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ABSTRACT

Presented in this report is a compilation of data on the conventional
short-time, elevated-temperature properties of selected corrosion-resistant
and high-temperature alloys applicable to airframe and missile fabrication,
The resultant recommended design data obtained in this study have been pre-
sented in such form as to be directly applicable to the ANC-5 Bulletin
(issued by the Air Force-Navy-Civil Panel) on "Strength of Metal Aircraft
Elements!''.
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MATERIALS-—PROPERTY-—DESIGN CRITERIA FOR METALS
PART 5. THE CONVENTIONAL SHORT-TIME, ELEVATED-

TEMPERATURE PROPERTIES OF SELECTED STAINLESS
STEELS AND SUPER ALLOYS

INTRODUCTION

The design strength properties of materials for airframe and missile
fabrication presented in the ANC-5 (Air Force-Navy-Civil) Bulletin,
nStrength of Metal Aircraft Elements''. As the needs of designers in these
fields crystallize, revisions of the document are required to introduce new
information into the Bulletin or revise current information as more reliable
data become available. The purpose of this investigation has been, broadly,
to study various aspects pertinent to design criteria as suggested by the Ma-
terials Laboratory of Wright Air Development Center and to present the re-
sults of such studies in a format consistent with the present ANC-5 Bulletin
for possible consideration by the ANC-5 Panel.

It should be emphasized that the recommended design curves included
herein are not necessarily identical to any which will ultimately appear in
ANC-5. Use of any data appearing herein is therefore subject to approval
by the cognizant procuring or certificating agency.

This report represents the fifth report in this series. The four pre-
vious reports are:

{1} WADC TR 55-150, Part 1, tMaterials-Property-Design
Criteria for Metals; Part 1" (January, 1956).

(2) WADC TR 55-150, Part 2, ""Materials-Property-Design
Criteria for Metals; Part 2, A Study of Methods of Pre-

senting Creep Data for Airframe Design", by W. 5. Hyler
and H. J. Grover {July, 1955).

(3) WADC TR 55-150, Part 3, "Materials-Property-Design
Criteria for Metals; Part 3, Fatigue Evaluation of Mag-
nesium Alloys' by W. S. Hyler and F. H, Lyon
(June, 1956).

(4) WADC TR 55-150, Part 4, "Materials-Property-Design
Criteria for Metals; Part 4, Elastic Moduli: Their Deter-
mination and Limits of Application', by S. A. Gordon,

R. Simon, and W, P. Achbach {August, 1956).

Manuscript released by authors on March 1, 1957, for publication as a WADC Technical Report.
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The purpose of this present study is to compile and present data on
the conventional short-time, elevated-temperature properties of a number
of stainless steels and heat-resistant alloys which are of current interest

in airframe and missile fabrication,

a basis upon which it would be possibl

issue of the ANGC-5 Manual,

It is the aim of this report to provide
€ to supplement and revise the current
It is not intended that any discrepancy exist

between data contained in this report and data found in the current ANC-5

Bulletin,
to be used,

If such discrepancies are noted, the ANC-5 values of strength are

As a result of mutual agreement between representatives of the Ma-
terials Laboratory of Wright Air Development Center and of Battelle
Memorial Institute, the following commercial alloys are included in this
report of stainless steels and heat-resistant alloys: (1) AISI 301 (half hard

and full hard), (2) 422M, (3) 17-7PH
(5) 17-4PH, (6) 19-9DL, (7) 19-9DX,
(10) Stainless nwm,

(TH 1050 and TH 950), (4) AM-350,
(8) A-286, {9) Inconel nXu, and
It was intended that data be presented on AISI 420

stainless steel; however, no pertinent data were found available for this

material,
of this report,

A brief discussion of each allo

y is found in the separate sections

For convenience, design curves from each of the specific material

sections are summarized at the end of the report,

material-comparison curves,

Appendix [ contains some

The authors wish to acknowledge the materials producers, airframe
manufacturers, universities, research laboratories, and Government
agencies listed below without whose assistance this investigation would not

have been possible,

Allegheny Ludlum Steel Corporation
Armco Steel Corporation

Babcock and Wilcox Tube Company
Carpenter Steel Company

Crucible Steel Gompany of America
Haynes Stellite Company
International Nickel Company
Republic Steel Corporation

Timken Roller Bearing Company
United States Steel Corporation
Universal Cyclops Steel Corporation
Vanadium-Alloys Steel Company
Boeing Airplane Company

Chance Vought Aircraft, Inc,
Douglas Aircraft, Inc,

General Electric Company

Glenn L., Martin Company

North American Aviation, Inc,
Armour Research Foundation
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METHOD OF APPROACH

General Comments

As indicated in the Yintroduction!, a large number of sources were
contacted in assembling the data from which the study was based. These
included material producers, universities, research laboratories, Govern-
ment agencies, and the open literature,

The properties of interest included tensile, compressive, shear, and
bearing strengths, Assessment of these properties as a function of tempera-
ture, exposure time, strain rate, etc,, was made, consistent with avail-
able data. For a number of alloys, considerable information was available
on many of these properties; in other cases only a few properties had been
evaluated, Thus, there developed in some cases large gaps which can be
taken care of only by careful experimental programs,

The next several subsections relate in detail the approaches used in
analyzing the large body of data, It should be pointed out that the goal was
to provide conservative "design® curves of a form currently used in ANC-5,
For alloys involving considerable data from a number of sources; procedures
were adopted to account for differences in the data to prepare such design
curves. Discussion of trends observed in the design curves was beyond the
scope of the program,

Each alloy is considered in a major section of the report, This in-
cludes a brief description of the alloys and usual heat treatments, various
graphs showing the relationships between mechanical properties and tem-
perature, stress-strain curves, etc, A final major section contains the
recommended design curves for the entire group of alloys.

In a number of cases mechanical properties were available from
specimens sectioned transverse and longitudinal to the major working
direction. In these cases both sets of properties were treated separately,
In the following sections, curves treating transverse properties are so
indicated in the graphs,

The standard structural symbols used throughout this report are:

Fey Ultimate tensile stress

Fgy Tensile yield stress

Fcy Compressive yield stress

Fgu Ultimate shear stress

WADC TR 55-150 Pt 5 3



Fy ., Ultimate bearing stress

Fbry Bearing yield stress

G Modulus of rigidity

Y Poisson's ratio

ksi Kips {1000 pounds) per square inch
psi Pounds per square inch

E Modulus of elasticity in tension; average ratio of stress
to strain below proportional limit

Eq Modulus of elasticity in compression; average ratio of
stress to strain below proportional limit,

Treatment of Strength Properties Fius Fty’

Fcys Fsus Fbru, and Fhry

Data From One Source

When data showing the effect of temperature (for any unique condition)
on any of the above strength properties were available from only one source,
no analysis was necessary, The data were presented in two ways, In the
first presentation the actual stress value was plotted against temperature;
in the second, the stress value as a percentage of the room-temperature
property was plotted against temperature, This second curve is in such
format as to be readily inserted in the ANC-5 Bulletin on HStrength of Metal
Aircraft Elements",

Data From More Than One Source

(Ftuw). The actual stress values for this strength property are plotted

on one graph against temperature for all sources of data, A second graph
was prepared showing all the data from all sources plotted as a percentage
of room-temperature ultimate tensile strength against temperature, This
second graph also shows the design curve that had been approximated from
the data, A final third graph was prepared showing only the recommended
design curve in such format as to be readily inserted in the ANC-5 Bulletin,

WADC TR 55-150Pt 5 4



(Fty’ Fcy’ Four Frppys and Fbry)' The actual stress values for these

properties were plotted against temperature as for Fty. A working curve
then was drawn which showed the ratio of the above properties to the ulti-
mate tensile strength (Fy,) for the corresponding temperature (these working
curves do not appear in this report), In some cases, a straight-line
relationship or at least a realistic trend to the data was apparent, Values
from the working curves then were utilized in establishing the relationship
between the mechanical property and temperature, The determined property
expressed as a percentage of the room-temperature property was plotted on
a graph using data from all sources. Again, a separate graph was prepared
indicating the recommended design curve in ANC-5 format, In those cases
in which it was not possible to establish a realistic trend in the plots of the
ratio of mechanical property to ultimate strength versus temperature, a
conservative estimate was utilized in developing design curves,

Treatment of Modulus of Elasticity (E and E¢)

and Stress-Strain Data {Optimization

Process!

General

The extensive data obtained for this study provided, in general, con-
siderable variation in modulus of elasticity and in the shapes of stress-strain
curves of various materials, The degree of scatter in modulus of elasticity
is indicated for one material in Figure 1. To permit analyses of all the data
for consistency, the following steps were taken:

(1) Determine the "optimum! modulus of elasticity-
temperature relationship

(2) Adjust the stress-strain curves to {it the optimum
modulus for each particular temperature,

Determination of the optimum modulus of elasticity-temperature rela-
tionship was achieved by the method of polynomial regression (readily
adaptable to IBM computation), This system provides (a) a method of
approximating the underlying relationship of variables by means of a
polynomial equation of the form

Y=Cp+CyX+Cp X%t commmo Cp X°
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where
Y, the dependent variable, is the modulus of elasticity in psi,
X, the independent variable, is the temperature in degrees F, and
Cp,; ---, Cn are the constant coefficients to be estimated;
(b) a method of estimating these coefficients for a polynomial of a given
degree from a set of paired observations on the modulus of elasticity and

temperature; and {c} a method of determining the degree of the polynomial
equation which the data indicate is warranted and significant,

It was determined that a polynomial of first or, at most, the second
degree would approximate all the data for the various materials and con-
ditions:

(a) Y =a+ bX and

H

(b) Y =a+ bX + cX?2,

Figure 2 shows a curve approximated by this method and also shows
the data from which the curve was derived,

The value thus determined for the modulus of elasticity at any given
temperature was called the "optimized" value, Stress-strain curves for
those materials and conditions for which an optimized modulus has been
determined were adjusted so that the modulus agreed with the optimized
value, The exception to this was that whenever the ANC-5 Bulletin re-
ported a room-temperature modulus, this value was used in preference to
any other,

Mathematical Details of Optimization
of Modulus Data

The effect of temperature on the modulus of elasticity can be repre-
sented by the equation

A
Y =a+ bX
where
X is the temperature and

Y is the modulus of elasticity,

WADC TR 55-150 Pt 5 7
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A A
The symbol Y means that Y is to be regressed on X; in other words, Y is
the estimated or predicted Y given the temperature X, The slope "b" of the
regression equation is the regression coefficient and mathematically is

ZXy
=
sxe

b

2

where x and y are the deviations from the mean X and Y.

