e Sy
A e

NASA TECHNICAL NOTE [{F Q= NASA TN D-2499

(=}
O~
¢
N
[ ]
-_—
= REPRODUCED FROM
f}, BEST AVAILABLE coPY
L+
=

R y ¥ p )

% 5 2 !-“//’

g B "‘/"/‘—m

DISTRIBUTION STATEMENTA
Approved for Public Release
Distribution Unlimited TO6KRY

THE SUSCEPTIBILITY OF SIX STAINLESS
STEELS TO STRESS CORROSION AT
AMBIENT AND ELEVATED TEMPERATURES

by David N. Brask:

Langley Rescarch Centr 20010907 085

Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION « WASHINGTON, D. C. « DECEMBER 1964




THE SUSCEPTIBILITY OF
SIX STAINLESS STEELS TO STRESS CORROSION AT
AMBIENT AND ELEVATED TEMPERATURES
By David N. Braski

Langley Research Center
Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATI‘ON

For sale by the Office of Technical Services, Department of Commerce,

Washington, D.C. 20230 -- Price $0.50




THE SUSCEPTIBILITY OF
SIX STAINLESS STEELS TO STRESS CORROSION AT
AMBIENT AND ELEVATED TEMPERATURES

By David N. Braski
Langley Research Center

SUMMARY

fThe susceptibility of six stainless steels to stress corrosion has been
determined by exposing self-stressed specimens indoors and outdoors at ambient
temperatures and also at 550° F (561° K). The salt-coated stainless steels were
resistant to stress corrosion cracking at 550° F (561° K) for exposures from
4000 to 10,000 hours. Specimens of AM-350 DA and AM-367 stainless steel were
found to be very susceptible to stress-corrosion cracking with exposures less
than 5000 hours in both the indoor (with a salt coating) and outdoor (with and
without a salt coating) environments, while the AM-350 CRT, AISI 301, PH 15-7 Mo,

_and PH 14-8 Mo displayed excellent resistance. In general, the stainless steels

with higher austenite contents appeared to have better resistance to the cor-
rosive effects of salt, both at room temperature and at 5500 F (5610 K):/

INTRODUCTION

At present there is much concern about the possible problem of stress-
corrosion cracking in the titanium alloys and stainless steels belng considered
for use on a Mach 3 supersonic transport (ref. 1). The skin and other structural
members of such an aircraft would be subjected to the following conditions that
could produce stress-corrosion cracks: Induced or residual tensile stresses, sea-
coast enviromments, salt treatment of runways, and exposure to temperatures up to

600° F (589° K).

In a recent study at the NASA Langley Research Center the relative suscep-

' tibility of four titanium alloys to salt-stress corrosion at 550° F (561° K) was

investigated (ref. 2).ﬁﬂﬁﬁe purpose of the present investigation is to determine
the effects of stress corrosion on six stainlegs steels at room temperature and
at 550°\§J(5610‘K),f§§ well as in outdoor enviromments. A metallurgical study
is also Included which consists of microstructural examinations, crack-
penetration measurements, and determinations of retained austenite made by

X-ray diffraction techniques’j —




MATERIALS AND SPECIMEN

{?;Eécimens were taken from the following stainless-steel sheet materials:

AM-350 cold-rolled and tempered (CRT), AM-350 double aged (DA), AISI 301,
PH 15-7 Mo, all 0.025 inch (o.oé& cm) thick; PH 14-8 Mo, and AM-367, 0.050 inch

(0.127 cm) thick.][The chemical composition, heat treatment, and room-temperature
tensile properties for each are listedfin tables I, II, and IIT, respectively.

Yfgglf-stressed specimqggj similar to those used in reference 2, were con-
structed from sheet material as shown in figure 1. The specimensﬁﬁ&fe fabri-
cated in both longitudinal and transverse grain directions to provide a maximum

fiber stress of 100 ks11(69o MN/mE) as follows: —_— dﬁ Vlf

(1) Cut and machine 4 by 1/4 inch (10.16 by 0.64 cm) strips (fig. 1(a)).
(2) Heat treat if applicable. (See table II.)

(3) Bend ends of each strip to proper bend angle (approximately 25° for
0.025 inch (0.06% cm) and 12° for 0.050 inch (0.127 cm) material). (See

fig. 1(b).)
(4) Clean the strips chemically. (See appendix.)

(5) Place two cleaned strips
togeéther, clamp the ends and spot-weld
i J/%_L (fig. 1(c)). All specimens were handled
carefully with clean white gloves
throughout this operation to prevent
any contamination.

A 4 e

|
(10.16) 3(64)

(a) Machined strip
The magnitude of the inner and
/;>/ outer fiber stresses in each strip
angle depends upon the radius of curvature,
'zj%;-__~z% ) f the thickness, and Young's modulus for
(1.91) (6.35) the material at the exposure tempera-
(b) Strip with ends bent ture. As long as elastic conditions
prevail, the distance d (fig. 1(c))
between the inner faces of the strips
can be determined for a given maximum
fiber stress from the following geo-

E%E%Q metric, stress-strain relationship:
Spot
weld d = 2R - [4R2 - ¢2
where
(c) Completed specimen
R radius of curvature of curved por-
i in.
Figure 1.- Construction of self- tion of each stri_p, tE/ 20’
stressed specimen. Dimensions (m)

are given In inches and paren- N
thetically in centimeters. C chord length or distance between

bent-up ends, in. (m)




