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ABSTRACT

Mechanical properZ1iut,>; of tLypes J01, -;1O, j3,;, and 34"( otainless
stee]:b in plate form w:re .;tu'Jled from room temperature down to -269 C.
Both the base mietal and weld dep,_)o.ts were tested. Charpy, true stress-
-;train, and notched toistl la pr'op-.iJes were examined.

The el'f'ect of' :.e:-in. t•ri,|eraturt upon the tensile strength, elonga-
tion, reduction of" area, t tie .- t.rxes: at. maximum load, true stress at
fracture, uniform stra:in, .raettire :;traiin, and notched strength ratio is
illustrated. Companion da~a ]or- Charpy impact energy are also included.
The 310 and 31t altloy:; are 011owi, tA) tie instnrsitive to notches at low tem-
perature, whereas tile ,01 anid 01'( al0lys- :trt- niotch sensitive.
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INTRODUCTION

The increased use of liquefied gases in missile propulsion systems
has created a demand for engineering materials with good mechanical prop-
erties at cryogenic temperatures. As a result of this demand, considerable
data have been published recently'1-4 on the cold-rolled austenitic stain-
less steels in sheet form, due mainly to the efforts of the missile
Industry.

However, the demand has not been met for impact and tensile properties
at, cryogenic temperatures of austenitic steels in bar and plate form and,
especially, in the welded condition. With a few exceptions, 5 'a published
data does not include true stress-strain data below -196 C nor does it in-
elude impact data at temperatures as low as -263 C.

The purpose uf this report Is to present engineering, true stress-
strain tensile properties, and Impact properties of base metal and welded
specimens of AISI types 301, 310, 316, and 347 stainless steels.

MATERIALS AND PROCEDURE

Materials and Chemical Analysls

The materials used in this investigation together with the plate no-

menclature and chemical analysis are shown in Table I.

TABLE I

MATERIAL5 AND CHEMICAL COMPOSITIONS

Plate Elemeut (wt. ) Av= OraLa
Tblcknost - D-amoterMa*eriAl (Anchem) C HI. S1 S P Ni Cr No Cb (ms)

301 13/16 .075 1.14 .49 .018 .02 7.04 16.3 ....3 ... .034

310 5/6 .070 1.80 .41 .003 .039 11.70 24.43 ....... .126

316 5/6 .018 1.31 .45 .012 .026 L2.14 16.64 2.239 .- .13

347 5/8 .068 1.46 .56 .016 .013 11.061, 1.10 .... .63 .013

meldIng Procedure

Plates 13/16 or 5/8-inch thick of the appropriate size to facilitate
the machining of 3 inch-long tensile specimens and standard 2-1/16-inch-
long Charpy notch impact specimens were machined and butt welded together.
The weld joint contained an included angle of 45 degrees. All welds were
manually deposited with matching composition covered electrodes, with the
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exception of type 301 which was welded with type 308 eleetroonp. Type 3147
was root bead welded with 3/32-inch-diameter electrode and finished welded
with 5/32-inch-diameter electrode; all other types were root bead welded
with 1/8-inch-diameter electrode and finished welded with 5/32-inch-
diameter electrode.

The welded and as-received blanks of types 301, 316, and 347 were
annealed one hour at 1093 C (2000 F) and water quenched. Type 310 was
annealed one hour at 1149 C (2100 F) and water quenched.

Testing Procedure

Standard 0.252-inch-diameter tension specimens with a 1.0-inch gage

length were used. The notched tension specimens were 0.357-inch diameter
and notched 50 percent to a 0.252-inch root diameter. The notch angle was
60 degreeo and the root radius 0.002 inch for a Kt = 6.3.

Tensile tests were conducted in a Baldwin 60,000-pound hydraulic
testing machine at a controlled platen speed of 0.01 inch per minute. Low
temperature tension tests at -]05 C and -196 C were conducted in a double-
walled metal container. The coolants used were isopentane and liquid
nitrogen at -105 C and liquid nitrogen at its boiling point, -196 C. Over
this temperature range, a diameter gage7 was used to obtain diameter data
for true stress-strain calculations. For tests at -269 C, liquid helium
was used in a tension cryoeAat.8

Impact tests at temperaturen from room to -196 C were conducted in a
217 rt-tb Mouton impact machine. Impact testv at -263 C were conducted in
an automatic impact cryostat.s

TEST RESULTS

The data obtained in this investigation are plotted in Figures I to
13 and tabulated in Tables II and I11.

