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EFFECT 0F TEMPERATURE ON THE STRESS-RELAXATION
-RESPONSE OF A PRESSURE VESSEL STEEL *

.-

C. M. Goodwin and R. K. Nanstadt

ABSTRACT

Extensive cracking in the steam generator shells at Indian
Point Station Unit 3 led to questions as to the effectiveness of
the postweld heat treatment (PWHT) used during. fabrication. A
literature review revealed an absence of stress-relaxation data
for the steels of interest, SA-302, grade B, and SA-533, grade B.

This investigation was undertaken to characterize the
stress-relaxation response at various PWHT temperatures and to
determine the correlation, if any, with other measurable proper-
ties, such as hardness. A novel technique utilizing'a closed-
loop thermal-mechanical simulator, the Cleeble 1500, was
developed and used.

After producing a microstructure typical of a portion of
the heat-affected zone (HAZ) of a weldsent, we tested stress
relaxation at eight temperatures, 482, 510, 538, 566, 593, 621,.

649, and 677'C (900, 950, 1000, 1050, 1100, 1150,.1200, and
1250*F). We determined that 20 min (1200 s) inns an adequate ...

test time and that the magnitude of stress measured agreed with
limited literature data for comparable materials. Substantial

stress relaxation was noted at 593*C (1100*F) and abcVe. Post-
test hardness correlated very well with relaxation data.

BACKGROUND

In March 1982, the shells of the-steam generators at Indian Point
Station Unit 3 were found to have extensive' cracking of the girth veld
joining the upper cylinder to the transition cone.1 One steam generator,
number 32, had a .through-wall crack. This weld was different from the
other welds in the steam generators in that it was locally postweld heat

treated (PWHT) rather than furnace heat treated. The shell material was-

identified as SA-302, grade B, low-alloy steel.

Failure analyses ,3 identified the mode of cracking-to be transgranu-2

lar and characteristic of low-cycle cerrosion fatigue. The girth weld heat-.,

affected zone (HAZ) hardness was found to be HRC 39 to 41 (dph 382-402).
Reheat ~ treatment for 1 h at 538 and 593*C (1000 and 1100*F)' reduced hard-,

ness-to HRC 30 to 32-(dph 302-318) and HRC 28 to 29 (dph 28 b294), respec-
tively. These data imply the presence of commensurately high residual

*Research sponsored inr the Office of Nuclear Regulatory Research,
Nuclear Regulatory Commission under Interagency Agreement- 40-543-75 with-
the U.S. Department of Energy under contract DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc.

I

_ _ _ _
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s' tresses in 'the girth weld, which were not relieved by the PWHT applied in
fabrication-of the vessel. These stresses could be: additive to service-
: stresses and could thus reduce the fatigue life. *

1ha investigation was undertaken.to characterize the stress-relaxation "

response of low-carbon manganese-molybdenum steel at various PWHT tempera--
tures and to determine the~ correlation, if any, with other measurable pro-
perties, such as. hardness.

MATERIALS

Actual material from the affected steam generators was not available
for this study, solve tried to locate material with approximately the same

- composition. Table.l shows the specification limits for SA-302 grade B
.

!and the actual steam generator material analysis, competed with the speci-

Heavy Section Steel Technology (HSST) Program." plate 04 from' the ORNL
fication for SA-533 grade B_and the analysis o'

The specifications for
- SA-302 grade B and SA-533 grade B differ only in nickel content, unspeci-
fied in SA-302 and 0.37-0.73 wt % in SA-533. _ The upper-shell material .
from steam generator 32 has a nickel content of 0.50 wt %, so it meets the
specification limits for SA-533, grade B, and is, in fact, essentially -

-
.

Table 1. Specification limits and chemical analyses of
manganese-molybdenum pressure vessel steels

Content (wt %)
f

Element SA-302 grade B SA-533 grade B.

a h a HSST 040Specification Indian, Point Specification

d' Carbon 0.25 max :0.24~ 0.25 max 0.23
,

Manganese 1.07--1.62 1.48 1.07-1.62 1.48
- Phosphorus- 0.035 max '0.011 0.035 max 0.009'

' Sulfur 0.040 max 0.019 ~0.040 max '0.015
Copper- 0.01-0.09 0.12

< Nickel. 0.50 0.37-0.73 0.62
Chromium 0.11 0.14

: Molybdenum 0.41-0.64 0.51 0.41-0.64- 0.49
-. Silicon 1 0.13-0.45 0.25 . 0.13-0.45 0.25
Aluminum- 0.01-0.09 0.03. ,

aProduct analyses, ASME Boiler and Pressure Vessel Code,' IIA, 1983.
,

edition.' '

bCheck analysis of upper shell of steam generator 32,' unit 3,
Indian Point Nuclear. Station.

