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ABSTRACT 

One of the important problems in determining the usefulness of 

stainless steels as cladding materials in high-temperature gas-cooled 

reactors is the effect that their reactions with the coolant has on their 

strength and ductility. The mechanisms by which the coolant (C02 in ~his 

investigation) affects the strength properties of type 304 stainless 

steel are being investigated in the range 1300 to 1700c F (704-927C C). 

Creep- and stress-rupture results obtained on sheet materials in wet 

and dry C02 and argon are compared, The effect of annealing in C02 on 

the tensile strength and ductility was also investigated. 

The question of whether the strengthening observed in C02 was due 

to oxidation or carburization was investigated. Experiments on the 

effect of various partial pressures of oxygen in argon showed that the 

creep rate was minimum at approximately 10 ppm. The creep rate in C02 

at equivalent stress and temperature(was lower by a factor of 3 than the 

minimum rate observed in oxygen. Chemical analyses, metallography, and 

experiments with C14 showed that carburization occurred in pure flowing 

C02 in the temperature range studied. From this evidence it was con­

cluded that the strengthening observed in C02 was priInarily due to 

carburizat ion. 

The creep- and tensile-fracture strains were adversely affected by 

exposure to C02, with the magnitude of the effect dependent on the time 

and temperature of exposure, 
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EFFECT OF C02 ON THE STRENGTH AND DUCTILITY OF TYPE 304 
STAINLESS STEEL AT ELEVATED TEMPERATURES 

w. R. Martin and H. E. McCoy 

INTRODUCTION 

The application of engineering materials in the design of devices 

that operate at elevated temperatures requires a thorough knowledge of 

both the conditions under which the device operates and the resulting 

effect on the various component materials - for example, the fuel 

element cladding, which contains the reactor fuel and fission gases . 

Fuel element cladding materials must satisfy nuclear physics require­

ments and allow a fuel burnup consistent with economy. 

In a gas-cooled reactor, interactions between the fuel cladding 

material and the coolant (or its impurities) may produce deleterious 

effects on the mechanical properties and thereby shorten the life of 

the fuel element. 

Although other gases have been considered as coolants and other 

materials as fuel element claddings, the concern here is with C02 and 

. type 304 stainless steel. 

EXPERIMENTAL TECHNIQUES, EQUIPMENT, AND MATERIALS 

The gaseous environment surrounding the specimen during creep 

rupture was controlled by means of a test chamber similar to that 

shown in Fig. 1. The test chamber is a type 310 stainless steel tube 

wrapped with a Nichrome wire heating element. The extension rod: and 

the test chamber are joined with U-cup pressure-vacuum seals, which 

maintained vacuum or pressure within the test chamber without restricting 

the movement of the extension r,ods. The seals are cooled by water 

jackets placed at the top and at the bottom of the chamber. Four 

Chromel-Alumel thermocouples were inserted in the top of the chamber, 

two of them made with standard insulators and attached directly to the 

gage length of the specimen, and the other two were swaged assemblies 
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consisting of Chromel-Alumel wires, magnesium oxide insulation, and 

Inconel sheathing. The elongation of the specimen was measured by a 

dial gage which indicated the movement of the external pull rod, 

Stress-rupture tests were performed in controlled gaseous 

environments. After the system was checked for le.aks to prevent 

contamination of the test environment, the CO2 was introduced in one of 

two ways. In one method the C02 was introduced directly into the 

chamber and then the specimen was heated to test temperature. In the 

second method the specimen was heated to test temperature under a 

vacuum of less than 1 ~ before the C02 was introduced, which minimized 

the length of time that the specimen was exposed to the test environment. 

Tests in gases that react chemically with the chamber were run in 

flowing environments, and those in argon, which was introduced by the 

second method, were run under static conditions. Although high-purity 

argon was used, zirconium strips were suspended near the specimen to 

act as a getter. 

The initial temperature distribution across the test section of 

the specimen was determined by thermocouples attached to the specimen. 

Since C02 reacted with Chromel-Alumel thermocouples to alter their 

temperature-emf characteristics, swaged thermocouples were used in 

conjunction with thermocouple wells to control the furnace temperature. 