TABLE I.- CHEMICAL ARNALYSIS OF THE STAINLESS STEELS

&eight percentages supplled by producers:l

PH 15-7 Mo TH 1050

PH 14-8 Mo SRE 950

Welght, percent
Alloy
c Mn P s st cr NL Co No TL Al Fe
AM-350 0.080 | 0.76 0.019 | 0.012 | 0.30 | 16.80 | 4,15 | --cum 2.80 | ~eew | =-== | Bal
ATST 301 .089 .54 .023 017 A7 | 17.30 | 7.70 0.05 16 | ==== | === | Bal
PHI15-TMo | .065 | .55 | .020 | .ol | .k | 14.96 | 7.23 | ---m- 215 | —c- | LAk | Bal
PH 14-8 Mo 040 .28 .008 .003 67 | 14.38 | 8.1% | ~-—- 2,00 | =-== | 1.22 | Bal
AM-367 .021 .02k .002 .009 .08 | k.25 | 340 | 1547 | 1.99 | 0.35 .03 | Bal
TABLE IT.- HEAT TREATMENT OF THE STATNLESS STEELS
Alloy Condition Heat treatment
AM-350 CRT Cold rolled 20 percent; tempered 3 to 5 min at 930° F (772° K); air cool
‘| AM-350 DA Amneal at 1850° to 1975° F (1283° to 1353° K), air cool; reheat at 1375° F (1019° X)
for 3 hr, alr cool; age 3 hr at 850° F (728° K), air cool
ATST 301 56 % CR Anneal at 2000° F (1366° K), air cool; cold reduced 56 percemt

Anneal at 19500 F (1339° K), air cool; reheat at 1400° F (1033° K) for 1/2 hr,

quench to 60° (289° K); age 1% hr at 10500 F (838° K) air cool

Anneal at 1825° F (1270° K), alr cool; reheat at 1700° F (1200° K) for 1 hr, quench
to -100° F (2000 K), and hold for 8 hr; age 1 hr at 950° F (783° X), air cool

AM-367 Maraging Anneal at 1400° F (1033° K); quench to ~100° F (200° K), and hold for 16 hr; age
8 hr at 8500 F (728° K), alr cool
TABLE IIL.- ROOM-TEMPERATURE TENSILE PROPERTIES OF THE STAINLESS STEELS
Yield strength Tensile strength Elongation, % in
Alloy Condition Thickness Longitudinal | Transverse | Longitudinal | Transverse 2-in. length
1n. cm ksi | MN/m2 | kei |Mv/m2| ksi |MN/m2 | kei |MN/m® | Longitudinal |Transverse
AM-350 CRT 0.025 | 0.064 | 181.0 | 1248 |168.0 11158 |205.0| 1413 |208.3 | 1436 18.5 17.5
AM-350 DA .025 | .06k} 152.5 | 1051 [158.0 (1089 |[185.7| 1280 |188.0 | 1296 14.5 12.7
AISI 301 ‘ 56 % CR 025 | .064]189.5 11306 |181.7 1253 {209.0| 1kl |[216.0 | 1489 5.5 6.0
PH 15-7 Mo | TH 1050 L0251 064 | 211.4 | 1457 |[216.4 [ 1kg92 [215.0] 1482 |221.2 1525 5.0 .7
PH 14-8 Mo | SRH 950 | .050| .127|183.0 |1262 |183.5}1265 |225.0| 1551 227.0. 1565 12.2 9.5
AM-36T Maraging | .050| .127] 242.0 1668 |[--m-- —— |243.4 | 1678 |----- - 4.2 ——




t strip thickness, in. (m)
E Young's modulus, ksi (MN/mQ)
o tensile or compressive stress, ksi (MN/mE?

The units used herein for physical quantities are given in the U.S.
Customary System and parenthetically in the International System (abbreviated
as SI). Resolution 12 of the Eleventh General Conference on Weights and

Measures (ref. 3) established the SI as a practical system of measurements for
international use. Conversion factors relating these units in the two systems

are:
Length: Inches x 0.0254 = Meters (m)
Force: Pounds X 4.448 = Newtons (N)

Stress: ksi x 6.894 = Meganewton/square meter (MN/mQ)

Temperature: g(OF + 459.67) =©

PROCEDURE

Salt Coating

The corroding agent, pure sodium chloride, was applied to the specimens by
dipping them into a boiling, supersaturated salt solution, after which they were
dried in an oven at 250° F (394° K). This procedure was repeated as many times
as needed to produce a uniform salt coating of 0.004 inch to 0.006 inch (0.010
to 0.015 cm) over the surface of the specimen. The ends of the specimens were
cleaned to prevent corrosion from developing at or near the spot welds.

Exposure
VThe specimens were exposed to the following environments:

(1) Exposure at 550° F (561° K): _Salt-coated and uncoated specimens were
placed in individual electric ovens for exposure times up to 10,000 hours.

(2) Exposure at ambient temperatures:

(a) Indoor exposure: Salt-coated specimens were exposed at the ambient
room temperature indoors for times up to 2500 hours.

(b) Outdoor exposure: Uncoated specimens were exposed outdoors at
ambient temperatures fox_times up to 10,000 hogggjgt the Langley Research
esapesake Bazli —

Center which is located{near the mouth of the




(¢) Outdoor exposure with salt dipping: Uncoated specimens were
exposed outdoors and dipped twice a week in a cold saturated salt solution.
Exposure times ran up to 2500 hours. The accumulation of salt on these
specimens was sligh - |

(z;) Exposure at 5500__)(5610 K)[kamblned vith indoor exposure: Salt-coated
specimens were exposed for various times at 550° F (561° K)/wTth subsequent
indoor exposure at room temperature. Total exposure times were from 6000 to
9000 houEE;J

Only a limited number of specimens were available for enviromments 2(a),
2(0), and 3 because the original program was designed to evaluate environments 1
and 2(b).

Compression Tests

rX;;er exposure, the salt coatings were removed with a water rinse, and the————49~7
specimens were tested under compression at room temperatured The compression- /. r"?
test apparatus and clamping fixtures are shown in figure Two clamping fix- . g
tures were used to support the specimen vertically in the hydraulic testing 0
machine. A load of 200 pounds (890 N) per minute was applied and recorded auto-
graphically against the head displacement. The head displacement, which is
equivalent to specimen shortening, was measured by a deflectometer comsisting of
an aluminum-alloy cantilever beam instrumented with strain gages at the base of
the beam.