The intercept "a'* is approximated by a = Y-bX where Y = .........ZnY and

X = 2X

n

It can be seen from Figure 3 that Y is composed of three segments:
%, v, and dy*x. The quantity dyx is the deviation from regression and is.
defined mathematically as

A
Y - Y =dyrx

Using the relation Y = Y+ §\+ dy-x and 2Y = Y + ¢ + Zdy.x, squaring both
sides results in '

2

Y2 = 532

+ 502 ¢ sdy-x% ,
the three product terms being zero,

The least-squares curve can be fitted to the data sucﬁ that Zdy- x2 is
a minimum and ——ZAL equals zero, Standard methods of analysis were

Zdy-x

utilized in determining how well the derived curve fitted the data,
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AlIST 301 STAINLESS STEEL
(QQ-S-682, FS 301)
(MIL-5-5059, Comp 301, half and full hard)

AISI 301 is an austenitic stainless steel which has the nominal com-
position shown in Table 1,

TABLE 1., NOMINAL CHEMICAL
COMPOSITION OF
AISI 301 STAINLESS
STEEL (QQ-5-682,

FS 301)
Weight
Element Per Cent
Carbon 0,12
Chromium 17,00
Nickel 7,00
Iron Balance

The relative proportion of chromium and nickel enables AISI 301 to
work harden rapidly when cold worked; the steel is well suited to high-
strength applications, Minimum representative mechanical properties of
the half-hard and full-hard tempers are given in Table 2,

TABLE 2, MINIMUM REPRESENTATIVE MECHANICAL
PROPERTIES OF. AISI 301 STAINLESS STEEL
(QQ-S-682, FS 301)

Half Hard Full Hard
(AMS-5518C (AMS-5519E
Property 1/2 Hard) Hard)
Ultimate tensile (Fyiy) 150, 000 psi 185,000 psi
Tensile yield (Fty) 110,000 psi 140, 000 psi
Elongation (e} in 2 inches
Thickness 0, 015 inch and under 15 per cent § per cent
Thickness over 0,015 inch 18 per cent 9 per cent
Hardness 32 Rg 41 R

The temper conditions, half hard and full hard, are established by the
tensile strength, which in this case is 150, 000 psi minimum and 185, 000 psi
minimum, respectively,

WADC TR 55-150 Pt 5 11



The short-time, elevated-temperature data for the half-hard and full-
hard tempers are shown in the following curves:

(1) Tensile properties, Figures 4 through 11, and 36 through 42

(2} Cofnpressive properties, Figures 12 through 13

(3) Bearing properties, Figures 14 through 19

(4) Shear properties, Figures 20 through 21

(5) Modulus of elasticity, Figures 22 through 30

(6) Stress-strain curves, Figures 23 through 29, and 31 through 35

For 301 half hard, data are meager for compressive and shear prop-
erties; for 301 full hard only tensile properties are available,

WADC TR 55-150 P+ 5 i2
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FIGURE 23, TENSILE STRESS-STRAIN CURVE FOR AISI 301 (HALF
HARD) STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 57.
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FIGURE 24. TENSILE STRESS-STRAIN CURVES FOR AISI 301 (HALF
HARD) STAINLESS STEEL AT 400 F

Ref. 57,
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FIGURE 25. EFFECT OF STRAIN RATE ON THE TENSILE STRESS=-
STRAIN CURVE OF AISI 301 (HALF HARD) STAINLESS

STEEL AT 400 F

Ref. WADC 55-199, Part 2, p 59.
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FIGURE 26, TENSILE STRESS-STRAIN CURVES FOR AISI 301 (HALF
HARD} STAINLESS STEEL AT 600 F
Ref. 57,
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FIGURE 27. TENSILE STRESS-STRAIN CURVES FOR AISI 301 (HALF
HARD) STAINLESS STEEL AT 800 F

Ref, 57,
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FIGURE 28. TENSILE STRESS-STRAIN CU_RVES FOR AISI 301 (HALF
HARD) STAINLESS STEEL AT 1000 F

Ref, 57.
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FIGURE 29. TENSILE STRESS-STRAIN CURVES FOR AISI 301 (HALF
HARD) STAINLESS STEEL AT 1200 F

Ref, 57.
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FIGURE 31. COMPRESSIVE STRESS=-STRAIN CURVE FOR AISI 301 (HA "
HARD) STAIMI.ESS STEEL AT ROOM TEMPERATURE

Ref, 57.
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FIGURE 32, COMPRESSIVE STRESS~-STRAIN CURVES FOR AISI 301
(HALF HARD) STAINLESS STEEL AT 400 F

Ref, 57,
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FIGURE 33, COMPRESSIVE' STRESS-STRAIN CURVES FOR AISI 301
(HALY¥ HARD) STAINLESS STEEL AT 600 F

Ref. 57.
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FIGURE 34. COMPRESSIVE STRESS-STRAIN CURVES FOR AISI 301
(HALF HARD) STAINLESS STEEL AT 800 F

Ref, 57,
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FIGURE 35. COMPRESSIVE STRESS=-STRAIN CURVES FOR AISI 301
HHALF HARD) STAINLESS STEEL AT 1000 F
Ref, =7
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422M STAINLESS STEEL

The AISI 400 series stainless steels, as a general rule, retain high-
strength properties obtained by heat treatment up to about 800 F before
embrittlement occurs, A modification of the AISI 420 type resulted in the
ferritic 422 grade, which has proven suitable for service around 1000 F., A
further improvement resulted in a modified 422, which is similar in charac-
teristics to 422 but possesses appreciably better elevated-temperature
strength, The nominal chemical composition of 422M is given in Table 3,

TABLE 3. NOMINAL CHEMICAL
COMPOSITION OF
422M STAINLESS

STEEL
Weight
Element Per Cent
Garbon 0,28
Manganese 0,84
Silicon 0,24
Nickel 0,20
Chromium 11,80
Vanadium 0.49
Tungsten 1.76
Molybdenum 2,24
Iron Balance

Alloy 422M is referred to as a ferritic grade although it is heat
treatable. A typical heat treatment (such as austenitizing at 2000 F, oil
quenching, and tempering at 1200 F for 2 hours) results in a microstructure
of tempered martensite plus about 10 per cent ferrite, The hardness of the
steel after this heat treatment is about Rockwell C 38, Typical short-time,
elevated-temperature properties of 422M are shown in the following curves:

Tensile properties, Figures 43 through 46
Stress-strain curves, Figures 47 through 57
For 422M, data are completely lacking for compressive, bearing, and

shear strengths, and modulus of elasticity and stress-strain curves at
elevated temperatures.
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320 1 H T
As aqustenitized (3 min at 1875 F)
Longitudinal
2go} Chemical Composition, %
C Cr Mo V
020 120 10 025
240 ;
200 Fty= 285,400 psi
E=2943 x I0° psi _
- |
[= N
)
o
o 160 /
4
»
120
80 /
40 /
0
] 2 4 6 0
Strain, 0.00l in./in. A-22214

FIGURE 47, TENSILE STRESS-STRAIN CURVES FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 349,
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320 T

Austenitized 3 min ot IB75 F
Tempered 3 min of BOO F

Longitudinal

280 Chemical Composition, %

C Cr Mo Vv
020 120 10O 025

240 Tl

200 =

Ft, 240,250 psi /
E=30.25 x I0°psi /
160 1

Stress, 1000 psi

120

4

0 2 7 6 8 10
Strain, 0.00I in./in, A-22215

FIGURE 48, TENSILE STRESS-STRAIN CURVE FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

Ref. 349,
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22U T

Austenitized 3 min ot 1875 F
Tempered 3 min ot 900 F

Longitudinal
280 | Chemical Composition, %
C Cr Mo \J
0.20 20 1.0 025
240
200 i
- Ftyz243,675 psi /
S E=30.14 x 10° psi
S /
S :
= 160
14
(7]
ut
)

120

4/

0
0 2 4 6 10
Strain, 0.001 in./in. A-22225
FIGURE 49, TENSILE STRESS-STRAIN CURVE FOR 422M
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320

280

240

200 /
/

Stress, 1000 psi

Austenitized 3 minat 1875 F
Tempered 3 min at 1000 F

120
Longitudinal test

Chemical Composition, %

(0! Cr Mo U
020 120 1.0 025

80
/ Fty=244,650 psi
/ E =30.25 x10° psi
40

o 2 4 € B 10
Strain, 0.001 in/in. A-21952

FIGURE 50. TENSILE STRESS-STRAIN CURVE FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

_ Ref 249,
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FIGURE 51.

320 T T
Austenitized 3 min ot 1875 F
Tempered 3 min at {100 F

oao |- Longitudinal

' ;

Ftu=239,125 psi

200 E=3025 x 10® psi
‘@
o
O
o
()
=. 1680
/7]
wn
b
-

120

80 /

40 /

00 2 4 6 10
Strain, 0.00l in./in. A-22217

TENSILE STRESS~STRAIN CURVES FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

Ref. 349,
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320 T T T
As austenitized (3 min at 1875 F)
Transverse
280 chemical Composition, Y
C Cr Mo Vv
0.20 120 1O 0.25
240t |
E-=2987 x 10% psi |
200 F——
o
'e)
o
Q 160 /
4
0
80 /
%0 /
o
0] 2 4 6 8 18]
Strain, 0.00! in./in. A-2e222
FIGURE 52, TENSILE STRESS~-STRAIN CURVES FOR 42ZM

STAINLESS STEEL AT ROOM TEMPERATURE

Ref. 349,
WADC TR 55-150 Pt 5

62




320 T T ;
Austenitized 3 min ot 1875 F
Tempered 3 min ot 800 F

Transverse
280
Chemical Composition, %,
C Cr Mo Vv
0.20 120 10 0.25
240}

‘ \

F+,=245,875 psi

200 F——
E=305 x 10° psi %

160

\

Stress, 1000 psi

i20

T
d/

0 2 4 6 8 i0
Strain, 0.00! in./in. A-22220

FIGURE 53, TENSILE STRESS-STRAIN CURVES FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 349,
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320 T T

Austenitized 3 min at 1875 F
Tempered 3 min at 900 F

080 Transverse
Chemical Composition, %
C Cf Mo V
240k 020 120 1O 025

Rt 249,4J5 psi ,

200 F——
& . ﬂ
E=30.25 x IC" psi /

'3
Q
o /
e,
e
= 160
0
w
t
N
120

0
2 4 6 8 10

Strain, 0.00!l in./in. A-22219

FIGURE 54, TENSILE STRESS-STRAIN CURVE FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 349,
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320 T T T
Austenitized 3 min at 1875 F
Tempered 3 min at 1000 F
Transverse
280
Chemical Composition, %
C Cr Mo \
020 120 10 025 !
240 , '
|
200 I h 7
B Fty=255,650 psi
Q.
6 .
(®] =
S E=3037 x 10 psi /
= 80—
W
[7s]
e
n
120
B8O /
40 /
00 2 4 6 8 10
Strain, 0.00! in./in. A-22218
FIGURE 55. TENSILE STRESS-STRAIN CURVES FOR 422ZM

STAINLESS STEEL AT ROOM TEMPERATURE

Ref. 349.