CCheck analysis of plate 04, HSST Program, reference four.
dLadle analysis.
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identical with HSST plate 04. Material from plate 04 was used for all the
tests in this study. The presence of nickel in that amount indicates that

*
SA-302, grade B (modified), the precursor specification to SA-533, grade B,
was supplied for fabrication of the steam generator.

.

APPROACH

A brief review of the literature, including a very recent comprehen-
ssive compilation of stress-relaxation data revealed an absence of data

for manganese-molybdenum pressure vessel steels. The scope of this
program precluded an extensive investigation using conventional methods,
so a novel technique utilizing a closed-loop thermal-mechanical simulator,
the Gleeble 1500, was developed and used.

The Gleeble 1500 is a computerized testing device, which precisely and
independently controls thermal and mechanical operations on a bulk speci-
men. The specimen is heated by its resistance to the flow of electrical
current, and mechanical loading is by a servo-hydraulic loop. The system
is shown in Fig. 1.
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Fig. 1. Gleeble 1500 thermal-mechanical simulator.

.-._, _ _ . _ . _ . - _ . . _ _ . . . _ _ _ _ . _ _ _ _ . . . _ . _ _ . _ _ . _ _ . . _ _ _ _ . . _ _ _ _ _ . _ , _ _ _ . . _ _ . . . _ _ . _ _ _ _ . _ _ .



-. . - _. - . . _ - . - - -- .- . .~ --

. ~

4 I

-The technique used in this study first involved producing a micro-
structure in the specimen typical of a portion of the HAZ of a weldsent.

*-This was done~by imposing'a thermal cycle on the gage section of the
6.3-am-dias (1/4-in.) rod specimen with peak temperature and heating and'

. cooling rates representative of a real weldsent. The thermal cycle
*

selected, shown in Fig. 2 and detailed in the appendix, has a peak ten-
,

perature of 1093*C (2000*F) and.a cooling rate approximately in the middle
of the range investigated by Klumpes in his study of similar materials.6
According to Lundin's results,7 the curve should pass through a portion of
the bainite nose on cooling, but the resulting untempered hardness, RC 484

L (dph 489), suggests essentially 100% martensite.8 The microstructures as
received-and untempered, that is, treated at 1093*C (2000*F) but with no

I stress relief,:are shown in Fig. 3. The as-received (quenched and ten-
pered) microstructure appears to be composed primarily of tempered beinite
with possibly some. retained austenite. We do not know from which depth in
the 300-mar-thick .(12-in.) plate the material was removed. The simulated
HAZ microstructure is much finer because of the short time in the austenit-
ization range; it consists primarily.of martensite and lower bainite.

; More detailed microstructural investigations are planned with these
materials. 'Ihe detailed program for the thermal cycle is appended to this
; report.

:

'After the simulated HAZ structure was produced and the specimen was -

cooled to room temperature, stress-relaxation testing was performed.
: Eight temperatures were used, 482,' 510, 538, 566, 593, 621, 649, and -

677'C, (900, 950, 1000, 1050, 1100, 1150, 1200, and 1250*F). The;

ORNL-DWG 83-19315R -
,

1 I I l' i l i i
1093

| :- (2000)
~

i

**- - 6

816
(1500)

-

_

u. E +

h 4 E _ ,

;
*

, . 538
~

: 2
* (1000) 9

z,
W

2 h_
~

260 .

L (500)
-o.

I I I l I'O l .

O 25 50 75 '100 0 10 20 30 1200-
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,

' Fig. 2. Thermal-mechanical cycle used in stress-relaxation tests.
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Lprogram, which is shown schematically in Fig. 2 and detailed in the appen-
dix, involves heating to the test temperature in 10 s, equilibrating 10 s,

*. loading to 2.mm extension linearly in 5 s, and then holding at this exten-
sion for a minimum of 1200 s-as the load decays.