Metallurgical Study

Metallographic examinations.- A metal-
lographic examination of the specimens was
necessary to determine whether the degrada-
tion of the material was caused by general
corrosion, pitting, stress-corrosion
cracking, or metallurgical changes. Metal-
lographic samples were cut from the curved
portions of the untested specimens and from
sections of the tested specimens that were
remote from the fracture zone where severe
bending had a tendency to open cracks. The
samples were edge mounted, polished, and
etched with a solution containing 4 grams of
/ cupric sulphate, 20 milliliters of con-

Platen centrated hydrocloric acid, and 30 milli-
liters of water. The various samples were
examined, and photomicrographs of repre-
L-64-8301 sentative pits and stress-corrosion cracks

Figure 2.- Clamping fixtures and .
compression-test apparatus. were made in a research metallograph.

(ross head




Penetration of cracks into the base material was measured with a microscope
and micrometer eyepiece.

Determination of retained austenite.- The amount of retained austenite in
PH 15-7 Mo, PH 14-8 Mo, AM-350 CRT, and AM-350 DA was determined to see whether
this factor could be correlated to the susceptibility of a material to stress-
corrosion cracking. The "two peak" method described in reference 4 was used,
which utilizes the (200) martensite peak and (220) austenite peak as deter-
mined by an X-ray diffractometer. Chromium Ky radiation with a power setting
of 45 kilovolts and 15 milliamperes is used with a 3° beam slit, medium-
resolution collimator, 0.2° detection slit, and a vanadium filter. Coupons
1 inch (2.54% cm) square of each sheet material were examined on one face which
was hand polished through 600-grit paper. The following formula was used to
determine the approximate percentage of retained austenite:

Percent = 100

where Apgp 1is the area under (200) martensite peak and Appp, the area under

(220) austenite peak. The constant K = 2.5 is based on information supplied
by G. K. Clark of the Alleghany Iudlum Steel Corporation.

RESULTS AND DISCUSSION

Typical specimen configurations before and after compression testing are
illustrated in figure 3. Unexposed specimens of most materials as well as
exposed specimens showing good resistance to stress-corrosion cracking and
pitting could be compressed as shown in figure 3(b). Several materials exhib-

ited a somewhat lower bend ductility in the

\”“’* ’ transverse grain specimens. Specimens that
Before Test After Test were vulnerable to stress-corrosion cracking

or other types of corrosion suffered losses

in bend ductility and fractured after rela-

t tively small amounts of shortening
F l;; (fig. 3(c)). Apparent metallurgical changes
in one alloy after long exposure at an
Fracture elevated temperature also caused reductions
in bend ductility.

In reference 2 a direct correlation

() Original (b) No stress-  (c) Stress-corrosion was shown to exist between the shortening

specimen. corrosion cracks. at which fracture occurred and the maximum
cracks. crack penetration in titanium specimens. In

the present investigation, a similar corre-
Figure 3.- Effect of stress- lation was made for AM-350 DA. However, the
corrosion cracks on con- scatter of pit-penetration values in seversal

figuration of specimens
tested in compression. \

stainless steels discouraged any direct cor-
relation of shortening with pit penetration.




The results of the compression tests for the stainless-steel speclmens
after exposure are shown in figures 4, 5, and 6. The values of shortening at
fracture are plotted against exposure in the five different environments.
ILimiting curves are drawn through the data to represent the most severe corro-
sion damsge that occurred. Figure 4 shows the results of tests on specimens
exposed at 5500 F (561° K). Figure 5 illustrates the effects of exposure,
indoors and outdoors, at ambient temperatures (figs. 5(a), (b), and (c)) and
exposure outdoors with periodic salt-water dips (fig. 5(d)). Figure 6 shows
the effects of a comblned exposure at 550° F (561° K) and exposure indoors. In
figure 6 the axls representing exposure time employs two scales; as the exposure
at 550° F (5610 K) increases, exposure at room temperature decreases so as to
maintain a constant exposure time for each material.

Stress-Corrosion Cracking

| At 550° F (561° K).-{All six sglt-coated stalnless steels were resistant to
stress-corrosion cracking at 5500 Ff(561° K). This result is demonstrated in
figure 4 for AM-350 CRT (fig. 4(a)), AM-350 DA (fig. 4(b)), and PH 14-8 Mo

2.5+ 2.5
16 J6
e e T = e e
03 4
15} Uncoated ~ Salt coated 14 15— -0 —— 8 ——— g ———-F o 4
0 ®  Transverse . $ s j
Lof S A |ongitudinal ) Lo L] ®
i 42
5t 5
{a) AM-350 CRT. 1 {d) PH 15-7 Mo.
; i . [ Lo 0 . Lo N N B . 0
0 0
25r ‘ -6 2.5 N %57 6
Q% nn ] AA._—M by Ab
g L5- 14 2 £ 5P 44 E
5 5 ; ¢ 2
T Lot 5 & Lof . 5
& 125 & 42 »n
T (b} AM-350 DA. S € AISI 0L
; ] . ] L ] R | ) 0 ) | L 1 . 1 L 1 ; 0
0 0
2.5¢ -
5 e 25 iy
205, ¢ %3 R ] 2.0F
L5} 14 L5 14
) o e § 4
Lot LOE 2 §‘
42 P s 12
5t ] 5t & "
{c) PH 14-8 Mo. ® n Am-36n
I 1 1 i i 5 1 L 1 1 03 1 1 N 1 i | L 1 : 0
0 2 4 5 g8 10x10 0 ? 4 6 8 10x 10°
Exposure at 550° F (561°K), hr Exposure at 550° F (561° K), hr

Figure 4.- Results of compression tests on specimens exposed at 5500 F (561° K).




fig. 4 cgg by the straight limiting curves. jThe PH 15-7 Mo specimens)
fig. 4(d [E%bwed slight losses of bend ductility but no traces of stress-
corrosion cracking. The losses were caused by pitting'ﬁhich will be discussed

subsequently.

