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TENSILE COUPON TESTS OF CRYOFORMED AISI 301 STAINLESS- 

STEEL PRESSURE VESSELS AT CRYOGENIC TEMPERATURES 

by Thomas W. Orange 

Lewis Research Center 

SUMMARY 

, The cryoforming (cryogenic stretch forming) process appears to be a^rom- 
ising method for the fabrication of lightweight high-strength pressure vefesels. 
The purpose of the present investigation was to determine the tgfeile charac- 
teristics of cryoformed AISI 301 stainless steel at temperatures from ambient 
to -423° F.  Cylindrical pressure vessels that were fabricated by cryoforming 
were cut into coupons from which smooth and sharp-notj=hj^enjsile specimens we^ 
made.  Coupons' from the longitudinal-seam-weld area were used to evaluate jreftl_ 
efficiency and notch sensitivity.  These specimens were tested at ambient 
temperature, -320° F, and -423° F.  Results were compared with like propegg.es 
for AISI 301 stainless steel cold-reduced 60 and 70 percent, f ..:J^ryößrIA I C 1"fj1>'y j 

The ultimate and yield strengths of the cryoformed AISI 301 increased by 
about 50 percent as the test temperature was reduced from ambient to -423 F 
but were lower than those of the AISI 301 cold-reduced 60 and 70 percent.  Weld 
efficiencies for the cryoformed material were above 93 percent for all cases, 
and weld strengths were higher than for roll-planished fusion welds in cold- 
rolled austenitic stainless steels. The cryoformed material was notch ductile 
at ambient temperature but became notch sensitive at cryogenic temperatures, 
whereas the cold-reduced material retained its notch toughness down to -320° F 
and diminished somewhat below this temperature»  Evidence exists to suggest 
that the low-temperature notch toughness of austenitic stainless steels work- 
hardened at subzero temperatures can be improved by a change in the alloy con- 
tent.  A definite conclusion cannot be reached at present, but it appears that 
lowering the carbon, silicon, and manganese contents to very low levels might 
effect a significant improvement in notch strength with little loss of tensile 
strength. 

INTRODUCTION 

•  Space vehicles that use liquid oxygen and liquid hydrogen as propellants 
require materials that have high strength-to-weight ratios and .adequate resist- 
ance to brittle fracture at extremely low temperatures.  The 18-8 stainless 
steels when cold-reduced possess these qualities. This report presents the re- 



suits of a program evaluating the strength and fracture toughness of AISI 301 
stainless steel that received its cold-working by biaxial straining at -320° F 
instead of the normal room-temperature cold-rolling procedure. 

AISI 301 stainless steel, when cold-reduced 60 to 70 percent, appears to 
he an attractive material hut presents fabrication problems. Fusion- or spot- 
welding produces a local annealing effect in the work-hardened parent metal 
that may drastically weaken the joint; the compensatory reinforcement then in- 
curs a weight penalty and may introduce discontinuity bending stresses. 

The ideal solution would be to fusion-weld while the material is in the 
annealed condition then work-harden the entire structure including the weld 
area. Unfortunately, most space vehicle structures could not then be cold- 
rolled to finished shape, especially large propellant tanks. 

One approach to this ideal is the cryoforming (cryogenic stretch forming) 
process described in reference 1, whereby a vessel is made by welding annealed 
sheet material into a "preform" vessel shape and then strengthened and sized 
by pressurizing beyond the elastic limit at -320° F.  The mechanical deforma- 
tion and the metallurgical transformation that occur produce high strength in 
both the parent metal and the weld, and thus the need for weld reinforcement is 
eliminated. Although originally developed for the production of solid- 
propellant rocket motor cases, this type of fabrication would be desirable for 
lightweight high-strength pressure vessels for use at cryogenic temperatures. 

[The cryoforming process depends on the^ability of metastable austenitic 
stainless steels to gain strength by transformation from the austenitic to the 
martensitic phase and the fact that this transformation is more easily accom- 
plished at low temperatures.  The amount of transformation that occurs is an 
interrelated function of chemical composition, temperature, and stress level In 

The effects of these parameters are discussed in more detail in references~2  &* 
and 3. The effect of the transformation on the low-temperature fracture tough- '"" 
ness, however, is not fully understood at the present time. 

