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INFLUENCE OF THERMAL AGING (to 50.000 h)

ON THE TENSILE PROPERTIES OF MODIFIED 9Cr-lMo STEEL*

C. R. Brinkman and R. H. Baldwin

ABSTRACT

Results of room- and elevated-temperature tensile tests
are reported from tests conducted on three heats of Modified
9Cr-lMo steel. The heats were thermally aged at various
temperatures from 482 to 704°C and at aging times to
50,000 h. Tensile strain rates were also varied in order
to determine strain rate sensitivity of tensile properties.
Changes in the yield and tensile strengths occurred following
exposure to these temperatures with decreases noted at the
higher temperatures. The material showed a strain-rate
sensitivity particularly at temperatures in excess of about
538°C due to the presence of what was believed to be strain
aging. The tensile-strength data were parameterized in
order to permit estimates of changes in both the room- and
elevated-temperature properties to be made following exposure
for prolonged periods in service. Estimates are given of the
changes in yield and tensile strengths following isothermal
exposure at several temperatures for 60 years of service
time. Comparisons are also made between estimated
degradation in short-term properties of Modified 9Cr-lMo
steel and several other materials due to thermal aging.

INTRODUCTION

Modified 9Cr-lMo steel is a ferritic steel proposed for use in the

normalized and tempered condition. Because of its high hardenability,

the resultant steel has a uniform tempered martensitic microstructure

with excellent strength and toughness properties. These character

istics, along with favorable physical properties, make it highly

advantageous to use this steel in elevated-temperature applications

in the range of about 482 to 593°C. However, there is some concern

*Research sponsored by the U.S. Department of Energy, Office of
Technology Support Programs, under contract DE-AC05-84OR21400 with
Martin Marietta Energy Systems, Inc., and under sponsorship from The
Japan Atomic Power Company.



that prolonged exposure in this temperature range and higher may

significantly alter subsequent mechanical properties due to changes in
the microstructure. Because of interest in the use of this steel in

certain liquid-metal breeder reactor applications requiring use of ASME

Code Case N-47, it was necessary to define thermal aging strength

reduction factors that could be applied if appropriate. Accordingly, it

was the objective of this effort to thermally age several heats at

temperatures ranging from 482 to 704°C and subsequently to perform
tensile tests to define changes in tensile properties.1 This is an

interim report giving results of tests conducted on material aged up to

50,000 h. Additional material is still being aged, and plans call for

continuation of this effort to 100,000 h of exposure. Results from

tests conducted on this material will be given in future reports.

MATERIAL AND SPECIMEN PREPARATION

Three heats in the form of plate material were used in this study.

Chemistry of these heats subsequent to fabrication is given in Table 1.
All three heats were melted by Cartech, Reading, Pa. and subsequently

fabricated into plate as shown in Table 2. The plates were given the

standard normaliz-ing and tempering heat treatment consisting of 1 h at

1040°C and 1 h at 760°C, respectively. Resultant hardness values were

approximately RB 95. Hardness values on material aged up to 50,000 h
can be found elsewhere.2 Following heat treatment, the plates were cut

into blanks with their major axis perpendicular to the plate rolling

direction and aged for various times and at temperatures of 482, 538,

593, 649, and 704°C. Aging times ranged from 10,000 to 50,000 h with

the initial goal being to 100,000 h. Information presented in this

report will deal with the influence of thermal aging to 50,000 h.

Following aging, the blanks were machined into tensile bars as

shown in Fig. 1. Tensile tests were performed in accordance with ASTM

E8 and E151 at a variety of strain rates to failure as follows:

8 x 10"5/min (1.33 x 10"6 s'
8 x 10'Vmin (1.33 x 10'5 s"
4 x 10"3/min (6.67 x 10"5 s'
4 x 10~2/min (6.67 x 10"* s"
8 x 10~2/min (1.33 X 10"3 s"



Table 1. Chemical analyses of various
commercial heats of Modified 9Cr-lMo

steel used in thermal

aging program

Content (wt %) for each heat

Element 30383 30394 30176

Plate Plate Plate

C 0.083 0.084 0.081

Mn 0.46 0.46 0.37

P 0.010 0.010 0.010

S 0.004 0.003 0.003

Si 0.41 0.40 0.11

Ni 0.09 0.09 0.09

Cr 8.46 8.57 8.61

Mo 1.02 1.02 0.89

V 0.198 0.198 0.209

Nb 0.072 0.073 0.072

Ti 0.005 0.055 0.010

Co 0.055 0.055 0.010

Cu 0.03 0.04 0.04

Al 0.002 0.014 0.007

B <0.001 <0.001 <0.09

W 0.05 0.05 <0.01

As <0.001 <0.001 0.001

Sn <0.001 <0.001 0.001

Zr <0.001 <0.001 <0.001

N 0.051 0.053 0.055

All chemical analysis was carried
out at Combustion Engineering, Inc.,
Chattanooga, Tennessee.

Table 2. Summary of information on commercial heats
of Modified 9Cr-lMo alloy

Heat .

Heat Melter size nelc]-ng a Product
(tons) P"ctlce

Thickness

size

(mm)

Fabrication method Fabricator

30383 Cartech 15 AOD Plate 51 Hot forged, hot rolled Jessup

30394 Cartech 15 AOD-ESR Plate 25 Hot forged, hot rolled Jessup

30176 Cartech 15 AOD-ESR Plate 25 Hot forged, hot rolled Jessup

AOD - argon-oxygen decarburization.
AOD-ESR - argon-oxygen decarburization and elestroslag remelting.
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9Cr-lMo steel. Note that actual specimen length
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All elevated-temperature tests were conducted using a resistance heated

furnace with a specimen soaking time of at least 30 min employed prior

to conducting the test.

RESULTS AND DISCUSSION

Results of tensile tests conducted on material aged at different

temperatures for various times are tabulated in Appendix A.

