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MULTIAXIAL CREEP BEHAVIOR OF 304 STAINLESS STEEL 

by 

William Nichols Findley and Roger Mark* 

ABSTRACT 

Experiments performed for Subcontract No. 3599 S3 for the period 

July 1, 1974, through June 30, 1975, are reported. 

Tests in combined tension-torsion, pure tension and pure torsion, see 

Tests 15 to 23 of Table I, were conducted at elevated temperature (about 

1100°F). Most of these tests were repeats of previous experiments in [1]** 

where friction in the extensometer caused anomalous creep behavior. See 

Extensometer section on page 11 and Comparison of Related Experiments, page 6. 

The existence of a creep surface at 12.5 ksi effective Mises stress 

has been explored. Work on a compression creep apparatus has continued. 

Creep and recovery data were fitted to the equation 
e.. = e?. + eT.t^ (1)*** 13 ij 13 

by means of a least squares method. 

Professor of Engineering and Research Assistant, respectively, Division of 
Engineering, Brown University, Providence, Rhode Island. 

* * Numbers in brackets denote references listed at the end of this report. 
i'sAi': Numbers in parentheses denote equations. 
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INTRODUCTION 
The work performed on Subcontract No. 3599 S3 from July 1, 1974, through 

June 30» 1975, is contained in this report. During this period funding of the 
renewal was delayed from July 1, 1974, to March 11, 1975, so that the work was 
continued on faith. All funds allocated to the project were spent by the end 
of March. Thus, the experimental work reported covers nine months. During this 
period the following people were employed on this work part-time: W. N. Findley, 
Professor of Engineering; R. Hark, Research Assistant; R. M. Reed, Technical 
Assistant; and R. E. Dean, Assistant Engineering Shop Foreman. 

The need for the work covered by this subcontract resulted from the fact 
that the higher temperatures and long life expected for liquid-metal fast-breeder 
reactors combine to cause creep behavior of the material to become a limiting 
feature in the design for efficient and safe production of nuclear energy. One 
of the principal structural materials for critical parts is type 304 stainless 
steel. However, information available on the creep behavior of this material is 
limited largely to uniaxial tension stresses. Since the design of many of the 
most critical parts involves biaxial stress states, varying stress and stress 
gradients, much more information is needed for design of these critical com-
ponents for long-time service. 

MATERIAL 
The material being investigated is type 304 stainless steel, ORNL refer-

ence heat number 9T2796, supplied by Oak Ridge National Laboratory. Four 12-foot 
bars numbered 16, 17, IB and 22, 1.92 to 1.93 inches in diameter were supplied. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Constant Load Creep Tests 

During 9 months of this contract period 9 creep tests at constant load 

were processed. An identification of all tests performed to date is given in 

Table I. Tests 15 and 16 were started during the previous contract period. 

Experimental results in Tests 15 and 16 are discussed in [1] and are not included 

in this report. Tests 17 through 23 were performed during the current period. 

Creep data from Tests 17 through 23 are presented in Fig. 1 through 7. 

In these figures the total axial strain e ^ and total shear strain 

(including elastic, plastic and creep) are plotted versus time t to three 

time scales, showing the first 10 hours, 100 hours and the entire duration of 

the constant stress period. 

Long-Time Creep at 12.5 ksi Effective Mises Stress 

Tests 17, 20, 21 and 22 were performed at 12.5 ksi effective Mises 

stress. Test 17 was a pure tension test at 12.5 ksi for 504.0 hours at an 

average temperature of 1097.8°F. Test 20 was subjected to combined tension 

(11,515 psi) and torsion (2,807 psi) for 911.7 hours at an average temperature 

of 1101.8°F. Test 21 was a pure tension test at 12.5 ksi for 575.7 hours at an 

average temperature of 1106.3°F. Test 22 was under a combined tension (8,857 

psi) and torsion (5,093 psi) stress for 506.75 hours at an average temperature 

of 1102.9°F. Creep results are shown in Fig. 1, 4, 5 and 6. A negative trend 

in the creep rate of Test 17 was observed. 

Short-Time Creep at 12.5 ksi Effective Mises Stress 

Test 18 was performed in pure torsion at a stress of 7,217 psi for 93.3 

hours at an average temperature of 1087.5°F. Test 19 was subjected to pure 

tension at a stress of 12.5 ksi for 97.4 hours at an average temperature of 
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1101.8°F. Results are shown in Fig. 2 and 3. A negative trend in the creep 

rate of Test 18 was observed. 

Short-Time Creep at 10 ksi Effective Mises Stress 

Test 23 was performed in pure tension at a stress of 10,000 psi for 

216.65 hours at an average temperature of 1101.2°F. The results for this test 

are shown in Fig. 7. A negative trend in the creep rate was observed. After 

careful examination of the testing apparatus, it was found that an electrical 

lead wire from the circumferential extensometer was in contact with one of the 

support springs of the LVDT. When the spring was freed at about 97 hours after 

loading there was an instantaneous decrease in the output (see Fig. 7). In 

addition, some negative time-dependent behavior (about -19 uin./in. in 3.2 

hours) believed to be attributed to temperature redistribution in the extensom-

eter rods was observed. Negative creep rate was not observed after the spring 

was freed. 

Strain Rates 

For purposes of comparison the strain components e ^ and at one 

hour and at 120 hours are shown in Table II. Also shown in Table II are the 

components of the creep rates e ^ and e ^ • These were determined by fitting 

(1) to the first 120 hours of data, then differentiating the resulting equations 

and evaluating the derivative at .120 hours. 

