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T h i s  report  documents the planning, testing e and techrmlcygy tranrasfrr 

actiwi ties t ha t  have been carried out in developing m : x i i f 9 o d  9 C r - 3  Mo s k a m l  
(T-9x3 for Piquid-metal reactor (I,F3R) appl icaticsns .t S u ~ c a ~ : ~ s f x ~ ~  d e v ~ l o p -  

mend; of a new material for critical. high-temperature eaaergb applications 

has required considerable effort, coordination,, and staying power. Tn 

snch an endeavor important contribiit i ons  hawn heen made by many organiza- 

tions and individuals, an it would be impossible to acknowledge t h e w  a l l .  

However, several deserve special mention. First .*sf a l l ,  the alloy corn- 

position was the brainchild o f  C .  T. Ward at Combustion E n g i n ~ e z - i n g ~  Tnc. 

R. King led the Oak Ridge National Laboratory (OXNL) Task Group on 

development o f  alternate materials far advanced LMR app1.ir:nt ions and was 

the first modified 9Cr-1Mo steel program manager. P. Patriaarca provided 

needed direction and leadership of the program at BRNE through much of the 

1975 t o  9985 period. Staying power was provided chiefly t-l~roaigh the amp- 

port of the U . S .  epartment of Eriergy (DOE) Office of Nuclear Energy and 

in particular through the efforts of E. E. N o f ' T m a n ,  DOEdOali  Ritfge, and 
C. 6 .  Beals, DOE Headquarters, who made specific recsmmendaticsrxs Tor 

financ i a1 support and provided enthiisiastic encouragement ~ Continued 

technical justification of the program was provided by various industrial 

companies interested in advanced LMR development ; of particular note were 

the efforts of C .  L.  Storrs at Combustion Engineering. Undoubtedly, 

howevcr, the most significant contribution w a s  that of  V.  K .  Sikka, who, 

as task leader throughout most of the program, tested, coordinated, and 

promoted the allay. Without his e f € o r t  and expertise the program enuld  

not have succeeded. 

Although the report contains much detailed information (including 

over 160 figures and 200 references), we have also included an Executive 

Summary and a Summary and Recammendations (Chapter 4 )  to more succinctly 

describe the program. The sheer volume of material to bt.. jricliidetl pre- 

sented a special problem for Karen Perry, who was responsible for pro- 

viding a typed draft fox review. Special thanks are due for hcr patience 

and perseverence. 

J. R .  DiStefano 
LMR Program Manager 
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EXECUTIVE SUMMARY 

In 1974 a task force was authorized by the U.S. Department of Energy 

(DOE) to conduct a three-phase study directed at (1) evaluating the defi- 

ciencies in types 304 and 316 stainless steel for liquid metal reactor (LMR] 

applications, (2) selecting candidate alloys with potential for improved 

performance, and ( 3 )  developing a plan for acquisition of the data base 

that would be required for use of the alloy in a future LMJ3. Respon- 

sibility for the study was assigned to a task force at Oak Ridge National 

Laboratory (ORNL), and the findings of the task force ultimately led to a 

recommendation for developing an improved ferritic steel. The projected 

costs for developing a ferritic steel alloy by 1985 were estimated to be 

$17.74 million, and the recommended alloy development program was initially 

justified by forecasts of a significant LMR economy by the 1980s. After 

consideration of several ferritic alloy compositions, DOE selected modified 

9Cr-1Mo steel for further development. 

Based on creep strength and microstructural considerations, many 9Cr- 

1Mo types of steels were considered promising; however, alloy development 

studies carried out by Combustion Engineering, Inc., led to an alloy 

modified by the addition of vanadium and niobium. By 1980 the alloy 

composition was fixed, and criteria (melting, fabrication, mechanical 

properties, thermophysical properties, heat treatment, weldability, 

environmental effects, and high-temperature design behavior) that the 

alloy would have to meet were established. We recognized that appropriate 

>tResearch sponsored by the Office of Technology Support Programs, 
DOE/RSDT AF 20 10 20 2, BRIMOS, U.S. Department of Energy, under contract 
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc, 
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codes and staatlards, as well as significant industrial experience, wonald 

also be required before a n e w  material would be used for important struc- 

tural applications in an T,MR or, for Illat, iiiatter, i n  ariy high tevperature 

pressure boundary application. In  general , the strategy t 0 achieve <hese 

codes standards , and indlistrial experience consisted o f  developing a 

strorrg data base in the DOE program and concomitantly involving both U.S. 

and foreign industry i n  a wide variety of developiwntal activities. 

Technology transfer among governmental and industrial organizations has 

been an i inportant part of the m o d i f i e d  9Cr-PHo steel development program. 

A national program plan was first published i n  1980 and then revised 

in 1982, I L L  addition to identifying all of the program task elements, the 

plan provided detailed milestone schedules. f u r  each elerilent and te5-t. 

matrices fox the required design d a t a .  

Since 1980 considerable information on modified 9Cr-?Mo s t e a l  has beea 
generated both through gove rciment-sponsored work and through industria? 

programs. These can be summarized as toPlows 

MELTING AND FABRICATION 

Over 800 tons of material have been rrieIted and pr~cesssd, and c a m r n e r -  

cia1 procedures are well established. The alloy is now advertised as 

available from B&W Tubular Products Group, Nigpon Rokan R.K., and Sumitomno 

Metals Industries. In  applications where toughness properties arc, criti- 

cal, electroslag-remelted material is recommended. 

MECHANICAL PROPERTIES 

An extensive mechanical properties data base on modified 9Cr-1Mo 

steel in air has been developed. Data packages containing information on 

tcrisi le,  creep, fatigue, and toughness properties have heen approved by 

the American Society of Mechanical Engineers (ASME) Code. However, addi- 

tional data QII creep-fatigue damage interactions are still reqixired. 

Modified 9Cr-1Mn steel is resistant to swelling from irradiation, and 

effects of irradiation on tensile and toughness properties have been 

determined. Based on existing data and data from other f e r r i t i c  alloys, 

modified 9Cr-1Mo should have good long-term performance for out-of-core 
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structural applications in an LMR. However, further studies are recom- 

mended to provide data at the low irradiation damage levels relevant to 

its i-ritended structural application e 

Limited testing during and after exposure to sodium does not indicate 

significant deleterious effects on the mechanical properties of modified 

4Cr-1Mo steel. Testing for longer times is recommended, however, to 

better define the effects of sodium on creep-rupture properties. 

30 I N  ING BEFiAV I OR 

Studies have indicated no major problems with the weldability of 

modified 91:r-lMo steel. Differences in microhardness between base metal 

arid a tempered zone in modified 9Cr-1Mo steel are about the same as for 

other ferritic s tee ls .  Kowcver, results indicate that tempering at 621'C 

before welding followed by a pastweld heat treatment at 760°C will essen- 

t i a l l y  eliminate hardness variations across the weldment. 

The gas tungstcn-arc, submerged-arc ( S A ) ,  and shielded metal-arc 

processes have been used to satisfactorily join modified 9Cr-1Mo steel. 

Only two areas arc recommended for  further work. A flux that can be used 

in SA welding with alternating current is needed. Slag removal from the 

weld bead has been difficult, and low Charpy-impact properties have 

resulted with the commercial fluxes used thus far. In addition, more 

information is needed on the mechanical properties of weldments, espe- 

cially the effects of long-term aging. 

STRUCTURAL DESIGN 

LMR components present unique structural design requirements because 

of the significant thermal transient loadings and temperatures where time- 

dependent deformation processes can occur. Because specific failure cri- 

teria and design rules are not available for modified 9Cr-1Mo steel, the 

task has been to adopt, to the extent possible, the existing methodology 

for austenitic stainless steel and 2.25Cr-1Mo steel, while at the same 

time recognizing and accounting for the unique behavioral features of 

modified 9Cr-1Mo steel. A preliminary analytical assessment of the design 

characteristics of modified 9Cr-1Mo steel was carried out relative to 

other alloys (type 304 stainless steel, 2.25Cr-1Mo steel, alloy 800, and 
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standard 9Cr-1Mo steel); the modified steel proved to have lower thermal 

loadings and better resistance to creep damage. However, much work 

remains to be done. The present NE F 9-TT constitutive framework is 

inadequate, and its behavior appears to require a nonlinear viscoplastic 

model that makes no distinclion between creep and plastic strain. Only a 

few scoping studies have been conducted as a basis for failure criteria 

assessments. Behavioral feattires of modified 9Cr-1Mo that will likely 

have to be given special consideration in developing ratchetting and 

creep-fatigue rules include strain so f txn ing ,  low strain at onset of ter- 

tiary creep, and rate dependence of yielding and plasLic flow, Material 

behavior modeling tests are planned to permit validation of design 

procedures. 

CORROSION BEHAVIOR 

Corrosion studies of modified 9Cr-1140 steel have included stress 

corrosion cracking in caustic and chloride environments, tests i t a  sodium, 

and steam and air oxidat-ion tests, Although t e s t i n g  in all o f  these 

environments is limited, the results can be compared with the much greater 

data base available for 2.25Cr-1Mo steel and standard 9Cs-1Mo. Rcsults 

generally indicate that stress corrosion cracking under LMR service con-- 

ditions is  unlikely, no significant changes are expected from carburization/ 

decarburization reactions, and steam corrosion rates should be slightly 

better than those of 2.25Cr-IMo steel. 

INSPECTION 

Only limjted efforts have been made to apply nondestructive examina- 

tion methods to modified 9Cr-IMo; however, prior work on a similar material 

(2.25Cr--lMo) provides confidence that present technology can be adapted to 

the alloy. Development of ultrasonic and eddy-current techniques is pres- 

ently under way to allow in-place inspection of the intermediate heat 

exchanger arid steam generator tubing o f  the Sodium Advanced Past Reactor. 

A major task is to develop ultrasonic and eddy-current probes that will 

withstand the hot standby temperature o f  -200°C. 

the inspection techniques and instrumentation systems required will be 

It is anticipated that 



similar to those developed for the Westinghouse double-wall steam generator 

after modifications for geometry, temperature, and material characteristics. 

TECHNOLOGY TRANSFER 

One objective of the modified 9Cr-1Mo steel development program has 

been to bring the alloy to a state of commercialization that will allow it 

to be used in advanced LMR applications. 

important element of the program. 

consisted of establishing codes and standards [American Society for 

Testing and Materials (ASTPI), ASME, and Nuclear Systems Materials Handbook 

(NSMW)]; providing material and components for testing in prototypical 

end-use environments; and coordinating cooperative test programs with uni- 

versities, other national laboratories, and industrial companies, 

Thus, technology transfer is an 

Technology transfer activities have 

ASTM specifications have been established for all product forms of 
modified 9Cr-1Mo steel except bar and castings. ASME Code Cases 1943 and 

1992 (Sect. I) and 1973 (Sect. VIIL) have been approved, and an inquiry 

has been requested by Rockwell International Corporation €or revisions to 

Cases N-47 and N-253 of Sect. XI1 to permit use of modified 9Cr-PMo steel. 

Baseline tensile and creep properties of modified 9Cr-SMo steel have been 

published in DOE'S  NSMII. 

Tube sections of modified 9Cr-IMo steel have been installed in 

operating steam power plants in the United States, England, Canada, and 

Japan. The longest time has been achieved in the Tennessee Valley 

Authority's Kingston Steam Plant (6 years), and some samples are scheduled 

for  removal and examination in 1987. Several test components have been 

operated in sodium, including 9Cr-SMo steel spoolpieces in the Experimental 

Breeder Reactor (EBR)-I1 secondary sodium Yardline circuit and in the 

Sodium Component Test Loop at the Energy Technology Engineering Center. 

ORNL has a lso  supplied the Oil Well Division of United Sta tes  Steel 

Corporation with material for switch valves that are being evaluated for 

service at ~10'~. 

One of the most successful examples of government-to-industry tech- 

nology transfer has been the cooperative programs for the exchange of 

materials, results, etc. among ORNL and universities and other W.S. and 

foreign private companies. 
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ACtep 10 years o i  development, modified 9Cr-1Mo steel is a cornmer- 

cially available material  that has been specified for use in an advanccd 

LMR and is being used worldwide in f o s s i l  plant!, and other applications. 

Although t h e r e  is some work needed bsfore  this steel is a c t u a l l y  used in a 

nuclear syslem, the main objectives of the program have been essentially 

achieved at a cost less than o r i g i n a l l y  estimated. 
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1. IhSTROnUCTION 

Nuclear plants for electrical power production have traditionally 

required large capital investments in component equipment. Costs of such 

installed components in light-water reactors have been estimated to be as 

high as 20 to 25% of the  total cost of power generation. Reductions in 

these costs are possible through design simplifications and material 

improvements. 

I n  1974 the principal reference materinls f o r  structural applications 

i n  liquid metal reactors (LMRs) were types 304 and 316 stainless steel 

(cladding, cold leg and hot leg piping, and ducts and pressure vessels), 

2.25Cr-1Mo steel (steam generator), and alloy 718 (special applications, 

such as  upper internals). There were sound technical justifications for 
the selection 01 these materials, and their widespread use for a range of 

structural applications had generated a large data base and significant 

industrial experience. However,  there were somc recognized problems that 

provided an incentive to seek materials with even better properties. 

of these problems are 

Some 

1 ”  

2. 

3 .  

4 ,  

5 .  

6 ,  

7 .  

susceptibility of types 304 and 316 stainless steel to stress 

corrosion cracking 

wide variability in the properties of types 304 and 316 stainless 

bteels because of allowable compositional specifications, 

high thermal stresses in austenitic stainless steels because of high 

coefficient of thermal expansion and low thermal conductivity, 

difficulties w i t h  in-service inspection of austenitic stainless steel 

weld joints, 

atmospheric rusting of 2.25Cr-lMo steel, 

law design stress nllowables fo r  2.25Crr-lMo steel, and 

difficulties with a u s t e n i t i c  to ferritic w e l d  transition joints. 
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1.1 DOE TASK FORCE STUDY AND RECO 

To take advantage of past expsrietice and new developments in materials 

technology, the U.S, Department o f  Energy (DOE) established a task force at 

the Oak Ridgc National 1,absratory (OWNL) to conduct a study that would lead 

to the recotnmendatian of alternate structural materials for liquid metal 

fast breeder reactor (LMFRR) applications. The objectives of the study, 

which was divided into three phases, were to (1) evaluate the deficiencies 

of types 304 and 316 stainless steel, (2) select candidate alloys with the 

promise of improved performance, and ( 3 )  develop a plan for acqmisition of 

the data base t h a t  would support the use of an improved alloy in future 

EMFBRs. The task force, with considerable help from U.S. industry, 

se l ec t ed  three  classes of alloys as grime candidates: for future H.,MFBR 

application: ferritic steels, austeni t ic  steels, and nickel--bearing solid 

solution alloys.' 

alloys were evaluated according to the following criteria: corrosion 

resistance, fabricability, weldability, mechanical properties, engineering 

code requirements, design costs, and availability. A s  a result, 12 alloys 

Within the three classes of alloys, hundreds of specific 

were recommended 

promising alloys 

Alloy class 

Ferritic steel 

Austenitic steel 

for further investigation and development. 

from this critical evaluation were as follows: 

The most 

Recornendation 

High priority: Jethete MI54 and Timkan modified 

Law priority: Sandvik EI"9, CRBN R--8, and EM-12 
9Cr-lM0; 

High priority: B&W 15-1SN, Sandvik 12R72, and 
stabilized types 304 and 316 
stainless steel 

Nickel-bearing solid High priority: Alloy 800H and alloy 800; 
solution alloys Loss priority: Alloy 600 

It was concluded tha t  the ferritic steels could solve or alleviate 

all of the probleipls cited above for types 304 and 316 stainless steel. 

ent schedule recommended by the task force to make a ferritic 

steel alloy available fat. design OK an LMFBR by 1985 is shown i n  Table I, 
and the costs required to complete the eight tasks  were estimated to $8 

$17.7& million. Aft,c?r further consideration of tho several alloys listed 

above, DOE selected modified 9Cr-PMo steel for further development. 
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1.2 PRIOR WORK ON MODIFICATIONS OF 9Cr-1Mo ALLOYS 

Over the years, considerable effort was devoted to developing steels 

with chromium concentrations lower than austenitic stainless steels €or 

elevated temperature service. A compilation by 6 .  V.  Smith2 listed data QB 

73 heats of 9Cr-1Mo types of s tee ls .  In the United States, Timken Roller 

Bearing Company developed for superheater tubing in fossil power plants a 

modified 9Cr-ZMo that has good properties for LME'BR applications. ' 
alloy contains additions of niobium and vanadium and in the normalized- 

and-tempered condition (N&T) exceeds the average yield strength and ulti- 

mate tensile strength of type 304 stainless steel to 5 9 3 O C  (I1OD"F). 

However, the Timken modified 9Cr-1Mo steel was never used commercially, 

and the alloy was not patented. Several foreign steels in this compasi- 

tion range have also been developed. The chemical compositions of 

Tempaloy F-9 (ref. 4) (Nippon Rokan), CRBN R-8 (ref. S), and EM-12 

(Wallorec) are compared in Table 2. 

9% chromium-1 to 1.5% molybdenum steels with creep-rupture properties 

similar to the Timken alloys. The highest strength Sandvik steel was a 

normalized and tempered alloy containing 9.4% Cr, 1.08% Mo, 0 . § 3 %  Mn, 

This 

Sandvik' produced a series of 7 to 

0.44% Nb, 0.30% Si, and 0.15% C with a martensitic microstructure. 

Based on creep strength and microstructural considerations, many of 

these alloys were considered promising for LMR applications. However, a 

review of the properties of alloys developed to this point indicated that 

those with high creep strength exhibited either a decrease in ductility 

with increasing time to rupture, a high ductile-to-brittle transition (DBTT) 

temperature, or both. In addition, the use of any new alloy in systems 

for electric: power generation requires that the material be fully commer- 

cialized with a significant data base and industrial experience. After 

optimizing the composition for LMR applications, it would be necessary to 

(1) demonstrate melting and fabrication of commercial heats, (2) set optimum 

heat treatments, (3) develop appropriate design methods and a related prop- 

erties data base, ( 4 )  demonstrate weldability, (5) determine the effect of 

environmental interactions on properties, and ( 6 )  develop appropriate codes 

and standards for its intended use. In addition, significant industrial 

experience was considered a prerequisite before a new material would 

likely be specified for important structural applications in an energy 
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system. Thus, a l though the potential benefits o f  an improved 9Cz-1Mo 

steel to an LMFBR (and other industries as well) had been identified, much 

~ 0 1 - k  remained to be done. 

Table 2. A comparison of the Timken 9Cr-lNo 
modi f i ed  steel with similar foreign steels 

Characterist-ic chemical composition 
(%I 

____I___ _I............._ 
Element 

CNKM x-8 EM-12 
(Belgium) (Prance) 

Timken 9Cr--lMo Nippon Kokan 
modified Ternpaloy F-9 

(United States) (Japan) 

C 

Mn 

Si 

Cr 

Mo 

V 

Nb 

N 

B 

Zl- 

P 

S 

0.15 

0 .30 -5 .40  

0.50-1.00 

8.0-10.0 

0.90-1.10 

0 e 25-0.35 

0.04-0.15 

0.01 

0 007 

0 . 0 1  

0.04-0.08 

0.40-9.80 

0.25-1.00 

8.0-9.5 

0.90-1.10 

0.15-0.45 

0.20-0.60 

0 .010  max. 

0 . 0 3  max. 

0 . 0 3  max. 

0.08-0.12, 

0.9-1.2 

0.2-0.4 

9-1 0 

1.8-2.2 

0.25-0.45 

0.4-0.  g h  

0 . 0 3  max. 

0 . 0 3  mix. 

0.15 max. 

0.8-1.3 

0.75 inax. 

8.5-10 

1.3-2” 3 

0.2-0.4 

0.3-0.6b 

0 . 0 3  max. 

0 .03  max. 

%max. = maximum. 

h b  9 Ta. 



2. PROGRAM DESCRIPTION 

2.1 OBJECTIVE 

The objective of the modified BCr-PMo steel program i s  to develop and 

bring to a state of commercialization a structural alloy with better prsp- 

erties for LMR and other advanced energy applications than standard austen- 

itic stainless steels and other low-alloy ferritic steels, In general, 

the strategy to achieve commercialization consisted of the early involve- 

ment of industry in a wide variety of developmental activities. A s  
discussed later, much of the success of this program can be attributed to 

interactive government/industry technology transfer. 

2.2 CRITERIA 

Although a modified 9Cr-1Mo steel was expected to have advantages 

over austenitic stainless steels in LMR applications, its significant 

strength advantage over 2.25Cr-1Mo steel was expected to provide a 

substantial increase in the margin of safety against steam generator 

failures caused by fatigue and thermal stresses. In addition, the 

superior strength of modified 9Cr-1Mo steel over 2.25Cr-1Mo steel was 

expected to result in substantial cost savings [reduced tubesheet and 

shell thicknesses) and improved reliability. Thus, criteria that an 

improved 9Cr-1Mo alloy must satisfy were first established for LMFBR steam 
generator application. To be acceptable, the improved alloy was required 

to meet criteria in the areas of melting and fabricability, mechanical 

properties, thermophysical properties, heat treatment, welding, enviran- 

mental effects, and high-temperature design behavior. Specific criteria 

selected are shown in the Appendix. 

2.3 TASK ELEMENTS 

To meet the objective and criteria cited above, the program is 

organized into s ix  task elements [Fig. 1). Within the DOE-funded program, 

13 
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DESIGN 
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MECHANICAL/ 
PHYSICAL 
PROPERTIES 

PR EP AR AT I ON/ 
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AIR 

'1.2.7 u 1.5.1 

CRITERIA AND 
L iWTS 
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Fig. 1. Task elenents for modified ~ C K - I M O  steel program. 
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overall management of the modified 9Cr-lMo steel is the responsibility 

of ORNL, and ORNL personnel have been the principal contributors to task 

elements 1.1 (Preparation/Fabrication),  1.2 (Mechanical/Physical Proper- 

ties), 1.3 (Design Methods), and 1.6 (Program Interfacing). Mechanical 

properties tests in sodium have been conducted by the Argonne National 

Laboratory (ANL) and the Westinghouse Advanced Energy Systems nivision 

(WAESD). 

contract with Combustion Engineering, Inc. (CE), Chattanooga, Tennessee. 

Stress-corrosion cracking studies in caustic and chloride environments 

have been conducted by the General Electric Nuclear Systems Technology 

Organization (NSTO), and effects of sodium were determined by ANI,. 

Joining behavior was studied by QRNL principally through a sub- 

2 .4  PROGRAM PLAN 

A national program plan for the development and commercialization of 

a modified 9Cr-1Mo steel was published in September 1980 (ref. 7)  and 
revised' in December 1 9 8 2 .  I n  addition to identifying the program objec- 

tives and task elements, the plan summarizes the advantages and limita- 

tions of modified 9Cr-1Mo steel for specific LMR component applications 

and serves as an interim report on the status of developmental activities 

and remaining needs. Detailed milestone schedules are included for each 

of the task elements, and Appendix D in the revised plan* contains a 

detailed set of test matrices for the required American Society of 

Mechanical Engineers (ASME) Code and design data on modified 9Cr-1Mo 

steel. 





3 .  RESULTS AND ACCOMPLISITMENTS 

3 , 1  SELECTION OF ALLOY COMPOSITION 

Initial alloy development studies on modified 9Cr-1Mo steel for LMR 

applications were carried out by CE.' 

of 6-ferrite (reduces strength and toughness), the influence of composi- 

tional. variations on microstructure and properties was evaluated. An 

equation for chromium equivalent developed by Newhouse et a 1 . I '  and 

expanded by CE was used to design systematic alloy modifications: 

To maintain the microstructure free 

Cr eq. = Cr + 6 S i  -t 4Mo + 1.5W f 11V + 5Nb * 8Ti + 12Al 
(1) - 40C - 3 8 N  - 4 N i  - 2Mn - 1Cu. 

Because of a previous report that chromium contributes little to 

strengthening iron base alloys,",l* a nomiha1 chromium concentration of 

9% was maintained in the various experimental alloys. Argent et al,I2 had 

also shown that molybdenum, though a very effective strengthening element, 

appears t.o saturate the dislocation networks in ferritic steels at -1% and 

further additions of molybdenum would not produce a significant increase 
i n  strength. Thus, systematic additions of C, Mn, P ,  S, Si, V, &, Ti, 

A I ,  B ,  Zr, and N were made to a nominal 9Cs-lMo alloy; Ni, Go, Cu, W ,  As, 

Sn, and 0 concentrations were controlled at low levels. Tensile and 

impact tests were conducted, hardness measurements were made, and some 

metallographic examiriat i ons  were conducted on these laboratory heats. 

Results of this initial study and follow-on testing of four intermediate- 

sized (4-8 ton)  cmmmercial heats at both CE and ORNL13-16 are summarized 

i n  Fig. 2. With chromium equivalent as the abscissa and percent ( C  * N) 
as the ordinate, the graph  shown in Fig. 2 was constructed. Correlation of 

strength, ductility, and toughness properties with  microstructural obser- 

vations indicated that heats with the best properties contained little 

&-ferr i te ,  (C f N) 2 0.14%, Nb 2 0,04%, V 2 0.16%, and Si 5 0 . 3 0 % .  If the 

chromium equivalent was dIQ, 6-ferrite w a s  usually not present, and if the 

17 
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Cr EO.= % Cr + 6%, Si + 4% Mu + 1.5% W i 11% V + 5% Nb + 8% Ti t 12% AI -- a 

40% c - 30% rd - 4% ~i - 2% ~n -- yU cu - 2% CO. 

b ~ r  Ea. ~ F I  10, 3 IS USUAI.IY MOT PRESENT, 10-12 SOME 3 MAY BE PRESENT, > 12 3 ~NILL BE PRESENT 

F i g .  2 ,  Chromium equivalent,"Yb C + N, combination of V and N b ,  and 
Si contents a m  critical in yroduchg heats of modified 9Cr-bMo steel w i t h  
acceptable creep strength and ductility and toughness properties. 
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Table 3. Commercial clit.mical composition specifications 
for modified 9Cr-IPlo steel 

Concentration Concentrnti OII 

Element 

Targe 1; A 1  lowed range Target Allawed range 

C 0.10 0.08-0.12 

Pfn 0.40  0 .30 -0 .50  

Si 0.20 0.20-0.50 

P <0 .Ol 0.02 rnax.a 

s <o .01 0.01 max.a 

Ni <o. 10 0.2 max.a 

MO 0.95 0.85-1 - 05 

eu <o. 10 0.2 rnax.a 

aMax. = maximum. 

Nb 

N 
AP 

Ti 

B 

W 

Zr 

0 

Sb 

0 .08  

0.05 

<o .  02 

<e,. 01 
<0. 001 

<o.  01 

<0 .01 

<o .  02 

< o .  001 

0 ~ 06-0.10 

0.03-0.07 

0 . 0 4  max? 

0.01 ma?&.& 

<o " 001 
<o " 01 
<Q " 01 

<0 ./ 02 

< O .  081 

chromium equivalent was >12> a significant amount of &-ferrite was usually 

present. Rased on these results, final commercial specifications for a 

modified 9Cr-IMo steel wcre selected (Table 3 ) .  

3 . 2  MELTING AND FABRICATION O F  COMMERCIAL HEATS 

3 . 2 . 1  F l l  

After specifying the chemical composition of the alloy, the next step 

was to demonstrate that it could be melted and processed commercially, as 

well as to provide material f o r  generating the  pi-operties data required 

for American Society for Testing arid Materials (ASTEI) specifications and 

ASME Code approval .  A total of 13 heats have been commercially melted, 

and details are summarized in Table 4 .  Additional information ua proress- 

ing  is available in a paper by 130dine and M c D u ~ i a B d . ~ ~  

of a l l  13 heats are prcsenked in Table 5.  Although no special problems 

were encountered, some Of the heats missed the allowed range specified for 

some elements, Heats that d id  not meet specifications are described 

below. 

Chemical analyses 
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Table 4 .  Details OA melti.ng of comtwccial heats 
of modified 9C:s-ZMo steel 

identiri 

XA3602 

F5349 

91887 

30383 

30394b 

30l7tic 

30182c 

1O14Bd 

14361d 

82631. 

YYC982C 

59020 

A 2 3 1 0 0 1  

Quaker 

CarTech 

c: a K Te c h 

C a r Te c h 

Car Te c h 

CarTech 

Electralloy 

Electralloy 

Timken 

Combustion 
Engineering 

Sumitornoe 

N K K ~  

Sumi i;orna" 

4 

2.5  

I 5 

15 

15 

15 

15 

23 

55 

0 . 5  

2 . 0  

5 . 0  

50 

AOD 

Electric/ESR 

AOD 

AOD/ESR 

AOD/ESR 

AOD/ESX 

AOU and AOI)/ESR 

AOD and AOD/ESR 

Electr ic  furnace 

Air induc t ; i o ta  

VIM 

VIM 

VOD 

"AOD = argon-oxygen decarburization; ESR = electroslag 
remelting; VIM = vacuum induction melting; VOL) = vacuum 
oxygen decarburization. 

h e a t  30394 is half of heat, 30383 and w a s  electroslag 
remelted. 

