steel.

INTRODUCTION

Cryogenic temperatures can markedly affect the mechanical proper-
ties of containment materials for cryogenic fluids. A variety of engi~
neering applications involve the containment of such fluids. For ex-
ample, a NASA facility for high temperature plasma studies utilizes super-
conducting magnet coils immersed in liquid helium. To design the contain-



ment vessel for the liguid helium the tensile properties of the vessel
material in a liquid helium environment was required. Design considera-
tions indicated that 304L and 3108 stainless steels were potential can-
didates. Unfortunately, only limited tensile data are available for
most materials at liquid helium temperature. Reference 1 provides a
fairly comprehensive summary of cryogenic tensile test data for several
classes of materials, but most of these data were obtalned at tempera-
tures no lower than that of liguid hydrogen, -423° F (-253° ¢). Ref-
erence 2 1ncluded some limited tensile data for both materials of in-
terest at -452° F (-269° C), In this reference it was also indicated
that some of the austgnlte in ghe 304L stainless steel transformed to
martensite below -320° F (-196 C).

An investigation was therefore conducted at the NASA Lewis Research
Center to obtain more complete tensile data with both 3041, and 3108
stainless steel sheet specimens in a liquid helium environment. Data
were obtained with notched and unnotched specimens. Several specimen
configurations were used including some contalnlng weldments. A few
tests were conducted near absolute zero, at -456° F (-271° ¢), in an
attempt to anticipate potential applications below the liquid helium
lambda point (transition point between the normal liquid and the super-
fluid state). X-ray diffraction studies were made to determine whether
irreversible martensite transformations occurred during cryogenic test-
ing.

MATERIALS, APPARATUS, AND PROCEDURE

Materials

The materials investigated were annealed 304L and 3108 stainless
steel sheet, 0.063-inch (1.6 mm) thick. Chemical analyses of the as-
received material are given in table I. The analyses are within nominal
aerospace materials specification except for silicon in 3041, stainless
steel which was slightly below the minimum nominal range.

Specimens

Specimen geometries are shown in figure 1. Each specimen configu-
ration was fabricated in two ways. In one case the loading direction
was parallel to the sheet rolling direction; in the other, it was trans-
verse to the rolling direction. " Welded and notched specimen configura-
tions were included to simulate potential fabrication situations. Weld-
ed specimens were made by butt joining sheared halves of specimen blanks
with a tungsten inert gas arc weld. Specimen welds without a backing strip
were made without using filler rod.. Spécimen welds with a backing strip
were made using filler rod of the same material as the specimen. To pro-



duce a center notch in the 3-inch (7.6-cm) wide specimens, a 0.88
inch (2.23 em) by 0.008 inch (0.20 mm) slot was made with an electri-
cal discharge machine. The length of the notch was then increased to
1.00 inch (2.54 em) by subjecting the specimen to axial fatigue at
room temperature as suggested in reference 3.

Test Apparatus

The tensile tests were conducted in a closed loop electrohydrau-
lically actuated universal testing machine. The cryostat and associsasted
ducting used with this machine are schematically illustrated in figure 2.
The cryostat consisted of a vacuum tight enclosure that surrounded a
cylindrical specimen chamber. The chamber contained the cryogenic fluid
in which the test specimen was immersed. A flanged split cylinder made
of copper and attached to an annular shaped liquid nitrogen reservoir
inside the vacuum jacket served as the radiation shield. The bellows
permitted specimen elongation and pull-rod motion to take place without
loading the cryostat. Most of the tests were conducted with the liquid
helium at a pressure of approximately one atmosphere in the specimen
chamber. At this absglute pregsure the boiling point of liquid hglium
is approximately -452° F (-269 ¢). For those tests made at -456° F
(=271 ¢) the absolute pressure on the liquid helium was reduced to a-
bout 24 millimeters of mercury. To reach this lower pressure the vent
valve to atmosphere was closed and valve A (fig. 2) connecting the dis-
charge line from the cryostat to a high capacity mechanical vacuum pump
was opened to draw off the helium boiloff gas. When the specimen cham-
ber was filled with liquid helium the vacuum Jjacketed throttling valve
B (fig. 2) in the liquid helium inlet line to the cryostat was throttled
to a nearly closed position. This permitted reaching a lower liquid
helium boiling temperature and pressure at which the mass of liquid
helium entering the specimen chamber equaled the mass of helium boiloff
gas being pumped out. Although exact equilibrium was not attained, temp-
eratures as low as -hg6o F (-—2ZlO C) were reached. However, during
actual tests the -456~ F (-271  C) temperature of the fluid could not
consistently be maintained once plastic straining of the specimen testo
sectign began. Instead, the temperature of the fluid varied from 4567 F
(-271" ¢) to approximately -L452° F (-269° €¢), This was probably due to
dissipation of the specimen strain energy to the supercooled liquid
helium. As a result, only the yield strength values cited can be con-
sidered as being obtained at the desired -456° F (-271° ¢).

