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Abstract

The effect of temperature on the tensile properties of annealed 304L stainless steel and
HERF 304L stainless steel forgings was determined by completing experiments over the
moderate range of —40°F to 160°F. Temperature effects were more significant in the
annealed material than the HERF material. The tensile yield strength of the annealed
material at —40°F averaged twenty two percent above the room temperature value and at
160°F averaged thirteen percent below. The tensile yield strength for the three different
geometry HERF forgings at —40°F and 160°F changed less than ten percent from room
temperature. The ultimate tensile strength was more temperature dependent than the
yield strength. The annealed material averaged thirty six percent above and fourteen
percent below the room temperature ultimate strength at —40°F and 160°F, respectively.
The HERF forgings exhibited similar, slightly lower changes in ultimate strength with
temperature. For completeness and illustrative purposes, the stress-strain curves are
included for each of the tensile experiments conducted. The results of this study
prompted a continuation study to determine tensile property changes of welded 304L
stainless steel material with temperature, documented separately.
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Introduction

This report describes an experimental study that was completed for the Gas Transfer
Systems (GTS) department. The study was prompted by the need for accurate tensile
properties for 304L stainless steel in both the annealed and heavily worked HERF (High
Energy Rate Forged) conditions over a specific temperature range —40°F to 160°F. Only
limited tensile data for the annealed condition as a function of temperature is available
from the literature [1-6], none that targeted this temperature range in detail. Room
temperature tensile data for the HERF material exists from ongoing GTS related research
at Sandia National Laboratories [7,8], but not at the limits of the temperature range of
interest.

The tensile properties were needed as a function of temperature so the variation from
room temperature properties could be considered in safety calculations routinely
performed for GTS reservoirs. The results reported within quantify these variations.

Material

The 304L stainless steel material used for the annealed tensile property measurements
was 2.5 inch diameter bar stock, material control number 116131-07. The quality
acceptance certification report for this material is included in the appendix. Tensile
specimens were prepared by EDM removal of 0.280 inch diameter cylinders from the bar
stock, machining the cylinders into 0.125 inch diameter specimens, then annealing the
specimens at 1000°C for 40 minutes. The EDM cylinder removal drawings and a
photograph of the bar stock after EDM machining are shown in Figures 1 and 2. The
tensile specimen dimensions are shown in Figure 3.

The HERF 304L stainless steel material was provided by the GTS department in the
form of five reservoir forgings shown in Figure 4, labeled C, D, E, F, and G for this
study. Similar to the steps followed for the annealed bar stock material, 0.280 inch
diameter cylinders were removed from the forgings that were subsequently machined into
0.125 inch diameter specimens with dimensions shown in Figure 3. The EDM cylinder
removal drawings and post-EDM machining photographs are shown in Figures 5-9 for
forgings C, D, E, F, and G, respectively.

Forgings C and D were identical reservoir cup forgings (without stems). Forging C
was used to determine the variability of HERF tensile properties at 160°F within a single
forging. Forging D was used to determine the tensile property variation between three
temperatures (-40°F, 70°F, 160°F). Forgings E and F were used similarly. Forgings E
and F were identical reservoir cup forgings (with stems), forging E was used to determine
the variability of HERF tensile properties at 160°F and forging F was used to determine
the tensile property variation between three temperatures (-40°F, 70°F, 160°F). Forging
G had a unique geometry with a straight wall section that allowed twice as many tensile
specimens to be machined from the material as the other forgings. Forging G was used to
determine the variation of tensile properties for four temperatures (-40°F, 70°F, 115°F,
160°F). The variation of tensile properties with temperature in the annealed bar stock
material was determined for the same four temperatures. Note that the tensile specimen



dimensions were identical for all materials and were chosen based on the maximum size
specimen that could be accommodated in all of the forgings.
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Figure 1. EDM cylinder removal drawings from 2.5 inch diameter 304L bar stock.



Figure 2. 304L stainless steel bar stock after specimen cylinder blank removal.
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Figure 3. Dimensions of the 0.125 inch gage diameter tensile specimens.