CHeats 30176 and 30182 are same heat; their niimhers are 
different because CarTech identifies each electroslag 
remelted ingot by a different niirnber-. 

OlHeats 10148 a ~ l d  14361 were originally AOD processed. 

eI,oeated in Japan. 

fNippon Xokan K. K., loca ted  in Japaii. 



Table 5 .  Chemical analyses of various commercial heats of modified 9Cr-1Mo steel 

30176 30182 Elemeilt 30383 30394 
F53L9 - TubeC 10148 XA3602 91887 YYCU62C 59020 A231001 82631 i436i  Specifications 

Plate 'Tubeb Pla te-  Tubec 'late 

C 
Mn 
P 
S 
Si 
si 
Cr 
MO 

V 
Kb 
T1 
CO 

CU 
A 1  
E 
w 
AS 
sn 
Zr 
N 
0 

0.18 
0.35 
0 .007  
0.0i5 
0 .35  
0.10 
8 . 8 0  
0 . 9 4  
0.205 
0.060 
0.006 
0.018 
0.09  

<O.OCi 
0.001 
<0.01 

0.002 
0.004 
<0.001 

3,  O i l  
0 . C i 2  

0.083 
0.46 
0.010 
0 . 0 0 4  
3 . 4 1  
0 . 0 9  
6 . 4 6  
1 . c 2  
0.198 
0 .072 
0.005 
0.315 
0 .03  
3 .002  

<o , 001  
0.05 

< o ,  001 
<0. 001 
*0 .001 

0 .051 

0 .075  
0 .46  
0.303 
0.004 
0 . L 0  
0 . 0 8  
6 . 1 7  
9.99 
0.195 
0. 0c4 
0.005 
0.055 
0.03  
0 . 0 0 3  

G .  050 

O.il64 
0 .46 
0.010 
0.003 
0 . 4 0  
0 . 0 9  
3.57 

0.198 
0 . 3 7 3  
0.005 
0 .  c5: 
0.0& 
0.Ci4 

<o.c01 
0.05 

. ;0. 001 
<O.O01 
<c. 001 

0 .053  

1.02 

0.094 
0 . 4 5  
0.014 
0 .094  
0 . 3 7  
0 . 0 9  
8.;: 
1.65 
0. zoo 
0 072  
3.302 
3 050 
0.04  
0 I 0 2 4  

0.053 

U.051 
0.37 
0.c10 
0.003 
0.11 
0 . 0 9  
8 .61 
0 .95  
0.234 
0 .072  
0.004 
0.012 
0 . 0 4  
0.007 

<0.09 
<0.01  

0.001 
< o .  001 
<0.001 

0 . 0 5 5  

0.081 
0 .36  
3.013 
0.003 
0.11 
0 . 0 9  
8.32 
0 .90  
0.208 
0 .076 
0.002 
0 . 0 1 1  
0 . 0 4  
0 .004  

0.053 

0.089 
0.47 
0.021 
0.006 
0.26 
0.16  
9 .24  
0 .96  
0 . 2 i  
0.354 
0 .002  
0 .019  
a .38 
0.002 

cn. 601 
0.0: 
0 .  ,352 
0.0C4 

<C, 001 
0.035 
0.008 

0 . 0 8 9  
0.40 
0.005 
0.009 
0 .19  
0.05 
0 . 2 1  
0.93 
0 .197  
0 .os9 
0.005 
0.019 
0.02  
0.003 
<o.ooi 
co.01 
i 0 . 0 0 1  
0.001 
<0.00i 

0 . 0 6 5  

0.097 0.105 
0.38 0 . 4 3  
0.007 O.GG6 
0 . 0 0 5  0.006 
0 .08  0 . 4 2  
2.08 0.02 
9 .22  5.52 
1.0: 3.98 
0.22 0.20 
0.15 0.0?5 

0.018 
0.01 0 . 0 0 3  
0.003 0.003 

<0.01 

<O.Oi 

<0.001 
0 . 0 3 8  0.0465 
0.005 

0 .096  
0.38 
3.303 
0 . 0 9 3  
0.39 
G . O 2  
8 . 3 0  
0.93 
0 . 2 1  
0 082 
Trac-e 

Trace 
G GI6 

0 .  002 

0.001 
O . G O 2  
0 . 3 3 2 9  

0,097 
0.36  
0.015 
0.005 
0.40 
0.11 
M.46 
3 . 9 6  
0 '13 
0.076 

0 . 0 2  
0.005 

0 .  039 

0 . 0 9  
0 . 3 7  
0 , 0 1 0  
0 . 9 0 6  
G.41 
0 . 1 0  
& j 9  
0 . 9 4  
0 . 3 3  
0.10 

0 oa 
0 . 0 2 5  

0.033 

0.12 0.08-0.12 
0.48 0.30-0.60 
0.014 3 . 0 2  max.d 
0.309 0.010 max. 
c.33 0 .  P2-0. 50 

0 . N  max. 0.12 
8 .62  8 .00 -9 .50  
0.96 0.85-1.05 

0 .18 -0 .25  c . 2 2  
0 . 0 9  0.06-0.10 

( j . 'JZ 

0.02 3.04  pax. 

0.004 

0 .038  0.03-0.07 

" A l l  chemical analysis was car r ied  out at Combustion Engineering, I m . ,  Cha:tanoogn, Tenn. 

Aiio: extruded. 

= H o t  ro ta ry  pierced. 

d ~ a x .  = maximum. 
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Heat F5349 was low in nitrogen, which generally, is added while the 

melt is in the ladle. However, when this heat was melted, it was decided 

to pour the melt into ingots rather than take the time near the end of the 

day to makc the nitrogen addition. Because this was the first commercial 

scale-up heat, it was accepted on a best-efforts basis. 

this heat has served a very useful purpose in providing material for 

determining the effect of low nitrogen content on the mechanical proper- 

ties of modified 9Cr-1Mo steel. 

In retrospect, 

Heats 30176 and 30182 (same as 30176; see Table 4, footnote c )  are 

low in silicon content. During the scale up at CarTech, it was decided to 

target silicon contents for 0.20 and 0.50 wt % (low and high end of the 

allowed specification range). Having limited experience in the recovery 

of silicon during electroslag remelting (ESR) of material such as modified 

9Cr-1Mo steel, CarTech missed the target silicon contents (see Table 5). 

However, in subsequent heats 30383 and 30394, the allowed range of con- 

centration for all elements in the specifications were met. Once again, 

however, out-of-specification heats served a useful purpose by providing 

material to evaluate the effects or low silicon level on the mechanical 

and oxidation properties of the alloy, 

Heat 91887, the very first heat made at CarTech, missed the allowed 

range for both silicon and niobium. This heat was melted before setting a 

final compositional specification and, thus, was not required to meet the 

chemistry range. The reason that it is included in this compilation is 

that extensive test data were generated on it before the availability of 

other commercial heats. Because of its low silicon content, this heat had 

poorer oxidation resistance, but i t s  high niobium content yielded very 

high creep strength. 

Heat 82631, the first electric furnace heat of modified 9Cr-1Mo steel, 

was melted at Timken. Unfortunately, it analyzed 0 .33% vanadium, which 

missed the allowed range specified because a ferro-vanadium alloy con-- 

taining a higher-than-expected vanadium content was used for alloying. 

Although all heats were used i n  generating mechanical properties 

data, most of the data were generated on heats $ 3 3 4 9 ,  30383, 3 0 3 9 4 ,  30176, 

30182, 10148, XA3602, 91887, and 14361. 
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3 . 2 . 2  Fabrication 

Commercial heats of modified 9Cr-1Mo steel were subjected to exten- 

sive fabrication processes (Table 6 ) ,  and no unusual problems were encoun- 

tered. Detailed reports on tubing, l B  extruded pipe," and large 

forgings2' are available. 

Eorging are presented in Figs. 3 and 4 as examples of primary fabrication 

product forms. 

Photographs of an extruded pipe and a saddle 

Fabrication of double-wall tubing f o r  steam generator applications 

was initiated during 1985. Initial work was completed at Thermo Electron 

Corporation. Double-wall tubing was sent to ANL for interfacial stress 
measurements, but the data are not yet available. 

Several sand castings of the modified 9Cr-1Mo steel were made in the 

United States" and Japan.22 

be sand cast without porosity only when nitrogen is at the low end of the 

specification range (N = 0.03-0.07 wt %). In addition, several electro- 

slag castings of modified 7Cr-1Mo steel were also prepared and te~ted.'~-~' 

Electroslag castings were not sensitive to nitrogen content, and impact 

properties were much superior to the sand castings. However, both sand 

and electroslag castings showed poorer mechanical properties than the 

wrought material. 

Results show that modified 7Cr-1Mo steel can 

3 . 3  MECHANICAL PROPERTIES (BASE METAL) 

3.3.1 Heat Treatment - Microstructure and ProDerties 

Modified 9Cr-1Mo steel is  a hardenable steel, and, thus, a knowledge 

of its continuous cooling transformation (CCT) diagram is required. Data 

were developed for several commercial heats of modified 9Cr-1Mo steel at 

both Climax Molybdenum Company26 and the University of Tennessee (UT).27 

The CCT diagrams of heats 30182, 30383, and 30394 developed by Climax 

Molybdenum Company are presented in Figs. 5 through 7 .  The specimens were 

first austenitized at 1000QC for 15 min before programmed cooling. 

CCT diagram developed for heat 30176 at UT is presented in Fig. 8 .  

diagrams for heats 30176 and 30182 are nearly the same, but there are some 

differences in the exact location of various transformations (Fig. 5 vs 

Fig. 8 )  from the two sources. 9 2 7  The higher austenitizing temperature 

The 

The 



Table 6. Summary of information on fabrication of commercial heats of modified 9Cr-lMo a l l o y  

Product  s i z e  ( n m j  

OD Thickness  
Fabr i ca to r  Me 1 t i ng  

p r a c t i c e e  3 e a t  Melter Product  F a b r i c a t i o n  method 

F5349 
30383 
30383 
30383 
30394 
30344 
38594 
30394 
30182 

30182 
30182 
30182 
301 76 
10148 

10148 
10148 
10148 
10148 

1G148 

10148 

io148 

Quaker 
Car Te c ii 
CarTech 
CarTech 
CarTech 
CarTech 
CarTech 
CarTech 
CarTach 

Car Te cti 
CarTech 
CarTsch 
CarTech 
E i e c t r a l l o y  

E l e c t r a l l o y  
E l e c t r a l l o y  
E l e c t r a l l o y  
E l e c t r a l l o y /  

Urii ver s a I 
Cyclops 

E i e c t r a l l o y  
einive r s a  1 
Cyclops 

E l e c t r a l l o y  
Uaiver s a I 
Zyclops 

E l e c t r a i l o y  
Univer s a  i 
cyc:ops 

AGD 
AOD 
ADD 
AOD 
AGD-ESR 
AOD-ESR 
ADD-ESH 
AOD-ESR 
AOD-ESR 

AOD-ESR 
ADD-ESR 
AOD-ESR 
AOD-ESR 
AOD 

AOD 
AOD 
AOD 
AOD-ESR 

ACID-ESR 

AOD-ESR 

AOD-ESR 

P l a t e  
P l a t e  
Bar 
TU b e 
T i a t e  
3a r  
Tube 
Tube 
P l a t e  

Bar 
Tu5e 
Tube 
? l a t e  
P l a t e  

Bar 
Bar 
Pipe 
Piate 

? l a t e  

Octagon 
box 

Rounb 

95 
102 

232 
132 

76 

232 
102 

75 

44 
107 
245 
203 

51 

200 

232 

16 
51 

15 
25 

45 
13 
16 

15 
:. 3 
25 
15 

25 

Rot forged ,  h o t  rol?ed 
Hot fo rged ,  ho t  r o l l e d  
Hot fo rged ,  hot rolled 
Hot ex t ruded  
Hot forged, hot ro l led  
Not forged  
Hot ex t ruded  
ROE ror,ary p t e rcad  
Hot forged, h o t  rolled 

H o t  fo rged  
Kot ex t ruded  
Eot r o t a r y  p i e r c e 6  
Hot forged ,  ho t  r o l l e d  
Hot f orgrd,  tempered, 

Hot ex t ruded  
Hot  r o l l e d  
Hot pilgered 
Hot ro l lec i  

co ld  r o l l e d  

Hot r o l l e d  

i-Iot forged  

Hot forged  

O R V L , ~  Y-12 
Jessop  
CarTech 
knax 
Jessop 
Car tech  
Amax 
Tiniken 
Combust i on  

CarTec ti 
Arnax 
Timken 

ORhL 

Engineer ing 

Jessc?p 

ORNL 
Bezhl e hem 
Phoen ix  
Unive c s a 1 

Cyclops 

Cyclops 
Univer s a 1 

Univer s a I 
Cyclops 

Universal 
cyc:ops 



Table 6 .  (continued) 

Product size (mnj 

OD Thickness 
Heat Melter product Fabrication method Fabricator Me 1 t ing 

pract i cea  

10148 

10148 

14361 

14361 

XA3602 

YYC982C 
YYC982C 
59020 
59020 
59020 

Electralloy 
Universal 

Electralloy 
Universal 

Electralloy/ 
Special 
Metals 

Electralloyi 
Special 
Metals 

Combustion 
Engineering 

Sumi tomod 
Sumi tono 

NKK 
NKK 

cyc 1 ops 

Cyclops 

N K K ~  

AOD-ESR Tube 

AOD-ESR Pipe 

AOD-ESR Saddle 
forging 

AOD-ESR Pipe 

Air Tube 

VIM Tube 
V I M  Tube 
VIM Plate 
VIM Tube 
VIM Tube 

induction 

54 

406 

781 

584 

5 1  

76  
5 1  

76 
51 

3 . 4 5  

25 

166 

102 

8.03 

13 

25 
13 

6 , 4  

6 . 4  

Hot extruded, cold 
reduced 

Hot extruded 

Hot forged 

Bot extruded 

Centrifugally cast and 

Hot extruded, cold drawn 
Hot extruded, cold drawn 
Hot forged, hot rolled 
Hot extruded, cold drawn 
Hot extruded, cold drawn 

cold pilgered 

TI StainlessC 

Cameron Iron 
Works 

Mat ional 
Forge Fa 

v1 

Cameron Iron 
Works 

Combustion 

Sumi tomo 
Sumi tomo 
NKK 
NKK 
NKK 

Engineering 

BAOE = argon-oxygen decarburization; ESR = electroslag remelting; VIM = vacuum induction melting. 

k a k  Ridge Sational Laboratory. 

CLocated in the United Kingdom. 

dLocated in Japan. 
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CYN-5815 

Fig. 3. Hot-extruded pipe of 387-mm ID x 22-in. wall (15.25-in. ID X 
0.875-in. wall) of modified 9Cr-1Mo steel (heat 10148) from Cameron Iron 
Works: ( a )  straight section; (b) section after induction bending. 
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Y-200122 

Fig. 4. Saddle forging of 77.5-cm OD X 32.5-cm wall (31-in. OD X 

13-in. wall) of modified 9Cr-1Mo steel (heat 14361) from National Forge 
Company. 

of 103OoC used by UT as opposed to 1000°C used by Climax Molybdenum 

Company is probably responsible for the difference in CCT diagrams from 

the two sources. We believe that for modified 9Cr-1Mo steel, dissolution 

of NbC(N) requires an austenitization temperature as high as 104OOC. 

Thus, the CCT diagram developed at UT may be a better representation of 

transformation in modified 9Cr-1Mo steel. 

The modified alloy is recommended for use in the N&T condition. 

Normalizing consists of heating the alloy to 1040°C, holding for 1 h (up 

to 25-mm thickness), and then air cooling to room temperature. This 

treatment produces a fully martensitic structure. The typical hardness in 

this condition is Rockwell C40 [Brinell hardness number (BHN) of 4001. A 
typical tempering treatment consists of heating the normalized steel to 

76OoC, holding for 1 h (up to 25 mm thick), followed by air cooling to 

room temperature. The typical hardness in this condition is Rockwell B95 

(220 BHN) . 



1 10 100 1,000 10,000 100,000 

SECONDS 1 10 100 1,000 I I I I 1 1  I I I 1 1  I 1 I l l  I 

1 I I 1 ' 1  I i  

T T f E  MINUTES 1 4 10 30 
HOURS 

Fig. 5. Continuous cooling transformation (CCT) diagram of heat 30182 
of modified 9Cr-1Mo steel. 
Climax Molybdenum Company. 

(Austenite grain size: ASTM No. 9.5.) Source: 
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BOB 

7 6 0  

COOLING RATES OC/mln [ O F / r n l n )  

I (1.8) - .5 t.9) CONTROLLED 
33 (91) AT f04°C(130Q0F) 649 

n 
0 

w 
CL: 

538 - 0 

427 r;) 
a 

315 Q w 

--I--- 

Ms 449OC (840OF) ------------ 
12: 

2 
w 
t- 

---- 

2 0 4  

9 3  

C O O L I N G  TIME (sec)  

Fig. 8. CCT diagram of heat 30176 of modified 9Cr-1Mo steel. 
Source: University of Tennessee. 
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'l'he detailed tempering behavior of modificd 3Cr-1Mo steel was 

investigated by Mammond." 

modified 9Cr-1Ma steel can best be rcpresented by a plot of hardness vs 

tempering temperature (Fig. 9 ) .  The tempering response of the alloy can 

also be described by the Hollomon--Jaffe ( H J )  tempering paramc tcr . 

The Ixrnpering response of commercial heats of 

Where 

T = temperature in Kelvin, 

t time in hours, 

C = constant. 

The optimized value of C f o r  two commercial heats (30176 and 30394)  was 

determinedz9 to be 22.3. 

111 addition, tlie normalizing treatment was i l l  so optimized. 3 0  
3 1  

Figure 10 shows the effect of diff'erent normalizing temperatures on the 

grain growth behavior o f  modified 9Cr-1Mo steel. 

500 

450 

400 
I 

z 
I 
a .  - 350 
m 
m W 
z 
," 300 
a 
I 
_1 

d 250 z 
(L 
co 

200 

150 

100 

0 - 3 f ~ a 7 .  HOT ROLLED 
A-- F5349 .  COLD ROLLED 
# - - ~  14361, HOT EXTRUDED PIPE 

0 ~ O O  200 300 400 500 600 700 aoo 900 ~ O O O  

TEMPERING TEMPERATURE ( " C )  

Fig. 3 .  Effect of tempering temperature on hardness of commercial 
heats of modified 9Cr-1Mo steel. 
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q., ... N0ii:irAI.I ZI i.& 1E.M PF. H 4-r 1 J f1LI “t ( “ F  1 
...... - ............ .................... T I  3 

..... ...... .... .... .... .. -.! ~l-... 1 ....... I ...... 1.1 1 I L . . . L  l-..L 
26h 170 2/4 278 782 28.3 290 234 798 X)2 306 710 314 :I8 322 2 6  ( Y 1 0 ’ )  

HJ  T ( 7 7 5 + l o g f )  

Fig. 10. Grain-coarsening behavior o f  modified 9Cr-1Mo steel as 
function of normalizing treatment. 

Optical and transmission electron micrographs of tempered martensite 

in modified 9Cr-1Mo steel are shawn i.n Figs, 11 and 12. Figure 11 shows 

that the alloy i s  single phase (no &-ferrite) and has a fine grain size 

(ASTM 8-91. The transmission electron micrograph shows the presence of 

high-dislocation-density subboundaries in the matrix. The subboundaries 

are stabilized by the precipitation of PIC, and MZ3C6 precipitates form at 
the prior austenite grain boundaries. 

The effect of heat treatment (both normalizing and tempering) on 

mechanical properties has been investigated.29g32 

tempering temperatures on hardness, Charpy V-notch, and tensile properties 

i s  summarized in Fig. 13. The effect of different tempering temperatures 

an creep properties after normalizing at 1040°C is  presented in Fig. 14. 

Both F i g s .  13 and 14 show that tempering below 760°C has a significant 

effect on all properties. However, temperatures higher than 76OoC have a 

minimal effect. O f  course, the tempering temperature must not exceed the 

lower critical Ac1 temperature (see Pigs .  5-8) .  

The effect of various 

The effect” of normalizing temperatures an impact properties at 

room temperature is presented in Table 7. Room temperature impact energy 
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Y-185343. 

40 yin L 2 

Fig. 11. Typical microstructure sf modified "Pr-lMrs s t e e l  a f t e r  
nominal normalizing and tempering treatment (1840°C far 1 h; 760'C for 
1 h). Note that gra in  size i s  very fine. 

Fig .  1 2 .  Transmission e l ec t ron  micrograph of specimen normalized a t  
1840°C far 1 h and tempered a t  760'C for 1 h.  
tempered martensite has d i s loca t ion  substructure and there are carbides 
(MZ3C6 and MC) on both grain and subgrain boundaries. 

The micrograph shows t h a t  
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250 - -  

;r ( 5 0  

tc 0 7 

a 

7 4 7  : 
-4 

I , a 
i 

0 2000 4000 6000 8000 10,000 

TIME ( h  I 

Fig. 14.  Effect of tempering temperature on creep curves of modified 
9Cr-1Mo steel. All specimens were subjected to same normalizing tempera- 
ture (1040°C) before tempering. Tests were conducted at 593OC and 159 MPa. 

decreases when the normalizing temperature is increased from 1038 to 

1121"~. 

higher normalizing tcmperatures (Fig. 10). The effects o f  normalizing 

temperatures on tensile properties at room temperature and at 5 9 3 " ~ :  are 

presented in Figs .  1 5  through 18. For a typical tempcring temperature o f  

76OoC, Figs. 15 through 18 show that ak both room temperature and 593'C,  

strength is more sensitive than ductility t o  normalizing treatment. 

The effects o f  normalizing temperature on hardness and time-to 

TMS drop i s  probably re lated to grain growth associated with the 

rupture are shown in Figs. 19 and 2 0 .  

was selected on the bas i s  of opticnuin creep strength. 

A norinalizing temperalure of 1 0 4 0 ~ ~  

Table 7 .  Effect of aormalizing temperature 
and time on room-temperature Charpy impact 

energy of heat 10148a 

Normalizing conditions ....._ Room-temperature _... 
Charpy impact 
energy (J) Temperature Tine 

("0 (h) 

1038 
1121 
1121 

1 
1 
8 

2f49 
1 7 7  
1 7 5  

aAll specimens were tempered at 760°C 
for 1 h before testing. 
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720 
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,. 
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I 
G 
7 L 

LJ 560 

,n 
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525, 

480 

460 

440 .I ........... 1 1 l..I ......... 1 ........... J 1...2 ............ 1 ............ 1 L---L- I 

266 27.0 27.4 228 28.2 28.6 29.0 i54 79.8 30.2 30.6 31.0 34.4 31 o 32.2 32.6 (x403)  
HJ i T(22 .3  + log i! 

Fig. 15. Room-temperature yield and ultimate tensile strengths as 
functions of Holloman-Jaffee-parameter for various normalizing temperature 
and time combinations for commercial heats of modified 9Cr-I.Mo steel. 

A " O v o v B  Q 
REDUCTION O F  AREA 

c 

TOTAI €LONGATION 

Fig. 16. Room-temperature ductility as function of Holloman-Jaffee- 
parameter for various normalizing temperature and time combinations for 
commercial heats of modified 9Cr-PMo steel. 
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n - 982 (1800) o - 1033 12000) 
0 - 1010 (1850) 

400 
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340 
-. 
0 n 
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-! 1 E S l  TEMPERATURE:  593°C 

U L T I M A T E  l t N 5 I L E  

NORMALIZING T E M P E R A T U R E  "C ( O F )  -____ 
0 -927 (1700) D- 1038 (1900) 
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HJ = T ( 2 2 3 + l o g t )  

Fig. 17. Yield and ultimate tensile strengths at 593Oc as functions 
of Holloman-Jaffe-parameter f o r  various normalizing temperature and time 
combinations for commercial heats of modified 9Cs-1Mo steel. 

rPbJL-YvVG 82 19114 
- 100 ............... ..... ~ ............... r------ 1- I 

A 

REDUCTION OF AREA 

80 
TEST TEMPERATURE: 593 "C 

O V  0 0 
- 

A TOTAL ELONGATION V 
0 -. 

--I 

.. .J.. . .__ 

29.8 30.2 ( x  IO3)  

Fig. 18. Ductility at 593'C as function a% HoPloman-Ja%fe-param~~~~ 
for various normalizing temperature and t . i  RE combinations for comercial 
heats of modified 9Cr-1Mo steel. 
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Fig. 19. Microhardness as function of Holloman-Jaffe-parameter 
various normalizing temperature and time combinations for commercial 
of modified 9Cr-1Mo steel. 

for 
heats 

Fig. 20. Time-to-rupture data at 649OC as function of Holloman-Jaffe- 
parameter for various normalizing temperature and time combinations for 
commercial heats of modified 4Cr-1Mo steel. 



3.3.2 Design Data (Base Metal) 

3.3.2.1 Tensile Properties 

To satisfy ASME Code requirements, all commercial heats were subjected 

to tensile tests from room temperature to / 6 Q ° C .  

are available in a package submil,tr,d to the ASMY Code.33 

been analyzed and reported in several publications.'9,21~29,31,34-~a 

lypical tcnsile behavior of modified 3Cr-1Mo steel is represented i n  

Figs. 21 and 22. 

ducts from commercial heats o f  modilied 9Cr-1Mo s k e l .  Furtliermore, all 

tests were conducted on material that was normalixrd at I O / + O O C  f o r  I h and 

tempered at 7 6 0 ~ ~  for I h .  ~11e tensile test strain rate for all tests w a s  

0.05 in./(in:min). 

Tables of the r a w  data 

Tensile data have 

NoLe that these results are on plate, bar, and tlrbe P L O -  

Selected specimens from one o f  the commercial heats 

(30176)  were also tested to determine 

0 OKNJ-DWG 41-4306R 

I I 
0 200 400 600 300 

Temperature  ("C) 

(a) 

strain rate effects on tensile 

OKNI.-dWC 8 1 - 4  307 

I0 

Fig. 21. Plots of ( a )  0 .2% offset yield strength and (b) ultimate 
strength as functions of test temperature for plate, bar, arid tube of com- 
mercial heats of modified 9Cr-1Mo steel. The best-fit average and minimum 
curves based on room-temperature specified minimum yield and ultimate ten- 
sile strength of 414 and 586 MPa are also included. 
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Temperature ("C) 

(a) 

3 
Ii 

cj 

Fig. 22. Plots of ( a )  total elongation and (b) reduction af area as 

The best-fit average and minimum curves based 
functions of test temperature for plate, bar,  and tube of commercial heats 
of modified 9Cr-lFItz steel. 
on the room-temperature specified minimum total elongation and reduction 
of area ~f 18 and 55% are included also in these figures. 

properties.38 

room temperature to 649'C. 

rates are presented in Figs .  23 tiiiraiigh 26, which show that the tensile 

properties of modified 9Cr-1Mo steel are sensitive to strain rate at room 

temperature, 427 ,  538, and 649OC.  

decrease with decreasing strain rate at room temperature artd without any 

change in ductility. 

goes up with decreasing strain rate. 

tbere is some decrease in ductility. 

fabrication methods (product forms), compositional differences, heat treat- 

ment [isothermal anneal vs NEXT, tempering temperature and time, and post- 

weld heat treatment (PWHT)], and thermal aging were also investigated.38 

Table 8 shows the room temperature tensile properties specified for 

various product forms. Table 9 shows the comparison of average yield and 

ultimate tensile strengths for standard and inodified 9Cr-1Mo steel. 

Strain rate was varied from 8 to 0.00008 in./(in:min) at 

Tensile property curves for various strain 

The yield and ultimate tensile strengths 

At 427 and 538'C, strength goes down, and ductility 

A t  649OC,  st rength goes down, but 

The effects of melting practice, 
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Table 8. Minimum tensile properties at room teriiperature 
specified €OK various products of modified 

9Cr-1Ma steel 

Total Reduct.i or1 Strength (MPa) 

@a 1 cul a t ion elongation of area 
Yi-el$ Ultimate (%I (%I 

Average 
Average - 2SDa 
Average - 3SD" 

Average 
Average -." 2SDW 
Average - 3 S D a  
Recommended min 

Average 
Average --- 2 S P  
Average - 3SDa 
Rec ommiended rnin 

5 45 
49 6 
476 
414 

5 24 
483 
462 
414 

531 
469 
434 
414 

Plate 

683 
634 
607 
585 

669 
627 
607 
586 

Bar 

676 
614 
586 
586 

2Lc" 7 
20.5 
18.5 
18 

27 
23 
21. 
18 

28 
26 
25.5 
18 

2 6 . 8  
6 1 . 6  
57.5 
55 

74 
71 
T O  
55 

7 3  
70 
68 
55 

"SD = standard deviation. 