An investigation was begun to determine the tensile properties of cryo- 
formed AISI 301 at temperatures from ambient to the boiling temperature of 
liquid hydrogen (-423° F).  Two finished pressure vessels were obtained that 
had been fabricated at different forming stress levels (forming stress having 
been found by the supplier to be indicative of finished vessel performance) 
These vessels were then cut into tensile coupons, machined to smooth and 
notched tensile-specimen configurations, and tested at ambient, liquid-nitrogen  ' 
and liquid-hydrogen temperatures.  Coupons from the longitudinal-seam-weld area' 
were used to evaluate weld efficiency and notch sensitivity at the same test 
temperatures. 

Previously unpublished Lewis Research Center data on the properties of 
301 stainless steel cold-reduced 60 and 70 percent are presented in this report. 
The tensile strength and notch strength for the cryoformed material were com- 
pared with like properties for this cold-rolled material. Weld strength of the 
cryoformed material was compared with the strength of roll-planished fusion 
butt welds in AISI 301 cold-reduced 60 and 78 percent (data from ref. 3). 



CRYOFORMING PROCESS 

The cryoforming process is described in detail in reference 1, "but its 
essential elements are repeated herein. A sheet of annealed AISI 301 stainless 
steel is rolled and welded to form a cylinder. Hemispherical heads are 
usually hydroformed from sheet stock and reannealed.  The heads are then welded 
to the cylinder ends, and a pressurizing boss is welded to one of the heads. 
All welds are made by the tungsten - inert-gas method.  The "preform" tank is 
then pressurized beyond the elastic limit while at -320° F (liquid-nitrogen 
temperature). Female dies may be used for more precise control of finished 
dimensions. 

MATERIALS AND TEST SPECIMENS 

The cryoformed material was received in the form of two cylindrical tanks 
with hemispherical ends.  (Dimensions and forming parameters are given in 
table I.) It should be noted that the two tanks were fabricated from the same 
heat of material but at different forming stress levels. Forming stresses were 
267 and 294 ksi, and permanent diametral strains were 14.8 and 15.0 percent. 

Tensile coupons 2 by 8 inches, oriented in both the hoop and the axial di- 
rections, were cut from the straight cylindrical portions' of both tanks.  This 
procedure is illustrated in figure 1. The coupons were then machined to the 
configurations shown in figure 2.  For all notched specimens the notch root 
radius was not greater than 0.0007 inch (theoretical elastic-stress concentra- 

Weld specimen 

Axial 
specimen 

Hoop specimen 

Figure 1. -Cutting of tensile coupons from cylindrical tank. 
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Figure 2. - Smooth- and sharp-notch sheet tensile specimens. 
(Dimensions in inches.) 



tion factor Kt of 21). No attempt was made to flatten the specimens or to 
smooth the weld bead.  Sufficient coupons were obtained from each tank to test 
three smooth and three notched specimens in each direction and two smooth-weld 
and two notched-weld specimens in the hoop direction at each test temperature. 

Specimens of the 60- and 70-percent-cold-reduced AISI 301 were cut from 
sheets and machined to the same configurations as the cryoformed material 
(fig. 2). At least three specimens were tested at each test condition. 

Chemical compositions (where available) of all alloys studied and refer- 
enced are presented in table II.  Photomicrographs of the cryoformed and cold- 
reduced AISI 301 materials appear in figure 3. 

APPARATUS AND PROCEDURE 

Specimens were tested in a universal testing machine.  Strain was measured 
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Figure 3. - Photomicrographs of materials studied.  Etchant, hydrochloric acid and hydrogen peroxide.  X250.  Reduced 8 percent in printing 



by using a clamp-on linear-variable-differential-transformer extensometer of 
2-inch gage length and an autographic stress-strain recorder.  The extensometer 
was previously calibrated at all three test temperatures with a micrometer- 
driven calibration device. 

Cryogenic test temperatures were established by immersing the specimen in 
liquid nitrogen or liquid hydrogen. A vacuum-jacketed cryostat was used to 
minimize boiloff.  Correct cryogenic temperature was assured by maintaining the 
liquid level several inches above the upper specimen grip.  Liquid level sens- 
ing was accomplished by means of a carbon resistor.  Details of the cryostat 
and liquid-level sensing method are described in reference 4. 