WADC TR 55~-150 Pt 5

65




320 T T T

Austenitized 3 min at 1875 F
Tempered 3 min at HOO F

Transverse
280~ Chemical Composition, %
C Cr Mo V
020 120 10 025
240% |
200 i ! .
% Fty 243,725 psi 4/
(=8
8 6
E=3037 x I0° psi
S ol /
w
[74]
d
n
120

T/

Strain, 0.00! in./in. A-22223

FIGURE 56. TENSILE STRESS-STRAIN CURVES FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 349,
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320 ' T T
Austenitized 3 min at 1875 F
Double tempered (3 min for each temper)
at IO F
saol _Chemical Composition, %
C Cr Mo \"
020 120 1.0 0.25
240
Transverse
200 ———
@ /
(=}
S 8
S E=29.12 x 10" psi
- 160 v
"
s
n
120
¢ 7
80 /
40 /
o
0 2 4 & 8 10
Strain, 0.001 in./in. A-2223

FIGURE 57, TENSILE STRESS-STRAIN CURVE FOR 422M
STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 349,
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17-7FH STAINLESS STEEL
(AMS-5528)

17-7PH is a precipitation-hardenable stainless steel that has good
gtrength properties up to 700 F. The composition is balanced so that, as
annealed, the alloy is austenitic. Herdening is accomplished by a double
heat treatment. The first heat treatment is at 1400 F to precipitate
chromium carbides and thereby render the alloy unstable; then, on cooling
$o below 250 F the austenite transforms to martensite (with transformation
essentially complete at 60 F), The second heat treatment is at 950 to
1050 F to promote precipitation of what are thought to be aluminum cam-
pounds in the martensitic matrix(356)*. The nominal chemical camposition
for 17-7PH is shown in Table 4, and minimum tensile properties are given
in Table 5.

TABLE L, NOMINAL CHEMICAL
COMPOSITIQN OF
17-7FH STAINLESS
STEEL (AMS-5528)

Weight
_HElement Per Cent
Carbon, Maximum 0,09
Chromium 17.00
Nickel : 700
Aluminum 1.20
Iron Balance

TABLE 5, MINIMUM MECHANICAL PROFERT IES
OF 17-7Fd STAINLESS STEEL

Property Condition (TH-1050) Condition (TH-950)
(AMS-5528) No Specification
Avaijlable
Ultimate Tensile(Fy4,)} 180,000 psi 185,000 psi
Tensile Yield (Fy § 150,000 psi 165,000 psi
Elongation(e) in 2 inches 6 per cent & per cent

#See bibliography in Appendix II,

WADC TR 55-150 Pt 5 68



_Condi‘gion TH 1050

Condition TH 1050 is developed in steps from Condition A and then
Condition T. The steel is first solution annealed at 1950 F £25 F for 3
minutes per each 0.1 inch of thickness. This treatment drives the chromium
carbides into solution in the austenite, thus stabilizing the austenite against
martensitic transformation and effectively depresses the Mg temperature,
This brings the steel to Condition A, The steel is then treated at 1400 F
£25 F for 90 minutes which results in Condition T. The steel is now con-
ditioned so that sufficient austenite transformation can be obtained at 60 F
on cooling. Finally, Condition TH 1050 is attained by precipitation harden-
ing at 1050 F.

Condition TH 950

Condition TH 950 is developed in the same way, except that the final
precipitation hardening takes place at 350 F,

The short-time, elevated-temperature properties of 17-7PH are
shown in the following curves:

(1) Tensile properties, Figures 58 through 63 and 86 through 89

(2) Compressive properties, Figures 64 and 65

(3) Bearing properties, Figures 66 through €9

(4) Shear properties, Tigures 70 and 71

(5) Modulus of elasticity, Figures 72, 78, and 84

(6) Stress-strain curves, Figures 73 through 77, 79 through 83, and 85.

Design properties of 17-7PH (TH 1050) are fairly well established, but
only tensile properties are available for 17-7PH (TH 950).
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320 Y T T
Nominai Chemical Composition, %

C Cr Ni Al Fe
007 {700 700 1LI0O Bal

280

Specimen: 2" sheet

Strain rate: 0.0l in./in./min
240} Transverse

E-276 x 10® psi

Stress, 1000 psi

120 /

o/

e 4 6 8 10
Strain, 0.001 in.Zin. A-2223)

FIGURE 73, TENSILE STRESS-STRAIN CURVE FOR 17-7PH (TH 1050}
STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 356,
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320
280 Transverse
E£:269 x 10° psi
Specimen: 5" sheet
Strain rate: 0.01 in./in./min
240
200
1
n z hr
S %—
®)
o 100 hr
3 =
= 160 -
% /
e
"
120 /
80
40 /
0
0 2 4 6 8 10
Strain, 0.00l in./in. A-22230
FIGURE 74. TENSILE STRESS-STRAIN CURVES FOR 17-7TPH

(TH 1050) STAINLESS STEEL AT 400 F

Ref., 356,
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320

280}

Transverse

E=2582 x 10° psi
Specimen: 5" sheet
240} Strain rate: OO! in./in./min

200

160 /% 2:
/

Stress, 1000 psi

120

4/

i —

0 2 4 & 8 10
Strain, 0.00I in./in. A-222ll

FIGURE 75. TENSILE STRESS-STRAIN CURVES FOR 17-7PH (TH 1050)
STAINLESS STEEL AT 600 F

Ref, 356.
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160

Transverse /// 5

140

AN

120

N

v

/.

Stress, 1000 psi
2]
o

60
I -'2- hr

2. 2hr
3. I0hr

/ _ 4. 100hr
5. 1000hr -
E£:234 x 10° psi
Form: 5" sheet
- Strain rate: 0.0lin/in/min

40

20

o
L > 2 6 8 8]
Strain,0.00! in./in. A-£1963

FIGURE 76. TENSILE STRESS-STRAIN CURVES FOR 17-7PH
(TH 1050) STAINLESS STEEL AT 800 ¥

Ref, 356,
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160

140
Tronsverse

120

Stress, 1000 psi
1]
(=]
|

60

40 /
E=2l.1x |O°psi

20 Form: 5" sheet
Strain rate: 0.0l in/in/min

; |
o) 2 4 6 8 10
Strain,0.001 in./in. A-21962

FIGURE 77. TENSILE STRESS-STRAIN CURVES FOR 17-7TPH
(TH 1050) STAINLESS STEEL AT 900 F

Ref, 356,
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280

Transverse

240

200

A

E =300 x10%si
Fey %2%=192,000psi.
Strain rate:0.0in/innin

@
0

Stress, /000 psi

N
=]

80

40

° 4 8 12 16
Strain,000I in/in, A-21820

FIGURE 79. COMPRESSIVE STRESS=STRAIN CURVE FOR 17-7TPH (TH
1050) STAINLESS STEEL AT ROOM TEMPERATURE

Ref, 356.
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280
Transverse
240
200
B

B. I00hr exposure
120 / Foy %27 =174000 psi -

Strain rate: 0.0l in/in/min

g / )

S 160 Ec=292 x10%psi  __|
3 A, Lhr ex&osure

o Fey %27 =173,000psi
o

o

80

40

) 4 8 i2 16
Strain,0.00lin/in. A-21819

FIGURE 80, COMPRESSIVE STRESS-STRAIN CURVES FOR 17-~7PH
(TH 1050) STAINLESS STEEL AT 400 F
Ref, 356,
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280
Transverse
240
200
‘@
Q
o] B
S 160 A
o Ec=274x10%s:i
- A. 3hr exposure
@ Fey %2%:162,000 psi
120 y ? —
/ B. I00hr exposure
Fey 92%=164,000psi
Strain rate 0.0l in/in./min
80
40
0 ,
0] 4 8 12 16

Strain,0.00}in/in, A-21818

FIGURE 81. COMPRESSIVE STRESS~-STRAIN CURVES FOR 17-7PH
{(TH 1050) STAINLESS STEEL AT 600 F

Ref. 356,

WADC TR 55-150 Pt 5 93



280
Transverse
240
200
»
Q
Q
8 160
a2 E  E,=246xI0%psi
o D
- C A. ‘Ii-hr exposure
@ Fey %2% =128000psi
120 B. 2-hr exposure ]
Fey %27=127,000psi
C. I0hr exposure
/ Fey %2 ™=131,000psi
80 D. I0OHr exposure -
Fey >2%=134,000psi
E. I000hr exposure
Fey %%%=143,000psi
40 Strainrate.0.0lin/in./min
0 |

8 12 16
Strain,0.00l in/in. A-21817

FIGURE 82, COMPRESSIVE STRESS-STRAIN CURVES FOR 17-7TPH
(TH 1050) STAINLESS STEEL AT 800 F

Ref. 356.

WADC TR 55~150 Pt 5 94



280

Transverse

240

200

Ec =23.0x10%si
A. -k-hr exposure

Fey ©2 7 =100000psi

. 2—hroiggosure -
Fcy

Stress,l000 psi
@
=]

120 E[—8B
=105,000 psi
C. I0hr e:;Eosure
Fey 2™ =101,000 psi
80 /4 D. 100Hr exposure
Fey  =lOT,000psi
E. I000hr exposure
Fey %2 ®=115,000psi

40 Strain rate:0.0lin/in,/min
0
0 4 8 12 16

Strain ,0.00lin/in A-2i816

FIGURE 83. COMPRESSIVE STRESS-STRAIN CURVES FOR 17-7PH
(TH 1050) STAINLESS STEEL AT 900 F

Ref, 356.
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160 I I

Longitudinal //300 F
140}— : / 400 F

120 600 F

L800F
‘B /
a
o
8 80 V4
o 6
?F: ExIO'psi  Temperature,F
30.0 Room temperature
60 - 29.| 200 ]
28.4 300
27.7 400
27.0 500
/ 26.25 600
a0 24.55 800 J
23.55 900
Condition: Heat treated to 80,000 psi
Strain rote: ASTM EB8-54T
20 -
0O 2 4 6 a 0

Strain,0.00! in./in. A-21961

FIGURE 85. COMPRESSIVE STRESS STRAIN CURVES FOR 17-7PH STAIN-
LESS STEEL AT ROOM AND ELEVATED TEMPERATURE

Ref, 207,
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AM-350 STAINLESS STEEL

AM-350 is a precipitation-hardenable stainless steel having the
nominal composition shown in Table 6,

TABLE 6, NOMINAL CHEMICAL
COMPOSITION OF
AM-350 STAINLESS

STEEL
Weight
Element Per Cent
Carbon 0,08
Manganese 0. 60
Silicon 0,40
Chromium 17,00
Nickel 4,20
Molybdenum 2.75
Iron Balance

As annealed, AM-350 is austenitic and, like other austenitic stainless
steels, is soft and ductile in this condition, The composition has been con-
trolled so that the martensite transformation temperature is below 32 F but
above -80 F'. Hardening is accomplished by "deep freezing' the annealed
alloy to 100 F (i, e,, below the Mg temperature, which allows the austenite-
martensite transformation to proceed), followed by tempering the martensitic
structure at about 750 F, It is pointed out that at 750 F no precipitation
occurs but that the desired strength properties are obtained from the tem-
pering of the martensite, A double-aging treatment is a second heat-
treating method,

Annealing temperature has a noticeable effect on the properties ob-
tained after aging; 1750 F is the optimum annealing temperature for the
"deep-freeze and temper! treatment, while 1950 F is preferred for the

""double-age® heat treatment,

The short-time, elevated-temperature properties of AM-350 are
shown in the following curves:

(1) Tensile properties, Figures 90 through 93, 95 through 98, and
100 through 103,

(2) Modulus of elasticity, Figures 94, 99, 104, 109, and 112,

(3) Shear properties, Figures 105 and 106,

WADC TR 55-150Pt 5 102



(4) Compressive properties, Figures 107 and 108
(5} Stress-strain curves, Figures 110, 111, and 113 through 125,

Data on all strength properties except bearing strength are available
on AM=~350,
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160 ' V B