Tihe bulk of the tensile properties (Figs. 21 and 3 2 )  w a s  generated on 

25-mm-thick plate, 75-mm-diam bar,  and 50-mm-0D x 6-mm-wall-thickness 

tubing. Data on a large forging (Fig. 41 ,  a large diameter extriided pipe 

(Fig. 3 ) ,  and castings have been generated more recenL1y.1g-2' comparisons 

of data on the large forging w i t h  average and minimum curves for tube, 

plate, and bar are presented in Figs. 27 through 30,  which show that; the 

terisile properties o f  the large forging (Fig. 4 )  fall within the average 

and average - 1.65 standard error of estinaate (SEE) curves for the other 

product forms of several commercial heats. Similar results were found for 

the large diameter hot extruded pipe, Figs. 31 through 3 4 .  Tensile prop- 

erties of various sand castings are plotted in Figs. 35 Lhrough 38. Both 
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Table 9 .  Comparison of average yield and ultimate tensile 
strengths for standard and modified 9Cr-1Mo steels 

0.2% Yield 
strength (MPa) Temperature 

Ultimate tensile 
strength (NPa) 

Modified Standard Modified Standard ("C) ( O F )  

Room 546.5  4 8 1 . 3  682.0  666 .4  
temperature 

38 

93 

149 

204 

260 

316 

371 

427 

482 

538 

593 

649 

704 

760 

100 

200 

300 

400 

5 00 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

5 3 1 . 9  

494.6 

480 .6  

480 .3  

486.1  

490.3  

485.1  

463 .4  

420.7 

357.2  

279.3  

197.9  

1 2 5 . 1  

6 9 . 4  

470.7 

4 4 2 . 4  

429 .4  

425.5 

4 2 5 - 4  

424.0  

416 .3  

397.9 

366.0 

320.0 

262.8  

668.8 

633.5 

617.7 

612.4  

609.7 

602.0 

582.3 

544.9 

487-  2 

411 e 1 

323.3 

234 .1  

154.1 

91 .1  

650.2 

604.8 

581.8 

571.9  

567.9  

562.8 

550 -41 

524 .  P 
481.2  

420 .6  

345.9 

strength and ductility of the castings tend to be somewhat lower than for 

wrought material. Note, however, that the exact composition of the 

castings compared with that allowed by wrought material specifications is 

still uncertain.21 

Tensile properties of modified 9Cr-1Mo steel are well established, 

and the data base on the commercial heats have been used in establishing 

the maximum allowable stresses in ASME Boiler and Pressure Vessel Code 

Case numbers 1943,  1973,  and 1992 (refs. 39-41). 

3 . 3 . 2 . 2  Creep 

Creep testing of modified 9Cr-1Mo steel was conducted at Battelle 

Memorial Institute (BMI), CE,  WAESD, and ORNL. Tables of detailed creep 

data on commercial heats o f  modified 9Cr-1Mo steel are included in the 



44 

3RN.-DWG 84 -14303 

800 I 
700 

- €00 
0 a 
t - 

500 
L. 

17 
;I 
W 

E 400 
iT1 

0 J 
W 
F 300 

$ 

200 
2 

too 

COhlMERClAL HEAlS OF MOD 9 Cr - ! Mo 
SADDL~E FORGING 

MID WA LL 
0 - - -  LONGITUDINAL 
A - T.4NGENTlAL 

~ ~ 

L 

t 0 - RADIAL 

I.... 
AVERAGE - 1.65 SEt- 

iVERAGE 

o U i ~ i ~ ~  i J  
0 to0 200 300 400 500 600 700 800 900 to00 

1 t s r  ~ E M P E R A T U R E  ("c 1 

Fig. 27. Yield strength vs test: temperature for longitudinal, 
tangential, and radial specimens from midwall section o f  saddle forging. 
Average and average - 1.55 SEE curves for various products form of several 
comm4:rcial heats are included for comparison. 
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Fig. 28. Ultimate Lensile strength vs test- temperature for longitu- 

Average and average - 1.65 SEE curves for various product forms 
dinal, tangential, and radial specimens from midwall section of saddle 
forging. 
of several commercial heats are included for comparison. 
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Fig. 2 9 .  Total elongation vs test temperature for longitudinal, 
tangential, and radial specimens from midwall section of saddle forging. 
Average and. average - 1.65 SEE curves for various product forms of 
several commercial heats are included for comparison. 
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Average and average - 1.65 SEE curves for various product forms of several 
commercial heats are included for comparison. 
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Fig .  3 2 .  Ultimate tensile strength vs test 
temperature for hot-extruded pipe. Average 
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for various product forms of several commercial 
heats are included for comparison. 
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tenperature  f o r  various sand castings of ~odified 

curves f o r  wrought material are included for 
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'Tahi e 10.  Status of creep-rupture tests on modified 9Cr-1Ma steel 

Primary i l i n i r n i i m  rest Total Total 

ture 

Stress Test creep CL eep Rupture 
(ksi) HPa tirnc" strain rate creep rupture 

life 
(%,h) strain strain6 (h) (%I (%) 

Heat tempera- 

( h )  (%I 
( " C )  (10-4)  

39ib-E 
143-61 
176c 
101  
143-61 
394-E 

394-E 
5 34  9 --Y 
582 
394-E 
383-B 
582 

394-E 
394-E 
143--61  
394-B 
394-E 
176 

001 
394-E' 
148-A 
394--B 
396-E 
176= 

704 4 
593 1 8  
538 30 
649 9 
649 11 
593  15 

649 11 
538 26 
649 8 
5 9 3  16  
593 16  
593  16  

538 22 .5  
538 3 4 . 0  
593  2 1 . 0  
538 2 7 . 0  
454 55 
593 16  

593  1 8  
538 30 
538 27 
427 60 
427 55 
538 27 

28 21 ,809  
124 1 1 , 8 9 3  
207  7 ,511  

62 10 ,057  
76 14 ,321  

103  34 ,558  

76 6 ,620  
179 56 ,606  

55 10 ,673  
110  13 ,154  
110 35 ,872  
110 11 ,738  

155 33 ,308  
234 33 ,295  
1L5 12 ,273  
186 49 ,019  
379 36 ,765  
110 1 2 , 6 5 1  

124 19 ,275  
207 7 ,728  
186  35 ,791  
413 48 ,144  

186 7 ,226  
379 21 ,424  

1 .oo 
0 . 0 9  
0.45 
0 . 3 8  
0 . 5 0  
0 .25  

0 . 0 6  
1 . 8 5  
0 .62  
0 . 4 0  
0 . 5 0  
1 . 2 0  

0 .25  
0 .15  
0 . 7  
0 . 8 7  
0 . 2 3  
0 .18  

0 . 7 0  
0 . 8 0  
0 . 8 0  
0 . 1 0  
0 .08  
0 . 4 0  

2 . 0 0  
0 . 0 3  
0 . 5 8  
0 . 6 8  
1 . 2 5  
0 . 3 0  

9 . 6 7  

1 . 2 5  
0 . 5 3  
7 . 1 4  
1 . 8 8  

5 . 5 5  
0 . 1 7  
3 . 1 2  
2 . 2 2  
0 . 0 8  
0 . 6 7  

1 . 1 5  
0 . 6 3  
0 . 1 0  
0 . 0 4  
0 . 5 1  
0 . 1 7  

0: 10 

1 4 . 2 6  1 4 . 3 3  
0 . 1 4  
0 . 9 3  
0 . 5 6  
2 . 8 5  
1 . 4 5  

21 .35  21 .  [,a 
2.17  
3 . 0 3  
1 . 0 7  
3 .39  
3 .26  

3 . 9 0  
0 . 7 1  

2 .02  
0 .97  
0 . 8 8  

3 . 1 9  
1 . 2 2  
1.1 
0 . 3 3  
0 . 1 5  
0 . 5 2  

21 .50  2 1 . 6 4  

21 ,809  

6 ,620  

1 2 , 2 7 3  

a'l'est time through November 30 ,  1985 

bTotal rupture strain includes creep strain p l u s  loading s t r a i n  

CSample aged for 2 . 5  x l o 3  h at 5 3 8 O C  before test. 

ASME Code data package.j3 

still in progress is presented in Table 10. Note that the longest test 

time is 55,600 h, two tests have reached 49,000 h, and several have times 

The status 05 sane of the long-term creep tests 

of 35 ,000  k. 

'The creep-rupture and minilaim creep rate  data on commercial hcats 

tested in the N&T condition, were analyzed by lot-centered regression42 
with a generalized model selection This procedure demon- 

strated that rupture data could be described quite well by a model o f  (.he 

rorm 



5 3  

where 

t, = time to rupture (h), 

a = applied stress (MPa), 

T = test temperature (K), 

a, to a 3  = regression constants. 

The term Ch 5s a lot constant that describes variations i n  creep-rupture 

strength among the different lots. The equation with actual constants, 

including Ch averaged for all heats studied, can be written as 

log t, = -24.244 - 0.023740 - 2.4871 log cs 

+ 3%,876/T. 

The minimum creep rate data were fitted to the following equation: 

( 4 )  

where minimum creep rate 0, is in percent per hour. 

determination R 2  for minimum creep rate data was 90.1%. Equat.ions ( 4 )  

and (5)  are only slightly different from similar equations reported i n  
ref. 3 7 .  

The coefficient of 

Isothermal stress-rupture data on commercial heats tested i n  the N&T 
condition are p lo t t ed  in Figs- 39 arid 40. Average curves predicted from 

E q .  ( 4 )  a re  also included in these figures. Note that t h e  average curves 

describe the stress-rupture data of commercial heats extremely well. 

Also, note that data at 788OC was not used in developing the parametric 

niodel. Figure 41 shows the isothermal plots of stress vs minimum creep 

rate daxa on commercial heats tested in the NSrT caridition. Average curves 

from Eq, ( 5 )  are included in Fig .  41. Once again, the average curves 

describe the experimental data  quite well. 

The isothermal data for total elongation and reduction of area 

obtained on specimens tested i n  the N&T condjtion are plotted as a func- 

tion of time-to-rupture in Figs .  42 and 4 3 .  Ir? each case, the lines 

represent the minimum value for the parameter. Figure 4 2  shows tha t  at 

all test  temperatures total elongation exceeds 20%. Reduction-of-area 

exceeds 60% for  all test temperatures. Neither total elongation nor 

reduction-of-area shows a systematic decrease w i t l a  increasing rupture time 

up to 20,000 h. 
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F i g .  39. Stress-rupture data for  various heats of modified 9Cr--IMo 
steel from 427 through 704OC.  
on several commercial heats are shown for canparison. 

Average curves from parametric model based 
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Fig. 4 0 .  Stress rupture data for CarTech heat 30394 of modified 
9Cr-1Mo steel at 788OC, compared with average curve based on data from 
several heats at lower temperatures. 

Creep rupture data at 593'C on commercial heats of modified 9Cr-ZMo 

steel are plotted in Fig. 44.  In this figure data on modified 9Cr-1Mo are 

compared with the average curves for standard British 9Cr-1Mo (N&T), stan- 

dard American 9Cr-IMo (annealed), and 2.25Cr-1Mo steel (annealed). The 

following observations can be made: 

1. Modified 9Cr-1Mo steel is significantly stronger than standard 

9Cr-1Mo and 2.25Cr-1Mo. The strength difference becomes even more 

evident for rupture times exceeding 1000 h.  

2 .  Comparison of data for the standard 9Cr-1Mo steels indicates that 

changing the heat treatment from annealed to N&T improves the creep- 

rupture strength only a small amount. However, for the same heat 

treatment (NSLT) the compositional modifications in our alloy produced 

a very large improvement in creep-rupture strength. 

The 105-h creep-rupture strength at temperatures from 427 to 732OC of 

Modified 9Cr-1Mo steel is stronger various alloys is compared in Fig. 45. 

than standard 9Cr-1Mo and 2.25Cr-1Mo steel (N&T) over the entire tem- 

perature range. 

exceeding 500'C. 

less steel up to 600'C. 

The strength differences become greater for temperatures 

The alloy also exceeds the strength of type 304 stain- 
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Fig. 41. Stress -mPlini MUD creep rate. data for C O Q I K W ~ ~ ~ E L ~  heats of 
modified 9Cr-1Mo steel tested in normalized and tempered condition. 
Average curves from time-temperature paaram~ter are also included in 
these p l o t s .  

CRNL- 3.4% e 3  ~ 121'9 

c 3 30383 CARTECH t i O D  1 1  
a i  

E 6:: V---  30394 CARTECH AOD/ESR i i  

F i g .  4 2 .  Total elongation as function of time to rupture for camrner- 
c ia1 heats of modified 9Cr--lMo steel t e s t e d  in normalized and tempered 
condition. Lines in these p l o t s  represent estimated minimum value of 
total elongation for each test ternperaLure. 
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F i g .  4 3 .  Reduction of area as function of time to rupture for com- 
mercial heats of modified 9Cr-IMo steel tested in normalized and tempered 
condition. Lines in these plots represent estimated minimum value of 
reduction of area for each test temperature. 
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Fig. 4 4 .  Stress-rupture plo t  at 5 9 3 O C  comparing data on commercial 
heats of modified 9Cr-lMo s t ee l  (tested in normalized and tempered con- 
dition) with average curves for standard British 9Cr-1Mo steel tested in 
normalized and tempered condition and standard American 9Cr-1Mo steel and 
2.25Cr-1Mo steel tested in annealed condition. 
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Fig. 4 5 .  Variation of 105-h creep-rupt~xe strength with txmperature 
for severil l  materials. 

There has been some concern expressed about the loss in ductility 

that somctimes occiirs when the creep strength of an alloy is increased. 

The total elongation and reduction of area from creep-rupture tests con- 

ducted t h u s  far on tkc commercial heats of modified 9Cr--lMo steel a r e  

plotted in F i g .  4 6 .  Note that the total elongaLiori for most heats exceed 

15% and the reduction o f  area exceeds 70%. Furthermore, for  all of the 

test temperatures these data show no indication of a drop in ductility 

with increasing riipl-iire time 
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h1EArS 
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91887 
X A S O ?  

Fig. 4 6 .  Plots of ( a )  total elongation and (b)  reduction of area 
functions of rupture time for commercial heats of modified 9Cr-1Mo steel 
tested in normalized and tempered condition. Data are for test tempera- 
tures in the range 482 to 704'C and fox eight commercial heats. 

The effect of other variables - such as isothermal annetrling, normal- 

izing temperature, tempering temperature, cold work, notch in the specimen, 

and biaxiality (tube burst) - on creep properties have also been studied 

and reported in ref. 3 5 .  Conclusions are summarized below. 

1. Creep and rupture strengths of isothermally annealed material were 

slightly lower than the average for N&T material at 538'6; however, 

the  strength values were the same for two heat-treated conditions at 
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2. 

3 .  

4 .  

5 .  

5. 

7 .  

5 9 3 ,  6 4 9 ,  and 6 7 7 O C .  The total elongation and ieduction of area data 

for isothermal ly annealed material exceeded the miniwum value cilrves 

for the N&T material. 

C ~ l d  work (compressive or cold rolled) to 20% has an unimportant 

effect on the creep-rupture strength at 593 and 649OC. 

of area for the long-term  est at 593*C fell below the minimum f o r  

N&T material; however, the lowest value still exceeded 40%,  

Increasing t l i r .  normalizing tcimperatui-e and/or time increased the K U ~ -  

ture time. Normalizing at 1040°C and tempering at 760°C prodixced the 

optimum strength and ductility properties (Fig. 20).  

Tempering above 76OoC has an insignificant effect on creep strength. 

However, tempering below 7 6 O 0 C  (i .e. , 732°C) significantly improves 

creep strength. 

A notch with a stress concentration factor of 3.9 slightly 

strengthens this alloy. 

Tubular specimens showed creep strengths similar to those of uniaxial 

specimens. 

Modified 9Cr-1Mo alloy is insensitive to several material, heat 

treatment, and specimen design variables. The creep process QCCU~S 

by rearrangement of the dislocation structure, thus leading to a 

cleaner matrix and causing Cinal fractumrc, t-o occur by ductile void 

tearing. 

Creep data in Figs. 39 and &O were from 'tirbe, p l a t e ,  and bar products 

The reduction 

of commercial heats, Figures 47 and 48 compare creep daLa from a large 

forging (Fig. 4 )  and a large diameter extruded pipe (Fig. 3 3 .  Note that 

data on these products are comparable to the average behavior of other 

product forms. Figure 49 compares the creep-rupture data of castings with 

the average o f  the wrought material. The sand castings appear to be 

somewhat weaker. 

Figure 50 compares the creep data on heats melted in Japan with those 

melted and processed in the IJnited States. Once again, there appears to 

be no difference in creep properties between the t w o  s e t s  of materials. 
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3 . 3 . 2 . 3  Fatigue - and Creep-Fatigue Behavior 

The fatigue and time-dependent (creep-fatigue) behavior of this alloy 

has been studied in some detail hy a number of investigators. 

conclusions have generally been as follows. 

The continuous-cycle fatigue behavior of wrought material a5 deter- 

Their 

mined from strain-controlled, isothermal, fully reversed tests i s  similar 

to that of other common structural alloys in the low-cycle range. In the 

high-cycle range, differences caused by strength variations in materials 

are apparent (Fig. SI). Similar data show that modified 9Cr-1Mo steel has 

superior fatigue life in comparison with the standard 9Cr-IMo steel.44 

Continuous-cycle data have been generated at 25, 371,  482, 538, and 593OC 

primarily by ORNL,U""8 bua; also by Idaho National Engineering Laboratory 
[1NEL),4g and 

effect of temperature on fatigue life, but heat-to-heat variations have 

been observed. For example, heat 30176 appears characteristically weak in 

comparison with other heats shown in Table 11. 

Th ese data have shown that there is not a strong 

ORNL-DWG 80- 20600 

~ 3 0 4  STAINLESS STEEL 

-INCONEL ALLOY 748 
(GRADE 2 AND H I  

AIS1 1010 STEEL 

2 i/4 Cr-4 Mo STEEL (ANNEALED) 
MOQIF!EQ 9 Cr -1 Mo S 

4Q4 +05 to6 
Nf, CYCLES TO FAILURE 

Fig. 51. Comparison of fatigue behavior of several materials at 
538'6 (10CKIaF). Lines represent best-fit values of actual data. Data for 
type 304 stainless steel include tests conducted at 538OC (1000'F) and 
566OC (1050°F). 



Table 11. Comparison of high-cycle fatigue lives 
and ultimate strength values o f  modified 

9Cr-1Mo steel at 538OC 

Total Cycles Ultimate 

(XI €ai lure (MPa) 
Heat strain range to tensile strength 

1014% 0 . 3  5,812,$QO 

30176 0 - 3  190,733 

30394 0 . 3  4,055,058 

452 

434 

442 

Tests in sodium indicate that fatigue life is superior to that in 

air. 

effect on fatigue behavior o f  this steel.” 

similarly shown the beneficial effects o f  excluding oxygen from the 

environment surrounding specimens being subjected to elevated-temperature 

cyclic loadirpg.52,53 

Short-term exposure to sodium (-6000 h at 538’C) had little or no 

Other investigators have 

The effects of product form and processing history on the continuous- 

cycle fatigue life of this material have bccn studied. Figure 52 compares 

data obtained by Ishikawajima-Harima Heavy Industries Company, Limited, on 

specimens taken from sand castings and forgings with a best fit curve from 

the ORNL data base. Note that specimens from cast material show somewhat 

lower fatigue resistance in comparison with those from wrought product 

forms.45 

538OC of hot-forged (31-pm grain size) ant1 hot-rolled (19-pm grain s i z e )  

material. In both cases, specimens were normalized at 1038°C for 1 h in 

a i r  and then tempered for 1 h at 760°@. The hot-rolled material, with a 

siiialler prior austenite grain size, had the highest fatigue life, par- 

ticularly at cycle lives in exccss of about 4 x lo3 cycles. 

minimizing the pr ior  austenite grain size of modified 9Cr-1Mo steel i s  

beneficial to fatigue life. 

Ebi and McEuilyS4 compared the continuous cycle Catigue lives ad 

Therefore, 

The influence of tempering temperature on low-cycle (103-105) fatigue 

behavior from 760 to 82OoC has been. determined. Little or no effect of 

tempering temperature was observed.47 
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JAPANESE DATA 

a- FORGING MATERIAL 
I_ BEST FIT U.S. WROUGHT DATA 

o - CAST M~TERIAL 

- INUICATES SPECIMEN DID NOT FAIL 

L_I_uI 1 ..._ _uI_1-..-.-- 1_I1I_L u L 
1 o3 lo4 10” 40fi 107 

CYCLES TO FAILURE, Nf 

cn 

2 

102 

Fig. 52.  Comparison of room-temperature continuous-cycle fatigue 
behavior for modified $Cr-1!+fO steel from two sources (ORNL and Japan) and 
several product forms. 
resistance. 

Note that cast form shows somewhat lower fatigue 

Under strain-controlled cyclic-loading conditions, modified 9Cr-1Mo 

steel in the N&T condition (tempered martensite microstructure) undergoes 
considerable cyclic ~ ~ f t e n i n g ~ ~ y ~ ~ , ~ ~ , ~ ~ - ~ ~  (i*e., the stress required to 

maintain a c0nstan.t. strain range decreases with increasing cycles). 

Depending upon the strain range and strain rate, t h i s  stress may drop to 

nearly one-half of its starting value. ’‘ 
by a hardness change that occurs in the gage section. For example, after 

a specimen was fatigued to lEailure a t  a strain range of 0 .5% a t  538OC, the 

hardness in the gage section was 196 dph; that in the head section was 

267 dph, 

on cyclically softened material.56 

cyclic stress-strain response can be found elsewhere.55 

Comparisons have been made between the total strain range vs cycles 

This softening is also indicated 

Only limited microstructural characterization has been performed 

Additional information concerning 

to failure and results from thermal striping tests in which a tubular 

96r-lMo steel specimen was rotated about its major axis while being sub- 

jected to streams of flowing sodium at different temperatures from 
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diametrically oppased positions. Resul ts  from these latter 

show good agreement with results from standard isothermal fatigue tests. 

Further, the results clearly demonstrate the superior thermal striping 

resistance of modlfied 3Cr-1Mo steel in comparison with type 316 stainless 

steel because the 9Cr-1Mo material was able to wiLbstand ATs o f  -83OC 

higher than the stainless steel. 

Ferritic alloy steels are generally more resistant to creep/fatigue 

interact ion (intergranular void lormation and subsoquent crack propaga- 

tion) under cyclic loading conditions than typcs 304 and 316 stainless 

steel at temperatures less than about 565°@.53 

tests conducted on modified 9Cr-1Mo steel have shown that grain boundary 

cavities can form under tensile-strain-hold time conditions at 593 and 

7 0 0 ° C . 5 2  

where most of the testing has been done.44-46y53 

reduce fatigue life when the hold period oceiirs at the peak compressive 

strain in fully reversed tests (Table 12) .  LirniLed comparisons are a l s o  

made with results from tests conducted on 2.25Cr-1Mo steel under identical 

test conditions. Although there i s considerable data scatter , similar 
reductions in life occur in the two materials. The reason compressive 

hold periods are delelerious to fatigue life can be seen from a p l o t  o f  

Limited tensile hold time 

However, no indication o f  cavitation has been reported at 538'C 

Compressive hold periods 

Table 12. Comparison o f  the fatigue 
life o f  2.25Cr-EMo steel (annealed) 

and modified 9Cr-lMs steel 
(normalized and tempered) 
at 538OC and at a strain 

range of 0.5% 

Compressive Fatigue life (h) 
hold period __... . . . . 

(k) 2.25Cr-1Mo" 9 Cr - 1 Mob 

0 
0.01. 
0.1 
0.25 
0.5 
1.0 

17,329 5 2 , 4 0 0  
6 , 7 7 5  19 , 291 
4 496 

8,840 
5,173 

4 133 

aAnnealed heat 3P5601. 

bModified heat 30394 .  
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both tensile and compressive hold time data for modified 9Cr-PMo steel in 

Fig. 5 3 .  

loop such that a tensile mean stress develops, the magnitude of which is 
dependent upon strain range and duration of hold time. 

that the lower the strain range and the longer the compressive hold 

period, the greater the magnitude of the tensile mean stress with 
resultant lower fatigue life. The reverse tends to occur with tensile 

hold periods at this temperature ( 5 3 8 O C ) .  

(i-e., 5 9 3 O C ) ,  tensile hold periods become more detrimental as classical 

creep damage begins to occur (Fig. 5 4 ) .  Long-term tensile hold time tests 

are needed at 538OC to determine if low strain rates induce intergranular 

cavitation with subsequent pronounced reduction in fatigue life of this 

material. 

Compressive hold periods introduce a shift in the hysteresis 

Figure 5 3  shows 

At higher temperatures 

ORPJik5'vL'G 82.- 178Rt31?2 

TOTAL STRAIN HEAT C = COMPRESSION 

0.5 1.0 2.0 - IbiDICATES SPLCIMEN 
0 c1 30394 Dl D NO-I FA I I. 

T = TENSION 

RO 

-20  

-40 

-60 

Fig .  5 3 .  Compressive hold periods result in cyclic mean tensile 
stress, magnitude of which depends on duration of hold period and on 
strain range. 
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CRNL-  DWG a 4  - 1 2 5 3 2 ~  

CONTINUOUS 
CYCLE 

9Cr - 1 Mo STEEL;  HEAT 91887 
NORMAILIZED AND TEMPERED 
T E S r  1~EMPERATUSE: 593°C 
A € t  = 0.51% 

0.5 h 
COMPRESSIVE 
HOLD PERIOD 

Fig. 5 4 .  Comparison of fatigue life o€ three specimens of modified 
3Cr-1Mo steel tested at strain range of 0.51% at 5 9 3 O C .  
hold time produced a somewhat lower fa'rigue life than corresponding 
compressive hold period. 

Note that tensile 

A series of load-controlled fully reversed fatigue tests h a w  been 

conducted on notched specimens at 25 and 538Q@. 

reversed (R = -1) with notch geometries of k, = 1.3, 2 . 6 ,  or 4.0. 

W K ~  conducted both with and without tensile hold periods to determine if 

nalcs given in AS= Code Sect-. 111, N-47, are adequate for this material. 

Although the kests are still ongoing, results thus far indicate that spcc- 

imens with a notch accuity k, of 1.3 have only a slight effect on fatigue 

life; specimens with a kt of 4 . 0 ,  however, have a markedly reduced cycle 

life in the intermediate- tu high-cycle range. 

The t e s t s  were fully 

Tests 

3 . 3 . 2 . 4  Creep and Fatigue Crack Growth --...... __ 
Limited creep crack growth studies have been conducted with 

precracked specimens at 5 9 3 O C .  

that of type 316 stainless steel at this te~perature.~' 

Results show similar crack growth rates to 

Fatigue crack 
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growth studj.es6' have been conducted on three heats (plate) of this 

material with cyclic tests employing standard modified compact specimens 

at 24, 316, 427 ,  538, and 593'C. The material tested came from heats 

melted by argon-oxygen decarburization (AOD) or AOD/ESR processing. No 

effect of melt practice or heat-to-heat variations was found. Several 

specimens were also aged for 10,000 h at 474 to 482'C before test to 

determine if tamper embrittlement that would accelerate crack growth 

rates occurred. No effect of this prior aging treatment was found on 

fatigue crack growth behavior. 

$he range o f  0.05 R < 0.667, and the effects were not large. Crack prop- 

agation studies were also conducted on gas tungsten-arc weldments, and 

growth rates were found to be equivalent to those in wrought material. A 
similar conclusion was drawn by Ebi, who used low-cycle fatigue specimens 

to study fatigue behavior of electron beam welded material. 

Stress ratio effects were also studied in 

3.3.2.5 Charpy-Impact Data 

Improved Charpy-impact properties were one of the primary require- 

ments for modified 9Cr-lMo steel. A s  3 result, each experimental heat and 

the commercial heats were tested to generate Charpy-impact energy \IS test 

temperature curves. In addition to Ckarpy-impact energy, specimens were 

also w e d  to determine lateral expansion and 1QOX shear fracture 
appearance data. 

previous progress 

experimental heats, and their results are summarized in a report by 

Bodine et al..67 

Data on specimens tested at ORNL have been included in 

CE conducted Charpy-impact testing on the 

The effect of trace element impurities on the impact properties of 

Conclusions modified 9Cr-1Mo steel was studied at Auburn University." 

from this work can be summarized as follows. 

I .  Phosphorus or sulfur additions increased DBTT and decreased the upper- 

shelf energy (USE). 

that of phosphorus. 

The effect: of sulfur was more pronounced than 

2 .  Phosphorus caused no change in the microstructure; sulfur, however, 

promoted the formation of nonmetallic inclusions. 

Silicon and copper also embrittled modified 9Cr-1Mo steel. 

increased, and USE decreased after the addition o f  either element. 

