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Abstract

True stress-true strain tensile data have been obtained for AISI Type 304 :]

-3 -4 -6 §
stainless steel at true axial strain rates of 4 x 10 , 4 x 10 ., and 4 x 10 '

sec" , and temperatures of 900, 1000, 1100, 1200, and 1300°F. The tests were •}
S

conducted on a modified closed-loop hydraulically activated fatigue-testing ';

machine using hourglass specimens and diametral extensometry. The tests indi- f

cate that the true stress at a given strain tends to decrease with an increase i|

in temperature and a decrease in strain rate. These effects are more pronounced !•;

at the higher temperatures. The true axial strain to failure and the percent k

reduction of area are found to be significantly less for all temperatures at \
I

the slowest strain rate. The true stress-true strain data could be fit over |
most of the strain range using a modified form of an empirical equation suggested |

if
by Stowell. The Hollomon equation was applicable to a smaller strain range, i

\and values for the strength coefficient and strain-hardening exponent in this n

I
strain range were obtained.

*Work performed under the auspices of the U. S. Atomic Energy Commission.
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Introduction

The tensile test is widely employed as a means of obtaining some measure

of the strength and ductility of a material. In the past, such tests have

typically been conducted on flat or cylindrical specimens at a constant load-

ing rate or crosshead speed, and the reported data were usually load versus

change in length, or engineering stress versus engineering strain. The use

of true, rather than engineering, stress and strain has well-known advantages,

and such data have frequently been reported, but it has not been possible to

(11*
generate these data at a constant true-strain rate. However, Conway et a l /

have recently developed the necessary equipment and techniques, using a modi-

fied closed-loop hydraulically activated fatigue-testing machine, hourglass

specimens, and diametral extensometry, and have conducted tensile tests for

which the true axial strain rate was constant from the beginning of the test

to specimen failure.

The tensile tests conducted by Conway et. al. were on AISI Types 304, 316,

and 348 stainless steel at temperatures of 21 (70°F), 430 (806°F), 650 (1202°F),

and 816CC (1500°F) and true axial strain rates of 4 x 10"3 and 4 x 10~5 sec"1.

The present series of tests supplements the above data for Type 304 stainless

steel and employs test temperatures of 900, 1000, 1100, 1200, and 1300°F and

strain rates of 4 x 10~ , 4 x 10~ , and 4 x 10~ sec" . These temperatures

and strain rates are of interest in the design of nuclear-reactor components.

In addition to providing tensile data for these temperature and strain ranges,

the test results nay be used as input into creep-fatigue life predictive methods

(2-4)
with parameters that can be related to tensile properties.

*The numbers in parenthesis refer to similarly numbered references in bibliography
at end of paper.
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Experimental Procedure

The material tested was AISI Type 304 stainless steel from a special heat

of material (U.S. Steel Corporation heat 9T2796) distributed by the USAEC for

mechanical-properties determination in the liquid-metal fast-breeder reactor

program. The material was received in the form of hot-rolled rods 5/8 in. in

diameter. The supplier's chemical analysis (wt %) for this rod stock is given

in Table 1. The rods were machined into hourglass specimens having a 1/4-in.

minimum diam and a 1-1/2-in. contour radius. ' The specimens were wrapped

in tantalum foil and encapsulated in quartz tubing in an atmosphere of high-

purity argon gas. Solution annealing was accomplished by holding the encapsulated

specimens at a temperature of 2000°F for 30 min and air cooling. This was

followed by a thermal aging treatment of 1000 hr at 1100°F tc produce a

metallurgical microstructure that would remain relatively stable during test-

ing. The thermal aging resulted in a fine precipitation of

austenite grain and twin boundaries and slight precipitation within the grains.

The tensile tests were conducted on a, hydraulically activated closed-loop

MTS machine originally designed for low-cycle fatigue testing in axial strain

control. The machine employs a diametral extensometer, the output signal of

which is proportional to the change in specimen diameter. This signal and the

signal from the load cell are fed into an analog computer, which, in turn, pro-
I

duces an output proportional to the engineering axial strain. The loop is ,

completed by feeding this axial strain signal back to the controller, which

compares it with the programmed signal and adjusts the load on the specimen



to correct for any error detected. Specimen heating is accomplished by means

of an induction coil above and below the minimum diameter. The fatigue-testing

apparatus is described in more detail elsewhere. '