Figure 2 compares several tensile properties for heat 30176 aged

50,000 h to unaged material. The strain rate was 0.13/s. Figure 2(a)

and (b) show some reductions in yield and ultimate tensile strengths at

temperatures as low as 482°C. This softening of the material also

manifests itself as an increase in uniform elongation as shown in

Fig. 2(c). Figures 3 through 5 compare yield and ultimate tensile

strengths of heats 30394, 30176, and 30383 in the aged and unaged

condition over the temperature range of 482 to 704oC where the strain

rate was 6.7 x 10"5 s-1. Some reduction in both yield and ultimate

tensile strengths are apparent, particularly at the higher temperatures.

Figure 6 shows the influence of strain rate and temperature on

several tensile properties of aged and unaged heat 30176. Note that as

the strain rate is increased, both the yield and ultimate tensile

strengths increase at elevated temperatures for both aged and unaged

material. A peak value of strength is indicated at a strain rate of

about 1/min (1.67 X 10"1 s"1) at temperatures above 538°C. This peak,

which is probably due to dynamic strain aging, is particularly apparent

at 593°C in the aged heats 30394 (high silicon) and 30176 (low silicon),

as shown in Fig. 7. Figure 6(c) shows that the reduced strength of the

aged material shown in Fig. 6(a) and (b) is accompanied by a slight

increase in reduction of area for the material aged and tested at 649°C.

Figures 8 through 11 contain plots of ratios of yield or ultimate

tensile strengths as a function of a time-temperature parameter P, where

P is given by the following expression:

P - T(log t + 10)/1000 ,

T - temperature (K) , (1)

t - time (h) .



P
111
(0

o

o

X
I-
o
z
UJ
E
I-
«J

a

r«;

a.

(9

<
r:

(b)

800

600

400-

200-

HEAT 30176

ORNL-DWG 88-6520R

• NONAGED MATERIAL

• AGED 50,000 h

STRAIN HATE: 0.13 s»-1

0 200 400 600 800

AGING AND TEST TEMPERATURE, °C

0RNL-DWG89-6519

800-

• N0N AGED MATERIAL

600-

• AGED 50,000 h

STRAIN RATE: 0.13 S*-1

400-

• \.

200-

o-

HEAT 30176

1 1 1 1 r-

•

1 • • 1 " •

0 200 400 600

AGING AND TEST TEMPERATURE. *C

800

Fig. 2. Tensile properties as a function
of temperature for heat 30176 aged for 50,000 h
compared to unaged material, (a) Yield strength,
(b) ultimate strength, (c) uniform elongation,
and (d) reduction of area.



<
a
z
o
-I
111

111
_l

Si
z
UJ

cc
o
IL

z
3

(c)

<
111
CC
<

u
3
a

(d)

90-

85-

80-

75-

70-

ORNL-DWG89-6521

a NONAGED MATERIAL

• AGED 50,000 h

STRAIN RATE: 0.13M

200 400 600

AGING ANDTEST TEMPERATURE,0C

800

0RNL-DWG89-6522

• NONAGED MATERIAL

• AGED 50,000 h

STRAIN RATE: 0.13M

HEAT 30176

I • • 1 • • 1

200 400 600

AGINGAND TEST TEMPERATURE,°C

Fig. 2. (continued)

800



900

800

"io
| 700

I

900 -

800 -

I 700

o
z

600 -

1 1 I I I I I
HEAT 30394

- e = 6.7x lO^s"1 -

HEAT TREATMENT: 1038°C/760°C-1 h

O

•

AGED 104 h AT TEST TEMP.

AGED 25 x 103 h AT TEST TEMP.
• AGED 50 x 103 h AT TEST TEMP. —

—

NON-AGED
-

- ^\ -

- «X -

— \ —

-

I I I i i i i i

-

9?

« 600
o

|E 500
<n

m

< 400
5

300

o
z
HI

£ 400
v>

Q

£IJ 300

100 200 300 400 500 600 700 800 900

TEST TEMPERATURE (°C)

500 -

200

100 -

ORNL-DWG 89-7878

1 1 1 1 1 1 I
HEAT 30394

e =6.7x10_5s-1

HEAT TREATMENT: 1038°C/760°C-1 h

O AGED 104 h AT TEST TEMP.

• AGED 25 x103h AT TEST TEMP.

• AGED 50 x 103h AT TEST TEMP.

NON-AGED

_L J_ _L .

100 200 300 400 500 600 700 800 900

TEST TEMPERATURE (°C)

Fig. 3. Influence of aging time on the ultimate and yield strengths of heat 30394 of Modified
9Cr-lMo steel.



900 -

800 -

| 700

I I I I I I I I
HEAT 30176

—•

e-e^xlO"6!"1

— HEAT TREATMENT: 1038°C/760°C-1 h

O AGED 104h AT TEST TEMP.
— • AGED 25 x103h AT TEST TEMP. ~

-

^^^^^# AGED 50 x103h AT TEST TEMP.

-
NON-AGED -^ ^^'^^B

- *\
- e\
—

i ii

o
z
LU

|E 500

<

600 -

400

300

200 -

100 -

0 100 200 300 400 500 600 700 800 900

TEST TEMPERATURE (°C)

ORNL-DWG 89-6525

I I I I I I I I
HEAT 30176

900 — e-e^xicr6!-1

800 — HEAT TREATMENT: 1038°C/760°C-1 h

1
700 -

O AGED 104 h AT TEST TEMP.

• AGED 25 x103h AT TEST TEMP. ~

CM

d

o

600

500

400

300

• AGED 50 x103h AT TEST TEMP.

z
UJ

CC

V)

Q
_l
UJ

>-

NON-AGED -^ NJi

8\
200

8\
100

i i i ii i i i

100 200 300 400 500 600 700 800 900

TEST TEMPERATURE (°C)

Fig. 4. Influence of aging time on the ultimate and yield strengths of heat 30176 of Modified
9Cr-lMo steel.



2

z

900 -

800 -

700

600

£ 500
to

<
5

400 -

d 300 -

200 -

100 -

T "i 1 r
HEAT 30383

T

e-6.7x10"5«-1
HEAT TREATMENT: 1038°C/760°C-2 h

O AGED 104h AT TEST TEMP.