3 .  The DBTT 

. . . . . . . . . . . 
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4 .  Silicon favored formation of delta ferrite; copper seemed to increase 

the amount of carbides present. 

All of the? concentrations o f  trace elements used in the Auburn study 

were outside the range specified for modified 9Cr-1Mo steel. In spite of 

the above conclusions, the study suggested that the specified concentra- 

tions o f  P, S, S i ,  and Cu in modified 3Cr-lMo steel could be raised 

without adverse effects on the overall Loughness of the alloy. 

The curves of Charpy V-notch impact energy vs t e s t  temperature for 

two commercial heats of modified 9Cr-lMo steel are compared with a heat of 

standard 9Cr-1Mo steel in Fig. 55. All tests were conducted on. electric- 

furnace-melted standard 9Cr-1Mo specimens with the V-notch parallel to the 

rolling direction. One modified 9Cr-lPlo steel heat was melted by both the 

AOD and AOD-ESR combination. The second heat was melted by the AOD-ESR 

process. Data show that the 68-5 (50-ft-lb) DBTTs for bath heats of 

modified 9Cr-IMo are lower than that for the standard 9Cr-lFllo heat. The 

USES for the ADD-ESR-melted modified 3Cr-1Mo heats are much higher than 

those for either AOD-melted modified 9Cr-IMo steel or electric-furnace- 

melted standard 9Cr-1Mo steel. 

ties are affected by both the silicon conLent and the melting practice.69 

These data also show that Charpy proper- 

O R N L - O W G  80-42857R 

/ - 0 . 5 %  SI ESR 1 2oo 
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Fig. 55. Effect of melting process on Charpy V-notch toughness froin 
two 14-Mg (15-ton) commercial ESK heats of modified 96r-1Mo steel and one 
standard 9Cs-lMo steel plate. 
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Lower silicon content or ESR produces a lower transition temperature and 

higher USE. 

have a much more potent effect than silicon. 

However, between the two factors, melting practice appears to 

Charpy-impact energy results for two modified 9Cr-1Mo heats processed 

by the AOD process are compared in Fig. 5 6 .  

into the ingot; heat 10148 was bottom poured. 

excellent impact properties of modified 9Cr-1Mo steel can be achieved even 

after AOD processing. 

should be bottom poured, a commercial practice apparently becoming more 

standard for large heats of steels. 

improve the impact properties of bottom-poured AOD ingots of modified 

9Cr-1Mo steel. 

Heat 30383 was top poured 

Data in Fig. 56 show that 

However, to obtain superior properties, ingots 

Figure 5 7  shows that ESR can further 

Tubing made from 2- and 50-ton heats of modified 9Cr-1Mo steel melted 

at Sumitomo Metals Ltd., Japan, were also tested for impact properties at 

ORNL (Fig. 58). 

but they also are the same for small and very large heats. 

important fact indicates that the results from small commercial heats are 

extrapolatable to large heats. 

Note that not only are the impact properties excellent, 

This very 
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Impact properties of 222-mm-thick (8 3/4-.i.n.) forged plates were also 

The impact properties of the forged plate were studied (Figs. 5 9  and 6 0 ) .  

excellent and were independent of specimen location: 

thickness, and one-half thickness, 

Charpy-impact results on the saddle forging (Fig.  4 )  with the forged 

plate. 

surface, one-fourth 

Figures hf through 64 compare the 

Impact energy values were identical for specimens with longitudi- 

nal> tangential., and radial orientations from the one-half thickness loca- 

tion of the saddle forging, and these properties were. similar to those 

from the forged plate. The Charpy-impact properties of the extruded pipe: 

(Fig. 3 )  from the same heat used to make the saddle forging are shown in 

F i g s .  65 and 66. Note that. the impact properties for axial, radial, and 

circumferential orientations were nearly identical. Furthermore, the 

impact properties for the extruded pipe were excellent. 

The impact properties of sand castings2I of modified 9Cr-1Mo steel 

are plotted in Figs. 67 and 68. Properties for the castings show a large 
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Fig. 5 9 ,  Effect of location on Charpy-V impact energy of 222-mm- 
thick (8 3/4-in.) modified 9Cr-1Mo forged steel plate from CarTech ingot; 
ESR 30182. RW orientation. 
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Fig. 61. Charpy impacl, energy vs Lest temperature of longitudinal 
and tangential specimens from 1/4-thickness section of saddle forging. 
Curves for  longitudinal and transverse specimens from 1/4-thickness sec- 
tion of forged plate from another heat are included lor comparison. 
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Fig. 6 2 .  Charpy impact energy vs test tem- 
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Fig. 6 3 .  Fracture appearance vs test tem- 
perature of longitudinal and tangential specimens 
from 1/4-thickness section of saddle forging. 
Curves for longitudinal and transverse specimens 
from 1/4-thickness section of forged plate from 
another h a t  are included for comparison. 
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Fig. 68. Fracture appearance (% shear) from Charpy impact tests as 
function of test temperature for various sand castings of modified 9Cr-lMa 
steel. 

scatter and are poorer for castings that had low nitrogen content. Impact 

properties of sand castings will likely improve as foundries learn to 

control the composition and the processing parameters. Electroslag 

castings have been observed to possess excellent impact properties. 

3 . 3 . 3  Thermal Aging Effects 

To determine the effects of thermal aging on microstrucLure and 

mechanical properties, specimen blocks from several heats were aged at 

482,  5 3 8 ,  593, 6 4 9 ,  and 7 0 4 O C .  Cha~-py-irnpact~'~-'~ tensile,38~70 and 

creep tests7' have been completed f o r  material aged up to 25,000 h .  

term aging is still continuing toward a planned 100,000 h.  

evaluations have been c o n d ~ i c t e d ~ ~ - ~ ~  on both unaged and aged material. 

Charpy-impact results on aged and unaged material are compared in 

Figs. 69 through 78. These figures show that impact energy curves are 

Long- 

Microstructural 
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a f f e c t e d  by thermal a g i n g .  In geiieral, the L)B’lT increases and USE 
decreases after aging. Thnse changes are more pronomeed for aging tern- 

peratures of 538 and 593°C.  At the higher temperatures, aging appears to 

have a beneficial effect on impact properties. 

Tensile properties after varioils aging treatments are plotted in. 

Figs. 79 througli 8 4 ,  up to 6 0 0 ’ ~  aging has minimal effect: on room tern- 

perature strength arid ductility. However, a t  kigkter aging temperatures s 

the room temperature strength can fa l l .  below the minimum values .  Figs. 82 

through 84 show t h a t  degradation in elevated-temperature properties also 

is not of  C O ~ C ~ K P ~  for aging tempera tures  up t o  600’~. 

Creep data on the aged material are presented in Table 13. Time-to- 

rupture data on specimens aged fo r  25,000 h are compared with  the average 

curve for the unaged material in Fig .  8 5 .  The data shaw that aging at 

538,  5 9 3 ,  and 649’C Fss t i m e s  to 25,001) h has a minim effect an the 
creep properties af modified 96r-IMo steel. Some long-”torm creep tests on 

aged material. are stil.1 continuing. 

700 1 
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0 
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C 9 N L - D W C  84 - i 2 5 9 9  

i.-----r- ...-I. . . ~ ~  ..., ___ .... 
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350 ... I .. l... .... I ...... ~ . . . - . . . - .~ - - -~ - - - -  
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400 I 
Fig. 79 .  Thema1 aging for 25,000 h has minimal. effect on room- 

temperature yield strsngth of modified 36r-lMo steel for aging tem- 
peratures up to 6 0 0 ’ ~ .  
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Fig. 80. Thermal aging for 25,000 h has minimal effect on room- 
temperature ultimate tensile strength of modified 9Cr-1Mo steel for aging 
temperatures up to 60OoC. 
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Fig. 8:L. Thermal aging for 25,000 h has minimal effect on room- 
temperature total elongation and reduction of area of modified 9Cr-1Mo steel 
far aging temperatures up to 6OO0C. 
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Fig. 84.  Testing at aging temperatures after 25,000 h aging showed 
minimal change in total elongation and reduction of area. 

Transmission electron micrographs from thin-foil specimens of 

heat 30176 of modified 9Cr-1Mo steel are shown in the as-tempered con- 

dition and after aging for 25,000 h at 538 to 704OC in Fig. 8 6 .  Up to 

593OC, the sub-boundary structure within the prior austenitic grains 

remains fairly constant relative to the as-tempered starting material 

after 25,000 h. However, at 649OC some of the cell structure coarsened 

slightly as the elongated former martensite laths become polygonal. At 

704'C the subgrains were noticeably larger. 

after aging at 538 and 593'C, the intracell dislocation density was higher 

in the as-tempered structure, particularly at 538OC. However, at both 650 

and 704OC, recovery produced fairly dislocation-free subgrains. 

At higher magnifications and 

Boundary 



Table 13. Creep data on specimens aged for 5000 to 25,000 h at temperatures in the  range of 
452 to 649'L: for heats 313116 and 36394 

(Creep tests were conducted at the aging temperature and a common temperature of 593OC; 
all specimens were normalized and tempered before thermal aging) 

Reduct ion Aging Minimum Test Rupture Strain (%) Stress creep of 
(!-?Pa) 

( O c j  ( h )  ( % / ? I )  :x) 
t i m e  

rate area (k!) Loading Fracture 
temper a t u r  e rl. 

:est - .  Temperature iime ("c: 

H e a t  30176 

2438 7 538 2 5 , 0 0 0  538 207 1 4 , 7 3 2 . 7 a  
24359 538 25 ,000  538 186 1 4 , 6 3 5 . 7 a  
24058 553 2 5 , 0 0 0  593 172 738 
24061 593 25,000 595 145 6 , L 2 1 . 7  
24079 593 2 5 , 0 0 0  593 110 2 0 , 0 5 2 . 4 a  
24080 649 2 5 , 0 0 0  549 110 I 0 0 . 4  
24084 649 2 5 , 0 0 0  649 76 4 , 1 7 5 . 2  

24351 
24069 
24072 
24073 
24298 
24299 
22675 
22673 
22663 
22660 
22793 
22671 
22664 
22674 
22659 

538 
593  
593 
593 
649 
549 

538 
553 
649 
482  
538 
593 
649 
649 

482  

2 5 , 0 0 0  
2 5 , 0 0 3  
2 5 , 0 0 0  
2 5 , 0 0 0  
25 ) 000 
2 5 ,  OC0 

5 , 0 0 0  
5 , 0 0 0  
5 , 0 0 0  
5 ,  GOO 
5 , 0 0 0  
5 , 0 0 0  
5 , 0 0 0  
5 ) 000 
5 , 0 0 0  

538 
593 
593 
593 
649 
649 
593 
593 
593 
593 
593 
593 
593 
593 
593 

Heat 30394  

207 
172 
145 
110 
110 

7 6  
193 
193 
193 
193 
159 
i 5 9  
159 
159 
959 

1 4 , 8 9 7 .  3a 
408 

4C;89 
2 0,s  75 . 7a 

3 4 1 . 6  
6 , 6 1 9 . 5  

5 7 5 . 9  
3 3 5 . 2  

9 7 . 3  
6 2 . 9  

3 , 4 0 4 . 6  
3 , 0 7 2 . 6  

9 9 5 . 2  
6 0 4 . 6  
6 0 9 . 0  

0 . 2 0  
0 . 1 4  

5 . 0  E-3 0.16 20 .89  8 1 . 2 2  
5 . 8  E-4 0 . 1 8  2 0 . 1 1  77 .27  

6.17 E-2 0 . 1 8  4 1 . 5 8  9 0 . 2 4  
5 . 8  5-4 0 . 1 1  26.6C 7 6 . 9 4  

0 . 1 0  

1 . l  E-2 
9 . 0  E-4 

i . 2 5  E-2 
5 . 8  E-4 
5 . 9  E-3 
1 . 0  E-2 
5 . 8  E-2 
1 . 0 1  E-1 
1.1 E-3 
9 . 8  E-4 
3 . 9  E-3 
5 . 6  E-3 
L.0 E-2 

0 . 2 3  
0 .  11 
0 . 5 1  
0 . 2 5  
0 . 1 3  
0 . 0  
0 . 0  
0 . 0  
0 . 1 8  
0 . 1 9  
0.i5 
0 . 2 0  
0 . 2 0  
0 . 1 7  

2 4 . 9 2  
22 .47  

2 9 . 8 0  
2 1 . 4 8  

20.71t 
2 8 . 3 3  
3 2 . 7 5  
2 9 . 2 1  

2 1 . 2 6  
2 7 . 3 3  
2 9 . 6 8  

2 5 . 5 5  

2 4 .  82  

6 1 . 3 5  
7 0 . 5 4  

8 5 . 2 1  
55 .77  
8 3 . 7 0  
21 .49  
8 4 . 7 9  
8 5 . 3 1  
8 2 . 1 3  
8 2 . 6 0  
8 0 . 3 1  
8 3 . 7 4  
6 4 . 9 4  

03 
03 

aTests are in progress .  
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Fig. 85. Effect of aging for 25,000 h on creep-rupture life of 
modified 9Cr-lMo steel. 

and dislocation struci;ixres showed little effect of aging times of 10,000 

to 25,000 h at 538 and 649OC in heat 30176 and little or no heat-to-heat 

variation. The tollowing are the major conclusions from the microstruc- 

tural evalznation of thermally aged material. 

1. "lie grain and subboundary structure of modified 9Cr-1Mo steel 

remains stable during long-term aging to 593OC but begins to recover 

and coarsen at 65QQC and above. Dislocation density within cells 

increased w i t h  aging times at 538 and 5 9 3 O C  but; then recovered at 

65O*C and above, relative t o  the as-tempered dislocation structure. 

2.  The as-tempered carhide structure (MZ3C6 f MC) remained stable during 
aging at 650°C and below but coarsened at 704OC. 
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3 .  

4 .  

5. 

New precipitates formed during aging at temperatures below 65OoC and 

were found to be superimposed upon the as-tempered precipitate struc- 

ture. Laves phase farmed at 482 to 593°C and was a maximum at -538OC 

after 25,000 h .  

heat ( 3 0 3 9 4 ) ;  however, it only formed after 25,000 h at 650°C. 

A high concentration of very fine, intracellular precipitates 

occurred along the dislocation network at 482 to 5 9 3 O C .  

these were needles of vanadium carbide, but a few particles of an 

unidentified Fe-Cr phase were also found in heat 30176 at 538OC after 

25,000 h. 

believed to be an M2X type phase, were also found in heat 313176 after 

25,000 h at 482O6. 

"lie various phases were compositionally quite distinct. 

genexally contained Cr, V, or Nb as their major constituent, except 

for the Fe-Cr and Laves phases, 

tial enrichments of P ,  Si, and Mo; Laves phase contained more silicon 
when formed in the higher silicon heat of steel ( 3 0 3 9 4 ) .  

and VC showed composition sensitivity ta temperature; at 704'C, MZ3Cs 

became richer in niobium at the expense of chromium. At 482 to 

538OC,  the VC phase composition was size sensitive; tiny QC needles 

had more chromium and less vanadium than did larger particles. 

Much more Laves phase formed in the higher silicon 

Most of 

A small amount of slightly coarser chromium-rich rods, 

They 

Only Laves phase contained substan- 

Only MZ3Cs 

3 . 3 . 4  Radiation Effects 

Considerable effort has been devoted to determining the effects of 

radiation on high chromium (-9-12%) ferritic steels since it was first 

reported in 1973 that a ferritic steel exhibited significantly less 

swelling7' than austenitic stainless steels ( e . g . ,  types 304 and 316) .  

Data from subsequent irradiations revealed that at the same temperature 

and irradiation conditions (neutron spectra and fluence), high chromium 

ferritic steels swell approximately an order of magnitude less than auste- 

n i t i c  stainless steels. 75 9 7 6  

as a group, ferritic/martensitic alloys are the most swelling resistant of 

all of the alloy systems irradiated, including the refractory metals. 7 7  A 

coinparison of the swelling behavior of ferritic and austenitic stainless 

steels is shown in Fig. 87 (ref. 7 6 ) -  

Information obtained to date indicates that 
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AUSTEMOPICS 

0 50 100 158  

Fig. 87. Comparison of swelling behavior of commercial and simple 
ferritic steels to that of commercial and simple austenitic steels. 
Source: T. A .  Lechtenberg, "Irradiation Effects in Ferritic Steels," 
pp I 109-16 in Alloy Development fop. T r r a d d a t s ' m  Performance Semiannual 
Progress Report for P e r i o d  Ending  &larch 3 1 ,  1985, DOE/ER--QQ45/ 14 U . S . 
Department of Energy, Office of Fusion Energy, July 1985. 

Studies of the effects of radiation on modified 9Cr-1Mo steel 

(ASm designation T-91) and a similar 12Cr-1Ms ferritic alloy (IHT-9) have 

been conducted under the LMR Fuels and Materials Program and the Fusion 

Energy (FE) First Wall and Blanket Platerials Program. Emphasis in the 

LMR program has been on t h e  eP'fects of elevated-temperature (-4Q9-6QOoC) 

irradiation i n  the Experimental Breeder Reactor ( E B R - I 1  and the Fast Flux 

Test Facility (FFTF) on the swelling, microstruLtura1, tensile, and frae- 

ture toughness properties at the high displacements per atom Qdpa) 

required for fuel cladding and duct applications. Emphasis in the FE 

program has been on the effects of ncutronically produced helium combined 

with high dpa on swelling, microstructure, tensile properties, and DBTT. 
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Cr 8.47-9.00 11.99-12 

The limited data for  T-91 will be compared with those for IIT-9 

because stu#,ies of the effects of radiation on the swelling and mechanical 

co 0 I )  017 0 .017  

properties of HT-9 have been a major effort for more than a decade in the 

LMR program and for more than 6 years in the FE program. 

HT-9 nominally contains 12% @r arid higher 6, N i ,  and Si than T-91, 

Higher C, Ni, and Si result in a somewhat different radiation response far 

In-9 than that observed for T-91. The range of chemical compositions for 

T-91 and HT-9 for whi.ch there i s  informati-on on the effects of radiation 

is given in Table 14. 

Table 1 4 .  Ranges of chemical compositions of 
T-91 and IIT-9 irradiated in E B R - I 1  

c 
Pi0 
Mn 
Ni 
Si 
Ti 
v 
wb 
w 
P 
s 

0 .21  
0.93-1 . 0 1 
0.45-0 I 55 
0.43-0.52 
0.18-0.41 
0.003 
0.27-0.38 
0.018 
0.51-0 * 54 
0.011 
0 004 

cu 
A 1  
B 
Sn 
N 
0 
AS 
Zr 
Pb 
Sb 

8.03  0.05 
0.004-0.014 0 I 030 
0.0006-~0.001 <0.001 
0.003-0.003 0.002 
0.050-0.054 0.020 
0.007-0.008 0 005 

<0.001. 
< O "  001 
<0. 001 
< O .  001 

3 - 3 . 4 . 1  Mi.crostructure and Swelling 

T-31 and HT-9 were irradiated together in EBR-I1 to 2.5 x 

loz2 neutrons/cm2 (E 0 .1  MeV) at 400, 450, 5 0 0 ,  and 550°C. '8 T h i s  
irradiation produced -12 dpa in these alloys. 

Irradiations of TIT-0 at 40OoC resulted in the development of a high  

density o f  homogeneously distributed, equiaxed precipitates (28-nm diam) 

of G phase, a nickel-rich silicide. No voids were detected. No voids or 

swelling have been detected in HT-9 after irradiation to mora than 60 dpa 

at 400 to SfjQOC in EBK-11.79 

i n  liT-9 j s  attributed to the formation of G phase during irradiation. 

Suppression of void formation and swelling 

, . . . . . . . 
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For T-91, irradiation a t  400°C resu1Led in a high clerisity of dialoca- 

tion loops and tangles, small rod-shaped precipitates of Cr,C, and a law 

density of faceted voids. Cr,C rather than G phase farms in T-91 because 

of its lower nickel content compared with MT-9. The low density of voids 

resulted in negligible swelling for the fluence attained, but their pres-  

ence indicates that swelling will likely increase with increasing 

fluence. 7 9  

because voids are rarely seen i n  ferritic steels at flucnces as low as 

2.5 x neutrons/cm2. However, because of the inherently low swelling 

rates of ferritic steels, swelling will still be significantly less than 

that for an austenitic steel irradiated under the same conditions. 

The presence of voids in T-91 is considered significant 

At 450a@ irradiation of IIT-9 resulted in the production of disloca- 

tions and a fine precipitate structure between the very widely spaced 

martensite lath boundaries. The densities of dislocaLions and precipitate 

were much lower than after irradiation at 400°C. 

in T-91 after irradiation at 45OoC and above; however, there were mort? 

precipitation of MC and recovery of dislocations. 

No voids were present 

A t  500  and 55OoC irradiation of Kl'-9 resulted in t h e  coarsening of 

M Z 3 C 6  at martensite lath and prior austenitic grain boundaries and addi- 

tional precipitation within the subgrains. Irradiation of T-91 at 500 and 

55OoC resulted in recovery of the preirradiation dislocation structure and 

prccipitation of MC and a phosphide phase,. The MC had varying concentra- 

tions of V, Cr, and Nb. The phosphide-rich phase was rich in Fe, Cr, and 

Mo; had a lath morphology; and was heterogeneously distributed. In addi- 

tion, MnS and E'e,Mo (Laves phases) were present, and some of the phosphide 

precipitates were in bands. Because of these bands, the investigators 

suggest that the material may not have been well homogenized before irra- 

diation, a fact that, if so, could explain the presence of voids at a 

fluence of 2.5 x 1.0" neutrons/cm2 (E > 0.1 MeV). 

High Flux Isotope Reactor (HFIR)  irradiation to 36 dga at 3 8 0 ,  5 0 0 ,  

and 600°C resulted in a negligible amount of swelling in N&T T-91 ( r e f .  $1). 

Only a few cavities, -4 L a  6 m in diameter, were observed. "phc. cavities 

were preferentially located at dislocations and lath boundaries o f  the 

tempered martensite. There was no change in the  precipitate morphology 

and distribution after irradiations a t  1300 and 600°C. After irradiation 
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at 5OO0C, a few large, elongated precipitates that have not been observed 

in unirradiated material or material. irradiated at 3 0 0 ,  4 0 0 ,  or 600°C were 

present . 
Irradiation of T-91 at the intermediate temperature of 40O0C resulted 

in a well-developed cavity structure that was homogeneously distributed 

throughout the microstructure. The cavities were 4 to 30 nm in diameter 
and had an average size of 15 nm, which is three times larger than the 
cavities formed by irradiation at 3 0 0 ,  5 0 0 ,  and 60OoC.  These results are 

consistent with those for T-91 irradiated in EBR-I1 where voids were 

observed only after irradiation at 4 O O O G .  

Although no swelling or cavities had been observed after irradiation 

of HT-9 in EBR-11, swelling and cavities were observed after irradiation 

in HFTR. 

action of thermal neutrons with nickel in the alloys enhances cavity for- 

mation. 

swelling for HT-9 and T-91 w e r e  similar, but although the T-91 used in the 

HFIR irradiations had only one-third the nickel content of the HT-9, it 

had a swelling rate three times as large as t h a t  observed for HT-9. A s  

mentioned earlier, the formation o f  G phase in HT-9 results in very low 

swelling rates. 

During irradiation in HFIR, the helium produced by the inter- 

The temperature dependence of the cavity microstructures and 

3 . 3 . 4 . 2  Toughness Properties 

Several irradiations were conducted in EBR-I1 to characterize the 

fracture toughness properties of T-91 and HT-9 (refs. 82-87) .  Figure 88 

shows the effect of irradiating T-91 in EBR-I1 to 3 . 8  to 4 . 7  x 

neutrons/cm2 (E 0.1 MeV) (-20-25 dpa) over the temperature range 

384 to 425°C.82 

l O " C ) ,  as measured by the 41-J transition temperature, which is the tem- 

perature at which 41 J are required to fracture the sample in a Charpy- 

impact test. 

DBTT is admittedly arbitrary; however, it has been used rather extensively 
in reporting the results of Charpy-impact testing in the LMR and FE irra- 

diation programs. Therefore, it is used in this report as well. Also 

shown in Fig. 88 is the small reduction (15%) in the USE from -200 to 

170 J. 

Irradiation raised the DBTT - 8 O O C  (from about -68 to 

The use of the 41-5 transition temperature as an index for 
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Fig. 88. Effect of fast neutron irradiation at 20 to 25 dpa on the 
DB'm and iipper-shelf energy for T-91 (Heat X A 3 3 6 4 ) .  Source: J. N. 
Hawthorne, "Postirradiation Fracture Resistance Determinations for Ferritic 
Alloys from L h t :  AA-XV bxperirnenL ,I' pp. 171-78 in National  GladdinglDuct 
Material Developutent Quarterly Technical Progress Letter, July-August- 
September 1981 HEDL-TC-l60--30 , Hanford Engineering Development 
Laboratory, Richland, Wnsh. , 1981. 

Similar irradiation of m-9 [5.1-5.7 X loz2 ncutrons/cm' ( E  > 0 . 1  MeV) 

(-25-30 dpa) at 391 and 398O@] resulted in the DBTT being increased by 

-155OC (Erom -25 to -130°C) and the USE being reduced significantly (-50%) 

from 170 to about 80 J. The increase i n  DBTT and decrease in USE for HT-9 

i s  much greater than  that for T-91. 

-5SOOC also rrsulted in significantly larger increases in room ternperature 

yield strength and hardness for €IT-9 Lhan for  T.91. 

increases are attributed to the formation in IR-9 of G phase which does 

not form in T-91 (ref. 83).  Therefore, while beneficial in suppressing 

void formation and swelling, G phase is detriniental to fracture toughness 

and DBTT properties. Table 15 summarizes the information on fracture 

toughness and hardness changes f o r  T--91 and HI'-9 as a result of the irra- 

diation histories s t a t e d  at the beginning of this section. 

Irradiation at temperatures below 

These larger 

In othcr- irradiation tests in EBR-I1 at 39OoC L o  about 13 dpa, the 

UBTT of T-91 was increased by about ~ S O C  from approximately e-30 to 2 5 " ~ ;  

however, irradiation at 450 ,  500, and 5 5 O O C  resulted in little ( -5°C)  or 
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no change in the DB' lT.  Also, f o r  these irradiations, ths higher the 
irradiation temperature, the lower the decrease i n  the USE. mese data 

ape summarized in F i g .  8 9 .  

For HT-9, irradiation at 3 9 0 ,  450,  5 0 0 ,  and 550°C resulted in shifts 

in D B T T  of -125, 25, 3 0 ,  and 5 S o C ,  respectively (Fig. S a ) .  The DSTT nf 

HT-9 after irradiation at 39QaC is about 135°C; that for LIE T-91 is over 

looo@ lower. 

temperature dependence; the largest shift resulted from irradiation at the 

lowest temperature (39OoC) ,  and the second largest shift resulted from 

irradiation at the highest irradiation temperature (550'C). 

at 450 and 500°C resulted in intermediate shifts in DBIT. The same irra- 

diation temperature relatioilship was observed foe the decrease in USE. 

For irradiation aL 39Q°C, the postirradiation USE for BT-9 is o n l y  one- 

half that of T-91 (-23-24 and 46-48 J/cm2, respectively). Figure 90 s u m -  

marizes the effect of t h i s  irradiation on the room-temperature hardness of 

T-91 and HT-9. The higher hardness of HT-9 relative to T-91 is associated 

with the lower toughness properties of HT-9. 

The shift in DBTT for ET-9 does not have a simple irradiaLion 

Irradiation 

Data were also obtained on the effect of irradiation from 390 to 

4 2 5 O C  on the DBTT for T-91 and HT--9 irradia2rd in EBW-I1 to higher fluen- 

ces (35-45 dpa) . 8 4 3 8 5  

60 425 the DBTT is -25OC (at 41 J) [Fig. 9 1 ( a ) ]  and the shift in DBTT 

from the unirradiated condition (- -80°C) apparently has saturated because 

the DBTT has shifted o n l y  1 5 O C  from the value ol: loo@ at 2,O to 25 dpa 

(ref. 82) and remains constant; at 2 5 O C  from about 35 to 45 dpa. Also, the 

decrease in USE appears to have saturated at about 150 J/cm', which is 

only slightly lower than the 170 J / c m 2  repomrLed at 20 to 25 dpa ( r e f .  82) .  

For IIT-9 (F ig .  9 1 ) ,  DBTTs demonstrate a continual increase to 5 0 ,  85, 

Figure 3 1  shows that for T-91 irradiation at 415 

120, and 1 6 5 O C  for irradiation at 425,  405, 4 0 0 ,  and 39OoC, respectively. 

