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EXECUTIVE SUMMARY 

To satisfy the long-term needs of the United States for electric powzr, the 
strategy of the Departineat of Energy ( W E )  includes deve:opment sf advanced liquid 
metal reactor (LMR) plants as a low-cost, low-risk, nuclear power option. These 
plants will have passive safety features, SUCP as self-actuated shutdown and 
natural-convection decay heat removal, and will employ modular construction 
techniques. Compared to current light-water reactor (LWR) plants, the advanced LMR 
plants offer benefits including (1) enhanced safety and licensability, (2) 
iircreased reliability and availability, (3) impioved ecoa~omics, a ~ d  (4) increased 
U.S. competitiveness in the international marketplace. 

As part of the DOE Advanced LMR Program, conceptual design was completed for 
two plants, the Power Reactor Inherently Safe Module (PRISM) by the General 
Electric Company (@E), and the Sodium Advanced Fast Reactor (SAFR) by Rockwell 
International Corporation (RI). PRISM was selected as the re fe~ence  concept, and 
advanced conceptual design by GE is schednlad for FY 1989-91. 

Advanced LMW plants will be desigmd for a service life of ~p to 60 years. 
Such long service presents significant challenges to the structural integrity of 
the reactor and the heat transport systems. These cbalAenges arise not only from 
the relatively high service temperatures but also from the 1ar .g~~  rapid temperalute 
changes associated with the use of a liquid metal as the heat transpoit ~nediurn. An 
effective responsc to this unique set of challenges i s  required to ensure thc 
S I I C C ~ S S  of the DOE Advanced LMK Program. 

For this reason, the DOE Office of Technology Support Programs established a 
coordinated program to develop the specialized high-temperature mrpterkds and 
sti-uctural design technology necessary for safe and reliable, long-term operation 
of advanced LMK plants. This Program Plan describes the activities required to 
complete the development of this technology, The remaining tasks were identified 
as essential by advanced EMR designers at GE and Wi. 

Oak Ridge National Laboratory has played a leading role in the development of 
the materials and structures technology for advanced reactors and was responsible 
for preparation of this plan, in collaboration with DOE:,, GE, RI, Westinghouse, and 
the Energy Technology Engineering Center. 

'T'he plan is divided into two larger arid two sinakr parts, all of which are 
complementary. The first part, materials technology, focusss primarily on 
providing materials data needed for design and safety assessments. The second, 
structural design/8ife assurance technology, focuses on providing the design and 
safety assessment methodologies and criteria Each of these two major parts of the 
plan is wbdivided h t o  a number of tasks, each of which addresses a specific 
designer-identified requirement. 'I'he third and fourth parts of the plan, design 
standards for components unrelated to nuclear safety and pipe tliermal ratchettlng 
tests to failure, each consist of a single task addressing a specific design. need. 

As shown in the following chart, the materials technology effort is projected 
to require five additional years to complete (FY-89 through -93). To meet 
designer-identified need dates, the structures technology effort is scheduled for 
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completion in four additional years (FY-89 t ~ r o ~ g h  FY-92). Key deliverables are 
shown on the schedule. The dates for these deliverables are consistent with the draft 
DOE Advanced Liquid Metal Reactor Program Plan (November 4, 1987) and with 
designer-identified need dates. The design stages shown at the top of the chart are 
taken from the draft DOE plan. 

The total cost of the effort described in this plan i s  estimated to be $8,&05,00Q. 
The breakdown of this total is given in the chart on the following page. 

A significant part of the overall remaining effort addressed by this plan is 
focused on the addition of a new alloy, modified 9 Cr-1 Mo steel, to the design 
methodology and data base so that advantage can be taken of its superior mechanical 
and physical properties in advanced LMR plants. Development of this alloy was 
carried out over a period of ten years, and it has gained broad w o ~ l ~ w j ~ e  acceptance 
for nonnuclear applications. The present emphasis is on supplying the specific 
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methods, criteria, and data needed for sti wctural desigo and assessment by designers 
of advanced reactors. Ekrnentq of this present effort include thc generation of 
design data, the identification of appropiiatc dcsigii analysis methods and Failure 
criteria, and deve!opmeni of thc high -temperature fracture assessment yroecdvres 
needed for reactor safety and re1 iabiliiy assessments Completion of tkcse modified 
9 Cr-1 Mo steel ksks  wil! a k m  the me of the aaterial f o r  advanced reactors, with 
large attendant cost savings. Fa cxample, RI estimated that use af the material 
wonild resntt in ;3 $150 mi lh i ?  cost savings per plant. 

In addition to modified 8 Cr 1 MJ steel, this plan addresses a sinall rinrnber of 
remaining critical materials and structural design issues ifnvolvirmg traditional materials 
and design methods. Foi example, structural failures resulting from creep and fatigue 
damage accurrnerlation have occurred in bot% fzssil 2nd earlier LMR plants. Current 
LMR design methods and ciiieria must be improved to precludc such failures in the 
future.  In addition, special new data iequirements have arisen that aie associated 
wit11 recent advanced reactor desigirs. Thess include data needs associated with a 
longe: 60-year life and with passive safety featares. 

Although developed to address the materials and stnuciures needs of LMRs, 
portions of this plan are applicable as well to the modular high-temperature gas- 
cooled reactor (MMTGR). 'I'his is particularly true o f  the materials technology tasks 
related to 2-1/4 @r - 1  Mo steel and the more generic structural design/life assurance 
techno9ogy tasks. 



1. INTRODUCTION 

Materials and structures technology d e v e l o ~ ~ e n t  activities have been ~ ~ ~ e r ~ a y  
since the early 1970s in support of the ~ e ~ a r l ~ e ~ t  of Energy’s liquid-metal reactor 
(LMR) program. These activities have resulted in an established ~ ~ ~ ~ - t e ~ ~ ~ ~ a t u r ~  
structural design ~ e t ~ o d Q l o ~ ~  and a s ~ g n ~ ~ ~ c ~ ~ t  base of mechanical properties design 
data. With the exception of efforts ding to the develo f a new, improved 
structural alloy, modified 9 Cr--1 evelopment efforts 
focused on types 304 and 316 stainless steels, an teel. The resulting 
technology was used in the design of the Fast Flux Test Facility, the Clinch River 
Breeder Reactor Plant, and various test facilities. 

steel, most O f  th 

The purpose of this plan is to bring the materials and structures technology 
development effort to ~ ~ m ~ ~ e t ~ o ~  for application in the DOE Advamced LM 

t end, the plan reflects extensive ~ ~ t e ~ ~ ~ t ~ ~ ~ ~  with advanced relactor designers 
era1 Electric and Rockwell ~ n ~ ~ a ~ ~ ~ ~ ~ n ~ ~ ,  as well as with DOE staff anembers in 

the Nuclear Energy Office of Technology Support Programs. The plan, as ~ r ~ ~ e ~ ~ ~ ~  in 
this document, addresses specific needs ~d~~~~~~~~ by the advanced reactor designers, 
and it is supported by them 

The plan addresses four ge era1 areas of weed: 

@ resolution of the few key remaining pmbkrn areas in the overall technology 
(def iciencies that have come to light primarily through application experiex~a), 

8 qualification of the new alloy, ~~~~f~~~ 9 Cr-1 Mo steel, for nuclear applications, 

advanced EMR ~~~g~~~~ 
to take advantage of its superior me& nical and ~~~~~~~~ properties in the 

e special data and design standard r ~ ~ ~ i i ~ ~ ~ ~ e ~ ~ ~  associated with ~ ~ v ~ ~ c ~ ~  reactor 
designs (e.g., longer 60-year life and passive safety features), an 

A significant part of the o~ehall  effort i s  concerned with modified 9 Cr--1 Ma steel, 
whose superior mechanical and physical properties, i ~ ~ ~ ~ ~ d ~ n ~  hi h strength, high 
thermal conductivity, and low ther a1 ~ x p ~ n s ~ ~ ~ ,  make it especially well suited for 
LMR ~ ~ p ~ ~ c ~ t ~ o n ~ =  

The: plan is divi ed into two laager Pad two smaller parts, all o f  which are 
lementary. The first part, ~ ~ a t ~ r ~ ~ ~ s  ~ ~ ~ ~ n ~ ~ ~ ~ ~ ,  focuses primarily on gmviding 
ials data needed for design and safety ~ ~ s ~ ~ s ~ e ~ ~ s .  The second, structural 

n/life assurance technology, focuses I) providing the design and safety assess- 
methodologies and criteria. Each of these two major parts of the plan is 

divided into a number of tasks, as follows. 

e Materials Technology 

1. Mean Stress and Creep-Fatigue Tests om Modified 9 Cr-1 ha 
Weldment Material 

Steel Base and 
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2. 

3 .  

4. 

5 .  

6. 

- 
I .  

8.  

9. 

10. 

11. 

