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ELEVATEND-TEMPERATURE TENSILE AND CREEY PROFERTIES
OF SYVERAL FERRITIC STAINLESS STEELS
by J. Daniel Whittenberger

Lewis Research Center

SUMMARY

The elevated-temperature mechanical properties of several ferritic
stainless steels have been determined. The alloys evaluated included
Armco 18SR, GE 1541, and NASA-18T-A. Tensile and creep strength proper-
ties av 1073 and 1273 K and residual room-temperature tensile properties
after creep testing were measured. In addition, 1273 K tensile and creep
tests and residual property testing were conducted with Armco 18SR and
GE 1541 which had been exposed for 2(0 hours toa severe oxidizing enviroo-
ment in automotive thermal reactors. Aside from the residual tensile prop-
erties for Armco 18SR, prior exposure did not affect the mechanical proper-
ties of either alloy. The 1273 K creep strength parallel to the sheet-
rolling direction was similar for all three alloys. At 1073 K, NASA-18T-A
had better creep strength than either Armco 18SR or GE 1541. NASA-18T-A
possesses better residual properties after creep testing tham either Armcc
18SR or GE 1541.

INTRODUCTION

Recent work (ref. 1) has shown that several ferritic stainless steels
have potential for use in severe oxidizing environments such as autemotive
thermal reactors. In such environments, candidate alloys must possess ex-
cellent high temperature oxidation and corrosion resistance; in addition,
noderate elevated temperature strength is required to prevent severe dis-
tortion. The elevated temperature stress rupture, tensile, and oxidation
data of several ferritic stainless steels and alloy modifications which
performed well in severe environments have been reported (ref. 2). This
work presents additional mechanical properties of two of the most promisc-
ing territic stainless steels, GE 1541 and Armco 18SR, and one alloy mod-
ification, NASA-18T-A. The latter alloy was evaluated in place of the rome-
what more desirable alloy modification NASA-18T (ref. 2) because the supply
of NASA-18T was exhausted during thermal reactor tests (ref. 1). However,
it should be noted that NASA-18T-A is only slightly weaker than NASA-18T
(ref. 2) and yet both possessed equivalent oxidation resistance. Also,
NASA-18T-A contains much less (0.45 wt. percent) tantalum, an expensive
alloying element, than NASA-18T (1.25 wt. percent).

The mechanical properties evaluated in this study included 1273 K ten-
sile and creep properties. Creep testing was conducted for a maximum ot
150 hours, and most unfailed creep test specimens were tensile tested at
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room temperature to determine {f any serious microstructural damage
occurred during creep testing. A tew 1073 K tensile and creep tests were
also conducted, and the unfailed creep specimens were tensile tested at
room temperature. All alloys were tested in the as-received condition;
in addition, GE 1541 and Armco 185R were tested after being exposed for
200 hours in a severe oxidizing environment as actual thermal reactor
cores (ref. 1). The latter testing was conducted in an effort to assess
the effects of the strenuous environment on mechanical properties

EXFERIMENTAL PROCEDURE

All the alloys used in this study were purchased in the ferm of
nominally 0.3 meter wide by 1 meter long and 0 16 centimeter thick sheers
The specific melting and ro0lling practice tor each alloy can be found in
references 2 and 3. The compositions and average grain size as deterained
by linear analysis of the as-received sheet alloys are shown in table I,
None of the alloys possessed a crystallographic texture. All the alloys
were tested in the as-received condition. In addition, GE 1541 and
Armco 18SR were tested atter 200 hours exposure as thermal reactor cores
(ref. 1). These cores were subjected to 80 cycles where each cycle con-
sisted of 2 hours at 1315 K; forced air cooling ro 345 K; and return to
~1315 K. Specific information concerning reactor performance and photo-
micrographs of exposed alloys can be found in reference 1. In general,
the cores were in good conditlion and exh!'bited only minor surface oxida-
tion. Afrer 200 hours exposure, the average grain size of GE 1541 increased
to 165 um while Armco 18SR increased to 125 um.