• AGED 50 x103h AT TEST TEMP.

NON-AGED

_!_ X

900

800

2
700

a?
«n 600
o

o

(A

Q

500

400

300 -

200 -

100 -

0 100 200 300 400 500 600 700 808 900

TEST TEMPERATURE (°C)

_!_

1 1 1
HEAT 30383

e = 6.7x10-5s-1

ORNL-DWG 89-7877

T

HEAT TREATMENT: 1038°C/760°C - 2 h

O AGED 104 h AT TEST TEMP.

• AGED 25 x103h AT TEST TEMP. ~

NON-AGED

_L _L _L l ±

TOO 200 300 400 500 600 700 800 900

TEST TEMPERATURE (CC)

Fig. 5. Influence of aging time on the ultimate and yield strengths of heat 30383 of Modified
9Cr-lMo steel.



0.00001 0.0001

(*)

11

ORNL-DWG 81-6689R

0.001 0.01 0.1

NOMINAL STRAIN RATE (min-1)

10.0

Fig. 6. Influence of strain rate and aging time on
the tensile properties of heat 30176 at several temperatures,
(a) Yield strength, (b) ultimate strength, and (c) reduction
of area.



1000

900

800

700

600

i—ttt|—i—rnr
ROOM TEMPERATURE

J U_U L

o
z
UJ

fc 600 1-
UJ

800 I I I ll| I
93«C (200 f)

700 -

600

700

J ' "I I

T T

600 -

TTTT"

500

700

500

700

204 *C (400«F)

I I III I

-i—rrn—T"
316 «C (600*F)

o

' ' "I •

T TTT|—T-
427 »C (800 *F

600 -

500 -

400

600

500 -

400 -

300

J L_LLl L

t—rrn—i—
538 *C (1000'F

n—TTT|—r
649 »C (1200'F)

12

ORNL-DWG 81-6691R

I lll| I lll| I I M| I III
HEAT 30176 (AOD/ESR)

0 25mm PLATE, NORMALIZED AND -
TEMPERED (1040 «C,1h ; 760 «C, 1h)

• NORMALIZED AND TEMPERED. AND _
AGED 50,000 h AT TEST TEMPERATURE

T—^
_L

O

I

"T

O

TTT

JLX

TTT

—O

_L

T

a

TTT

• 1

500

400

300

200

100

0.00001

(b)

i i mh-r~\ ill i .in i i mi

0.0001 0.001 0.01 0.1

NOMINAL STRAIN RATE (min"')

Fig. 6. (continued)

1.0 10.0



13

ORNL-DWG 81-6688R

100

90

80

70

60

80

~i—rrn—i—rnr
ROOM TEMPERATURE

i—rrn—i—r~rv\—i—rrn—i—rrr
HEAT 30176 (AOD/ESR)

O 25mm PLATE . NORMALIZED AND
TEMPERED (1040'C.lh; 760°C,1h)

• NORMALIZED AND TEMPERED, AND
AGED 50,000 h AT TEST TEMPERATURE

ft o

<
ui
or
<

o

z
g
*- 70
o
3
Q
Ui
£ 60

80

70 -

60

80

70 -

60

80

70 -

60

LllJ I L

93 °C

204 «C

_1

T

316 *C

427 »C

TT"T

o—

200 °F)

•' • •

I I I

(400 *F)

Jj I L

tt—r-r

(600 *F)

U I L

(800 #F)

•I • •

100

90

80
0.00001

649°CH200t£)

J LLU L_L
0.0001

NOM

(c)

"I I I

T

•a-

-Ol

-Q.

TT

•O-0-

' ' '

TTTl

i 11

TTT

•n-o

j_u

TTT

-o—a

J_LL

"TTT

-o—o

J-l

J_Li

TTT

I I I

TTT

o\

I I I

TT

-o|

J_LL

TT

J_J_L

TTT

Ql

±±X

•I • ' JU I Llll I Llll I LU
0.001

NAL STRA

0.01 0.1

N RATE (minH)
1.0 10.0

Fig. 6. (continued)



CO
CL

X

O

400 -

ORNL-DWG 89-7880

fE 300
c/i

1

- HEAT No.

I I I
THERMAL AGING TIME (h)

I I
TEST TEMPERATURE —

.0
30176 A

104 2.5 x 104
D O

5.0 x 104
0

593° C

30394 A • •

\\

\\
\\
\\HEAT 30394

-HEAT 30176

— //

//

I I I

I
♦I* _

UJ

>-

CM

O

200 -

-510 -410 -310 10_ -110 10l 101

NOMINAL STRAIN RATE (min-1)

Fig. 7. Influence of strain rate on the yield strength of two heats of Modified
9Cr-lMo steel aged up to 50,000 h at 593°C.

10'



a
m

(9
<

O
Z
UJ
CC
I-

>-

Q
UJ

(3

C9
Z
UJ

DC
I-
co

a
_j
UJ

>-

15

ORNL 89-10140

1.2-

S. R - 38.421 * PM.5055

1.1-
P . T(log t 4 10)/1,000

1.0-

•

1

T =

•

Temperature (K)

t * time (h)

0.9-

aa*> •

A*
\A

A

0.8-

0.7- A HEAT 30176

• HEAT 30383 A
•

0.6-
• HEAT 30394

0.5-

0.4- • 1 r——

Thermal Aging Temperatures Varied From
755 To 977 K While Testing Was At Room

Temperature.

—i • 1 ' i •

10 11 1 2 13 14 15

Fig. 8. Ratio (R) of yield strength of aged
to yield strength of unaged material as a function
of time and temperature in a parameterized (P) form
for three heats of Modified 9Cr-lMo steel. All tests
were conducted at room temperature.



a
ui

(9
<

(9
Z
UI
oc

10

UI

5

a
ui

(9
<

X
I-
(9
Z
UI
E

S
UI
1-
<

1.2

0.7

0.6-

0.5-

0.4

10

16

89-7804

R-11.555 *PM.0030

P-T(logl + 10yi,000

T - Temperature (K)

t-time(h)

• HEAT 30176

• HEAT 30383

• HEAT 30394

1 1

Thermal Aging Temperatures Varied From
755 To 977 KWhile Testing Was At Room
Temperature.