The smooth tensile strength, the yield strength (0.2-percent offset), and 
the notch tensile strength were determined at ambient temperature, -320° F, 
and -423° F for both the hoop and the axial tank directions.  Smooth and 
notched tensile strengths of weld specimens were determined at all three tem- 
peratures for the hoop direction only« 

CALCULATION OF NOMINAL FRACTURE TOUGHNESS PARAMETER 

Evaluation of materials for cryogenic temperature service requires a 
knowledge of their resistance to brittle fracture, the usual criterion being 
the fracture toughness parameter Kc.  This parameter is derived from tensile 
tests of smooth and notched specimens.  Methods of calculation are given in 
reference 5 for specimens of various configurations. 

The calculation of Kc requires the determination of the total crack 
length (initial notch length plus slow crack growth) just prior to the onset 
of rapid fracture.  This quantity is difficult to determine, especially when 
the specimen is immersed in liquid hydrogen.  For this reason it becomes ex- 
pedient to refer to the nominal fracture toughness parameter KCn, which is 
based only on the original notch length and neglects the slow crack growth. 
The nominal fracture toughness is never greater than the actual fracture tough- 
ness; thus its use leads to a more conservative evaluation of the material. 

The equation for Kc is given in reference 5 by equations (21) to (23) 
for edge-notched tensile specimens, and in its expanded form is 

r2 

rlti ^AMf^l + ^^Mf*^ 
where 

Kc   critical value of plane stress intensity (often referred to as fracture 
toughness) at point of crack-growth instability in neighborhood of 
crack 

a gross-section stress at onset of fracture 

W    specimen width 



a    half crack length at point of crack instability 

ays  0.2-percent-offset tensile yield strength 

This equation is transcendental; hence either a computer solution or a graphi- 
cal solution is required.  If many specimens are involved and a computer is not 
available, graphical methods become tedious and a simple approximation would be 
desirable.  If it is assumed that the notched tensile specimen (fig. 2) con- 
forms to the idealized (zero-tolerance) dimensions (i.e., half crack length of 
0.150 in. and gross width of 1.000 in.), a curve may be evolved in terms of the 
nominal fracture toughness parameter, the yield strength, and the notch ten- 
sile strength only.  This curve is presented in figure 4 and was obtained by 
using a computer program developed at the Lewis Research Center. As long as 
the dimensions of the specimen are within the tolerances specified in figure 2 
the error resulting from using figure 4 (rather than calculating for the speci- 
fic dimensions) is less than about 1 percent.  This curve applies equally to 
the ASTM proposed sharp-edge-notch screening specimen (ref. 5, fig. 19), which 

o 
u 

Figure 4. - Nominal fracture toughness parameter for NASA notch tensile specimen.  Nominal fracture toughness parameter K   • 
ultimate load divided by area at root of notch, on; conventional yield stress (0.2-percent offset), o '   cn' 



has an identical test section. The curve lias proved to be very useful in 
studying published data where yield and sharp-notch strengths are given hut 
fracture toughness is not calculated. 

RESULTS fflD DISCUSSION 

Table III lists the average mechanical properties of this heat of AISI 301 
stainless steel when cryoformed at two different forming stress levels. 
Table IV presents corresponding data for a different heat of AISI 301 that was 
cold-reduced 60 and 70 percent at ambient temperature.  Table V lists selected 
data from reference 3 for comparison of weld strengths. 

Parent Metal Properties 

The cryoformed parent metal tensile data obtained in this investigation 
are listed in table III, plotted in figure 5, and compared with like properties 
(in the direction of maximum working) for the AISI 301 cold-reduced 60 and 70 
percent in figure 6. Nominal fracture toughness and notch- to yield-strength 
ratios are compared in figure 7. 

A measure of the experimental scatter is also represented in table III as 
the average and maximum mean deviations for ultimate, yield, and notch 
strengths. The average mean deviation is taken as the arithmetic average of 
the individual deviations (expressed in percent) from their corresponding mean 
values. The maximum mean deviation represents the largest deviation froma 
mean value that was observed, signifying for example, that ultimate strength 
values were (on an average) within ±0.64 percent of their mean values (the 
values listed in table III) and that the worst point was within 2.69 percent. 
No such evaluation was made for the weld data because of the smaller number of 

specimens tested. 

["Infect of,,forming stress level. - It is apparent in figures 5 to 7 that 
the difference'between the two samples cryoformed at two different stress 
levels is slight. A 10-percent increase in forming stress results in a very 
slight increase in tensile strength and a very slight decrease in notch 

strength ,_y p ^ 

These vessels were actually formed by using a two-step process.  The 
vessels were pressurized to about 1100 pounds per square inch (gage pressure) 
while immersed in liquid nitrogen, removed from the bath, and measured. They 
were then returned to the liquid-nitrogen bath and pressurized to forming pres- 

sure (1175 or 1250 psi). 