140
A. Transverse
Room femperafu_re
E=289 x 10% psi
120 Prop. imit=95,000 psi |

B. Longitudingl
Room fempgrature
E=286 x 10" psi
Prop. limit=85000 psi

— Averaoge curve Aﬂ%
E=28.7 x 10® psi
Prop. imit=90,000 psi

B
Q
8
o 80
mﬁ
Ll
£
7]

60 f

40

20

00 ' 2 4 6 8 o

Strain,0.00! in./in. A-21960

FIGURE 110, TENSILE STRESS=STRAIN CUR!’ES FOR AM-350
STAINLESS STEEL AT ROOM TEMPERATURE
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160

AN

0 ~ /
’/
120
/ A. Room temperature {av.)
E=28.7 x10%psi
/ Prop. limit =90,000psi
100 Fty®2%=150,000 psi

Stress, 1000 psi
a0
Q

60

S

. 300 F

E=26.1 x10%psi
Prop. limit = 83,500 psi

Fty2%2147,000 psi

. 400 F

E=25.6 x10%psi
Prop. limit = 83,000psi
Fty®2% =146,000 psi

. 500F

£ =24.6 x 10°%psi |
Prop. limit =82 ,000psi
Fty®2%=144,500psi

E.600F

40

20

E=23.6 x 10%si

Prop. limit = 81,000 psi
Fty0-2%=144,000 psi
700F

E=23.0 xlOepsi

Prop. limit = 80,000 psi
Fy®2%=141,500 psi

.800F

E =229 xI0®psi
Prop.limit = 77,500psi
Fiy22%:136 000psi

4

-]

o

0

Strain,0.001 in.Zin. A-21988

FIGURE 111. TENSILE STRESS-STRAIN CURVES FOR AM=350 STAIN-
LESS STEEL AT ROOM AND ELEVATED TEMPERATURE
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240
A.Room _temperature
Foy " = 165,000 psi
E =271 x 10° psi
prop. limit = 100,000 psi
2I01B.300 F
Foy 8 %: 162,800 psi
E= 260 x 10 psi
prop. limit= 98,500 psi
c.400 F
80| Ry, °" ™:160,000 psi B
E=254 x 10° psi
prop. limit = 98,000 psi
D.500 F '
Fey 0% %:159,000 psi % F
1s0| ey . ,
E:250 x 10° psi W L~
prop. limit=97000 psi
o 120 7
o} /
Q
g E800.
(% / Foy 158,000 psi
90— 4 E=23.8 x 10° psi —
prop. limit = 96,000 psi
o5,
Fey  :156,000 psi
E=231 x 10° psi
60 prop. limit=94,000 psi
G.800 F
Fey %% %:151,500 psi
E=227 x 10° psi
%0 prop. limit=9,000 psi
Heat treated to
180,000 psi
0
Q 2 4 6 8 10
A-22209

Strain, OOOI in./in.

COMPRESSIVE STRESS-STRAIN CURVES FOR
AM-~350 STAINLESS STEEL AT ROOM AND
ELEVATED TEMPERATURE
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80

Longitudinal

70

60 .
E=400xi0%psi B

X ,/’H/A
E=28.5x 10%si

B
a /
o
8 40 //
)
o
N
30 ’
A. Annegled at 1700 F, g hr, air cooled
Fru=165,420 psi
Elongation (2"): 180 %
20 Fty= 48470 psi I
B. Annealed at 750 F, 3 hr, air cooied
Fty 160,610 psi
Elongation (2"}: 200 %
Fty=52,065 psi
10
0
0 | 2 3 4 5
Strain, 000! in./in. A-21916

FIGURE 114. EFFECT OF ANNEALING AT 1700 ¥ AND 1750 F ON
THE TENSILE STRESS~-STRAIN CURVE OF AM~350
STAINLESS STEEL AT ROOM TEMPERATURE
(LONGITUDINAL PROPERTY)

Ref, 85,
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) ]

Transverse

70

"

e
w v

1000 psi

Stress,

30 4

A. Annedled at 1700 F, 4 b, air cooled
Fry=171,520 psi
Elongation (2"): 15.5 %
20 Fty <48,070 psi, E=34.25x I0° psi .
B. Anneoled at 1750 F, L hr, air cooled
Fy,=162,630 psi
Elongation {2"): 21.5 %
Fty=55,580 psi, E=34.55 x 0% psi
10 C. Annealed ot ISO0F, £hr, air cooled |
Fty=156,500 psi
Elongation (2"). 295 %, .
ny=5|,530 psi, E=272 x 10" psi
; . | .
OO | 2 3 4 5
Strain, 000! in./in. A-zi917

FIGURE 115. EFFECT OF ANNEALING AT 1700 F, 1750 ¥, AND
1900 ¥ ON THE TENSILE STRESS-STRAIN CURVE
OF AM~350 STAINLESS STEEL AT ROOM TEMPER-
ATURE (TRANSVERSE PROPERTY)

Ref, 85,
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/A

160

E=311 x 10% psi

-T

/ E:gs.le x10® psi l
a

140}

E=328 xI0° psi
LD I

120

/

A. Annecled at {700 F,

80

Stress, 1000 psi

60

40

20

E =359 x 10° psi

| |

Longitudinat

c

hr oir
cooled,+ subzero cooled and
tempered

Fyy=204,600 psi

Etongation (2'): 1.0 %

Fty 165,020 psi

B. Annealed at 1750 F, %hr, air

cooled, + subzero cooled and
tempered

Fty=194,690 psi
Elongation (2"): 120 %
Fty 452,850 psi

C. Anneagled at 1800 F, +hr, air

cooled+subzero codléd ond
fempered

Fey=171,220 psi

Elongafion (2"y: 225 %
ny-lo4 I50 psi

D. Annealed at 1900 F, E—hr air
e

cooled#subzero cool
tempered

Fpy=i71,450 psi
Elongation (2"): 170 %
Fty=1I5,640 psi

L N ]

FIGURE 116.

a

Strain,0.00I in./in.

6 8 10
A-2i908

EFFECT OF ANNEALING, AT 1700 F, 1750 F,
AND 1900 F SUBZERO COOLING, AND TEMPERING ON
THE TENSILE STRESS-STRAIN CURVE OF AM-350

STAINLESS STEEL AT ROOM TEMPERATURE
{LONGITUDINAL PROPERTY)

Ref, 85,
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320 ] T

A Anngaled gt 1700 F, hr, + subzero
| 2 cookd: and femperbd* ?

F4,;7202,030 psi
Elongation (2"): 80 %
Fty=165,350 psi
B. Annedled aof 1750 F, ‘ hr, + subzero
saol— cooled and fqmperecF
F 198410 psi

Elongafion 2Y: 125 %

Fty=152,540 psi
C. Annealed ot 1900 F,

_zhy, oir cooled, +

200} subzero cooled ond tempered
Ft,+183,940 psi
Elongation (2): 120 %
Fry=134,400 psi

Transverse
160 —

280

A (]
E=324 x 10° psi
E=372 x I0° psi

/c E=336x 10° psi

Stress, 1000 psi

80 //

a0

0 2 4 6 8 0
Strain, 0.00l in./in. A-22228

FIGURE 117. EFFECT OF ANNEALING, SUBZERO COOLING, AND
TEMPERING ON THE TENSILE STRESS-STRAIN
CURVE OF AM-350 STAINLESS STEEL AT ROOM
TEMPERATURE (TRANSVERSE PROPERTY)

Ref, 85,
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160

|Longitudino::l ' ] l

B.c 32.4 x 10° psi

140}

E=
AR E:326 x 0% psi
< E=328 x 1° psi |

120

A. Annedled at SO0 F, » hr Qir
cooled, + double oged

Fty= |73 ,400 psi
Elongation (2"): 12.5 %
Fty=140,080 psi

80

Stress, 1000 psi

60

/ Fty=145,950 psi

B. Annealed at 1700 F, ¥ hr, air 1
cooled, + double uge}-

Ftu=I77400 psi
Elongation (2'): 130 %

C. Annealed af 1750 F, +hr, air 7
cooled, + double oged

Ffu-i?s 500 psi
Elongafion (2": 130 %

40

20

D. Anneoled at 1800 F, £hr, gir -
cooled, + double oged

Ftu -|76 190 psc
Elongahon 2" 13.0 %
Fty=144,I70 psi

2 4 6 8 0

Strain,0.00I in./in.
A-21967

FIGURE 118. EFFECT OF ANNEALING, AT 1700 F, 1750 F, 1800 F,

AND 1900 F AIR COOLING, AND DOUBLE AGING ON
THE TENSILE STRESS-STRAIN CURVE OF AM-350
STAINLESS STEEL AT ROOM TEMPERATURE
(LONGITUDINAL PROPERTY)

Ref, 85.
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160 l |
A E:=369 x I0® psi
4[3/0 E=340 x 10° psi
E=348 x 10 psi
140 / _ -
/]
120 7/
I00
‘B
Q
o
8 eo —
o A. Annealed at 1700 F, % hr, air
o cooled, + double oge}-
b Fty 175010 psi
60 Elongation (2"): 120 % ]
Fty 147,870 psi
B. Annealed ot 1750 F, & hr, air
Transverse cooled, +double aged
Fry=I77)10 psi
40 Elongation (2°): 120 % ]
Fty z146,000 psi
C. Annealed at i900 F,-'z-'hr, air
cooled, + double oged
FtysI73,840 psi
20 Elongation (2): 110 % B
Fty=139,190 psi
0O 2 4 6 8 10
Strain,0.00! in./in.
A-21956
FIGURE 119. EFFECT OF ANNEALING, AT 1700 F, 1750 F, AND 1900 F

WADC TR 55."

