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ALUMINUM ALLOYS

Aluminum alloys are used extensively in cryogenic aqqlications. Their principal advantages include:
low as-fabricated costs, light weight, a stable crystal structure, and good retention of both strength and
toughness at low temperatures. Large structures can be fabricated readily because aluminum alloys can
be easily forged, formed and machined. Possible disadvantages of aluminum alloys include: low elastic
modulus, high thermal expansion, and high thermal and electrical conductivities.

Alloy 3003, an aluminum-manganese alloys, is a good choice when brazing is needed, in heat excha-
ngers for example. Available product forms include sheet, plate, wire, bar tubing, and pipe.

Alloy 5083, an aluminum-magnesium alloy, is the largest-tonnage alloy in cryogenic service. It is
used in land-based storage tanks and in mobile dewars, and large quantities of this alloy provide
primary containment in prismatic and spherical tanks for LNG ships. It is now also used for LNG
storage tanks as large as 25,000 cubic meters. Plates up to seven inches thick have been welded into
shipboard containment systems. Welding is done with conventional gas-metal-arc and gas-tungsten—
arc methods. Alloy 5083 is available as sheet and plate, and extruded tubing, bars, and shapes.
Tapered plates can also be produced. For most largescale applications the strength of aluminum alloys
is limited to the as-welded strength. Thus, alloy 5083, which retains full strength as welded, is pre-
ferred over high-strength 2000-series and 7000-series alloys.
5083-0.

Alloy 6061, an aluminum-magnesium-silicon alloy, is usually used in a heat-treated condition. It
is stronger than alloys 3003 and 5083, but weaker than the 2000-series and 7000-series aluminum alloys.
Alloy 6061 is available as pipe, pipe fittings, extruded tubing, and structural shapes.

Most codes require using room-temperature design-alldwable stresses for cryogenic applications.
However, the ASME Boiler and Pressure Vessel Code recently increased the allowable stresses for

alloy 5083 at low temgqeratures, recognizing its increased strength and adequate toughness at lower
temperatures,

Its usual condition is annealed, designated
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PROPERTIES OF ALUMINUM ALLOYS

INVAR

During cooling to low temperatures most materials contract 0.2 to 0.4 percent. Sometimes a
Jow-thermal-expansion alloy is required for close dimensional tolerances or to prevent large thermo-
elastic stresses. Invar (Fe-36Ni)is the most commonly used low-expansion alloy. This alloy has mode-
rate strength, good toughness, and good weldability. Welding usually involves either gas-metal-arc
or gas-tungsten-arc methods, especially when matching thermal and mechanical properties are requi-

red. A typical application of invar is the internal liner of membrane tanks in LNG ships.

Invar’s low thermal contraction (about 0.03 percent between room temperature and LNG te-
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mperature) results from invar having a large, positive magnetostriction that approximately cancels
the usual thermal contraction. Invar has a stable face-centered cubic crystal structure. Unlike iron-
nickel alloys containing 0~30 percent nickel, invar exhibits no low-temperature crystallographic (m-
artensitic) transformations.

Invar is available as : strip, sheet, platc, wire, bar, tube, pipe, billets, and forgings. All these
forms are used at low temperatures in an annealed condition.

PROPERTIES OF INVAR
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NICKEL STEELS

Nickel steels with 2.25,3.5,5,and 9 percent nickel were developed primarily for lowtempera-
ture applications as low as -323°F (94 K)and for relatively low cost compared to stainless steels. The-
ir advantageous properties include : high yield stregth, low thermal expansion, high elastic modulus,
and good weldability. They are used extensively for storing and transporting liquid hydrocarbons
that include LPG(2.25 and 3.5 Ni), liquid ethylene(5 Ni),and LNG (9 Ni).

Nickel steels are mainly body-centered cubic, and they undergo a ductile-brittle transition up-
on cooling to low temperatures. The transition temperature depends on nickel content ; highnickel
alloys have lower transition temperatures. To assure toughess, codes and regulations specify a mini-
mum temperature at which various iron-nickel alloys can be used safely. All the nickel steels cons-
idered here are readily weldable using austenitic consumables. Matching-composition fillers can be-
used in certain cases. Low heat inputs must be used for 5-nickel and 9-nickel steels.