There is no evidence of saturation in DBTT from the. unirradiated value of 

-25'C (rt-ai. 82) or of the decrease in USE from the unirradiated value o f  

-170 J f o r  irradiation to 45 dpa at these temperatures. Although Fig. 9 1  

shows data for irradiation sf T-91 at 415, 420 ,  and 425OC and at 390, 400, 

4 0 5 ,  and 425OC for HT-9, these data should be considered as one tempera- 

ture for T-91 (420 9 5 O C )  and, at most, two temperatures (400  &lBD°C and 

-425'C) for PIT-9. 
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Fig. 89. Effect of irradiation temperature on DBTT and USE for T-91 
and W-9 irradiated to 13 dpa in EBR-11: 
k J .  L.  IIu and ID. S. Gelles, "Miniature Charpy Impact T e s t  Results f o r  the 
Irradiated Ferritic Alloys WT-9 and Modified 9Cr--IMo," pp. 631-45 in 
Proceedings of Topical  Conference on Ferritic Alloys for Use in NucJear 
Energy Technologies, Snowbird, Utah, June 19-23? 6983, ed. J. W. Davis and 
I). J. Michel, The Metallurgical Society of the American Institute of 
Mining, Metallurgical, and Petroleum Engineers, New York, September 1984. 

( a )  T-91, (b) 19T-9. Source: 
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Fig. 30. Room-temperature hardncss as function of irradiation tena- 
perature fo r  T-91 and IIT-9 irradiated to -13 dpa in EBB-HI. Source: 
W. L. Hu and D. S. Gelles, "Miniature Charpy Impact Test Results f a r  the 
Irradiated Ferritic Alloys HT-9 and Modified 9Cr-1M0," pp. 631-45 in 
Proceedings of Topical  Conference on Ferritm'c Alloys for U s e  in Nuclear 
Energy Technologies, Snowbird, U tah ,  June 19-23, 1983, ed. J. W. Davis and 
D. J. MicheI, The Metallurgical Society of the American Institute oE 
Mining, Metallurgical, and Petroleum Engineers, Mew York, September 1984. 

Fracture toughness (3) vs crack length (Aa) values for  T-91 and HT---9 

after irradiation to -30 dpa at 41OoC in EBB-I1 are shown in Fig. 92 

(ref. 8 6 ) .  Test daLa are available for room temperature (2.5'@), the tem- 

perature of the FFTF reactor vessel at full power operation ( 4 2 7 O C j ,  and 

the refueling temperature (232'C). Figure 9 3  shows JIC vs test tempera- 

ture, and Table 16 provides data ~ O K  .TIC and t h e  Leasing modulus (T) as a 

function of test temperature for these irradiation parameters. 

These data are consistent with that presented earlier in this sec- 

tion. 'F-91 has a higher fracture toughness and is more resistant to crack 

propagation than IiT-9 irradiated under the same or similar conditions 

(primarily temperature and dpa). A s  was observed for the irradiations to 

-25  to 30 dpa, the formaLion of G phase in HT-9 results in fracture 

toughness properties significantly inferior to those for T-91 irradiated 

under the same conditions. 

Irradiation of T-91 and BT-9 in a mixed spectrum (thermal and fasz  

neutrons) such as HFXR results in larger reductions in tensile ductility 
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TEST TEMPERATURE ("C) 

TEST TEMPERATURE (OC) (b 1 
Fig. 91. Effect of irradiation temperature on DBTT and USE €or T-91 

and HT-9 irradiated to 35 to 45 dpa in EBR-11: 
S o u r c e :  D .  S. Gelles and W. L. Hu, "Fractographic Examination of Charpy 
Specimens Irradiated in the AA-XV Phase I1 Experiment," pp. 64-76 in 
National CIadding/Duct M a t e r i a l  Development Q u a r t e r l y  Technical Progress 
Letter, ApriI-Nay-June 1985, IXEDL-TC-160-45, Hanford Engineering 
Development Laboratory, Richland, Wash., 1985. 

(a) T-91, (b) HT-9. 
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1. k i g .  9 2 .  J vs crack extension at. 25, 2 3 2 ,  and 427'C for T-91 and 
HT-9 irradiated at 4 1 0 ° C  to 30 dpa i n  EBR-IT: 
Source: F. H. Niaang, "Fracture Resistance of Irradiated €IT-9 and 9Cr-1MoY" 
pp. 367-74 in National CladdinglDnct Material Development QuarCerly 
Technical  Progress L e t t e r ,  April '-Nay-June 2981, HEDL-TC-1SQ-23, Hanford 
Engineering Development Laboratory, Richland, Wash. , 1981. 

( a )  T-91, (b) €IT-9. 

and fracture toughness properties than does irradiation in fast neutron 
reactors such as EBR-II (refs.  56-92]. The helium produced via thermal 

and epithermal neutron reactions w i t h  nickel in the allays degrades macham- 

ical properties more rapidly and severely than disglzcement damage alone, 

which is produced by irradiation i n  an LMR. 

refs. 87 and 88, the irradiation in HFIX was at the reactor coolant tem- 

perature. of 5Q°C. 

tu res  produced by irradi-ation are retained. In t h e  previously described 

irradiations at 390 to 5 5 0 3 C  in EBR-11, significant amounts of Lherrnally 

For the data reported in 

At this temperature, almost all o f  t h e  defect s t ruc-  

induced recovery o f  irradiation-induced defect structures occur at the 

irradiation temperature. The combination of  high defect density with 

helium e f f e c t s  results in large reductions in ductility and toughness 

properties 
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Fige 9 3 .  Temperature dependence of JIC for HT-9 and T-91 irradiated 
at 410°C to 30 dpa in EBR-11. Source: F. H. Huang, "Fracture Resistance 
of Xrradi ated HT-9 and 9Cr-1Mo , I '  pp .  367-74 in National Cladding fDuct  
.Material Development Q u a r t e r l y  Techn ic  a l  Progress Letter , Apri l -3ay-June  
1981, HEDL-TC-160-29, Hanford Engineering Development Laboratory, 
Richland, Wash., 1981. 

Table 16. Fracture toughness for IIT-9 and 9Cr-1Mo 
irradiated to -30 dpa at 41Q°C 

Test J I C  
Alloy temper at iir e T 

( "C> K J / ~  (in.-lb/in.') 

HT-9 25 83.6 477.5 87 
(Heat 91354) 232 77.8 444.7 82 

427 50 .0  285.3 60 

9Cr-lMo 25 73. I 417 .S 181 
(XA33641) 232 50.0 285.8 143 

42 7 53.9 308.0 60 

Source: F. H. Huang, "Fracture Resistance o f  Irradiated HT-9 
and 9Cr-lMo," pp. 367-74 in Nat iona l  C ladd ing /Duc t  M a t e r i a l  
Development Q u a r t e r l y  T e c h n i c a l  Progress L e t t e r ,  HEDL-TC-160-29, 
Hanford Engineering Development Laboratory, Richland, Wash., 
table 2, p. 372. 
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Table 1 7  provides data for .Jrc vs T for T-91 and IK-9 irradiated to 

10 dpa at -SO"C in HFIR. * 
alloys, JIC is significantly lower fo r  T-91 than for HT-9. Also, the 

increase in DRIIT was 90'C for T-91 and only 3 O o C  for HT-9; the hardness o f  

EIT-9 increased 3.5%, and T-91 increased 25%. These relative results are 

opposite to those observed after irradiation of these t:wo alloys in EBR-I1 

where fracture toughness degradation was much more severe for T-91 than 

for HT-9. These results are shown schematically in F i g s .  94 and 9 5 .  

At 33 and 205'C, where data exist for both 

From overall application cons i.derations, T-91 should provi de! better 

long-term performance than HT-9 under LMK irradiation conditions for tern- 

g e r a t u r e s  up to about 550*c. 

larger than those fo r  KT-9, they are still low relati-ve to swelling rates 

for the currently used austenitic steels and a r e  acceptable for any pro.- 

posed LMR or fusion reactor structures arid components. With respect to 

reactor operation, inspections ~ maintenance, and surveillance criter:ia 

and/or requiretnents , the significantly smaller changes in DBTT, IJSE and 

hardness because of irradiation of T-91 relative to FIT-9 should far sut- 

weigh the larger increase i.n swelling. 

Althaugh the swelling rates of T-91 are 

Table 17. F r a c t u r e  toughness of EIT--9 and T-91 
irradiated to 10 dpa at, 50'C in HFIR 

T e s t  Tearing 
Alloy temperature JIc modulus 

(TI 
( K3 / m2 1 ("e> 

HT-9 25 
HT- 9 93 
I-IT- 9 205 

63.3 
5 2 . 0  33 
56.7 28 

9Cr-IMo 93 32.9 23 
9Cr-1Mo 20s 35.2 16 
9Cr-1Mo 45 0 30.8 59 

Sorarce: E'. N. Huang, "The Fracture Tough- 
ness of Ferritic Alloys Irradiated in NFIR,'@ 
pp. 180-84 in ADIP Semiannual Progress Report 
for Period Ending September- .30, 1983, 
DOE/ER-0045/11  U. S. Departtnent of Energy, 1983, 
Table 7.17.1, p .  182. 
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Fig .  94. Temperature dependence 
of fracture toughness (JIC) of T-91 
and HT-9 in unirradiated condition 
and after irradiation to 10 dpa at 
5OoC in HFIR. Source: F. H. hang, 
"The Fracture Toughness of Ferritic 
Alloys Irradiated in HFIR," pp. 180-84 
in Alloy Development- for Irradiation 
Performance Semiannual Progress Report 
f o r  Periud Ending September 30, 1983, 
DOE/ER-0045/12, U.S. Department of 
Energy, Office of Fusion Energy, 
March 1984. I S Y M B O L  ALLOY IRRADIATION (dpat 
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Fig. 9 5 .  Temperature dependence of tearing modulus fo r  T-91 and €IT-9 
F. H. Huang, "The Fracture irradiated to 10 dpa at 5 0 O C  in HFIR. 

Toughness of Ferritic Alloys Irradiated in HFIR," pp. 180-84 in Alloy 
Development for Irradiation Performance Semiannual Progress Report for  
Period Ending September 30, 1983, DOEjER-0045/11, U.S. Department of 
Energy, Office of Fusion Energy, March 1984. 

Source: 



3 . 3 . 4 . 3  Tensile Properties ... ~ _I 

Figures 96 and 97 show the s t zeng th  and ductility of T-91 after i r ra-  

Included in diations to -25 dpa a t  about 4 0 0 ,  4 5 0 ,  and 550°C in EBX-TT.93 

F i g s .  96 and 9 1  are lines f o r  data on I I f - 9  in the NhT and cold-wo-i.ket1 

conditions from similar irtadiations i n  EBM-PT.~' Tne lines in Figs. 96 

and 97 are based on vcty limited data, especially for T--91; ~ ~ W P V C ! ~ ,  for 

t h e  three irnadiatj on tmpesatures use2, the streiigth and ductility of T--81 

are significantly lower than €or HT-9. As showE in Table I 8  ( r e f .  95) ,  

the tensile properties of the unilradlzlsd alloys were approximately equal 

for tempcraLiires up t o  638OC. 

whore the values for HT--9 at 550 and 6 0 O O ' c  are almost trJice those for 

T-171. Therefore, tensile properties sliowia in Figs. 36 arid 97 for 400,  

4 5 0 ,  and 550°@ are a result n F  the irradiation and are not  due to large 

differences in preirradiation values. For most irradiations at tempera- 

tiares below about 0 . 4  f,ll (Tm = melting te?iperature in K ~ 1 w i n )  $ q t  which 

heliur is not produced, the material w i t h  the  lnwcr strength properties 

usually has higher  ductility properties. The higher yield streagth of 

HT-9 is most probably due to formation of G phase during irradiation in 

ERI<-IT. Xesults similar to those show in Figs. 96 and 97 r . 7 5 ~ ~  also 

observed after irradiation of 1-91  and MT-9 F n  IIFIW (Fig. 98 and 

Table 1 9 ) . 8 9 , 9 0  

unirradiated y i o l d  and ultimate tensi le  strengths for T-91 asid HT-9 for 

tes t  temperatures of 25 and 300°C. 

little more than T-91> cspeciaB?y yield s t recg th  a8; 25°C ( F i g .  9 7 ) .  'Plie 

reason for the larger increase in yield strength of W-9 is not known. 

The irradiation temperature of 55°C is tot) lov for  Koumation of G phase. 

The helium contcx~ts  a r e  low (10-26 ? p p m ) ,  and data f rom other irradiations 

indicate that helium has a negligible effect on hardness and s t rengtf i  prop- 

erties at Ihese low concentrations and ternpratures where heliuin is 

immobile. 7-g 

The only exception is total elongation, 

Table 20 greseant.~ data on *he ratios of Lrradiated t~ 

Frit these data, 1iT-9 is  strengthened a 

Figure 99 shows strain vs applied stress at 25OC f o r  T-91 and HT-9 in 

the unirradiated condition and for material irradiated to -9 dpa at 50°C 

in HFIR.89 There a r e  no obvious differences i n  the i injrradiated curves or 

the irradiated curves t h a t  woiild indicate a difference in the irradiation 
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Fig. 96. Yield and ultimate tensile strengths of T-91 and HT-9 after irradiation to -25 dpa in 
EBR-I1 at 400,  4 5 0 ,  and 550°C. 
specimen. Som-ce, figure: 
on the Tensile Properties of Modified 9Cr-1Mo,” pp. 183-90 in National  CladdinglDuet Haterial 
Developmenc Quarterly Technical Progress Letter, January-February-March 1984, HEDL-TC-160-40, Hanford 
Engineering Development Laboratory, Richland, Wash., 1984.  
R ,  E. Blood, and S ,  Vaidyanathau, ”Mechanical Properties of Reactor-Irradiated HT-9: 
Therrnomechanical Treatments,” pp. 13-25 in National CladdiligjDuct Material Developvent Quarterly 
Technical Progress Letter, OctoDer-November-December 1983, HEDL-TC-160-39, Hanford Engineering 
Development Laboratory, Richland, Wash., 1984.  

Test temperature was the same as the irradiation temperature for each 
T. Lauritzen, R. E. Blood, and S. Vaidyanathau, “Some Effects of Irradiation 

Source, data for HT-9 lines: T. Lauritzera, 
Effect of 
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Fig. 9 7 .  li'niforiri and total elongation of T-91 and ET-9 a f t e r  irradiation to -25 &pa in EBR-I1 at 
4 8 0 ,  4 5 0 ,  and 550'C. T e s ~  ternpera,ture was same as irradiation temperature for each specimen. S o u r c e ,  
f igu re :  T .  Laur i tzen ,  R .  E. Blood, and S. Vaidyanathau, "Some Effects of Irradiation on the Tensile 
Properties of Modified 9Cr-1M0," pp.  133-90 in National CJadu'ingjDuct H a t e r i a l  Beuer'opment Q u a r t e r l y  
Technic92 Progress  L e t t e r ,  J a n u a ~ y - ~ " e b s c a r y - i ~ c ~  1884, BEDL-TC-153-40 , Nanfosd 2ngineering Developmenx 
Laboratory, Richland, Wash., 1984. S o u r c e ,  d s t a  f o r  HT-9 lines: T. Lauritzen, 3. E. Blood, arid 
S .  Vaidyanathau, "3echanical Properties of Kezctor-Irradiated HT-9: Effect of Thermonechanical 
Treatments, It pp . 13-25 in NationaJ CIaddinglDuct  M a t e r l s l  Development Q u a r t e r l y  TechnicaJ Progress  
L e t t e r ,  Octo~er-Novembes-Decem~e~ 1883, HEDL-'1'C-160-38, Hanford Engineering Development Laboratory,  
Richland, lu'ash., 1934. 
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Table 18.  Tensile properties of unirradiated T-91 and HT-9 
from room temperature to 650OC 

Test Yield U1 t imat e 
tempera- strength strength 

ture 
( " C )  (MPa) (ksi) (MPa) (ksi) 

Elongation (%) Reduction 

Uniform Total 
in area 

I%> 

R T ~  
232 
400 
450 
500 
550 
600 

RT 
232 
400 
45 0 
500 
550 
600 
65 0 

575.7 
53.5.7 
499.2 
499.2 
468.8 
448.8 
350.2 

606.7 
547.4 
504.0 
508.1 
484.0 
418.5 
339.9 
207.5 

83.5 
7 7 . 7  
72.4 
72.4 
6 8 . 0  
4 5 - 1  
50 .8  

88.0 
79.4 
73.1 
73.7 
70.2 
60.7 
49.3 
30.1 

T-9 la 

681.9 98.9 
608.1 88.2 
561.9 81.5 
558.5 81.0 
513.0 74.4 
481.3 69.8 
362.7 52.6 

759.1 110.1 
478.4 98.4 
598.5 86.8 
610.2 88.5 
561.2 81.4 
459.2 6 6 . 6  
361.3 52.4 
235.8 34.2 

7 . 8  
4 . 6  
3.3  
3 .8  
6 .0  
4.0 
5 .2  

9 . 7  
6 . 1  
5 .1  
5.7 
7 . 8  
6 . 7  
5.9 
8 .6  

10.5 
7.9 
6.9 
7 . 9  
9 . 6  
8 . 6  

11 .o 

11.9 
8 .2  
8 . 1  
8 .4  

11.4 
18.6 
21.2 
19.8 

74.4  
70.8 
68.1 
63.4 
71.4 
70 .3  
82.5 

57.4 
5 8 . 6  
58.7 
59.5 
60.8 
74.0 
84.5 
89.8 

- - -_I 

aAlloy condition: 

boom temperature. 
CAlloy condition: HT-9 austenitized and tempered (1038OCf5 min, 

Source: T, Lauritzen et al., "Preirradiation Tensile Properties 

T-91 austenitized and tempered [1038°Cf5 min, 
room air cooled (RAC) + 76OoC/1 h, RAC], heat 91887. 

RAG + 76OoC/30 min, RAC) ,  heat 913.54. 

of M XIV Ferritic Alloys 9 q '  pp. 291-315 in .National CladdinglDuct 
Material Development Quarterly Technical Progress Letter, ApriI-May- 
June 1985, NEDL-TC-160-45, Hanford Engineering Development Laboratory, 
Richland, Wash., 1985, (T-91 data from Table 4 ,  p. 301; NT-9 data 
from Table 2, p. 295.) 
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Fig. 99. Comparison of the strain vs S ~ , ? - E ? ~ S  ciirves for T-91 
(9Cr-1MoVNb) and IIT-9 (12Cr-PMoVW) at 25OC in the unirradi ateti condition 
and after irradiation to -9 dpa at 50'C in HFXR. Source: I<. 1;. Klueli, 
J. M. Vitek, and M. L. Grossbeck, "Nickel-Doped Ferritic (Martensitic) 
Steels for Fusion Reactor Irradiation Studies: Tempering Behavior and 
Unirradiated and Irradiated Tensile Properties," pp. 648-64 in Effects of 
R a d i a t j o n  on Materials, ASTM-STP-782, American Society €OK Testing and 
Materials, Philadelphia, 1982. 

response of the two alloys. However, strain as a €unction of applied 

stress at 300 to 550°C would be far more valuable in providing an under- 

standing of the irradiation response of the two alloys. 

Additional information on the effects of irradi-ation in EBR-I1 on 

the tensile properties of T-91 are provided in Figs. 100 and 101 and 

Table 21 (ref. 91). Figure 100 shows the 0.2% yield and ulti-mate tensile 

stresses as a function of temperature from 400 to 550°C for  ~ - 9 1  in the 

unirradiated condition; after agi-ng for 5000  h at 4 0 0 ,  4.50, SOO, and 

550°C;  and after irradiation to 1.0 to 12 $pa at 390, 4 5 0 ,  500, and 550°@ 

in EBX-11. For each specimen the tensile test was conducted at the same 

temperature as the aging temperature 01: the irradiation tarrapcrature , 

Figure 100 shows the uniform and t u t a l  elongations for these specimens, 

Determination of the effects of aging at the temperatures at which the 

specirncns were irradiated and for times relevant to the t.irne of irradiation 
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Fig, 100. Effects of aging f o r  fOOG h at 
4 0 0 ,  450, 5 0 0 ,  and 5 5 0 ~ ~  or irradiation in EBH-II 
to 10 to 12 dpa at these temperatures on 0.2% 
yield strength and ultimate tensile strength at 
aging or irradiation temperature, Suwrce: R .  I,. 
Klueh and J, M. Vitek, "Elevated-Temperature 
Tensile Properties of Irradiated 9Cr-1MoVNb 
Steel," J. N u d .  Mater. 132, 27-31 (1985).  
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Fig. 101, Effects of aging for 5000 h at 
400,  4 5 0 ,  500, and 550°C or irradiation in E B R - I 1  
to 10 tc 12 dpa at these temperatures on uniform 
and total elongation at aging or  irradiation tem- 
perature. Source: R ,  L .  Klueh and S ,  M. Vitek, 
"Elevated-Temperature Tensile Properties of 
Irradiated 9Cr-1MoVNb Steel 1'' J .  N u c l .  Mater. 
132, 27-31 ( 1 9 8 5 ) .  
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Table 21 .  Effec t  of aging f o r  5000  h or i r r a d i a t i o n  t o  10 t o  12 dpa 
i n  EBR-II  on the  t e n s i l e  proper t ies  of T-91 

_I__._. ....... ........ ._._._I__ 

Temperature 
Strength (MPa) Elongation (%> 

Yield Ultimate Uniform Total  
^I____ 

( " C )  
...... ~ c_I Condition 

Aged/ Test  i r r a d i a t e d  

22 547 
22 881 
22 558 
22 544 

69 7 
933 
712  
69 7 

7 . 3  
3.6 
7 . 9  
6 . 1  

11.9 
7 . 0  

12.4  
10.0 

As heat  t r e a t e d  
I r r a d i a t e d  330 

500 
550 

As heat  t r e a t e d  
I r r ad ia t ed  
Aged 5000 h 

400 471; 
400 781 
400 460 

553 
808 
555 

2.5 
1.4 
3 .3  

5 . 3  
4 .1  
6 .0  

390 
400 

I r r a d i a t e d  
Aged 5000 h 

450 
45 0 

458 480 
45 0 473 

575 
570 

3.6 
3.0 

6 . 9  
5.6 

As heat  t r e a t e d  
I r r a d i a t e d  
Aged SO00 h 

500 438 
500 445 
500 4 5 1  

517 
536 
522 

3 .6  
3 . 3  
2.9 

7.2 
6 . 8  
6.1 

500 
500 

As heat  t r e a t e d  
I r r a d i a t e d  
Aged 5000 h 

550 4 4 0 
550 429 
550 414 

49 7 
495 
467 

3 . 6  
3 . 1  
2 .9  

t 0 . 3  
9.9 
7 . 8  

550 
550 

Source: R .  L .  Klueh and J. M .  Vitek, "Elevated--Temperature Tensi le  
Proper t ies  of I r r a d i a t e d  9Cr-lMoVNb Stee l  ," J .  Nracl a !dater. 132, 27-31 
( 1 9 8 5 ) ,  Tables 2 and 3 ,  p .  2 9 ,  and Table 4 ,  p.  30.  

permits the  e f f e c t  of time a t  the  i r r a d i a t i o n  temperatiire t o  he separated 

from the  e f f e c t s  of i r r a d i a t i o n .  Figures 100 and 101 i l l u s t r a t e  t h a t  

5000 h a t  the  i r r a d i a t i o n  temperature had no e f f e c t  on the t e n s i l e  proper- 

t i e s  of T-91 a t  the  fou r  i r r a d i a t i o n  temperatures.  Fi.gure 100 shows t h a t  

the s t r eng th  proper t ies  a t  400°C have been increased by 65 (a,) and 46% 

(uurs) by i r r a d i a t i o n  a t  390'C; Fig .  101 shows t h a t  the  d u c t i l i t y  proper- 

t i es  have been reduced by 4 4  ( e I L )  and 31% ( E V ~ ) .  However, irradiation a t  

450 ,  5 0 0 ,  and 550°C had no effec. t  on the s t r eng th  01 d u c t i l i b y  proper t ies  

a t  these  test  temperatures. 

The s t r eng th  and d u c t i l i t y  proper t ies  a f t e r  i r r a d i a t i o n  a r e  i n  

exce l len t  agreenient with the  microstructural  observations reported for  

T-.-91 under the  swel l ing and microstructure  por t ion  of t h i s  s ec t ion .  
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Irradiation at 

location loops 

low density of 

4OO0C resulted in the formation of a high density of dis- 

and tangles, small rod-shaped precipitates of CrCzs and a 

faceted voids.” The dislocation loops and tangles and 
precipitates increase the strength properties and decrease the ductility 

properties. Irradiation of T-91 at 450’C and above results in precipita- 

tion of  MC and recovery of t h e  preirradiation dislocation structures, and 
no irradiation-induced dislocation structure or voids are observed after 

irradiation at these temperatures. The lack of any irradiation-induced 

defect structures at 450,  5 0 0 ,  and 55OoC coincides with the unchanged ten- 

sile properties after irradiation at these temperatures. After irradiation 

in EBR-11, the D B T T  USE, fracture toughness, crack growth rate, and tearing 

modulus values for T-91 were superior to those for KT-9. These parameters 

include a measure of ductility; therefore, the lower tensile ductility 

values of 77-91. relative ta HT-9 are not obviously reflected in fracture 

toughness properties. 

It appears that more test data, especially over the range of 1 to 

10 dpa, will have to be obtained to provide the information required to 

determine the mechanism(s) responsible for the large differences in frac- 

ture toughness and tensile properties of T-91 and HT-9 after irradiation in 

EBR-TI ws K F I R .  Significantly more data are required to evaluate the 

technological importance of the effects of irradiation an the tensile 

properties of these alloys f o r  fusion reactor and advanced fusion reactor 

applications. 

3 . 3 - 4 . 4  Creep 

There are no data for the effects o f  radiation on creep o f  T-91. 

However, combined with the observations on the effects of irradiation on 

microstructures of T-91 at 390 to 5SO0C, data for the effects of radiation 

on creep of WT-9, 9Cr-2M0, 2.25Cr-lM0, and type 316 stainless steel provide 

a rattier sound basis for  estimating the effects of irradiation on creep of 

T-91. 

Pressurized tube creep specimens of HT-9, 9Cr-2M0, 2.25Cr-IMo steels, 

and 20% cold-worked type 316 stainless steel were irradiated in EBR-II ta 

-14 dpa a t  temperatures of 445, 505, and 57Q°C.s6 Each alloy was irra- 

diated with midwall hoop stresses of 0 ,  5 0 ,  7 5 ,  and 100 MPa at each tem- 

perature. After irradiation (4580 h) at 505 and 570°C, total creep 
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strains for all three ferritic alloys were the same as the thermal creep 

strains for all three applied stress levels, and creep strains €or 9Cr-2Mo 

were lower than those for the other alloys. For irradiation at Lb45°c, the 

total creep strai.ns for the irradiated specimens were slightly larger than 

-those caused by thermal creep alone; this i s  the expected behavior for 

irradiation creep. For most alloy systems, irradiation creep becomes 

measurable at temperatures j u s t  below those where thermal creep becomes so 

small that it is not measurable in tests of 2 few hundred hours duration 

at stresses reasonably below the yield stress. For all stresses and tem- 

peratures employed, the total creep strains for 9Cr-2Mo and HT-3 are 

significantly less than those f o r  the 20% cold-worked type 316 stainless 

steel. 

strain for the 2.25Cr-1Mo was approximately ten times that €or 9Cr-2Mo and 

HT-9 and about five times that for the 20% cold-worked type 316 stainless 

steel. 

 or irradiation at 570'~ and a stress of 100 MPa, the total creep 

Throingh the use of the equation for minimum creep rate [ E q .  ( 3 )  for  

T-91 provided in ref. 971 and the temperatures and s-tresses used for: the 

EBR-I1 irradiation, creep strains in T-91 were calculated to be lower than  

those reported for RT-9 in ref. 96. ?'he yield strength of T-91 is slightly 

lower than that fo r  HT-9 at 445 and 505OC and slightly higher at 57OoC 

(Table 18), and their creep strengths are similar at temperatures near 

S7O0C. Also, the calculation of creep strain for T-91 [using E q .  ( 3 )  of 

ref. 971 does ngt include pr.imary creep strain. Considering the differ- 

ences in yield strength and the exclusion of primary creep strain in 

calculating total cb-eep strain far T-91, the calculated creep strains for 

T-91 are in reasonable agreement with those reported after irradiations 

of m - 9 .  

A s  stated earlier in this section, T-91 irradiation at temperatures 

between 450 and 55OoC results in no accumulation of radiation-induced 

defect structures. The combination of no observed changes in the micro- 

structure of T-91 for irradiation between 450 and 550°C, combined with the 

similarity of yield and creep strengths o f  T-91 and HT-9 at these tempera- 

tures, indicates that fast reactor irradiation wi.11 have no significant 

effect on the creep rates of T-91 at Ixroperatures between -450 and  550aC, 

the principal temperature range of app1icat;ion for T-91 .in EMR systems. 



117 

As i s  the case for the other ferritic alloys described here, at tempera- 

tures just below 45OoC, irradiation creep will contribute to the  total 

creep strain at high levels of applied stress. 