Temperatures 

Temperature control was adjusted so that the average of all thermocouple 

readings was as close as possible to the desired value at the start of the test. 

Slight adjustments in the end heaters were made in Tests 21 and 22; but no change 

was made in the Thermae setting. In Test 23 adjustments were made in both 

Thermae and end heater settings when the specimen was under load. 
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Readings of all eight thermocouples were made at regular intervals. 

The average of all readings of all thermocouples during the constant stress test 

is shown in the next to last column of Table 1. The last column of the table 

shows the apparent temperature drift. A measurement of drift was obtained from 

the difference between the average of the initial readings and the average of 

the final readings. 

Temperature in Tests 17 and 18 was determined from chromel-alumel thermo-

couples of 10 mil. dia. using a Doric digital temperature indicator with Leeds 

and Northrup thermocouple switches and no ice bath at the cold junction. Since 

the room temperature was controlled to ± 0.5°F an ice bath was unnecessary. 

Temperature in Tests 19 through 23 was measured from chromel-constantan thermo-

couples 0.010 in. in diameter. 

Fit of Creep Data to a Power Function 

An analysis was made of all creep data to determine how well the data 

could be described by (1), 

e. . = e?. + cT.t"11' , (1) 13 13 J-3 
o -f where e.. , e,. and n.. are constants for a given strain component of a 
13 13 13 

given test, t is time and e^ represents the strain components. No summation 

is implied over the ij indices. The resulting equations are shown as solid 

lines in Fig. 1 through 7 and the values of the constants are given in Table III. 

The constants shown in Table III were obtained by means of a least squares 

fit of (1) to the test data. For the creep data analyzed in this reporting period 

no reduction in the time interval over which the data were analyzed, as reported 

in [13, was necessary in order to obtain satisfactory agreement between the test 

data and (1). 

Because of the negative trend in the creep in Tests 17, 18 and 23, (1) 

was not used for these data. 
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Creep Surface and the Strain Increment Vector 

The strain trajectories for Tests 12, 20 and 22 are shown in Fig. 8„ 

All strain trajectories, except Test 12, are straight lines. Similar to Test 

11 reported in [1], the trajectory for Test 12 is vertical for small sti ins 

and tends to the left for larger strains. 

However, Test 4 (pure torsion at 18.16 ksi effective Mises svress) showed 
ft 

a straight strain-trajectory along the shear axis, as would be expected. It 

seems unlikely that the behavior observed in Tests 11 and 12 is real material 

behavior. If it were due to temperature drift a similar effect should be seen 

in tests under combined tension-torsion, but these trajectories were straight. 

I'c is more likely that the curved strain-trajectory resulted from extensometer 

problems described in the section headed Extensometer on page 11. 

The direction of the strain rate vector lying in the G
il~Y12 P*3"6 

each test was obtained by considering the slope of all points shown in Fig. 8. 

The magnitude of the strain rate vector was obtained from the following expres-

sion: 

|c| = (cn
2
 + (2G12>2)15 , (2) 

and is shown for each test in Table II. The shear components of the strain rate 

vectors are the engineering shear strain rates, 2 * e ^ » since these are the 

relevant components in stress space. 

Figure 9 shows the strain rate vectors for each test on a Mises ellipse 

at 12.5 ksi. There is a similarity between these vectors and those on a Mises 

ellipse at 15 ksi [1]: the vectors lie slightly to the left of the Mises normals 

They also show decreases in magnitude as the ellipse is traversed from pure 

*A line 89° - 52' from the positive o-axis. 
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torsion to pure tension. This suggests a creep surface whose T axis is somewhat 

shorter than a Mises ellipse, which would be the case for a Tresca ellipse. 

Comparison of Related Experiments 

Tests 17, 19 and 21 were all performed at the same tensile stress (12.5 

ksi). The stress in Test 21 was chosen to repeat that in Test 17 where a nega-

tive creep rate in e ^ was observed. Comparison of the 10 hour and 100 hour 

curves of Fig. 3 (Test 19) and 5 (Test 21) shows almost identical time-dependent 

behavior of the creep data, as would be expected. However, the absolute values 

of strain in these two tests are not similar. For example, at 1 hour e ^ for 

Test 19 is 0.2328%; for Test 21, e ^ is 0.4117%. The circumferential strains 

for Tests 17 and 19 were similar. However, Test 21 showed much larger deforma-

tions. For example, at 1 hour e2J, for Test 17 was -0.0644%, e22 for Test 19 

was -0.0647%, and E22 for Test 21 was -0.1868%. 

Test 18 was performed at the same shear stress (7,217 psi) as Test 12. 
However, a negative creep rate was observed in Test 18. Similarly, Tests 20 ana 22 

were repeats of Tests 16 and 13, respectively. Negative creep rates were observed 

in the latter tests. No correspondence existed between the circumferential 

strains of the two sets of tests. 

Test 23 was scheduled to be a repeat of Test 15 (o = 10 ksi). However, 

both tests had problems with the axial extensometer and showed negative creep 

rates. No correspondence existed between the circumferential strains observed 

in Tests 15 and 23. Because of temperature drift, values of c22 in Test 15 

increased with time. 