3.5-nickel steel is used down to approximately -150°F (190 K)for containing liquid ethylene,
ethane, acetylene, carbon dioxide, and propane. It is available in both wrought and cast forms. Th-
ree heat treatments may be specified : normalized at 1600-1650°F (1162-1190 K), normalized and te-
mpered at 1 100°F (884 K),or quenched from 1600-1650°F (1 162-1190 K)and tempered. ASTM sp-
ecification A203 further describes this steel. The microstructure of 3.5-nickel steel is primarily ma-
rtensitic.

5-nickel steel is used for high-pressure liquid-ethylene storage. However, the alloy was deve-
loped for LNG applications and is being considered for use in LNG storage tanks. The heat treat-
ment required to produce suitable toughness at -260°F (129 K)is : double normalize at 1470-1555°F
(1090-1 137 K)and temper at ! 100°F (884 K).The resulting microstructure is martensite (body-cent-
ered cubic)and 3-8 percent retained austenite (face-centered cubic) .ASTM specification A645 furth-
er describes this steel,

Like the 5-nickel steel, the 9-nickel steel was developed specifically for cryogenic applicati-
ons. It is used for LNG, liquid-oxygen, and liquid-nitrogen processing, storage, and transporting.
Two heat treatments are used : double normalized at 1650°F,1470°F (1190,1090 K) and tempered
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at 1075°F (870 K) ; or quenched from 1470°F (1090 K)and tempered at 1075°F (870 K).Usually5-10
percent retained stable austenite results with the remainder of the microstructure being martensite.
ASTM specifications A353 and Ab553 further describe this steel,

PROPERTIES OF NICKEL STEELS
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STAINLESS STEELS

Austentitic chromium-nickel stainless steels are the most widely used alloys for structural ap-
plications below -323°F (76 K).And they are used extensively in the LNG industry for piping, val-
ves, etc. Their physical properities offer advantages over those of competing materials. The elastic
modulus is high and the thermal expansion, magnetic permeability, and electrical and thermal con-

ductiveties are low. Their principal disadvantages are their relatively high

to-weight ratios.

cost and low strength-

Most austenitic (face—centered-cubic crystal structure)stainless steels are metastable at low tem-
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peratures, tending to undergo martensitic transformations during cooling or stressing. There are two

martensites ; one has a body-centered-cubic crystal structure and the other a close-packedhexagonal
- crystal structure. Transformation to the body-centered cubic phase is accompanied by volume expa-
| nsion and ferromagnetism. AISI 310 stainless steel is completely stable against martensitic transform-
ation, but both AISI 304 and AISI 316 transform during plastic deformation at low temperatu-
res. Usually, types 304 and 316 do not transform during cooling without plastic deformation.

The most widely used stainless steels for cryogenic servis are AISI 304 and AISI 304L. These
alloys have been used for LNG piping and membrane-type containment systems for specialized
applications. Type 316 is a commonly used stainless steel and is sometimes used for shipyard piping
systems because of its salt-water corrosion resistance. Type 310 costs more ; it is used to ensure
complete austenite stability.

Availability of 304,310,and 316 stainless steels is essentially unlimited in standard product fo-
rms. These include plate, sheet, strip, bar, and forging billets. Each alloy can be cast, extruded, or
welded into pipe or tubing.

Austenitic stainless steels are readily fabricated. Heat treatment is usually not required. Some
exceptions include annealing at 1800-2000°F. (1 255-1 367 K)following severe forming operations and
stress relief at 800-900°F (700-755 K)to reduce peak residual stresses and improve dimensional stabil-
ity. They are readily weldable by all common welding processes if the appropriate consumables
and procedures are used. The austenitic stainless steels have excellent formability and sufficient for-
geability for many applications. But they are more difficult to forge than most common structural
alloys because of their high strength at high temperatures. Among the austenitic stainless steels, ty-
pes 304 and 315 have good forgeability. Annealed austenitic stainless steels are more difficult to ma-
chine than carbon steels or aluminum alloys because of their relatively high tensile strength, high
work hardening rate, and low thermal conductivity.

Austenitic stainless steels are used for manufacturing castings for cryogenic applications such
as valve bodies. The casting alloys equivalent to types 304 and 316 are Alloy Casting Institute (ACI)
types CF8 and CF8M, respectively.