Figure 4. 304L stainless steel HERF reservoir forgings C, D, E, F, and G.
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Figure 5. Tensile specimen cylinder removal plan and post-EDM photograph for HERF
reservoir forging C.
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Figure 6. Tensile specimen cylinder removal plan and post-EDM photograph for HERF
reservoir forging D.
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Figure 7. Tensile specimen cylinder removal plan and post-EDM photograph for HERF
reservoir forging E.
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Figure 8. Tensile specimen cylinder removal plan and post-EDM photograph for HERF
reservoir forging F.

11



©.280+.005
a 21.890 B.C.

18 places

(22.3880)
—

Figure 9. Tensile specimen cylinder removal plan and post-EDM photograph for HERF
reservoir forging G.

Experimental Method

The tensile specimens were tested on an MTS 880 20,000 pound load frame, which was
controlled by an MTS TestStar 790.00 controller. The test frame and associated
computer-controlled operating system are shown in Figure 10.

The loading fixtures and specimens were located within a Thermotron temperature
chamber, FR-3-CH, which is controlled by an MTS 409.80 controller. This system
provided convection heating for test temperatures above room temperature and provided
convection cooling for the lower temperatures by blowing chilled air via liquid nitrogen
input from a cryogenic dewar metered by a solenoid switch. A total of four type K
thermocouples were used to ensure accurate temperature control. Thermocouples were
not directly attached to the tensile specimens to avoid possibility of premature failure.
Rather, one thermocouple was spot welded to each grip to measure the temperature
across each specimen, one thermocouple was used to monitor the chamber air
temperature and another thermocouple was used to control the chamber air temperature.
An MTS extensometer, 632.138-20 S/N 411, was used for strain measurement and
control. This extensometer had a gage length of 0.500" with a total travel of 0.075".
Figure 11 shows a close up photograph of a failed tensile specimen following testing at
—40°F with the extensometer located across the failed gage section. All transducers that
were used were calibrated and are traceable to Lockheed Martin Standards Laboratory
according to ASTM E4 [9] standard.

12



Figure 11. Failed tensile specimen tested at —40°F.
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Experimental Results

A total of seventy-four tensile tests were conducted to evaluate temperature effects:
twenty from the annealed 304L 2.5 inch diameter bar stock, nine each from forgings C,
D, E and F, and eighteen from forging G. Tables 1 and 2 show the test matrix, including
test temperature, specimen dimensions and test order for the annealed and HERF
specimens, respectively. All tests were conducted according to ASTM E8 [10] tensile
test standard. Tests were initiated in strain control at a strain rate of 1x10™/s to at least
1.1% strain, followed by 1x10™/s to the extensometer limit of 15% strain, then continuing
at a strain rate of about 1x10™*/s by controlling in stroke control at 0.0005 in/s to failure.

For each of the six types of materials (annealed, forgings C, D, E, F and G) there are
three data plots shown. Each plot includes all specimens tested of that particular
material. For each material, the first plot is engineering stress versus engineering strain
to failure, the second plot is engineering stress versus engineering strain in the low strain
region to better illustrate yield dependency, and the third plot is true stress versus true
strain. The standard definitions of stresses and strains were used in the calculations to
produce these plots. Note that the true stress is valid only until maximum stress is
reached, after that specimen necking results in invalid calculated true strain values. The
curves are shown until failure for illustration, with a reminder of this caveat. For all
materials at all temperatures, an elastic modulus of 29x10° psi was used to determine the
0.2% offset yield strength. Additionally, for each of the six materials a summary table of
the measured tensile properties is included following the stress versus strain curves.

SPECIMEN MATERIAL TEST DIA TEST
NUMBER TEMPERATURE (°F)| (IN) [ORDER #
T1 annealed -40 0.1254 65
T2 annealed -40 0.1257 67
T3 annealed -40 0.1256 71
T4 annealed -40 0.1254 68
T5 annealed -40 0.1253 66
T6 annealed 70 0.1254 15
T7 annealed 70 0.1255 8
T8 annealed 70 0.1255 4
T9 annealed 70 0.1256 7
T10 annealed 70 0.1255 9
B1 annealed 115 0.1255 55
B2 annealed 115 0.1255 57
B3 annealed 115 0.1255 51
B4 annealed 115 0.1256 58
B5 annealed 115 0.1256 53
B6 annealed 160 0.1255 22
B7 annealed 160 0.1257 49
B8 annealed 160 0.1256 21
B9 annealed 160 0.1257 40
B10 annealed 160 0.1256 34