As described above, the equipment actually runs in engineering axial

strain control. For the range of strains (<+ 2%) normally employed in low-

cycle fatigue, this does not differ significantly from true axial strain

control. However, in tensile testing, the much higher strains employed

necessitate a modification in the feedback circuitry to enable the tests to

be run at a constant true axial strain rate. Electronic circuitry was there-

fore installed between the extensometer and the analog computer to convert

the signal from the extensometer, proportional to the engineering diametral

strain, to a signal proportional to the true diametral strain. When this

signal is fed into the analog computer, it is converted to a signal proportion-

al to the true axial strain. The added electronic circuitry performs the analog

of the well-known relation between engineering diametral strain e, and true

diametral strain ed

ed - loge (1 + e d). (1)

Other modifcations were made to both the extensometer to permit a linear output

over a range of about 125 mils change in diameter and the induction heating

coil to permit it to move as the specimen elongates and thus maintain a constant

temperature at the gauge section. The latter two modifications were accomplished

in the same manner as described by Conway et_ al.

The load cell was calibrated before the series of tests was begun using a

standard ring force gauge, and calibration was rechecked near the end of the



test series. The extensometer was calibrated before and after each test ft

¥
using a high-resolution micrometer calibration stand. The diameters of the I'

i
specimens at the minimum cross section were measured at room temperature

before testing with a high-resolution micrometer. The diameters at test

temperature were then calculated from the thermal-expansion data of Yaggee

et al. In all tests, it was assumed that the specimen cross section at

the minimum diameter remained circular. Two tests were run with dual ex-

tensometers mounted at 90° angles, and they showed this assumption to'be

reasonable until the specimen diameter is within several mils of that at

failure. However, it will be seen in the discussion of the results that

other effects near the end of the test overshadow any error introduced by ;•:

the assumption of circular cross section. |

The true stress-true strain tensile curves reported were calculated from §

I
plots of load versus change in diameter made during the tests. The true stress l;;

was taken to be the load at any given point divided by the instantaneous cross- |

|]
(1) ij

sectional area. True axial strain e was calculated from the load P, the
a.

instantaneous diameter D, and the initial diameter 0 using the relationship

Foisson's ratio in plasticity, v , was taken to be 0.5. The values used for |

the elastic modulus £ and Poisson's ratio in elasticity v were obtained from |

a fit of the data given by several sources. These values for the |

various test temperatures are listed in Table 2. For all tests, the true |

axial strain rate was found to be constant and in agreement with the stated ;.|

value within about 3%.

15
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Results and Discussion

Test results for five test temperatures and true axial strain rates of

4 x 10" , 4 x 10" , and 4 x 10~ sec" are presented in Fig. 1. It is

immediately apparent that the flow stress at a given strain tends to decrease

with an increase in temperature and a decrease in strain rate. A possible

exception occurs at 900°F, for which the 4 x 10 sec" strain rate curve

—3 —1
appears to lie slightly above the 4 x 10 sec curve. Although the

difference is slight and probably within experimental scatter, the relative

positions of these two curves were confirmed by duplicate tests. It is'also

found that the true axial strain to failure is much less at all temperatures

for a strain rate of 4 x 10 sec than for the higher strain rates. These

results are in qualitative agreement with those of Conway et_al. for a different

heat (Allegheny Ludlum Steel Corporation heat 55697; see Table 1 for chemical

analysis) of Type 304 stainless steel. They found the flow stress decreased

as the temperature increased and decreased as the strain rate decreased at

650 (1202°F) and 816°C (1500°F). At 430°C (806°F), it was found that the

tensile curve for a strain rate of 4 x 10" sec" lay above that for a strain

rate of 4 x 10 sec , thus tending to corroborate the behavior observed in

the present series of tests at 900eF. However, Conway e£ al. observed con-

siderably lower values of true axial strain to failure than were seen in the

present work. The corresponding values at 1200°F and a strain rate of 4 x 10~

see" are 0.56 from Conway et, al. and 0.76 from the present work. The relatively

small differences in chemistry between the two heats of Material (Table 1) would

not appear to account for this difference in ductility. A more likely explana-

tion is the difference in pre-test heat treatment between the two studies. The

specimens of Conway et, el. were tested in the solution-annealed condition whereas

those in the present work were aged for 1000 hr at 1100*F before testing.
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An interesting feature of the true stress-true strain curves of Fig. 1 is