The results of tests[;; longitudinal AISI 301 specimeEEJ(fig. 4(e)) indi-
catérfﬁére 1s little diffeTence between the hepd ductilitieS of salt-coated and
uncoated specimens with exposures up to 10,000 hours. The transverse specimens,
however, showed a noticeable loss of bend ductility within 3000 hours exposure.
Since uncoated specimens as well as coated ones showed these losses, it 1s
unlikely that corrosion in any form is a factor.|{ In a recent investigation of
ATISI 301 (ref. 5) electron microscopy indicafed that precipitation of very fine
particles occurs after aging at 8500 F (728° K). Moreover, electron micrographs
of AIST 301, cold reduced 67 percent and aged at 650° F (616° K) and 750° F
(6720 K), suggested incipient precipitation within the microstructure. Unpub-
lished NASA data on foll-gage AISI 301 sheet obtained at the Langley Research
Center showed marked losses in elongation during tensile tests at 400° F to
800° F (478° to T00° K). Other unpublished NASA room-temperature tensile data
on AISI 301 showed 50 percent losses in elongation after prolonged exposure at
550° F (561° K). These results suggest that some metallurgical change occurs
in ATST 301 at 550° F (561° K). However, no logical explanatlon can be given
concerning why the losses of bend duetility should be limited to the transverse
specimens in this study. :

Althoughng stress-corrosion cracks were detected visually in any of the
AM-367 specimens exposed at 550°F£j(56l° K),[the data)in figure 4(f) [demonstrated
a large amount of scatter] and no definite limiting curves could be drawn. This
scatter may be due in part to the instability of the material, which was part of
one of the first experimental heats produced.

At ambient temperatures.—[;; the indoor and outdoor exposures at ambient
— temperatures, AM-350 Qﬁj(fig. 5){and AM-367 were the only materials susceptible
to stress-corrosion cracking. The outdoor exposure with a periodic salt-water
dip caused the greatest damage to the AM-350 DA specimens with one specimen
failing completely after 576 hours exposurel(fig. 5(d)). Exposure indoors with
salt caused somewhat less damage (fig. a})), while exposure outdoors without
salt produced even less damage (fig. 5(b)).

A limited number of AM-367 specimens were tested indoors and outdoors. Two
transverse specimens falled completely within 6500 hours of indoor exposure,
while two longitudinal specimens displayed reduced shortening values of 0.16
and 0.42 inch (0.41 and 1.07 cm). One transverse and one longltudinal specimen
of AM-367 falled after 2760 hours and 4248 hours of outdoor exposure, respec-
tively. Stress-corrosion cracks were observed on both specimens after approxi-

mately 1000 hours. :

fBE the basis of the limited number of tests, on AM-350 DA and AM-367, it
appeared that the greater the amount of moisture at ambient temperatures, the
greater the damage due to stress-corrosion crackipg.’

Combined exposure.-|Of the three materials (AM-350 DA, AM-350 CRT, and
AIST 301) exposed at 5500 F k56l° K)lwi%h subsequent exposure at room| —x ;

8




}fEEﬁperat re, the AM-350 DA was the only one that developed stress-corrosion
cracks. | Figure 6(a) shows that two transverse AM-350 DA specimens failed com-
pletely after exposure for 5000 hours at 5500 F (561° K) followed by 1000 hours
at room temperature. Since the AM-350 DA showed good resistance at 5509_2/
(561° X), r%f‘seems reasonable to assume that stress-corrosion cracking occurred
during the exposure at room temperatqggj.1 However, it appeared that exposure at
5500 F (561° K) accelerated the subsequent stress-corrosion process at room
temperature as shown by the limiting curve for the combined exposure (fig. 6(a)).
This curve shows much greater stress-corrosion damage than the curve for specil-
mens which were exposed indoors only (fig. 5(a)).

Pitting

At 550° F (561° K).41All stainless steels except PH 15-7 Mo were resist-
ant to pitting with salt at 550° F,,(561° K). \{All salt-coated PH 15-7 M-oJ

> o
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o—— 14

AM-350 CRT m Salt coated
A——— 0 AM-350DA
Uncoated
Q—-—-—0 AlSI 301 . . .
p—--—0 PH1>-TMo~ T Dipped in salt solution
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{b) Outdoor exposure. {d) Outdoor exposure with salt dip.

Figure 5.- Results of compression tests on specimens exposed at amblent temperatures;
indoors and outdoors.




specimens displayed reduced shortening values due to_pitting. The transverse

specimens showed a slightly greater susceptibility'to pitting than the longi-
tudinal ones. }ySee fig. 4(4).)

At amblent temperatures.-}Alloy AISI 301 was susceptible to pitting in the
tests at ambient temperatures J(figs. 5(a), (b), and (d)). Again)};osses in bend
ductility due to pitting were restricted to the transverse specimens. The lon-

gitudinal specimens appeared to have as much pitting corrosion as the transverse
ones but suffered no losses of bend ductility. [ Consequently, the limiting curves
for AISI 301 are based on the transverse specimens. The salt-coated AIST 301 ~__;>

exposed indoors demonstrated the greatest tendency for pitting (fig. 5(a))