Table 1. Test matrix for annealed 304L stainless steel tensile specimens.
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SPECIMEN MATERIAL TEST DIA TEST
NUMBER TEMPERATURE (°F)[ (IN) |ORDER #
C1 Foraing C 160 0.1236 38
Cc2 Forging C 160 0.1237 23
Cc3 Forging C 160 0.1237 28
C4 Forging C 160 0.1237 30
C5 Forging C 160 0.1236 18
C6 Forging C 160 0.1236 17
Cc7 Forging C 160 0.1237 44
C8 Forging C 160 0.1236 24
c9 Forging C 160 0.1237 33
D1 Forging D -40 0.1236 60
D2 Forging D 70 0.1236 10
D3 Forging D 160 0.1236 25
D4 Forging D -40 0.1236 59
D5 Forging D 70 0.1235 11
D6 Forging D 160 0.1235 19
D7 Forging D -40 0.1235 64
D8 Forging D 70 0.1237 5
D9 Forging D 160 0.1236 36
E1l Forging E 160 0.1225 31
E2 Forging E 160 0.1219 39
E3 Forging E 160 0.1235 16
E4 Forging E 160 0.1235 35
E5 Forging E 160 0.1236 48
E6 Forging E 160 0.1235 47
E7 Forging E 160 0.1237 45
E8 Forging E 160 0.1236 20
E9 Forging E 160 0.1222 27
F1 Forging F -40 0.1238 70
F2 Forging F 70 0.1236 12
F3 Forging F 160 0.1235 42
F4 Forging F -40 0.1235 63
F5 Forging F 70 0.1237 3
F6 Forging F 160 0.1234 26
F7 Forging F -40 0.1235 69
F8 Forging F 70 0.1236 1
F9 Forging F 160 0.1234 41
Gl Forging G -40 0.1232 74
G2 Forging G -40 0.1233 73
G3 Forging G 70 0.1235 2
G4 Forging G 115 0.1233 54
G5 Forging G 160 0.1233 43
G6 Forging G 160 0.1234 29
G7 Forging G -40 0.1233 62
G8 Forging G 70 0.1234 14
G9 Forging G 70 0.1236 6
G10 Forging G 115 0.1233 56
G111 Forging G 160 0.1233 50
G12 Forging G 160 0.1235 37
G13 Forging G -40 0.1234 61
G14 Forging G -40 0.1234 72
G15 Forging G 70 0.1233 13
G16 Forging G 115 0.1234 52
G17 Forging G 160 0.1233 46
G18 Forging G 160 0.1234 32

Table 2. Test matrix for HERF stainless steel tensile specimens.
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The results for the annealed 304L material are shown in Figures 12, 13 and 14 and
summarized in Table 3 for each of the four test temperatures. The scatter between the
five tests at each temperature is low. The dependency of the yield and ultimate strengths
on temperature is apparent in the plots, with a monotonic decrease in strength with
temperature. However, the strain to failure decreases from its room temperature value for
temperatures both above and below room temperature. This behavior of 304L has been
observed in other works [11].
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Figure 12. Engineering stress versus engineering strain for annealed 304L specimens.
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Figure 13. Engineering stress versus engineering strain at low strain for annealed 304L
specimens.
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Test Specimen 0.2% Yield Ultimate Stress engineering
Temperature Number Stress (psi) strain to
(°F) (psi) failure
-40 T1 33,800 113,700 0.687
-40 T2 34,100 114,700 0.659
-40 T3 33,800 114,000 0.653
-40 T4 33,400 113,900 0.671
-40 T5 34,100 113,900 0.642
-40 AVERAGE 33,840 114,040 0.662
70 T6 27,300 83,800 0.795
70 T7 27,100 83,700 0.757
70 T8 27,800 83,300 0.722
70 T9 28,200 84,100 0.745
70 T10 27,900 83,500 0.719
70 AVERAGE 27,660 83,680 0.748
115 B1 24,800 77,700 0.744
115 B2 25,000 78,200 0.709
115 B3 24,600 78,500 0.723
115 B4 26,000 78,000 0.734
115 B5 26,200 78,400 0.713
115 AVERAGE 25,320 78,160 0.725
160 B6 22,450 71,700 0.658
160 B7 23,600 72,000 0.636
160 B8 24,300 72,200 0.623
160 B9 24,900 71,900 0.658
160 B10 24,600 72,200 0.664
160 AVERAGE 23,970 72,000 0.648

Table 3. Measured tensile properties of annealed 304L at —40°F, 70°F, 115°F and 160°F.