Fluid test temperatures were measured with doped germanium sensors
attached to the gpecimen with an adhesive tape. In the final stages of
the investigation temperatures were measured using commercially avail-
able carbon resistors. These resistors were calibrated at cryogenic
temperatures. In several tests both types of sensing elements were
employed. Good agreement between indicated cryogenic fluid temperatures
as determined by both techniques was obtained. The electrical resistance



of the sensor or carbon resistor was determined from an accurate
measurement of IR voltage when a regulated and accurately known current
of 10 microamperes passed through the temperature sensor. The meas-
ured temperature was then determined from a calibration curve of temp-
erature versus resistance.

Test Procedure

All tengile tests were conducted at controlled cross head rates of
approximately 0.16 inch per minute (4 mm/min). Tests with unnotched
tensile specimens were conducted with an extensometer mounted on one
inch gage marks. This permitted obtaining a load versus enlongation
plot so that the 0.2 pgrcent offset yield strength could be determined.
Tests at -456° B (-271° C) were conducted only with unnotched tensile
specimens.

X-ray diffraction studies were made on as-received and on tested
samples of both materials. The material immediately adjacent to the
fracture was used to make a qualitative determination of the extent of
martensite transformation during test. In addition, X-ray diffraction
studies were made with a sample of 304L after immersion in liquid helium
under a no load condition to observe the effect of cryogenic temperature
without straining.

Tensile data obtained in this investigation with 304L and 3108
stainless steel sheet specimens are summarized in tables IT and IIT.
In all cases the unnotched tensile strength for both alloys were higher
than their notched tensile strengths.

Unnotched Tensile Test Data

Tensile tests at -452° F (—2690 ¢). - Comparison of the unnotched
tensile test data for the two stainless steel alloys indicates that the
0.2 percent offset yield strength for 3108 is nearly twice that for
304L - approximately 116 000 psi (800 MN/sq m) versus 65 000 psi
(450 MN/sq m) for specimens loaded parallel to the sheet rolling direc-
tion and approximately 118 000 psi (810 MN/sq m) versus 60 000 psi
(410 MN/sq m) for specimens loaded transverse to the rolling direction.
However, the ultimate tensile strength for unnotched specimens of 3108
stainless steel was about 80 percent of that of 30LL stainless steel -
approximately 185 000 psi (1280 MN/sq m) versus 229 000 psi (1580
MN/sq m) for specimens loaded parallel to the rolling direction and
approximately 187 000 psi (1290 MN/sg m) versus 228 000 psi (1570
MN/sq m) for specimens loaded transverse to the rolling direction. As
will be discussed later in connection with X-ray diffraction studies,
the higher ultimate tensile strengths of 304L stainless steel are pro-
bably associated with austenite to martensite transformations.




For 3041, stainless steel, specimens loaded parallel to the sheet
rolling direction had higher yield strengths than those loaded trans-
verse to the rolling direction, whereas their ultimate tensile strengths
were virtually the same. For 3108 stainless steel, there were no
significant differences in either yield or ultimate tensile strengths
for the two loading orientations.

A comparison of the elongations of the tested unnotched tensile
specimens indicates that the elongations for 3108 stainless steel were
nearly twice those of 30L4L stainless steel (approximately 58 percent
versus 34 percent).

Figures 3 and 4 show unnotched tensile data obtained in this in-
vestigation inecluded on plots of tensile strength versus temperature
taken from the summary reference 1. The original data from which the
curves of reference 1 were taken were obtained by Warren and Reed
(ref. L) and by DeSisto (ref. 5). The yield strength and to some ex-
tent the ultimate tensile strength data obtained in the present in-
vestigation for 30LL stainless steel fall below the curves from refer-
ence 1. However, it should be noted that the data from reference 1
are for bar stock. For 3108 stainless steel, reasonably good agree-
ment exists between the data from this investigation and the curves
taken from reference 1 except for a single point of low ultimate ten-
sile strength which came from a specimen that failed outside the one
inch (2.54 cm) gage marks.