-1-

12

—r-

13 14 15

Fig. 9. Ratio (R) of ultimate strength of aged
to ultimate strength of unaged material as a function
of time and temperature in a parameterized (P) form
for three heats of Modified 9Cr-lMo steel. All tests

were conducted at room temperature.



Q
UI

(9

3

(E
<9
Z
UI
CC
t-
w

a
_•

ui

i
UI
o
<

x
(9
Z
UI
ce

o
_i
ui

17

89-7801

R. 14.143 *PA -1.1029

1.1- V A A P-Tflog l + 10)/1,000

1.0- ^Vs- "» A

T - Temperature (K)

t - time (h)

• ^^
0.9-

0.8-

•
•

•

•

A "^^^
0.7- A • A

0.6-
• HEAT 30176

• HEAT 30383

0.5-

0.4-

• HEAT 30394

• 1 • 1

Aging And Test Temperature
Were The Same

—• r • 1 •

10 11 12 13 14 15

Fig. 10. Ratio (R) of yield strength of aged
to yield strength of unaged material as a function
of time and temperature in a parameterized (P) form
for three heats of Modified 9Cr-lMo steel. All tests

were conducted at the thermal aging temperature.



Q
UI

C9
<

(9
Z
UI
E
I-
»

UI

5

D
UI

a
<

C9

ui
B

in

ui

5

3

a
ui

(9
<

C9
Z
UI
E
I-
</>

UI

a
ui

(9
<

(9
Z
UI
E
I-
(0

UI
H
<

(b)

18

89-7802

R - 12.418 *PM.0584

1.1-
P-T(logt + 10)/1,000

T - Temperature (K)

1.0- •

t - time (h)

•

0.9i • ^*^
«A

0.8-

a a

B

•

0.7-

• 755K(482C)
& A A

nfi-
H 811 K(538C)

• 866 K (593 C)

0.5-

0.4-

A 922 K(649C)
A 977 K(704 C)

1 1 • I

Aging And Test Temperature
Were The Same

—i 1 • 1 •

10

1.2

1.1-

0.6-

0.5-

0.4

10

11 12 13 14 15

89-7803

R-12.418 *PM .0584

P-T(logt + 10)/1,000

T - Temperature (K)

time (h)

A HEAT 30176

• HEAT30383

• HEAT 30394
AgingAnd Test Temperature
Were The Same

1 1 12

—r—

13

—i—

14 15

Fig. 11. Ratio (R) of ultimate strength of aged
to ultimate strength of unaged material as a function
of time and temperature in a parameterized (P) form
for three heats of Modified 9Cr-lMo steel. All

tests were conducted at the thermal aging temperature:
(a) shows specific temperatures and (b) shows
specific heats.



19

Appendix B gives the numerical values obtained using this equation.

Figures 8 and 9 show the reductions in yield and the ultimate strengths,

respectively, that can be expected to occur in room-temperature

properties following thermal aging. One can thus make calculations

giving estimates of properties following thermal aging. As an example,

ASTM specification A213 (Seamless Boiler, Superheater, and Heat

Exchanger Tubes)3 specifies that the minimum room-temperature yield and

tensile strengths shall be 415 and 585 MPa, respectively. The equations

given in Figs. 8 and 9 allow calculations to be made about estimates of

the times required for average room-temperature properties to be reduced

to minimum values. These estimates of required times are given in

Table 3. Note the long-term stability of room-temperature properties to

temperatures of about 593°C.

Similar calculations to those given above were also made for the

elevated-temperature properties (i.e., aging and test temperature being

the same) using the equations given in Figs. 10 and 11. In this case, a

plant life of 60 years was assumed; and the percent decrease in proper

ties were calculated, with the results shown in Table 4. Note that for

a plant operating at about 538°C for 60 years, one would estimate only a

15 to 16% decrease in elevated-temperature yield and tensile strengths.

In the development of ASME Code Case N-47, there has been concern

about potential degradation of short-term tensile properties below

minimum values due to prolonged exposure at elevated temperature. Such

degradation would be important to define for analysis purposes for

short-time loading events (e.g., earthquakes). Accordingly, Table 5 was

prepared to compare estimated degradation of tensile properties of

Modified 9Cr-lMo steel with several other Code Case N-47 materials

following 300,000 h (34.2 years) of exposure at the indicated

temperatures.*

The comparison shows that the short-term tensile properties of

Modified 9Cr-lMo steel following prolonged thermal aging hold up well in

comparison to other materials.
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Table 3. Estimated times for yield and ultimate strengths
to drop below minimum room-temperature values following

thermal aging at the indicated temperatures

(Average initial values of 537 and 675 MPa were assumed for
the yield and ultimate tensile strengths, respectively)

Temperature

(°C)

482

538

593

649

Time, h (years)

Yield

strength

5.4 x 107 (6164)
3.2 x 106 (365)
2.9 x 105 (33)
3.3 x 10* (3.4)

Ultimate

strength

2.9 x 107 (3262)
1.8 x 106 (203)
1.7 x 105 (18.9)
2.0 x 10* (2.2)

Table 4. Estimated decreases in yield and ultimate strengths following
60-year exposure at the indicated temperatures

(Note that aging and test temperature were the same)

Temperature
CO

482

538

593

Yield strength (MPa) Ultimate tensile strength (MPa)

_ - ,- Decrease „ „ .- Decrease
Before exposure After exposure . . Before exposure After exposure ...

v*J v*/

410

345

275

378

293

217

8

15

21

475

410

320

432

344

251

9

16

22
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Table 5. Comparison of estimated percent reduction in tensile properties
of several materials following 300,000 h (34.2 years)

at several temperatures

Material

2.25Cr-lMo

(annealed)

2.25Cr-lMo

(annealed)

Modified 9Cr-lMo

(normalized and tempered)

Modified 9Cr-lMo

(normalized and tempered)

304 or 316 stainless

304 or 316 stainless

Temperature

(°C)

482

538

482

538

482

538

Percent reduction

Yield strength

30

40

13

Ultimate

tensile strength

32

40

15

Unknown

20b

Aging temperatures (without stress) were the same as test
temperatures.

