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1. The NRC Putu. Document Room,1717 H Street, N W , Wastungton, DC 20555
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DC 20555
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tions, it is not miended to be exhaustive.

Referenced documents avadable for mspecton and copymg for a fee from the NRC Pubhc
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tmsson issuances.

Documents avadable from the National Technical Informaton Servce mclude NUREG seres
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tory process are mantamed at the NRC Library, 7920 Norfolk Avenue, B6thesda, Mary-
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usually copyrighted and inay be purchased from the ongmatmg orgarazaton or, if they are
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way, New York, NY 10018
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FOREWORD
,

- . The work prepared here was performed at Oak Ridge National Laboratory
'

. ,

(ORNL) under sponsorship of the U.S. Nuclear Regulatory Commission's (NRC)t

Heavy-Section Steel Technology Program, which is directed by ORNL. The
program is conducted as part of the ORNL' Pressure Vessel Technology. .

Program, of which C. E. Pugh is manager. The manager for the NRC is
Milton Vagins. '

This report is designated Heavy-Section Steel Technology Programs

Technical or Programmatic Manuscript 37. Prior reports in this series are
i listed below: .

i 1. A Guide for Material Control and Data Control for ti:e Heavy-
. Section Steel Technology Program (prepared by the ORNL Inspection
Engineering Department), Oak Ridge National Laboratory, June 15, 1968.

2. C. L. Segaser, System Design Description of the Intermediate
Vessel Tests for the Heavy-Section Steel Technology Program, ORNL/TM-2849,
revised, July 1973.

3. HSST Intermediate Vessel Closure Analysis, Technical
Report E-1253(b), Teledyne Materials Research Company, Waltham, Mass.,, '

; Mar. 25, 1970. s

| 4. C. L. Segaser, Fersibility Study, Irradiation of Heavy-Section
f Steel Specimens in the South Test Facility of the Oak Ridge Research

Reactor, ORNL/TM-3234, May 1971.
'

5. D. A. Canonico, Tmnsition Tempenture Considentions for
Th{ok-Fall Nuclear A easure 'Yessels, ORNL/TM-3114, October 1970.

6., F. J. Witt and R. G. Berggren,- Size Effects and Energy
i Disposition in Impact Specimen Testing of ASTM AS33 Gmde B Steel,,

, ORNL/TM-3030, August 1970.
*

7. G. D. Whitman and F. J. Witt, Neavy-Section Steel Technology
Progmm, ORNL/TM-3055, November .1970.

8. D. A. Canonico and R. G. Berggren, Tensile and Impact Properties
{ of Thick-Section Plate and Feldmence, ORNL/TM-3211, January 1971.
i 9. J. G. Merkle, L. F. Kooistra, and R. W. Derby, Interpretations of
' the Drop Weight Test in Terms of Stmin Tolemnae (Gross Stmin) and

Fmoture #dohanics, ORNL/TM-3247, June 1971.,

10. 'J. G. Merkle, A Review of Some of the Existing Stress Intensity
Factor Solutions for Rxrt-Through Surface C m oks, ORNL/TM-3983,

] January 1973.
i 11. N. -Krishnamurthy, Three-Dimensional Finite Element Analysis of

Thick-Walled Vessel-Nossia Junctions with Curved Tmnsitions, ORNL/TM-3315,
July 1971.

12. C. E. Childress, Manual;for ASTM AS33 Gmde B Class 1 Steel ^
(HSST Plate 03) Provided to the International Atomic Energy Agency,
ORNL/TM-3193, March 1971.*

13. G. C. Robinson, Discussion of SURI Model Rxrametrio Tests,
ORNL/TM-3313, June 1971.

14. F. J.'Witt,'The Equivalent Energy Method for Calculating
Elastic-Plastic Fracture (cancelled).

15. R. W. Derby and C. L. Segaser, Quality Aseumnos Program Plan,
Intermediate vessel Test Facility (#SST Program), ORNL/TM-3373, May 1971.-
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16. C. W. Hunter and J. A. Williams, Fracture and Tensite Behavior

of Neutron-Irradiated AS33-B Pressiae Vessel Steet, HEDL-TME-71-76,
-Hanford Engineering Development Laboratory, Richland, Wash., Feb. 6, 1971.