.

lbs extension of 2 um was chosen to assure that yielding occurs at

temperature.. The standard Cleeble specimen is approximately 100 mm (4 in.)
in length with. threaded ends, but only the central _ portion (about 12 mm)

.is-heated'to temperature. The 2 mm extension-is thus equivalent to about
2% strain overall or roughly 16% in the heated section, if it accommodates
most of the deformation.

RESULTS AND DISCUSSION

The data obtained are given in Table 2.and shown graphically in
Figs. 4 through 6. Initial stress ao and relaxed stress after 1200 s
a20 were calculated by dividing the respective loads by the cross-
sectional area measured after test. This takes into account the reduction
of cross section by the loading and the presumably small additional reduc-
tion of area resulting from creep and relaxation during the test. - This
approach is validated by the observation that the highest test ten- .

perature, 677'C (1250*F), resulted in a total area reduction measured
after test.of-only 8.6% at the midpoint of the specimen gage length. - The .

total reduction includes loading and creep relaxation. This. indicates a
small effect of total cross-sectional area change on calculated initial
stress, so the contribution of creep during test is very likely negligible.

Note from Fig. 4 that, for all temperatures,'the 1200-s-test duration
is sufficiently'long to permit the relaxation rate to become very low.

A' thermal ramp test determined the temperature at which zero. strength.
occurs,1 inferred to be the onset of melting, to be 1380*C (2516*F), so the
test temperatures are 'approximately 0.46 to 0.57 times the absolute

. melting temperature.

.

The magnitude of the ' stresses measured agrees with British data on
Cr-Mo-V steel,9 which show 75.2 MPa (10.9 ksi) remaining stress 1after
1200 s -at 704*C (1300*F) compared wit'h 110.3 MPa (16.0 ksi) at 677'Ci

-(1250*F) in this study. The high values of initial stress at all tem-'

peratures confirm that loading to above yield strength was accomplished7qj
.for all test conditions."

J

The relaxation data are shown in the conventional form, c/co vs log ,

; time, in Fig. 5. No explanation is offered for the crossover of the data-, _

for 593 and.621*C (1100 and 1150*F), but it is' apparent from the plot that. *

2593*C is the temperature at which substantial stress relaxation begins.

Table 3 gives the hardness values measured on theLtested specimens.
Figure 6 compares the remaining ^ stress-after 1200 s, o20, with hardness as-
a function of test temperature. The correlation is excellent, and above
593*C (1100*F) both quantities are significantly reduced. Also shown on
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Table 2. Stress relaxation in ASME SA-533, grade B,_ steel

(All tests performed on a Gleeble model 1500 after. initial exposure to 1093*C (2000*F) peak
temperature thermal cycle and cooled to room temperature; 00 = initial stress;

020 = stress remaining after 1200 s).
.

Temperature Stress [MPa (ksi)] 020/00 TiBe (s) CO VariCus fractions Of 00

(*C) (*F) co c20 - 0.9 0.85 0.8 0.75 C.7 0.6 0.5 0.4 0.3

482 900 440 (63.9) 345 (50.0) 78 26 161 661 >1200 >1200 >1200 >1200 >1200 >1200

510 950 449 (65.1) 348 (50.4) 78 15 85 451 >1200 >1200 >1200 >1200 .>1200 >1200 y

538 1000 434 (63.0) 321 (46.5) 74 14 70 253 808 >1200 >1200 >1200 >1200 >1200

566 .1050 439 (63.6) 321 (46.5) 73 12 42 132 468 >1200 >1200 >1200 >1200- >1200

593 1100 467 (67.7) 301 (4'! 6) 64 6 16 54 111 >1200 >1200 >1200 >1200 >1200

621 1150 416 (60.4) 234.(33.9) 56 8 22 42 71 131 615 >1200 >1200 >1200

649 1200 434 (63.0) '185 (26.8) 43 2 4 6 12 23 89 380 >1200 >1200

677 1250 438 (63.5) 110 (16.0) 25 0.5 1 2 4 8 22 72 192 549
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Table 3. ' Hardness of stress-relaxation specimens

(Average of three readings made with Kentron
-diamond pyramid microhardness tester)

Test temperature Hardness
(d h)P(*C) (*F)

,

Untempered 489

482 900 356

510 950 362

538 1000 369

566 1050 355

593 1100 358
. .