Long-Term Creep-Xupture Tests 017 P4odYfied 9 Ci 1 MO Steel Base mc! 
wcldment Material 
Hlgh Strain Ratc Tensile and Low-Cycle Eeformation Studies ori Modified 
9 Cr 1 Mo Stcrl 
Uevelzpinent of Flaw Growth and Critical Crack Size Data for  Modifice! 9 C'r -1 
Mo and 2.25 Cr-I Mo Steel 

Defining of Long-Terr 1 herma: P.girng Effects on Tensile, Creep, and 
Toughness Properties of Modified 9 Cr-1 Mo Stee: 
Development of Carban Steel. to Modified 3 Cr 1 Mo Steel Joint Welding 
Procedures 

Long-Term Creep-Eupiure iEchvior of Type 3 16 Stainless Stee! 
Infliienre of Piolcnged kcrisds of Low Stress at Zicvaied '1 emperatuics on the 
Short-Terx Iensile $ioi;ert;es sf  i y p c  315 Shiial~ss  and Modified 9 Cr-Il MO 
Steel 

InCluei-ire of Iriadiation on Mec5aii;cal Piopcrties of Iypes 304 ai-rd 316 
Stainless Steel 21-16 Modifica 9 CY : Mo Steel ~ A Status Report 
l 7 - a  ,. i d t a n c e  of Fassive Cooling System Materials 

Mechanical Propel ties of Aast tic Stainless Steels Aftel Cxposure to 
rernperatures r l b u e ~  Operatifig Conditioils 

8 Structural Des ignj l i fe  .Issurance 'l'cchi;oloe,y 

Deforma:bn Mode! for Moclificd 9 Cr-1 Mo Steel 
Creep-RupturP and ('rccp-Fai;gur bailure Criteria 

Simplified Ratchetthg and Ciecp Fztigue Rules for Modified ? *C-1 MO Steel 
2. 

3.  
4. Design Rules for Weldrnents 

5 .  

6. Confirmatory Strlnciural Failure Kcst; 

7. Flaw Assessment Procedui es for YiC.i"l;ci;iig Leaks in Pressure Boundary 

8.  Ac'aaptation of F!aw Plssessment Procedure to liiitial Cracks Produced by 

Validatha of Life Prediction Methodology at Geometric DiscrJntinn;ties 

Compoiicnts 

1 h c i f i d  Striping 

The third and fourth parts of the plan each cni-isist of a siingle task, as follow: 

8 l)es$p Standards f o e  Cornpanenas llnrclated t9 Nuclear Safety 

e Pipe Tiiermal Ratcheeiing Tcsts to Failurc 

A chart showing schcduled complction Sates Soi cach part of the plan i s  included 
in the Executive Sum y. Detailed schedules for each task ate given in the 
following chapters. 
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e total cost of the effort described in this pian is estimated to be $8,805,00 
&down of this total is g en in the following ta k by task cost 

~ r g ~ k ~ Q ~ n  is given in the followi 

ody of this plan is divided into four chapters. Chapter 2 describes the 
1s Technology tasks, Chapter 3 the ~~~~~~~~~s Technohg y tasks, Chapter 4 the 
Standards task, and ~ ~ a ~ t ~ ~  5 the Pipe Tests task. FQH each task, the 

to be taken, the deliverables, the current status, a justification state 
and a cost and detailed ~ ~ ~ ~ ~ $ ~ ~ ~ e  $ ~ ~ e ~ ~ ~ ~  are given. 

Fiscal Year 

8x 89 w 91 92 93 

..... ~ .... ̂ . Totals 
~ .... 
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XALS TECHNOL 

sorship JS a special new 
recognized ~ ~ ~ ~ d w ~ ~ ~  

used for such 
00 tons of this 

P the fossil-fired power 
if can be fully 

as found in Tasks 1-6, 
8 ,  and 9. 
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As3proacl.i: Complete key mean stress and hold time creep-fatigue tests in air and 
high vacuum of base material and weldmcnts needed io establish a d2-ia bas? in 
ordcr to develop a reasofiably accurate creep-fatigue interaction model for 
design. 

(1 )  A data base (about 38 tcstj) on modified 9 Cr--1 Mo steel bas? 
and \yeldmcnt material for model developirient of creep fatigue inktaction 
behavior. 

fjtata: The following briefly summarizes tests completed and planned for both base 

pgjiverai9les: 

material and wddments. 

. Base . . . . . .- Material _Weldments 

Completed: 13 
Planned: 12 

0 
13 

Tests have been coiid?nctPd to date at temperatures of 538 and 593°C: and strain 
ranges between 0.5 and 1%, iising either tensilf 01 compressive hold times, with 
test times of up i o  about one year, in  both zir and 'nigh vacuum environments. 
Rernairaing tests will be conducted at 518 or 533°C and low strain ranges, e.g., 
0.5"/0, for test times of up to 3 or 4 years in both air and a high vacuum. 

Jn$tifiCation: failure by  possible creep-fatigue interaction is one of the most 
important failiirc modes that ilnuet be takein into consideration in the design of 
liquid-metal reactor systems Available data, while limited on base material, 
indicate that the method of linear damage summation is not appropriate and 
therefore sufficient data must be developed to justify development of a model 
for extrapolation purposes. Data on othcr materials suggest that failure by 
creep-fatigue interaction can be ielated to creep ductility (reduction of area) 
as rneasilscd from Ioilg-term creep test$, i . c ,  the lower the ductility the lower 
the cycles to failure ulider creep fatigue loading conditions. Data from 
ongoing creep tests show that the ductility of this material begins to drop 
from high values after about 20,000 h of test time. Dzta on w e k h e n t s  are not 
available. Hence, data are iequired and will be generated to establ;sh 
appropriate rules for prevention of failure by crccp-fatigue intei action. 
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and Schedule: 

75 - 75 - 75 - 75 - 75 - 75 I 

( i :  Data Base on Hean Stress and Creep-Fatigue o f  
Hodified 9 C r - 1  Mo S t e e l  

SUBTASWMILESTQNE 
__L- 

1. Uniaxial creep-fatigue on base material 

a. Complete up to 1-year-long test i n  air 

b. Coniplete up to 2-year-long test in air 

e .  Complete mean s tres s  tests in air 

d. Complete high vacuum tests 

e. Complete up to 3-year-long t e s t  in air 
and establish damage interaction 
diagram 

2. Uniaxial creep-fatigue tests on velriments 

a. Complete up to 1-year-long t e s t  in air 

b. Complete up to 1-year-long test in 
vacuum 

3. Complete summary report 

a. Complete final report 

1988 
a 

1 

FISCAL YEAR 
1991 

C 
7 
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A ~ ~ r s a c h :  Continue long-tsi  IT^ creep- rupture tests supporting extew'ron of the 

Deliverables: 

property package to 500,000 h. Conduct ongoing tests to 166,000 h. 

on base and 13 ongoing tests on weldment material. 
will be updated permitting confidence in extrapolation to 500,800 h. 

(1) Data will become available from appi-oximatelly 38 ongoing tests 
(2) Stress-rupture mmkls 

Status: 

500,000 h DESIGN LiBF __-- { I  

c 

About 43 long-term crecp tests on both baqe material and weldments are 
currently undei %ay. Test temperatures range from 482 to 649°C with stress 
leveh set to P I O ~ I ~ C P  failure at increasing timec The 'longest ongoing teqt to 
date has accui-cirrlate:! 79,000 h and thc longcst test to failure Izstcd 56,908 h. 

1_1_-- Justificatioa: ClJriCnt extrapolations of flow, rupturc, and ductility data mkst be 
backed ijp with sufficie?i additional d to definc behavioral trenda and 
stress allowables for a 60-year design lifc. Both 'isase material and weldmeni$ 
are included in this task. Xupture data from tests candwted on wddments are 
urgently needed to definc stress-ruptairc reduction factors sincc some softening 
is known to occur in the hesi-affccteb zone of high strength ferritic 
materials. 

Ten years of additional test time is required The wmk is to 
be continued to FY-93 when detai'ed design of an advanced LMR begins. Work to 
be continued beyond this date will be funded as a surveillance program by plant 

Cost and Schgd.x!le: 

OWBB&TS. 
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150 
125 125 I 

XDng Term Creep-Rupture Teetr on Baee and Weldsent 14rrtcriral 
o f  Nodified 9Cr-lHo Steel 

SIIIBTASWMILESTQNIE 

I. Continw rupture tests on base and weld- 
ment material 

a .  Complete testing t o  82,009 h an base 
and 23,000 h on weldrnent material 

Complete testing to about 90,000 h on 
base and 32,000 h on weldment material 

Complete testing to about 98,000 h on 
base and 40,000 h an weldment material 

d ,  Complete testing to about 107,000 h on 

b, 

c.  

base and 49,000 on weldclent material 

e. Complete testing to about 116,000 h on 
base and 57,000 h on weldment material 

Complete testing to about 125,000 h on 
base and 65,000 h on weldment material 
and write summary report 

f .  

FlSCAL YEAR 
1990 

' c 1  

1991 1992 
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Aaproach: Perform exploratory high stxadin rate tensile and hw-cycie fatigue tests 
at ambient and elevated tempemFures to provide hysteretic behavior under 
dynamic loading conditions. 

~ ~ ~ ~ v ~ ~ ~ ~ ~ ~ ~ :  (1) High strain rate (0.08/s) tensile data at ambient, 482, 538, and 
593°C on two h a t s  (194 and 30383) of virgin and aged (5o,QOO and 100,000 h) 
materials. Total specimens: 24. (2) Hysteresis loop information generate@ at 
ambient, 482, 538, and 593°C on ~ W C  heat?; (194 3x3 30383) of virgie and aged 
(50,000 and 108,000 h) material. Total specimens: 24. 

Status: Limited high strain r%te testing has denmostrated that ihk material can 
be stiain-iate sensitive in terms of tensile propzrties, depending uprraa test 
temperature. Further, the material uirdeigcm cyclic softening when ~ y c l i c  
loads exceed tkc yield strength. 