Supplementary Tests 

Only recovery following the initial period of constant stress creep was 

observed in Tests 17 through 23. The recovery data are shown in Fig. la, 2a, 

3a, 4b, 4c, 5a, 6b, 6c and 7a. Note that because of friction, the extensometer 

in Tests 17 and 18 (Fig. la and 2a, respectively) was not working properly. 



As in [1] and [2] the recovery strains were fitted by an equation similar 

to (1). The resulting equations are shown in Table IV. The equations in Table IV 

are shown as curved lines in Fig. 3a, 4b, 4c, 5a, 6b, 6c and 7a. No significant 

time dependence was observed in Tests l7 and 18, In Table IV the constant (time-

independent) coefficients e?.. were obtained by subtracting the strain reading 

taken before unloading from the time-independent term evaluated from the least 

squares fit of the recovery data. Upon unloading to zero load it seems reasonable 

to expect that the time-independent strain would be elastic (if not affected by 

a Bauschinger effect). Under this assumption it is possible to determine Young's 

modulus E and/or the shear modulus G by dividing the time-independent strains 

given in Table IV by the stress applied during the period of creep preceding 

recovery. This procedure has been followed through in Table IV where the elastic 

moduli are given along with the corresponding temperatures. These results are 

quite consistent among themselves and reasonably consistent with moduli reported 

elsewhere. 

Circumferential Strains 

Observations of circumferential strains during creep in Tests 17, 19, 

20, 21, 22 and 23 are shown in Fig. 10. The effect of temperature drift on cir-

cumferential strains combined with smaller values of e22 expected at the lower 

stresses (10 ksi and 12.5 ksi) made it very difficult to detect the true behavior. 

Discontinuities in the trend of e22 in Tests 21, 22 and 23 may be attributed 

to times when minor adjustments to the end heaters and/or temperature control 

settings were made. Values of e22 changed from negative to positive as time 

increased in Test 20. The circumferential strains in Tsst 22 were positive and 

increased with time. 



- 8 -

Poisson's Ratio 

The ratio, circumferential strain/total strain, was found to be 0.27 at 

1 minute and 0.33 at 96.6 hours in Test 19. The ratio was found tc be 0«,<+6 at 

1 minute and 0.36 at 575.7 hours in Test 21. 

Elastic Moduli 

At the conclusion of creep testing, modulus determinations were made 

in pure tension and/or pure torsion. The results are shown in Table V. Tensile 

stresses were added (or subtracted) in increments of about 600 psi; shear 

stresses were added (or subtracted) in increments of 300 psi. The moduli deter-

minations in Test 5 were made during subsequent yield surface probes. 

A comparison of the moduli determinations shows good agreement between 

tensile moduli determined from recovery data and moduli determined from incre-

mental loading and unloading teats. However, shearing moduli determined from 

incremented, loading and unloading in torsion were generally lower than values 

obtained from recovery data. 

APPARATUS AND TEST PROCEDURE 

Lamp Life 

No further problem of failure of the quartz tube heating lamps has been 

experienced. 

Temperature Control and Measurement 

A visit was made to Pratt and YJhitney Aircraft Company to discuss methods 

of temperature measurement. Their laboratory has made an extensive study of the 

best methods. They felt that our methods and results were comparable with theirs 

except that they had experienced difficulty with thermocouple switches and do 

not now use them. As a result we assembled plug boards to use to check any 

thermocouple switch which is questioned. No significant error due to thermo-

couple switches has been detected. 
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After discussions with representatives from Omega Engineering, Inc., and 

Doric Scientific Corp., we changed from chromel-alumel to chrome1-constantan 

thermocouples. The first test with the new thermocouples indicated that the 

measurement of temperature appeared to have been improved considerably. However, 

subsequent results have been disappointing. In Test 19 eight chromel-constantan 

thermocouples were located on the outside of the specimen. Each wire was sepa-

rately welded to the specimen (if welded together first the constantan became 

brittle). A control and a monitor thermocouple of chromel-alumel were located 

on the inside of the specimen. The maximum difference between the eight couples 

at the start of the test was 4.6°F with an average of 1101.5°F as measured with 

a Doric instrument. 769.1 hours later under recovery the maximum difference was 

12.7°F and the average was 1110.0°F (a drift of +8.5°F) as measured with the 

Doric temperature indicator. 

During 601.0 hours out of 671.7 hours of recovery in Test 1? a digital 

system (a 10 channel SEL 600 Data Acquisition System) was used to record the 

temperature of 7 of the 8 thermocouples on the outside plus the monitor on the 

inside. Readings of the outside couples were also taken with the Doric instru-

ment during the same period. The SEL recorded an increase of +2°F in the monitor 

on the inside. The difference between initial and final average temperature 

readings was +6°F on the outside. Similarly, the Doric instrument showed an 

increase in average temperature of +6.0°F on the outside. There were steadily 

increasing (drift) readings from the Doric instrument, whereas scatter in the 

SEL readings in both inside and outside thermocouples was observed during the 

period of observation. 

The Doric temperature indicator was changed to accept chromel-constantan 
thermocouples. 
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Tast 20 was set up in the same way as Test 19 except that Platinel II 

was used for the two couples inside and a thermocouple was mounted on an exten-

someter rod. The initial temperature on the outside showed a maximum spread of 

12.8°F at an average of 1094.8°F. At 168.3 hours the spread was 9.7°F at an 

average of 1100.3°F, an apparent drift of +5.5°F. However, there was a period 

from 30 minutes to 47.7 hours when the average temperature showed no drift.. 