17. A. A. Abbatiello and R. W. Derby. Notch Sharpening in a Large
Tensile Specimen by Local Fatigue, ORNL/TM-3925, November 1972.

18. S. A. Legge, Effects on Fmeture Mechanics Pttrameters of
I Displacement Measurement Geometry for' Varying Specimen Sines, WCAP-7926,

Westinghouse Electric Corp., Pittsburgh, June 1972.
19. F. J. Witt and T. R. Mayer, A Procedure for Determining Bounding

Valuaa on Fracture Toughness XIc at Any Tempe n ture,.0RNL/TM-3894,
October 1972.

20. J. G. Merkle, An Elastic-Plastic Thick-Walled Hollow Cylinder
Analogy for Analysing the Strains in the Plastic Zone Just Ahead of a

;

Notch Tip, ORNL/TM-4071, January 1973.
21. K. K. Klindt and D. A. Canonico Evaluation of Discontinuities

in NSST Twelve-Inch-Thick Plate, ORNL/TM-4155, June 1973.
22. S. A. Legge, Analysis and Experimental Verification of the

Thernnzt Behavior of a Four Inch Steet Section Undergoing Heating,
WCAP-8022, Westinghouse Electric Corp., Pittsburgh, December 1972.

23. R. W. McClung, K. K. Klindt, and K. V. Cook, "An Evaluation of
the PVRC and EEI-TVA Programs for Pre- and In-Service Nondestructive

*

Examination of Nuclear Pressure Vessels" (draf t, June 1973), transmitted
i with cover letter from G. D. Whitman to Director, RRD, USAEC, July 1973.

24. G. C. Robinson, J. G. Merkle, and R. W. Derby,' " Fracture
Initiation Aspects of the Loss of Coolant Accident for Water Cooled
Nuclear Reactor Pressure Vessels" (draft), transmitted from D. B. Trat.ger
to H. J. C. Kouts, USAEC, Subject: Thermal Shock Report - HSST Program,

,

September 1973.
25. W. K. Wilson and J. A. Eagley, Variable Thickness Study of the

Edge Cracked Bend Specimen, WCAP-8237, Westinghouse Electric Corp.,
Pittsburgh, November 1973.

26. J. A. Williams, Some Consnents Related to the Effect of Rate on
the Fmoture Toughness of Irm diated ASTM ASS 3-B Steet Based on Yield
Strength Behavior, HEDL-SA 797, Hanford Engineering Development Laboratory,
Richland, Wash., December 1974.

*

27. S. C. Grigory, Heavy Section Steel Progmm Tests of 6-Inch-Thick
Tensite Specimens, Sixth Technical Sunamtry Report, swr 1 Project 03-2520,
Apr. 19, 1974.

28. H. H. Bellucci, Three-Dimensional Elastic-Plastic Stress and

Stmin Analyses for Fracture Mechanics: Complex Geometries,
Report 09177 (TR 75), MARC Analysis Research Corp., Palo Alto, Calif.,
November 1975.

29. Richard Smith, Veld Re
Program Vessci V-7, EPRI NP-179, pair of Heavy Section Steet TechnologyElectric Power Research Institute,
Palo Alto, Calif.; ORNL/Sub/88242-76-1, prepared by W. D. Goins and
D. L. Butler, Combustion Engineering, Inc., Chattanooga, Tenn.,

'

August 1976.
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30. C. W. Smith, M. Jolles, and W. H. Peters, Stress Intensities

for #ossie Cracks in Reactor Vessels, VPI-E-76-26, Virginia Polytechnic-

Institute and State University, Blacksburg, Va.; ORNL/Sub/7015-1,
November 1976.

31. C. W. Smith, W. H. Peters, W. T. Hardrath, and T. S. Fleischman,-

Stress Intensity Distributions in Monate Corner Cracks of Complex
Ceometry, VPI-E-79-2, Virginia Polytechnic Institute and State University,
Blacksburg, Va.; ORNL/Sub/7015-2, NUREG/CR 0640, January 1979.