the tendency of the true stress to drop off near the end of the test, contrary

to the behavior generally associated with such curves. This effect was also

observed by Conway et_ al. who suggested that it was, at least ir. part, due >

to the opening up of internal voids, thus reducing the effective load-carrying i

cross section at the minimum diameter. In the present work, a number of speci- j J:

mens were sectioned along the tensile axis after testing and were examined j §I I
metallographically. Voids were not observed by this technique, presumably be- $

cause they were too small, but an increasing tendency toward secondary'cracking ; '.;II
and separation along grain boundaries with increasing test temperature and de- ! |

creasing strain rate was noted. This internal intergranular separation would j k

contribute to a reduction of load-carrying cross section. Evidence for void j |

formation was seen when the fracture surfaces were examined in the scanning

electron microscope, however. Figure 2(a) shows the fracture surface of a

specimen tested at 1000°F and a strain rate of 4 x 10~ sec" . The dimpled

appearance of the surface is similar to that often associated with ductile

failure due to the growth of internal voids or holes. Specimens tested at a

strain rate of 4 x 10~ sec" exhibited intergranular fracture (Fig. 2(b)).

-4 -1
and those tested at 4 x 10 sec showed a mixed failure mode. On the basis

of these observations, it seems reasonable to attribute the observed drop in

true stress near the end of the tests to the formation of internal voids, and,

with increasing temperature and decreasing strain rate also,to intergranular

separation. Figure 1 indicates that the drop-off of stress is more pronounced

at higher temperatures and lower strain rates, which is consistent with the

above observations.

A great many functional forms relating stress and strain in a tensile test

have been proposed. An attempt was made to fit the data from the present

series of .tests to a few selected"equations, including the Holloman* * '
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(131
equation (often erroneously attributed to Ludwik), the Ludwik (or Crussard

and Jaoul )equation, the Voce ' equation, and a hyperbolic sine

function originally suggested by Stowell and modified by Conway et a^.

This modified Stowell equation was found to give the best fit, in general,

and may be written

e - eo + b sinh (o/oj, (3)

where e is the true total axial strain, a is the true stress, and e ,'b, and

o are constants. Since the stress is more commonly expressed as a function

of strain, Eq. (3) was solved for the stress to yield

«>

The fit of Eq. (4) to the present data is shown as the solid curves of Fig. 1.

(The curves are extended as dashed lines beyond the data to which they are fit.)

Table 3 lists the values of the constants of Eq. (4) used in fitting the tensile

curves. These values are found to be consistent with those used by Conway e£ al.

in fitting their data to Eq. (3). The quantity So" listed in the table is defined

as

1/2

(5)

where a - is the stress calculated from Eq. (4) for' a given strain, a is

the experimental stress at that strain, and m is the number of data points to

which the curve has been fit. The quantity is thus a measure of the departure
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of the experimental points from the fitted curve, and is analogous to the

standard deviation for a set of data displaying i.andom scatter.

It may be seen front Fig. 1 that in most cases the experimental data

show a slight systematic departure from the fitted curve, thus indicating

that Eq. (4) is not the ideal mathematical description of the relationship

between stress and strain for these tests. This is not surprising, since

Eq. (4) is apparently empirical in nature, and not derived from any detailed

physical model rf the tensile test. It is interesting to note that Cdnway

et al. found the Voce equation rather than the Stowell equation gave the

best fit to their tensile data for Types 304, 317, and 348 stainless steel, .

and present a fairly detailed statistical analysis of the fits obtained.

The Holloman, or power-function, equation relating true stress a and

true axial plastic strain e was also considered because of its relative

simplicity and popularity. This equation may be written

a « Ken, (6)
P

• >

where K and n are constants known as the strength coefficient and strain-

hardening exponent, respectively. Room-temperature tensile data for a number
(11 12 18)

of materials have been shown to obey Eq. (6) quite well. ' ' However,

the present test data, when plotted as log a versus log e (Fig. 3), display

a flattened S-shape which has been noted previously by other workers for

various materials. ' ' ' Therefore, values for K and n that are

applicable to the entire strain range cannot be defined. However, values

a
applicable to a significant portion of the range can be obtained by taking -

I
I

: . . . ' • • S
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advantage of the well-known fact that, for data obeying Eq. (6), the value of

the true axial strain at which the maximum load occurs is equal to n. When

n values were determined in this manner for the present data, it was found

that straight-line segments with these slopes could be fit reasonably well

to a portion of the log o-log e plots of Fig. 3. The K values were then

obtained from the intercepts of these straight-line segments at e • 1 (log e = 0),

The values of K and n thus obtained are presented in Table 3. The strain

hardening exponent generally decreases with an increase in temperature'and a

decrease in strain rate, as previously noted by Conway et a!L. The decrease

of n with a decrease in strain rate is more pronounced at the higher temperatures.