The control point was adjusted so that the test section would be at the 

proper temperature. Thus the effect of test environment on thermocouple 

properties liaS not a source of error in this procedure. 

The type 304 stainless steel creep-test specimens used in these 

investigations were made from O.060-in.-thick sheet having the chemical 

composition indicated in Table 1, All specimens were annealed at 

19000 P (1038°C) for 1 hr in hydrogen and prepared from heat M43484 unless 

otherwise noted. 
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Table 1. Chemical Composition of Stainless Steel 
Utilized in C02 Compatibility Study 

Analyses
a 

(wt %) 
Heat Heat 

M434S4 M33733 

0.067 0.063 

9.550 9.170 

lS.2S0 17.640 

1. ISO 1.270 

0.540 0.540 

0.030 max 0.020 max 

0.030 max 0.020 max 

Heat 
C 

0.030 

9.530 

17.600 

1.330 

0.510 

0.020 max 

0.020 max 

0.230 Mo 

Fe Balance Balance Balance 

~endorst analyses. 

EXPERIMENTAL RESUIll'S 

Effect of C02 on the Creep Properties 

The increased time for type 304 stainless steel to rupt.ure at 
I 

1500 and l700°F (S15 and 927°C) in flowing C02 as compared with argon 

is shown in Fig. 2. Both wet (dew point, approx 78°F) and dry (dew 

point, < -30°F) flowi.ng C02 environments are represented by a single 

curve, since no consistent difference in the effect of water vapor on 

the stress-rupture results could be found for the test time range of 

100 to 5000 hr. 

A definite decrease in the creep rate at a given stress was 

observed over a significant stress range for the material tested at 

l500°F (S15°C) in dry C02 as compared with argon. The addition of 

water vapor to the C02 reduced that difference in creep properties at 

l500°F (S15°C), as shown in Fig. 3, but appeared to have no effect at 

l700°F (927°C). 

• 
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The total creep elongation at fracture as a function of time of 

test is shown in Fig. 4 for argon and dry and wet C02 environments at 

1500 and 1700°F (815 and 927°C). 

Effect of Specimen Size on the Stress-Rupture Creep Properties 

In the design of components for high-temperature use many sections 

of material will vary in thickness. Therefore after the creep properties 

of type 304 stainless steel had been observed to differ significantly 

when tested in C02 and in argon, the effect of specimen size was 

examined cursorily at 1700°F (927°C). However, as illustrated in Fig . 

the argon environment is, for all engineering purposes, inert and section 

size was not a variable when considering the deformation of type 304 

stainless steel in that medium. As is also illustrated, such deforma­

tion was a function of section thickness when the steel was tested in 

either dry or wet CO2 at 1700°F (927°C) under 4000 psi stress. The 

carbon analyses of these tests in Table 2 indicate increasing carbon 

content with increasing time at temperature. 

Table 2. 
of 

Specimen 
Thickness 

(in. ) 

0.060 

0.040 

0.060 

0.040 

0.020 

0.020 

0.020 

Carbon Analyses of Type 304 Stainless Steel Creep Specimens 
Different Thickness Tested at 1700°F (927°C) in CO 2 

Carbon Analyses a 
(wt 1» 

Rupture Time Dry- CO 2 Wet- CO2 
(hr) Environment Environment 

38,3 0,17 

39.2 0.26 

46.0 0.25 

61.0 O. 
138.1 ,0.31 

0 0.37 
i , 

171.0 0.37 

aHeat M33733; carbon analysis in as-received condition, 0.063 wt 1>. 
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Effect of Prestraining on the Creep of Stainless Steel 

The effects of C02 environment versus those of an inert environment 

on the creep properties at 1300 and 1500°F (704 and 815°C) of a type 304 

stainless steel as a function of prior strain at room temperature are 

gi "len in Table 3. These data indicate that the creep rate ar..d the 

fracture strain decreased with increasing prestrain at 1300°F (704 C C) 

and that the time to rupture increased with increasing prestrain. 