3 2. ' G. A. Clarke, An Evaluation of the Untoading Compliance
Procedure for J-Integn t Testing in the Hot Cell, Final Report,
Westinghouse Electric Corp., Pittsburgh, ORNL/Sub-7394/1, NUREG/CR-1070,
October 1979.

33. W. R. Corvin, Assessment of Radiation Effects Relating to
Reactor Pressure Vesset Cladding, ORNL-6047, NUREC/CR-3671, July 1984.

34. H. A. Domian, Vessel Y-8 Repair and Pr3pa ntion of Lou
Upper-Shelf Feldment, ORNL/Sub/81-85813/1, NURE~,/CR-2676, prepared by
Babcock and Wilcox Company, Alliance, Ohio 44601, June 1982.

35. H. A. Domian, Vessel V-7 and.V-8 Repair Chancterisation of
Insert Material, ORNL/Sub/82-52845/1, NUREG/CR-3771, prepared by Babcock

| and Wilcox Company, Alliance Ohio 44601, May 1984.
| 36. J. J. McGowan, Tensite Properties of Irradiated Nuclear Grade

Pressure Vessel Felds for the Third HSST Irradiation Series, ORNL/TM-9477,
NUREC/CR-4086, in preparation.
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TENSILE PROPERTIES OF IRRADIATED NUCLEAR GRADE PRESSURE VESSEL
'

PLATE AND WELDS FOR THE FOURTH HSST IRRADIATION SERIES*

.

' J. J. McGowan
:

ABSTRACT
,

The Heavy Section Steel Technology (HSST) program office is
conducting a number of experimental series to determine the effect'

of neutron irradiation on the fracture toughness of nuclear pres-
sure vessel materials. One plate (HSST plate 02) and four welds
of A 533 grade B class 1 steel were examined here as part of the
Fourth Irradiation Series. The welds were made by current (about
1979) practices.

As part of this study, tensile properties were measured
after irradiation to 2 x 1023 neutrons /m2 (>l MeV) at 288'C. The,

strength of all four velds increased with irradiation. Yield>

strength was about 10% more sensitive to irradiation than was*

ultimate strength. Tensile ductility was not affected signifi- !

cantly by irradiation.

; INTRODUCTION

- The Heavy Section Steel Technology (HSST) program is sponsored by the
i U.S. Nuclear Regulatory Commission. One of its objectives is better' in-
| sight into the mechanisms that could embrittle reactor pressure vessels
i during neutron irradiation. To assess material behavior, the HSST program
i office at ORNL irradiated specimens to produce a variety of conditions

representing those in reactor environments.

| The HSST Fourth Irradiation Experiment was conducted to examine the
i effects of neutron irradiation on the fracture toughness of nuclear pressure
i vessel welds made by current (about 1979) practice. Tensile, fracture, and

impact specimens were irradiated in ORNL's Bulk Shielding Reactor at 288*C
to a target fast-neutron fluence (>l MeV) of 2 x 1023 neutrons /m . .The2

- objective of the work reported here was to assess the tensile properties of
a plate and four welds irradiated in the HSST Fourth Irradiation Experiment.,

1

EXPERIMENTAL;

MATERIALS AND SPECINENS
|

! Four submerged-arc welds were made in A 533 grade B class 1 base ma-,

terial by current (about 1979) practice. They are hereinaf ter referred to
as 68W, 69W, 70W, and 71W. The weld parameters are summarized in Table 1

,

i

l
1 1

_ .. _ _ ._ - .- __ _ __ ._. _ _ _ _ . _ _ _ .
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2 )

)
,

(ref s. l ' ar.d 2). One plate of A 533 grade B class 1 steel, hereinafter ),

referred to as plate 02, also was studied. The chemical compositions of .

the materials in this study are given in Table 2.

|-

Table 1. Weld parameter summary

Postweld heat
#** "*"

HSST Manufac- Thick-
anufac- "*

weld turer's ness Comments
""#** flux Tempera-

code code (m) Time
ture (h).C)

68Wa CE for CGS 0.178 91 621 25 Straight-

EPRI wall groove

69Wa CE for CHS 0.300 91 621 25 Double-U
| EPRI groove,

cylindrical
,

constraint>

70Wh 3&W MK-W-124 0.175 124 607 48 Double-V
groove

71Wh B&W MK-W-80 0.175 80 607 48 Double-V ,

groove
!