The results for the HERF material from forging C are shown in Figures 15, 16 and 17
and summarized in Table 4. All tests were conducted at 160°F. The average tensile yield
strength for forging C at 160°F is 65,675 psi and the average ultimate strength at 160°F is
87,370 psi. Although there is scatter between tests in the strain to failure, the data and
strengths show very little variability within the forging. Note that test C2 was not
completed due to equipment malfunction, however the test was valid past yield.

The results for the HERF material from forging D are shown in Figures 18, 19 and 20
and summarized in Table 5. Tests were conducted at three temperatures: —40°F, 70°F,
and 160°F. As in the annealed material, the dependency of yield and ultimate strength is
apparent, but not as significant. The average yield and ultimate strengths from the three
experiments at 160°F are 66,167 psi and 87,933 psi and compare extremely well to the

18



measured values in forging C, which is identical to forging D. Again, scatter between
tests at a given temperature is mostly exhibited in the strain to failure values. Unlike the
annealed 304L behavior, the strain to failure decreases monotonically with temperature in
this heavily worked 304L.
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Figure 15. Engineering stress versus engineering strain for Forging C specimens.
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Figure 16. Engineering stress versus engineering strain at low strain for Forging C
specimens.
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Test 0.2% Yield Ultimate engineering
Temperature Specimen Stress Stress strain to

(°F) Number (psi) (psi) failure
160 C1 65,600 87,600 0.319
160 C2 64,700
160 C3 66,200 87,500 0.398
160 C4 66,100 86,800 0.305
160 C5 64,200 87,300 0.309
160 C6 66,300 88,100 0.332
160 C8 65,800 87,300 0.311
160 C9 66,500 87,000 0.283

Table 4. Measured tensile properties of Forging C at 160°F.
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Figure 18. Engineering stress versus engineering strain for Forging D specimens.
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Figure 19. Engineering stress versus engineering strain at low strain for Forging D
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Figure 20. True stress versus true strain for Forging D specimens.
Test 0.2% Yield Ultimate engineering

Temperature Specimen Stress Stress strain to
(°F) Number (psi) (psi) failure

-40 D4 72,600 130,600 0.572
-40 D7 73,500 123,500 0.538
-40 AVERAGE 73,050 127,050 0.555

70 D2 70,500 99,300 0.485

70 D5 69,900 99,700 0.483

70 D8 69,700 98,400 0.453

70 AVERAGE 70,033 99,133 0.474
160 D3 65,400 88,100 0.380
160 D6 66,500 87,900 0.298
160 D9 66,600 87,800 0.330
160 AVERAGE 66,167 87,933 0.336

Table 5. Measured tensile properties of Forging D at —40°F, 70°F and 160°F.

The results for the HERF material from forging E are shown in Figures 21, 22 and 23
and summarized in Table 6. All tests were conducted at 160°F. The average tensile yield
strength for forging E at 160°F is 53,590 psi and the average ultimate strength at 160°F is
81,956 psi, with little variation noted within the forging. The strength of forging E at
160°F is lower than the similar forging C (no stem), likely due to less energy introduced
during the forging process with the stem present. Strain to failure values ranged from

0.419 to 0.480.
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Figure 21. Engineering stress versus engineering strain for Forging E specimens.
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Figure 23. True stress versus true strain for Forging E specimens.

Test Specimen 0.2% Yield Ultimate engineering
Temperature Number Stress Stress strain to
(°F) (psi) (psi) failure
160 El 53,100 81,200 0.420
160 E2 54,400 81,700 0.430
160 E3 56,600 83,000 0.425
160 E4 54,100 82,200 0.423
160 E5 51,700 82,100 0.480
160 E6 52,100 82,200 0.434
160 E7 53,000 82,000 0.436
160 E8 54,500 82,100 0.419
160 E9 52,800 81,100 0.448