Pin grip tensile type specimens, 3.18 centimeter gage lengtih by 0.95
centimeter gage width, were blanked trom the as-received alloys. Speci-
mens with gage lengths both parallel and perpendicular to the final sheet
rolling direction were punched from Armco 18SR and GE 1541 while only speci-
mens with the gage length parailel to the final sheet rolling direction were
punched from NASA-18T-A. Ildentical tensile specimens were also blanked from
the exposed thermal reactor cores which had been split open and flattened at
room temperature. Specimens were carefully punched from regions which had
not undergone severe changes (for example, welding) during core fabrication.
The gage lengths of all the test specimens punched from reactor cores were
perpendicular to the final sheet rolling direction, 1In this report, test
specimens punched from thermal reactor cores are noted by the designation
(TRC) following the alloy name. All specimens were tested in the as-punched
condition.

Short-term tensile tests and creep tests were conducted at 1273 K on
all possible alloy-exposure-direction combinations: total of seven combi-
nations. In addition, short-~term tensile tests and a few creep tests were
carried out at 1073 K on as-received alloys. All testing at 1073 K was
conducted on specinens with the gage length parallel to the final sheet
rolling direction. All elevated temperature testing was conducted to ASTM
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Specifications E21-70 and E139-70 by Spectrum Laborztories, Inc ,
Piscataway, New Jersey. Strains for both elevated temperature tensile

and creep tests were measured by an extensometer mechanically attached

to the gage section. Differential motion of the extensometer was meas-
ured by a linear variable differential transformer and its output was con-
tinuously recorded. Creep tests were generally conducted for 150 hours
unless failure occurred, Most unfailed creep test specimens were tensile
tested at room temperature to determine if microstructural damage occurred
during creep exposure Room temperature tensile testing was conducted at
a constant cross head speed of 0.002 centimeter per second on a screw
driven test machine. Since many creep test specimens underwent signifi-
cant creep deformation, residual tensile properties were calculated on

the basis of the gage dimensions after creep testing. Additionally, be-
cause of necking in many unfailed creep test specimens, extensometry wae
not used to measure room temperature yleld strengths Instead, approxi-
mate yield strengths were estimated from lcad-cross head motion charts and
cross sectional area ot necked specimens.

Selected tensile test, failed creep test, and residual property speci-
mens were metallographically examired. In addition, the fracture surfaces
of selected residual property specimens were studied with aid of the scan-
ning electron microscope (SEM).

RESULTS
Elevated Temperature Tensile Testing

The elevated temperature tensile data for tests conducted at 1273 and
1073 K are given in table Il With regards to ultimate tensile strengths
at 1273 K, Armco 18SR seems to be slightly stronger in the longitudinal
(parallel to the rolling direction) direction than the transverse (perpen-
dicular to the rolling direction) direction. The opposite appears to be
true for GE 1541 In gereral, the ultimate tensile strengths of all three
alloys are equivalent; however, the yield strength of GE 1541 is about twice
that of the other alloys. Additionally, it appears that 200-hour exposure
in a thermal reactor did not affect the srrength of either Armcc 18SR or
GE 1541. At 1073 K, NASA-18T-A has a small (approximately 15 percent)
strength advantage over the other alloys. All alloys possess high ductility
at both test remperatures. Metallography of tensile tested specimens did
not indicate anything unusual such as intergranular cracking.

Creep Testing
The tabular elevated temperature creep data are presented in table 111
The data includes time to 0.5, 1 0, 2.0, and 5 0 percent creep strain,

steady state creep rate, time to rupture, and elongation at the end of test
or rupture, if it occurred The steady state creep rate data as a functicn

A ———— e 4 tr—————— n— - E ¥
Py




4

of applied stress are pre~unted in figures 1 and 2. These figures alsc
contain relative steady scate creep data (determined by interrupting
stress rupture tests and measuring actual gage length elongation) for
several alloys from reference 2 This relative creep data appears to
agree well with that determined in this study. In addition, figures 1

and 2 contain creep data determined f - several simple ferritic iron base
alloys. As can be seen in these figures, all the ferritic stainless steels
evaluated in this study are much stronger than simple single phase alloys

Data for the various alloy-direction-exposure combinations and pocled
(over direction and/or exposure) combinations were fitted to the normal
power law creep rquation by means of a !inear regression program. Addi-
tionally, the creep rate data for Armco 18SR and GE 1541 were fitted to a
linear regression equation involving a power law stress dependency and twe
dummy variables representing 'est direction and exposure condition. The
latter results combined with the Extra Sum of Squares Principle (ref 6)
were used to determine if test direction and/or exposure condition were
important variables in the description of the creep behavior.