The monitor on the inside showed a decrease in temperature of 0.6°F. The exten-

someter rod showed an initial temperature of 722.6°F increasing gradually to 

743.5°F after 168.3 hours. At 911.7 hours the spread was 9.5°F at 1108.5°F 

average. The monitor at 911.7 hours showed a 0.7°F decrease from the reading 

taken when the load was first applied. The extensometer rod increased in tem-

perature to 761.5°F. 

Test 21 employed 8 thermocouples on the outside and 2 Platinel II 

couples on the inside. The initial temperature distribution on the outside 

showed a spread of 10.2°F at an average of 1102.6°F. At 575.7 hours the spread 

was 12.4°F at an average of 1114.6°F. The Platinel II monitor on the inside 

close to the control thermocouple showed an 12.8°F increase in temperature. 

Test 22 was set up in the same way as Test 21. The initial temperature 

spread on the outside was 4.4°F at 1101.0°F average. At 506.6 hours the dif-

ference between the lowest ana highest temperature reading was 9.7°F at 1106.0°F 

average. The monitor on the inside showed a decrease in temperature of 6.3°F. 

In this test the output of the Zener diode of the Thermae controller was checked 

for drift. Before the load was applied the output was 996 to 997 MV. After 

335.0 hours under load it was 994 MV. After the modulus test in Test 22 the out-

put was 995 MV. 

Test 23 was set up in the same way as Test 21. The initial temperature 

spread on the outside was 11.5°F at 1099.6°F average. At 216.65 hours it was 
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9.3°F at 1104.3°F average. The monitor on the inside showed an increase of 

8.0°F. 

Extensometer 

A study of the negative trend in creep rate during positive loading, 

observed in some tests at the smaller effective stress levels, received consider-

able attention and effort during this period because it appeared doubtful that 

this could be real material behavior. Gome of the behavior of the following 

tests was questioned: Tests 13, 15, 16, .17 and 18. Tests 13 and 16 were per-

formed on machine No. 1 after a new hydraulic thrust bearing had been installed. 

After conclusion of Test 16 a sensitivity test was made on machine No. 1 

and compared with machine No. 3. Essentially no difference was found. However, 

a modulus test on Specimen 2-304-17 (Test 16) showed that at 1091.5°F 
6 6 G = 9.2 x 10 psi as determined from the loading curve and G = 29.9 x 10 psi 

as determined from the. unloading curve. Young's modulus E varied from 
6 6 288.8 x xo psi to 22.5 * 10 psi during a loading phase. During the loading 

phase of the modulus test very little strain was observed up to 2000 psi; at 

2700 psi to 3800 psi the strain response increased with time. A similar (but 

opposite) response was observed during the unloading phase. After a careful 

examination of the test setup, it appeared that friction in the LVDT bushing 

was the only possible cause of the strange results of the modulus test. 

After dismantling and realigning the transfer rods and LVDT, another 

modulus test was performed. The results were E - 28.8 x 10 psi on loading 

and E = 29.1 x 10 psi on unloading at 971.0°F. No time-dependent behavior 

and no jump in the strains were observed. However, further investigations 

showed that a small disturbance (tapping) to the extensometer LVDT resulted 

in permanent shifts. 
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It has come to light that during the modulus test in Test 12 no strain 

response was detected before the first 1000 psi change during both the loading 

and unloading phases in tension. Furthermore, in Test 18 initial increments in 

stress resulted in essentially no strain response (see Table V). Future high 

temperature testing will begin with a small-stress "modulus" test in order to 

detect and correct for any friction in the experimental setup. 

At first it was suspected that locking the gimbal action of the exten-

scmeter rings around the specimen was the cause of the trouble. The locking 

resulted from (a) spot welding the points to the specimen because the hardness 

of 304 stainless steel prevented adequate gripping action in the points and 

(b) over-tightening the gimbal set screws .because they were otherwise found 

loose at the conclusion of a test. However, it was later found that imbalance 

of the long.coil springs supporting the extensometer may have been the major 

factor. 

During this investigation machine No. 1 was thoroughly checked out for 

friction in the loading system, especially in torsion, by using a sensitive bar 

in place of the 304 stainless steel specimen. The air bearing was overhauled 

and the following modifications were made to the extensometer. All other exten-

someters were later modified in a similar manner. The set screws used in the gim-

bals were replaced by conical points on leaf springs, similar to those used to 

connect the rings to the specimen. Small indentations to receive these points 

were made in the stainless rings by pressing a carbide point into the ring. 

The attachments for the long coil springs used to support the parts of 

the extensometer were made more rigid and carefully aligned to insure that the 

point of attachment of each pair of springs was on a diameter. Each of the ex-

tensometer assemblies was carefully balanced. Then each coil spring was sepa-

rately calibrated with a weight equal to half the weight of the extensometer 
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part which the pair of springs was to support. Spring end-supports wei-e also 

changed to ensure point contact. The springs were proportioned so that they 

would stretch well beyond the required length without taking a permanent set. 

To eliminate any torsional error due to clearance between the LVDT push •'od and 

its bushing, an adjustable cantilever spring of 0.01 in. dia. spring wire was 

installed to hold the push rod against one side of the bushing. 