Finally, values of engineering tensile strength (UTS) and percent re-

duction of area (% RA) are included in Table 3. The UTS values seem to

increase slightly with a decrease in strain rate at 900°F, in contrast to

the behavior at the higher temperatures.- However, this Increase is probably

within the experimental scatter for these data. The reduction of area values

given were calculated in two ways. For the extensometer (extens) values,

the initial specimen diameters were taken to be those calculated at test

temperature, and the final diameters were those indicated by the extensometer

at failure. The room-temperature (RT) reductions of area were obtained using

room-temperature micrometer measurements of the initial and final average

diameters. For a few specimens, reliable room-temperature values of re-

duction of area could not be obtained because the two pieces of the fractured

specimen could not be refit together satisfactorily. The values of reduction

of area obtained by these two independent measurements agree fairly well in

most cases, indicating that the extensometer followed the minimum diameter of
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the specimens reasonably well even during necking. The only obvious trend

in the reduction of area data is that the values are smaller at all tempera-

tures for a strain rate of 4 x 10" sec" than for the two higher strain rates.

No experimental values for yield strength are given in Table 3. The

present series of tests was set up to obtain an entire tensile curve, and

the scale factors on the load versus change in diameter plots made during

the tests were chosen accordingly. As a result, the portions of the plots

near yielding were rather compressed, and when this effect was coupled with

the noise inevitably present at the lower strain rates, it was felt that

completely reliable determinations of yield strength could not be made. From

Fig. 1, however, the yield strengths appear to lie in the range of from 9,000

to 13,000 psi and are apparently not particularly strong functions of temper-

ature and strain rate. These values for yield strength are significantly

lower than those given by Smith (13,000-16,500 psi) for the same temper-

ature range, whereas the tensile strengths and reductions of area for a strain

-3 -1
rate of 4 x 10 sec given in Table 3 are in reasonable agreement with those

quoted by Smith and Simmons and Van Echo.

True stress-true strain tensile data have been obtained for A1S1 Type

304 stainless steel at true axial strain rates of 4 x 10*" , 4 x 10" , and

4 x 10"6 sec'1 and temperatures of 900, 1000, 1100, 1200, and 1300°F. The

results of the tests lead to the following conclusions:

Conclusions .

1. The true stress at a given strain tends to decrease with an increase

in temperature and a decrease in strain rate. A possible exception occurs at

-4 -1
900°F, for which the 4 x 10 sec strain rate curve seems to lie very

-3 -1
slightly above the 4 x 10 sec curve.

, '•,
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2. The true axial strain to failure is much less at all temperatures

for a strain rate of 4 x 10~ sec" than for the higher strain rates.

3. The true stress is observed to drop off near the end of the tests,

in contrast to the behavior generally associated with such tests. Microscopic

examination of the specimens after testing indicates that this behavior is

due to the opening up of internal voids and, for slower strain rates, inter-

granular cracks.

4. The true stress-true strain data nay be fit reasonably well over

most of the strain range using a modified form of an empirical equation

suggested by Stowell. The Hollomon equation is found to be applicable to

a smaller strain range.

5. The engineering tensile strength tends to decrease with an increase

in temperature and a decrease in strain rate. At 900°F, however, the tensile

strength shows little variation with strain rate, within experimental scatter.

The present reduction of area is less at all temperatures for a strain rate

—6 —1
of 4 x 10 sec than for the higher strain rates. Accurate yield-strength

values could not be obtained, but the values suggested by the tensile curves

are significantly lower than literature values.
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Table 1. Supplier's Chemical Analyses (wt %) of AISI Type 304 Stainless Steel
Used for Tensile Test Specimens

Heat
Number

9T2796a

55697b

0

0

C

.059

.051

Mn

1.26

0.83

0

0

P

.033

.020

S

0.016

0.012

0

0

Si

.44

.47

Ni

9.50

9.50

Cr

18.60

18.30

Mo

0.35

0.18

Cu

0.25

0.21

aHeat used in present study.

Heat used in Conway et_ al. study.