Analysis of the linear regression results indicate that thermal rea:-
tor core exposure had little etfect on creep strength of Armco 18SR. How-
ever, it appears that rhe strength ot this alloy is dependent on testing
direction where the longitudinal direction ir about 30 per.ent stronger
than the transverse direction. The regression results for GE 1541 indi-
cate that creep strength for all testing conditions can be well described
by a single curve; thus, the creep resistance of GE 1541 is apparently pot
dependent on testing direction or exposure condition At 1273 K, the stress
exponents for creep for Armco 18SR are about 6 5 and 4.3 for testing in the
longitudinal and transverse direction, respectively. The stress exponents
for GE 1541 and NASA-18T-A at 1273 K are approximately 4.6 At 1073 K, the
stress exponerts for creep are about 8.1 for NASA-18T-A and 6.7 for GE 1541
A creep exponent for Armco 18SR at 1073 K could not be calculated because
of the scatter in the data Decreasing values for the stress exponents
with increasing tect temperature have been previously observed (ref. 4) in
simple ferritic iron alloys; thus, this behavior is not unusual, No attemp:
was made to determine aciivation energies for creep.

Consideration of the creep data in figure 1 indicates that the creep
strengths of all three alloys are similar when tested parallel to the ioll-
ing direction at 1273 K. On the other hand, the data in figure 2 shew rhat
NASA-18T-A has better 1073 K creep strength than either Armco 18SR or
GE 1541 Additionally, the creep data in figures 1 and 2 indicate thar
the creep strengths of NASA-18T-A and NASA-18T are quite similar at 1073 K
and probably 1273 K.

Metallography of failed creep test specimens indicated a few grain
boundary cracks in several Armco 133R specimens tested at 1273 K. Addi-
tionally, one Armco 18SR (TRC) srecimen appeared to be undergoing unifo'm
oxidation attack ffig 3(a)). Yo cracks were seen in failed GE 1541 speci-
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mens ; however, several localized oxidation attack regions were seen
(fig. 3(b)). No obvious microstructural changes were seen in failed
NASA-18T-A specimens,

Residual Property Testing

After creep testing at 1273 or 1073 K. the majority of the unfailed
specimens were tensile tested at room temperature in order to assess the
effects of prior creep. The results of the residual property testing are
tabulated in table IV. Typical examples of fracture surfaces are pre-
sented in figure 4.

As can be seen in table IV, there are differences between the re-
sidual properties of the evaluated alloys after creep testing at 1273 K,
Comparison of specimens tested parallel to the final rolling direction
indicates that NASA-18T-A possess better residual properties than either
Armco 18SR or GE 1541. Additionally, the residual properties of NASA-18T-A
are not influenced by the amount of prior creep strain up to 1.5 percent
(maximum strain achieved) since the strength and ductility properties are
equivalent to those specimens not subjected to prior creep strain., SEM
fractography and metallography revealed that the NASA-18T-A residual prop-
erty specimen which had low properties partially failed by cleavage in a
region which had undergone abnormal grain growth such that one grain tra-
versed the sheet thickness. Tensile failure in the other NASA-18T1-A speci-
mens occurred exclusively by ductile mechanisms. The behavior of the
single NASA-18T specimen was identical to that of NASA-18T-A.

The residual tensile property results in table IV for Armco 18SR
after creep testing at 1273 K indicate differences in behavior for the
various exposure conditions and test directions. Residual testing of
Armco 18SR in the transverse direction yielded higher strengths and duc-
tilities than those obtained for testing in the parallel direction. The
tensile properties measured in the transverse direction are similar to the
as-received room temper.iture properties reperted in table IV of refer-
ence 2 for the longitudinal direction. On the basis of the transverse
testing, it appears that prior creep at 1273 K has little effect on re-
siduval properties. On the other hand, thermal reactor exposure followed
by creep testing at 1273 K reduces the residual tensile properties, par-
ticularly the ductility. 1In all cases, residual tensile fracture involved
cleavage type failure, regardless of the final tensile elongation., Metal-
lography of residual property specimens indicated that precipitation
occurred on the original grain boundaries (fig. 5) and significant grain
growth occurred in Armco 18SR creep tested at 1273 K; on the other hand,
Armco 18SR (TRC) did not undergo as much grain growth nor as much precipi-
tation as the unexposed alloy., The composition of the precipitates formed
in Armcc 18SR could not be determined by SEM techniques.