Subsequent to the fabrication of these vessels, it was found by the 
supplier of the vessels that, if a tensile specimen was deformed plastically in 
a liquid-nitrogen bath, removed from the bath for as little as 15 minutes, and 
then returned to the bath, an increase in the yield strength occurred.  The 
reason for this strengthening is not fully understood at present, but it is 
believed to be a strain-aging phenomenon. 



On this has is it would appear that the final stretching operation given 
the two vessels resulted in very little additional strengthening due to 
plastic deformation.  Furthermore, since hoth vessels were initially stretched 
to very nearly the same forming pressures, it might he expected that their 
final performances would he similar. 

Effect of specimen orientation. - In figure 5 are shown the strength 
properties of the cryoformed material when tested in the hoop and axial direc- 
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Figure 5. - Strength properties of cryoformed AISI 301 stainless steel as functions of temperature. 

tions.  These directions are parallel and perpendicular to the direction of 
maximum mechanical work and correspond to the longitudinal and transverse 
directions, respectively, in rolled sheet material. 

It is of interest to note that the cryoformed AISI 301 exhibits direc- 
tional characteristics similar to a rolled material, that is, reduced notch 
strength and slightly reduced yield strength in the direction normal to the 
direction of maximum work.  Since the material was in the annealed condition 
prior to forming and the amount of mechanical deformation was moderate (when 
compared with heavy cold-rolling), the material might he expected to he nearly 
isotropic. 

Tensile properties. - In figure 6 the ultimate, yield, and notch tensile 
strengths for the cryoformed material are compared with like properties for 
AISI 301 cold-reduced 60 and 70 percent. The ultimate strength of the cryo- 
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Figure'6. - Strength properties of cryoformed and cold-rolled AISI 301 stainless steel as functions of 
temperature. 

formed material increases from about 220 ksi at ambient temperature to about 
335 ksi at liquid-hydrogen temperature, while the yield strength increases from 
about 190 to 270 ksi over the same temperature range. At ambient temperature 
the ultimate and yield strengths for the cryoformed material are about 50 ksi 
less than for the cold-rolled material, while at -423° F the ultimate strength 
approaches that of the cold-rolled material. 

n Notch sensitivity. - It is also shown in figure 6, that the notch tensile 
strength of the cryoformed material decreases from 215 ksi at ambient tempera- 
ture to about 100 ksi at -423° F.  This decrease is most pronounced below 
-320° F.  The notch strength of the cold-rolled material is above 200 ksi over 
the same temperature range. 1 

- 1 £Z 
Figure 7 shows the nominal fracture toughness and notch- to yield-strength 

ratios of the cryoformed and the^cold-reduced AH3T~301.  At ambient temperature 
the cryoformed material shows a notch- to yield-strength ratio in excess of 
unity and superior to that of the cold-rolled material. When notch- to yield- 
strength ratios are in the region of 1.0 and greater, brittle fracture criteria 
do not apply and calculated fracture toughness values lose significance; hence, 
they are plotted as dashed lines rather than solid lines. As the test tempera- 
ture is reduced to -423° F, however, the notch toughness of the cryoformed ma- 
terial falls off considerably.  The cold-rolled material retains its notch 
toughness to -320° F and diminishes somewhat below that temperature. 

"r-^* 



Weld Properties 

) In figure 8 the veld strengths for the cryoformed AISI 301'are^ompared 
with those for AISI 301 cold-reduced 6Qand 78 percent and for AISI 504L cold- 
reduced 50 percent/(data from ref. 3). f AISI 304L is included in the ccSparison 
because of its generally good weldability. Welds in the cryoformed material 
are work-hardened during the stretch-forming process and were tested exactly as 
cut from the finished vessels. Wo attempt was made to flatten the specimens or 
to smooth the weld head. Welds in the cold-rolled material were work-hardened 
after welding by roll-planishing (of the order of 5 to 10 percent reduction) 
and were probably somewhat stronger than if in the as-welded condition. 

The weld strength values for the cryoformed material are based on the 
parent metal thickness.  For the material formed at 294 ksi and tested at 
—■—- -423° F, failures occurred along the edge 

of the weld bead^ whether this was due to 
a weakness in the heat-affected zone or 
to a stress concentration at the change 
in thickness is not immediately apparent. 
For all other combinations of forming 4 160 
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stress and test temperature, failures were well away from the weld area. 