AIR COOLING, AND DOUBLE AGING ON THE TENSILE
STRESS-STRAIN CURVE OF AM~350 STAINLESS STEEL AT
ROOM TEMPERATURE (TRANSVERSE PROPERTY)

Ref, 85,
50Pt 5
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80

70

60

50

1000 psi

Stress,

30

20

Longitudinol
/
Annegled ot 1700 F, % hv, air
cooled )
E=450 x 10° psi
| 2 3 4 5
Strain, 000l in./in. A-21915

FIGURE 120. EFFECT OF ANNEALING AT 1700 F ON THE COMPRESSIVE

STRESS~STRAIN CURVE OF AM-350 STAINLESS STEEL AT
ROOM TEMPERATURE (LONGITUDINAL PROPERTY)

Ref, 85,
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80
Transverse
70
60
/
50 7
‘w
[=%
Q
Q
Q40 ]
"
> i
£ Annealed at I700 F g hr;
) air cooled
30 Fty =57,040 psi .
E =30.0x 10%psi
20|
10
0
0 2 4 6 8 10
Strain,0.00l in.Zin. A-21826
FIGURE }21. EFFECT OF ANNEALING AT 1700 F ON THE COMPRESSIVE

STRESS=STRAIN CURVE OF AM~350 STAINLESS STEEL AT
ROOM TEMPERATURE (TRANSVERSE PROPERTY)

Ref. 85,
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320 T

|
A. Annealed at 1700 F, ?-hr, air cooled+
subzero cooled ond fempered

Fty =171,950 psa
E=3125 x 10° psi

2801
B. Annealed ot 1750 F, -é-hr, gir cooled,+
subzero cooled and tempered
Fty=162, 220 psi
E=299 x 10° psi

240}— Longitudinal

200

160 /////

Stress, 1000 psi

120 A

s
L/

© 2 4 6 8 i0
Strain, 0.00! in./in. A—22216

FIGURE 122. EFFECT OF ANNEALING, SUBZERO COOLING, AND
TEMPERING ON THE COMPRESSIVE STRESS-5TRAIN
CURVE AM-~350 STAINLESS STEEL AT ROOM
TEMPERATURE (LONGITUDINAL PROFPERTY)

Ref, 85,
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320

A AnnealeJ ot I700 F, hr, qir cooleh +
subzero cooled and® tempered
Fiy = IBIOOO psi
E=318 x I0° psi
28018, Annegled at 1750 F, &h air cooled, +
subzero cooled and tempered
Fty=183,250 psi
E=3155 x 10° psi
240}—
200
— /y'—
e —
O =
8 ~
/]
= 160
e 2 |A
g B—-—-
0
20
80 /
0
0 2 4 6 8 10
Strain, 0.00l in./in. A-g2224

FIGURE 123. EFFECT OF ANNEALING, SUBZERO COOLING, AND
TEMPERING ON THE COMPRESSIVE STRESS-STRAIN
CURVE OF AM-350 STAINLESS STEEL AT ROOM
TEMPERATURE (TRANSVERSE PROPERTY)

Ref, 85.
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160 B
| =
Longitudinal
140§ /
120 /
00 /
‘B
Q
3
s 80
3
o
n
60 | -
/ A. Annealed at ITOOF, 7 hr,air cooled,
+ standard double aged
Fty= 149090 psi
E=304 x10%psi
40 B. Annealed atI750 F.'k hr,air cooled, ™|
+standard double aged
Fty=154,460 psi
E=26.2 xI0%psi
20 -
Oo 4 6 8 0
Strain,0.00! in./in. A-21929
FIGURE 124. EFFECT OF ANNEALING AT 1700 F AND 1750 F AND

STANDARD DOUBLE AGING ON THE COMPRESSIVE
STRESS-STRAIN CURVE OF AM-350 STAINLESS STEEL
AT ROOM TEMPERATURE (LONGITUDINAL PROPERTY)

Ref, 85,
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IOCT T /f B
Tronsverse / A
140} Z
120 / ,
,
100 1
B
[~%
3
o 80
@
£
D
60 \ 1
A. Annealed at 700 F, 4 hr,gir cooled,
+standard double aged
Fyy=146,750 psi
. E=30.59 x10°psi
0 B. Annealed at 1750 F,; hr,air cooled, "
+ standard doubie aged
Fty=158,250 psi
E=32.95x10%psi
20
o)
(o) 2 4 _ 6 ‘ 8 10
Strain, 0001 in./in. A=21920
FIGURE 125. EFFECT OF ANNEALING AT 1700 F AND 1750 F AND

STANDARD DOUBLE AGING ON THE COMPRESSIVE
STRESS~-STRAIN CURVE OF AM-350 STAINLESS STEEL
AT ROOM TEMPERATURE (TRANSVERSE PROPERTY)

Ref, 85,
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17-4PH STAINLESS STEEL

17-4PH has a composition that has been termed a "severely un-
balanced' AISI 301. The austenitic phase is so unstable that it transforms
to martensite at about 200 to 300 F, upon cooling from the annealing tem-

perature,

Aging at about 900 to 1000 F promotes precipitation of inter-

metallic compounds from the martensite, The nominal composition of
17-4PH is shown in Table 7,

TABLE 7. NOMINAL CHEMICAL COMPOSITION
OF 17-4PH STAINLESS STEEL

Weight
Element Per Cent
Chromium 16,50
Nickel 4,00
Copper 4,00
Columbium (niobium) + tantalum 0.35
Carbon, maximum 0,07
Iron Balance

The short-time, elevated-temperature properties of 17-4PH are
shown in the following curves:

(1)
(2)
(3)
(4)
(5)
(6)

Tensile properties, Figures 126 through 129 and 138
Compressive properties, Figures 130 and 131
Shear properties, Figures 132 and 133

Bearing properties, Figures 134 £hrough 137
Modulus of elasticity, Figures 139 and 141

Stress-strain curves, Figures 140 and 142

Data are available on 17-4PH for all surveyed strength properties,

WADC TR 55-150 Pt 5 140
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160

140

120

100

F
90 9% probability

—

@
Q

Room temperature
E=260 x 10° psi

Fy 0.2 %=159,000 psi
300 F

E:=246 x I10° psi

Stress, 1000 psi

Fty 2 %:=142,000 psi
500 F

E=234 x 10% psi

Fry 2 %:128,000 psi

40

700 F -
E=222 x I0° psi
Fyy %2 %=118000 psi
800 F

E=216 x 10° psi
Fty 02 %=109,000 psi -

20

S AN

900 F
Ez21.0 x 108 psi
Fty 02 %=92,000 psi

Strain rate: ASTM E8-54T

FIGURE 140.

H
m

12 16 20
Strain 000! in/in. A-21814

TENSILE STRESS=-STRAIN CURVES FOR 17-4PH
STAINLESS STEEL FORGING AT ROOM AND
ELEVATED TEMPERATURE

Ref, 192,
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160

140

120
90 % probability
A. Room tfemperature
Ec =° 225£ x 10% psi
100 // Fcy = 72164,000 psi i

B. 300 F
Ec=236 x 10% psi
E. (134 %‘IS .
cy 153,000 psi

C. 500 F
Ec =224 x 10® psi -
Foy % %:142,000 psi

D. 700F
Ec=212 x 10%psi
Foy " 134,000 psi

E 800 F
Ec=206 x 10°® psi
Ry >% *:126,000 psi

F 900 F
Ec=200 x 10° psi

o, .
Foy %2 %:=117,000 psi

Strain rate: ASTM E8-54T

Stress,|000 psi
[+
)

o)
o

40

20

8 i2 16 20
Strain,0.00! invin. A -21815

FIGURE 14z, COMPRESSIVE STRESS-STRAIN CURVES FOR 17-4PH
STAINLESS STEEL FORGING AT ROOM AND ELEVATED
TEMPERATURE
Ref, 192.
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19-9DL ALLOY
(AMS-5526B) (AMS-5

Alloy 19-9DL is a chromium-nickel all

austenitic structure, The typical chemical ¢

527A)

oy that has a predominantly
omposition is given in

Table 8,
TABLE 8., TYPICAL CHEMICAL COM-

: POSITION OF 19-9DL HEAT-
RESISTANT ALLOY (AMS-
5526B) (AMS-552TA)

Weight

Element Per Cent
Carbon 0,30
Manganese 1.25
Silicon 0.55
Nickel 9,00
Chromium 19,00
Molybdenum 1.25
Tungsten 1.25
Columbium + tantalum 0,40
Titanium 0,20

Iron Balance

The alloy 19-9DL is usually used in the annealed or stress-relieved

condition at temperatures below approximate
approximately 1300 F, the alloy is solution t
ditions are useful for numerous applications,

mechanical properties of 19-9DL after solution heat treating at 1800 F * 25 F

and air cooling.

TABLE 9,

ly 1300 F, For service above
reated and aged, Other con-
Table 9 gives the minimum

MINIMUM MECHANICAL PROPERTIES OF

19-9DL ALLOY (AMS-5526B)

Property

Ultimate tensile (Fiy)
Tensile yield (Fty)
Elongation (e} in 2 inches

95, 000-120, 000 psi
45,000 psi (minimum)
30 per cent (minimum)

Table 10 gives the minimum mechanical properties of 19-9DL after

stress relieving at 1200 F 25 F, and air co

WADC TR 55-150Pt 5 158
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TABLE 10, MINIMUM MECHANICAL PROPERTIES OF
19-9DL ALLOY (AMS-5527A)

Property
Ultimate tensile (Fty) 125, 000 psi (minimum)
Tensile yield (Fty) 90, 000 psi (minimum)
Elongation (e) in 2 inches 12 per cent {minimum)

The short-time, elevated-temperature properties of 19-9DL are
shown in the following curves:

{1) Tensile properties, Figures 143 through 176,

Although the effect of many conditions and heat treatments on the ten-
sile strength of 19-9DL has been investigated, no information is available

on other design properties,

WADC TR 55-150Pt 5 159



91

¥y

TINLVIIINAL AILVATTE
LV (@ATVANNY) TIALS SSTINIVLS Tdé~61 J0 ("I) HLONFYLS TTISNEL €37 THNDIA

80022V .
4 'eunjosodwag
002¢ 0082 002 0002 009l ooz2i 008 o0v 0
-
+
/+
N
+
p8|D3uuy uoljipuon) T
-
/’n—-/

oe

ov

09

o8

001

18d 000! * (™ J) yibuayyg a)1susl ajownn

160

WADC TR 55-150 Pt 5



‘91 "Fod

JUAILVIAANIL AILVATTH LV (I TVINNY)
TTHHALS SSHATINIV.LS Td6~61 A0 Aa.mv HLONXTYLS ITISNEL 404 JAYND NDISHQ "#F1 AUNDIA

d‘aanjnaadwa)

0£LiZ-v
009l 00! 003l 000l 008 009 00t 002 oo
_ 7
-+,
~
+.I/
¥, ainjouadwa; wool jp |02
1sd 000°'601 = M4 |p21dA)
pa|DauUY (UOIIPUO)
+
\ # ov
¥+
A\ 09
+/ 08
l.../
/+ ool

aunjpiadwia] wooy o N4 wa) sad

161

WADC TR 55-150 Pt 5



002¢

‘91 ‘¥

NIVAEAWNIL dILVAATET LV

(AATVANNY) THALS SSATNIVLS TA6-61 JO (1) HIONTYLS ATAIA ATISNAL sk TUNDIA
10022V 4 ‘aunjosadwa)
0082 o0ve 0002 Q09! 002! Q08 00t oo
l
+ @
2
AN o1 Z
/ >
+ <
=
+/ a
w
poIRauUY UCIHIpUOY) 0z 3
a
=
\ -
/ o <
+ o
/ m
o
(e}
N or 3
/+/
/+L o

162

V:ADC TR 55-150 Pt 5



Td6~61 A0 A.\S,mv HIONHHILS dTAIA ATISNHL YOJd4 HAYND NDISHd "9%1 T¥ENDIA

‘91 "3d

THHLS SSHTINIV.LS

16813-v 4 *aJnjoledway
009I 9.9, 002! Q001 008 009 00t 002 OO
+

\ -10¢

/ 3JnjpJadway wool Jo

18d000'0G = A4 (021dAL

+ Pa|DaUUY :UOHIPUD)
—ov

+
.T/
N os
l+/

/ 00l

ainjpsadws) wooy jo K4 Jua) sagd

163

WADC TR 55-150 Pt5



(@ITTOY dTOD) TIAALS SSHTINIVIS Tdé-61 IO (MI) HIONTYLS TTISNHAL Ly TUNDIA

ool

002l

cool

91 'Fed

AINLVEIIWAIL AALVATTH LV

4 ‘amnipiadwa]
008

00e

00v 002

AN

P304 PIOD 1UOHIPUOD

o
<

Q
@

ozl

1sd 0001 (™M4) yibusng apsual aowiyn

@)
©

002

164

WADC TR 55=-150 Pt 5



91 ¥y
AIALVEIEIINIAL AALVATTE IV (AFTT0Y AQTOD)