After the modified extensometer was installed on a new specimen in machine 

No. 1 for Test 20, the system sensitivity was determined to be 30 gm. in tension 

with a load of 2 lb. and 0.5 lb. in torsion at no load. However, it was found 

that tapping either the extensometer, the scale pan or machine support disturbed 

the extensometer readings, resulting in permanent shifts. It was eventually 

proven that this resulted from the conical points shifting in their conical 

seats. Hence for Test 20 all conical points were spot welded in place. This 

eliminated the trouble. After Test 20 had been under way for 5 hours the sen-

sitivity was checked again under the test load: tension 50 gm.; torsion 0.5 lb. 

In tests subsequent to Test 20 all conical points were spot welded in place. 

Compression Creep Apparatus 

Specimen No. 14-304-16 was mounted on the compression creep apparatus to 

evaluate the operation of the machine and to determine whether buckling would be 

a problem at 15,000 psi and 1100°F. Because of large variations in the wall 

thickness which were not correctable, this specimen was unsuited for creep test-

ing and was used instead as a dummy specimen to evaluate the compression apparatus 

A set of grips with hardened steel balls 3/8 inch in diameter were employed at 

the ends of the specimen. After heating to 1100°F and shortly after applying a 

stress of 15,000 psi, the specimen buckled under load. Variations in the specimen 

wall thickness were believed to contribute to the observed buckling. 
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Modifications to eliminate buckling have been made and evaluated. Con-

siderable effort was made to ensure that all parts of the compression machine 

were properly aligned so that a fixed ended specimen could be employed to increase 

the buckling load. An aluminum specimen with resistance strain gages was used to 

detect any bending due to misalignment. Compression tools consisting of 1-3/4 

inch diameter grips with ends ground flat and parallel were fabricated for use 

in the compression machine in conjunction with the low-friction parallelogram 

guide. 

After these modifications, Specimen No. 6-304-16 was loaded to approxi-

mately 15,000 psi in compression at about 1100°F. This specimen had been pre-

viously tested as Test 5, see Table 1. Insulating washers consisting of 

impregnated asbestos were placed at each end of the specimen to minimize heat 

loss from the specimen as well as to prevent excessive heating of the testing 

frame. The end heaters were not controlled by a Thermae. Dead weights were 

added in approximately 2000 psi increments in order to detect any early signs of 

buckling. Buckling did not occur either during the loading phase or during 

480.3 hours of creep. Creep strains at 5 minutes and 480.3 hours were 0.1263 

and 0.2540 per cent, respectively. The time-dependent behavior of this experi-

ment was undoubtedly affected by its prior stress and/or strain history- See 

Table I. 
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Table III 

Creep Experiments on 304 Stainless Steel 
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Specimen 
Number 

Date of 
Start of 
Test 

Tensile 
Stress, 
Psi 

Shear 
Stress, 
Psi 

Effective 
Stress, 
Ksi 

Total Duration of 
Test at Constant 
Stress and Temp., 

hr. 

Average 
Temperature, 

o p 

Long-term 
Drift,* °F 

1 1 1-304-16 5-2-72 10,628 6,111 15 1C33.0 1105 + 7 
2 3 2-304-16 7-13-72 13,975 3,407 15.17 152.5 1100 +5 
3 1 5-304-16 7-27-72 5,570 7,934 14.83 839.0 1100 +16 . 1 

4 1 9-304-16 10-18-72 0 10,493 18.18 1009.25 1107 +6.0 
5 3 6-304-16 11-8-72 10,628 6,111 15 1008.7 1111 -0.3 
6 4 12-304-16 11-5-72 15,000 0 15 601.1 1097 +0.8 
7 3 4-304-16 3-20-73 13,819 3,369 15 1006.9 1117 +12 . 0 

8 3 11-304-16 6-12-73 0 5,773 10 1007.0 1111 +4.6 
9 4 8-304-16 6-13-73 10,000 0 10 1008.2 1090 +9.7 

10 * 3-304-16 10-2-73 15,000 0 15 1008.7 1106.5 +2.8 
11 3 7-304-16 9-18-73 0 8,660 15 1008.5 1104.0 +5.0 
12 3 17-304-16 1-29-74 0 7,217 12.5 694.0 1108.5 +10.6 
13 1 13-304-16 2-14-74 8,105 4,660 11.44 746.0 1097.4 -9.8 
14 4 1-304-17 2-26-74 10,000 0 10 2.0 1097.2 +2.0 
15 4 3-304-17 4-9-74 10,000 0 10 144.45 1095.7 +7.6 
16 

1 
1 2-304-17 5-24-74 11,515 

1 
2,807 

1 
12.5 1007.8 1091.3 +0.9 

i 

r 
Determined from initial and final temperature readings. 

General Note: Temperatures measured in Tests 1 and 2 were made with a strip chart recorder in conjunction with a 
L & N potentiometer. All other tests utilized a Doric temperature indicator. 



T*ble I (cont'd.) 

Creep Experiments on 304 Stainless Steel 
Te
st
 

Nu
mb

er
 

Ma
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in
e 

Nu
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Specimen 
Number 

Date of 
Start of 
Test 

Tensile 
Stress, 
Psi 

Shear 
Stress, 
Psi 

Effective 
Stress, 
Ksi 

Total Duration of 
Test at Constant 
Stress and Temp., 

hr. 