Comparison of the data from this investigation with that of ref-
erence 2 for both alloys shows that the ultimate tensile strengths agree
fairly well, but the yield strengths obtained in the present investiga-
tion are slightly higher than those of reference 2, For 3108 stainless
steel an ultimate tensile strength of 187 000 psi (1290 MN/sq m) and a
yield strength of 100 000 psi (690 MN/sq m) were indicated in reference
2. These values compare with an average ultimate tensile strength of
186 000 psi (1280 MN/sq m) and an average yield strength of 117 000 psi
(806 MN/sq m) obtained in this investigation. For 304, stainless steel,
ultimate tensile strengths of 214 000 to 230 000 psi (1480 to 1590
MN/sq m) and a yield strength of 46 000 psi (320 MN/sq m) were indicated
in reference 2. These values compare with an average ultimate tensile
strength of 228 000 psi (1570 MN/gq m) and an average yield strength of
62 000 psi (430 MN/sq m) obtained in this investigation.

Tensile tests at -h56O F (-»271O C). -~ A few tests were conducted
with unnotched tensile specimens (see table II) in liquid helium at
-456° F (-271° ). Subject to the limitations of these tests described
previously, there do not appear to be any significantodifferences in
tensile behavior from those obtained at -452° F (-269° ¢) with either
material., -




Notched Tengile Test Data

Tensile tests with the 3~inch wide center notched specimens were
conducted in liquid helium at -452° F (-269° ¢) only. The center
notched tensile data are given in table IITI. There do not appear to
be any significant differences in tensile strength obtained with speci-
mens loaded parallel or transverse to the rolling direction for either
material. However, 3108 stainless steel had significantly higher ten-
gile strengths than 304, stainless steel for both unwelded and welded
specimens. For notched unwelded specimens, 3108 stainless steel had a
3k 000 psi (230 MN/sq m) higher average tensile strength than 304T
stainless steel. For notch-in-weld (without backing strip) specimens
this difference was 41 000 psi (280 MN/sq m) and for notch-in-weld
(with backing strip) specimens this difference was 24 000 psi (170
MN/sq m). For 30LL stainless steel the average notch-in-weld (without
backing strip) tensile strength was about 9000 psi (60 MN/sq m) less
than that for notched unwelded specimens. For 3108 stainless steel
there was no significant loss of tensile strength for the notch-in-weld
(without backing strip) specimens compared to the notched unwelded
specimens.

Notch-in-weld (with backing strip) tensile test specimens had
strengths that were significantly higher than notch-in-weld (without
backing strip) specimens and unwelded notched specimens for both mate-
ials. For 3108 stainless steel the average notch-in-weld (with back-
ing strip) specimen tensile strength was 28 000 psi (190 MN/sq m) high-
er, while for 304L stainless steel it was 46 000 psi (320 MN/sq m)
higher. These strengths are higher, probably because only the 0.063-
inch (1.6-mm) thickness of the basic sheet specimen (excluding the
backing plate thickness of 0.063 inch (1.6 mm)) was used as the load
carrying area for calculating these strengths. The backing strip
apparently carried a significant share of the applied load. The maxi-
mum tensile strength observed was 171 000 psi (1180 MN/sq m) with a
notch-in-weld (with backing strip) specimen of 3108 stainless steel.

X-Ray Diffraction Studies

X-ray diffraction studies did not reveal quantitatively the de-
gree of martensite transformation that occurred during cryogenic ten-
sile testing of the steels under investigation. However, the presence
or absence of martensite in tested and untested samples could be deter-
mined. It was found that a transformation to martensite did occur
during tensile testing of 304L in liguid helium. Immersion in liquid
helium without straining the sample however, did not cause any marten-
site transformation to take place. There was no evidence of transforma-
tion from austenite to martensite in 3108 stainless steel when tested
in ligquid helium.
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Refgrence 2 geported a similar transformation taking place be-
low -320° F (~196  C) in 304L stainless steel. The fact that 3108
stainless steel is not subject to this potentially embrittling trans-
formation under the conditions investigated suggests that it should
be more amenable to structural applications at liquid helium tempera-
tures than 3041 stainless steel.

SUMMARY OF RESULTS

An investigation was conducted to determine the tens1le behav1or
of 304L and 3108 stainless steel in liguid helium at -452° F (-269° )
and to obtain limited tensile data at -h560 F (-2710 C). The following
results were observed:

1. 1In all cases the unnotched tensile strengths for both alloys
were higher than their notched tensile strengths.