Reduction estimated to be maximum amount due to effects of prior creep
deformation on subsequent tensile properties at the indicated temperature.
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CONCLUSIONS

Results of room- and elevated-temperature tensile tests were

reported from tests conducted on three heats of Modified 9Cr-lMo steel

thermally aged at various temperatures from 482 to 704°C and at aging

times to 50,000 h. The following are specific conclusions.

1. Variations in yield and tensile strengths due to changes

in the microstrueture2 were clearly apparent after thermal aging to

50,000 h. The change that occurred (i.e., slight increase or decrease)

was dependent on the thermal aging temperature with the higher aging

temperatures producing reduction in properties.

2. Varying the strain rate over the range of 8 x 10"5 min"1

(0.27/s) demonstrated a similar strain-rate sensitivity for aged and

unaged material for the heats characterized. The yield and ultimate

strengths increased with increasing strain rate, showing a strain aging

peak at temperatures of approximately 538 to 593°C.

3. The yield and tensile strengths were analyzed in terms of a

time-temperature parameter in order to make estimates of both the room-

and elevated-temperature changes following prolonged periods of thermal

exposure in service. As an example, it was estimated that an exposure

time of 60 years would produce only a 15 to 16% decrease in the

elevated-temperature yield and tensile strengths at 538°C.

4. Comparisons were made on the estimated amount of degradation,

due to thermal aging, in tensile and yield strengths in Modified 9Cr-lMo

steel and several other steels including annealed 2.25Cr-lMo and the

austenitic stainless steels. This comparison indicated that these

properties held up very well (i.e., the expected degradation in Modified

9Cr-lMo steel was generally less, in comparison to the other materials

following 300,000 h aging in the range of 482 to 538°C).
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APPENDIX A

TENSILE DATA ON THREE HEATS OF MODIFIED 9Cr-lMo STEEL

Page Title: Heat number and strain rate (min)"1,
note that minute equals 60 s

Specimen No.: Specimen number

Heat Treatment: Material was normalized and tempered (NT)
and then tested in the NT or in NT plus
thermal aged condition. Thermal aging
occurred for 10K (10,000 h), 25K (25,000 h),
or 50K (50,000 h) at the indicated tempera
ture (e.g., AGE/50K/649 indicates an aging
treatment of 50,000 h at 649"C).

Test Temp: Test temperature (°C)

Modulus: Apparent Young's modulus

PL: Proportional unit

0.02% YS: 0.02% yield strength

UTS: Ultimate tensile strength

UE: Uniform elongation

TE: Total elongation measured over 25.4-cm specimen
from gage markings

RA: Reduction of area





C
O

ooooc
o

Oc
o

<L
U
X

tf*

ty
a?

S
a?

C
O
>
-gC
M

©

no
.

2

C
O
>o6

Q
.

2

|s

oC
M

i
n

C
M

c
o

i
n

c
o

C
O

e
n

i
n

C
M

o
o
>

c
o

o

r
^

c
o

r
~

C
M

r
-

c
o

C
O

C
O

i
n

C
O

WC
O

C
O

•
*
•

m
«

U
I
I
O

N
M

I
)
O

O
I
O

N
N

v
m

i
o

o
o

i
r
-
w

m
o

i
n

q
o

i
C

M
c
o

r
-'c

M
O

u
S

o
a

ic
d

c
M

a
iin

C
M

C
M

C
M

C
M

C
O

C
O

C
O

e
M

C
O

C
O

'*
!
*

-

C
M

C
O

in
^
'C

O
'-

^
C

O
C

O
C

M
C

O
n

i
-
N

N
i
n

n
i
T

-
i
a

o
i
f
l
N

in
u

i*
io

c
o

»
-
»

-
»

-
*

-
c
M

C
M

C
O

C
O

*
-

O
C

O
o
>

i
n

c
o

e
n

©
c
o

c
o

c
o

i
n

i
n

c
o

o
•
*

c
m

•>-
i
n

_
c
o

m
c
o

y
-

r
-

o
.
«

*
O

B
W

r
-

.
-

"
'

l
>
-

C
M

C
O

r
-

r
^

i
n

c
m

c
o

U
I
I
O
I
A

«

<
-

o
o

^
o

O
C
M

O
)

C
O

T
T

*
C
O
C
M
*
-
*
-

™ C
O

»
-

m

i
n

n
o
i

n
n

a
u
)

v
s

c
o

^
-

^
•
*

C
O

C
M

»,
S

2
<"

N
°

3
^
J

co
m

co

O
N
o
o
i
-
a
i
n
^
O
m
m
^

•
^
r
»
r
~
c
o
r
>
.
'
*
c
o
m
T
-
"
;
j
X
_

o
>

o
>

i
n

^
c
o

c
o

»
-
c
O

m
t
o

o
a

o
i
a

i
A

C
M

M
n

^
^

i
n

c
o

c
m

o
>

^
I
D

S
N

O
O

O
n

O
l
O

l
f

O
T
-
w
c
D
n
n
o
>
*
^
o

C
M
c
o
*
'
«
-
i
n
«
>
t
f
>
u
J
t
f
>
r
~

2
7

,
-

,
-

_
,
-

.
-

c
o

,
-

o
o

o
o

o
^

c
o

c
o

c
o

c
o

c
o

*
r-»

r-~
r
~

r-»
r--

°

co
c
o

co
co

c
o
r
^

C
O

C
O

C
O

C
O

C
O

.
-

o
o

o
o

o
O

9z

o
»