Average 
Temperature, 

°F 
Long-term 
Drift," °F 

17 
18 
19 
20 
21 
22 
23 

4 
3 
4 
1 
4 
1 
4 

5-304-17 
4-304-17 

16-304-16 
15-304-16 
16-304-17 
10-304-17 
6-304-17 

7-9-74 
7-29-74 
9-30-74 
12-10-74 
1-17-75 
3-10-75 
3-31-75 

12,500 
0 

12,500 
11,515 
12,500 
8,857 

10,000 

0 
7,217 

0 
2,807 

0 
5,093 

0 

12.5 
12.5 
12.5 
12.5 
12 5 
12.5 
10.0 

504.0 
98.3 
97.4 

911.7 
575.7 
506.75 
216.65 

1097.8 
1087.5 
1101.8 
1101.8 
1106.3 
1102.9 
1101.2 

I — — — — — — 

+2.3 
+8.5 
+2.0 

+13.7 
+12.0 
+5.0 
+4.7 

"Determined from initial and final temperature readings. 

General Note: Temperatures measured in Tests 1 and ? were made with a strip chart recorder in conjunction with a 
" I, 6 N potentiometer. All other tests utilized a Doric temperature indicator. 



Table III 

Strain and Strain Rates 

Test 
No. 

Tensile 
Stress, 
Psi 

Shear 
Stress, 
Psi 

Effective 
Mises 

Stress, 
Psi 

Strain at 
I hr., % 

Strain at 
120 hr., % 

Creep Rate 
at 120 hr., 

yin./in.(hr.) 

Resultant Creep 
Rate at 120 hr., 
yin./in.(hr.) 
C£u

2
+(2i12)2]is 

Test 
No. 

Tensile 
Stress, 
Psi 

Shear 
Stress, 
Psi 

Effective 
Mises 

Stress, 
Psi C11 £12 E11 E12 E11 E12 

Resultant Creep 
Rate at 120 hr., 
yin./in.(hr.) 
C£u

2
+(2i12)2]is 

1 10,628 6,111 15,000 0.3532 0.2863 0.5863b 0.5075^ 7.44 6.88 15.65 
2 13,975 3,407 15,170 0.8786 0.4332 2.91403 1.1730a 85.98 30.72 105.68 
3 5,570 7,934 14,830 0.3129 0.6369 0.5127 1.0720 5.77 12.38 25.43 
uC i 0 10,493 18,180 -0.012J 1.0682 -0.0095" 1.9IG7k 0.05 25.56 51.12 
5 10 ,628 6,111 15,000 0.7230 0.6709 1.0562 0.99C3 9.91 9.31 21.SS 
6 15,000 0 15,000 0.4155 0.7838 - 11.69 - 11.69 
7 13,819 3,369 15,000 0.9669 0.3512 1.4206 0.5454 12.85 5.78 17.29 
8 0 5,773 10,000 0 . 0 0 0 1 0.0763 -0.C122b 0 . u o o b -0.86 1.43 2.98 
9 10,000 0 10,000 0.1065 - 0.1275^ - 0.68 - 0.68 
10 15,000 0 15,000 0.3541 - 0 . 5 7 3 9 k - 11.06 - 11.06 
11 0 8,660 15,000 0.0213 0.4343 - 0 . 0 0 0 3 k 0.8846b -0.19 14,37 28.74 
12 0 7,217 12,500 0.0076b 0.2196 -0.0039° 0.3580° -0.97 5.72 11.48 
13* 8,105 4,660 11,440 - - - - - -

14 10,000 0 10,000 0.0909 - - - 0.49 - 0.49 
I E * 10,000 0 10,000 - - - - - - -

1 6 * 1 1 , 5 1 5 2 , 8 0 7 12,500 - - - - - - -

Extrapolated, 
b Interpolated. 
c Shear strains shown neglect the strains resulting from +1833 psi initial stress. 
Friction in extensoneter caused negative creep rates in Tests 13, 15, 16, 17 and 18. Interference with the 
extensometer caused a negative creep rate in Test 23. 



Table II (cont'd.) 

Strain and Strain Rates 

Test 
No. 

Tensile 
Stress, 
Psi 

Shear 
Stress, 
Psi 

Effective 
Mises 
Stress, 
Psi 

Strain at 
1 hr., % 

Strain 
120 hr 

•at 
• • 

Creep Rate 
at 120 hr., 

yin./in.(hr.) 

Resultant Creep 
Rate at 120 hr., 
yin./in.(hr.) 

Test 
No. 

Tensile 
Stress, 
Psi 

Shear 
Stress, 
Psi 

Effective 
Mises 
Stress, 
Psi 

ell £12 ell C12 *12 

Resultant Creep 
Rate at 120 hr., 
yin./in.(hr.) 

17* 12,500 0 12,500 - - - - - - -

18* 0 7,217 12 ,500 - - - - - - -

19 12 ,500 0 12,500 0.2328 - 0.33l7a - 3.58a - 3.58a 

20 11,515 2,807 12,500 0.3944 0.1323 0.5308b 0.1841b 4.87 1.93 6.21 
21 12,500 0 12,500 0.4117 - 0.5403b - 5.01 - 5.01 
22 8,857 5,093 12,500 0.2343 0.1860 0.3369b 0.2881b 3.08 3.14 6.99 
23* 10,000 0 10,000 

Extrapolated. 

^Interpolated. & 
Friction in extensometer caused negative creep rates in Tests 13, 15, 16, 17 and 18. Interference with the 
extensoroeter caused a negative creep rate in Test 23. 



Table III 
o + nii Fit of Experimental Data to e.. = e.. + e..t , i] i] i] 

via Least Squares Fit, of the Primary Creep 

Test 
No. 