2. For 304, stainless steel, specimens loaded parallel to the
sheet rolling direction had higher yield strengths than those loaded
transverse to the rolling directbion, whereas their ultimate tensile
strengths were virtually the same. For 3108 stainless steel, there
were no significant differences in either yield or ultimate tensile
strengths for the two loading orientations.

3. The 0.2 percent offset yleld strength for 3108 stainless steel
in liquid helium at -452° B (-269° ) was nearly twice that for 30LL
stainless steel - approximately 116 000 psi (800 MN/sq m) versus 65.000
psi (450 MN/sq m) for specimens loaded parallel to the rolling direction
and approximetely 118 000 psi (810 MN/sq m) versus 60 000 psi (410
MN/sq m) for specimens loaded transverse to the rolling direction. How-
ever, the ultimate tensile strength for unnotched specimens of 3108
stainless steel was about 80 percent of that of 304L stainless steel -
approximately 185 000 psi (1280 MN/sq m) versus 229 000 psi (1580
MN/sq m) for specimens loaded parallel to the rolling direction and
approximately 187 000 psi (1290 MN/sq m) versus 228 000 psi (1570
MN/éq m) for specimens loaded transverse to the rolling direction.

4. For unnotched tensile specimens the elongations for 3108 stain-
less steel were nearly twice those of 30LL stainless steel (approxi-
mately 58 percent versus 34 percent).

5. o No 51gn1f1cant differences in tensile behaV1or were observed
at -456° F (-271° ¢) from those observed at -452° F (-269° ¢) with
either material.

6. In tests with 3-inch wide center notched tensile specimens,
3108 stainless steel had significantly higher strengths than 3041, stain-
less steel for both unwelded and welded specimens. Differences between



average values of notched tensile strengths for the two materials
ranged from 34 000 psi (230 MN/sq m) for notched unwelded specimens
to 41 000 psi (280 MN/sq m) for notch-in-weld (without backing strip)
specimens.

7. TFor 30LL stainless steel the average notch-in-weld (without
backing strip) tensile strength was about 9000 psi (60 MN/sq m)
‘less than that for the notched unwelded specimens; however,
for 3108 stainless steel there was no significant loss of tensile
strength for the notch-in-weld (without backing strip) specimens com-
pared to the notched unwelded specimens.

8. X-ray diffraction studies showed that the austenite in 30L1,
transformed to martensite during tensile tests in liquid helium. No
transformation was observed with 3108 stainless steel.

CONCLUSICN

The observed tensile properties suggest that 3108 stainless steel
should be more amenable to structural applications at liquid helium
temperatures than 30LL stainless steel.
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TABLE IIT.

11

LIQUID HELIUM AT -452° ® (-269° ¢)

- SUMMARY OF CENTER NOTCHED TENSILE TESTS IN

Sjpecimen loading

Notched tensile strength

with respect to sheet
rolling direction 30LL 3108
1/in.® [My/sq m | 1b/in.? |Mv/sq m
Unwelded
Parallel 103 000 | 710 | 137 000 | 9ko
103 000 | 710 135 000 930
105 000 720
Transverse 1001000} 690 133 000 920
97 000 670 134 000 920
101 000 700
Notch-in-weld (without backing strip)
Parallel 87 000 600 137 000 9Lo
90 000 620 127 000 880
96 000 660 134 000 920
96 000 660
Transverse 94 000 650 137 000 9ko
oL 000 650 138 000 950

Notch-in-weld (with backing strip)
[backing strip cross sectional area excluded in stress

calculations]

Parallel 135 000 | 930 161 000 | 1110
139 000 | 960 162 000 | 1120
141 000 | 970

Transverse 145 000 | 1000 | 158 000 | 1090
133 000 | 920 171 000 | 1180
140 000 970
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(b) Center Notched Unwelded.

Figure 1. Sheet tensile specimens



yInereased to 1.00 inch( 2.54 cm.) by fatigue
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(d) Center Notcn-in-Weld(With Backing Strip).

Figure 1. Sheet Tensile Specimens (cont'd)
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Figure 3.~ Comparison of observed unnotched tensile properties of 304L stainless

steel sheet (plotted points) with those of FO4L stainless steel bar (plotted
curves taken from reference 1).
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Figure 3.--Comparison of observed unnotched tensile properties of 304L stainless
steel sheet (plotted points) with those of 304L stainless steel bar (plotted
curves teken from reference 1).
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Figure 4.- Comparison of observed unnotched ultimate tensile strength and yield
strength of 310S stainless steel sheet (plotted points) with those of 3108
stainless steel bar and plate (plotted curves taken from reference 1l).