Table 6. Measured tensile properties of Forging E at 160°F.
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The results for the HERF material from forging F are shown in Figures 24, 25 and 26
and summarized in Table 7. Tests were conducted at three temperatures: —40°F, 70°F,
and 160°F. The average yield and ultimate strengths from the two experiments at 160°F
are 55,850 psi and 84,215 psi and compare well to the measured values in forging E,
which is identical to forging F. As noted for forging D, the heavily worked material has
strain to failure values that decrease monotonically with temperature. Also, a similar
reduction in strength is noted between forgings F and D, as between forgings E and C due
to the stem presence.
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Figure 24. Engineering stress versus engineering strain for Forging F specimens.
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Figure 25. Engineering stress versus engineering strain at low strain for Forging F
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Test Specimen 0.2% Yield Ultimate engineering
Temperature Number Stress Stress strain to
(°F) (psi) (psi) failure
-40 F1 63,400 127,500 0.511
-40 F4 60,000 127,300 0.509
-40 F7 61,200 127,300 0.505
-40 AVERAGE 61,533 127,367 0.508
70 F2 62,000 97,850 0.488
70 F5 60,100 97,100 0.489
70 F8 61,000 97,800 0.501
70 AVERAGE 61,033 97,583 0.493
160 F6 55,000 84,030 0.397
160 F9 56,700 84,400 0.424
160 AVERAGE 55,850 84,215 0.411

Table 7. Measured tensile properties of Forging F at —40°F, 70°F and 160°F.

The results for the HERF material from forging G are shown in Figures 27, 28 and 29
and summarized in Table 8. Tests were conducted at four temperatures: —40°F, 70°F,
115°F and 160°F. The average yield and ultimate strengths from the six experiments at
160°F are 49,533 psi and 76,850 psi, lowest of all of the forging designs. For each test
temperature, very little scatter is observed in the measured strength values. Once again,
the strain to failure values decrease monotonically with temperature in this HERF
material.
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Figure 27. Engineering stress versus engineering strain for Forging G specimens.
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Test Specimen 0.2% Yield Ultimate engineering
Temperature Number Stress Stress strain to
(°F) (psi) (psi) failure
-40 Gl 58,300 114,700 0.583
-40 G2 58,000 114,800 0.570
-40 G13 57,900 115,200 0.541
-40 G14 59,600 115,500 0.568
-40 AVERAGE 58,450 115,050 0.566
70 G3 53,500 87,900 0.534
70 G8 54,000 88,500 0.501
70 G9 53,500 87,800 0.489
70 G15 52,400 87,100 0.491
70 AVERAGE 53,350 87,825 0.504
115 G4 51,000 82,900 0.467
115 G10 51,500 82,400 0.464
115 G16 51,400 82,400 0.489
115 AVERAGE 51,300 82,567 0.473
160 G6 49,800 77,300 0.458
160 G12 49,700 76,600 0.410
160 G18 49,500 76,200 0.377
160 G5 49,600 76,900 0.330
160 Gl1 49,400 77,200 0.399
160 G17 49,200 76,900 0.373
Average 49,533 76,850 0.391
160
Standard 216 404 0.043
Deviation

Table 8. Tensile yield stress and ultimate strength of Forging G at —40°F, 70°F, 115°F
and 160°F.

To allow easy comparison between the materials, the average tensile yield strength of
the annealed bar stock and four forgings as a function of test temperature is shown in
Figure 30. The strength that the HERF process imparts to the 304L material is obvious in
this figure. The same data is plotted in Figure 31 as the change in value from the room
temperature value. This figure illustrates the lower temperature dependence of 304L
noted after the HERF forging process. A plot of the annealed 304L yield strength as a
function of temperature from MIL handbook 5 is included in Figure 32 for comparison to
this study. This data shows a similar decrease in yield strength at 160°F, about 10%, and
a lower increase in yield strength at —40°F, about 10%, than the >20% observed in the
current study.

29



80 000 T T T T T T T T T T T T
O
_—
70,000 o
——————
T
|
60,000 *—
fem) ’ S—_— T
4 \\\ \\“
=
——
0 A A
A A
£ 50,000 —¥- Annealed 304L
wn —— Forging C
k=] —— Forging D
-g —&— Forging E
40,000 —e— Forging F
—— Forging G
\
,\\
\
30,000
\
T
—_— .
e
20,000 [ i i i i i i i i i i I
-40 -20 0 20 40 60 80 100 120 140 160

Temperature (°F)

Figure 30. Tensile yield stress as a function of temperature for annealed and HERF
material.