Table 3. Effect of Environment on the Creep Properties of 
Prestrained Type 304 Stainless Stee1a at Elevated Temperature 

Pre strain 
Environment (~) 

Tested at 

Flowing dry C02 0 

5 

10 

20 

Static argon 0 

5 

10 

20 

Tested at 

~G"lovring dry C02 0 

5 

10 

20 

Ste.tic a:-:-gon 0 

5 

10 

20 

8.Heat M33733. 

Strain at 
Rupture (~) 

Rupture Time 
(hr) 

20000 psi at 1300°F (704 ° C~ 

18.8 9.8 

13.5 19.6 

11. 7 27.9 

5.1 36.8 

18.8 15.8 

31.3 18.1 

17.4 21.5 

12.1 23.9 

7000 Esi at 1500°F (e15°C) 
20.3 148.0 

378.0+ 

4.7 432.3 

.1.2 162.0 

20,3 96.2 

12.1 134,4 

4.7 220.9 

1,6 160,7 

Cl'eep Rate 
(hr- 1 ) 

1.1 X 10- 2 

3.85 X 10- 3 

2.00 X 10- 3 

1.10 X 10-3 

1.10 X 10- 2 

1.10 X 10- 2 

1.15 X 10- 2 

2.00 X 10- 3 

1,00 X 1.0-3 

8.20 X 10- 5 

5.70 X 10- 5 

6.00 x 10- 5 

1.64 x 10- 3 

6.10 X 10-4-

1.00 x 10- 4 

4.80 X 10-5 

• 
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Similar behavior was observed at l500°F (815°C) except for a 

maximum rupture-time value at intermediate values of pre strain. The 

strain-time curves shown in Fig. 6 illustrate that the primary creep at 

l500°F (815°C) was reduced by prestraining but was not significantlY 

different for a given prestrain as a fUnction of environment. 

Microstructural Changes Associated with Environmental 
Creep Testing in CO2 

Photomicrographs of the interior and surface of type 304 stainless 

steel creep-tested in argon for long periods at either 1500 or l700°F 

(815 or 927°C) are shown in Figs. 7 and 8. Typical microstructures of 

specimens tested in dry or ,fet C02 are shown in Figs. 9 and 10 for 

l500°F (815°C) and in Figs. 11 and 12 for l700°F (927°C). The feather­

like structure at the oxide-metal interface revealed in Figs, 11 and 12 

reacted to chemical-etching techniques much as ferrite does but has not 

been positivelY identified as such. Changes in microstructure in the 

interior of the creep specimen as a function of time in C02 at l700°F 

(927°C) are shown in Figs, 13, 14, and 

Figure 16 shows an oxide formation that was. typical at 1500 or 

l700°F (815 or 927°C). An x-ray powder pattern of the extracted oxide 

showed the presence of alpha-Fe203, Cr203, and FeJ04. A glancing-angle 

x-ray beam on the outer surface of a chipped section of the oxide 

indicated FeJ04.only. 

Influence of C02 on the Tensile Properties 
of Type 304 Stainless Steel 

In order to evaluate the influence of C02 on the mechanical 

properties of type 304 stainless steel, a group of tensile specimens 

were prepared and exposed to flowing C02 for times up to 1000 hr and 

temperatures ranging from 1100 to l700°F (593 to(L927° C). Control 

specimens were run in argon to separate the influences of thermal 

treatment and exposure to C02. Pairs of specimens annealed under 

duplicate conditions were tested in tension at 75 and l250°F 
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Fig. 7. Structure of Type 304 Stainless Steel Creep-Tested for 
2869.7 hr at 1500°F ( C), 4000 psi Stress, in Static Argon. Specimen 
ruptured at 15.62% strain. Etchant: aqua 100X. 
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Y-42616 
Unclassified 