GSouros: T. V. Marston et al., Fracture Toughness of Ferritic .

Materials in Light-Water Nuclear Reactor Vessels, MHL-75-152, pp. 47-48,
Combustion Engineering, Inc., Chattanooga, Tenn., October 13,.1975.

;
'

h ouros: A. L. Lowe, Jr., and J. I. Qureshi, Fabrication of FeldmentsS
Using Linde 80 and Linde 124 Weld Fluxes for HSST Irradiation Program,.
BAW-1537, sabcock and Wilcox Nuclear Power Group, Lynchburg, Va., June 1981.

Table 2. Chemical composition of plate 02 and submerged-arc welds

| Average composition
bE

Material

! C Mn P S Si Cr Ni Mo Cu V'

Plate 02 0.23 1.55 0.009 0.014 0.20 0.04 0.67 0.53 0.14- 0.003

Weld 68W 0.15 1.38 0.008 0.009 0.16 0.04 0.13 0.60 0.04 0.007

Weld 69W 0.14 1.19 0.010 0.009 0.19 0.09 0.10 0.54 0.12 0.005 i
,

4

Weld 70W 0.10 1.48 0.011 0.011 0.44 0.13 0.63 0.47 0.056 0.004

*

Weld 71W 0.124 1.58 0.011 0.011 0.54 0.12 0.63 0.45 0.046 0.005

i

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

'

3
,

I' The orientation of all tensile specimens was weld transverse. Mini-
ature tensile specimens were used (Fig. 1). The specimen size and design*

,

were dictated primarily by the physical space available for irradiation.

'

i. *
ongt.ons sec m n,

}- - 4.52
+ 10 , DIAMETER

g
RADIUS7

J tV a

10
,

r , p, +

31.75 j

: 55 :

j

DIMENSloN S IN MILLIMETERS,

4

Fig. 1. Tensile specimen configuration.

TEST APPARATUS AND DATA ANALYSIS
,

' ~

Three testing machines were used: two 45-kN Instrons and one 490-kN
MTS. All unirradiated testing was performed with the Instron systems, and
the irradiated testing was performed with the MTS system. The unirradiated-

specimens were heated for testing at elevated temperature by a bath of
water-soluble oil and were cooled for testing at low temperature by a bath4

j of isopentane and dry ice. All the irradiated specimens were tested at
! room temperature or above.in an air furnace. All testing was performed at

a crosshead rate of 0.5 mm/ min. Crosshead displacement versus load was
: recorded during each test, and the 0.2% offset yield strength was measured

from that trace. Errors in yield strength determined from crosshead
displacement (instead of extensometer movement) were established at less

: than 3% by use of an extensometer at room temperature. Upon completion of
i the test, neck diameter and final length were measured on each specimen.

Unitradiated specimens were measured with vernier calipers; irradiated
specimens were measured with a digital toolmaker's microscope. The uniform
strain was determined from the plastic displacement to maximum load on the'

; trace of load versus crosshead motion.-

RESULTS AND DISCUSSION

.

The tensile properties for unirradiated and irradiated asterials are
summarized in Tables 3 and,4, respectively. . Preirradiation strength and
ductility values are similar for the five materials, with weld 69W 20 to,

' 30% stronger than the other welds.

,

'

, -, - . . - .- ~ . - ,
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4

Table 3. Tensile properties of unirradiated weld and plate specimens

.

*** Total
Yield Ultimate Uniform Reduction

' te*Pera- elonga-Specimen strength strength strain of area , ,

EI**
""[*' (MPa) (MPa) (%) (%)

*

,

68W1 -140 772 821 9.3 69.0 18.9.