The residual tensile strength properties in table IV for GE 1541
indicate that the strength perpendicular to the rolling direction is not

S
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dependent on prior creep at 1273 K or thermal reactor exposure. However,
the residual ultimate tensile strength is somewhat reduced (approximately
10 percent) by prior creep exposure at 1273 K for GE 1541 rested parallel
to the rolling divection. The residual tensile strength properties are
nearly equal to those measured for the as-received alloy in this study

and those reported elsewhere (r2f, 3)  But, the tensile ductilities, par-
ticularly those measured for the parallel test direction, are lower than
the 25 percent tensile elongation determined by Bartos, Perkins, and
Robertshaw (ref. 3). Examination of the fracture surfaces and microstruc-
tures indicated that cleavage is an important failure mode for this mate-
rial; only GE 1541 (TRC) residual property specimens exhibited extensive
regions of ductile fracture.

After creep testing at 1073 K, all the evaluated alloys possessed
tensile properties equivalent to those measured for as-received materials
(ref, 2). Tensile failure in Armco 18SR occurred by ductile mechanisms
while GE 1541 failed by cleavage. NASA 18T-A subjected to prior creep
at 1073 K exhibited a partially intergranular ducriie fracture with scatter
regions where cleavage occurred (fig. 4). Metallography of the failed re-
sidual property specimens confirmed that the fracture was partially inter-
granular. Such behavior seems to be the result of precipitation which took
place during creep testing (fig. 6). Attempts on the SEM to determine the
composition of the intergranular precipitate were not successful. No un-
usual microstructural features were seen in GE 1541 or Armco 18SR residual
property test specimens.

DISCUSSION

Consideration of the tensile and creep properties in the longitudinal
direction reveals that the strength of all three alloys are similar at
1273 K at strain rates ranging from 10-Y to 106/s. Equivalence of the
creep strength is somewhat surprising as GE 1541 has better 1273 K rupture
strength than either Armco 18SR or NASA-18T-A (ref. 2). At 1073 K, NASA-
18T-A has better tensile and (reep strength in the longitudinal direction
than the other two allcoys; these results are in agreement with the 1073 K
stress rupture data in reference 2. While the residual properties of all
three alloys in the longitudinal direction are nominally equal after
1073 K creep testing, NASA-18T-A has better residual tensile properties,
particularly ductility, after 1273 K creep testing than either Armco 18SR
wr GE 1541, Therefore, it appears that NASA-18T-A possesses some strength
advantages over the other two alloys

While the work in reference 2 indicates some stress rupture strength
advantage for NASA-18T (nominally Fe-18Cr-2Al1-1.25Ta) over NASA-18T-A
(nominally Fe-18Cr-2A1-0.45Ta), this study indicates that both alloys
possess similar creep strengths at 1073 K and possibly at 1273 K. This
behavior should be studied in greater detail. 1If this is correct, an
effective Ta-strengthened Fe-18Cr-2Al alloy could be produced at a much
lower cost than originally thought since less Ta would be required.
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The test results indicate that the ferritic stainless steel NASA-18T-A
has potential for use in situations that require a moderate strength, oxi-
dation resistant alloy. Previous work (ref. 2) has shown that NASA-18T-A
has better oxidation and corrosion resistance than best existing commercial
and semicommercial ferritic stainless steels. This work indicates that the
effective elevated temperature tensile and creep properties and residual
tensile properties after creep resting of NASA-18T-A are equal to or better
than best existing wrought ferritic stainless steels.

Finally, it should be noted that the 1273 K tensile and creep strength
of Armco 183R and GE 1541 were not affected by 200 hour exposure in a
thermal reactor. Thus, these alloys possess excellent resistance to a
severe thermal, oxidizing environment and are capable of much longer lives
in such applications.

CONCLUSIONS

Based on the results of this study of the elevated-temperature ten-
sile and creep properties and residual room-temperature propertins after
creep testing, the following conclusions are made:

1. The developmental Ta-modified ferritic stainless steel NASA-18T-A
has good potential for use in situations that require moderate strength
as well as good oxidation and corrosion resistance at elevated temperature.

2. Two-hundred-hour exposure to severe oxidizing conditions has essen-
tially no effect on the 1273 K tensile and creep properties of Armco 18S8R
and GE 1541 ferritic stainless steels.
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- COMPOSITIONS AND GRAIN SIZE OF FERRITIC TRON ALLOYS EVALUATED

TABLE .
Alloy Heat Composition, wt percent
C Mn - g Cr Ni Ta Al Ti P S
27 1.14 17.90 0.37 -—— 2,16 0.54 20.015 %0.015

Aarmco 18SR 490578 0.031 0.27
<0.01 07 15,20 -—--
0.17 0.45 2.10 0.44 .008

4.95 -—-——- .003 .001

GE 1541 M-287 012
32 .038 37136 17.74

“

NASA-18T-A

aExpected or nominal.