THALS SSATINIVIS TAb-6T IO (1) HLONTHLS JTISNAL ¥OJ4 AAYND NDISEA “S¥1 TINOIA

4'ainjoiadway

i€212-¢
009! oov! 002! 000! 008 009 00 002 o,
[ t ]

aJnosadway woos o
* 15d000°0€1= "4 10010k %2

Pa][0J P|OD :UOI}PUOD
/ - ov

.r/
/ . : 09
4

los
e 00!

amjoradwa] wooy jo N4 yuan) Jag

165

WADC TR 55-150 Pt 5



89812—-v

91 ‘¥ed

TIALVEIINTL CELVATTA LV (QETTOY dTOD)
TAALS SSATINIV.LS TA6~61 A0 Abhv HILONIYLS ATHTIA TTISNEL ‘6%1 TUNDIA

4 ‘aanjosadwal

009! o0vl 002! a0o0lI Q08 009 00t 002 0
0
//
_ q0¢
Pa[04 PIOD :UOLIPUOD
/ . o8
/l“.l“-l.l-llln’l.l.l’
02l
09l
002

isd 000t ‘("43) ybuays piatA apsual

166

WADC TR 55=150 Pt 5



‘91 "3°4

FYALVIAIWEL AILVATIA LV (CFTTOH d710D) TAALS
SSATINIVLS "Td6~61 A0 Ahu,mv HLDNHTYLS THIA TTISNEL 404 JA¥ND NDISIQA '0s1 A¥YNDIA

36813-¥ 4 'eunjpiedwa)
009! 00w 002! 000! 008 009 00t 002 o
,+/
Joz
ainjpiadwa} wool Jo
154000801 =444 109104
/ P8]10J P|0D :UOHIPUOD
—ov
fo9
-
// 08

ainjpiadwa)l wooy 4o K4 jue) sag

167

WADC TR 55-150 Pt 5



g5022-V

009l

oovi 002I 000!

008

T¥Z "3°Y

TUALVIIINEL AILVAITI LV (QEATITIY SSHULS
ANV ITTOY LOH) TAHALS SSAINIVLIS TA6-6T1 IO ("1) HIONTHLS ITISNIL 141 TUNDIS

4 ‘ainypiadwal

009 00t 002

AN
N

NHE G2 ‘¥o0is JDq panayal

—SS3J)S pudD PaJj04 —JOH : UOIPUOD

anina ubisaq

anInd 0ypQ— ——

(o} 41/

™.

0
0
c
- =
ov 3
=]
<
3
b |
®,
{og ®
w
=4
3
[[=]
=
=
o2! ‘m
e
o)
Q
)
09l @
002

168

WADC TR 55-150 Pt 5



172 “Foy

TANLVIIdWAL QALVATTH LV (QIAZITIE SSTULS ANV dETTON LOH)
TAELS SSAINIVLS 1Q6-61 40 (") HLONAYLS TTISNAL ¥OL TANAD NDISEQ '2S1 TMAOIS

1S212-v 4 ‘aunjouadwa)

00s! O0ti Qo2 000I 008 009 00t 002 oo
! |

aJnjoladwa} wooy
{0 1sd 000 '811="5 |p21dk)
NHE GI2‘)204s JDg
POABI|a1-85344s 02
PuD paj01-}O0H :uolIpUOY) .g

\ 09

N

169

ainjosadwa) wooy 4o N4 juay FEW|

WADC TR 55~150 Pt 5



¥ "3P¥

THANILVIAIWNEL GALVATIA LV (QIAXTIEY SSTULS ANV
arTIOH LOH) TAALS SSAINIVIS Tdé6—-61 A0 (29) HIONTYILS ATHIX TIISNAL "€5T TYNDIA

4 ‘aunjpiadwal

80Li2-V
009l oovI oozel 000l 008 009 (010} 4 00¢
1
NHE G2
‘¥00ys IDQ panalas
O -SS344S PpUD Pa|joi-JOH  UOIHPUOD
-~ 11.7 annd ubisaq —
0 o~ —&= dmN)d DIDg—-—
—

/O-/.

—

/d

0
0z 3
s |
@
D
<
1)
5
ob
wn
=
2]
=2
['=]
3
09 I
e
o
O
O
08 §

0ot

170

WADC TR 55~150 Pt5



"1¥2 ¥y

TENLVIAINAL CALVATTE LV (QIATITAEY SSTULS ANV AT TTOH LOH)

THHLS SSATINIVLS TA6~61 IO (A1) HIDONTYIS qTHAIX ATISNAL OJd TAYAD NDISHA "$5T TUNDILA
£6813-V 4 *ainjosedwa)
009! (001 002I 000I 008 009 00t 002 oo
1||
i
Hoz
2injpJadway wool 4b 1sd 000'69 = 14 10o1dA) -
NHE GIZ004s ]
40Q paA3!|a1-ss3.4)s puD p3|{0~JOH :UOI}IPUOD Q
—Hor 2
-
/ .lAf
/ m
/ pr v}
o
P 09 3
~
3
-
(4]
o
c
3

T~

ol

171

WADC TR 55-150 Pt 5



‘% 1994s BlRQ ‘67 ‘I°Y

AEINILVIAAWEIL TILVAETE LYV

(@EIDYOSI LOH) "TAALS SSATINIVLS Td6-6T 40 (M) HLONIYILS ITISNEL 541 AINDIA

£€9022-V
009

oovl

003l

000l

4 ‘aanjpiadwal

008 003 (018 4 002 0

pajoos D ‘ay v 10} 4 Q02| papauuD
‘9% G2l payiom pjod 4 002l pazyonba
‘pajo0oo 40 “ay | 204 Y QOQIZ ‘judwjDaA} JOIH
NHB 12¢ ‘pabioy JoH :uopuod

O
/o/

Ot

0]

021

09i

002

1sd 0001 ‘(M4) wibuang ensual 3pWHIN

172

WADC TR 55~150 Pt 5



EL-FAR R

009l

¥ 199Yg ®re ‘62 'FOU
FINILVIZANGL CILVAATA LV (Qa3HD90d LOH)

THALS SSATINIV.LS 1d6~61 A0 A.Brh: HLDNITYELS TTISNHEL 404 FAYND NDISHA 991 TUNDIA

v
00!

4 ‘ainjosadwa)

002lI 000l 008 009 00t 002 0
T

ainjpiadway
woo. 40 1sd00 0" e 1= |p21dA)
paj00d 1D '1y 40}

4 002! P3|bauuD 24,6 2| 10°
paxyJom p|od ‘4 002!
pazibnba ‘pajood 4D

Y[ 10§ 4 00I2 Judwynay) jDaH

NHE 12¢ ‘ pabuoj joH :uoyipuo)

ot

/ | 09

o~ 0ol

aJnjosadwa) wooy 4o M4 s sad

173

WADC TR 55-150 Pt 5



(dAT10Y LOH) TAALS SSAINIV.LS TAé~61 IO (M3) HLONTYLS TTISNAL L6171 TINOIA

'¢7 199Yg B3R ‘67 ¥o¥

TINLVIIIWAL AALVAATH LV

4 ‘aunjosadwa)

+6022-V
009l oovl olord] 000l 0o0e 009 oov oce 0
0
j - °¢
/ pa|DaUUD puUD
/ 4 0081 10 pajoa JOH judwyDai} J0aH
~ 133ys 0G00 : wiod
ll./ N om
//
!/l+
ozl
09l
002

isd 0001 ‘(™4) yibuays apsual  aowyIN

174

WADC TR 55-150 Pt 5



€7 199YS TR ‘67 “FOY

HWMD.H&H&EH.H dILVATTE LV (@ATTOY LOH)
TAALS SSATINIVLS TA6-61 JO ("1} HIONTHLS ATISNEL YOJ HAYMND NDISHA ‘85T A¥NDIA

€6212-V 4 ‘aunjoiadwa)
009t ool 0032l 000! 008 009 00t 003 oo
T T !

9Jnjpladwa} woos Jo

1I5d000"'9Q1="4 |D1dAL
Pa3|D3auup pub 4 08| 40 02

p3)]|04 JOH JudwiDal} J03H

193ys, 0S00 w04

/T
N\ ov
// 09
/+/
~. o8
//

/+ 00l

asnypiadws) wooy o N4 Jua) tad

175

WADC TR 55=150 Pt 5



27 199yS ®BQ ‘67 F°HU

TINLVIIINEL AALVATTH

IV (gATTOYH LOH) TAALS SSAINIVLS Td6-61 40 Aﬁuhv HLONFYELS ATISNAL 691 HdNDIA

| 68613-v 4 ‘ainjpiadwa
002¢ (0.9]: 1] oove 0002 0091 ooel 008 (o]0} 4 0
0
+/
/...
AN os
+
1y 2 40} 4002 40 PaINPa. N\ 08
P102* 4 008! 40 P3(O3UUD ‘P3||0J JOH
JUdwiDal} JOIH
$93ys  290°0 ;wJod /
02|
091

1sd 0001(™4) yibuayg sjisua) ajowyin

176

WADC TR 55-150 Pt 5



TUNIVITINEL
TAALS SSHINIV.LS TA6-61 J0 (™

‘22 1°24g eyeqg ‘47 ‘Joy

AELVAITE LV (QETTOY LOH)
J) HLONTYLS TISNHL YOI TAYND NOISAA 091 TUNDIA

v6L13-V 4'aJnjosadwa)
009 00! 0031 000! 008 009 00v 002 o
| _ T
3in}nJadwa} wood Jo
1sd000'821="4 |D31dA).
N\ Nz
¥ J0} 40021 10 pasnpal 02
PI02'4 008l 10 pa|DauuD
‘paj|0. JOH :juBw}Da.} D3N
}92ys 290 0 ‘wiog
ot
-+
// 09
+
o8

~-=—00I

ainjosadwal wooy o M4 jus) Jad

177

WADC TR 55-150 Pt 5



*77 199YQ e3RQg ‘67 ‘3o

TYNLVIIINIL AILVATTH LV
(@ET10Y LOH) THALS SSAINIVLS Td6~61 J0 Ah.._rmv HIDNTYLS @THIA TISNEL 191 TYNDIA

4 ‘ainjoiadwa)

§2812-V
009! oov! 002! 000! 008 009 00t 002 0
o

N Jor &
-3
@
y 2 4o 4 002 40 o
i paonpai pjod 4 008I <
JO  pa|D3uuD ‘pa|j04 JOH ‘juauyDaJ} |DBH >
/ 182ys 2900 :uiod a