25&‘
16
____________ A,
20 Failed duri t i
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g 15 * 4 rmmmmmém& : 14 g
. - Uncoated  Salt coated S e
£t o ®  Transverse ro
= L0 A A longitudinal £
w A 12 v
S A A
A e
. . 0 . . ié ke hel0
Exposure at 550° F (561" K), hr 6000 4000 2000 0
+ + + + +
Exposure at room temp., hr 0 2000 4000 6000
~ {a) AM-350 DA,
2.5
A A oA . 6
2.0F .
g 4 g
£ L5f . £
= g5
5 10t -
n 42 n
SE
0 0 0 L y 0
Exposure at 550" F (561° K), hr 9000 6000 /3000 0
: + + + + +
Exposure at room temp., hr 0 3000 6000 9000
(b} AM-350 CRT.
2.5
2.0
& o
£ £
Ee ¥ €&
. T o
E 10 g
.5 I
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Exposure at 550° F (561" K), hr 6000 4000 2000 0
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Exposure at room temp., hr @ 2000 4000 6000
{c) AISI 301

Figure 6.- Results of compression tests on specimens exposed
first at 550° F (561° K) and then at ambient indoor

temperatures.
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whereas those exposed outdoors with periodic salt dips were somewhat less pitted
(fig. 5(d)). The uncoated AISI 30l exposed outdoors showed the least amount of

pitting (fig. 5(b)).

Several salt-coated PH 15-7 Mo specimens exposed to the indoor environment
and several uncoated specimens exposed outdoors with a salt dip displayed
shortening values similar to coated PH 15-7 Mo specimens with an equivalent
exposure at 5500 F (561° K). The uncoated PH 15-7 Mo specimens exposed outdoors
(fig. 5(c)) were quite resistant to pitting, even after 10,000 hours exposure.

' The results indicate that the greater the amount of salt present in the cor-
roding environment, the greater the pitting damage in ATSI 301 and PH 15-T7 Mo.
Slight to moderate pitting was noted in both the AM-350 DA and AM-36T7 specimens
exposed indoors and outdoors, but the effect on bend ductility was completely
overshadowed by the effects of stress-corrosion cracking

Combined exposure.- Figure 6(c) shows the effect of exposure at 550° F
(561° K) followed by exposure at room temperature on salt-coated AISI 301
specimens. Again the only changes in shortening at the fracture point or bend
ductility occurred in the transverse specimens. Note that with longer expo-
sures at 550° F (561° K), both salt-coated and uncoated transverse specimens
demonstrated reduced shortening; whereas with longer exposures at room tempera-
ture only the salt-coated specimens demonstrated reduced shortening. Metallo-
graphic examination of these latter specimens attributed the shortening reduc-
tions to pitting. It appears, therefore, that two separate processes occurred
which lowered the bend ductility of the transverse AISI 301 specimens: the
metallurgical changes, which were dependent on elevated temperature exposures,
and pitting, which depended on exposure &t room temperature.

2 Metallurgical Studz;J

The following parsgraphs discuss the microstructure of each materlal and
its possible relation to the resistance of the material to stress-corrosion
cracking. Photomicrographs of typical stress-corrosion cracks are also pre-
gented. Table IV gives the results of the X-ray diffraction determinations of
retained austenite in AM-350 CRT, AM-350 DA, PH 15-7 Mo, and PH 14-8 Mo.

AM-350 CRT.-lThe
microstructure of AM-350

TABLE IV.- X-RAY DIFFRACTION DATA

CRT consists of delta- retained
ferrite stringers in a Alloy Peak 26, deg Area, units2 % austenite,
. matrix of martensite with percent
approximately T9 percent AM-350 CRT | Mart (200) 105.06 156 0.10k 79
retained austenite. The Aust (220) | 128.2% 150k
high percentage of AM-350 DA Mart (200) | 105.Le2 309 k.12 9
retained austenite content Aust (220) | 126.40 &
accourns for 146 good T I R
resistance to pitting. -8 | Mart (200) ) 1R o 96k ®
Reference 6, on page 72
~states that ferritic and el Sl
11




martensitic steels have a greater tendency toward pltting than austenitic steels.
The high austenite content of AM-350 CRT could also account, at least partly,
for its excellent resistance to salt-stress corrosion at 550° F (561° K).

AM-350 DA.-~ Figure T shows an edge view of a stress-corrosion crack in a
longitudinal specimen of AM-350 DA exposed 6000 hours at room temperature. The
crack penetrates through more than half the thickness of the 0.025-inch

(0.06k4-cm) sheet.

Figure 8 shows the results of representative crack-penetration measurements
as a function of combined exposure at 5500 F (561° K) and room temperature. It
is seen that there is a wide range of crack penetrations at any one exposure.

A limiting curve is drawn to represent the maximum crack penetration or maximum
demage due to the stress-corrosion cracks. This curve gives a good correlation
with the results of the compression tests shown in figure 6(a). Note that
several cracks penetrated to a depth approaching the thickness of the sheet
which would account for many of the failures of the AM-350 DA specimens during

exposure.

Figure 9 illustrates the intergranular nature of stress-corrosion cracking
in an AM-350 DA longitudinal specimen exposed for 500 hours at 550° F (561° K)
followed by 5500 hours at room temperature. [The microstructure of AM-350 DA

consists of delta-ferrite pools in a martensite plus 9 percent retained austenite
matrix. A network of carblde precipi-

tates lies in the grain boundaries.
These carbide precipitates are mainly
chromium carbides which deplete the
regions directly adjacent to the gr%EEJ

3U -

20 -

a-Longitudinal ®

Crack penetration, mils
Crack penetration. mm

e-Transverse

A

6000 " 4000 2000 0

+ + +
0 2000 4000 6000
Exposure at 550° F 561° K), hr
A . St R RO Exposure at room temp., hr
R et P Figure 8.- Crack-penetration values
in longitudinal and transverse
L-64-83%02 AM-350 DA specimens plotted as a

function of combined exposure at
550° F (561° K) and at ambient
indoor temperatures.