/ The welds in the cryoformed material are seen to "be stronger than those in 
the cold-rolled material over the temperature range studied.  This is most 
pronounced at ambient temperature, where the cryoformed material has about 
50 percent higher weld strength than the cold-rolled AISI 301 and about 150 
percent higher weld strength than the cold-rolled AISI 304L. }   J- .a 

— -» U^/f'    I 

Effect of Variation in Composition 

Recent studies indicate that the low-temperature toughness of AISI 301 
stainless steel when cold-worked at subzero temperatures may he strongly in- 
fluenced by its alloying elements.    Variations that are within the range of 
the AISI 501 specification can significantly alter the low-temperature notch 
strength and fracture toughness. 

The screening phase of a program to determine the effects of such varia- 
tions is reported in reference 6.     The nominal 301 composition,  as well as 10 
individual variations, was studied.    Materials were cold-reduced 20 and 40 per- 
cent at roll entry temperatures  of 80° and -105° F and stress-relieved at 
800° F for 24 hours.    Notch strength was determined from centrally fatigue- 
cracked specimens,  and a compliance gage was used to determine slow crack 
growth. 

In figure 9 are shown selected data from reference 6.     It is immediately 
apparent that the effects of composition variations are less pronounced when 
the material is rolled at ambient temperature   (fig.   9(a))  than when it is 
rolled at subzero temperature  (fig.   9(h)).    It is also apparent that the notch 
strength is affected more strongly than the yield strength. 
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In light of the results of reference 6, it might be expected that the ef- 
fects of alloy variations would he even more pronounced when the material is 
work-hardened at -320° F rather than at -105° F.  Since the manner of introduc- 
ing mechanical work differs, cryogenic stretch-forming cannot he directly com- 
pared with subzero rolling; however, the same general trends might he expected. 

Reported in reference 7 are the results of a somewhat similar research 
program.  Selected data from this reference are presented in table VI, along 
with values of nominal fracture toughness (Kcn) that were calculated by the 
present author using the referenced values for yield and notch strengths to- 
gether with the curve of figure 4.  Even when tested at ambient temperature, a 
wide variation in notch strengths can be seen. Unfortunately, only two compo- 
sitions were tested at -320° F, but even so their notch strengths differ 
markedly. 

Preliminary Evaluation of Special Composition 

To support the supposition that notch toughness of cryoformed AISI 301 
could be improved by a change in alloy content, a limited amount of data has 
been generated from a special heat of material (number 40226) having low carbon, 
low silicon, and low manganese content.  These data are presented in table VII. 
Specimens were rough-shaped and then stretched in uniaxial tension at -320° F 
to about 270 ksi (forming stress).  One group of specimens was also stress- 
relieved at 790° F for 20 hours.  Specimens were then finish-machined to the 
configurations in figure 2 and tested at ambient temperature, -320° F, and 
-423° F.  The ambient and -320° F testing was done by the supplier; the -423° F 
testing was done at the Lewis Research Center.  Results are listed in table VII. 
These data represent only one specimen per condition and therefore should be 
interpreted accordingly.  Furthermore, this material was stretched in uniaxial 
rather than biaxial tension. 

Examination of these data shows that, while the ultimate strength of the 
as-stretched specimen is about 10 ksi lower than that of the biaxially 
stretched material from heat number M58044, the notch tensile strength at 
-423° F is more than twice as great.  Furthermore, both smooth and notched 
strengths increase upon stress relief. Although a direct comparison may not be 
entirely valid, these data indicate that poor low-temperature notch toughness 
may not be an inherent characteristic of cryogenic, stretch-forming. 

Advantages and Limitations of Cryoforming 

Perhaps the most outstanding advantages of the cryoforming method are the 
relative ease of fabrication, the excellent weld strength, and the nearly ideal 
structure (from the viewpoint of the stress analyst) that result.  All material 
is cut, shaped, and welded while in the annealed condition.  Cylindrical ves- 
sels with hemispherical or elliptical ends as well as spherical or ellipsoidal 
vessels without flanges can be made.  Furthermore, a method has been developed 
whereby a cylindrical vessel with hemispherical ends may be cryoformed from a 
configuration made up entirely from flat sheet stock.  Weld performance is ex- 
cellent, with strengths practically indistinguishable from those of the parent 
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metal. There are no spot welds, thickened sections, abrupt changes in contour 
or thickness, heat treatments, or post-heat-treatment straightening operations 
to contend with. 