HYSTERESIS 1 

TFNSRLE 

JustificaBEop; Seismic and sodimi~ water reaction loads can produce high strain 
iate loadhg conditions. ‘I-hereforc, both tensile (ongoing) and cyclic dynamic 
data must be ganern:cS in order to develop the inelastic dynamic design 
methodology being used for advanced LMR. systems. 
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Cost and Schedule: 

8Q 

60 

8 
40 

br) 

20 

75 - 
TOTAL:$125 

FW-88 FY-%9 FY-90 FY-91 FV-92 FY-  

1. High s t r a i n  xa te  t e n s i l e  t e s t a  

a. Complete high s t r a i n  r a t e  t e n s i l e  t m t s  
on unaged and shor t  term aged material 

b. Complete high s t r a i n  rata t e n a i l e  t e s t s  
on long term aged m t e r l a l  

2.  Hysteresis  t e s t s  

a. Complete uniax ia l  hys te res i s  tests on 
unaged and trhort term aged material 

b. Complete uniax ia l  hys te res i s  t e s t a  ion 
long term aged material 

3. Reports 

a, Complete in te r im report  

b. Complete final report  

1988 1989 

I_ 

FISCAL YEAR 
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Apnroach: Both creep crack and cyclic crack growth data will be generated. 

DeliverabI.e§: (1)  An expwirncntally derived data basc for creep crack propagation 
in 2.25 Cr-l Mo and 9 Cr-1 Mo stcc! for both base and weldment niaterial (about 
25 spccizens). (2) ,413 expcrimewtally derived d a h  base f a  cyclic crack growth 
propagation in 2.25 Cr -1 Mo and 9 C r  1 Mo s:rcl for both >ase and weldment 
material (about 25 spccimeas). 

Status: Limited cree2 crack growth a i d  cyciic crack gtciwih data have been 
gcncrated to date on base material. Data are required on multipk product 
forms and wcldments. ,4 program plan was recently formulated in conjunction 
with the design method activity (see Program P h n  Dswlopmmt of a Flaw 

OWNJ,/CF 5 8 /  13, January 1988). 
A F S E ~ S S X I ? ~ ~ ~  Met21 D ~ L  ' for I M R  Components of Modified 9 C s  I Mo Steel, 

FATIGUE WELD 1 1  
FA'[ IGUE BASE 

AVAILARE DATA ARE VERY LIMITED 

CREEP BASE 

0 100 2 0 0  3 0 0  400 5 0 0  6 0 0  

E S T  TIME (THOSANDS). h 

Justificaj.i.g.p: Crack propagation behavior i s  material sensitive and existing 
growth models need to be parameterized to fit data after an adequate data base 
has been generated. Experimental efforts will emphasize creep era& 
propagation since growth of cracks or flaws under this form of loading has not 
been determined. The resulting data, together with the methodology developed 
under Task 7 of Chapter 3, will be used for (1) leak assessments, (2) 
evaluating the stability of thermal striping-ia,duced cracks in upper interaaals, 
and (3) assessing flaws found through insFectisns. 
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Cost and Schedule: 

150 150 150 

TOTAL:$625 

FY-88 F Y - 8 9  FY-90 FW-91 FY-92 F Y -  

TASK: Development of F l a w  Grrmtb Data for 2.25Cr-10  and 9Cr-lMo 
Stee ls  

SUBXASWMILESTONE 

Conduct creep crack propogatlan t e s t s  on 
Modified QCr-IMo s t e e l  

a -  
b. Complete t e s t s  on weldments 

C .  Report resul ts  

Conduct cyc l l c  crack propogation teats on 
Modified 9Cr-IMo s t e e l  

a .  

b.  Complete teats  on weldmnts 

c. Report resul ts  

Conduct llmited crack growth teats  on 
2 e 25Cr-lMo s t e e l  

a.  
b, Report Cet lUl t6  

Complete teats  on base material 

Conrplete tests on base material 

Complete crack and cyc l le  tests 

1988 1989 
FISCAL YEAR 

1990 
a 

c_ 

a 

1991 1992 

2 



I. 4 

2 .B 

of Msdifigd-.9 Cr-l Mo Steel 

Aa~grosdch: Material from three heats is currently undergoing thermal aging (no 
applied stress) at temperatures ranging from 482 to 784°C. Periodically 
material is removed from the furnaces and tensile (multiple strain rates), 
creep, and tougliness tests are performed to determine the inf hence of long 
periods at elevated temperatures on properties. 

~ Delivexabks:. ( 1 )  Mechanical preperties data base for several heats of base 
material aged at various tempe~-aitures for times arp to 100,000 h. (2,) 
Mechanical properties data base cn weldments aged to 40,000 h. (3) Results 
from approximately 100 specimen tests will be obtained 

Work is cornplcte on base material to 50,800 h of aging as shown b d o ~ .  
Aging of weldmepots to b e g : ~ ~  in FY-89. Approximately 100 specimens required for 

Status: 

this effort. 

I: 
h 

G 
B 
6E: 
Q 
v) 
3 

t 
I 
F 
w 

P 
9 
2 
-! 

bhl 
I 
I- 

JustiflczaSIomnr The design codes do not explicitly provide for long-term aging 
effects and even if implicitly considered in selection of safety factors, it 
has not been done for 60-year design life. Exposure to elevated temperatures 
for prolonged periods of time is known to reduce tensile properties and 
decrease toughness. The magnitude of these changes needs to be quantified so 
that appropriate knock-down factors can be defined. Toughness data are 
necessary for component exchange work during winter maintenance of plants. 

Base material i s  currently aging and will reach 100,000 h of 
exposure in FY-93. FY-$9 funding of $5QK is required to prepare weldments and 
begin their thermal aging. Funding o f  $5R per year for FY-90, -91, and -92 i s  
required to maintain the aging facilities. 

: 
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120 
100 

TOTAL:$255 

FY-31 FY-92 F Y - 9 3  

TASK: Defining of Long Tern Them1 Aging QI-I Hech. Properties 0f 
Wr-lMo Steel -_ 

. Thermal aging studies ~n base material 

a .  Complete aging studies Lo 50,000 h and 
report results 

b. Gotuplete aging studies  t n  100,000 h and 
report results  

!. Thermal aglng studies on ueldment material 

a .  

b.  

Prepare weldments and l n l t i a t e  aging 

Complete t e s t s  and report for material 
aged t o  about 40,000 h 

1989 
7 

a v 
-s__p_ 

FlSCA 
1990 

YEAR 
1991 

c- 

1992 

_II 

1993 
-6 
___1 

b 



1.6 

A&?pgac& 

Deliverableo: 

Welding procedures will be d ~ e l ~ p c d  for joining nmbified 9 CF 1 Ma 
steel to low carbon steel. 

Welding pi scedenrzs wlll be deve?opeQ for applications :ike preparing 
support welds to be used in S.4k.R for joining both the intermediate heat 
exchanger (IEIX) and the upper internal structure to the deck structure (see 
sketch). Both 
components will employ butt welds which will be about 2 in. thick. The welds 
in service w38 be exposed to !ow temperatures, i.e., about 200°F. A limited 
number of mechanical. prope~ty tests (about 25 specimens) will be conducted to 
determine strength characteristics. 

The IPIX contains girth welds which will be prepared by hand, 

Status: A numbcr of trarrsitiom joint we?dments between modified 9 Cr-1 Mo steel 
and austenitic material have beera prepared. Wa-k OB ferritic transition joints 
i s  limited. 

Defined by the advanced LMR p-rojec: and needs to be a Section PI1 
Code-approved methodology. Alss must be shown to meet strength requirements. 

A one-year effort in FY-91 includes methods development and 
mechanical property characterization. 

Jwrstification: 

Cost alad Schedule: 
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80 

60 

40 

20 

0 

- 75 

TOTAL:$75 

F Y - 8 8  F Y - 8 9  FY-911 FIT-91 F V - 9 2  F Y - 9 3  

Develop Carbon S tee l  to ModfEied 9Cr-1Mo S b v e l  J o i n t  Welding 
TASK: Procedures 

SUBIASKIMILESTOME 

1. Develop weldrnent procedure 

a, Prepare weldmeots 

b. Perform selected mechanical properties 
tests 

C .  Complete report 

1988 
1111 

1989 
FISC/ 

1990 
YEAR 
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2, 
T V D ~  315 Stainless Steel 

A~~lroacd~: 

DeliverabRes: 

Eight sgeeimens from the reference heat of type 316 stainless steel will 
be continued in long-term creep-rupture tests. 

(1) Deve1opmen.t o f  data base to substantiate the BO-year design life 
of the advanced LNR.  (2) Long-term creeprupture data from the BWNL reference 
heat to test times of about 1203,680 k. Datz will include rupture, ductilities, 
and creeprate.  (3) Tests not completed at the end of five years will either 
be stopped and sgecimem subjected to short-term tensile tests (see 2-9, Tzsk 
8) or continued as project surveillance tests, 

Status: Eight creeprupture tests will be started again and continued for up to 
Five additional years. These tests were being tested at test temperatures of 
482 to 593°C and have accumulated test times of 65,009 to 8P,OOO h. Additional 
details can be found in ORNk/TM-9896. 

Justification: Design lives for advanced LMR projects have been set at 500,000 In 
while present design codes have allowablles to only 300,080 h. Data raeed to be 
developed to justify extrapolation i ~ f  time-dependent 
~ ~ O C ~ K O ~ O U S  stress-strain curves. 