Fig. 9. Microstructure of Type 304 Stainless Steel Creep-Tested 
for 1200 hr at 1500°F (815°C), 6000 psi Stress in Flowing CO2, 
Photomicrograph typical for material exposed to either wet or dry C02 at 
1500°F (815°C). Outer oxide spalled off during sample preparation. 
Etchant: aqua regia. 100X. 
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Fig. 10, Typical Microstructure of Type 304 Stainless Steel 
Tested for 1200 hr at 1500°F (815°C) in Flowing Dry CO2 , 

aqua regia. 500X, content, 0.29 wt %. Etchant: 
Carbon 

• 
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11. Typical Microstructure of 304 Stainless Steel 
Tested for 3488.9 hr at 1700°F (927°C), 2500 psi Stress in Flo,dng Dry 
CO 2 (Dew Point < -30°F). Specimen ruptured at 6%. Carbon content, 
0.4 wt %. Unusual structure at oxide-to-metal interface can be noted. 
(See Fig. 12) Etchant: aqua regia. 100X. 
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Y-44495 

Fig. 12. High Magnification of Microstructure at Metal-to-Oxide 
Interface Shown in Fig. 11. The fine precipitate in the grain matrix 
identified as (Cr,Fe)4C and the absence of precipitate in grain­
boundary area (0.001 in. I-ride) near the feather-like structure formed 
at the oxide-metal interface can be noted. Etchant: aqua regia. 500X. 
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Fig. 13. Typical ~licrostructure in Interior of Type 304 Stainless 
Steel Specimen Tested for 18.8 hr at 1700°F (927°C), 5000 in Flowing 
Dry CO2 (Dew Point < -30°F). Carbon content, 0.30 wt %. 
Etchant: aqua regia. 500X. 
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Fig. 14. Typical Microstructure in Interior of Type 304 Stainless 
Steel Specimens Tested for 528 hr at 1700°F (927°C), 3000 psi Stress in 
Flowing Dry C02 (Dew Point < -30°F). Carbon content, 0.59 wt ~. 
Etchant: aqua regia. 500X. 
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Fig. 15. Typical Microstructure in Interior of Type 304 Stainless 
Steel Specimen Tested for 3488.9 hr at 1700°F (927°C), 2500 psi Stress 
in Flowing Dry CO 2 (Dew Point < -30°F). Specimen ruptured at 6%. 
Carbon content, 0.4%. Large quantities of grain-boundary precipitate 
and precipitate on particular orientation in the grain interior can be 
observed. ~tchant: aqua regia. 500X. 
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Y-42267 

, , , 
Fig. 16. Typical Type 304 Stainless Steel Surface After Long 

Exposure to CO 2 at Elevated Temperatures. Particular specimen exposed 
1058 hr at 1500°F (815°C) in dry C02. Outer single-phase oxide and 
interior oxide spinel which contains metallic particles are apparent. 
As-polished specimen. 500X. 
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(25 and 677°C); the results are summarized in Table 4. The following 

observations were made relative to the influence of CO2 on the tensile 

ductility~ 

1. The control specimens showed that subsequent heating in argon 

at a temperature less than the 1900°F (1038°C) homogenization temperature 

caused a change in the material characteristics. As a result of this 

instability, the room-temperature tensile ductility was reduced. The 

tensile ductility of the controls at 1250°F (677°C) was increased by 

the thermal treatment, the magnitude of the improvement increasing with 

increasing annealing temperature. 

2. At both and 1250°F (25 and 677°C) the tensile ductility was 

decreased by exposure to C0 2 0 The magnitude of the decrease in 

ductility seemed, as a result of a given annealing time, to increase 

with the temperature of annealing. 

Strengthening Effect 

The resistance of type 304 stainless steel to creep deformation 

was higher in C02 than in argon. Material tested in C02 showed two 

definite microstructural changes: increased precipitation and the 

formation of oxide layers on the metal surface. 

Carbon dioxide is strongly oxidizing to type 304 stainless steel 

at 1500°F (815°C) and above, and the presence of oxygen in solid 

solution in the austenite, as an oxide coating on the metal surface, or 

in the metal substrate as metal oxides may constitute a strengthening 

effect, To investigate this possibility, the effect on the creep 

properties of the steel of small partial pressures of oxygen in an 

argon carrier gas was studied. E~~riments duplicated with two 

different heats of the steel produced the same type of results as shown 

in Figs. 17 and The increased creep strength at small partial 

pressures of o}~gen in argon as compared with either pure argon or pure 

oxygen was not accompanied by microstructural changes apparent at 

magnification of 1000 diameters or less, However, electron micrographs 

at magnifications of 4650 (Figs. 19-22) revealed a higher density of 



Table 4. Effects of Exposure to CO 2 on the Tensile Properties of Type 304 Stainless Steel 