•
*

C
O

^
O

O
l

•
*

o
U
J

^
i
n

i
n

^
C
D

r
-
»
•

C
C

g
£
£

o
*
£

*
r*

£
s
s

r
«
.

o
o

i
n

i
n

r?
C
O

C
O

o

U
J

U
J

O
O

U
J
a
.
2

"
<

<
<

<
IS4

97T491T503T

0
0

O
)

1
-

1
-

m
r
-

t
-

C
M

i
n

i
n

I-
r-

r-
I
-
t
-
S

c
m

c
o

*
i
n

t
o

2
0
>

O
)

0
>

O
)

0
>

:2f

«
O

*
-

C
M

C
O

•
*

m

(
D

S
N

N
N

l
«
»

r
-

C
O

C
O

C
O

C
O

C
O

C
O

c
o

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M



cE•—C
O

oooC
O

oC
O

<U
J

I

£\a
$

C
O

0
0

C
O

C
M

o
O

)
C

O
O

)
^

o

c
m

i
n

c
o

c
o

c
o

C
O

0
0

C
O

O
)

0
)

O
C

M
O

O
O

C
D

O
C

D
O

*
-

co
'r-

en
in

oci
c
m

c
o

c
o

m
t
o

>
s

*
-

s
n

s
o

<
o

e
o

10

2

C
O

>
co

2
£C

O
>

10
a

.

2

°
-
2

Si

T
-
O

r
N

i
-

c
o

^
c
o

m
n

w
i
n

in
_

•»
CO

CM
t-

°°

r-»
c
o

c
o

_

i
n

n
w

™
CO

CM
t-

<
°

CM
-

»
"*

--
N

T
-

T
-

•
«

"
»

«
.!.

,_
,_

CD
CO

^
in

co
m

"
O

)
N

*

c
m

o
o

c
o

e
n

•
*

o
o

c
o

e
n

^
©

•
*

i
n

i
n

c
o

r-»

9z

C
M

0
0

c
o

o
>

•
*

C
O

0
0

O
O

l
<

o
U

J

<
i
o

i
n

c
o

s
u

.

p*
i
d

c
m

a
c

o
o

o
o

o
r?

i
n

m
i
n

i
n

i
n

-
^
.

^
^

^
^
.

U
J

1U
J

q
j

U
J

U
J

U
J

Q
j

O
O

O
O

O
<

<
<

<
<

C
O

C
M

•
*

<
0

C
O

c
o

e
n

©
i
-

c
m

<
t
«

i
o

i
a

i
f
l

2
8



c1•
—oor
-

oc
o

<U
J

I

S^
5

?

c
o

>oC
M

dc
o

o
'

-J
a

.
a

-
=

5

2
9

©
c
n

c
o

r
^
^
-
c
O

f
-
i
^
c
M

r
^
r
^
c
n

c
n

c
M

^
c
o

i
-
c
o

i
n

c
M

c
o

c
o

T
-
c
M

r
-
c
o

c
M

c
o

e
M

©
O

M
O

i
n

N
^
N

O
i
-
o

o
o

o
o

o
i
n

n
n

i
o

o
i
o

M
a

o
c
o

i
i
i
t
o

v
c
M

n
o

c
n

i
n

c
o

n
o

i
c
i
a

i
D

n
w

^
o

x
f
i
i
)

(
O

U
J
(
D

N
N

1
0

(
D

(
D

N
N

(
0

(
D

(
O

N
N

o
o

o
^
c
M

C
M

N
N

a
i
c
n

n
^
u

i
i
n

i
D

N
N

C
D

C
O

C
O

C
O

C
O

G
O

G
O

O
)
0

>
0

)
0

)
0

)
0

e
n

^
-

o
o

cm
i
-

e
o

c
o

i
n

e
n

c
m

o
o

c
o

c
n

c
n

c
o

c
n

c
o

v
—

c
m

c
m

o
o

T
f
o

o
c
o

c
o

c
n

c
o

c
M

i
n

c
M

c
o

o
N

S
C

O
i
n

i
-
N

O
)
T

-
0

1
'
-
0

)
U

)
N

O
m

r
-
o

m
c
o

c
o

c
o

c
o

*
-

c
o

e
n

c
m

e
n

e
n

»
o

i
O

M
l
)
W

i
-
o

S
'
-
c
i
o

*
'
-
<

o
i
n

«
i
o

^
e
o

i
n

^
(
M

o
i

C
M

'^
C

M
C

M
C

O
C

M
C

M
C

M
C

M
C

O
C

M
C

M
C

M
C

O
C

O
C

M
C

M
C

M
C

O
C

M
C

M
C

O
^
'C

O
e
n

e
n

r**
^

c
o

^
v
u

i
i
n

i
o

i
n

m
e
n

o
o

o
a

i
s
5

i
i
i
n

o
?

!
?

N
a

)
t
-
a

i
i
i
v
«

M
o

g
i
o

)
«

s
r
i
i
i

O
M

O
)
N

~
o

c
o

N
O

)
.
i
a

o
i
m

.
.
i
f
l
o

o
i
o

o
N

i
-
o

o
c
M

'
-
i
n

c
o

n
N

N
O

N
N

T
-
l
/
)
U

)
O

W
n

i
f
l
N

S
N

O
t
i
-
i
n

O
l
n

N
S

S
i
-
O

O
U

)
0

)
t
-
0

<
-
(
M

a
i
'
-
m

«
C

M
O

i
a

i
«

n
n

i
A

<
O

N
O

(
M

O
'
-
n

N
M

(
M

O
i
o

o
i
o

o
c
M

<
-

N
M

3
g

3
I
A

S
M

D
I
I
)
l
l
)
N

S
<

O
i
n

K
I
I
A

>
O

I
I
I
W

«
n

n
(
\
I
N

<
-
r
T

-
T

-
T

-

a
•
*

-
c
M

in
c
o

c
M

m
c
o

o
c
o

c
M

O
C

M
o

m
e
o

w
c
M

'*
C

M
O

c
n

c
O

't-
e
o

c
n

c
o

*
»