-...._....._~..I.. Cost and Schedule: __ 

30 

stress tables and 

TOTAB..:$”i 4 Q 



19 

-7 TASK: Long Term Creep-Rupture Behavior of Type 316 Stainless Steel 

SUBTASK/M ILESTONE 

1. Continue long term rupture tests 

a. Restart tests 

b. Reach test t imes  of about 95,000 h 

C. Reach test times of about 112,000 h 

d. Conclude tests after about 120,000 h 

e. Write report documenting results 

I FISCAL YEAR I 
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&T.Q~& Material that has been thermally aged :or prolonged periods of time nt 
elevated tempex-atuws at low stress levels will be subjected to short- term 
tensile and impact tests. Material is available from either ongoing creep- 
rupture tests (2.2, 7'& 1; or 2.8, Task 7) or from large diameter pipe aging 
studies (see ORNL/TM-8884). Also available is inaterial (type 315) that bas 
received thermal aging only from exposure to tempc.ratiircs ranging from 427 to 
565°C for 180,OQO h (July 1989). All the typr: 316 stainless steel is from a 
single heat which wiE! allow comparis~7ws betwen properties of uwigcd, aged, 
and aged under stress nnatealal. 

Dd:verab!g$ (1) A CQnlpaiiSon of prcp@ktks (short-term high straia rate tensile 
and toughness) will be made BO determine the influence of prolonged thermal 
aging with and w i t h ~ x t  e x p ~ n r e  at low stress levels Results from abcrat 90 
specimen tests will be availabie. 

Two segments of large diameter pipe containing welds of type 315 stainless 
steel are available, These pipes (reference heat and f F T F  pipe) were aged for 
32,500 and 48,455 h at 565°C with a hssp  stress of 55 MPa. Othei lianaterial from 
ongoing creep studies and laboaatoiy furnace exposure is also available as 
indicated above. 

Design analysis of advanced LMR systems requires that a. knowledge 
of the s h o ~ t - t e m  tensile and impact properties be known for structural 
materials that have  see^ p:Qtotypic plant operating conditions Eoi psobnged 
prricrrds of time. These properties arc needed for analysis of behavior during 
accident conditions. 

-I Cost and Schedule: Both tcnsile (30 specinlens in FY-91 and 26 specimens in FY-93) 
and toughness (40 specimens in FY-91) of type 316 stainless steel will be 
tested. 'Pk'ork on modified 0 Cr--1 Mo steel will be done in FY-93. 

Statiias: 

---I__.-. Justification: __I_. 

FY-68 FY-89 FY-9 FY-91 F Y - 9 2  F Y - 9 3  
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1 T A ~ K :  I n f l u e n c e  of Thermal Aging and Stress on Short Term Prooerties 
o f  Type 316 Stainless Steel and Modifi I 

SU BTAS K/M ILESTON E 

1 .  Type 316 stainless steel characterization 

Complete tensile testing of aged thln 
wall pipe base and weldment materials 

a. 

b. Complete impact testing of aged thin 
wall pipe base and weldment materials 

C .  Write report 

d. Complete short term tensile tests on 
creep specimens (2.8 Task 7) 

2. Kodified 9Cr-1Mo steel 

a. Complete tensile tests from remaining 
creep tests (2.2 Task 1) 

b. Write report 

L 9Cr-IMo Steel 
FlSCf 

1989 1990 
YEAR 

1992 1993 
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ADDroach: A report will be prepared covering the influence of irradiation on the 
mechanical properties of types 304 and 316 stainless steel and modified 9 Cr-I Mo 
steel. Results from experimental efforts from both domestic and foreign sources 
will be included. The effort will cover fmacture toughness and ductility at low 
(0.5-5.0 dpa) exposure levels as well as the effects of irradiation induced helium 
on strengths and ductilities of appropriate materials.* 

Derliverables: ~ (1) A status report will be prepared reviewing work done to date and 
defirnirig any areas of uncertainty requiring future experimeoial effort. 

Status: Whereas much experimental work has been accomplished to date, a general 
review of the state of the art is required. 

dusltificati~.~: (1) Establishment of a data base is needed to eliminate 
inspcction/surveillance provisions for irradiated oat-of-core structures which 
receive low doses (requested by NRC for CRBKP). (2) The effects of helium 
concentrations relevant to in-core structures (e.g., Core Former) must be: 
determined in response to NRC's questions on similar applications for CRBRP. 
Elevated-temperature (T > 400OC) tensile, creeprupture,  and fractarrc toughness 
properties of types 304 and 314 stainless steel, ineluding weldments, must be 
available. Data will be combined with that from the UKAEA and Energy Center 
of Netherlands (FCN) PETTEW. (3) Structural components in r e ~ t ~ r  systems 
exposed to irradiation damage must maintain a short-term tensile ductility in 
excess of 10% during their lifetime. 

Cost and Schedule: A one-year effort 
providing a state-of-the-art assessment 

-..I_ _.._. 

in FY-90 i s  required to write a report 
and defining any outstanding 12eeds. 

"Note: A typical advanced LMR is expected to have dpa exposure levels for a 
60-year life of about x on the reactor vessel, 0.01 on the core support, 334 on 
the inlet modules, 0.5 on the shield barrel, and 5.4 on the core barrel, which are all 
300 series stainless steels. The 9 Cr-1 Mo UIS has a 0.084 dpa. 



2 3  

Q 20 
& :i 10 

0 
0 

35 

TOTAL:$35 

FY-88 F Y - 8 9  FY-90 FY-91  F Y - 9 2  FY-93 
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Approach: Confirm by experimental measurements and review of technology that the 
high emittance surfaces required for satisfactory removal of decay heat by the 
passive cooling systems of advanced EMRs are maintained over 6B-year plant 
lifetimes and that the currently employed design correlation for emittance 
values is conservative. 

DeliverableS: (1 ) Detailed, in-depth survey of avaailabk information relative to 
emittance valires arid emittance changes for 2.25 Cr--l Mo ferritic steel and 316 
stainless steel, and (2) measurements of emittance for these materials after 
long-term ~ X ~ Q S U I - ~ S  under appropriate conditions. Results from 36 tests will 
be reported. 

Design correlations have been developed based an emittance measurements 
performed on materials given specific pretreatments and on these same 
pretreated materials theranally cycled to full life but in a relatively short 
period. 

Justifisatisnn: 'I'he information needed is  to evaluate different types of surfaces 
to define improvement of the present surface and to evaluate potential 
degradation due to thermal cycling and aging, Different surfaces would include 
grit blasting combined with oxidizing and grooved surfaces. Also there is a 
need to evaluate the effects o€ dust, dirt9 and salt. 

edrale: The detailed survey of available infamation will be completed 
and reported in FY-89. Long-term exposures (5,000, 12,500, and 30,000 h with 
and without thermal cycles) and scbserjuent emittance measurements are to be 
done over a four-year period (FY 1990-1993) at three temperatures for both 
passive cooling system materials (36 total tests). 

Status: 

75 -- __I. 
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SUBTASKlMlLESTONE 

1. Complete survey report on emittance or 
advanced LMR materials 

2. Emittance behavior of 2.25Cr-1Mo and 316 
B tainless s tee1 

a, Report on 5,000 h emittance values of 
2.25 Cr-1Mo and 316 SS (12/90) 

Report on 12,500 h emittance values of 
2.25Cr-1Mo and 316 SS (2/92) 

c. Final report on emittance value6 
including confirmation/modification 
of design correlations (9/93) 

b. 

Emittance of Passive Cooling System Materials 

t 

L 

FISCAL YEAR 
1988 
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Base material will be available in FY-89 that has been exposed at 482 
This material will then be subjected to temperatures 

from 593 to 649°C for 100-200 h. Similarly, material available from a large 
diameter pipe aging (32,510 h at 565°C and 55 MPa hoop stress) will be 
subjected to temperatures from 593 to 649°C for 100-200 h, Short-term tensile, 
creep, impact, and creep-fatigue tests will then be conducted. 

The influence of relatively short-term exposure to over-temperatwe 
conditions on subsequent mechanical properties will be determined. Results of 
about 60 specimen tests will be reported. 

Material, as defined above is, or shortly will be, available for mechanical 
property characteaization. 

Advanced LMR components will be exposed to over-temperature 
s in the range 593 to 649°C for durations of up to one week at a time. 

A iiumbes of these events will occur over the plant lifetime. Data will be used 
to assess remaining service life of materials following over-temperature 
events, 

Schedule: This is a one-year effort in FY-90. About 60 specimens of base 
and weldrnent material will be tested (tensile, creep, impact, and ereep- 

38°C for 100,000 h. 

Deliverables: 

Status: 

fatigue). 

60 
60 

TOTA k : $6 



27 

SUBTASWMILESTONE 

1. Conduct mechanical properties t e s t s  and 
report results for materials exposed t o  
over  temperature conditions 
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UCTURAL DESLGN/LPFE ASSURANCE ~ E ~ ~ ~ ~ L ~ Y  

3.1 

Pahjectives: (1) to acid rrlodjfied 9 e,--1 Mo 
) to resolve three ~~~~~~~~~ problem areas 
t of significant getmetric discontinuities, 

crxteaia for guarding a aiglst cracking due to 
sks 7 and 8 are new activities ained at 

w assessment procedures needed i s  (1) establis 
ssments, (2) assess flaws found thTI?U$ 
of cracks that may be phoduced in ngper 

internal sbructu res dine to thermal striping. 