The amount of mechanical work that may he introduced by cryogenic stretch- 
forming is limited "by tensile instability considerations, which are not 
present in cold-rolling.  Hence, a material is required whose strengthening 
comes from metallurgical transformation as well as from mechanical working. 
AISI 301 stainless steel has been found to experience the highest strength in- 
crease for a given amount of strain. 

For service at ambient temperatures, the cryoforming process appears very 
attractive; for cryogenic applications the picture is not yet clear» Consider- 
ing only the tensile coupon tests, it would appear that a more desirable method 
of fabrication has been attained, but an inferior material has resulted. There 
are not enough data at present, however, to determine whether the poor low- 
temperature toughness is an inevitable consequence of cryogenic stretch-forming 
or whether it is due to the choice of an alloy composition basically unsuitable 
for this process. 

Limited data generated in this report on the special heat (number 40226) 
would suggest that the problem is not inherent and that a significant improve- 
ment can be made; however, a definite conclusion cannot be reached without 
further investigation. 

SUMMARY OF RESULTS 

/The results of tensile coupon tests of cryoformed AISI stainless-steel 
pressure vessels at cryogenic temperatures indicate that cryogenic stretch- 
forming appears to be a promising method for fabricating lightweight high- 
strength pressure vessels but that AISI 301 of the specific composition 
studied, when stretch-formed at -320° F, is unsuitable for service at -423° F 
because of its poor notch toughness.  The results maybe summarized as follows :^J 

} 1. The ultimate and yield strengths of the cryoformed AISI 301 increased 
by about 50 percent as the test temperature was reduced from ambient to -423° F 
but were lower than those of the AISI 301 cold-reduced 60 and 70 percent.I 

\"Z,  Weld efficiencies were excellent, being above 93 percent (in the as- 
received condition) for all cases^J 

i 3. The material tested was notch ductile at ambient temperature but became 
notch sensitive at cryogenic temperatures with notch- to yield-strength ratios 
as low as 0.223 (in the transverse direction) at -423° F. j / 

Comparison of the data of other investigators with the data obtained in this 
investigation leads to the following conclusions: 

1. Weld strengths attainable in cryoformed pressure vessels are higher 
than those for roll-planished fusion welds in cold-rolled materials over the 
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temperature range studied. 

2. It appears possible that the low notch toughness of this material at 
cryogenic temperatures could he improved by a change in the alloy content, hut 
further research is needed to determine the effect of composition on the prop- 
erties of AISI 301 when worked at subzero temperatures and to determine the 
optimum composition for cryogenic service. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, August 17, 1964 
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TABLE I. - VESSEL PARAMETERS 

[Material heat number M58044.] 

Vessel serial number 

1504 1505 

Before forming 

Outside diameter, in. 
Wall thickness, in. 
Cylinder length, in. 

11.035 
0.032 

33 

11.035 
0.032 

33 

After forming 

Outside diameter, in. 
Forming strain, percent 
Wall thickness, in. 
Forming pressure, psi 
Forming stress (hoop), ksi 

12.671 
14.8 

0.0287 
1175 
267 

12.690 
15.0 

0.0287 
1250 
294 
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TABLE VII. - PRELIMINARY DATA ON TENSILE PROPERTIES 

OF SPECIAL HEAT NUMBER 40226 

[Forming stress, 270 ksi in uniaxial tension at -320 F: 
specimens tested in same direction as forming stress.] 

Condition Test Ultimate Yield Notch Notch- to 
tempera- tensile strength tensile yield- 
ture. strength, (0.2-percent strength, strength 

°F ksi offset), 
ksi 

ksi ratio 

As-stretched Ambient 206 204 236 1.16 
-320 288 286 268 .94 
-423 319 316 232 .73 

Stress- Ambient 242 241 249 0.86 
relieved -320 308 305 269 .88 
at 790° F -423 334 330 264 .80 
for 20 
hours 

NASA-Langley, 1964 E-2486 21 
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"The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof." 

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: Scientific and technical information considered 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: Information less broad in scope but nevertheless 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS: Information derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL  AERONAUTICS AND   SPACE ADMINISTRATION 

Washington, D.C.    20546 