3 . 3 . 4 . 5  Effects of Helium 

For fusion reactor applications the effects on mechanical properties 

of atomic displacements combined with neutronically produced helium must 

be determined. Irradiation conducted in nuclear reactors that have high 

flues [>5 x IO" neutrons/(cm2.s>] of both low-energy neutrons [ 3 . 8  x 

IOw2' J ( 0 . 0 2 4  eV) < E < 1 . 6  x IO-' '  J (1 keV)] and fast neutrons (E 

0.1 MeV) can produce helium contents and atomic displacements relevant to 

fusion reactor operations in alloys that contain nickel. The helium is 

produced by low-energy neutron captures in nickel, and the atomic displace- 

ments are produced by the fast neutrons. 

diation is a direct function of nickel in the alloy. Irradiations OC "-91 

and HT-9 with standard nominal nickel contents of O,l% and 0 . 4  to 0.5%, 

respectively, and with up to 2.30% additional nickel to increase helium 

production within the alloys, together with type 316 stainless steel, have 

been conducted up to -5 or 6 dpa at 55OC in WIR. 

nickel content (-12%), type 316 stainless steel produced copious amounts 

of helium ( - 2 3 4  appm) during irradiation in HFXR to this displacements- 
per-atom level. This helium results in large losses of strength and 

ductility in type 316 stainless steel when tensile tested at temperatures 

above -5QQ°C. 

increasing temperature above about 5OO0C because of an agglomeration of 

helium atoms into bubbles and an intergranular alloy failure with no 

measurable plastic strain at temperatures above 65OoC. 

Helium production during irra- 

Because of its high 

Embrittlement of the steel by helium increases with 

To determine the susceptibility of T-91 and HT-9 to helium ernbrittle- 

ment, the alloys were tensile tested at 700°C after irradiation. 
Irradiation resulted in helium concentrations from about 10 to 50 appm in 

these two alloys. A s  shown in Table 2 2 ,  the ferritic alloys exhibit no 

evidence of the helium embrittlement at 7OO0C that occurs in austenitic 

stainless steels, such as types 304 and 316.  Also, the strain vs applied 

stress curves for T-91 and HT-9 are the same before and after irradiation. 

Note that for type 316 stainless steels (Table 2 2 )  total elongation has 

been reduced from 8.5 to 0.3% after irradiation. Except for two test 



Table 22. Tensile properties o f  unirradiated and irradiated 9Cr-IMo, 
I2Cs-IM0, and 20% cold-worked type 316 s ta in less  steel 

at 7 0 g 0 c a  

Displace-  tlc? 1 i u m  S t r e n g t h  Eionga~ion Fluence 
S t e e l  >0.1 MeV 

( x : o Z 5  neutronslm') 

merit concentra-  (MPa) (%> 
l e v e l  tionb 
( d P  1 ( a t .  ppm) Y i e l d  L l t ima te  Uniform T o t a l  

12Cr-IMoVW 

12Cr-1MoVW-lhi 

12Cr-lXoVW-ZNi 

12Cr-l?ioZiW-2Ki 
[ a d j u s t e d )  

9 C r - l k V N b  

9Cr-lMoVKb-2Ni 

9Cr-lMoVKb-ZNi 
( ad jus t ed )  

CW 316  SS 

0 
6 . 3  

0 
8 . 9  

0 
8.9 

0 
6.3 

0 
6 . 3  

0 
8 . 9  

0 
6 . 3  

0 
8 . 9  

5.2 

6 . 4  

5 .5  

5.1 

5.1 

5 . 4  

5.2 

6 . 6  

110 
: 3  103 

9 3  
28 95 

139 
49 128 

181 
36 123 

205 
8 

148 
47 119 

181 
36 194 

368 
234 330 

142 
123  

12 1 
'. 05 
153 
140 

212 
; 53  

131 

171 
1 3 1  

192  
203  

403 
341 

3 . 1  
2 . 2  

2 . 5  
1.2 

2 . :  
1 . 9  

1.7 
1.3 

2 . 5  

1.6 
1 . 2  

0 . 6  
ij . 6 

1.5 
0.3 

~~ 

1 0 . 5  
20.5 

19.0 
22.9 

25c  
2 5 . 5  

1 7 . 3  
21  . o  
16.8 
.10d 

1 9 .  -L 
25.9 

14.4 
11.5 

8.5 
0.3 

aSpecirnens i r r a d i a t e d  i n  KFIR a t  -55OC. 

bCalculated l e v e l  of helium from "NNI and 'OB 

"Crosshead s topped fo r  a s h o r t  z i n e  dsring t e s t ;  t h e  t o t a l  e longat ior :  was esrirnated by extra- 
polation of t h e  e a r l y  por~ion of the Icad-elongatiori  c a r v e .  

dData f o r  t h i s  t e s t  were a c c i d e n t a l l y  riot r eco rded .  An e s t i m a t e  of -,he e l o n g a t i o n  was 
ob ta ined  by f i t t i n g  t h e  f r a c t u r e d  sample toge the r  and rneasEriiig the iengch ( i n  a hot c e l l ) ;  t h u s ,  
t h - i s  i s  a very rough e s t ima te  €or t h e  e l o n g a t i o n .  

to Helium ZmSritt lercent," Y. Nucl .  Mater. 117,  295-302 ( i 3 8 3 ) ,  Table 2 ,  p .  297 .  
Source:  R .  L .  Klueh and 2. ?I. Vitek, "The Z e s i s t a n c e  of 9Cr-lYoVNS and 2.25Cr-lYoVW S t e e l s  
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specimens, which still exhibited more than 10% total elongation, the 

ferritic a l loys  had -20% total elongation, and the values were higher 
after irradiation than before irradiation. 

Although the available data are for  temperatures and helium con- 

centrations much higher than those anticipated for the use of T-91 in 
an LrcH, these results indicate that T-91 has a high resistance to 

irradiation-induced helium embrittlement. 

3 I 3 . 5  Sodium Effects - 
3 . 3 . 5 - 2  Overview 

Little experimental data presently exist on the effects of exposure 

to sodium on the mechanical properties o f  T-91. However, it is indicated 

t ha t  short-term (5-6 x LO3-h) exposure to sodium at 538OC does not affect 

the strength of T-91, but exposure at 5 9 3 O C  can result in a significant 

reduction in These results appear to support observations 

that indicate that i n  a bimetallic system with austenitic stainless steel, 

T-91 loses nitrogen when exposed to sodium at temperatures above 550°C, 

resulting in a decrease in strength properties.'" 

in a sodium system containing austenitic stainless steel (0.OS0C) indicate 

that it will carburize at temperatures up to -6OOOC and decarburize at 

temperatures above 6 0 0 ° C ; ' 0 ' 9 ' 0 5  the measured decarburization rate over 

Calculations for T-91 

the temperature range of 600 to 650'C is reported to be a factor of two 

higher than those reported for other ferritic steels of comparable 

composition.fo6 

above 6QO°C. 

LMR fuel cladding applications. 

too significant for other LMK structural applications, which are at tem- 

peratures of 550OC and below. T-91 was never considered for long-term 

structural applications at temperatures of 600 to 650'C. The alloy should 

perform well for fuel duct and out-of-core structures and components where 

sodium temperatures are 550eC or lower. 

This results in large strength decreases at temperatures 

For this reason, T-91 i s  no longer under consideration for 

These results are not considered to be 

3.3.5.2 Creep-Rupture 

Seven creep-rupture tests in flowing sodium have been conducted on 

Six tests were conducted on base metal, heat number 30394 of T-91.999100 



three each at 538 and 593OC. 

conduc I;ed at 593OC; however, the test was terminated before rupture, and 

no information was obta.ined on the effects of sodium on creep-rupture 

properties. 

One test on a speci-men of all weld metal was 

Two of tlie six tests on base metal were terminated before rupture. 

For the other four  tests the data. f o r  creep-rupture life vs applied stress 

lie above the average curve f o r  fjve heats of T-91 tested i.n air at 538 and 

5 9 3 * ~ .  However, all of the data (sodium or air) f o r  heat 30394 lie above 

the average curvs for the five heats used to compile the reference line in 

air (F ig .  3 . 2  s f  r e f .  100). The data for the four tests in sodium lie on 

the line d~awa through the data f o r  khe tests i n  air for heat 30394.  

Based 011 these s h o r t - k r m  data (230-3722 h), sodium has no apparent major 

effect on the creep r u p t u r e  life o f  T-91. 

I loweve~,  this statement i . s  plot in complete agreement with the data in 

Table 3.2 o f  ref. 100 that show creep-rupture life in sodium to be one- 

fourt;h o f  that in air (356 vs 1603 h, respectively). In adtl.i.tion, for 

tests conducted at .593'C and 138 MTa in high---purity argon on specimens that 

were in vacuum or exposed to sodium fo r  5000 h at 593OC, tbe measured 

creep-rupture lives were 5800 and 2970 h, respectively. l o 3  

creep-rupture life in air at 593°C and 138 MPa for the same heat of 

material ( 3 0 3 9 4 )  w a s  -20,000 h.'" Hence, aging reduced creep-rupture 

life by approximately a factor of three ( 3 , 4 5 1 ,  and sodium exposure reduced 

creep-rupture life by almost w fac tor  of seven ( 6 . 7 3 ) .  Also, this trend 

has been observed for shorter---tem t e s t s  at 172 and 209 MPa.'03 Because 

T-91 does not decarburize in sodium at temperatures below 600°C,1049105 

the decrease in creep-rupture life by sodium pre-exposure at 593'C was 

attributed to a loss of nitrogen from the all~y.'~'~'~~ However, the 

largest decrease in creep-rupture 1i.fe occurred as a result of aging in 

vacuum where the driving force and mechanism for nitrogen removal from the 

alloy is significantly less than far exposure in bot sodi-urn. Variations 

in creep-rupture life of the magnitude described here (i . e . ,  factors of 

3-7 OK more for rupture times o f  a f e w  hundred to a f e w  thousand hours) 

are of ten  observed in structural alloys; however, the variations are 

usually random and not all in one direction. For the tests reported here, 

the variations are not random, but a1 1 are toward decreasing creep-rupture 

The reported 



life. It is apparent from the data obtained at both ANL, and WAF,,SD that 

additional testing is required to establish the effects of sodium on the 

creep-rupture life of T-91. 

Creep-rupture data for T-91 are consistent with those reported for 

standard 9Cr-lPlo steel and 12Cr-lkfoNiV steel for temperatures below 
~ 5 0 a c . i o s - i ~ ~  

an applied stress of 225 MPa, creep-rupture lives in air ranged from 2204 

to 3026 h. For tests conducted on the same heat of material in sodium at 

Lhe same test temperature and applied stress conditions, creep-rupture 

times ranged from 1862 to 3 5 2 3  h.  Data for test times in sodium signifi- 

cantly longer than those obtained to date are required to determine the 

effects of sodium on the creep-rupture life of standard 9Cr-lMo steel and 

T-91. However, because there are no current plans to use this alloy above 

525'C because of its strength limitations, such tests are not considered 

to be high priority. Testing of a 12Cr-1MoNiV steel in static sodium at 

temperatures up to 50Q°C and for rupture times up to 8000 h had virtually 

no effect on creep-rupture strength or ductility.'" 

For tests conducted in 5-m/s flowing sodium at 525OC with 

3 . 3 . 5 . 3  Fatigue 

The low-cycle fatigue behavior of T-92 in flowing sodium at 5 3 8  and 

593OC has been determined €or material i n  the N&T condition and for 

material. exposed to flowing sodium before testing."' 

ducted ( < 2  x lo5 cycles) the fatigue life ( N f )  of T-91 in sodium is five 

to seven times greater than the fatigue life in air at 5 3 8  and 5 9 3 O C .  In 

addition, there is no temperature dependence o f  the fatigue life at these 

temperatures, and exposure to flowing sodium at 538°C for 6000 h before 

testing had no effect on this behavior. 

For the tests con- 

These results are consistent with the observations by Chopra et a1 -,  
thus indicating that exposure of T-91 to sodium results in nitrogen loss for 

temperatures above 5 5 0 O C  and no loss of nitrogen f o r  temperatures below 

55OoC. 

rupture tests at 593OC on material exposed to sodium at 5 9 3 O C .  

to sodium at 593°C is suggested to result in nitrogen loss from the alloy 

and an associated decrease in strength. No decrease in fatigue properties 

was observed for testing at 5 9 3 O C  because the tests are completed in <2 d 

and insignificant nitrogen loss, if any, occurs during this short time. 

The results are a lso  consistent with the data from the ANL creep- 

Exposure 



'i%e observed reduction in cteep-rugtnxc life when tested i n  sodiu i i  at 
104 538'C by WAESU is not consistent with the calculations of Chopra et al., 

especially becaust? the material in the MAESI) test w i 9  exposed to sotl.i.inc 

f o r  only 355 11. L i t t l e ,  i f  any, nitrogen loss coiild occiir during this t i m a  

at 538'C. 

quantitativcly assess thc  effect.^ of sodium on the el~vated-te~gerature 

mcclianical properties of T . 9 1 .  

As s ta ted  earlier, additional tealing in sodirxm i s  requirod to 

3 . 4  JOINING BEHAVIOR 

3 . 4 . 1  Weldahi-lity --- 
The weldability of imdif ied 9Cr--IMo steel has been investigated by 

num~rous organizations. Studies have included the evaluation o f  sevc.ra1 

welding proccsses, the dvtermination o f  preheat and BWHTs, cold- and hat- 

cracking susceptibility, and reheat cracking response; [iller wire and 

electrode development; and the characterization of weldment meclxmical 

properties. 

One hundred fjfty-seven weldments of modified OCr-BKrp steel have been 

prepared at ORNL. Of this total, 91 were produced w i t h  the GTA process, 32 

with the shielded metal-arc (SMA) process, and 34 w i t h  the  submerged 

arc (SA) process. The material thickness has rangcd from 3 to 50 trim, and 

the produet forms included tubing,  plate, and pipe. Dissimilar metal 

weldments were made between modified 9Cr-2lo and (1) standard 9Cr--'hMo, 

( 2 )  2.25Cr-1Mo9 and ( 3 )  stainless steels of various compositions. ?"he 

filler metals fo r  producing these weldments have included (1) standard corn- 

position 9Cr-IMo, (2) modified 9Cr l i 4 0 ~  (3) 2.25Cr-1130, and ( 4 )  ERNICr-3. 

Extensive testing and mechanical property characterization have bosn can- 

ducted on the various weldmcnts, and thc results arc included below- 

The hot-cracking sensitivity of the modified 9Cr-lM0 alloy was eval- 

uated in Tigamajig tests of 11 experimental heats.'" 'fie results of this 

work indicatc,d that hot-"cracking should not be a problem with the xange of 

compositions being investigated, a fact proven to be 1.rue because no hot- 

cracking has been encoiintered during welding, e i ther  in the laboratory or 

by commercial fabricators. 
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The Y-groove restraint test was used to evaluate the relative welda- 

bility of the steel and to examine preheat temperature. In tests at ORNL, 

weld metal cracking was observed in test plates with no preheat and those 

preheated to 9 3 O C .  No cracking was observed in a test plate preheated to 

204OC before welding. Grobner and Wada113 reported a preheat level of 

1 5 0 O C  was sufficient in this test to prevent cracking. 

Lundin and coworkers'" at UT conducted research on the welding 

metallurgy of  the heat-affected zone (HAZ) of modified 9Cr-1Mo and other 

Cr-Mo steel alloy weldments. Stress-relief cracking (SRC) and hydrogen 

assisted cracking (HAC) susceptibility of the steels were assessed. The 

HA2 microstructure in the modified 9 C r  alloy was concluded to be indepen- 

dent of cooling rates normally encountered during welding; the SRC suscep- 

tibility of the modified 9Cr-1Mo was concluded to be less than 2.25Cr-1Mo 

steel and HAC susceptibility about the same. No major weldability con- 

cerns from SRC or HAC were identified. 

The numerous weldments produced and test results o f  the various eval- 

uations have all indicated there are no major concerns with the weldability 

of modified 9Cr-1Mo steel. 

3 . 4 . 2  Hardness 

Hardness measurements were often used during the modified 96r-1Mo 

welding investigations to indicate changes in the microstructure and prop- 

erties of the various weldment regions.115 A typical microstructure pro- 

duced during the welding of this N&T steel is shown in Fig. 102. The 

various regions shown in this figure are W (weld zone), TZ [transformed 
zone, which is the region exposed to temperatures above ACI (about 84O0C)], 

and TMPZ (tempered zone, which is exposed to temperatures below the 

AC1 and above the tempering temperature). Typical microhardaess measure- 

ments across these regions show variations (Fig. 103) that were made on a 

SA weld in modified 9Cr-1Mo steel produced at Struthers Wells. This weld- 

ment was made with standard 4Cr-1Mo f i l l e r  metal and received a PWWT of 

7 3 2 O C :  for 2 h before shipping to ORNL. 

subsequently heat treated at the same temperature an additional 3 ,  18, 38, 

and 78 h to make total times of 10, 2 0 ,  4 0 ,  and 80 h. For comparison, a 

SA weldment that was similar, except that the weld metal was of the 

modified 9Cr-1Mo composition, was made at ORNL. 

Sections of this weldment were 
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F i g .  102. Typical microstructure  produced during welding of 110~-  

malized and tempered Cr-Mo stoc1.F;. Micrograph shows the weld (W> and two 
regions of the: heat-affected zonc: TZ (transformed zone), and TMPZ 
(tempered zone). 

0 2 4 6 8 40 12 14 (6 18 2 0  22 24 26 28 3 0  32 34 
OISTANCE I rnm I 

Fig. 103.  Microhardness traverse across submerged arc weldment pro- 
duced at Struthers  Wells. 
wire was standard 9Cr-1Mo. Postweld heat t reatments  were for 2, 10, 2 0 ,  
40 ,  and 80 PI at 7 3 2 O C "  

Base plate was modified 9Cr--1MoY and filler 
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Increasing the PWHT from 2 to 88 h produces changes in the microhard- 

ness of the various regions. 

small decrease in hardness. 

increasing P W .  
further with time. 

additional PWMT time, 
necessary, the modified composition filler wire should be used because it 

remains harder than the base metal. 

The very stable base metal shows only a 
The TMPZ show5 slightly more decrease with 

The TZ, which was partially tempered at 732"C, tempers 

The !+I shows the greatest decrease in hardness with 

This observation suggests that if long PWNlTs are 

Microhardness traverses f o r  weldments in modified 9Cr-1M0, standard 

9Cr-1M09 2.25Cr-1Mo, arid HT9 (12Cr-lMoVW alloy) show that all of the alloys 

contain a TMYZ as a result of welding. Differences in microhardness between 

the base metal and TMPZ is about the same for modified SCr-1Mo and the 

other alloys. 

of modified 96r-lM~ steel, two solutions are proposed. Normalizing and 

tempering at 1040 and 7 6 Q " C ,  respectively, after PWHT eliminates the hard- 

ness variations and offers a means of achieving uniform properties.'" 

However, a NTT heat treatment after welding is not usually possible or 

practical, but it may be used for certain applications. 

NTT should only be applied to weldments made with the modified composition 

filler metal. 

t i o n  weld metal and tempers much faster. 

that significantly weakens the weld metal, MTT should not be applied to 

standard composition weld metal. 

Because of its possible effect on the mechanical properties 

We caution that 

Standard composition weld is softer than modified composi- 

Therefore, to avoid overtsmpering 

A second solution is to select a lower tempering temperature. The 

overtempered region is believed to originate from heating of the base 

material a;o near the AC, during welding. To increase the initial hardness 

of the base material, hardness variations can be minimized by tempering 

below 7SQ"C before welding. 

followed by VWHT at 760°C essentially eliminated the hardness variations 

X ~ Q S S  the weldment produced. However, at a PWHT of 7 3 2 O C ,  the overtem- 

pered region remained. 

Results indicated that tempering at 624OC 

3 , 4 . 3  Filler Wire Composition, Fluxes, and Electrodes 

Weldability studies of the '3Cr-IMo steels have included the GTA, SA, 
and SMn welding processes and have addressed filler materials that pro- 

duced weld deposits of both standard and modified composition of 9Cr-PMo. 



A t  ORNL several hundred fee t  of wold have been made with a little over one- 

half being GTA welds and the remainder baing SA arid SMA welds. 

of these welds were mads to pxsvide material for subsequent chemical, 

metallographic, or mechanical property evaluation, but in every case the 

general welding characteristics were also assessed froin a user's standpoint. 

Essentially, no unizsual weldability problems were encountered making GTA 

welds with 9Cr-1Mo materials, but this was not the case for SA SMA 

welding. ' ' 

The m a j o r i t y  

3 . 4 . 3 . 1  Gas Tungsten-Arc -. Weld@& 

Typical data frorn tensile and Charpy V-notch impact testing of a GTA 

weld deposit are given in Tables 23 and 24 .  

energy values f o r  the weld deposit are excellent, particularly in light of 

its high tensile strength. Based on past experience, this filler wire 

should have no significant problem meeting a m i n i m u m  value of 68 J at room 

temperature when deposited with the GTA process and appropriately postweld 

The Charpy V-n~tch absorbed 

heat treated. 

Table 2 3 .  Data from all-veld-metal 
tensile test of United States 

Welding heat 21648 

_I_-. ..-. -- 
0.2% Yield strength, MPa 671 

1Jl.tirnate tensile strength, MPa 803 

Elongation i n  50  n m ,  % 20 

Reduction of area, % 65 

Table 24. Data from all-w~ld-metal Charpy V--notch 
test of United States Welding heat 21648 

I._._ 

T e s t  Absorbed Lateral Fracture 

( "C> (4 (mm> (X shear) 
temperature energy expansion appearance 

-7 3 
-46 
-18 
-1 
10 
23 
66 
121 

8 
8 

97 
73 
104 
217 
235 
19 1 

0 . 0 6  3 
0 .14  5 
1.08 4 5 
0 .96  27 
1 .23  50 
2.10 100 
2.32 100 
1 . 9 3  100 
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EilesuZts of a welding procedure tensile test as specified in Sect. IX 
of the ASME Code are presented in Table?. 25. 

base metal away -from the RAZ. 

The specimen fractured in the 

Side-bend specimens passed with no visible 

defects. 

The tests for welding material certification and procedure qualifica- 

tion illustrsate that when the G'EA process is used, the weldability of 

9Gr-lM'o steel is very good. 

Table 25, Tensile data f r o m  procedure 
qualification of GTA weld made with 

United States Welding 
heat 21648 

0 . 2 %  Yield strength, MPa 638 
Ultimate tensile strength, MPa 768 

Reduction of area, % 67 
Elongation in 50 mm, X 18 

3 . 4 . 3 . 2  Submerged-Arc Welding 

Many SA welds have been made on 96~-1Mo modified plate using standard 

BCr-1Mo filler wire and OP-76, a neutral flux made by 8er4ikon. This com- 

bination of materials has excellent weldability arid mechanical properties. 

Because OP-75 behaved so well with standard 9Cr-1Mo filler wire, it was 

used to make the initial %A welds with the  modified camposition, However, 
t h e  combination o f  OP-76 flilx and modified SCK-IMQ wise resulted in signif- 

ficant problems. 

modified filler wire, so that each weld bend must be surface ground to prop- 

perly clesc.de the weldment. 

direct-  and alternating-current operation. 

Fused OP-76 adheres tenaciously to SA welds made with 

The same behavior was obtained for  both 

Problems were also encountered using O e r l i k ~ i i  INS-22 flux. l 6  Of the 

fluxes evaluated by ORm, the one showing the most promise of good welda- 

bility w i t h  a modified BCr-ZMo electrode was IND-24. 

all-weld-metal specimen obtained at a nominal strain sate of 9 . 3  x 10-5/s 

are given in Table 26. A l l  of the tensile data exceed the minimurns spscl- 

fied by the ASME Code. 

weld deposit are given i n  Table 27. 

Tens i l e  data from an 

Data from Charpy V-notch impact testing of the SA 

The absorbed energy values are very 
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Table 26. Data from all-weld-metal 
tensile test of SA deposit made 
with modified 9Cr -PMn electrode 

and IND-24  flux 

0.2% Yield strength, MPa 560 
Ultimate tensile strength, MPa 693 
Elongation in 5 0  mm, % 21 
Reduction of area, Z, 64  

.- ..... -I..- 

Table 27. Data from all--weld-metal Charpy V-notch 
test of SA weld deposit 

I_...̂ _.._.... ._ ._.. .. 
Test Absorbed Test Absorbed 

temp r a tur e energy tiamperature energy 
( "C> (J) ("C) (J) 

-46 8 21 29 
-1 8 8 38 51 
21 50 66 125 
21 26 107 174 
2 J. 18 149 175 
21 14 260 171 

good, although the desired minimum o f  68-5 absorbed energy could not be 

met. Results of  the weldment tensile test are presented in Table 28. The 

specimen fractrired in the base metal away from the HAZ. 

mens passed the procedure qualification test with only one specimen 

showing a visible defect that probably was caused by a slag inclusion. 

Side-bend speci- 

Table 28. Tensile data from procedure 

modified 9Cr--lflo electrode 
and IND-24 flux 

qualification of SA weld made with 

0.2% Yield strength, MPa 563 

Elongation in 50 mm, % 16 
Ultimate tensile strength, MPa 677 

Reduction of area, % 66 
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Provided t h a t  a s u i t a b l e  f l u x  is  chosen, r e s u l t s  t o  da te  suggest 

t he re  a r e  no major weldabi l i ty  problems assoc ia ted  with S 
modified 9Cr-1Mo w i r e .  Even so,  f l u x  s e l e c t i o n  continues t o  be a concern. 

A l l  o f  the  f luxes  evaluated thus fa r  a t  ORNL have not performed very w e l l  

when welding with ac. For welding thick components (over 25 mw> ac is 

sometimes p re fe r r ed  over dc because it provides much more s t a b l e  operation 

i n  the presence of the  magnetic f i e l d s  generated during welding. In  addi- 

t i o n ,  a reproducible means o f  obtaining the des i r ed  minimum of 68-J 

absorbed energy a t  room temperature has not yet been i d e n t i f i e d .  

welding with 

3 . 4 . 5 . 3  Shielded Metal-Arc Welding 

The development of coated e lec t rodes  for S welding the  modif Led 

"36r-lMo s tee l  was conducted pr imar i ly  a t  C E ' s  Metal lurgical  and Haterials 

Laboratory. Emphasis was on improving the  Charpy V-notch impact strength,  

of the SMA weld deposi t  while maintaining s u f f i c i e n t  high-temperature 

s t r eng th  and carbide s t a b i l i t y .  

batches of e l ec t rodes  were made from 127 d i f f e r e n t  coa t ing  formulations ts 

evalua te  a wide combination of chemical compositions and f ab r i ca t ion  con- 

d i t i o n s ,  

elements v ia  the  e lec t rode  coat ing.  

t he  e f f e c t  of t h e  var ious elements on the  Charpy V-notch properties.  

Boron and zirconium were Eoiind t o  be very detri tnental  t 7 ~  impact s t r eng th .  

Tungsten had l i t t l e  no t iceable  e f f e c t  on t h e  impact s t r eng th  of xhe w e l d  

metal ,  and 0.05% ni t rogen  added t o  the 9Cr-1Mo  omp position produced only a 

sl ight;  decrease i n  impact s t r eng th  . Vanadium a d d i t  i nns of 0 e I7X with 

0.08% carbon gave an add i t iona l  s h i f t  i n  t he  t r aus i t i sn  temperature.  

Niobium addi t ions  W .  05% were detr imental  t o  the  Cliarpy V-notch p rope r t i e s  

These f ind ings  arid others e s t ab l i shed  a da ta  base f o r  the f l n a l  develop- 

ment nf an e l ec t rode  w i t h  s u i t a b l e  Charpy V-notch p r o p e r t i e s ,  

In the e a r l y  phases of the  program, 1 9 1  

These e lec t rodes  were. formulated by int+oduc*ing the a l loy ing  

The r e s n l t s  of t h i s  early work showed 

Later  work on e lec t rode  development used the  modified 9Cr-lMo a l loy  

composition for the  core  w i r e .  

a l loy ing  elements i n  the  coa t ing  w a s  designed. 

t i es  a t  room temperature a r e  exce l l en t  fa r  t h i s  e l ec t r adc  based on f ive  

tests t h a t  were above the  68-J 

for o ther  f a b r i c a t o r s  who rcques ted s p e c i f i c  compos i t i o n s  for their  

app l i ca t ions .  

A weld rod coating formulation with no 

TEap Charpy V-notch proper- 

Electrodes were a l so  produced 
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This work has shown that the weldability of modified 9Cr-ll.lo is 

greatly improved by the use of alloyed core wire compared with electrodes 

that introduce alloying elements through the coating. There has been more 

consistent alloy transfer from the wi.re than from the coatings. Welding 

personnel have a lso  reported improved clarity of the welding arc and 

better slag removal characteristics with the newer electrodes. A highly 

basic s1.ag system was developed :For the coating to give good control of 

the weld puddle and y e t  have low sil.icon in the weld depos i t .  Before a 

moisture resistant coating binder was used, slag fluidity and control were 

problems in electrodes with <0.35% silicon i n  the deposit. The current 

electrodes now have a typical silicon content: o f  0.15 to 0.25% in the 

undiluted weld metal. 