Tensile Strain 
E n = e u + e n * ' 

Shear 
£12 = £12 

Strain 
, + n12 
+ E12 * > 

Maximum Time 
Considered, 
t , hr. max 

RMS, Per cent9 
Observed 
Strain at 
Time, t , max* Dam 

Per cent Per cent Per cent Per cent 
E11 £12 C11 £12 E11 C12 

1 0.2150 + 0.1422t0'195 0.1655 + 0. 1244t°-195 
0756t°-483b 

1002.5 1002.5 0.0073 0.0069 0. 7534 0.6571 
2 0.5395 + 0.3339t°-321 0.3412 + 0. 

1244t°-195 
0756t°-483b 75.3 117.0 0.0072 0.0312 2. 1979 1.1568 

3 0.2356 • 0.0711t°'289 0.4770 + 0. 1523t°-290 579.0 551.8 0.0078 0.0173 0. 7130 1.4869 
4 - 0.8152 + 0. 2421t°'324 - 548.35 - 0.0318 - 2.8045 
5 0.6323 + 0.0693t°'383 0.6026 + 0. 0574t°'402 1008.7 1008.7 0.0195 0.0173 1. 6390 1.5484 
6 0.2576 + 0.1635t°'240 - 571.9 - 0.0080 - 1. 0341 -

7 0.8010 • 0.1488t°-312 0.2937 + 0. 0531t°-337 527.1 479.0 0.0215 0.0080 1. 9499 0.7581 
8 - 0.0725 + 0. 0045t°'1+39 - 1007.0 - 0.0013 - 0.1691 
9 0.0999 + 0.0066t°'284 - 1008.2 - 0.0017 - 0. 1503 -

10 0.2785 t 0.0732t°-351 -

1757t0'259 
1008.7 - 0.0086 - 1. 1276 -

11 - 0.2585 + 0. 1757t0'259 - 1008.5 - 0.0077 - 1.3830 
12 - 0.2022 + 0. owst 0 ' 4 3 1 

- 694.0 - 0.0040 - 0.5393 
13* 

• 0.0090t°'225 
- - - - - - -

14 0.0813 • 0.0090t°'225 - 2.0 - 0.0006 - 0. 0908 -

15* - - - - - - - -

16* - - - - - - - -

^ased on times up to t r max 
bTne ratio, RMS/max. strain, less than 0.012 was not used in these data sets. 
The equation shown is for the full period of creep. 

sV 
Friction in extensometer caused negative creep rates in Tests 13, 15, 16, 17 and 18. Interference with the 
extcnsoaeter caused a negative creep rate in Test 23. 



Table III (cont'd.) 
c + nii Fit of Experimental Data to e.. = e.. + e..t , ij JO 13 

via Least Squares Fit, of the Primary Creep 

Test 
No. 

Tensile Strain 
o A + "11 

E11 E11 E11 • 
Per cent 

Shear Strain 
o + n12 

£12 ~ e12 + E12t ' 
Per cent 

Maximum Time 
Considered, 
t , hr. max 

RMS, Per centa 
Observed 
Strain at 
Time, t , max 
Per cent 

Test 
No. 

Tensile Strain 
o A + "11 

E11 E11 E11 • 
Per cent 

Shear Strain 
o + n12 

£12 ~ e12 + E12t ' 
Per cent 

Eli G12 £11 E12 C11 C12 
17ft - - - - - - - -

18* 
0.2101 + 0.0240t°'31*5 

- - - - - - -

19 0.2101 + 0.0240t°'31*5 
0 322 0.1208 + 0.0132t 

97.4 - 0.0020 - 0.3237 -

20 0.3581 + C.0404t 0 322 0.1208 + 0.0132t 911.7 911.7 0.0038 0.0016 0.6731 0.2422 
21 0 0.3827 + 0.0373t - 575.7 0.0069 - 0.6237 -

22 0.1876 + 0.0474t°*238 0.1471 + 0.0388t°'265 506.6 506.6 0.0012 0.0026 0.3967 0.3509 
23* 

% 

L . . . . — 

^ased on times up to t r max 

''Friction in extensometer caused negative creep rates in Tests 13, 15, 16, 17 and 18. Interference with 
the cxtensometer caused a negative creep rate in Test 23. 



Table IV (cont'd.) 
. n-• 

Fit of Recovery Data to e.. = e.. + E. . t -1 
i j i] 

Test 
No. 

Tensile Strain 

«ii * «Si + «Ii t°u. 
Per cent 

Shear Strain 
C12 = G12 + e12 t ' 

Per cent 

Error, 
Per 

in RMS, 
cent E 1C 6 psi G, 10 6 psi 

Test 
No. 

Tensile Strain 

«ii * «Si + «Ii t°u. 
Per cent 

Shear Strain 
C12 = G12 + e12 t ' 

Per cent 
ell e12 

E 1C 6 psi G, 10 6 psi 

10A -0.0714 - 0.0071t1,0 - 0.0001 - 21.0 at 1107.8°F -

IOC -0.0672 - 0.0085t°'205 - 0.0007 - 22.3 at 1106.9°F -

10G -0.0480 - 0.0013t°,,+09 - 0.0017 - 20.8 at 1108.9°F -

11F -
0 1 92 +0.0467 + 0.0122t - 0.0004 - 9 .3 at 1102.4°F 

12 A - -0.0409 - 0.0029t°'2111 - 0.0002 - 8 .8 at 1113.0°F 

12C - +0.0373 + 0.0097t0*100 - 0.0006 - 9 .7 at 1110.0°F 
12H -0.0416 - 0.0004t°'467 - 0.0004 - 24.0 at 1106.1°F -

14A -0.0430 - O.OOlOt0'362 - 0.0007 - 23.3 at 1102.3°F -

ISA -0.0449 - 0.00004t°'755 - 0.0005 - 22.3 at 1100.2°F -

15 C -0.0444 -0.00002t0,815 - 0.0005 - 22.5 at 1104.4°F -



Table IV (cont'd.) 
n.. 