! 4 -140 816 847 11.6 67.0 20.3
8 -40 588 693 9.7 72.7 20.5
12 124 519 599 5.5 72.1 13.6

: 13 287 497 624 7.4 73.1 15.9
j 14 287 493 618 6.9 72.8 15.2

1 69W1 -140 873 927 12.4 65.8 21.5 i

2 -90 -737 838 10.1 66.2 20.8 4

3 -40 678 780 9.2 69.9 17.34

4 27 642 723 7.6 68.3 16.2
5 123 600 688 6.5 68.0 13.9
7 204 571 696 7.3 67.4 14.8 ,

8 287 572 714 9.1 59.2 16.3
10 -140 849 920 9.8 67.2 18.3
11 -40 679 779 8.4 67.9 16.8

i 16 27 635 721 6.8 71.1 15.4 -

| 19 122 601 ~681 .5.9 70.5 13.6
4 20 287- 582 708 6.8 60.5 13.4
; ,

! 70W1 -140 686 809 18.4 57.1 26.0 |

2 -90 -574 715 11.8 64.2 23.3
j 3 -40 524 658 11.5 68.0 22.4

4 27 480 593 10.3 68.1 .19.8
. 5 122 453 558 8.3 68.8 16.1
| 6 203 436 561 7.3 66.7 '15.8

9 .287 436 578 8.1 65.5 15.4'

11 -140 664 784 12.7 62.7- 22.9
12 -40 525 655 12.0 67.2 21.2
15 27 476 594 9.1 69.4 18.2
17 124 452- 556 8.3 67.8 16.9

'
18 288 429 573. 8.4 64.1 16.3

,

71W1 -140 669 795 13.7 60.8 21.9
^

|- -2: -91 566 718 13.4 ~62.1 22.2
4 -40 506 659 12.5 64.2 20.9

{ 5 27 469 600_ 9.3 67.3 18.2
7- 122 447 557 8.7 66.1 16.0'

! 8 ~ 203~ ,429 557 _8.3 64.2 15.9 .

| 10 289 L430 '581 -8.2 59.6 14.6
12 -140 .681 806 13.9 58.7 23.5
13 -40 511 658 12.4 65.2 20.5 -

14 - 27 469 598 10.0 68.3 19.4
16 122. 442 558 8.7- 64.9 16.0
18 289 428 568 8.7 60.9 15.1

4

-- -- , , , - , , y -,,-w-, ..-- ,
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3 Table 3. (continued)

1

** *
Yield Ultimate Uniform Reduction

tempera- *1 "88-Specimen strength strength strain of area*

([* (MPa) (MPa) (%) (%)
" U *"*

;_

02GA510 28 466 621 9.1 68.2 17.8
511 28 468 623 9.1 69.4 18.9
514 -40 517 687 12.2 67.2 20.0
515 -40 505 683 11.1 68.1 19.9<

516 -90 559 746 11.8 62.6 20.7'

517 -90 569 755 12.2 55.8 18.8
518 122 448 569 7.5 68.1 15.2
519 123 441 584 7.3 65.7 15.2

'
520 203 426 586 7.9 66.9 15.5
521 203 423 582 7.7 65.5 15.34

523 289 433 622 9.6 56.8 18.0
524 --140 684 836 12.9 58.3 23.4
525 -140 678 846 12.8 55.4 20.1
532 289 432 621 9.0 '59.5 16.5

!

aLength-to-diameter ratio was 7.
.

I

! Irradiation to a fluence of 7 x 1022 to 20 x 1022 neutrons /m2 (>t gey)
at_288'C had a pronounced effect on the strength of all the materials*

j (Figs. 2 through 6). Second degree curves in those figures for the un-

| irradiated and irradiated strengths were determined by a least squares
.

,

O ANL DWG 84C-17316
1400 , ; ;

| 0 UNIRRADIATED YlELD
~

I 1200 ._ O UNIRR ADlATED ULTIM ATE _

S IRR ADIATED YlELD'
,

E IRRADIATED ULTIMATE-

. E 1000 - -

4 g

h 800 - -
.

s w -.D
$ 600 - -\ % -- n a/ D'

m: ON -

_ _ ,

400 - 0"O

-
'

I I I I200
-200 -100 0 100 200 300

TEMPER ATURE ( *C )'