Charpy-impact tmughness of the SMA weld is influenced mora by small 

changes in carbon and niobium than by other elements in the deposit. A 

carbon range of 0.090 to 0.125% and a niobium range of 0.018 to 0.030% 

have given the best room-tempera-Lure Charpy V-notch results. 

decreased or niobium i s  increased, the toughness decreases in the  SMA 

wel.ds A recommended weld deposit chemical analysis for modj.Eied 9Cr-lMo 

SMA welding is listed in Table 29. 

As carbon is 

Table 29. Recommended chemical composition range for 
9Cr-lNo, V ,  an.d Nb SMA weld metal 

-- -.__..____ 
Composition (wt %) 

Element .__ -.- 
M inim urn Maximum 

c 0.0’30 0.125 
Mn 0.35 1 . 0  
P 0.02  
S 0.01 
S j. 0.15 0 . 3 5  
Ni 0.40 

Composition (wt X )  

Minimum Maximum 
E 1 ernent ._.... 

-I. -- 
C r  8 . 0  9.5 
Mo 0.85 1.05 
V 0.18 0.25 
Nb 0.018 0.030 
CU 0.2  
N 0 . 0 3 5  0.055 
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3 . 4 . 4  Commercial Welds 

Significant contributions have been made t o  the welding development 

of modified 9Cr-lM~ steel by commercial fabricators. Their work has 

included both the  production of weldments by various processes and some 

basic weldability investigations, 

The AMAX Materials Research Center conducted "-groove tests; on stan- 

dard and modified 9Cr-1Mo steel and cumpared the resul ts  with those of 

HT-9. A detailed microstructural analysis of weld metal, W Z ,  and base 

metal of 2,25Cr-PMo and HT-9 was a lso  conducted and It was 

concluded that compared with the base metal, a region of slightly lower 

hardness in the RAZ develops in a11 four alloys. T$ie lower IiardTless is 

believed to be caused by carbide coarsening due to overtempering of a 

narrow region. 

Struthers Wells Corporation produced two SA we1 

plate and four SMA weldmetits in 25-mm-thick plates. 

made with standard composition, ER505, 9Cr-lMo filler wire and OerXikon 

OP-76 flux. Standard composition 9Cr-1Mo electrodes were used for the  SMA 

welds. 

was used. Weldments from both processes received a PWHT of 2 h at 732°C. 

A plate of ea& weldment was subjected to testing and passed the require- 

m m t s  of Sect, I X  of the ASHE Code. The remainder of the weldments were 

used for  nrmechanical propcrty testing a t  ORNL. 

The SA weldments were 

A preheat o f  288'C with a maximum interpass temperature of 40OoC 

Leighton Industries prepared GTA welds in. 74-m-OD by 13-mm-wall 

( 3  x 0.5-in.) tubes of modified 9Cr-IMo steel. The welds were made with 

modified 9Cr-IMa $iller wire and ERNiGs-3 w i r e ,  These we3ds were not PWHT 

and were used i-n long-term creep testing at ORHI,. Eeigbt~n Industries 

also prepared several welds i n  SI-mm-DD (2-in.) tubes for installation in 

one of the American Electric Fewer's (AEP's) steam plants. These wclds 

were between modified 9Cr-1Mo steel and modified 9Cr-1Mo or type 304H 

s ta in less  steel. All o f  these tubes have been operating in A E P ' s  steam 

plant since April 1981. 

Rockwell International Corporation (RI) prepared I4 internal-bore 
tube-Lo-tube welds in 25-mm-OD ( I - - in .>  tub ing .  Welds were examined in 

accordance with requiremenls of ASFIE Code, S e c k .  III and I X .  ET. concluded 

&hat quality welds are r e a d i l y  made i n  modified 3Cr-IMo steel by the auto- 

geiieuus GTA welding process - 
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CE made more than 160 tube welds. These included joints between 

modified 9Cr-IMo arid modified 9Cr-?Mo, standard 9Cr--lMo, 2.25Cr--iMo9 

type 321 stainless steel, and type 347 stainless steel. SMA electrodes 

were a l s o  developed at CE and have been produced in relatively large quan- 

tities. I n  addition, CE conducted creep tests on full-section tubular 

specimens. 

CRI Industries (formerly known as Chicago Bridge & Iron Go.) produced 

a SA weld in 203-mm-thick plate o f  modified 9Cr--BMo steel. 

was made with a 200°C preheat temperature and w a s  welded with standard 

9Cr-IMo filler wire and Qerlikon OP-76 flux. A total of 145 passes were 

deposited to complete this weld, which received a 732'C PIHT :for 6 h.  
This weldnent was sectioned and distributed €os ,testing at ORNL, CE, 

Georgia Institute of Technology, and the Genkral Electricity Generating 

Board (CEGB) i.n the United Kingdom, 

This welldment 

Babcock and Wilcox Company (B&W), Nooter Corporation, and Agecroft 

(England) conducted welding and testing on modified 3Cr-PMo tubing. 

Agecroft prepared welds between modified 9Cr--lMo and 2.25Cr-lMo tubing far 

installation at its steam plant. 

The participation of these and other fabricators has been extremely 

valuable in bringing i-ndustrial expertise t;o the program. Additionally, 

this work has provided experience to the  industry while producing the 

weldments needed for testing and characterization in the  laboratory. 

3 ~ 4 . 5  Weldment Properties -- 

Extensive iirechanical property test.ing 1.- including tensi-le , creep, 
Charpy, fatigue, and creep-fatigue - has been conducted on wsldments 

during the 9Cr-1Mo development program. 

3 . 4 . 5 . 3  Tensile Properties . .  

According to ASME rules, the qualification of 9Cr-1Mo welds requires 

that they meet the room-temperature m i n i m u m  properties for- the base m f i t a l .  

The base metal minimum values for yield and ulLimate tensile strengths are 

434 and 585 MPa. The minimum value of rediiction of area is 55%. To 

determine i f  weldments meet the minimum stsength properties, data were 

normalized by dividing wcldment properties by base metal w i n i m i i m  valun,s 

and plotting the ratio as a function o f  test temperature (F ig .  1 0 4 ) .  

Unnornialized reductions of area values are plotted in F i g .  105. Tnese 

figures show t h e  following: 



133 

O R N L - D W G  83-19068 

2-o - i 
a 1.2 

w 
>- 1.0 

J 

0.8 

0 400 800 
101 TEMPERATURE ( " C )  
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7 .  Yield s t l eng ths  [Fig. 1 0 4 ( a ) ]  of all weldments made by GTA, SMA, and 

SA p r i ~ e s s e s  exceed the  m i n i m u m  values fo r  the base m e t a l  ta 6QOoC. 

The only two poin ts  that  f a l l  bslou t h s  winimuin were da ta  from t e a t s  

at very high tes t  tempciatures. 

Ultimate t e n s i l e  s l r eng th  [F ig .  104(mS)] f o r  a l l  but t w o  weldments 

meet o r  exceed the base m e t a l  minirn;iin value.  

2. 

3 .  Redvetions of a rea  valaies f o r  a l l  sreldments exceed the minimmi value 

of 55% for t h e  base metal fo r  a l l  t e s t  temperatures. 

Based on these Pesul t s  modified 9Cr-ll.Bo weldrnenLs were concluded to 

have no problesli meeting t h e  base metal miniiiim p rope r t i e s .  

3 , 4 . 5 . 2  Creep Proper:= 

Creep data  f o r  a11 welding pracesses and t e s t  temperatures have been 

combined by normalizing t o  base metal  avcrage or miniwurn p r o p e r t i e s .  

Weldment stress ra t ios  Lased on the  base metal average are p l o t t e d  i n  

P ig .  106. The l i n e s  shown are the equal. s t r eng th  ratio and the l i n e  

represenLing the  bas i s  f o r  allowizhlr s t r e s s e s  i n  ASME Hoi I P I  mrd Pressure 

Vessel C d c ,  Sect.  VIII. T h i s  f i gu re  shows that the  basis used f o i  d e t e r -  

mining the  allowable s t r e s s e s  for  ASPIE Code, Sect.  V 1 1 1 ,  i s  met by the  

c ceep-ruptur c data of mod i ed  9Cr-1M0 weldmants. 

Figure 107  i s  a s imi l a r  s t ress - rupture  plot but  i s  based on nor- 

mal izat ion by base meta3 minimum p rope r t i e s .  An a l t e r n a t i v e  allowable 

stress c r i t e r i o n  for Sect.  V I 1 1  (0 .80  timcs mininizpin s t iess t o  rupture)  and 

the St c r i t e r i a  for Csdc Case N-L7 ( 0 . 6 7  times minimum s t r e s s  t o  rupture)  

are a l s o  irrcluded i n  this f igu re .  The c r i t e r i o n  of 0.80 times minimum 

stress t o  rupture  i s  m e t  by t h e  creep-rupture data or modified 9Cr-lMo 

weldments. ’l’his figure a l s o  shows thaL the 0.67-tirnes-rninimum--stzass -to- 

rupture b a s i s  for S t  values i n  ASME Code Case I?--47 is q u i t e  conservat ive 

f o r  the  weldment d a t a .  

Figures 108 through 110 show the  stress r a t i o  p l o t s  (based on base 

metal average) f a r  the GTA, SMA, and SA processes. These p l o t s  show t h a t  

all t h ree  welding processes are equal ly  s a t i s f a c t o r y .  The p l o t s  a l so  show 

t h a t  the stress r a t i o  was not  a f f ec t ed  by  the use o f  either standard or 

modified f i l l e r  wire. 
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Fig. 1 0 6 .  Stress ratio (weldment-to-base 
metal average) as function of time to rupture. 
Weldment data are for both standard and modified 
9Cr-1Mo filler wire and for all three welding 
processes (gas tungsten-arc, shielded metal-arc, 
and submerged-arc). Data are for test tempera- 
tures of 538, 565, 593, 6 4 9 ,  and 677OC. Stress 
ra t ios  of unity, representing equal strengths, 
and 0 . 6 7 ,  representing the ASME Sect. V I 1 1  cri- 
teria for allowable stresses, are also included. 

Fig. 107. Stress ratio (weldment-to-base 
metal minimum) as function of time to rupture. 
Weldment data are for both standard and modified 
9Cr-1Mo filler wire and for all three welding 
processes (gas tungsten-arc, shielded metal-arc, 
and submerged-arc). Data are for test tempera- 
tures of 538, 565, 5 9 3 ,  6 4 9 ,  and 677OC. Stress 
ratios of unity, representing equal strength; 
0 . 3 0 ,  criterion for allowable stresses in ASME 
Sect. VIII; and 0.67,  the criterion fo r  allowable 
stresses I n  ASME Code Case h'-47, are a lso  
included. 
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Fig. 1 1 3 .  Stress ratio (weldment-to-base metal average) as function 
of time to rupture for submerged-arc weldments of both standard and 
modified 9Cr-lPlo filler wire c.ompositions. 
of 538 and 593'~. 
and 0 . 6 7 ,  the criterion f o r  a l lowable stresses in ASME Sect. VTII, are 
a lso  included. 

Data are for test temperatures 
Stress ratios of unity, representing equal strength, 

Data taken from Klueh and Canoriico*'* show that i f  carbon in the 

filler wire i s  not specified, data f o r  the 2.25Cr-1Mo weldment specimens 

can fa31 below the line of equal strength. Data on the weldnent strength 

ratio of modified 9Cr-lMo steel weldments appe.ar to behave very similarly 

to those observed for 2.25Cr-1Mo steel weldments. 

3 . 4 . 5 . 3  Charpy-Impact Data 

Charpy-impact data on welds have been obtained for the standard and 

modified filler and electrode compositions and for various PWHT con- 

ditions. Figure 111 shows Cliarpy-impact data on GTA welds tested in the 

a:;--welded condition. 

energy data points. 

peratures at 68 J ( 5 0  ft-lb) to be from 25 to 125'C. 

the transition temperature of GTA welds decreases to 50°C and below, and 

Curves are drawn through the minimum and maximum 

The energy curves show the  range of transition tem- 

After a 732OC PWHT, 
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Fig. 111. Charpy impact data on gas tungsten-arc welds of modified 
9Cr--lMo. Filler w i r e  was modified 9Cr-lM0, and welds were not postwaPd 
heat treated. Curves through data show upper and lower bounds. 

the USE increases above 16C 3 .  Compared w i t h  inodified 9Cr.-1Mo filler 

wire ~ the standard w i r e  gives -40°C lower transition temperatixre but  simi- 

lar USES. 

The Charpy-impact energy curves for SMA welds of modified and stan-- 

dard composition are shown in Figs. 112 and 113, respectively. Comparison 

o f  these two figures shows that the Charpy-impact properties o f  t h e  SMA 

weld with standard electrodes are significantly better than those with 

modified electrodes. 'fie 68-J transition temperature :€or the standard 

electrodes i s  50QC or below. The reasons for less %aughness o f  modified 

electrodes compared with the standard electrodes are not clear. 

The Charpy-impact energy curves f o r  SA welds axre shown in Fi-g. 114. 

"lie filler wire used was of standard composition. 'l'he 68-J transition 

temperature for these welds is 5°C or below, and the USE is at least 140 J. 

Figure 115 compares the Charpy-impact energy curve for the base metal, 

weld metal, and the HA% for the SA weld made in 203-mm-thick plate of 

modified 9Cr-lM0 steel by CBI Industries. The 68-3 transition temperature 

for the base, weld metal,  and IIAZ of this weld are -35 ,  10, and -5O0C, 
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and weld w a s  postweld beat  t r e a t e d  6 h at 7 3 2 O C -  

Weld metal i s  of standard 9Cr-1Mo composition, 
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respectively. 

weld thickness from SO to 203 mm does not affect the Charpy-impact proper- 

ties significantly, 

thickness were scaled up for the other welding processes. 

Comparison of Figs. 113 and 114 shows that increasing the 

Similar results would be expected if the weld 

3 . 4 . 5  ~ IC Fatigue and Creep-Fat igue 

Low-cycle, continuous, fully reversed fatigue tests have been per- 

formed on uniform gage specimens taken from several positions within a 

weldment.1i3 

at temperatures of 25 and 5 9 3 O C .  

butt; weld and made between two pieces of 203-mm-thick plate, was prepared 

using the SA process and standard composition 9Cr-1Mo weld filler metal. 

The weldment was tempered at 76OoC for 4.5 h before specimen fabrication. 

Specimens were fabricated with their major axis transverse to the weldment 

so that the gage section ( 2 5 . 4  mm long and 6 . 3 5  mm diam) w a s  either all 

base (wrought) material; all as-deposited weld metal; or a combination of 

both base, HAZ,  and weld metal. Low-cycle fatigue life was highest for 

the base metal and lowest for the all-weld-metal specimens for all test 

conditians evaluated. The rakio of base metal life to weld material life 

was -2:l. Specimens containing the HAZ and fusion ljne had fatigue lives 

intermediate between all base or  weld metal specimens. A l l  material 
showed cyclic softening with the base tending to soften more than the all- 

weld metal * 

Tests were then run at two strain ranges ( 0 . 4 5  and 1.0%) and 

The weldment, consisting of a "V"" groove 

N o  results have been reported from creep-fatigue studies conducted on 

weldments or weld metal. 

3 . 4 . 6  Thermal Aging Effects - 
The effects of long-Lime thermal aging on weldment properties have 

not been determined at this time. 

10,000 h at 482 and 649*C,  but no cliaracterization has been completed. 

Most of the long-term thermal-aging-effects data will be obtained from the 

weldments currently in service in various fossil-fired steam plants and 

other applications. 

Weldments have been thermally aged to 

.,........ . , . . . . . , . . . -. . . .. . - 
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3.4 .7  Transition Joint Welds and Properties 

Transition j o i n t  welds between modified 9Cr-It40 steel and austenitic 

stainless steel were prepared for a pipe test in thc. Sodium Components 

Test Loop (SCTL) at the Energy Technology Engineering Center (ETEC). The 

test article consisted of modified 3Cr-IEio steel pipe 232 mm in d i m  with 

a 12.7-mm wall thickncss and a length of 610 mm. The pipe was safe-ended 

with type 304L stainless steel spool pieces 152 mm long on each end. The 

joint between modified 9Cr-BMo and type 304 was made by GTA wclding with 

EXNiCr-3 filler wire. The details of the fabrication and inspection have 

been reported.'20 No iinacceptable defects were present. The 9Gr-PMo 

spool piece was installed in the sodtwii loop and performed satisCactorily 

for the life of the test. 

Hechanical property testing was performed on an additional we1 dment 

of the same materials produced try the identical procedures. Tensile 

Lesting was conducted on specimens from the 96r-IMo pipe, the 304L 

stainless steel stock used for the safe-ends, and the  dissimilar metal 

weldmeints. Yield and ultimate tensilc. strength data on modified 9Cr-lMoJ 

ERNiCr-3/304L, modified 9Cr-IMo base metal, modified 9Cr-lMo/ERNi@r-3/3P6, 

and modified ~ C P - ~ M O / E X N ~ C ~ - ~ / ~ ~ ~ L  aged Cor 2000 h at 510'C show t h e  

following; 

1. 30th 0.2% yield and ultimate tensile strengths o€ modified 9Cr-lMo/ 

ERNiCr-3J304L and modified 9Cr-PMs/ERNiCr-3/315 stainless steel 

joints were lower than the corresponding values for the 9Cr-1Ms base 

metal over the entire test ternperatrare range. However, the failures 

were generally in the stainless steel base mtal. .  

Thermal aging for 2000 h at .510°C produced no change in the yield and 

ultimate tensile strengths of modified 9Cr-1Mo/ERNiCr-.3/304~~ specimens. 

2 .  

3 .  The total elongation values of weldment specimens were generally 

higher than those of the modified 9Cr-lMo steel base metal. 

Creep data on transition joints of modified 9Cr-lMo/ERNiCr-3/304E and 

modified 9Cr-lHo/ERNiCr-3/316 are presented in Table 3 0 .  These data W P , K ~  

compared with modified 9Cr-1Mo base mt?tal da ta .  A t  51OQ@ rupture life of 
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Table 3 0 .  Creep data on modified 9Cr-1Mo 
steel  transition joint specimens with 

ERNiCr-3 weld metal 

Modified 9Cr-lMo/EEZNiCr-3/304L 

23718 510 
23756 593 
23769 59 5 
23733 593 
23759 649 

276 8,046 
172 1 368 
124 5 ,014 
97 14,042 
76 1,092 

Madified 9Cr-IMo/ERNiCr-3/316 

23762 593 172 838 
23684 593  145 2,304 

transi ion jjoint specimens equals the average rupture life of modified 

9Cr-lMo base metal. At 593 and 649OC the rupture life of the transition 

joints equals or exceeds the rupture life obtained from a plot of stress 

to rupture vs the average time to rupture minus twice the standard error 

of estimate (SEE) for the base metal. ' * '  
on modified 9Cr-1Mo transition joints with similar data for 2.25Cr-lMo/ 

ERNiCr-3 joints showed that rupture l i f e  of modified 9Cr-lMo/ERNICr-3 

joints is at least an order of magnitude longer than 2.25Cr-lMo/ERNICr-3 

joints and that creep rupture strength is double.'" Additional long-term 

Also, a comparison of creep data 

creep tests should be performed to validate these observations. 

3.4.8 Needs 

The GTA, SA, and SMA processes have been used to j o i n  a variety of 

product forms and thicknesses of modified 9Cr-lMo steel, and welding has 

been performed satisfactorily by numerous fabricators. However, there are 

two areas that should be addressed in the future. The first is to charac- 

terize the effects of long-term thermal aging on weldment properties. 

Material currently in service may provide this information if proper eval- 

uations are conducted. The second area i n  which further work I s  needed is 
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the selection o f  a flux for use in SA weltling with alternating current, 

which is compatible with the modified 3Cr-I1Mo filler cornposition. Slag 

removal from t h e  weld bead and low Charpy-impact properties have been 

problems ;riLh commercial fluxes tr Led to (late. 

LMR eorrrponents present unique structwall design requirements. First, 

because of the good heat transfer characteristics of the coolant and the 

relatively large temperature rise through the reactor core, reactor power 

changes can result  in significant thermal transient loadings on system 

components. Second, the components operate at temperatures where creep 

e f f e c t s  and time-dependent failure mechanisms are significant. For the 

austenitic stainless and ferritic steels used in LMks, these effects are 

implicitly assumed by the ASME Boiler and Pressure Vessel C o d e ,  Sect .  I91? 

to occur upon significant exposure to temperatures above 4 2 T Q C  (80O0F) 2nd 

37P'C: (700'F) , respectively."' 
In the late 1960s it was recognized in the United Sta t e s  that; the 

low-temperature structural design methodology developed and used for 

light-water reactors would not be adequate-? Cor LMR systems. Consequently, 

an effort was mounted to develop 2 high-temperature structural design 

methodology that explicitly accounts for the efFec.ts of nonlinear material 

deformation and time-dependent damage mechanisms and failure modes. That 

methodology is now reasonably well established for  the austenitic stain- 

less steels and, to a soinnwhat lesser extent, for 2.25Cr-IMo steel. 

Criteria for guarding against stnriictural faj.lures liave been developed and 

for Class 1 nuclear coazponents , are given in ASNT high-temperature Code 

Case N-47.lZ2 Likewi-se, inelastic design analysis methods, as well as 

some simplified iiiethods based on elastic calculations, have been developed, 

and these are spec i f i . ed  in DOE design guidelines.'23 

shortcomings and needs remain,"* the rnethodology has been used in the 
United States i.n the design of the FFTE' and the Clinch River Breeder 

Reactor Plant and in the development of high-temperat;ure components and 

facilities. The task with modified 9Cr-1Mo steel i .s to adopt, to the 

extent possible, this existing methodology, while a-t the same t i m e  recog- 

nizing and accounting for the un.ique behavioral feat ' i i res of the alloy. 

Although known 
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As background, i t  wi l l  be usefu l  a t  t h i s  po in t  t o  review t h e  poten- 

t i a l  s t r u c t u r a l  e f f e c t s  t h a t  a t y p i c a l  repeated LMR thermal t r a n s i e n t  

loading can have on a simple component - a s t r a i g h t  p ipe .  

is  depicted i n  F ig .  116, 

( 3 0 0 ~ ~ )  i n  severa l  seconds (line a-b i n  h ) ,  r i s e s  slowly ( l i n e  b-c i n  b), 

and then i s  constant  for severa l  hundred hours of normal operat ion (Zi.ne 

c-d .in b ) ;  then the  cycle  is repeated.  The predicted response is shown i n  

F ig .  116(c). S t a r t i n g  with poin t  a, the  inner sur face  of the  pipe f i r s t  

y i e lds  i n  tens ion  as it con t r ac t s ;  a s  t he  outer  sur face  subsequently 

begins t o  cool ,  however, t he  inner  sur face  s t r e s s  reverses  s ign  arid goes 

i n t o  compression. A t  b ,  t he  wall  is  uniformly a t  t h e  lower temperature; 

slow heat ing from b t o  c causes the  r e s idua l  s t r e s s  t o  decrease because of 

the  decreasing y i e l d  condi t ion with increasing temperature. A t  c ,  a 

compressive r e s idua l  s t r e s s  remains t h a t  re laxes  during the  subsequent 

hold per iod.  The response t o  subsequent cycles  i s  depicted i n  the. f i g u r e  

by dashed l i n e s .  

The s i t u a t i o n  

Assume t h a t  the  sodium temperature drops 1 6 7 O C  

The behavior shown i n  F i g .  116 i l l u s t r a t e s  t h ree  key po ten t i a l  LMR 
f a i l u r e  modes I F i r s t ,  creep-rupture damage is  accurnul a t ed  during the  hold 

la) PIPE 

w 
t- v) 
II 
Q 
Q 
I 

I b  
HOOP STRAIN 

(c)  RESPONSE OF lNSfDE SURFACE (b) THERMAL 
CYCLE 

FA I 1. [I R E P m D  ES . 

C R E E P  DAMAGE 

0 CREEP FATIGUE DAMAGE 

a KATCbiETTING 

F i g .  116. Schematic representa t ion  of e f f e c t s  o f  repeated thermal 
tiransient l o a d h g s  . 
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periods; second, the plastic cycles introduce fatigue damage that inter- 

acts w i t h  the creep to produce a creep-fatigue interaction damage mode; 

and third, ratchetting occiirs introducixig the potent ia l  for failure as a 

resul.t of excessive deformation. Thus, the LPiR struc.tura1 designer must 

have criteria that guard against :tai.lure by time-dependent cracking or 

rupture and by excessive deformation, and he m u s t  be assured t h a t  enough 

residual strength rewains a t  the end o f  a 40- or 50-year life to w i t h s t a d  

an accident, Because testing cannot be carried nut for the 58-year life 

of a plant, the designer must rely on design by arialgsis, which requires 

that analysis methods be available for predicting, or conservatively esti- 

mating, the inelastic response. It i.s the task of the high-temperature 

structural design technology to provide valid design analysis methods, 

rules, and criteria. 

Plant failure exper.i.mce indiciltes that concerns about the damaging 

effects of thermal transient loadings and creep are justified. Just two 

examples will he mentioned here. The first one is the French. Phenix reae- 

.tor that, althoagh extremely successCul overall, was initi-ally plagued wit;h 

several problems of structural cracki.xig.'25,'26 

at welds joining piping tees and v a l v e s  to piping runs and cracking in 

intermediate heat exchanger ( I H X )  welds. In each case, the cause was 

identified as  fatigue or creep-fatigue caused by the repeated thermal 

transient loadings. It has been stalled that these problems "cost the 

power station many months of unavailab.i.1.itp and constituted a considerable 

loss of earriing power. 'I1 

These included cracking 

A second example is the Eddystone coal-fired generating plant 

operated by Philadelphia E i e c t r i e  Company in the United S t a t e s .  Unit 1 of 

that s t a t i o n  went into operation in 1960 and has operated for most of the 

intervening period w i . t k  stearn temperatures of 4 2 1 . " C  (1150'F). In 1964 

cracking was detected in trhe type 31.6 stainless steel main steam 1.ine 

junction headers and in 1982-1983 extensive and wi.despread cracking was 

detected i n  the main steam lines themselves, which were also of 31.6 atah- 

less The plant was shut down, and much of the steam piping has 

been replaced. Again, the cause was diagnosed as classi.c.al creep-fatigue 

(dominated by creep damage) as a res~ilt of repested therma1 transient 

loadings (exactly the situation that was illustrahd irr F i g ,  116) .  



ASME Code Case N-47 was developed with the failure modes illustrated 

by Fig. 116 in mind. %e Case has two general categories: o f  l i m i t s .  The 

first consists of primary stress Limits placed on elastically calculated 

Paad-controlled quantities, such as the internal pressure stresses. ‘1”Re 

second consists of strain, creep-fatigue, and buckling limits. In meeting 
these latter limits, either inelastic analysis predictions or conservative 

estimates based on elastic analysis predictions must be used. 

mi$? primary stress limits are based an, i n  addition to t’he time- 

independent yield and ultimate strengths used at low temperatures, the 

minimum stress to cause rupture, t h e  minimum stress to initiate tertiary 

creep, and the stress to produce I %  strain, all i n  a specified time t. 
Tile resulting allowable stresses (Smt values) t h a t  axe provided. f o r  types 

304 and 316 stainless steels, 2.25Cr-1Elo steel, and alloy 80019 are, thus ,  

time and temperature dependent; t h e  allowable loads depend on t h e  duration 

of xhe loading, 
The strain limits in Code Case N-47 axe not necessarily related 

quantitatively to s p e c i f i c  failure modes. Rather, they are aimed pri- 

marily at limiting the accumulation of ratchettirag strains and e n s u r i n g  

the applicability of the  creep-fatigue assessment pxocedures. 

very  conservative checks, using elastically calculated quantities, are 

provided for  satisfying the strain limits and avoiding ine1astj.c analysis 

w’tle~r the loading CQnditiOnS are not too severe. 

A number of 

The creep-fatigue rules in Code Case N-47 are, by far, the most fre- 

quently l i m i t i n g  c r i t e r i a ,  and they  are perhaps also the m o s t  ques t iunab le  ~ 

Along w i t l a  effective quantities, a Z inear t i m e -  and cycle-fraction damage 

accumulation rule, expresscd as  

is used by t h e  Code to represent multiaxial stresses and strains. The 

t i m e  fraction represents the time AI; st a given condition ( s t r e s s  and tem- 

perature) divided by the allowable time at that condition. 

fraction represents t h e  number of cycles n at, a given condition (strain 

range and temperature) divided by the allowable number of cycles at that 
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condition." The quantity D ,  which is 41, comes from an interaction 

diagram that is experimentally deterr-a'ned fram creep-fatigue tests. Both 

the  quantities Nd, whish comes f r o m  a design fatigue curve, and TD, which 

comes from a minimum creep-rupture curve, have design margins built into 

them. 

fatigue evaluation, proceditres are given for estimating t h e  creep and 

fatigue damage from elastically calculated quantities, use of these 

elastic analysis procedures is limited, however, to relatively mild 

loading conditions. 