PROPERTIES OF STAINLESS STEELS

ELASTIC
YOUNG’S MODULUS .. ittt eriee st teestae et e e ssae e reeebeeesbeeessneesmneeennneas L.
SHEAR MODULUS ...ttt ettt et st st e et et eesssmbeemaesmaeesnaeane 2.
BULK MODULUS ...ttt ettt e e s s s seesshens bt sseessemnes 3.
POISSON’S RATIO ...ttt ettt et e st te e ba e saee s ne e s ssa e e ssmaee st e e nees 4.
THERMAL
THERMAL CONDUCTIVITY ittt csnesnenr e snessaass s sessaseenne 5
SPECIFIC HEAT ... ..ccoiiiiiiiiiiiniiiiiin ittt s sas st s sss e aas s sass s ern e sssasssansessaas 6
LINEAR THERMAL EXPANSION ... .ccciiiiiiriirieriiiuriienieesiinteenenneesisesesssinnseessneessssssnes 7
INSTANTANEOUS THERMAL EXPANSION.........ccccueimiiiininiiiinininnrenee s ssncsssnecenns 8
MEAN THERMAL EXPANSION ... .....ccccciiiimiiiiiiiiiiniinniennrennreessnesssasssssasssisesenneeens 9.
MECHANICAL
TENSILE STRENGTH .
304 STAINLESS STEEL .. ...ttt ee st e snnn s seaae e 10.1
304L STAINLESS STEEL  .....c.cccciiiiiiiiiitiiiieieinirireeneeeesesseeceesasnsssisee s sannsssssnnneeses 10.2
304N STAINLESS STEEL ... .c..cccoviiiiiiiiiniitenniieeisecreessesreessssnsessssusssssssnnsesssnsessas 10.25
310 and 316 STAINLESS STEELS 10.35

...........................................................................

TENSILE YIELD STRENGTH
304, 304L, and 304N STAINLESS STEELS . ...
310 and 316 STAINLESS STEELS . ...t 11.35
TENSILE ELONGATION
304, 304L, and 304N STAINLESS STEELS ...........ccccimiiiiminnininiiniiinne
310 and 316 STAINLESS STEELS ...t 12.35
TENSILE REDUCTION OF AREA
304, 304L, 304N, 310, and 316 STAINLESS STEELS

...................................................
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S TENSILE STRESS-STRAIN : . : »
i 304 STAINLESS STEEL (COLD ROLLED) ... iiiiiiiieiiiieiiiiecioiminni o et 4.1

304 STAINLESS STEEL (ANNEALED) i, Giivedeeniend 14.15

"304L STAINLESS STEEL ... iiiiiioieeiiieieieirainens s ietas e lES e e i, 1402

304N STAINLESS STEEL .. ./iiiiiiiiisienseneceennes e e e 14,25

310 STAINLESS STEEL ... e 1403
< 316 STAINLESS STEEL _............ e e 14.4
AXIAL FATIGUE STRENGTH . o .

304L STAINLESS STEEL - ... ... e IO S ORI S SO e 1501

310 STAINLESS STEEL | . iiiiiiiiiiaiiiiieeeiieiiiarisieanesiaiansecirineias e ievens L. 1804
AXIAL HIGH-STRAIN-RATE FATIGUE STRENGTH , o

304 STAINLESS STEEL ... oiiiiiiiiiiiiiiisinecisinenisenensreraeneaseadiieneniinmaaste e eereeene 15.15
AXIAL FATIGUE STRAIN N . . :

304 and 304L STAINLESS STEELS . i iiiiiiiiiniiiiiiiiiiiiiiaretaraaieisisieasaisaenensaeaes 16.2

310 STAINLESS STEEL i enesieins een eveeeeeas it 16.3
FATIGUE CRACK GROWTH RATE

304, 304L, and 304N STAINLESS STEELS . ... e eeeresreenaaeans .. 17.25

310 and 316 STAINLESS STEELS i tiiiiiiriecaeiiniiiiiiesaesiiiecastasbstnasasass ....17.35
IMPACT ENERGY: : , .