621 1150 328
.

649 1200 298

677' 1250 250
-

e

ie* * 4 9 p- r e- -k vr r- w' - -
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the plot are the average initial stress ao [439.9 MPa, (63.8 ksi)], the
untempered hardness (489 -dph), and the peak HAZ hardness ceasured on the
' failed steam generator, as removed from service (382-402 dph) and after -

heat treating I h at 538'c (1000*F)-(303-318 dph) and at 593*C (1100*F)
(286-294 dph). .

Optical metallography showed no observable changes in microstructure
from the untempered condition [ Fig. 3(b)] for any of the stress-relaxation
test conditions.

.

CONCLUSIONS

On the basis of this study, we can make the following statements. The
Gleeble 1500 can be successfully used to assess stress-relaxation behavior.
For the material of interest [SA-302, grade B (modified with 0.5 N1);
SA-533, grade B] and the temperatures studied, 482 to 677'c (900-1250*F),
a - test can be accomplished in 1200 s relaxation time. The magnitude of
stresses measured agrees with the very limited literature data. Substan-
tial stress relaxation occurs at 593*C (1100*F) and above.. Posttest hard-
ness correlates very well with the relaxation data. Although toughness
was not addressed in this investigation, the high hardness-of the service ,

weld and of the lower temperature stress-relaxation specimens indicate that
it would be prudent to characterize the toughness of these materials as a ,

function of PWHT temperature.
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Appendix
, . .

!] 'GLEBBLE PROGRAM FOR THERMAL CYCLES

The programs detailed in this appendix are the actual thermomechanical
programs use to produce the simulated heat-affected zone and to perform
the struss-relaxation tests.

* THIS IS A THERMAL CYCLE PROGRAM TO SIMULATE A HEAT AFFE"TED ZONE.IN STEELS.
* ACTL* t. TEMPERATURE-RED CURVEl PROGRAMMED TENPERATURE-BL AC:' CURVE.
* CHor f SPEED - 10 CMiMIN. ! EDTH CHANNELE SET A TV.
* 2OwO DEG. C FULL GCALE.
* SEPT.21,1933 i RWR
MECHANICAL RANGE = 0 - 10
PT. TIME TEMP MODE MECH f1O. OF RETURf1 CONTROL

LOOPS FOtNT SWITCHES ON
0001 1 000:01.000 ! 0000 ! 00.000 ! ---- '' t 2----

0002 i 000:01.000 : 0000 ! : 00.000 ! ---- ; - - - - : 0,2
0003 ! 000:01.000 t 0020 1 00.000 i - - - - | ---- 0,2
0004 8 000:01,000'! 0057 | | 00.G00 : ---- ---- 0,2
0005 i 000:01.000 ! 0125 ! 00.000 : ----- 1 0, 2

. 0006 : 000:01.000 : 0222 1 : 00.000 ! 1 ---- 0,2
0007 1 000:01.000 1 0309 i | 00.000 i ---- ; ---- * O.^
0008 : 000:01.000 ! 0645 : ! 00.000 ---- : -- - ' 0,2

* 0009 i 000:01.000 ! 0844 8 ! 00.000'i ---- : ---- i 0,2
0010 : 000:01.000 f 0953 1 1 00.000 ---- ; ---- : 0,2.,

0011 I 000:01.000 1 1023 : : 00.000 ! ---- ---- 1 0,2
0012 : 000:01.000 I 1064 1 ! 00.000 ! ---- 1 ---- 1 0,2
0013 : 000:01.000 ! 1089 ! 00.0.0 : ---- ' ---- 0. 2
0014 000:00.500 t 1093 I i 00.000 | - - - - I - - - - - ' O,2.