Specimen Size: 0.020-in.-thick sheet 
Strain Rate: 0.02 in./in.-min 

Average T ensile Properties at 75° F (25°C) Tensile Properties at 1250°F (677°C) 
Treatment Prior to Tens i Ie T estQ Carbon Elongation Strength Yield Elongation Strength Yield 

Environment Temperature Time (hd Concentration (%) (psi) Strength (%) (psi) Strength 
(wt %) (psi) (psi) 

As annealed 0.02 56.5 80,300 22,300 27.5 34,000 lO,lOO 
CO 2 11000 F (593°C) 100 55.0 86,100 26,300 23.5 34,800 10,000 

300 45.3 83,000 27,200 19.5 34,800 12,800 
1000 0.14 41.6 82,900 28,500 21.5 36,600 12,200 

Ar 11000 F (593°C) 1003 0.02 55.0 84,800 25,800 29.5 37,700 14,200 

CO 2 12000 F (649°C) 97.6 53.8 85,100 23,500 27.5 37,200 12,700 
329 56.3 87,800 26,700 26.0 39,200 13,800 

1002 0.15 45.3 88,400 28,000 17.0 42,100 15,700 

CO 2 1300°F (704°C) 500 0.21 25.7 81,600 25,600 17.0 40,100 19,400 N 

785 25.7 82,700 27,200 17.0 37,900 18,200 l'-

1000 0.27 24.5 83,700 28,200 14.5 39,300 19,300 
Ar 1300°F (704°C) 1006 0.02 49.0 83,800 24,300 29.0 37,500 12,000 

CO2 1400°F (760°C) 303 20.9 70,100 26,900 15.0 35,300 18,000 
500 14.8 70,500 29,100 14.0 31,500 15,300 

1000 0.25 20.9 77,200 29,000 20,300 

CO 2 15000 F (815°C) 25 0.21 38.0 79,400 23,100 18.5 35,800 13,000 
115 27.5 77,900 23,100 19.0 36,400 17,200 
500 0.25 19.5 80,600 25,900 16.5 37,700 19,100 

Ar 15000 F (815°C) 500 0.02 53.0 84,500 25,100 34.0 38,700 11,300 

CO 2 1700° F (927°C) 16.7 0.12 41.6 64,400 21,400 21.0 36,900 15,100 
49.2 22.1 60,100 21,800 17.0 33,000 15,100 

200 0.22 11.1 45,000 18,400 12.0 28,000 9,900 
Ar 1700° F (927°C) 200 0.02 54.5 83,700 24,400 36.0 35,800 11,100 

aA11 specimens annealed for 1 hr at 19000 F (1038°C) in hydrogen prior to receiving indicated treatment . 
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Fig. 17. Effect of 02 Concentration on the Rupture Life of TYPe 304 
Stainless Steel at 1500°F (815°C) and 3400 psi. 
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Fig. 18. Effect of 02 Concentration on the Creep Rate of Type 304 
Stainless Steel at 1500°F (815°C) and 3400 psi. 
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YE-8686 

Fig. 19. Microstructure of Type 304 Stainless Steel (Heat C) 
Stressed at 3500 psi, 1500°F (815°C) for 1000 hr in Static Argon. 
Electron photomicrograph. 4650X. 
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YE-8667 

Fig. 20. Typical Microstructure of Type 304 Stainless Steel 
(Heat C) Stressed at 3500 1500°F (815°C) for 1600 hr in Flowing 
Argon-Oxygen Gas Mixture. Oxygen concentration in environment varied 
from 0.0002 to 0.001 vol %. Electron photomicrograph. 4650X. 
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Fig. 21. Microstructure of Type 304 Stainless Steel (Heat C) 
Stressed at 3500 psi, 1500°F (S15°C) for 980 hr in Flowing Argon-Oxygen 
Gas Mixture. Oxygen concentration in environment was 12 vol %. 
Electron photomicrograph. 
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YE-8674 