Figure 7.~ Edge viliew of stress-corrosion
crack in AM-350 DA longitudinal spec-
imen exposed 6000 hours at room tem-
perature. 150x.
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boundaries of chromium and thereby lower the corrosion resistance of these
regions with respect to the grains. This generally accepted theory (ref. 7)
would explain the vast difference between the stress-corrosion resistance of
AM-350 DA and AM-350 CRT, which contains no precipitates.“The fact that
AM-350 CRT contains almost nine times more retalned austenite than AM-350 DA
would also add to its ability to resist corrosio_z_l_.J

AISI 301.-[The microstructure of ATST 301 consists of 100 percent austenite,
and this material would therefore be expected to display good resistance to salt
pitting. However, the compression tests and metallographic examlnations showed
that this material was susceptible to pitting.| The residual stresses which -———%5,A‘f
remained as a result of the severe cold reduction (56 percent) and the 100 ksi (
(690 MN/mQ) induced by the specimen probably were the factors promoting pitting

in ATST 30l.

Reference 8, on page 171, showed results where severely cold worked

18-8 stainless steel pitted more than annealed 18-8 stainless steel in 4 percent
sodium chloride solution. The reason for the sensitivity to a slight amount of
pitting in transverse specimens but not in longitudinal specimens is as yet

unknown.
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Figure 9.~ Top view of stress-corrosion crack in AM-350 DA longitudinal

specimen exposed 500 hours at 550° F (561° K) followed by 5500 hours
at room temperature. 800X.
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PH 15-7 Mo.- Figure 10 is a micrograph of typical pits in PH 15-7 Mo. The
pit on the left penetrates approximately 1 mil (0.025 mm) into the material.

Figure 11 shows|the microstructure of PH 15-7 Mo

The microstructure Jcontains

0.063 percent carbon and ferrite in a martensife plus 7 percent retained austen-
ite matrix. A rather continuous network of carbides lies in the grain boundaries
and a moderste number of inclusions were also observed in the microstructure.h

PH 14-8 Mb.-[The microstructure of PH 14-8 ?;3 as shown in figure 12, fcon-

tains only 0.O0LO percent carbon and consists of

Efrite pools in a martensite

plus 29 percent retained austenite matrix. The lack of a carbide network and
higher austenite content in PH 14-8 Mo are probably the main reasons why it has
better resistance to pitting than PH 15-7 Mo. The fact that PH 14-8 Mo has
fewer inclusions than PH 15-7 Mo may also add to its corrosion resistansf:)

AM-§6I.- Figure 13 shows an edge view of stress-corrosion cracking in the
transverse AM-367 specimen which failed after 2760 hours of outdoor exposure.
This crack penetrated 20 mils (0.051 cm) into the 25-mil (0.06k-cm) sheet. fﬁﬁé
microstructure of AM-367 consists of small inclusions in a matrix of fine
martens%isj /
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Qualitative Ratings of

Stainless Steels

In table V. an attempt has been
made to give each stainless steel a
qualitative rating for each of the five
enviromments based on the results of
the compression tests. Each material
is rated in respect to its resistance
t0 stress-corrosion cracking and
pitting with salt. Several comments
can be made concerning these general
results. First, AM-350 DA was found to
exhibit poor stress-corrosion resist-

, ance in all envirorments involving

| exposure at ambient temperatures. This

result is not surprising since

AM-350 DA is known to be quite suscep-

tible to stress-corrosion cracking in

seacoast environments. Unlike the

AM-350 DA specimen, the AM-350 CRT

specimen is seen to displsy good to

excellent resistance to corrosion in 1-64-8306

all five environments. The AISI 301 Figure 12.- Microstructure of PH 14-8 Mo

specimen showed excellent resistance lmgitugimﬂ specimen with zero expo-

to stress-corrosion cracking but sur?' o0x.

suffered some pitting corrosion. The

1
{

I TABLE V.- QUALITATIVE RATINGS® OF THE STATNLESS STEELS

e
1%

Y2
44
B

Salt-coated specimens Uncoated specimens Sdlt-dlpped specimens
550° F (561° K) com- )
5500 F (561° K) bined with room Indoor Outdoor Outdoor
Alloy temperature
Stress- Stress- Stress- Stress- Stress-
corrosion | Pitting | corrosion | Pitting | corrosion | Pitting corrosion { Pitting | corrosion | Pitting
cracking cracking cracking cracking cracking
AM-350 CRT | Excellent | Excellent | Excellent |Excellent Excellent Good Excellent | Excellent | Excellent Good
AM-350 DA | Excellent Good Poor Fair Poor Fair Poor Falr Poor Fair
ATSI 301 Excellent Good Excellent Fair Excellent Fair Excellent Good Excellent Fair
56% CR
PH 15-T Mo | Excellent Fair Excellent Falr Excellent Fair Excellent Good Excellent Falr
TH 1050
PH 14-8 Mo | Excellent | Excellent (v) (b) Excellent |Excellent | Excellent |Excellent | Excellent |Excellent
SRH 950 .
AM-36T7 (v) (b) (v) (v) Poor Fair Poor Fair (v) (v)
maraging

8Rating evaluation:
Excellent (no evidence of corrosion)
f : Good Eslight corrosion but bend ductility not markedly affected)
Fair (moderate corrosion with the bend ductility substantially reduced)
Poor (severe corrosion with severe losses of bend duetility)

PNo tests or results inconclusive.




Surface

Inclusion \

Eine Martensit ' "
ensite \ .

L-64-8207
Figure 1%.~ Edge view of stress-
corrosion cracks in AM-367
transverse specimen exposed
2760 hours outdoors. 200X.

16

PH 15-T7 Mo specimen had excellent
resistance to stress corrosion but suf-
fered moderate pitting corrosion in
almost every environment. This defi-
clency was apparently corrected in

PH 14-8 Mo which demonstrated excellent
resistance to both pitting and stress-
corrosion cracking. It was difficult
to make a falr appraisal of AM-367
because the specimens were taken from
one of the first experimental heats
produced and only a small number of
specimens were tested.