—os
/_/ 1
3
l/ =
Q
+ -
ozt <
o
o
o
o
ool 2

0032

178

WADC TR 55-150 Pt 5



SSAINIVLS T1a6-61 0 (&

HANLVIAdNTL QAL

*TZ 31994g ey ‘67 "FOy

VATTH LV (QIATTOY LOH) TARILS
) HIDNTHYLS A THIA TTISNAL YOI TA¥AD NDISIQ 79T TINDIA

4 ‘aJinjosedwa

+6812 -V
009l (0,9, Q02| 000! 008 009 [0]0] 4 002 oo
L
t A |rON
aJnypJadwa} wood b 1sd0O0'80I= My ID21dA)
44 2 104 4 002! i0 padnpaJ pjod -
4 0081 |0 pajpauup‘pajiol JOH :juswipal} jJoeH @
/ j99ys ,290'0 w04 o
lr 3
oy =
n
<
12§
pr 1
S
09 3
&
3
O
o
N S
=
/ o8 3
/..IOO_

179

WADC TR 55-150 Pt 5



009l

‘61 1994g BIRQ ‘67 ¥
TALVIAIWAL AILVATTHE LV

(ONIDHOJ) TAALS SSHINIVLS Td6~61 A0 (M) HIONTYLS ITISNAL €91 FUNDIA

4 ‘aunypbiadwal

oovt 0oel 000I

008 009 oot 00¢

AN

~

¥ Ll x wolp 22 Buibiog :waod

//

ot

08

ozt

09l

002

Isd 0001 ‘(M4) yibuans ansual  ajownn

180

WADC TR 55-150 Pt 5



8€LI12-V
009l

‘61 199YS BIR(T ‘67 ‘Joy

TINLVIEINEL AILVATTE LV (DNIDYOJI)
TAALS SSTTINIVLS TA6~6T J0 (™a) HIONTULS TTISNAL HOJd HAYND NDISAA "$91 TUADLI

. 4'aJinjpiadwa)
00v| 002! 000l 008 009 00t 002 0

9JnjoJadwa} wood jo
1sd 000'01="H 102104 |,

X4, Lt x woip 22 Buibiod :wiod

alnjpiadwia] wooy o My jJuan sayd

/Tln_oo_

181

WADC TR 55150 Pt 5



%mﬁﬁb..ﬁd.mm% AL AELVALTH LY

‘61 3°9Yg ®IBQ ‘67 oYU

(DNIDYO0J) THHALS SSAINIVLS Td6-61 IO (") HIDONTULS ATAIA ATISNAL ‘$91 TINDIA
i
16612-¥ 5 ‘asnioradwal

00si oot oozl 000! 008 009 oov 002 0
_ o]

Aouy4 o

L2 x wop 2 bubiog fwioq—O! m

2

=<

1]

a

oz 2

1']

=

/ .w

=

/ B

-

og =

/ ~

/ 0

o

T —— -

0s

182

WaADC TR 55-150 Pt 5



THALS SSTINIVLS "Td6-61 J0 (1) HION

"61 199Yg BIBQ ‘47 IOy

TEANLVIAdNIL AILVATITE IV (DNIDFEO.I)

HTULS ATHIA ATISNEL YO4 TAUND NDISAA 997 TYNDLI
00613-¥ 4 'ainjoiedwe)
009! 00p!| 002! 000! 008 009 00t 002 %
402
ainjoiadway
wooJ 40 1sd 000" It =Ki4 joo1dAL &
MG LI x wolp, 22 Buibiod : wiog O
S
—Jor =
-
<
Q
2
8
—10s 3
™
3
9
1]
b 3
/ c
T o0

183

WADC TR 55-150 Pt 5



*g7 199yg 'yed ‘62 "I

FTAINLVIAIWNIL AELVARTH LV
(QET1T0Y 1OH) TAALS SSAINIV.LS "Td6~6T A0 (M3) HIONTHIS ATISNAL “L91 TINDIL

£60z2-v 4 ‘aunypsadwal
009! 00v! 00z2i 000! 008 009 00v 002
T~
/ 4069l 0
./ paziowadu pupb pajI04 JOH JUBWD3BA JD3H

/

/

193ys Jybnoim :waog

./

T

Q
<

o
@

ozl

Q
w

002

1sd 0001 ‘(™4) wbuanys apsual aowyIN

184

WADC TR 55-150 Pt 3



e

'GZ 392Y4g elRQ ‘67 ‘Joy

TANLVIIdNAL dILVATIA LV (I TTOH IOH)
TIALS SSATINIVLS TA6~61 JO (M) HLONTYILS AIISNHEL YOJg FAYND NDISHAT ‘891 AINDILI

4 'aunjosadway

0wl 002! 000l 008 Q09 Q0v 002 oo
[ ' |
8Jnjpiadwa} wool |o
154000 211="M4 1021dK}
4 069l 0z
{0 pazijDWJIOU puD IJ
P8]j0J {OH :@juawjbal} jDOH
$9ays Jybnoam :wioy
N ov
// 09
/ 08
/IAOO_

ainjosadwa] wooy 4o M4 ua) Jad

185

WADC TR 55=150 Pt 5



‘g7 399US Bieq ‘67 FOY

%MMDH)%MH&EMH JHLVAATA 1LV

(@A T10Y LOH) TAALS SSAINIV.LS TA6-61 A0 | Y1) HIONTYLS A THIA ATISNAL 691 3dNOII

L8812~V

009! 0 0]

4 ‘aimosadway

oozl 000! 008 009 oot 002 0

4 069i

AN

0 pazjpowiou pup —
pajio4 JOH judwybai} JDAH
Jaays jybnoip w04

0l

02

isd 0001 ‘(%44) wibuang plaIA apsual

ov

0s

186

WADC TR 55-150 Pt 5



g7 199YS viRQ ‘67 ‘FOU
TIALVIIJNTL AALVAYTTIYE IV (QETTOY LOH)
TAELS SSATINIVLS TAé~61 J0 {41} HIONTYIS TTISNTL WO TA¥AD NDISEQ ‘0L1 HTINDII

g6812-v 4 ‘ainjpiedwey
0091 00w Q02! 000l 008 009 00¢ 002 00
gunjoiadway {oz
woo4 40 15d 000'6Y =AJ 1091dAL
4 0G9I| 10 pazijpuiou
puD paj|0J JOH :jusdw}nal} JDIH m.
188ys jybnospm ;wao4 o
AN 5
—fov =
™, mn
<
=
D
N 1. 8
/ 08 - 3
Y
/ 3
©
o]
/ .Mf
/ 1" m
/ + 00l

187

WADC TR 55=-150Pt 5



009l

-

‘L1 1994S BIBQ ‘67 '¥FOU

_ Hmbm.ﬁmmmzmh QIALVATTIA IV
(@IYOM ATOD-LOH) TAELS SSAINIVLS TA6~-61 IO (7)) HLONTYLS TIISNEL 1.1 HTENDIA

4 ‘asnjosadwal

QovI 002i 000l 008 009 00t 002 0
| _
4 00<i
iD X b 40} PaAdNAL SSAUS
'salp pasoP Ul 4 OGEl -
-00C| 4D PaRIOm pIOI—JOH :JUBWIYDAI} §DIH
R NHE 20€-GG2 ‘¥sip pabuod w04
//
[~
//.f/ aboiano jpNndA|
/ — lnll../ 1
,’ '-llll'l,ll
———
$8N|0A / =+
abuoy T ——
/*

o
<

Q
@

0zl

o
©

002

1sd 000! ‘(™4) wbuang apsual aowniN

188

"WADC TR 55-150 Pt 5



1vL13-¥

009l

o0l

00zl

"LT ¥99Yg vieQ ‘627 ‘FOYU

FYNLVIIINAL AILVATIA LY (QE0M dT1OO~1LOH)
TAALS SSATINIVLS Taé~61 0 (Md) HIONTULS TTISNAL 404 TAYND NDISET ‘7.1 HEADLI

000!

4 ‘ainjpiadwa]
008

009

00t 002
T

]
9bosaap |021dK} uo pasng

aJnynJadwa} wood Jp

18d 000'stI-000'901 =M
400204y
¥ 104 paAai|a) ssauys "salp
PasoO|2 Ul 4 OGEI-00¢l 40

payiom pjoo-j0M :judwjoal} J0aH

NHE 20€-SG2 *AsIp pabiod jwosd

—10¢2

ke

ot

09

08

0ol

ainjosadws] wooy 30 M4 jus) Jad

189

WADC TR 55~150 Pt 5



*91 1994g Bye ‘47 'JoM

TINLVIAINIL AALVATTIA LV
(@ETIOM A I0O-LOH) TAALS SSATINIVLS Ta6~61 JO (M) HIONZTULS TTISNIL "¢L1 TENDII

4 ‘asnypiadwal

oQst 00t 002i 0001 008 009 O0tv 002 0
“ 0
4 002l
10 Uy { paAal|as SSaiyS salp pasopp u 0P
4 OGE1- OOEI {0 payiom p|0I-}0y ° P3JO0D AID
4 Q0I2 40 My | Pajoasy uoNnOS :judwybas) J0aH
NHE 20¢-8b2 ‘“ysip pabioy ‘uuog
/// abosaap jpINdA] —— ~ —— o8
b / Jf/
o ’llx[

+

S— R

S3N|OA
abuoy

+

0
-

002

1sd 000! ‘(™4) uibuayg apsual ajownNn

190

WADC TR 55-150 Pt 5



"91 399Yg 'Rl ‘67 °Joy

ﬂmaéﬂmmmﬁm.ﬁ TQELVATTH IV (QIMHYOM ATOD=ILOH)
TAILS SSHTINIVLS Td6~6T 0 (1) HIDONTYLS ATISNEL Y04 JAYND NDISAA "$L1 HENDIA

0S113-v 4 “aanjoiadwe)
0091 00v! 002! 0001 008 009 00v 002 0

2bp1aAD |021dA} uo pasog

aJnjosadway woos jo  1OF

_ 1sd 000'8¢1-000"t11 =44
40021 10 SIn0y { panai|al
$S844S'$a1p Paso|d ul 4 OGE!
-QO0€| 40 pa)JIom p|0d-j0y

N 'pa|003 41D*4 Q02| 4D N0y Jos

P3j0al} uoin|og :juawydayy |03

NHE 20¢-82 '4sip pabio4 ‘w.od

191

enjpiedwe) wooy o M4 Jue) sag

WADC TR 55=150 Pt 5



'¢7 1994g vleg ‘67 Fd
NLVIAANEL AALVATTIT LV

(aF110¥ LOH) TAFLS SSAINIVLS TA6-61 J0 (1) HLONTULS @THIX ATISNAEL “SiT THNDIA
]
00812-¥ 4 ‘a4njoisadwial
009l oov! oozl 000! 008 009 00t 002 o)
. _ | 0
anany ubisag—
aAINd DI0Qg——
pajoauuo ‘4008
10 pajios joH :juauwypasy joay |9
99ys 0S00 ‘w.iod
AN

0s

isd 0001 *(541) wibuang preiA apsuay

192

WADC TR 55=150 Pt 5



‘g7 199Y4g ByR(Q ‘627 ‘FOYU

NLVIFINAL CLILVATIE LV (O 7T TO¥ LOH) THHALS

SSHINIVLS "TA6~61 O (M) HLONTYLS ATHIX ATISNIL HOJd TAYND NOISEA 9.1 THNDIA
66812-v 4 ‘einjpiedws)
009l 002! 000l 008 009 (00} 002 oo

ginjoiadway 0z

woo. Jo 15d 000'IS =444

pa|o3uud ‘4 008I

10 P3]| 04 JOM: judw}Dal} j03H

}93Ys ,0GO'0:wio4
/ ov
/ . 09

//

/// oe
T~ oo

ainjosedwal wooy 4o K4 jusn Jag

193

WADC TR 55=150 Pt 5



19-9DX ALLOY
(AMS-5538) (AMS-5539)