The majority o f  the pllasxned activities, including tihe test work, is focused on 
9 Cr---I  Mo steel" Ia some cases, activities also address the stainless 

ut th is  i s  true 0 Fy where the work is generic and the stainless stcek 
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3.2 

A~~~~~~~~ A unified model, which does not distinguish between rate -dependent 
plasticity and time-dependent creep, is required foi modified 9 Cr-1 Mo steel. 
A two-step approach i s  being followed in which (1) a tentative model has been 
developed on the basis of uniaxial stress-strain and creep data (generated at 
temperatures ranging from 500 to 65WC) and (2) the deficiencies of the tenta- 
tive model are removed and a final model recommended on the basis of a select 
few uniaxial and multiaxial exploratory tests (performed at 538°C). 

DeQivermbBes: ( 1) An experimentally validated unified deformation modcl. (2) A 
calculated set of isochronous stress-strain curves and stress relaxation curves 
for simplified design analysis use. 

The tentative model has beea completed, and comparisons have been made 
with the results of two-bar ratchettirig tests, Deficiencies have been iden- 
tified and special uniaxial and multiaxial tests pianlined to resolve them. 

JusfifiCatio1E_t Inelastic analysis methods are required to (1) provide the basis 
for devcloprnent and confirmation of simplified ratchetting and creep- fatigue 
rules, including the associated isochionozis and relaxation curves, and (2) pro- 
vide the basis for detailed inelastic design analyses, should they be required 
in a critical area. 

Status: 

cost  ~ ~ - ~ . . . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

cga Provide: tcnaative isochronous and ielaxatiion curves . . . . . . . . . FY-83 
. . . . . . FY-?! 

TOTAL:$250 



TASK: Inelastic Deformation Model for Modified 9 Cr-1 Ma Steel 

I FISCAL YEAR 
1990 I 1991 

SUBTASK/M ILESTONE 
1988 

1. Provide final unified model 

a. Complete 6 t o  10 special exploratory 
uniaxial and multiaxial tests to guide 
final model development 

i. Stress change uniaxial tests 

ii. Cyclic uniaxial tests with fixed 
stress hold 

i i i .  Noriproportional loading multi- 

Publish final report providing unified 
equations and their bases 

2 .  Provide isochronous stress-strain and 

axial tests 

b.  

stress relaxation curves f o r  design use 

a. Curves calculated on basis of tentative 
model 

1989 

"a 

- 
1993 
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A~prosach: A twc-prong approach is being followed -  ne aimed at interim and final 
creep-rupture and creepfatigue criteria for modified 9 Cr--1 Mo steel and one 
aimed at a generic improvement in the fundamental creepfatigue criterion used 
in design rules for all materials. Special tests, including the mean stress 
and hold-time creepfatigue tests being performed under materials technology 
Task 1, will guide the model developmeilt for modified 3 Cr-1 Mo. The tests 
performed under this task will be done at 538°C. The generic improvemcnt 
effort will focus initially on use of existing 316 stainless steel data; then 
the improved model will be adapted to modified 9 CF-4 Mo steel. 

(1) Cieep-rupture and c-weep-fatigw damage accumulation and multi- 
axial strength t h c ~ r y  rules for modified ? Cr-1 Mo stccl, plus (2) an improved 
generic creep fstigue damage accnimulathn rule fiamcvork for stainless steels 
and modified 9 Cr-1 M3 steel. 

Some few variable load and temperature creep-rrzptilre tests arid multiaxial 
creep-rupture tests arc ~ o m p l c t e  for 9 C i  -1 Mo steel (538-5?3"C), and poteatial 
failure criteria have becn identified. Creep-fatigue tests including mean 
stress effects, are underway in materials technology Task 1. The United States 
has an excellent 3 16 stainless steel crccp-fatigue data kase that can be used 
to guide develapmcn't of an improved creep-fatigue model. i hesc  dzta have been 
collected and are being risen for assessing several proposed improved crecp- 
fatiguc approaches, including ductility exhaustion. 

Justification: Creep-rupture and creep-fatigue criteria are reqzired for design of 
modified 9 0 - 1  Mo stce? LMW components. The current linear-damage creep- 
fatigue rule :sed as the basis for LMW design criteria is sccognized to be 
seriously deficient for all materials and must be improved for defensible 1,MR 
designs. This is ymticularly true for 60-year design lives. Linear damage, 
without modification, cannot be used for modified 9 C;--1 Mo steel. 

Deliverables: 

Status: 

Cost and Schednalx: 

@ 

8 

a 

Interim creep rupture and creepfatigue damage rules and multi- 
axial strength criteria for n:&ified 9 Cr- -1 Mo steel . . . - - - . - - FY-83 
Improved generic creep- fatigue criterion identifie:! for 
design use .  . . . . . . . . . . . . . . . . . . . . . . . . . FY-90 
Final creep-rupture and creep- fatigue damagt rules and 
strength criteria paovided for monified 9 Cr 1 Mo steel . . . . . . . . FY-91 

175 175 

FY-88 FY-89 FY-96 FP-9% F Y - 9 2  F Y - 9 3  



TASK: Creep-Rupture and Creep-Fatigue Failure Criteria 

SU BTAS WM I LESTON E 
I 

Provide varif ied multiaxial creep-nipture 
strength criterion for modified 9 Cr-1 Mo 
St.e.t?l 

a. Complete two m*dtiaxial tests to 
estahl  i s h  interim criterion 

b.  Provide interim criterion 

c. Complete two to four additional multi- 
axial tests to finalize criterion 

d. Publi5h report providing final crite- 

Provide final verified creep-rnpture damage 
accumulation criterion for  modified 9 CI-1 
Ho steel 

a. Identify inter im d a m y e  accurnulat-ion 
rules 

Complete four uniax ia l  variable load  
and temperature tests at temperatures  
of interest-. 

rion for design use 

b. 

c .  Complete two variable, nonproportional 
loadiiig multiaxi nl he 

Provide improved generic creep-fatigue 
dm.age accumulation rule on basds of 316 
s t a h l e s s  steel data base 

a. Complete screening assessmerit of poten- 
tial rilles 

i. Ductility exhaustion 

i i .  Damage rate 

iii. Strain-range partitioning 

b. Complete assessment of candidate mor1eJ.s 
relative to available nvnisothermal 
data, plant failure experience, etc. 

rule and bases 
c .  P u b l i s h  report identifying improved 

Provide creep-fatigue rules for modified 
9 C r P  Mo steel 

a. Provide interim creep-fatigue damage 
accumulation rule on basis of incor- 
porating mean stre.ss effects into 
linear damage 

b. Provide verificat.ion of conservatism of 
Nises effective strain criterion on 
basis of base metal multiaxial fatigue 
tests of Task 4 

Adapt generic framework to modified 
9 C r l  No steel 

d ,  Publish report providing creep-fatigue 

C .  

criteria and their bases 

-- 
FISC, 
199Q 

-- 
1989 

YEAR 
1991 
-I 

1_-1 

“B 

3 

“v 

1992 1993 
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A Q P D T O W ~  'The appiuach is to adapt ihc -eccqtiy loped sinipiified clastic analysis 
ratchetting pi@cedqlrf: (Sartoiji--O'k)oiinel! Por 1) an3 creep -fatigue pi-ocedure 
(Severad) of N-47 to modified ? Cr : Mo stec! and tu sinbstantiate theit app l io -  
b&ty through conipai ;sons with 1 -R and 2 iilelastic ailalysis results. These 
rules are gczeially applicable, an3 thc e Seen ch?zked agzinst 1 .  D, 2-U, and 
3-D inc!zs:ic analysis results for 0th:: 

: Procesdurps that are not overly c 9 n w t ~ 3 t h e  and that have bcen 
tki ough cornpa; Jwns with dc:ailreQ inc:astk defon rnaiisn and failrire 

a1781 yses. 

Statars- I iie cIrrrent iiielastic deformation niodel (sec I'ask 1)  and thc liiicar 
damage cieep-fatigue model have bee:: PIS:$ with scrrae i D problcas to dernonztaatr, 

ncy of the i u r r en l :  r uks  for modified 9 0 - 1  Mo steel. However, 
further I - I p  an:! 2-U analyses are planned to verify the procedures for interim 
use. The fiiial unified model (Task 1 )  and creep-fatigue rules (Task 2) will 
require th?; these analyses be repeated for verifica:ion of the finaii 
simpi i h d  rules and pi ncdurcs.  

Justification: Nonsafety-gradc advanced LMK comyoi-iente of modified 9 Cr-! Mo steel 
will be dccigned for 1 MR thmnal traiisient loadiaahs using thesc simplified 
procedures. I lie strain-scf%iing behavior exhibited by modified 9 Cr-I Mo 
steel rrrcnkes i t  particularly important to thoroughly validate thc rules against 
inelastic analysis results. 

- 

COSJ 3,KFd S C  

sc Provide tentative confirwrition of r a i e h c t t k g  rules . . . . . . . . . . FY 88 
Q Provide tentative creep-fztigw rules . . . . . . . . . . . . . . . . F Y  -89 

o Provide final simplified creepfatigue ruies an3 confirma- 
tion of both ciecp-fatigue and ratchc;iing rules . . . . . . . . . . . FY-91 

*A more rigorous valictntion of simplified rnetho~~s, needed for all mnaaeaia~s, 
is not a part of the minimal planned progtam presented herz. 
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...._ 
Siapliflcd Ratchetting and Creep-Fatiwe Rules for 
Modified 9 Cr-1 Mo S t e e l  1 TASK: 

1. r.ornplete can f i rma t ion  of c u r r e n t l y  iden  - 
t i f i e d  el .ast . ic ana lys i s  ratchettlng and 
c r e e p - f a t i g u e  r u l e s  QU basis of comparison 
wi th  r e s u l t s  of two 2-D i n e l a s t i c  ana lyses  

rules for conceptua l  desjgn on b a s i s  o f  
i n t e r im  creep- fa t - igue  c r i t e r i a  [ s e e  4 . a  i n  
Task 2 )  

c reep - fa t igue  rules  

a .  