00d 40
OVd TvNIonRio

RIrtv,
81 a

Average
grain
size,

um

0.7 96

-— 60



TABLE TI. - ELEVATED TEMPERATURE TENSILE PROPERTIES OF SEVERAL FERRITIC STAINLESS STEELS

Material

Armco 18SR

Armco 18SR (TRC)

GE 1541

GE 1541 (TRC)

NASA-18T-A

Armco 18SR
GE 1541

NASA-18T-A

Test direction
relative to final
rolling direction

Parallel
Parallel
Perpendicular
Perpendicular
Perpendicular
Parallel
Parallel
Perpendicular
Perpendicular
Perpendicular
Perpendicular
Parallel
Parallel

Parallel
Parallel
Parallel
Parallel
Parallel
Parallel

0.2 percent
yield stress,
MPa

1273 K

. o. e & 0
SO~ P WSV OBMWKWn

ot
MJ‘QN:NU‘A#\JC‘OV‘
. ‘ » b

1073 K

« & = 8 @
NV Wwe >

GERERE

aAnonalously low value of 2.2 MPa measured.

Tensile properties

Ultimate
tensile
strength,
MPa

Elongation,
percent

01



TABLE II1. - CHRETZP STRENGTES OF SEVEPAL PERRITIC STAIWL®SS STEELS

SAIERIAL TEST DIFEZCTINN ST3I®S5, TIWME IX HOUFS T) INK YCATED STEADY STaTE ELOSGATION LEuG™E OF
RELATIVE TO FINAL 1PA CREEP STEAIN (PERC=.TY CREFP FATE, AT END P TEST IV
ROLLING DI ECTION Ses-1 TEST, SPECTNEW
S - Wb 2.9 | © PEFCEYT  PATLED,
=ANET (A
1273 ¥
$PYTO 18 SR PAEALLEL 1,35 3. 3F-00 5.3
3.45 SE.R 92,5 135, 1.47=3 2.9
5.3 .2 .3 L€ - 1.28-0% 1iy, ¥:)
£, i 11 S T 2.95=05 $1, 23, 14
19,4 ¥ Hi- <5 .€ 1.07-0% "3, 5.3
10.% 52 .6 e L §,17-7% w0, 21.3°
TFANSVERSE v % | 105,.% 150, 9.aF-N8 1.
3.5 P 5.7 2.9 S§9.F 2.57=27 L
3,345 17.5 33.8  ¥9.% 7.58-08 53
AE%CI 13 SR(TRI) TREANSYDESE r P 2.9 9.5 IMN.7 7.08-04 2.9
2.1 27.3 30.0 3F.2 3,108 3.0
1.15 ot Rl BN 2N 5, 3§-27 53, 5.5
1.15 & 2.5 11.5 90.0 1.18-07 2.5
£.9 ot A1, SR TR Tl Al €, 5F-05 21, %
==
SE 1581 ol PAFALLEL 2.1 1287 2.3F7-2% .5
3 2.1 12,8 6.58-04 .5
ga 3.45 £5 ¢ £.3F-0% o
3.35 127.0 2.9F-00 v
== .3 S T S YE e 2.68-97 . %2,
o 5.9 1.0 ®B.7 5.9 ¥8.7 7.3%-08 a9
e 10.9 ol .8 = TR 8 3.1E-D5 54, T
> 2; 1.4 .2 R 2.9§-0s 2. 2:.27
e 3 TRANSVFESE 2.1 1.8%=-10 .01
3“ 2.1 6. LF=10 "3
177 3.35 318.3 181,13 1.£7-08 1.1
3.45 5 fE-00 .3
£.9 .9 5.8 133 822 3.28-27 &=, 133.)
5.9 1.7 8.0 10.2 86.9 2.28-07 &3, 15,1
10.% o U e 1. 3F-0% 22. 15.0 (™
GB 1541 (TRC) TEANSYZ SE 2.1 123, 2.0g-0% .1
2.1 57. ' 150. 3.52-23 1.
3.35 15.9 &0. 2.3E-n8 1.5
3.45 £.68-09 3
5.3 0 T Y AR R 1.19-07 53, 183, 5
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2ELATIVE TO FINAL 9 i “3E:F STEATS (DEECEZNT) — g peD 3% | TEST TP
ROLLING DISECTI see. T, SPETINEN
5 1.0 DLl 5.0 E¥T  PAILED,
HIN®S (%)
1271 X
NASA-15T=A PARALLEL 2.1 128.u 1.15=03 .
')_7 ‘-‘8_1(. .1
3.55 2.52-0% il
.55 8.6 55,2 3.2F-0% 1.6
.3 §.¢ 7.5 12.5 23,9 3.9%9=-27 : 1 1l LR I T
£.3 - W I e DI R 8, Ap-17 B, £2.5 (™
.z 1.2 1.5 2.9 2.0E=0¢ , P «5 %
10.% - & R . 3.7 8. €E-DF ©) .2
NASA-1RT PAEALLZL 3.35 £_NE-03 -8
72 &
LEMCD 18 SR PARALLEL 13.7 2.2 28.5 5.3 129.8 1.12-27 .5
13.3 10.€  22.% 8§, 93.¢ 1.5F=07 T
20.7 8.7 15. &n.e 68”.9 2.1F=07 L
20.7 §5.¢ 101,90 3.1F-)% 1.%
SE 1541 PARALLEL 13.8 2.€ [ YO.m 5509 3. aF=na 5.
13.3 1.¢ .7 20.&8 98.® 1.08-07 £.9
20,7 = 1.5 §.7 18.3 1. 1E=D¢ 3e, €2.7 (™
20.7 .l 1.3 €2 15,7 T.7E-07 3%, 5.0 I»
NASA-15T-A PARALLEL 13.a $.0F-10 .05
13.8 2.9%=05 =
20.7 WS 1.7 28.9 35.° €.7E-09 31.2
20.7 3.5 6% 38.3 2.92-28 n.8