-
_

C
M

<
_

Q
-

0
9

0
I
D

I
D

C
t
M

O
)
S

n
O

)
'-

'-
«

'-
l
f
l
l
f
l
O

V
a

O
O

)
O

O
M

O
M

A
°
0

°
2

m
in

m
'*

e
o

to
in

in
'*

c
o

e
D

c
o

in
«

iic
o

'*
'>

c
f^

-
c
o

'*
e
o

c
o

c
o

c
M

i-
^
-
i-

c
n

T
-
0

'

t
»

0
)
'-

T
-
O

r
-
0

)
»

-
O

I
«

O
N

n
C

M
e
M

i
-
(
O

e
0

0
1

N
O

O
>

<
0

0
^
<

f
i

r
i

m
o

i
N

e
o

o
i
o

n
e
o

o
i
^
n

r
-
o

i
i
i
i
i
o

w
u

i
N

N
^
i
o

^
o

o
o

i
N

O
™

'"
"
"

*
*

v
o

o
K

)
*

*
o

n
i
n

^
^
n

o
o

n
n

c
i
i
w

(
\
i
N

t
M

i
-
i
-
i
-
0

"
n

'
'
"

^
0

)
U

)
N

(
0

(
O

a
O

O
O

O
a

D
O

)
C

M
P

)
0

0
3

U
)
O

S
0

9
0

3
^
N

i
-
i
n

r
^
C

M
i
n

r
^
'a

-
C

M
e
n

t
^
o

c
O

'«
o

c
o

c
o

r
-
'<

-
i
n

'*
t
o

c
o

'a
-
i
n

*
n

n
n

c
M

n
e
o

n
i
-
e
M

*
o

n
n

c
i
i
(
M

N
n

t
-
^
^
T

-
»

-
^
O

M
n

»
'"

™
™

c
o

e
n

m
t
-

c
o

o
o

t
n

r
^
o

o
c
n

c
n

c
o

e
o

-
r
-
o

o
o

c
o

m
^
'C

O
O

C
M

e
D

m
c
o

h
-
a

o
c
D

c
n

c
o

^
-
m

T
-
M
W
i
-
O
O
O
U
l
'
-
N
'
-
'
-
O
^
C
O
'
-
O
O
i
n
O
f
f
l
f
l
t
l
l
O
i
-
N
C
M
O
O

e
M
C
M
C
M
C
M
T
-
C
M
C
M
C
M
C
M
C
M
C
M
C
M
C
M
C
M
C
M
'
^
'
<
-
'
^
-
r
-
'
<
-
'
<
-
'
-
'
-
'
-
i
-
'
-

.
_
.
_
.
_
.
_
.
_
.
_
.
«
.
-
.
-
.
„
.
«
.
«
.
«
.
«
.
«

C
M
C
M
C
M
C
O
C
O
C
O
C
O
C
O
c
o
o
>
e
n
c
n

•
*
•
*
•
*

in
m

m
m

m
m

m
m

m
m

in
m

in
m

in
o

a
o

s
a

a
c
o

c
o

n
e
n

o
>

a
,^

.^
.^

.c
>

O
C

)

C
M

o
o

c
o

c
n

^
-
C

M
o

o
c
o

c
n

^
i
-
C

M
C

o
c
o

c
n

^
-
C

M
C

M
C

M
c
o

c
o

c
D

c
o

c
o

c
o

c
n

c
n

c
n

^
^
'^

'
^

»
c
o

t
o

o
i
^
o

c
o

o
c
D

^
o

c
o

t
o

c
n

^
O

G
O

O
c
o

c
o

n
.
n

o
i
c
n

o
i
^
^
^
o

o
o

g
f

^
i
n

i
n

c
o

r
»

-
^
-
i
n

i
n

c
o

r
-
-
*

i
n

t
f
>

t
O

r
—

^
•
^
•
•
^
•
i
n

i
n

i
n

i
n

i
n

w
c
o

c
o

c
o

r
^
r
—

r—

i
t

s
j
i
c
:
*

:
*

:
:
*

*
*

*
*

*
*

*
*

*
*

*
*

*
:
*

!
!
:
*

*
*

*
*

*
*

*
*

^
i

o
o

o
o

o
i
n

m
m

m
i
n

o
o

o
o

o
o

i
n

o
o

m
o

o
i
n

o
o

m
o

o
i
n

©

1
T

-
T

-
t
-
i
-
r
-
c
v
c
M

M
C

M
N

i
o

i
o

i
n

i
n

i
f
l
»

-
B

i
i
n

'-
(
M

U
>

'-
e
\
i
u

)
»

-
(
M

i
f
l
'-

C
M

!
''

L
U

U
J
U

J
U

IU
J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
U

J
o

o
o

a
a
o

a
a
o

a
o

o
o

o
o

o
o

o
o

o
o

o
o

o
a
a
o

o
a
o

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

i—
l—

i—
i—

i—
•—

i—
i—

i—
i—

i—
i—

i—
I—

•—
i—

»—
I—

I—
I—

I—
I—

I—
i—

I—
I—

l—
I—

I—
»—

C
O

^
O

t
D

N
C

O
^
f
C

M
C

O
^
G

O
O

O
I
^
I
D

O
t
n

N
I
O

I
O

O
l
r
-
n

v
S

C
n

n
c
O

I
A

U
)

o
i
^
n

^
(
P

C
t
i
^
i
o

N
o

i
r
>

o
>

0
'
-
N

O
)
i
\
i
N

T
-
«

c
o

c
o

i
D

o
«

N
<

-
i
a

a
i
c
i
i

»
-
e
M

C
M

C
M

C
M

c
o

e
o

c
o

c
o

e
o

^
,*

t
i
n

i
n

i
n

'»
-
e
o

*
C

M
e
o

*
C

M
c
o

i
n

c
M

c
o

w
c
M

c
o

i
n

©
»

-
e
M

c
o

^
,
r
»

c
n

'-
c
o

i
n

o
o

o
o

o
'
«

f
^
'
i
n

i
n

i
n

c
o

c
o

c
o

c
o

c
o

o
o

©
o

o

c
o

c
o

c
o

e
o

c
o

«
a

•
•
*

•
^
•
*

*
C

M
C

M
C

M
C

M
C

M
C

M
C

M
C

M
C

M
C

M

m
c
o

C
O

O
r
--

c
m

0
0

•*
e
n

e
o

©
•*

o
m

o
i
n

o
i
n

o
i
n

o
o

o
o

o
o

0
0

o
0

0
o

0
0

o

c
o

•*
C

O
•*

C
O

•*
C

O
•*

c
o

•
*

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

C
M

9zc
o

U
J

r
r

IU
J



HEAT 30176, 0.04/min.