2.  Provide i n t e r i m  s i m p l i f i e d  c reep - fa t igue  

3 .  Provide f i n a l  confismed ra tche t . t ing  and 

~ 

~ 

Develop f i n a l  e l a s t . i c  ana lys i s  c reep-  
f a t i g u e  rule c o n s i s t e n t  with f i n a l  
c r i t e r i a  i d e n t i f i e d  i n  Task 2 

b. Coniple'te i n e l a s t i c  cunf.irrnati.on *using 

I f i n a l  u n i f i e d  dcfurmat.ion rnodal from 
Task 1 

1 c. P u b l i s h  r e p o r t  on final rules  and t h e i r  
bases 

I 

1988 -- 
- 

1992 
FECAL YEAR 
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A ~ ~ r o s & :  With thc stainless steel weldmenis the design approach has been to use 
life reduction factors for cicep tuptwre and fztigue and to confirm thc 
adequacy of these factors through an understanding of wcldmer~t behavior 
provided by a few key structural wEdmer,t tests and inellastic failure analyscs. 
A!though modified 9 Cr-l MO steel weldhnents are of SofiIewhai gi-cdte:: COII-rC&Ti;, it 
is believed that this same approach will prove adeqamte. The final proof will 
be provided by thzmTUal shcck failure tests of welded modified 9 Cr -1 Mo steel 
tubes in  Task 6 .  

(1 )  A final report on creep-rupture tests and anrrlyses of 31Sj16-8-2 
plate and pipe weldments cmfirm:”;g reductio., tois (a compaiisow report oil 
fatigue tests of we!dcd tubes has alieady been ~rablislacd). (2) A set of dcsipn 
factors for modified 9 0- 1 Mo steel ~ueldinents (jointly with mcehanica: 
properties task), backed up by creeprupture and fatigue tests and analyses of 
wclded tubes. 

-- Status: Thc 3 16/16-8. 2 structural ~&!ment creep- I up’iuae and fatigue tests arc 
complete, and they have confhneel the adequacy of p r s h x s l y  established design 
factors. Arralysis of the last two of these tests is Iinderway, and a report is 
being prepared. ’kbu!ar modified 9 Cr-P MO stcel wddment specimens for four 
creep. iupture testr and 30 fatigue tests are cnrrently being fabricated. ’Ihes: 
tests will be conducted at 538°C. 

-I__._ Jvstificzvti Corllponents gewer-ally fail in welds ~vhcrc a meialluigical notch 
exists: often along with a &cmnetric discontinuity. This strength or life 

The lack of procedures for doiing 
this was the bc; one unresolved structural issue in the CKURP licensing 
hearings, and the project had committed BO a five-year development giogran in 
this area. 

-. Deliverrbies: ... 

accounted for in design. 

-. cost ........ and Scheduk 

e Publish report completing svrbstaniiaibn of strength 
redmcth- factors for 31S/I6-8-2 weldmenas . . . . . . . . . . . .  FY $8 

Establish interim iveldsneat strength reduction factors 
for modified 9 Cr- l Mo . . . . . . . . . . . . . . . . . . .  FY-84 
Complete tests and analyses of structural welbwena:s 
substantiating factors for modified 3 Ci-I Mo steel . . . . . . . . .  FY-31 

o 

.......... ~ 
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1. 

2 .  

3 .  

Pub l i sh  r e p o r t  on tests and analyses of 
3 1 6 / 1 6 - 8 - 2 s t rue  t UT a 1 we 1 dmen t c r e ~ p  - I iip .. 
t u r  h: t.est- 9 

a.  Complete f i n a l  t w o  i n e l a s t i c  failure 
ana lyses  

Spec i fy  weldrnent f a t i g u e  strength P-edtict i o n  
faCt.or f t jr  modified 9 C r l  hio steel 

a .  Complete assessment of ava-ilable tini - 

b.  Complete 30 f a t i g u e  tests of t ubu la r  

i. Axia l  and t.or.;ional f a t i g u e  of 

i i .  Axia l  and t o r s i o n a l  fa t igue .  of 

iii. Axial and t o r s i o n a l  f a t i g u e  of 

axial .  wsldmfmcnt f a t i g u e  d a t a  

we1 dmen t s 

base metal  specimens 

tubes  wi th  a x i a l  welds 

tubes  w i t h  c i r c m f e r e n t i a l  welds 

c .  Publish f i n a l  r e p o r t  on r educ t ion  
f a c t o r  and its bases 

A s s i s t  i n  e s t a b l i s h i n g  weld metal creep  
rupture  s t r e n g t h  r e d u c t i o n  fac tors  f o r  
m o d i f i e d  Id C r l  Mo steel and provide  S ~ T U C -  

tu c a  1 cotif i rmat ion  

a. Tentative factors  established 

b. Comp1st.e minimum set of four c o n f i r -  
matory c reep - rup tu re  tests of welded 
tubas 

i. 'ho t ubes  wi th  a x i a l  welds  

ii. TWQ t1.ibr.s w i th  c i r c u m f e r e n t i a l  
w e l d s  

c. Complete ana1yse.s and assessmsnt  of 

d .  Pub l i sh  r e p o r t  p rovid ing  conf i rmat ion  

f a c t o r s  

of c reep - rup tu re  s t r e n g t h  r educ t ion  
f a c t o r s  

1988 

3L.4 

FlSCP 
1930 
1_1_1 

CA 

b, 

YEAR 
1991 1993 
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A ~ ~ r o a c h :  The goal here is to demonstrate thar even when ka t - to-hes t  variability of 
material properties and strain hardenirtg are considered, the high-temperature 
design methOdQiOggr, including desigz marg?ns, is adcquate to assure structural 
integrity of components containing $to?s geometric discontinuities. This is being 
done by (1)  creep-rupture tests and analyses cf two "notched" plates (one 
monotonkally loaded and oile cyclically loaded), and (2) a parametsic study in 
which the effect of material vzriability on life will1 be detexxined for a notched 
strncturc. Since this is a geneiic issue, 304 stainless steel, for which the most 
heat-to-heat variability informatioa exists. is being wed for the initial tests and 
analyses. Once the case is made for  stairilcss steel, the study *ill be extended to 
modified 9 Cr -1 Mo steel, where the tests d l  be performed a t  538°C. 

Qcliverselb!~~: Two reports sumi-riarizing tests and analyses showing that geometric 
discontinuities are adequately handled by the structural design/life assurance 
methodology. The first ieport will cover stainless steel, while the second report 
addresses modified 9 Cr -1 Mo steel. 

The first of two stainless steel notched-plate tests has been underway for 
more than a yeas, and preparations for t% rtainless steel aiialytical patamtxe: 
study are being made, I he heat-to-heat variability correlations exist for 304 
stainless steel. 

Jusbificatiun: -_l____l.- Like metallurgical discontinuitics (Task 4), geometric discontinuities are 
sources of component failure initiation. The adequacy of the methndology to 
handle such dkcontimities i r  an LMR reliability and licensing issuc, particularly 
whez heat-to-heat variability, strain hardening, an2 bending loadings are 
considercd. This was the number two unresolved structural issue (after 
weldinenis) in the CRBRP licensing h c a h g s ,  and again a development program 
was required by NRC. 

Status: 

Cost ared SckeJulg: 

@ Complete stainless stec! study and publish report . . . . . . . . . . . FP-89 

8 Complete modified 9 Cr-1 Mo steel study and publish report. . . . . . FY-91 

Q 
8 
Q 
E+ 

120 

100 

80 

40 

20 

0 

TOTAL. :$,a60 



39 

~ 

TASK: Validation of Life Prediction &thodology at Geometric Discontinuities - 
SUBTAS WM IILESTOM E 

____I._. __- 
1. Compl.ete s t a i r i 1 . e ~ ~  steel study and publish 

a .  Complete monotonic creep-rupture bend-. 
ing test and analysis of notched plate 

b. Complete analytical parameter study of 
effect of hest-tu-heat vari.ahili.ty 

c .  Complete cyclic creep-rupture bending  
test and  analysis of notclied plate 

Kep0i.t  

2.  Cixnp1r.te modlCiad 0 Cc-1 Mo steel study and 
publish r e p o r t  

a. Dwr.!np heat-to-heat variability prop- 
erty correlations based on mechanical 
p r o p e r t i e s  data 

b .  Complete analyt.ical parmei-er study of 
notched st rurture 

c. Conp1et.e two bending creep-rupture 
tests of notched plates 

1908 

"IiL 
1989 

J' 

YEAR 
1993 



ABDroach: FOP the stainless steel? and annea!rd 2-€ /4  Gr--l Mo steel, deformation 
and failure icsts of a varicty of strxti iral  models subject to various therms; 
and mechanicd loadings have provided a base of data used to conl'irm the 
adequacy of LMR design analysis methods and failure ciltcria. For modified 
9 Ca -1 Mo steel, tests of only o m  type cylinders subjected to thermal and 
mechanical 10~Bdl;ngs ---- are plaimner' for confirming the analysis methods and 
failure criteria, Two of thesc cylinder tests .i3t be without a mechanical 
load. The ORNL cylinder thermal tiairsieot test rig will then be modified to 
provide an axial !cad for the last twc  tests. These ahettnal shock tests will 
be performed at a nominal tempcratta-e of 593°C. 