0015 1.000:00.500 1 1091 1 : 00.000 : ---- 1 ---- : 0,2
0016 : 000:01.000 t 1071 : 1 00.000 ! ---- ! ---- : 0,2
0017-| 000:01.000 ! 1057 : i 00.000 : : : 0,2
0018 I 000:02.000 1 0997 1 00.000 ! : ! O.2
0019 i 000:02.000 ! 0936 I |-00.000 ---- | ---- | 0,2
0020 : 000:02.000 ! 0874 : : 00.000 | ---- ; ---- : 0,2
0021 ! 000:02.000 ! 0826 ! ! 00.000 i ---- 1 - - - - 1 0,2
0022 i 000:02.000 l'0703 i ! 00.000 1 ---- ! ---- ! O,2
0023'I 000:02.000 t 0745 I ! 00.000 ---- I ---- ! O,2
0024 t 000:02.000 ! 0710 1 ! 00.000 ! I i 0,2
0025 1 000:02.000 f 0678 1 1 00.000 1 ---- 1 ---- ! O,2
0026 ! 000:05.000 0601 1 00.000 1 ---- - - - - .

* O,2
0027 i 000:05.000 8 0541 : I 00.000 1 ---- 1 ---- i 0,2
0028 : 000:05.000 1 0494 : ! 00.000 i --~~ ! ---- 0,2
0029 .000:10.000 1 0418 ! l 00.000 ! ---- ! ---- 1 0,2
0030 i 000:30.000 : 0000 t i 00.000 i ---- I ---- | 0,2
0031 i 000:02.000 i 0000 1 : 00.000 : ---- ! ---- 'l

END OF TAPLE
%

b
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*THIS IS A LOAD RELAXATION PROGRAM ON A A-533 NATERIAL FOR G.M. GOODWIN. !.
* RED CURVE, ACTUAL TEMP.. SET AT 2V.I BLUE CURVE,STROLE, SET AT 2V. [ .

+CREEN CURVE, FORCE OR LOAD, SET AT SV. CHART SPEED-4 CM/M!N.. '-'ls
+ SEPT.21,1983 I RNR p ,
MECHANICAL RANGE = 0 - 10

. .

PT. TIME TEMP MODE MECH NO. OF RETURN CONTROL ~ l.'
LOOPS POINT SWITCHES ON

0001 f.000:08.000 i 0000 t i 00.000 ! I ---- t 1,2,3
0002 : 000:02.000 ! 0000 t ! 00.000 : ---- ---- : 0,1,2,3 ~ ~ ' ' ,
0003 : 000:10.000 | 0649 1 ! 00.000 : ---- 1 --- -| 0,1,2. 0 [,
0004 : 000:10.000 ! 0649 ! 00.000 | ---- ! ---- | 0,1,2,3 j.4

~ ]0|
0005 t 000:05.000 : 0649 ! 00.200 1 ---- ! ---- 1 0,1,2,3
0006 I 030:00.000 ! 0649 i | 00.200 i ---- | ---- 1 0,1,2,3
0007 : 000:02.000 0000 1 00.200 ---- : ---- t _ j..

'END OF TABLE
r1_r

s

,

e

,



If ' n
-_.

,,

i

15

NUREG/CR-3728
* '

- ORNL/TM-9149

' || ~ Distribution
Category R5

INTERNAL DISTRIBUTION'

1-2. Central Research Library 22. A. P. Malinauskas3. ' Document Reference Section 23. J. G. Merhie4-5. Laboratory Records Department 24. M. K. Miller6. Laboratory Records, ORNL RC 25. S. E. Moore7. ORNL Patent Section- 26--30. R. K. Nanstad8... Nuclear Safety Information Center 31. N. H. Packan9. F. T. Binford 32. C. E. Pugh10. K. W. Boling 33. .P. L. Rittenhouse11. J. M. Corum 34. G. C. Robinson12. W. R. Corwin 35. M. Siman-Tov13. M. K. Ferber 3(. G. M. Slaughter14.- Uri Gat 37. R. W. Swindeman-*. 15-19. G. M. Goodwin- 38-40. P. T. Thornton20. J.-P. Hammond 41. G. D. Whitman-' *
;* 21. J. A. Horak

EXTERNAL DISTRIBUTION

42-47. NRC, Office of Nuclear Regulatory Research, Washington,' DC 20555
D. E. Smith

.

Technical Monitor

DOE, ' Oak Ridge Operations Of fice, P.O. . Box E, Oak Ridge, TN 3783148.