Fig. 22. Microstructure of Type 304 Stainless Steel (Heat C) 
Stressed at 3500 ,1500°F (815°C) for 979 hr in Oxygen. 
Electron photomi 4650X. 
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precipi tate at the Imler concentrations of oxygen when compared with 

12<% 02 in argon or with the 100<% 02 atmosphere" A closer examination 

of a number of the tests revealed that the maximum effect on strength 

was achi.eved with a concentration of approximately 10 ppm 02 in argon, 

The increase in oxygen concentration in the metal substrate after an 

exposure of 1600 hr in this optimum Ar-02 environment at l500°F (8l5~C) 

was insignificant" 

It was evident from the surface oxides that the oxidizing potential 

of the C02 at 1500 and 1700°F (8l5 and 927°C) was greater than the 

oxidizing potential of the Ar-02 mixture causing the maximum creep 

properties. Therefore it must be concluded that oxygen may contribute 

to the strengthening mechanism but cannot be primarily responsible for 

the effect noted for stainless steel tested in C02. 

The increased precipitate in material tested in C02 led. to the 

suspicion that carburization of the metal matrix had occurred. 

Chemical analyses indicated that the change in carbor.. content followed 

a general trend of increasing with increasing time and temperature. 

To further study this carburization phenomenon, stainless steel tabs were 

annealed in flowing C02 in a nonmetallic loop where all met.allic 

materials except the specimen were removed.. The C02, produced by 

decomposition of BaC03) contained C14 as a tracer. Autoradiographs of 

the stainless steel tabs after exposure to the C02 at 1300, 1500) and 

1700°F (704) 815) and 9270 C) are shown in Figs. 23) 24., and 25" 

respectively" Figure 26 shows the distribl1tion of carbon at the oxide­

metal interface. Beta-counting techniques also indicated that the 

maXim\lm carbon content was at the oxide-metal interface, w:.th a small 

concentration present in the inner oxide and no C14 i.n the outer oxide, 

The carburization of the material in pure flowing C02 was clearly 

demonstrated by this technique. 

Additional evidence of carburization was obtained by exposure of 

thin tabs of metal to nonisotopic flowing C02_ ~'Ypical carbon analyses 

are shown in Table :5. 
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Y-43649 

Fig. 23. Autoradiograph of 304 Stainless Steel Heat Treated 
for 40 hr in Flmring CJ. 4 02 Envirorunent at 1300°F (704°C). Carbon 
content, 0.041 wt %. Specimen as polished, rITE stripping radiographic 
film for hr. 200X. 
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Y-4363l 

24. Autoradiograph of Type 304 Stainless Steel Heat Treated 
for 40 hr in Flmving Cl40 2 Environment at l500°F (815° C). Carbon 
content, 0.062 ,vt %. cimen as polished, NTB stripping radiographic 
film exposed for hr. 200X. 
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Y-43645 

Fig. 25. Autoradiograph of Type 304 Stainless Steel Heat Treated 
for 40 hr in Flowing C140 2 Environment at 1700°F (92'?°C). Ga.s 
content, 0.073 vrt %. Specimen as polisLed, NTB stripping radiographic 
film exposed for 168 hr. 200X. 
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Autoradiograph, 500X 

Y-397'10 
Unclassified 

'\ 
't 

Y-40020 

26. sentative Structure 0.001 in. from Metal Surface 
Type 304 Stainless Steel Specimen (0.020 X 1/2 X 1 in.) 37.8 hr 
at 1500°F C) in C1402 Environment. Total surface beta 
count of specimen 6226 cpm. 
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Table 5. Carburization of Type 304 Stainless Steel 
in Flowing C02 at 1 atm Pressure 