Engineering Properties

The base metal tensile strengths of' the stainless steels investigated
Increased with decreasing temperature. Type 301 had the highest strength
at all temperatures, and type 31C the lowest. The amount of increase in
strength from room temperatures to -269 C increased with the strength level
from 110,000 psi for type 310 to 154,000 psi for type 301 steel. It is
noted on comparing the tensile strengths plotted in Figure 1 with the re-
sults for the welded specimens plotted in Figure 2 that the strength of

types 310, 316, and 347 were almost identical for both the base metal and
welded specimens. It is also noted that type. 301 (which was welded with
type 308 weld metal) had considerably lower strength than %he base metal
over the full temperature range, reflecting the lower strength of the type

308 composition.
-4-



TABLE II

BASE METAL TENSILE PROPERTIES

True
Ultialte Notch Notaohedj Reduotlon stream True

Testing Tensile Tensile) Unaotched of at Max. Fracture StrainBtronzith! TonilaElanTep tegStr trnth Tnsn Es Area trmra axt. r
(dig C) e(k) ) Ratio t (o W) I IrL) (kni) Srain

A181 Type 301
.241 139.0 96,0 0.69 53..00 .374 1.133

-105 313.0 1N7.5 80.8 33.0 61.0 280.0 300.0 .131 0.334
-196 27 .5 144.5 0.53 32.0 53.0 328.0 443.5 .191 73.78-260 1 24.A M-40 0,45 20.0 47.0 400.0 883.S .ds 1.62a

AI! Type 310

+24 .1 12 5 Los 1.33 180.01 76.5 11.5 245.5 .348 1.577
-105 115.0 147.0 1.26 79.0 75.5 204.5 336.5 .575 1.402
e19e 139.0 198.0 1.24 80.0 69.5 268.5 415.5 .523 1.176

-2600 189.0 240.0 1.27 63.0 55.0 332.5 307.0 .5L5 0L.79
AISI Type 316

624 84.0 101.5 1 1.21 70.0 73.5 134.5 133.5 .472 1.324
-105 126.5 146.5 ; 1.17 81.0 74.5 207.5 362.0 .493 1.370
-190 176.5 203.0 1.14 64.0 66.0 278.5 430.0 .442 1.133-69 212.0 226.0 1.00 j54.0 55.0 337.5 469.0 .462 0.790

A1SI 347

424 32.0 105.0 1.14 60.0 70.5 139.5 236.5 .413 1.218-'L5 145.5 161.5 1.11 53.0 05.0 206.0 300.0 .346 1.051
e1e6 195.5 174.0 0.89 48.0 59.0 277.0 374.0 .346 0.804

-260 232.0 198.0 0.90 41.0 49.0 1 324.0 443.0 1 .346 0.673

TABLE III

WELIJ METAL. TENSILE PiOPEt1TIES

True
Ultimate Notch Notched/ Reduction Stream TrueTesting Tensile Tensile Unnotchod of at Max. Fracture StrainTo Streng~th St~renth Tgnnlit• Cloan. Area Load Str~v at Max. Fracture

(d ) (kei) (kHi Ratio (1) (%) (kil) (ksA) Load Strain

AISI Type 301
634 :8.7 84.0 1.12 34.0 59.0 148.0 202.0 0 .53 0.059

•-105 I157.0 134.5 0.8 25.0 41.0 216.0 251.5 .313 0.513
•19 lee0 136.5 0.73 1601 21.0 236.0 239.51 .227 0.236-2869 184.C L63.0 o.ee 15.0 1 1.5 22~ :00 8.20 .2218 0.222

AISI Type 310
324 81.8 100.5 1.34 62.0 78.0 119.0 231.0 .374 1.5185 5

'105 117.5 144.5 1.23 66.0 75.0 199.0 314.5 .473 1.388
-196 1568. 189.0 1.19 61.0 52.0 282.5 326.5 .575 0.7239
-260 184.4 236.0 0.09 0.0 47.0 350.0 371.5 .640 0.640

AISO T"pe 316 -

+24 00.2 101.5 1.26 55.0 1 0.0 1239.0 183.0 ".472 0.300
.105 124.0 126.0 1.01 60.0 51.5 124.0 242.0 .442 0.718
•196 170.5 163.5 0.96 53.0 54.0 266.0 352.0 .442 0.776
-269 200.5 196.0 0.98 50.0 43.0 346.5 355.5 .535 0.554

AISI Type 347

424 92.0 110.5 11.0 f9. $8.5 124.0 215.0 .374 1.147
-105 I150.0 130.5 0.67 62.0 6.5 327.0 330.0 .413 1.012
-16 197.0 151.5 0.77 46.0 60.5 271.0 360.0 .310 0.831
-269 227.0 j 174.0 0.77 41.0 30.0 w36.0 4. . 3.0 0:0.L
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The reduction of' area of the base metal generally decreased with de-
creasing temperature. The behavior of the elongation was less consistent,
often showing a maximum at some intermediate temperature. The elongation
of type 310 increased from 63 percent at room temperature to 80 percent
at -196 C and then decreased to 63 percent at -269 C. Type 316 reached a
maximum at -105 C.

The elongation and reduction of area values of the welded types 301
(which was welded with type 308 weld metal) and 316 were generally lower
than the base metal properties. The ductility of the welded type 347

specimens compared favorably with the base metal properties.

The notched tensile strength of the base and welded specimens shown
in Figures 3 and 4 generally increased with decreasing temperature. The
exception was the notch strength of' type 301. base metal which decreased
below -105 C. The notch strength of the type 301 (which was welded with
type *308 weld metal), while lower than the base metal strength, increased
with decreasing temperature to -269 C. The notched:unnotched tensile
ratios, also plotted in Figures 3 and I4, generally decreased with decreasing
temperature. Types 310 and 316 had excellent toughness at -269 C in both
the base and welded condition, while type 347 had only moderate toughness
below -105 C. The toughness of type 301, however, was poor below -105 C.