The 19-9DX alloy was developed in 1950 as a columbium-free version
of 19-9DL because of the scarcity of columbium at that time. It was found
that if the columbium were eliminated in favor of somewhat higher titanium
and molybdenum content, an alloy resulted which had equivalent properties
at a lower strategic index, The typical chemical composition of 19-9DX is
given in Table 11, ‘

TABLE 11, TYPICAL CHEMICAL
COMPOSITION OF
19-9DX HEAT -
RESISTANT ALLOY
{AMS-5538) (AMS-5539)

Weight

Element Per Cent
Carbon 0.30
Manganese 1.25
Silicon 0.55
Nickel 9. 00
Chromium 19,00
Molybdenum 1.50
Tungsten 1.25
Titanium 0.60
iron Balance

The metallurgy of 19-9DX is similar to that of 19-9DL; 19-9DX is
essentially austenitic. Alloy 19-9DX is usually used in the annealed or
stress-relieved condition for temperatures below approximately 1300 F and
in the solution-treated and aged condition above approximately 1300 F,
Other conditions have found use in various applications., The minimum
mechanical properties of 19-9DX in the annealed condition are given in
Table 12; properties of 19-9DX in the stress-relieved condition are given
in Table 13,

TABLE 12, MINIMUM MECHANICAL PROPERTIES OF
19-9DX ALLOY (AMS-5538)

Property
Ultimate tensile (Fyy) 95, 000-120, 000 psi
Tensile yield (Fty) 45,000 psi {(minimum)
Elongation (e) in 2 inches 30 per cent {(minimum)

WADC TR 55-150 Pt 5 194



TABLE 13, MINIMUM MECHANICAL PROPERTIES OF
19-9DX ALLOY (AMS-5539)

Property
Ultimate tensile (Fty) 125,000 psi (minimum)
Tensile yield (Fgy) 90,000 psi (minimum)
Elongation (e) in 2 inches 12 per cent {minimum)

The short-time, elevated-temperature properties of 19-9DX are
shown in the following curves:

(1) Tensile properties, Figures 177 through 182 and 189 through 194

2) Compressive properties, Figures 183, 184, 195, and
P g
193

(3) Bearing properties, Figures 185 through 138 and 197
through 197,

Stress-strain curves and data on shear strength and modulus are
lacking for 19-9DX,
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A-286 ALLOY

The A-286 is an austenitic alloy which has been made heat treatable
by the addition of titanium, The typical chemical composition of A-286 is
shown in Table 14, '

TABLE 14, TYPICAL CHEMICAL
COMPOSITION OF
A-286 ALLOY

Weight
Element Per Cent
Carbon 0,045
Manganese 1,35
Silicon 0.95
Nickel 26,00
Chromium 15,50
Molybdenum 1,25
Titanium 1.95
Vanadium 0,32
Aluminum 0,20
Iron Balance

Alloy A-286 is a precipitation-hardening alloy that develops its opti-
mum properties by solution treating at 1800 F, followed by rapid cooling
(oil quenching for large sections and air cooling for thin sections, such as
sheet), and finally aging at 1325 F for a minimum time of 12 hours., The
aging treatment develops the strength of A-286 by random formation of a
fine precipitate in the austenitic matrix,

The short-time, elevated-temperature properties of A-286 are shown
in the following curves:

(1) Tensile properties, Figures 201 through 204
(2) Modulus of elasticity, Figures 205 and 207
(3) Poisson's ratio, Figure 206

(4) Stress-strain curves, Figure 208

No compressive, shear, or bearing data were available on A-286,
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140
{20
100
@ e ROOM temperature
Q
S /__14_,.——-
S 80 -~ L~ 400F
" %- 600F
o - 800F
5 =T oor
60 —
Condition. Heat treated to 130,000 psi
Fyyaf room temperature
40 E x 10%psi Temperature,F —
290 Room temperature
270 400
258 600
246 800
20 234 1000 —
Strain rate! ASTM E8-54T
0 | |
0 2 4 6 8 o)
Strain,0.00! in/in A=-21927

FIGURE 208. TENSILE STRESS~-STRAIN CURVES FOR
A- 286 ALLOY SHEET

Ref, 207.
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Inconel "X" is a wrought nickel-base alloy which is highly resistant to
Additions of titanium and aluminum ren-
The limiting chemical composition of

chemical corrosion and oxidation,
der the alloy age-hardenable,

INCONEL "X"

(MIL-N-7786) (AMS-5542D)

Inconel "X" is given in Table 15,

TABLE 15, CHEMICAL COMPOSITION OF
INCONEL uX" (MIL-N-7786)
(AMS-5542D)

Weight
Element Per Cent

Nickel, minimum 70,0

Chromium 14-16

Iron 5-9

Titanium 2,25-2,.75

Columbium + tantalum 0.7-1,2

Aluminum 0.4-1.0

Silicon, maximum 0.5

Manganese 0.3-1.0

Copper, maximum 0.2

Carbon, maximum 0.08

Sulfur, maximum 0.01

Two typical conditions for hot-rolled Inconel "X" are sumamarized

below,

Fully Heat-Treated Hot-Rolled Rods

(a) Solution treated at 2100 F for 4 hours and air-cooled

(b) Aged at 1550 F for 24 hours and air cooled

(c) Aged at 1300 F for 20 hours and air cooled,

Typical room-temperature properties for this condition are shown

in Table 16,
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TABLE 16. TYPICAL ROOM-TEMPERATURE
PROPERTIES OF FULLY HEAT-
TREATED HOT-ROLLED
INCONEL "'Xu

Property
Ultimate tensile (Fty) 162,000 psi
Tensile yield (Fty) - 92,000 psi
Elongation (e) in 2 inches 24 per cent
Reduction in area 30 per cent

Hot Rolled and Aged, Not
Solution Treated

(a) Aged at 1300 F for 20 hours,

Typical room-temperature properties for this condition are shown
in Table 17,

TABLE 17. TYPICAL ROOM-TEMPERATURE
PROPERTIES OF HOT-ROLLED
AND AGED INCONEL uxn

Property
Ultimate tensile (Fgy) 184, 000 psi
Tensile yield (Fyy) 132,000 psi
Elongation {e) in 2 inches 24 per cent
Reduction in area 37 per cent

Note: All high-temperature heat treating must be done in a sulfur-
free atmosphere.,

Minimum mechanical properties of Inconel UX!" as specified in AMS-
5542D are given in Table 18,

TABLE 18, MINIMUM MECHANICAL
PROPERTIES OF
INCONEL 1x#
(AMS-5542D)

Property
Ultimate tensile (Fy,) 155, 000 psi
Tensile yield (Fyy) 100, 000 psi
Elongation (e) in 2 inches 20 per cent

WADC TR 55-150Pt 5 230



The short-time elevated-temperature properties of Inconel X" are
shown in the following curves;

(1)
(2)
(3)
(4)
(5)
(6)
(7)

Tensile properties, Figures 209 through 215
Compressive properties, Figures 216 and 217
Bearing properties, Figures 218 through 220
Shear properties, Figures 221 through 224
Modulus of elasticity, Figures 225 and 227
Poisson’s ratio, Figure 226

Stress-strain curves, Figures 228 through 230

Data are available on Inconel X" for all surveyed properties,
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160
140
20
— BOF
100 =
= R 600F
: / - IOOOF
o
ml‘
’ /
60 7 Temperature, F Ex10%psi
80 305
600 27.75
1000 24.75

40 / Form: Sheet

Condition:Heat treated to 155,000 psi
Strain rate: ASTM E8-54T

20

0 2 4 6 8 10
Strain,0.00I in./in. A-21955

FIGURE 228. TENSILE STRESS=STRAIN CURVES FOR INCONEL
"X'' AT ROOM AND ELEVATED TEMPERATURE

MIL-N-7786A (ASG)
Ref. 207, p 9-2-7=1.
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160

140}

120

o [
- 1200 F
60 J /Temperuture, F E x10%psi

/ _ 80 31.0
600 2835
i200 25.0

40 / Form: Sheet

Condition: Heat treated to 155,000 psi
Stroinrate: ASTM E8-54T

1
P
"

Stress, 1000 psi

20

0] 2 4 6 8 0
Strain,0.00! in./in. A-21954

FIGURE 229. COMPRESSIVE STRESS-STRAIN CURVES FOR INCONEL
"Xt AT ROOM AND ELEVATED TEMPERATURE

MIL~N=-7786A (ASG)

Ref. 207, p 9-2-7-2.
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160
140
120 Room temperature
100 4
Chemical Composition, %

C Mn  Si S c Ni

008 03-10 05 001 140- 700
eo# max max mox 16,0 min —

Ti Ch Cu Al Fe
2.25- 07- 020 040- 50-
275 12 max 1O 9.Cr

|

Stress, 1000 psi

40
E=322 x10%psi
Condition: Heat treated to 165,000 psi
Strain rate: ASTM E8-54T
20 ]
00 2 4 6 B

Strain,0.00I in./in. A-21953

FIGURE 230, TENSILE STRESS-STRAIN CURVE FOR INCONEL
nxit AT ROOM TEMPERATURE

Ref. 207, 1-9-2-7.
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STAINLESS "W" ALLOY

Stainless "W!" is a ferritic-type stainless steel. Because of additions
of titanium and aluminum, the steel responds to a precipitation-hardening
heat treatment for increased strength and hardness, The nominal compo-
sition of Stainless "W" is shown in Table 19,

TABLE 19, NOMINAL CHEMICAL
COMPOSITION OF
STAINLESS nwt

ALLOY
Weight
Element Per Cent
Carbon 0,07
Manganese 0.50
Silicon 0,50
Nickel 7,00
Chromium 17.00
Titanium 0,70
Aluminum 0.20
Iron Balance

Heat-treating procedures are summarized as follows: {1) to solution
anneal, air cool from temperatures within the range of 1200 to 2000 F
(usually 1850 to 1950 F for 15 to 30 minutes); (2) to precipitation harden,
heat to a temperature of 800 to 1200 F and water quench or air cool, Ulti-
mate mechanical properties depend on holding time and temperature of
precipitation hardening, Water quenching from the aging temperature pro-
duces higher strength properties,

The short-time, elevated-temperature properties of Stainless HWH
are shown in the following curves:

(1) Tensile properties, Figures 231 through 234,
(2) Poisson's ratio, Figure 235,
(3) Modulus of elasticity, Figure 236,

(4) Stress-strain curves, Figures 237 through 240.

Shear, bearing, and compressive properties and stress-strain curves
at elevated temperature are lacking for Stainless "W alloy,
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APPENDIX 1

MATERIAL COMPARISON CURVES

For convenience, the following curves have been plotted to show the
relative strengths of the various alloys discussed in this report.

Page
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-~ Steels and Super Alloys at Elevated Temperature ., . . . 266
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Figure 243. Comparison of Tensile Strengths (Fiy) of AM-350
Stainless Steel at Elevated Temperature . . . . . . . 268
Figure 244. Comparison of Tensile Strengths (Ftu) of 19-9DL Stain-
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