Temperature Time Carbon Content 
[OF (0 C) ] (hr) (wt %) 
1200 (649) 50.2 0.07 

94.1 0.12 

1300 (704) 138.7. 0.30 

1400 (760) 49.5 0.24 

1500 (815) 46.0 0.30 

1600 (871) 50.0 0.37 

1700 (927) 69.4 0,44 

1800 (982) 48.9 0.21 

DISCUSSION OF RESUDTS 

The evidence obtained in the tests supported the suspicion 

that the strengthening observed in C02 was due to carburization rather 

than oxidation. The strengthening mechanism of carbon was due to solid­

solution alloying and/or a dispersed second phase. An explanation of 

both mechanisms can be found elsewhere. 1,2 

The effect of prestraining at room temperature on the creep 

properties of an austenitic stainless steel tested in the sensitizing 

temperature range in an air environment "las investigated by 

Garofalo et al. 3 These investigators, whose experimental results showed 

the same general trends as the data reported in Table 3, concluded that 

lEo R. Parker and T. H. Hazlett, "Principles of Solution Hardening," 
pp 30-70 in Relation of Properties to Microstructure, American Society 
for Metals, Cleveland, 1954. 

2J. Wertman, Theory of Creep of Dispersion-Hardened Alloys, Naval 
Research Laboratory, NRL-5l23 (Apr. 15, 1958). 

3F. Garofalo, F. von Gemmingen, and W. F. Domis, "The Creep 
Behavior of an Austenitic Stainless Steel as Affected by Carbides 
Precipitated on Dislocations," Trans. Am. Soc. Metals 54,430 (1961), 

• 
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the increased creep properties after prestraining ,{ere due to carbides 

precipitating on dislocations and offered electron transmission micro­

graphs as proof. 

The most important aspect of prestraining on creep may be its effect 

on creep ductility, as evidenced b~ the low values found in Table 3. In 

general, the results presented in this report illustrate that the 

strength of type 304 stainless steel is improved as a result of exposure 

to CO2. This applies to the test piece exposed to C02 both in the 

absence and presence of stress. The improvement in strength, however, 

was accompanied by a loss in'ductility. The series of tensile tests, 

which are summarized in Table 4, were run in an effort to evaluate the 

influence of the carbon distribution on the magnitude of the ductility 

reduction. They indicated that in general the ductility reduction 

becomes greater for a given annealing time as the annealing temperature 

is increased. The rupture ductility can be reduced significantly, For 

example, average carbon concentrations of 0.2 wt ~ resulted in room­

temperature and 1250°F (677°C) ruptUre ductilities of 29 and 17~, 

respectively, Thus far no clear correlation has been shown between the 

reduction in tensile ductility and the temperature of exposure to CO2, 

but the evaluation has been complicated by the carbon having varied, 

at different temperatures, in quantity, depth of penetration, and 

morphology4 and by the apparent instability in the control sample s 

caused by thermal treatment. Additional testing evaluation is required 

to advance beyond the status of the generalizations given above, 

The creep tests also indicated an influence of C02 on the rupture 

ductility, The data showed (Table 3) that at 1300°F (704°C) the 

ductility \Jas less in C02 than in argon, At 1500 and 1700°F (815 and 

927°C) the rupture ductility was greater in C02 than in argon. The 

apparent improvement in ductility is felt to be somewhat false in that 

most of this strain occurred simultaneously with intergranular cracking 

of the specimen. Hence the useful elongation ",as possibly not improved 

by exposure to CO2 and actually may have been decreased, The results of 

4R. Stickler and A. Vinckier, "Morphology of Grain-Boundary Carbides 
and Its Influence on Intergranular Corrosion of 304 Stainless Steel," 
Trans~ Am. Soc. Metals 54, 362 (1961)0 



- 38 -

tensile tests (Table 4) illustrated the decrease in the ability of a 

component to deform at relatively high strain rates (0.02 in.fin.-min) 

as a result of exposure to C02- Since such loading rates are often 

encountered in reactor applications, the absorption of carbon during 

creep loading is a problem even if the creep ductilities are not 

significantly influenced. 

CONCllJSIONS 

It was concluded that the creep strength of type 304 stainless 

steel is greater in CO2 than in argon, with magnitude increasing with 

increasing temperature and decreasing stress at a given temperature. 

The strengthening is primarily due to carburization of the material 

and is more significant in thin sections of material. 

The creep-fracture strains can be enhanced or adversely affected 

by exposure to C02' This observation must be carefully considered 

since transient loads superimposed on the steady loads may cause low­

ductility fracture. Exposure to CO2 may reduce the ductility by as 

much as a factor of 5 under certain conditions. 
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