J&J!Qwahks: ( I )  Report oa test and analysis of final stainless steel structure 
(long-term failure test of no7zlc-to-sphere). (2) Two cyclic tlremal transieiii 
tests and analyscs of cylinders (one welded, one nnwelixed). (3) Two cyclic 
thermal transiez: tests and analyses of eyllndcts (one we!dcd, one unwelded) 
with axial loads. 

-I. S t a i q :  .. 1 nc stainless steel nozzle-to-sphri~ icst failed late in i38T aftcr more 
than t w ~  yeais un6sr load: defilOfiStiatifis the p h i a l  y nature of rfie~han'c:' 
biscoatinuity strcssec in producing clacking and ;ha natrrre of a long-tcrz 
creep failure (the failrire txlas by multiple pin-holc Jeaking rather than b y  
wc!l -defhc? cracking). The results o f  this test, a l m g  rurtl: analytical 
stradks of the different effects of mechankal secondary stressm m d  t h rma l  
secondary strcsscs, have Icd to &,;sigii ride changes. The nozzle to-sphere 

ogiaphi@a::y examin:;: '1 he first of thc four 
iraodifieQ 9 Cr-1 Mo steel, t a1 iransieiit cy1 in&; tests is compkte, and ths 

ps: Structural tests i o  failure provide the nnly means of assessing the 
zdeqaaacy of LMR structlrral design methods acd of quantifying design mar 
against fnlhirc. Since there is nc? apglicable service e ~ p e r  ;emc for moixificd 
3 Cr--l Mz steel, the role of thesc tests is especially crucial. 

-. 

w&kd specimen for the 5eco ~t IS beii~g fabiicated 

s Report of nozrie-t: sphere fziiure tcst and ailalysis . . . . . . . . . FY-gg 

Q Complete thermal transient tegt ar;d andysis of welded 
mzdified ? Cr-1  Ma sted cylinder . . . . . . . . . . . . . . . FY-83 

Complete two thermal transient tests am5 analyses of 
mdifieci 9 Cr-1 Mo steel cylinders with axial loads. . . . . . . . . 1.Y-91 

9 
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i 
4 

TASK: Confirmatory Structural Tests 

SWBTASKIFJIILESTONE - 
Fublish report an long-term creep-rupture 
test of s t a i n l e s s  steel nozzle-to-sphere 
specimen 

a I Comp1et.e microstructural assessment of: 

b. Complete inelastic anal.ysis to time of 

Complete two thermal shock t e s t s  of modi- 
fied 9 Cr-I Mo steel cylinders 

a. 

failed structure 

fa i lure 

Complete t-est and analysis of unvelded 
cylinder 

Complete test and analysis o f  welded 
cyli.nder 

b. 

Complete two thermal shock t-ests of modi- 
f ied 9 Cr-1 Mo steel cy1 i.nders under 
"ratchetting" conditions (axial mechanical 
load) 

a.  Complete facility modification for 

b. 

axial load 

Complete test and analysis of unwel-ded 
cylinder 

Complete test and analysis of welded 
cylinder 

Redo analyses using f i n a l  rules and 
procedures for modified 9 C r l  Mo steel 

e. Publish report providing structural 
test confirmation o f  modified 9 Ct-1 Mo 
steel methodology 

c. 

d .  

FlSCE 
1990 1992 1998 
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Aa~nrsaach: A four-part methodology for assessiing flaws will be developed, with 
emphasis on modified 9 0 - 1  Mo steel: (1) characterkation of initial defects, ( 2 )  
inelatic analysis of flawed components, (3) characterization of subcritical crack 
growth, and (4) structural failure criterisn, From these four pants a flaw 
assessment methodobgy, including the basis for assessing leak rates drae to 
through-wal! cracks: wi!l be identified and confirmed through tests. All of tlie 
tests for this t a k  will! center around B temsa;seiature of 538°C 

Delivembks. An cxperirneuntally confirmed high-temperature flaw assessment 
methodology arid leak rate assessmeat basis for modified 9 Cr--l Mn steel. The 
methodology will have s o m  applicability to othea LMR alloys. as well. 

Status: A. detailed program piav Lac been pieparcd for development of a flaw 
assessment methodology Tor LMR compcanents o f  modified 9 Cr--l Mo stee!." Thc 
plan was prepared with the help of a group of outside expelts in the field of 
inelastic fractilre mechanics. 

A high-tenipsrature flzw usessmmrst procedure is a nccessary and key 
part of reliability and safety aszsscrsmcnts of iiquid-metal reactors. Flaws, whether 
assumed to be initially pieseat or found by inspwtions, mnqt bc assessed and an 
acceptance/repair criteria established In addition, a licensing scenxio i-iiust be 
based on a postulated leak. T5c goal in advanced LMRs is to show that leaks can 
be detected and cmaective astim taken before thry exceed, at most, a s i x  
corresponding to the " elate fluid system leak." '1his requires a fkaw 
assessment procedure capable of reliably predicting crack induced failures as well 
as the size awd growth of the resulting opening in the gressirre boundary. Such a 
procedure does not currently exist. 

Jygt!ficaEhs? 

enst rad %heduRer 

Q Interim methodology and basis for leak-5,efor-e -break 
licensing scenarir? for use in advanced conceptual declgn . . . . . . . . FY-98 
Fins* nraetb~ddogy and basis for leak-before- break 
licensing scenario for use in preliminary dcsign. . . . . . . . . . . . FY-92 
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T A C ~ .  Flaw Assesment Procedures €or Predicting Leaks , -“I\. i n  Pressure Boundary Components 

SUBTASWMILESTONE 

1. 

2. 

3.  

4. 

5. 

) .  

Provide comprehensive plan for development 
of flaw assessment procedures 

Provide guidelines for characterizing the 
si.m and shape of initial f.L:iws 

a. Complete interim assessment of non- 
dest-ruct ive  inspection procedures 

b. Provide interin guidelines 

c. Complete final assessment o f  non- 
destructive inspection procedures 

Provide inelastic analysis guidelines for  
determining crack tip parameters f o r  flawed 
compouents 

a. Complete 6 to 10 inelastic analyses of 
specimens and components and four to 
eight specinen tests to tentative1.y 
est.ab1ish parameters 

b. Provide interim guidelines 

e. Complete G to 10 inelastic analyses of 
specimens and conpnnents and four to 
eight specimen tests t o  firmly 
establish parameters 

Provide models to characterize subcritical 
crack growth 

a. Complete 8 to 12 creep and fati.gue 
crack growth tes ts  to guide development 
of interim models 

b. Provide interim models 

c. Complete 8 to 12 creep and fatigue 
crack growth tests to giiide development 
of final models 

Provide structural failure criterion and 
basis for leak rate assessment/determina- 
tion of remaining life 

a. Complete 8 to 12 fracture toughness and 
tearing instability tests including 
effects of creep t o  est.ablish interim 
criterion 

b. Provide interim struct-riral failure 
criterion and basis f o r  leak rate 
assessment 

c .  Complete 8 to 12 fracture toughness and 
tearing instability tests with creep to 
establish final criterion 

Provide experimental confirmation of time- 
dependent fracture mechanics methodology 

a. Complete 6 to 8 small scale model tests 

h. Complete 4 t o  6 large scale model tests 

and analyses 

and nnalyses 

1988 

A 

1989 

2 

a 

a 

1992 1993 
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& ~ ~ o a c k  Both Westinghouse and Rockwell International have, under DOE funding, 
conducted therrna! striping tests of stainless steels and, to a lesser extent, 
modified 9 3 - 1  Mo steel. These tests prodllced "initial" cracking due to striping 
under typical reactor core outlet temperature variations. Rockwell International is 
continuing that effort, ut~der Electric Pow2r Resezrch Institute (EPRI) funding, 
with an emphasis that includes crack growth. A few modified 9 Cr--1 Mo steel 
tests are a part af this continuing effort.* TIE approach sf  this task is to adapt 
the flaw assessment procedure developed in Task 7 for modified 9 Cr -1 Mo steel 
to an aswmneat of cracks induced by therms: striping. In other words, this task 
picks up with tlic existence of thermal striping induced cracks and is to answer 
what happens to these cracks under additional loadings. Specimeris from the 
abovc meztioned tlierrnil striping tests will be dsed as a basis for characterizing 
strigi?! induced cracks (inclrrding the influence of "mud cracking;") as initial 
flaws. The ability to predict the growthlaarest of these cracks will then be 
examined through tests and analyses. Factors to be considered incll.de :be effects 
of mechanical loads, thermal shock !.rads, load o ide ihg ,  and prior creep damagc. 

A demonstrated analysis proceduv e for predicting the gmwth/arrest of 
cracks induced by thermal Ttriping9 including many of the factors unique to upper 
internal structures. 

Thermal striping crack initiation data exist for mcldified 9 Cr -1 Mo steel. 
Some crack propagation data for simple beam spec~meas are being generated by 
Rockwell International. FiandBy, as explained in Task 7, a plan has been 
developed, and will be followed in principle, for establishing a high-temperature 
flaw assessment proczdure for modifjed 9 Cr -1 Mo steel.. This will form the 
starting point for initiation of this task in FY-91. 