Assistant Manager, Energy Research and Development

49-50. DOE, Technical Information Center, P.O. Box 62, Oak Ridge, TN 37831
,.51-401. For Distribution Category R5(10 - NTIS)

..

,.-

G .-~___-___.-_..-_.---------.__----.-__-.___--__L - - _ - - - _ - - _ . _ . - _ - - _ ._ _ _ . - . . _ _ . - - . _ . _ - - - - - . - - - _ _ . - - _ . - - . - - _ _ - - - _ _ . _ _ . . . _ - - _ - _ - _ _ . -

'



.

d

'O
GCR-3N8

#U.S. NUCLEAR REGULATORY COMMISSION

BIBLIOGRAPHIC DATA SHEET ORNL/TM-9149 /
|4. TITLE AND SU8TSTLE (J *d Votunse Na, of soproorrate) 2. (Leave ble'k)

'

EFFECT OF TEMI- TURE ON THE STRESS-RELAXATION RESPONSE /
' - 0F A PRESSURE V SEL STEEL 3. RECIPIENT'S ACCESS N O.

7. AUTHOR (Si 5. DATE REPORT CO[PLETED
G. M. GOODWIN AND K. NANSTAD MONTH / | YEAR

Sep,tember / 1984
9. PERFORMING ORGANIZATION NA E AND MAILING ADDRESS (Include les Codel DATE REPOF}f ISSUED

MARTIN MARIETTA ENERGY YSTEMS, INC. MONTH
/ I"^"

0AKRIDGENATIONALLABO% TORY ,

P. O. BOX X \ 8'L'*"'7*#OAK RIDGE, TENNESSEE 378
3. 7L,,, ,,,,,,

12. SPONSORING ORGANIZ ATION NAME AND At LING ADDRESS (tactude 2 0 Code /
DIVISION OF METALS AND CE CS 10.P JECT / TASK / WORK UNIT NO.

OFFICE OF NUCLEAR RFGULATORY SEARCH
M RN NOU.S. NUCLEAR RFGULA10RY COMMIS ON

WASHINGTON, DC 20555 B0103
,

>

13. TYPE OF REPORT PE RIOD COVE E D (inclus,ve defrst

Topical

15 SUPPLEMENTARY NOTES 14 (Leave ots,4;,

16 ABSTR ACT (200 w<"ds or lessi,

Extensive cracking in the steam genera or shell at Indian Point Station Unit 3
led to questions as to the effectiveness of e pos eld heat treatment (PWHT) used
during fabrication. A literature review reve41ed n absence of stress-relaxation
data for :he steels of interest, SA-302, grade , and SA-533, grade B.

This investigation was undertaken to chara rize the stress-relaxation response
at various PWHT temperatures and to determine e orrelation, if any, with other
neasurable properties, such as hardness. A n vel chnique utilizing a closed-?.o,p
th rmal-mechanical simulater, the Gleeble 15 , was eveloped end used.

Af ter producing a microstructure typi al of a pot' ion of the heat-affected zone
(HAZ) of a weldment, we teated stress rel ation at ei t temperatures, 482, 510,
538, 566, 593, 621, 649, and 677*C (900, 950, 1000, 105 - 1100, 1150, 1200, and
1250*F). We determined that 20 min (12 s) was an adequ te test time and that the
ragnitude of stress measured agreed wi limited literatur data for comparable

citerials. Substantial stress relaxa ion was noted at 593* (1100*F) and above.
Post-test hardness correlated very w 11 with relaxation data.

17. KE Y WORDS AND DOCUME NT AN ALYSIS 174 DE SC RIPT ORS

e

.

17b IDENTIFIE RS OPE N ENDE D TERUS

18 AV AILABILITY ST ATEMENT 19 SECURITY CLASS ITN recorrt 21 NO OF P AGE S
UNCLASSIFIED

UNLIMITED 20 SE CURITY CL ASS ITN per/ 22 PRICE
UNCIASSIFIED s

Nac scRu sas m an

_ _ _ _ _ _ . _ _



*

i

)
.

m

12055307dd77 1 1ANIRE'
'US ;&C

A9"-0 V JF T If10
Y f. PUS 4Gy gp_pgg qgqgg(;']

h' A S H i lf G T 37 OC 20555

-

k

s