,

Fig. 2. . Tensile strength of-irradiated and unirradiated plate 02..
1

, . - - - - -

. . - - - - , - - , . , - , , - , - .
-
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Table 4. Tensile properties of weld and plate specimens irradiated at 288*C
,

** *
Yield Ultimate Uniform Reduction * "E*uence **Pera- strength strength strain of area- rSpecimen ("*" # "*!"
(MPa) (MPa) (%)- (%)

68W2 7.5 x 1022 36 555 634 6.1 72.5 15.0
6 13.0 122 537 612 5.7 '77.0 14.0
7 14.6 36 573 656 6.9 69.6 16.0
'9 16.9 287 575 641 6.3 76.9 16.1

15 12.8 289 521 633 6.8 70.2 '15.3

69W6 .8.0 35 704 776 8.4 65.0 17.4
j 12 13.6 121 674 747 7.0 66.8 14.4

14 16.6 288 652 755 7.4 59.2 14.2
15 15.8 122 .675 749 6.5 68.9 14.1 ;

17 13.8 .34 717 792 7.1 65.7 15.3
'

*
18 10.5 287 653 756 6.8 59.5 14.0

I 70W7 10.4 288 467 615 9.1 62.0 16.9
8 16.5 28 534 649 10.3 64.6 19.0'

,

10 19.8 121 499 607 9.1 60.8 17.1
13 '21.1 288 472 615 9.2 48.8 15.7
16 14.0 122 495 597 10.1 68.7 18.0

4 L
;

71W3 10.2 288 461 592 7.9 60.1 14.5
9 19.5 122 498 604 10.1 60.3 18.0

11 20.8 288 470 608 8.3 48.5 13.6
15 18.6 29 539 649 10.3 62.2 18.8
17 13.7 121 487 592 9.2 63.8 17.0

'
02CA503 17.6 34 609 749 10.4 61.1 18.1

'
504 22.5- 288 533 706 8.5 50.3 14.7
505 22.0 121 581 712 8.2 54.4 14.4'

506 21.4 31 617 753 9.4 52.9 16.8
;

508 13.9 121 566 699 9.5 62.5 16.1
509 13.6 288 519 696 9.3 61.3 15.3:-

aLength-to-diameter ratio was 7.

|
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Fig. 3. Tensile strength of irradiated and unitradiated weld 68W.
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Fig. 4. Tensile strength of irradiated and unirradiated weld 69W.

.

__ __



.. ..

8

OR F8L DWG 84 C-17319
1400 .

; ;
*

O UNIRR ADIATED YlELD

1200 --- 0 UNIRR ADIATED ULTIM ATE _

e IRRADIATED YlELD ,

E IRR ADI ATED ULTIM ATEg
n. 1000 - -

3
I
* 800 - B -

x
600 -- a\-

0'ox*Q|_ dn
%

400 -
'O"'

! l ! I200
-200 -100 0 100 200 300'

TEMPER ATURE ( *C )

Fig. 5. Tensile strength of irradiated and unirradiated weld 70W.'
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Fig. 6. Tensile strength of irradiated and unirradiated weld 71W.
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procedure, _ and the coefficients for each material are listed in Table 5.
Those curve fits were used to average the yield and ultimate strengths over.

the temperature range of 22 to 288'C. The averages, listed in Table 6,
*

show that irradiation affected the yield strength more than it did the
ultimate strength. Table 6 also shows that the strength of plate 02 was-

*
more sensitive to irradiation than were the strengths of the welds. That
behavior was expected because plate 02 contained more copper and nickel
than did the welds.

Irradiation to a fluence of 7 x 1022 to 20 x 1022 neutrons /m2 (>l MeV)
at 288'C did not affect the tensile ductility significantly (Figs. 7 through
11). First degree curves are shown in those figures for ductility in the

j irradiated condition and second degree curves for ductility in the unirra-
; diated condition. They were determined by a least squares procedure, and
i the coefficients for each material are listed in Table 7. Those curve

I fits were used to average the total elongation values over the temperature
range 22 to 288'C. The averages, listed in Table 8, reflect the small
effect of irradiation on the ductility of all four materials.

i- Table 5. Curve fit coefficients for yield and
ultimate strengths,

Yield strengtha Ultimate strengtha-

1 Material

00 01 02 CO Cl 021

,

Unirradiated specimens
!