Justification: It is uncertain whether or not the u p p e ~  internal structure of an 
advanced LMK can be designed to resist crack initiation due to the;mal striping 
over a 60-year life. If it cannot, then the cracks muse be shown to be benign. 
This requires a flaw assessrinent grscedure demonstrated to be applicable to upper 
internal siractaarcs. 

DeBivenblcs: 

SaSaSs: 

Demonstrated flaw assessment methodology applicable to 
cracks induced in upper internal structures by thermal 
striping . . . . . . . . . . . . . . . . . . . . . . . . . . . FY-92 

*The EPRI-funded task is a joint effort with the Central Research Institute 
for Electric Bower Industry (CRIEPI) in Japan and i s  scheduled for completion in 

~ In addition i o  striping tests, which are mostly on 304 stainless steel 
specimens, the joint effort Node that 
neither the EPRI/CRIEPI nor this plam address Alloy 718, which is also a 
candidate material for upper internal structures. 

This approach depends on the continuation and successful completion of the 
EPRI-sponsored effort. 

des thermal hydraulics work by CWIEPI. 

**  
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TOTAL:$350 
200 

8 
9 
f& 

100 

Q 

TASK: Adaptation of Flaw Assessment Procedure to Inltial 
Cracks Produced by Thermal Striping ___..- I 

SUBTASWMILESPONE 

1. 

2 .  

3 .  

4, 

Estahlish guidelines for characterizing the 
size and shape of t h e m 1  striping cracks 
(including method for accounting for 
influerice of "mud cracking") 
E.,tablish fatigue crack growth threshold 
values using cwnpact tension specimens 

Complete m i n i m u n  spt of crack growth tests 
conf iriuing characterization of: 

a Thermal striping cracks 

b. H e m  stress offects 
c. Thwmal gradients 

d, Prior creep effects 

e, 

Complete analytical studies demonstrating 
applicability of flaw assessment methodcal- 
orgy (from Task 7) to above crack growth 
tests and to predicted crack growth/arrcst 
in thermal striping situations 

Effects of other superimposed cyclic 
loadings 

1988 
-- 

1989 
FISCAL. YEAR 

1990 1992 1993 
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4, DESIGN STA NTS UNRELATED 

Objective: The objective of this task is to develop, as consens~is staimdards, structural 
design criteria which arc simple to apply, for elevated-temperature (creep/stress- 
rupture) vessels and piping which are not related to nuclear safety. The design 
standaids will provide a high level of assured structural integrity consistent with 
large capital investment and high cost of down time, but without nuclear safety 
impfications. 

A~~~~~~~~ The vessel criteria will be submitted for consideration as PEP elevated- 
temperature extension to Section VI11 of the ASME Roiler and Pressure Vessel 
Code which could be referenced directly from Subsections NC arid ND of Section 
I11 for Class 2 and Class 3 comp~net~t$  as well. ?'he piping criteria will be 
submitted to the ASME Code for Pressure Piping, B31. Initially the materbnls to 
be covered by the standards ace stainless steels 304 and 316, and 2-1/4 Cr---l Ms 
steel. Modified 9 Cr--! Mo stee! will be added later. 

Deliveraables: The initial products will be complcte drafts of vessel design criteria arid 
their technical bases. The criteria w R : ~  be in the format, style, and nomenciature 
of Division 2 of kct ion VIII. They will be submitted to the ASME Boiler and 
Pressure Vesse! Code for consideration as a sup nnent to Section VIII. 
Analogous criteria will be drafted for piping and will submitted to the ASME 
Code for Pressure Piping> 83 1 .  

§tiatus: This task was initialed in June 1988, The failure modes to be considered, the 
scope of the design rules, and the tatget consensus standards have been 
determined. Consideration has also been given to the inclusion of aodified 
9 Cr-l M s  stee!. 

Justificatiaar Advanced LMR design concepts greatly reduce the number of 
components that are safety related. Thus, muck of the plant can be designed to 
nonnuclear safety standards, such as Sections I and VIII of the ASME &oiler and 
Pressure Vessel Code, which woan!d significantly reduce plant design and 
construction costs. Mowever, there are no nonnuclear criteria for higk- 
temgeratplic: cornpanenis that are adequate to provide the reliability needed for a 
high-cost system and long design life and minimal inspection. The high- 
temperature limits of Sections I and 1'111 do not address all of the failure modes 
that are significant for nuclear applications. Therefore, new criteria are needed 
that will provide high rehbility without involving the reg latory overview 
required for nuclear safety. 

@ Issue draft standard for eBevated-temwratuare vessel design . . . . . . FY-89 
Issue draft standard for elevated-temperature piping . . . . . . . . . FY-90 

odified 9 Cr---1 M s  steel to vessel and piping s a d s .  . . . . . FY-91 

Support ASME Code consideration of vessel and pigin 
standards . . . . . . . . . . . . . . . . . . . . . FY-89 through -92 

d 
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Design-'Standardu for Nuclear Nonsafety 

I 

TASK: High-Temperature Components 
I 

SU BPASK/M ILESTQN E 

1. 

2 .  

3 .  

4 .  

5. 

6 .  

7.  

Issue d r a f t  standard for elevated-tempera- 
ture vessel design 

Issue draft revision of Subsections MC and 
NE of Section 111 

Issue draft standard for elevatcd-tempera- 
ture piping 

Evaluate Japanese, British, and French 
criteria for possible adoption of best 
features 

Add modified 9 Cr-1 Ho steel to vessel and 
piping standards 

Provide interactive computer program for 
implementation o f  piping rules 

Support ASME Code consideration of vessel 
and piping standards 

1988 
FISC) 

1990 

h 

- 

YEAR 
1992 1993 
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E THERMAL R.rh'TCE3[E'ITTYNG TESTS TO FAILURE 

Obiestive: The objective of this task is bo provide key strplctwal failure test results 
for modified 9 Cr- 1 Mo steel that can be used to validate analysis methods and 
design criteria and. to establish appropriate design margins. This will complement 
the Structural Design Technology effort at ORNL, and fulfill the need for realistic 
structural test data to support the evaluation and acceptance of nrodifisd 9 Cr--l 
Mo steel as a usable structural allay in advanced LMR plants, 

At ETEC:, two 9 Cr--9 Mo test articles will be subjected to repeated 
thermal downshocks and constant axial Isad until failure occurs. One test article, 
designated TT- 10, wi3B be a contoured unwelded pipe. 'Fhe second, designated Tk - 
11, will be a contoured pipe with three circumferential butt welds. 

Tis: result3 will be provided on thermal iatchetting and on structural 
failure due to creep-fatigue damage accnmmlation, sf modified 9 Cr-1 Mo steel 
pipe.,, with and without circumferential welds. These results will serve as; a basis 
for assess& the applicability of current stru~tuia'2 design methods and criteria to 
modified 9 Cr-l Mo steel and will De i:sed to connpxsate for lack of service 
experience with this material. 

Status:: The welded and unwelded blanks of 3 Cr -1 Mo for fabricatis? of the test 
articles are at E'T'EC. Modifications to and cbacks of the existing test fixture 
ccnter bodies have been completed. Design and documentation for fabrication of 
the test articles is complete. Preparatisrr. of the load ring adapters, used for 
applying the axis1 load, is approximately 25% complete. The hydraulic load 
maintainer and nitrogen blowd~wn systems with instrumentation and controls % i C  
available, 

- Justiflsatiarnr Stnuctural test data are particulzrly needed for modificd 9 CP--1 M0 
steel, because it is a relatively new material for which comparative!y !We 
structural experience ;ex;sts, especially far complex thermal rarchettiag loadings. 
The results of the present tests will be used to validate the ASME Cads 
procedures for evaluating creep-fatigue damage. '1'he ratcbetting data obtained 
before specimen failure will also be used to validate the inelastic analysis 
procedures for this material. The direct comparison of welded and unwelded pipes 
under the same loading conditions will provick a direct indication of weldmeant 
strength under thermal transient loading conditims a key NWC concern in the 
LMR licensing process. 

&~pra;asha. 

DeliveaarbBes: 

8~ Fabricate and install test articles . . . . . . . . . . . . . . . . . FY-89 
Complete checkouts with "dummy" test articles . . . . . . . . . . . FY- 

e Complete thermal creep ratchetting tests . . . . . . . . . . . . . FY-90 



49 

0 
0 
0 

& 

600 

400 

200 

TOTAL: $1 340 

F Y - 8 8  FY-89 FY-90 FY-01 FY-82 FY-93 

TASK: ETEC Thermal Ratchetting Teste 

SUBTASWMILES'TON E 

1. Test TT-IO, unwelded modified 9 Cz-1 Iyo 

steel pipe 

a. 
b. 

d.  

f. 
g. 

h. 

c .  

e .  

Preparation of center body 
Delivery of stock 
Fabricate T . A .  and assemble test rig 
Complete c/o with "dummy" T.A. 
Install T.A. and initiate tests 
Complete testing - predicted rupture 
Disassemble test rig - send T.A. to 
ORNL 
Complete test report 

2 .  Test TT-11. modified 9 Cr-1 Ho steel pipe 
with circumferential butt welds 

a. 
b. 

d. 

f .  
g -  

h. 

C. 

e .  

Preparation of center body 
Delivery of stock 
Fabricate T.A. and assemble test rig 
Complete c / o  with "dimly" T.A, 
Install T.A. and initiate tests 
Complete testing - predicted rupture 
Disassemble test rig - send T.A. to 
OWL 
Comp1.ete test report 
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