CONCLUDING REMARKS

|

rE;; results of stress~corrosion
tests on salt-coated AM-350 CRT,
AM-350 DA, AISI 301, PH 15-T7 Mo,
PH 14-8 Mo, and AM-367 specimens have
shown these stainless steels to be
resistant to stress~corrosion cracking
at 550° F[(561° K) [fmder the test con-
ditions and exposure times used. Spec-
imens of AM-350 DA and AM-367 were
very susceptible to stress-corrosion
cracking in both indoor and outdoor
exposures at ambient temperatures,
whereas AM-350 CRT, AISI 301,
PH 15-T7 Mo, and PH 14-8 Mo displayed
excellent resistance to stress corro-
slon in these environments. Specimens
of AISTI 301, PH 15-7 Mo, AM-350 DA,
and AM-367 showed varying tendencies
toward pitting in exposures at 550§a§J
(5610 K)fgﬁa also in those conduct
indoors and outdoors at ambient
temperatures.

The heat treatment, as demon-
strated for AM-350 DA and AM-350 CRT, or
the alloy composition, as in PH 14-8 Mo
and PH 15-7 Mo, can drastically affect
the corrosion resistance of a material
to salt. For better corrosion proper-
ties in those stainless steels, heat
treatments or alloy compositions that
cause the precipitation of carbides in
the grain boundaries should be avolded.
The stainless steels with higEffj ——




austenite contents generally appeared to have better resistance to the cor-
rosive effects of salt at room and elevated temperatures. However, the effects
of severe cold reduction appeared to promote pitting in the all-austenitic

AISI 30‘1;& A

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 2k, 196k.
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APPENDIX
CLEANING PROCEDURE

The cleaning procedure for the particular stainless steels are as follows:
For AM-350 CRT, AM-350 DA, AISI 301, and AM-367,

(1) Vapor degrease by means of trichloroethylene.

(2) Rinse in hot water.

(3) Immerse in nitric acid, 20 percent by volume, for approximately
5 minutes.

(4) Wash in hot water and follow with cold rinse.
(5) Wipe dry with a soft clean cloth.

For PH 15-7 Mo and PH 14-8 Mo,
(1) Vapor degrease by means of trichlorethylene-
(2) Rinse in hot water.

(3) Hand scrub with fiber brush and 1 part acid-base detergent diluted
with 20 parts water, by volume.

(4) Rinse with warm water.

(5) Dry immediately by use of hand-type hair dryer.

18




8.

REFERENCES

Raring, Richard H.; Freeman, J. W.; Schultz, J. W.; and Voorhees, H. R.:
Progress Report of the NASA Special Committee on Materials Research ror

Supersonic Transports. NASA TN D-1798, 1963.

Braski, David N.; and Heimerl, George J.: The Relative Susceptibility of
Four Commercial Titanium Alloys to Salt Stress Corrosion at 5500 F. NASA
TN D-2011, 1963.

Anon.: Internationsl System of Units, Resolution No. 12. NASA TT F-200,
196k, '

Ogilvie, Robert E.: Retained Austenite by X-Rays. Norelco Reptr., vol. 6,
May-June, 1959, pp. 60-61.

. Banerjee, B. R.; and Hauser, J. J.: Research and Application Engineering

to Determine the Effect of Processing Variables on Crack Propagation of
High-Strength Steels and Titanium. ASD-TDR—62-105&, Pt. I, U.S. Alr Force,
Apr. 1963.

Uhlig, Herbert H.: Corrosion and Corrosion Control. John Wiley & Sous,
Inc., c.1963.

Franks, Russell: Chromium-Nickel Austenitic Stainless Steels. The Cor-
rosion Handbook, Herbert H. Uhlig, ed., John Wiley & Soms, Inc., c.1948,

pp. 150-165.

Uhlig, H. H.: Pitting in Stainless Steels and Other Passive Metals.
Herbert H. Uhlig, ed., John Wiley & Sonms, Inc., c.1948, pp. 165-173.

NASA -Langley, 196.4 L—]-|-006 19




VSVN

66%2-d NL VSVN
N plaEQ ‘niseag

‘11

I

*80ue)SISad
Jua[120xa pakerds1p O g-$T Hd PUt ‘O L-GT Hd
‘108 ISIV ‘LYD 0¢8-IV 93Ul 3[Iys SIUSWUOIIAUS
(Bureoo J1BS B INOYIIA PUB U}IM) JOODPINO pue (SUIleod
17ES & Y3IM) JOOPUT Y30Q UT SINOY QQQG Uy} SSIT
saansodxa YIim SUINOBIO UOISOIIOD-SS94)S 0} a1quidao
-SnS AJI9A 9q 0} PUNOJ.8xa9M £9¢-INV PUE VO 06¢-INV
Jo suawidadg *sanoy 000‘0I O} 000F Wwoxj saansodxs
I07 (3 oT96) d 008G 1B SUDNOBID UOISOLIOD-SSATIS

01 JUBISISOT 2J9M PIISI) ST99)S SSITUTRIS PIJEOI-I[Ees
8UL (3 o79%) A 006G I® OSTE pue sarnjyeradwa)
JUSIqUIE ) SIOOPINO PUE SIOOPUI SuswWIdads passe}s
- J19s 3uisodxs Ag paUIMIII}LP USA( SBY UOISOIIOD
SS9J3)S 0] $199)S SSatuIR)S XIS JOo ANriquidaosns ayg,

(66¥2-Q HLON TVOINHOIL VSYN)

060 ‘90ud IO "deT 96T I9qULdeQ

‘seag "N PUed  CSHUANLVHIdWIL AILVATTE
ANV INHIFINVY LV NOISOHHOO SSHY.LS O.L
STHHLS SSATNIV.LS XIS 40 ALITIHILdIDSNS IHL
‘uotjeIISIUIWpPY aords pue SOTINBUOJIDY TEUOTIEN