Table 2. Values for Elastic Modulus and Poisson's Ratio Used in Stress-Strain
Calculations

Temperature (°F) E(psi)

900

1000

1100

1200

1300

23.2 x 10"

22.5

21.7

21.0

20.2

0.319

0.321

0.324

0.327

0.330



Temperature

( F)

Table

Go

3.

0

Tensile Data

°c
(psi)

for AISI

~Lo
(psi)

Type 304

Ka

(psi)

Stainless

na

Steel

UTS
(psi)

X Reduction
Extens

of Area
RT

e * 4 x

900
1000
1100
1200
1300

E * 4 X

900
1000
1100
1200
1300

e - 4 x

900
1000
1100
1200
1300

10"3 sec"1

-0.02583
-0.01972
-0.02388
-0.01565
-0.01191

, -4 -1
10 sec

-0.02668
-0.02206
-0.01410
-0.01319
-0.009223

10"6 sec"1

-0.03462
-0.02240
-0.006098
-0.005237
-0.0004454

0.07985
0.06989
0.06109
0.03917
0.02030

0.08698
0.07369
0.04028
0.02590
0.009984

.0.07678
0.04471
0.008031
0.003929

35
32
27
21
14

37
31
22
16
9

36
25
11
7

0.00001003 2

,660
,040
,960
,210
,590

,520
,360
,790
,410
,580

,020
,790
,430
,000
,040

571
706
341
850
498

553
585
724
811
619

719
507
578
650
100

119
110
102
85
68

121
105
91
72
50

120
90
51
42
24

,210
,430
,280
,060
,440

,660
,630
,450
,050
,930

,330
,670
,180
,840
,830

0.380
0.355
0.362
0.301
0.264

0.382
0.348
0.310
0.272
0.216

0.353
0.278
0.212
0.184
0.082

57,200
53,900
49,500
44,100
37,300

58,000
52,100
47,000
39,200
29,800

59,000
48,500
37,200
26,600
18,300

61.9
62.2
53.4
53.0
56.8

58.9
63.5
56.3
50.7
53.6

43.7
35.0
37.9
39.5
35.8

62.0
62.3
(b)
(b)

59.4

60.1
59.6
58.2
48.5
51.6

43.6
33.6
34.1
34.6
(b)

JL
to

aNote that these values apply only to the range of strains indicated in Fig. 3.
^Reliable room temperature values could not be obtained for these specimens.



Figure Captions

Fig. 1 Plots of True Stress vs True Total Axial Strain for Five Test Temper-
atures and True Total Axial Strain Rates of (a) 4 x 10~3 sec""1,
(b) 4 x 10~* sec-1, and (c) A x 1CT6 sec"1.

Fig. 2 Scanning Electron Micrographs of Fracture Surfaces of Tensile Speci-
mens Tested at (a) 10006F and a Strain Rate of 4 x 10~3 sec-1, and
(b) 1300°F and a Strain Rate of 4 x 10-6 sec~l. (500x).

Fig. 3 Logarithmic Plots of True Stress vs True Plastic Axial Strain for
Five Test Temperatures and True Total Axial Strain Rates of
(a) 4 x 10-3 sec"1, (b) 4 x 10~* sec"1, and (c) 4 x 10-6 sec-l.'
Data points after the peak true stress has occurred are omitted.
The range of strains over which the data have been fit by the
Hollomon equation is indicated by the straight-line segment.

.;
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Fig. 1. Plots of True Stress vs True Total Axial Strain for Five Test Temperatures and True Total Axial Strain
Rates of (a) 4 x 10-3 sec~l, (b) 4 x 10~4 sec'l, and (c) A x 10"6 sec~l.
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Fig. 2. Scanning Electron Micrographs of Fracture Surfaces of Tensile
Specimens Tested at (a) 1000°F and a Strain Rate of 4 x 10"3 sec"1,
and (b) 1300°F and a Strain Rate of 4 x 10~6 sec"1. (500x).



TYPE 304 STAINLESS STEEL
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Fig. 3. Logarithmic Plots of True Stress vs True Plastic Axial Strain for Five Test Temperatures and True
Total Axial Strain Rates of (a) 4 x 10"3 sec"1, (b) A x 1CT4 sec-1, and (c) 4 x 10~6 sec"1. Data
points after the peak true stress has occurred are omitted. The range of strains over which the
data have been fit by the Hollomon equation is indicated by the straight-line segment.
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