TEST SPEC HEAT TEST MODULUS PL 0.02% YS 0.2% YS UTS IE TE RA

nd ND TREATMENT TEMP GPa MPa MPa MPa MPa % % %

22362 85T 1038/760\1h 25 230 379 508 609 729 6.70 24.13 71.32

22363 86T 1038/760\1h 93 209 418 516 592 690 5.11 20.60 71.52

22364 87T 1038/760\1h 204 224 307 461 558 649 3.78 21.15 73.01

22365 88T 1038/760\1h 316 199 334 446 534 610 2.86 19.40 72.09

22366 89T 1038/760\1h 427 214 230 369 501 572 3.08 19.58 71.01

22367 90T 1038/760\1h 538 191 115 223 425 477 1.67 27.50 80.81

22368 91T 1038/760\1h 649 108 143 210 294 310 0.76 38.50 90.99

ALL TEMPERATURES IN °C
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HEAT 30383, 0.8/min.

TEST SPEC HEAT TEST MODULUS PL 0.02% YS 0.2% YS UTS UE TE RA
ND ND TREATMENT TEMP GPa GPa MPa MPa MPa % % %

25431 21 0T AGE/1 OK/482 482 152 330 404 487 552 3.05 19.11 66.57
25432 378T AGE/25K/482 482 224 175 336 451 529 3.68 20.19 68.47
25430 168T AGE/1 OK/593 593 301 173 270 364 391 1.66 33.79 80.39
25429 147T AG E/1 OK/704 704 123 97 155 219 229 1.03 60.82 93.73

ALL TEMPERATURES IN °C
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HEAT 30394, 0.00008/min.

TEST SPEC HEAT TEST MODULUS PL 0.02% YS 0.2% YS UTS UE TE RA

ND N3 TREATMENT TEMP GPa MPa MPa MPa MPa % % %

639T AGE/50K/482 25 230 393 457 537 709 7.26 24.50 62.28

608T AGE/25K/704 25 210 284 320 355 540 16.64 34.15 71.74

638T AGE/50K/482 482 137 238 288 373 417 1.69 30.75 81.54

646T AGE/50K/538 538 87 178 209 271 300 0.93 36.25 86.89

658T AGE/50K/593 593 80 98 122 185 213 1.00 34.50 85.31

623T AGE/50K/649 649 67 42 56 97 128 2.83 44.78 84.50

ALL TEMPERATURES IN °C
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HEAT 30394, 0.0008/min.

TEST SPEC HEAT TEST MODULUS PL 0.02 % YS 0.2% YS UTS UE TE RA

ND ND TREATMENT TEMP GPa MPa MPa MPa MPa % % %

608T AGE/25K/704 25 210 284 320 355 540 16.64 34.15 71.74

639T AGE/50K/482 25 230 393 457 537 709 7.26 24.50 62.28

638T AGE/50K/482 482 137 238 288 373 417 1.69 30.75 81.54

647T AGE/50K/593 538 168 161 225 310 334 1.05 36.72 86.86

659T AGE/50K/538 593 125 87 136 218 245 1.32 39.58 88.65

623T AGE/50K/649 649 67 42 56 97 128 2.83 44.78 84.50

609T AGE/25K/704 704 58 22 32 50 66 1.37 45.65 90.10

ALL TEMPERATURES IN °C
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HEAT 30394, 0.8/min.

TEST SPEC HEAT TEST MODULUS PL 0.02% YS 0.2% YS UTS UE TE RA

to NO TREATMENT TEMP GPa MPa MPa MPa MPa % % %

25428 482T AGE/50K/482 482 184 287 350 438 514 3.45 20.51 72.33

650T AGE/50K/538 538 160 210 279 381 442 2.61 25.5 75.49

662T AGE/50K/593 593 163 168 238 332 377 3.04 29.99 82.8

25426 621T AGE/50K/649 649 164 111 181 280 295 1.24 39.65 87.89

25427 605T AGE/25K/704 704 127 96 138 177 184 1.76 77.11 92.69

ALL TEMPERATURES IN °C
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HEAT 30394, 16.0/min.

TEST SPEC HEAT TEST MODULUS PL 0.02% YS 0.2% YS UTS UE TE RA
l\D to TREATMENT TEMP GPa MPa MPa MPa MPa % % %

652T AGE/50K/538 25 203 140 185 365 659 4.63 25.10 63.12
667T AGE/50K/593 25 239 126 165 329 629 4.12 26.28 64.00
649T AGE/50K/538 538 150 70 105 220 438 2.68 22.70 72.24
661T AGE/50K/593 593 97 49 77 209 312 4.29 22.05 76.16

ALL TEMPERATURES IN °C
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APPENDIX B

DATA FOR DEVELOPMENT OF THERMAL AGING FACTORS

Page title: Elevated temperature (ET) aging with all testing
performed at aging temperature, or elevated
temperature aging with all testing performed
at room temperature (RT).

Temp K: Aging temperature in Kelvin

UTS Factor: Ratio of aged to unaged ultimate tensile strength

YS Factor: Ratio of aged to unaged yield strength (0.2% offset)

P: Parameter or T(log t + 10)/1000,
where T is temperature (K) and t is time (h)

Note: All tests were performed at a strain rate of 0.004/min
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