Fit of Recovery Data to e.. = e.. + eT. t 
i j 

Test 
Tensile Strain 

0 ^ + J&ll 
£11 = £11 + £11 t ' 

Per cent 

Shear Strain^ 
C12 = E°12 + EI2

 t ^ ' 
Per cent 

Error, in RMS, 
Per cent E, 10& psi G, 10 psi No. 

Tensile Strain 
0 ^ + J&ll 

£11 = £11 + £11 t ' 
Per cent 

Shear Strain^ 
C12 = E°12 + EI2

 t ^ ' 
Per cent 

£11 E12 
E, 10& psi G, 10 psi 

17A* - - - - - _ 

18A* 
-0.0587 - o . o o i 4 t 0 , 5 1 3 

- - - - -
19A -0.0587 - o . o o i 4 t 0 , 5 1 3 

-0.0165 - 0.0022t°*15t| 
0.0004 - 21.3 at 1103.0°F -

2 OA -0.0542 - 0.0016t0,1*25 -0.0165 - 0.0022t°*15t| 0.0010 0.0003 21.2 at 1109.9°F 6.5 at 1109.9°F 
21A -0.0574 - 0.0021t°*392 

0 9*39 -0.0316 - 0.0016t 
0.0006 - 21.8 at 1115.1°F -

22A -0.0410 - 0.0025t°'315 0 9*39 -0.0316 - 0.0016t 0.0008 0.0004 21.6 at 1105.7°F 8.1 at 1105.7°F 
23A O -0.0473 - 0.0003t 0.0006 21.1 at 1104.3°F 

A 
Friction in extensometer. 

Note: Temperatures indicated are those at the time of unloading. 
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Table V 

Elastic Moduli for SS 304 

Test 
No. 

E, 10 6 psi 
c 

G, 10 psi Tenperature, °F Test 
No. Loading Unloading Loading Unloading E G 
4 19.7* - 9.78 9.80 11.12 1100 
5 20.4 20.6 7.3 - 1107 1109 

11 - - 7.93 7.95 - 1103 
12 21.4 21.8 8.0 7.7 1105.4 1105.4 
13 - - 8.81 8.92 - 1092.2 
15 22.3 22.6 - - 1083.8 -

17 22.9 22.9 - - 1095.8 -

18 23.0** 23.6*** 9.19 9.25 1107.0 1107.0 
19 21.1 21.2 - - 1109.2 -

20 21.5 21.6 7.75 7.89 1112.8 1112.8 
21 21.5 21.1 - - 1121.5 . -

22 21.7 21.6 7.80 8.11 1107.0 1107.0 
23 21.7 21.7 1108.3 

Test performed with a constant shear stress t = 1833 psi superimposed 
on the axial stress. 

Initial first two increments 600 psi each) were neglected. 
{tit Initial first three increments -600 psi each) were neglected. 
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Fig. 1. Total Strain vs. Time During Constant Load Creep of Test No. 17. 



- -

U.L7 

0.09' 240 480 720 
Tine, hours 

960 1200 

Fig. la. Recovery in Test Ho. 17. 
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Fig. 2. Total Strain vs. Time During Constant Load Creep of Tesc No. 18. 
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Fig. 3a. Recovery in Test No. 19. 
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Fig. 4a. Tocal Strain vs. Time During Constant Load Creep of Test No. 20, continued. 
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Fig. 3a. Recovery in Test No. 19. 
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Fig. 4a. Tocal Strain vs. Time During Constant Load Creep of Test No. 20, continued. 
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Fig. 4a. Tocal Strain vs. Time During Constant Load Creep of Test No. 20, continued. 
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Fig. 4a. Tocal Strain vs. Time During Constant Load Creep of Test No. 20, continued. 
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Time, hours 

Fig. 4b. Recovery in Test No. 20. 
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Fig. 4c. Recovery in Test No. 20, continued. 
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Fig. 4a. Tocal Strain vs. Time During Constant Load Creep of Test No. 20, continued. 
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Time, hours 

Fig. 6b. Recovery in Test No. 22. 
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Fig. 4a. Tocal Strain vs. Time During Constant Load Creep of Test No. 20, continued. 
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Fig. 4a. Tocal Strain vs. Time During Constant Load Creep of Test No. 20, continued. 
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Fig. 6b. Recovery in Test No. 22. 
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Fig. 6c. Recovery In Test No. 22, continued. 
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Fig. 7. Total Strain vs. Time During Constant Load Creep of Test No. 23. 
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Fig. 7a. Recovery in Test No. 23. 
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Fig. 8. Strain Trajectories for Mises Effective Stresses 
of 12.5 ksi at 1100°F, Approximately. 
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Fig. 9. Strain Rate Vectors of SS 304 at 120 hr. for Mises Effective 
Stresses of 12.5 ksi at 1100°F, Approximately. 
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20, 21t 22 and 23 Observed During Creep 
Under First Loading. 