21

{A) UNLESS NOTED, TEST CONDUCTED FOF 150 ROUPS AND THEN UNLOMDED
(8) ELONGATION AT TIME SHOWN; PUFTHEP TINE DEPENDENT DEPOFEMATION DT RECORDED
{C) OUT OF GARGE FRILU=E



TABLE IV. - SESINOAYL RO0® TENPEPATURF TENSILE PFOPEETIES
IF SEVESEAL FEPEITICT STAINLESS ITFELS

MATEZFIAL TEST DITECTION P2T10P EESTONEL FONM TENMDERRTUSE TENSILE PPOPSPTIES
RELATIVE TO FIWAL 1°0 HO .2 PEZECENT NMLTI®LIT TENSTILE CLISRRTION,
ROLLING DIRECPION 5IRESS {IELD STFESS, STRERGTH, PERCENT
"FA PLECENT “ra oy
1273 ¥ -aB®P TESTING
ATICD 19 SBR PARALLEL .82 e Ja1.7 LR e | 8,4
3. 45 s 3 LLE LEN.S 7.4
TRANSVEERSE g . 37e 7 R31.2 | B
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Figure 2. - Steady state creep rate as a function of applied st-ess for several ferritic stainless steels
tested parallel to the final rolling direction at 1073 K
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(a) Multifaceted cleavage in GF 1541 tested parallel to tinai rolling
direction. Prior creep exposure; 6IMPa at 1273 K o g 9 percent
stramn

(b) Cleavage in Armeco 18 S8 (T
rolling direction. Prior CIeep exposure
percent strain
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2IMPa st 1273 K 10 4.9

Figure 4. - Typical fracture surfaces
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(c) Ductile plus cleavage at edges in GE 1541 (TRC) tested trans-

verse to final rolling direction. Pt )W Creep exposure’ 3 l”.'pJ it
273 K to 1.6 percent strain
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(e) Ductile intergranular plus cleavage in NASA-18T-A lested
parallel to final 1 ling direction. Prior « reep exposure: 20. 7MPa

1n72 o 4 A
it 1073 K A

Figure 4. - Concluded
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Figure 5. - Typical example of the precipitation on prior grain boundaries in
rmco 18 SR dur reep testing at 1273 K and 3.45MPa for 150 hours to
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Figure 6. - Precipitates formed in NASA-18T-A during creep testing at 1073 K at

13.8MPa for 150 hours to 0.1 percent strain
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