30F T T T T T T T T T T T

A,
20 N

\ —¥— Annealed 304L
—— Forging D

—&— Forging F

'_
@
IS
o
; 10 —— Forging G
7 T
o —
=] | \
® —
T 9 §-§
© \
5 \ Qﬁ
© .10 ’
g R
I
O
R

-20

'30 1 1 1 1 1 1 1 1 1 1

-40 -20 0 20 40 60 80 100 120 140 160

Temperature (°F)

Figure 31. Change in tensile yield stress from 70°F for annealed and HERF material.

30



MIL-HDBK-5G
1 November 1994

200
180 :
- T e . . T
60 R - SBmas dani 2 H+ Strength at temperature
T bl : ‘ L= Exposure up fo 3 hr
+1++ ¥ : Trasan b S ) S
1 : i : 1‘ :
T I I 1 a.
g 140 : : = :
B : 7 i
a : 1 e ! a52
5 120 5! mahEasa RERE T T = FEHH ,,i
£ ‘ i
8 : : :
@ |00 - e
-'6 T
> :
W 18 :
%
e
& 60 S
1 1
H
40 -
L L
I = g g
20 e =
i i
R I i
-400 -200 (o] 200 400 600 800 1000 1200 1400 1600

Temperature, F

Figure 32. Effect of temperature on the tensile yield strength of AISI 301, 302, 304,
304L, 321 and 347 annealed stainless steel [1].

For comparison of the ultimate yield strength between the materials, the average
ultimate strength of the annealed bar stock and four forgings as a function of test
temperature is shown in Figure 33. Although the ultimate strength of the HERF material
is higher than the annealed 304L, the difference is not as significant as it was for the yield
strength. The same data is plotted in Figure 34 as the change in value from the room
temperature value. The ultimate strength shows more temperature dependence than the
yield strength. However, the HERF forging process does not result in a significant
reduction on the temperature dependence of the ultimate strength as it did on the yield
strength. A plot of the annealed 304L ultimate strength as a function of temperature from
MIL handbook 5 is included in Figure 35 for comparison to this study. This data shows a
similar decrease in yield strength at 160°F, about 15%, and a similar increase in yield
strength at —40°F, about 25%, as the current study. Finally, the average change in tensile
properties with temperature for annealed and HERF materials is tabulated in Table 9.
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Average Average Change in Change in
Test 0.2% Yield Ultimate Yield Stress | Ultimate Strength
Material Temperature Stress Strength from 70°F from 70°F
(°F) (psi) (psi) (%) (%)
-40 33,840 114,040 22.3 36.3
Annealed 70 27,660 83,680 0 0
Bar Stock 115 25,320 78,160 -8.5 -6.6
160 23,970 72,000 -13.3 -14.0
-40 73,050 127,050 4.3 28.2
Forging D 70 70,033 99,133 0 0
160 66,167 87,933 -5.5 -11.3
-40 61,533 127,367 0.8 30.5
Forging F 70 61,033 97,583 0 0
160 55,850 84,215 -8.5 -13.7
-40 58,450 115,050 9.6 31.0
70 53,350 87,825 0 0
Forging G 115 51,300 82,567 -3.8 -6.0
160 49,533 76,850 -7.2 -12.5

Table 9. Average change in tensile properties with temperature for annealed bar stock,
Forging D, Forging F, and Forging G.
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Conclusions

This study was successful in providing accurate tensile properties to GTS for 304L
stainless steel in the annealed and HERF conditions over the temperature range —40°F to
160°F. This study has shown that relatively small changes in temperature have a
measurable and substantial influence on the material properties. These measured
properties are now available for future reservoir safety calculations to improve
confidence in safety beyond room temperature to extremes that could be endured by the
reservoirs. Both the tensile yield strength and the ultimate strength were found to be
temperature dependent in the annealed and HERF conditions. The ultimate strength was
found to vary more with temperature than the yield strength for the annealed and HERF
materials. The HERF process had a noticeable affect in reducing the temperature
dependence of the yield strength, but a much smaller affect in reducing the temperature
dependence of the ultimate strength. A complete set of stress-strain curves for annealed
and HERF 304L stainless steel have been included for a complete documentation of this
study.
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