304, 304L, and 304N STAINLESS STEELS ... e e et eeeveeannssreeaseriena 18,25

310 and 316 STAINLESS STEELS .. ............ B SO S eeee e heenevrerasrreraraennsan 18.35
FRACTURE TOUGHNESS ‘

304N, 310, and 316 STAINLESS STEELS _ .. ... et e ear e er e ir e raaahas SUUTUTE 19.35
SHEAR STRENGTH B . ,

304 STAINLESS STEEL | ... ...ciiiiiiiiiiiiiiiinens e ereeveerienesenenerieeneraneeeaerateteias 20.1
HARDNESS Lo

304 STAINLESS STEEL it ee e e ieeeieere e, 21.1

NICKEL STEELS : FRACTURE TOUGHNESS

KEORE ORI S i)

SOURCES : N. J. Huettich, A. W. Pense, and R. D. Stout, The toughness of 21/, and 3!/,% nickel
steels at cryogenic temperatures, Welding Res. Bull. 165(1971) .. v . . ‘
Materials Research for Superconducting Machinery, Parts 1-6 (March 1973-September 1976) , available
from - NTIS, order numbers AD 780596, ADA 004586, ADA 012365, ADA. 019230, ADA 030170, ADA
036919. . . . , o e '
H. J. McHenry and R. P. Reed, Fracture behavior of the heat affected zone in 5% Ni steel weld-
ments, Welding J., forthcoming. .. ... .. . ... ... ' o
R. L. Tobler, R. P. Mikesell, R. L. Durcholz,. and R. P. Reed, Low temperature fracture behavior
of- iron-nickel alloy steels, in.Prope.f.ties of Materials for Liquefied Natural Gas Tankage, STP 579
(Amer. Soc. Test.. Mater., Phila., . 1975). IETRERT » AT

UNITS .. .. . to.convert. ... ... .. ...to ... . . multiply by

°F K Tg=(t°5+459.67) /1.8
108 psiy/in MPay/ m 1.0989 " '

COMMENTS (1) 2.25-nickel steel data are. from.one. source . With - LT (normal to crack plane in
“ rolling direction: and direction..of crack growth.in transverse direction')?l; 6—m plate, ‘compact-tensile
" specimens. A -suitable normalizing  temperature. for- ASTM specification AQO?)H—A is 1650°F.
(2 _.3.5-nickel steel normalized-condition. data-are from-one source ; quenched-and-tempered data

are from two sources. In both cases, compact-tensile specimens had TL - orientations and were 1-2

“in thick. In. the quenched-and-tempered case, J-ntegral K¢ values were computed from measured
':'.'JIC’values by ¢ - e - S U

- Kic=(JicE/ (1-v®))1/2, 7 _, v

"~ where Jic' is -the critical value of the J-integral, E is Young’s modulus of elasticity, and v is Poisson’s
satio. Heat treatment for the quenched-and-tempered condition was: (1)1650°F for I' h, (2)water
quench, (3)1155°F for 1 h,and (4 ) water quench. A suitable normalizing - temperature for -A203-D
“is 1-600°F. TR UUUIUE S A S e T L
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LNG Materials & Fluids Data : : NICKEL STEELS
- Fracture Toughness
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(3) 5:.0-nickel steel data were from two sources, both used TL-orientation ‘specimens. The weld-
material data, TL orientation, were from one source : the single point was -generated " from an LT-
orientation test specimen. :Compact tensile specimens, aplﬁroxima,telyi 1 in thick, were used. Kjo
values were obtained by a J-integral method. Heat treatment for ASTM specification A645 is : ( 1)
1575-1675°F for 1 h/in, (2) water quench, (3) 1275-1400°F for 1 h/in, (4) water quench, (5)
1150-1 225°F for 1 h/in, and (6 ) water quench or air cool. For the GMA weld,the filler rod was
Inconel 92, weld position was horizontal, joint design was double vee, shielding gas was 75% He-
25% Ar, interpass temperature was 100°F maximum, wire diameter was 0.043 in. Pass 1 condi-
tions were : 110 amperes (DCRP), 30 volts, 8 in/min, and 24.8 KJ/in. Pass 2 conditions were : 140
amperes (DCRP), 32 volts, 12 in/min. Passes 3-21 conditions were : 140 amperes(DCRP), 32 volts, 10
in/min, and 26.9 KJ/in.

(4) 9-nickel steel data were from one ource. Kj¢ values were obtained by a J-integral method.
Heat treatment for ASTM specification A553-1 is : (1)1450 1500°F for 1 h/m, (2) Water quench
(3)1050-1125°F for 1 h/1n, (4)a1r cool or water quench '
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