6695~ NL VSVN

VSVN

66¥2-a NL VSVN
‘N plaeq ‘Diseag

11

‘I

*30UBISISOT
jusrTeoxe pakerdsip O §-%1 Hd PuB ‘OW L-GT Hd
‘10¢ ISIV ‘LHD 0GS-IV Ul oIYm SIUSTWUOITAUD
(Su13e00 TES B INOUIIA PUR Y}IM) I00DPINO pur (SUijeod
JTBS ® Y}M) I00PUT YIOQ UT SINOY QQ0S Uey} sSaf
saansodxs Y3m SuINoBIO UOISOXIOD-SSax]s 03 a1quidad
-sns AI18A ag 0} punoj.axam L9¢-IWV PUe ¥d 0GE-INV
70 suswioadg 'sSInoy 000‘0T OF 000F WOIJ saansodxd
107 (3I oT9G) d 006G & SUIYDBID UOISOIIO0D-SSd1)S
03 JUBSISAI SI9M PI)SI) S[AL]S SSOUIE]S PajRod-ITES
SUL (M o199) d 006G & OSTR pue saanjexsdwal
JUSIQWIE Je SI0OPINO pue SIOOpUl suawioads passal)s
-j1os 8uisodxa Aq pauTWIIalep U9 SBY UOISOII0D
S$S9J)S 0) ST99IS Ssafure)s xis Jjo Ayriqudsosns aylL

(66%2-Q EILON TVOINHOIL VSVN)

*06°0$ ‘@ourd SLO  'd6T  "$96T I9qWRDAQ

‘seadg "N plaRd  STUNLVHIdWHEL ILVAHITH
ANV INJIGINV LV NOISOHHOD SSHYULS OL
STIALS SSHATINIV.LS XIS 40 ALITIFILAHOSAS HHL
"UOTJRIISUTWPY 908G pUB SOTINBUOISY TRUOTIEN

66%2-d N.L VSVN

VSVN

66%2-d NI VSVN
N plaeqQ ‘myserg

i

‘T

*30UBISISOI
Jual[exa pakerds1p OW §-$1 Hd Pue ‘O L-ST HJ
‘T0€ ISIV ‘LHD 058~V U} YA SJUSWUOITAUD
(Surye00 JTES € INOYNM PUE UIIM) I00PINO pue (Su1jeod
BS € Y31M) J00PUT Y30q Ul SINOY QQ0G Uey3 SSaf
saInsodxa Yjim SuT}orIO UOISOIIOD-SSaI}s 0} 91quidad
-Sns AI9A 9 0) punoy aI9M L9e-INV PUE ¥ 05E-INV
Jo suswtoadg -sanoY 000‘0T ©) 000F WoI] saansodxs
I07 (M oT9S) d 008G Te SUINOBID UOISOIIOD-SSILIS

0} JUBISISOT 2J9M PI)SI] STO9]S SSOTUTE]S PIJBOD-ITBS
auL (31 oT9%) d 006G ¥e OsTe pue saanyeradwa)
JUSIqWIE JE SJIOOPINO PUE SJIOOPUL SuawIdads passalls
-Jros Suisodxs AQ pPauIWIS)Sp US3(Q SBY UOISOIIO0D
§59J)8 03 S]99)S SSatule)s XIs Jo Apriqudaosns oy,

(66%2-Q TLON TVIINHDOAL VSVN)

'06°0$ ‘@o1ad SIO 'deT  “$96T Iequivcsq

‘nisead ‘N paed  SHUNLVHEAIWNIL ALVATTH
ANV INAIGNV LV NOISOHHOD SSHYLS OL
STAALS SSATINIVLS XIS J0 XLITIFILdIOSNS THL
“UOTyRIISTUIWIPY wom&m pue woﬁzdco.ﬂw< TeuolleN

667%¢-U NL VSVN

VSVN

66%2-0 NL VSVN
‘N plaeq ‘1yseag

I
1

*goue}sISad
Jusfa0x pakeldsIp OW §-%T Hd Pue ‘OW L-ST Hd
‘10g ISIV ‘LY¥D 068~V °U3 STIyM SJUSWUOIIAUD
(8uryeoo JesS ® JNOYIIM pue yjum) I00pINO pue (Su13e0Dd
JTBS E Y3IM) I00PUT Y3Oq Ul SInoY Q00g Ueyl sSaT
soansodxs YIm SUIHOBID UOISOIIOD-$SaIIS 0] a1qnded
-sns AI19A aq 0} punoj a1om L98-INV PUB ¥ 06E-NV
jo suswtoadg  -SINOY 000‘0T O3 000F WOIJ SaINS0dX3d
J0¥ (3 o19G) d 00G§ Y& SUIHORID UOISOXI0D-SSAL}S
0] JUBISISaI 9I9M PIISI) STO9)S SSIUIRIS POIBOI-ITES
ayl, (3 oT96) d 006G ¥& OSTE pue saanjeraduwal
JUSIQUIE J& SIOOPINO pUE SIOOPUl SUIWIDAAS passaxys
-719s Suisodxa £¢ PSUTWIIAP U] SBY UOISOIIO0D
$Saq1S 0] ST99)S SSOTUIE)S XIS Jo Aqndedsns ayl

(6692~ TLON TVIINHOHL VSVN)

0¢-0¢ ‘oomad sLO  deT  "H96T IeqUILdLQ
‘yseag ‘N pued SHUNIVHIJWIL AELVATTI
ANV INTIGWY LV NOISOHYO0O SSHALS OL
SIHALS SSHTINIVLS XIS A0 ALITIFILdEDSAS THL
.ﬁoﬁuﬁhumwﬂwﬁu@&” wo.mnmm pue SOTINEBUCIDY .H.msoﬁ.mz
6672~ NI VSVN




“The aeronautical and space activities of the United States shall be
conducted 5o as to comtribute . . . to the expansion of buman knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.
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of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.
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NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
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and special bibliographies.
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