; 68W 580 -1.075 0.00277 662 -0.864 0.00253

| 69W 660 -0.949 0.00239 746 -0.856- 0.00262
i 70W 504 -0.816 0.00208 621 -0.868 0.00253

71W 493 -0.841 0.00226 624 -0.879 0.00250.

! Plate 02 492 -0.842 0.00234 646 -0.939 0.00300
:

| Irradiated specimens '

68W 581 -0.525 0.00143 668 -0.714 0.00211
! 69W 730 -0.589 0.00112 806 -0.699 0.00182

70W 548 -0.529 'O.00089 671 -0.837 0.00224

-71W 558 -0.700 0.00131 673 -0.878 0.00217

| Plate 02 630 -0.547 0.00064 775 -0.808 0.00191.

24 Coefficients of a = co + C T + c2T,I -

, .

|

| i

,
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Table 6. Average tensile strengthG

.

W,1 W,U %,I CD,U
* * E) mea) { ME ) Ea) { ,

Plate 02 432 -564 31 590 707 20
'

Weld 68W 496 590 19 604 620 3

Weld 69W 584 672 15 692 752 9

Weld 70W 440 493 12 562 608 8

Weld 71W 430 489 14 563 602 7

Nhere oY,U = average unitradiated yield strength from 22 to
288'C, ay,1 = average irradiated yield strength from 22 to 288*C,
ou,U = average unirradiated ultimate strength from 22 to 288'C, and
OU,1 = average irradiated ultimate strength from 22 to 288'C.

ORNL-DWG 84C-17321
32 ; ;
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5 N 0
$ 20 - 0 O
o 0 0
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g%g~s
! ! ! !

12

-200 -100 0 100 200 300

TEMPERATURE ( C)

Fig. 7. Total elongation of irradiated and unirradiated plate 02.
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Fig. 8. Total elongation of irradiated and unirradiated weld 68W.
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Fig. 9. Total elongation of irradiated and unirradiated weld 69W.
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Fig. 10. Total elongation of irradiated and unirradiated weld 70W.
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Fig. 11. Total elongation of irradiated and unirradiated weld 71W. .
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Table 7. Curve fit coefficients for total
elongation values.

.

Unirradiated; cT,U (%)G Irradiated; cT,I (%)#

C0 01 C2 C0 01

68W 17.14 -0.0170 3.604E-5 15.04 +0.0016

69W 16.23 -0.0224 6.106E-5 16.06 -0.0078

70W 19.83 -0.0293 5.119E-5 18.95 -0.0095

71W 19.24 -0.0239 2.861E-5 19.61 -0.0191

Plate 02 17.33 -0.0279 6.922E-5 17.15 -0.0085

O + C T + c2T with cT in Percent and T inGWhere cT " C I
degrees C.

aTable 8. Average total elongation

cT,U ET,I CT,1.- CI,U
(%) (%) (%).

Plate 02 15 16 +1-

Weld 68W 16 15 --I.

Weld 69W 15 15 0
Weld 70W 17 17 0
Weld 71W 16 17 +1

G here eT,U = average unirradiatedW

total elongation from 22 to 288'C and
cT,1 = average irradiated total elongation
from 22 to 288'C..

In a previous experiment, irradiation of welds with high copper con-
tent (0.2-0.35 wt %) increased the yield strength 20 to 30% over that of
unirradiated welds.3 The relatively low-copper (0.04-0.12 wt %) welds in
the experiment reported here increased 10 to 20% in yield strength with
respect to_the unirradiated condition. In both studies irradiation did
not affect the tensile ductility significantly.

CONCLUSIONS
,

22 to 20 x 1022 neutrons /m2Irradiation at fluences in the range 7 x 10
,

. (>l MeV) strengthened all four weld materials, with the yield strength
increases (12 to 19%) being greater than the ultimate strength increases
(3 to 9%). The plate studied was strengthened more than the welds were,
probably because of higher copper and nickel contents.

i

I
.
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Irradiation did not significantly affect the tenaile elongation of

any of the materials. ;,
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