True Stress-Strain Properties

Linear plots of' true stress-strain for the temperature range investi-
gated are shown in Figures 5 to 8. The curves at. -269 C were plotted from
data obtained from serrated load-elongation curves3 and Instantaneous
diameter measurements obtained with the tension cryostat. True stress
data were obtained by dividing tthe area of the specimen at the start of
the serration into the peak load of the serration. These data, therefore,
reflect the upper envelope of the flow stress curve.

In general, the flow stress inrreased with decreabis Le,,ijyluL.4.

An exception was noted in the low strain region of the curves for types
301 and 347. These steels both showed a region at, low strains where the
stress-strain curves are concave upward. In this region, the flow strese
at -269 C was lower than the flow stress at -196 C. Th.z bchavicr and thn
shape of the stress-strain curve can be attributed to the stress-induced
transformation of austenite to msr~ensite during the test.

The flow stress of the type 301 (type 308 weld metal) was considerably
lower than the type 301 base metal over the full temperature range. It
was observed, also, that the concave upward trend was not evident at room
temperature. In the welded type 301 specimens the deformation occurred
mainly in tne type 308 weld metal.

The true stress at maximum load Cm and at fracture a indicated in
Figures 5 to 8 by the filled and open symbols, respectively, and plotted

-6-



in Figures 9 and 10, generally increased with decreasing temperature.
The exceptions were true stress at both maximum load and at fracture for
the type 301 (type 308 welded metal) and true stress at iracture lor type
310,

True strain at. freture, e,., shown in Figure 11, decreased with de-
creasing temperature. True strain at maximum load, em, however, did not
follow this trend. The strain,cm, of type 310 Increased with decreasing

temperature to -105 C and remained relatively constant to -269 C. For
types 316 and 347, Cm was relatively constant over the whole temperature
range. However, strain at maximum load for Lype 301 decreased from 0.36
at room temperature to 0.19 at -196 C and then increased to 0.34 at
-269 C.

The fracture strain of the welded specimens, Figure 12, decreased
sharply with decreasing temperature. Strain at maximum load of type 301
(type 308 welded ..etal), also plotted in Figure 22, decreased with de-
creasing temperature. The strains at maximum load of the remaining weld
metals were higher at -269 thun at. -196 C. The increased strain at
maximum load below -196 C was churacteristic of the serrated stress-strain
curves encountered in this region. Here the deformation process was not
continuous at any one location, but rather, several necks formed before
maximum load, and the deformation shifted from location to location at
each serration.6

I'moact Propertles

The base and weld metal impact properties are shown in Figure 13.
The energy required to fracture the annealed base metal specimen of types
301, 310, and 347 exceeded the c:apacity of' the 217 ft-lb impact tester
from room temperature Lo -140 C. Below -140 C, type 301 exhibited a
sharp tranaition and fractured aL 155 C after absorbing 106 ft-lb and at
-263 C with 82 ft-lb. Type 3147 fractured at -196 C with an absorbed
energy of 208 ft-lb and decreased to .61 It-lb at -263 C. Type 310,
however, did not fracture at -196 C nor at -263 C. The impact energy of
annealed type 316 reached a maximum of 155 ft-lb at -40 C and decreased
to 97 ft-lb at-263 0. rhe transition in type 301 was caused by transfor-
mation of austenite to martensite in this neat on cooling to temperatures
below -140 C.

The impact properties of the welded specimens decreased with de-
creasing temperature, with no sharp transition. Type 310, with an impact
energy of 120 ft-lb at room temperature, had an absorbed energy of 50 ft-
lb at -263 C. The remaining alloys were closely grouped between 26 and

30 ft-lb at -263 C.
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SUMMARY

The mechanlca] properties of AISI types 301, 310, 316, and 347
stainless steel plate, in both the annealed base metal and welded and
annealed conditions, were determined at temperatures from room to -269 C.
Crwarpy impact and notched tensile properties were also determined. Type
301 showed the highest strength at all temperatures and type 310 the
lowest in the base metal. The tensile strengths of types 310, 316, and
347 were almost identical for both the base metal and welded specimens.
Type 301 (type 308 weld metal) had considerably lower strength over the
Vull temperature range, showing tne lower xt.rength of the type 308
composition.

The toughness of types 310 and 31,, at -269 C, as measured by notched-
wnnotched tensile ratios, was ,?xee]cnt in both the base and welded con-
dItlon, while type 347 iiad only moderate toui.hhness below -10'i C and type
30.1 had poor touighness below -0, C.

Type 301. base meha] undezrwenrt a sharp t.rans:tion in the Charpy im-
pact test. below -140 C. Type 310 bai;e metal had the best Impact- proper-
tipes, and exceeded the eapaclity of the Impact. eryostat pendulum at -263 C.

The impact propertiens of' the welded specimens were lover than those
of thle base metal , and dereaned with decreasing temperature, but did not
:;how a sharp trans tlion.
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