Although inelastic analyses are generally required for a crcep- 

' fie background provided in the previous paragraphs will help i n  

understanding the scope of the structural design metlxodology t a s k  for 

modified ~ C H - I M C P  steel. The existing methodology is the result of years 

of development, focused primarily on types 3016 and 316 stainless stccl. 

Extcxisive uniaxial and multiaxial exploratory materials t x s t s  were carried 

out as a basis for developing (1) failure criteria and (2) constitative 

equations (mathemstical descriptions of the inelastic response of a slruc- 

tural alloy to complex time-varying loadings) and inelastic design analy- 

sis guidelines. Numerous high-temperature structural tests were performed 

to confirm the validity of the criteria and analysis methods for LMR-type 

loadings. 

For 2.2SCr-1Mo steel a smaller but still significant structural 

design methodology development e f f o r t  was required, The approach was to 

adopt, to the extent possible, the methodology framework developed for the 

austenitic stainless steels, rnodifying it. only where required by unique 

behavioral features of 2.25Cr-IMu steel. This same approach is being 

rollowed for modified 9Cr-IMo steel, and while the full dpvelopment 

effort has only recently gotten under way, significant progress has been 

made . 
The remaining subsections summarize what has bgen accomplished, pre- 

s e n t  key results, and outline what yet remains to he done to establish a 

viable high-temperature structural design methodology f o r  modified 9Cr-PfPs 

steel. In the following subsection, the results of an early analytical 

+<Recently, the Code Subgroup on Elevated Temperature Structural Design 
has approved the adoption of weldrnent reduction factors for both the pri- 
mary stress limits and the Nd and 'j V~IW?S in the creep-fatigue r i l l e s  of 
Case N - 4 7 .  
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assessrnexit of the performance characteristics of modified 9Cr-IPlo steel 

relative to those of other alloys in a typical sodium reactor thermal. 

transient environment are presented, 

inherent superior resistance of modified 9Cr-1Mo steel to such loadings. 

Following that is a description of the progress made toward developing 

constitutive equations fo r  modified 9Cr-1Flo steel. The same is then done 

%OK failure behavior modeling. The design criteria anticipated to be 

appropriate for modified 9Cr-1IYo steel are described, and, finally, the 

key role that a few confirmatory structural tests must play is discussed. 

This early assessment established the 

3.5.1 Early Evaluation of Modified 9Cr-lMo Steel  i.n LMR EnvJronment 
_I 

A n  analytical assessment of the performance characteristics of modi.- 

fied 9Cr-PMo steel relative to those of  sther alloys in a typical sodium 

reactor thermal transient environment was performed relatively early in the 

9Cr-lM~ steel alloy development program. 12' 

on sparse preliminary materials properties data and was carried nut before 

a thorolngh assessment of the design methodology that would be required for 

modified 9Cr-1Mo steel, the results do illustrate, at least qualitatively, 

the inherent superiority of 9Cr-1Mo s tee l .  Thus, they are summarized 

here. 

Although the study was based 

The following alloys were considered in the study: 

1. type 304 stainless steel, 

2. 2.25Cr-1Mo steel, 

3. alloy 800,  

4 .  standard commercial 9Cr-lMo (England), and 

5 .  U . S .  modified 9Cr-lMo steel. 

In each case, a pipe with a mean diameter of 406 mm (16 in.) was subjected 

to an internal pressure of 3 . 7 8  MPa (548 psi).': The internal sodium 

temperature histogram is shown in Fig. 117. The pipe wall thickness for 

each alloy was selected based on limiting the primary stress to the Smt 

allowable corresponding to 100,000 h .  

used are given in Table 3 1 .  

The Smt values and wall thicknesses 

?kThe pressure chosen is high for a n  LMI, but because other primary 
loads were ignored, the resulting primary stresses are typical. 
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Table 31. The S,t value f a r  100,000 li at 593OC (1100°F) 
and wall thickness ~ G X -  f i v e  alloys 

Mate I ia 1 
smt kJa 1.1 thi ckne s s 

- ..... ..... .. .. .... 

Alloy 800H 80.7 11.7 9.5 0.37 
Modified 9Cr  -1Mo 57.2 8.3 1 3 , f c  0.53 
Type 304 stainless steel L 6 . 9  5.8 16.4 0 . 5 5  
2.25Cr-IM~ 22.8 3 . 3  3 3 . 8  1.3 
British 9Cr-1Mo 18.4 2.7 41.9 1 . 6  

In each case, a detailed inelastic design-type analysis was carried 

aut. Thirty cycles o f  the histogram were analyzed, 

'The da t a  f o r  the modified and Ht-itish steels were p u t  in rational 

form for use in t h e  analysis. Fatigue and creep-rupture curves were 

developed by using the ASME Code procedures. 

uniaxial cyclic stress-strain curves for modified 9Cr-1Mo steel showed 

that bilinear stress-strain relations in t h e  const-itutive equaf,ions t h a t  

Examination o f  exploratory 
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are currently in use for type 304 stainless steel and 2.25Cr-lMo steel are 

mot amenable to use for  modified SCa-1Mo steel, 

plasticity was applied t o  the modified 9 ~ r - 1 ~ 0  and 9 ~ r - 1 ~ 0  

(standard British) steels. 

ana ~alrner '~ '  and ASME eode Case N-47. 

steel  and 2.25Cr-1Mo steel were obtained from the Nuclear Systems 

M&ferials Hmdbaak (NSMfl)"l and ASME Code Case N-47. 

for the 2.25Cr-lfas4 steel were obtained from Booker et al.1"a'J3 

Therefore, a nonlinear 

The data for alloy 800 were obtained from Yang 

n e  data for type 304. stainless 

Tho fatigue d a t a  

The material properties for both the modified 9Cr-1RIo steel and the 
British commercial 9Cr-IMo steel were supplied by Booker and Sikka.'" 

The same elastic and physical properties were used for both 9Cr-IMa 

steels, but the yield stress for the British commercial steel was 15% 

lower than for the modified steel. 

The analyses used the pipe wall model in the inelastic finite-element 

analysis computer program PIACRE. The canstitutive eqyatians specified 

in tho 1974 version of RDT standard F 9-5T (ref.  136) were used, except 

t h a t  the so-called a-reset pracedure was introduced (see ref., 123) and, as 

previously mentioned, a nonlinear plasticity model, rather than t h e  usual 

bilinear one, was used for the 9Cr-IHo steels. 

Results of the analyses are compared in F i g s .  118 through 120. The 

cumulative ratchet strain is plotted against time in Fig. 118. Modified 

9Cr-1Mo steel exhibited less thermal ratchetting than any of the materials 

except the British 9Cr-1Mo. The cumulative creep damage vs time is 

plotted in Fig. 113. The modified 9Cr-IMo accumulated the least creep 

damage of any of the alloys. The cumulative fatigue damage vs time i s  

plotted in Fig. 120. Again, the modified 9Cr-lMo steel proved to be the 

superior alloy . 
There are several reasons for the good showing of modified 9Cr-1Mo 

steel. Primarily, however, the reason is that the relatively high strength 

(yield and creep) of modified 9Cr-1Mo is caupled with the relatively low 

coefficients of thermal expansion and the high thermal conductivities of 

the ferritic steels. A s  a result, the required wall thickness of modified 

9Cr-IMo steel is relatively thin, the thermal loads are relatively small, 

and the resistance to creep damage is relatively high. In terms of LHR 
plants, t h e  inherent resistance of modified 9Cr-lHo steel to thermal 

expansion loads means substantial capital cos t  savings. 
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3 . 5 . 2  Constitutive Behavior Modeling 

In the mechanics of continuous media, material behavior is described 

by constitutive equations or mathematical relationships between components 

o f  stress and strain. Depending on the material behavior being modeled, 

such equations often involve temperature and time or time derivatives. 

The nuclear standard NE F 9-ST (ref. 122) currently provides constitutive 

equations for 304 and 314 stainless steel and 2.25Cr-1Mo steel, These 

equations were developed for use in detailed inelastic analyses of struc- 

tural components for nuclear reactors designed for operation at elevated 

temperatures where material behavior is significantly time dependent;. 

Using the finite-element method, many detailed inelastic analyses have 

been performed for actual component geometries under expected service 

conditions, 

The cost of detailed inelastic analyses is such that various simpli- 

fied methods of analysis are used wherever possible in routine design 

evaluations. These analysis methods are less realistic and are, therefore, 



used with more-conservative design margins. The constitutive equations in 

NE F 9-5T have played a role in the development of si-mplified analysis 

methods. Marly detailed inelastic analyses have been perforined on repre- 

sentative component geometries under conditians generally LyI0r.e severe than 

those expected in service, The results of these analyses were used to 

verify the adequacy of simplified methods of analysis.. 

The constitutive equations in NE F 9-5T are based on classical con- 

cepts o f  tihe-independent plasticity and time-dependent; creep. Separate 

equations are provided for plastic and creep strains, although on tile 

rrilcroscale there may be no physical basis fur making such a distinction. 

There is some coupling between the eyuatitzns to partially ~ C C Q U ~ ~  for cer- 

tain aspects o f  material behavior that, in the context: o f  this approach, is 

referred to as creep-plasti-city interactions. 

To assess the validity of the current: NE F 9-5T approach f o r  modeling 

the constitutive behavior o f  modified 9Cr-lMo steel, a series of explora- 

tory tests was conducted on material in the postweld hear; treated condition. 

A s  described by Swindernan., ' '-' '' ' a considerable number of tests were con- 
ducted under uniaxial stress to provide information 011: 

1. 

2. 

3 .  

4 .  

5.  

6 .  

7 .  

8 .  

9 .  

10" 

effects of strain rate and temperature on the yield strength and flow 

stress 

effects of strain rate and temperature on the cyclic hardening 

response, 

effects o f  accumulated time or strain on the constant-stress creep 

behavior a t  several temperatures, 

effects of simple changes in temperature or  stress on the subsequent 

creep behavior, 

effects of cyclic and reversed stresses on the creep responses, 

behavior under creep-recovery conditions, 

behavior: under relaxation condi I:ions , 
behavior under nonisottierrnal plasticity conditions, 

effect of plastic strain pulses on relaxation, and 

behavior under interspersed creep-plasticity conditions. 

Two tests w e r e  also conducted at room temperature under combined axial 

and torsional stress to characterize the multiaxial yield and hardening 
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behavior. 

determined under proportional stress conditions and five under nanpropor- 

tional conditions. 

As descl-ibed by Elli~,''~9'~~ four biaxial yield loc i  were 

Examples are presented in the next subsection of the results of the 

exploratory uniaxial and biaxial tests. Based on these test results, the 

adaptability of the current NE 1; 9-5T constitutive framework to modified 

9Cr-IMo steel was assessed and found to be inadequate. The results of 

t ha t  assessment are summarized in the fallowing subsection. A nonlinear 

viscoplastic model, unified in the sense that no distinction is made 

between creep and plasticity, was concluded to be required far t h i s  

material, The final subsection provides initial results of an effort to 

develop such a model. 

3 .5 .2 .1  Exploratory Test Results 

The influence o f  temperature and strain ra te  on monotonic, uniaxial 

stress-strain behavior'"' of modified 9Cr-1Mo is illustrated in Figs. 121 

through 123. Relative to constitutive behavior modeling, three features 

of the stress-strain behavior at 450°C ( 8 4 2 O F )  and above are noteworthy. 

Compared with current NE F 9-5T materials, the influence of s t r a in  rate is 

h igh ,  the ratio of yield strength to ultimate strength is high, and the 

strain to ultimate strength is low. 

Cyclic stress-strain behavior'"' of modified 9Cr-1Mo is illustrated 

in F i g .  1 2 4 .  The influence of strain rate is again pronounced, and cyclic 

softening is exhibited. In contrast, 304 and 316 stainless steels cycli- 

cally harden, and 2.25Cr-lMo steel first hardens and then softens, with 

the hardening generally greater than the softening, 

Constant load, strain-time behavior"' is illustrated in Fig. 125. 

Relatively large changes in strain rate take place during the primary stage 

of creep, and although not obvious in log-log plots such as Fig. 125, the 

secondary stage of creep begins at rather low strains. A number of tests 

were conducted with stepwise changing stresses. The results o f  one such 

test"":! are shown in Fig. 126. 

A few creep tests in which the load was cycled at regular intervals 

were performed. 

stant load t e s t  in F i g .  127. A s  indicated in the figure, the stress was 

ramped from 276 MYa (40 k s i )  to -276 MPa in 10 s and immediately ramped 

The results of two such tests'41 are compared with a con- 



156 

Fig. 121. Influence of temperature on stress-strain behavior. 

2 0  

c 
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F i g .  122. Influence of s t r a i n  r a t e  on stress-strain behavior at 5 O O 0 C  
(932'F). 
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Fig. 124. C y c l i c  s t r e s s - s t r a i n  behavior a t  a s t r a i n  range of -1%. 
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back to 276 MPa in 10 s. Including the constant load test, this was done 

0 ,  12,  and 100 times per hour, resulting in successively larger creep 

rates. 

Results of three stress relaxation tests'38 are shown in Fig. 128. 

Each test inc.luded t w o  successive 100-h periods of relaxation at constant 

strain from the same starting stress. Three diffexent starting stresses 

and temperatures were used i n  the three different tests. 

the stress at thc end of t h e  second relaxation period was greater than the 
stress at the end of the first. 

In each test, 

A s  explained earlier, rather significant thermal transients can occur 

during operation of liquid-metal cooled reactors. 

testing were performed to investigate the behavior of modified 9Cr-1Mo 

under variable temperature conditions. Examples of the results obtained in 

each kind of test are provided in Figs. 129 through 132. 

To obtain the stress-strain curves1" shown in Fig. 129, a specimen 

Three kinds of cyclic 

w a s  subgected to blocks of constant-amplitude strain cycles at constant 

temperat,ures of lS0'C (302OF) and 550'C (1022'F). A 1-h hold period at 

maximum compressive strain was included at the higher temperature. 
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150°C 

f G m i n  RAMP n t 

f2 h 
RE!. AXATIONS 

Q - ISOTIiCRMAL. 0.441% C?.C t 
Fig.  130. Extreme stresses i n  r e s t r a i n e d  thermal cycling test  

compared with those in isothermal strain cycl.ing test. 

t 

t 

Fig. 131, Results of two-bar creep r a t c h e t t i n g  test: (a) temperature 
vs time, (b)  stress vs s t r a i n  for  both bars in first cycle, (c) s t r e s s  
vs s t r a i n  f o r  both bars  i n  30th cycle,  ( d )  stress vs mechanical strain f o r  
bath bars in first cycle, and (e> stress vs mechanical s t r a i n  f o r  both 
bars i n  30th cycle. 



162 

0.8 L 

a 
0.4 

cr 
0 

0.2 

0 

T 9 i  

5502150°C 
140MPa MFAN STRESS 
1 i .5 h HOLD AT 550°C 

TWO-EAR RBTCHETTING 

1 

TREND IF  NO --I 

0 100 200 300 400 500 

TIME ( h )  

Fig .  132. Comparison of creep s t r a i n  vs time in a tvo-bar r a t c h e t t i n g  
test with es t imates  based on assumptions of no creep hardening and f u l l  
creep hardening. 

Finally, t he  specimen was subjected t o  cyc les  t h a t  were a composite 01 

the o ther  two. 

t he  compressive stress portion was a t  550'C. 

i n t e r rup ted ,  and zero stress was maintained while t he  temperature was 

changing. 

t es t  data can be used t o  approximate behavior under va r i ab le  temperature 

condi t ions .  

The t e n s i l e  s t r e s s  por t ion  of the  cycle  w a s  a t  150°C, and 

Mechanical s t r a i n i n g  vas 

These r e s u l t s  suggest t h a t  i n  c e r t a i n  circumstances isothermal 

FOP Fig.  130 a specimen was restrained" '  with f lxed  gage length,  and 

One i n s e t  i n  t he  f i g u r e  the temperature was cycled between 550 and 150°@. 

sl-nows stress vs t-hemal s t r a i n  for t he  f i r s t  cyc le ,  and another inset 

shows temperature vs  t i m e  f o r  each cyc le  a f t e r  the 300th when a 12-h hold 

was introduced a t  5 5 O o C .  As shown i n  the f i g u r e ,  t he  extremes of Lhe 

s t r e s s  cycle  approached those obtained i n  isothermal tes ts  a t  a comparable 

c y c l i c  s t r a i n  amplitude. 



Figure 131 shows from a two-bar thermal ratchetting test 
conducted in t he  manner descr ibed by S t e n t ~ . ' ~ ~  

un iax ia l  specimens were repea ted ly  subjected to condi t ions that simulate  

those a t  t he  Inner and outer  sur faces  of a piping companent i n  a EMR 

during abrupt shutdown axid r e s t a r t .  

t e s t i n g  machines were l inked together  to keep the average of the  stresses 

in t h e  two specimens constant and the strains equal while t he  temperatures 

were cycled out-of-phase. As ind ica ted  i n  Fig.  131, the specimens were 

i n i t i a l l y  loaded to t he  same s t r e s s ,  140 MPa (20  k s i ) ,  a t  5 5 0 O C .  'ne tem- 

pera ture  of t h e  F i rs t  specimen was then ramped down t o  l S D a C  i n  10 min., 

Next, the temperature of the second specimen was reduced i n  the  same manner. 

The temperatures of both specimens were then ramped back up t o  550°C in 

10 min and held t he re  for  the  remainder of t he  12-h tempesature cyc le .  

fjgure a lso  shows stress i n  each specimen vs t o t a l  skrain f o r  t he  1st and 

30th cycles  and stress i n  each specimen vs mechantcal strain for the same 

cycles. The i n e l a s t i c  strain increased during every cycle, wi1.h almost a l l  

o f  the increase  occurring while the  temperatures were held constant. In 

~ i g  
curve from a constant load creep t e s t  a t  140 MPa ( 2 0 . 3  k s i )  and with a 

curve constructed with segments s i m i l a r  to the f i r s t  11.5 11 of the  Lonstant 

load curve.  Agreement o f  t he  ratchetting curve with t h e  constant-load 

curve would be expected i f  stress reve r sa l s  had no effect on creep harden- 

ing,  and agreement: w i t h  the  segmental ly constructed curve wozild be 

expected i f  s t r e s s  r eve r sa l s  removed a l l  creep hardening. The r a t c h e t t i n g  

curve l i e s  between thesc  t w o  extremes, as expected. 

In t h i s  t e s t ,  t w o  

The electrontc  cont ro l  systems of two 

The 

132 the a c c u r n ~ ~ a t i . o n ~ ' + ~  of inelast . ic  s t r a i n  vs t i m e  i s  compared w i t k t  a 

Two thin-walled tubular  specimens were tested at room temperature 

under combined a x i a l  and t o r s i o n a l  stresses to determine the pos i t i on ,  

h i m ,  and shape of b i ax ia l  y i e l d  l oc i .  A 25-micrastrain of f se t  was used t o  

define y i e l d .  One sgccirnen was used t o  tfetearmine i n i t i a l  and subsequent 

y i e l d  loc i  along a r a d i a l  paLh i n  s t ~ s s s  space, and another was used t o  

determine loci  along a nonradial path."' 

Pig. 133, where the  c i r c l e s  represeiat iron Mises ideal  i za t ions  of the  y i e l d  

l o c i ,  The experimentally determined loci are compared i n  F igs .  134  through 

I40 w i t h  t r a n s l a t e d  VQSI Mises c i r c l e s  about the same s i z e  as the i n i t i a l  

The process is  i l l u s t r a t e d  i n  
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yield locus. These results indicate that; (1) the uon Mises yield cri.terion 

can be used as a basis for modeling initial yield behavior; ( 2 )  subsequent 

yield behavior is more kinemati-c than isotropic i n  nature (i.e., the yield 

locus tends to translate rather than change in s ize  with gl astic strain- 

ing); and ( 3 )  nonuniform soften.i.ng (shrinking of the yield 10cus)i takes 

place, leading -to an elliptically shaped y:ield locus t h a t  is smaller in the 

direction of loading than pe:irpendicular to the direction of loading . 
The results of the exploratory uniaxial and biaxial tests described 

previously were used as the basis fo r  an assessment of the applicability 

of the NE F 9-5T constitutive framework t o  modified 9Cr-lMo steel, This 

assessment is summarized in S e c t .  3 . 5 . 2 . 2 .  

3 . 5 . 2 , 2  Applicability of NE IF 9-5T Cons t i tx t ive  . .. ._ ... .- Framework 

The applicability of the NE standard F 9-5T cons t i - tu t iue  framework to 

modified 9Cr--1Mo steel was assessed by Cl ina rd ,  

of the exploratory tests described i n  Sect, 3.5.2.1. The assessmen.{; is 

summarized in the following paragraphs and con.s is ts  of brief statements 

concerning certain features of the behavior of modified 9Cr-IMs and corre- 

sponding features of the NE standard F 9-5T coristitutive models. 

9 14' based on the results 

For constant strain-range and temperature, the shapes of uniaxial 

cyc1.j.c stress-strain curves for modified 9Cr-1Mo (see Fig. 124) resemble 

those of 2.25Cr---lMo. The shape of the curues for neither materia? is 

notably bilinear. The bilinear character of the NE F 3-5T plasticity 

model is a known shortcoming but probably only s1ightl.y more for modified 

9Cr-lMo than f o r  other materials. 

Modified 9Cr-IMo exhibits a pronounced Baiuschingec effect. The kine-  

ma-tiic hardening model of NE F 9-5" is capable of representing this behavior 

rather well. 

Significant isotropic softening is apparent in cyclic tests of modi- 

fied 9Cr-1Mo ( s e e  Fi.g. 124). Recent modifications to NE F 9-5T prov.i.de an 

ihproved isotropic hardening law for yield stress that will accommodate 

continuoim changes as a result of cyclic softc:ni.ng. Models for approxi- 

mating the softening through abrupt jumps i n  yield stress are a l s o  

available and are probably adequate for describing isot:ropic softening of 

modified 9Cr-1Mo. 
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In design analyses based on NE F 9-5T procedures, a single value of 

bilinear plastic modulus is selected for all times and all locations in a 

structure. 

on an a priori estimate of maximum strain (or strain range), The virgin 

bilinear yield stress is also determined in this process, but subsequent 

values o f  the yield stress also depend on the isotropic hardening rules 

invoked, Problems arise when selecting a single representative maximum 

strain is difficult and/or when the bilinear plastic properties depend 

greatly on that selection. Using the NE F 9-5Tprocedures €OK austenitic 

stainless steels, bilinear properties were determined for modified 9Cr-1Mo 

at, a number of temperatures and a strain rate of 6 .7  x s-l . Values 

of bilinear yield strength and plastic modulus vs strain are plotted i n  

Fjgs, 141 and 142,  respectively. The strain dependence of bilinear prop- 

erties is much greater for modified 9Cr-1Mo than for current NE F 9-ST 

materials. 

NE F 9-ST provides procedures for determining this value based 

The monotonic and cyclic stress-strain behavior o f  modified 9Cr-1Mo 

i s  greatly dependent on strain rate (see Figs. 127-129). The rate depen- 

dence of 2.25Cr-1Mo is much less, and those of 304 and 316 are practically 

zero. 

believed to be an important shortcoming for applicability to modified 

9Cr-1Mo. 

"lie NE F 9-5T plasticity models have no rate dependence, which is 

Results of preliminary room-temperature tests indicate that the 

yon Mises multiaxial yield criterion of NE F 9-5T is probably adequate for 

modified 9Cr-ZMo. Additional experimental and analytical studies are 

needed before further assessment of multiaxial behavior is possible. 

The shape of constant-load creep curves for modified 9Cr-1Mo is not 

unusual. Considerable creep occurs at stresses lower than the plastic 

yield stress, however. The austenitic stainless steels, on the other 

hand, exhibit very little creep at stresses below yield. At stresses 

higher than yield, creep rates for modified 9Gr-lMo are of the order of 

plastic, strain rates, making it difficult to distinguish between creep and 

plastic strains. 

Creep-test data for modified 9Cr-IMa show that recoverable (visco- 

elastic) strains, as in NE F +ST, can probably be ignored, 

nificant thermal recovery of creep properties, which is also ignored in 

NE F 9-ST, occurs with time. 
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Modified 9Cr-1Mo exhibits a strong Bauschinger effect in cyclic creep 

tests.. The NE F 9-ST auxiliary hardening rules for stress reversals in 

creep probably adequately account for this behavior, 

The high strain-rate dependence of flow stress and high creep rates 

observed for modified 9Cr-1Mo indicate that a viscoplastic constitutive 

model is required. Standard NE; F 9-5T does not; include such models. When 

creep and plastic strain rates are quite different in magnitude, such as 

for the austenitic stainless steels, the separation of creep arid plastic 

behavior in NE F 9-5T (with only mild ad hoc interaction rules) is an ade- 

quate basis €or a constitutive model. The adequacy of current NE F 9-5T 
creep-plastkity interaction rules is doubtful for a viscoplastic material 

such as modified 9Cr-1Mo. 

From these observations, the present NE F 9-5T constitutive framework 

was concluded to be inadequate f o r  representing modified 9Cr-1Mo steel. 

77re material appears to require a nonlinear viscoplastic model, such as 

the one developed by Robin~on'"~'~~ of ORNL for 2.25Cr-1Mo steel, which 

is unified because no distinction is made between creep and plastic 

strains. Initial results of an effort to adapt this model to modified 

9Cx-1Mo are presented in Sect. 3 . 5 . 2 . 3 .  

3 . 5 . 2 . 3  Development of Unified Constitutive Model 

Certain shortcomings of the current NE F 9-ST constitutive equations 

led H ~ b i n s o n ~ " ~ ~ " ~  to develop a nonlinear viscoplastic model for 2.25Cr-1Ma 

steel. Certain features of this O R M ;  model make it seem ideal €OK modified 

9Cr-1Mo as well. The model is rate dependent and unified because no 

distinction is made between creep and plastic strains. Thus, there is no 

need for creep-plasticity interaction rules, thus making the equations 

simple in form. Thermal recovery of properties is included naturally, and 

the representation of uniaxial stress-strain and strain-time curves is 

inherently nonlinear. 

Written in the usual tensor notation, the model consists of two 

coupled differential equations far the rates of change of the components af 

inelastic strain (the flow law) and internal stress (the evolutionary law). 

The equations have been incorporated into a finite element computer code 

and used in detailed inelastic analyses of structural test articles. 
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The uni f ied  model described previously i s  being adapted to represent  

the  behavior of modified 9Cr-1Mo s t e e l .  

been modified t o  incorporate  s t r a i n  sof ten ing  i n  the  monotonic and c y c l i c  

s t r e s s - s t r a i n  behavior.  

ad jus ted  t o  provide b e t t s r  agreement vii;h se l ec t ed  da ta .  The r e sd t s  of 

t h i s  i n i t i a l  e f f o r t  a r e  i l l u s t r a t e d  i n  Figs .  143 through 145 .  

The-form o f  the equations has 

The values of c e r t a i n  parameters have been 

A numerical procedure , developed t o  obtain optimum values of parame- 

t e r s  i n  the  model based on the  method of least-squares ,  makes use of 

e x i s t i n g  compu%er programs f o r  solving nonlinear least-squares problems 

and f o r  numerically in t eg ra t ing  d i f f e r e n t i a l  equat ions.  Data from a 

v a r i e t y  of tests can be processed a t  one time, and parameters t h a t  mini- 

mize the  ove ra l l  sum of squares o f  di f fe rences  between observed and e s t i -  

mated values o f  ine1ast:itr s t r a i n  can be ca lcu la ted .  

Interim and f i n a l  un i f i ed  c o n s t i t u t i v e  models will be developed for 

These w i l l  be used f o r  detai- led i n e l a s t i c  anal.yses of modified 9Cr-1Mo. 

s t r u c t u r a l  components f ab r i ca t ed  from t h i s  mater ia l  and f o r  va l ida t ing  

s impl i f ied  methods of ana lys i s  of such COKI~O~ICXI~S. 

3 .5 .3  Fa i lu re  _. Behavior Modeling 

T'his sec t ion  i s  divided i n t o  three  a reas :  (1) an overview o f  Lhe 

ingredien ts  f o r  time-depentlont f a i l u r e  r u l e s ,  ( 2 )  experiments and assess-  

ments r e l a t e d  t o  the  damage accumulation r u l e s ,  and ( 3 )  s imi l a r  expesi-  

ments and assixssmeats relating t o  the  mul t iax ia l  strength riiles. 

3 "  5 . 3 . 1  Overview 

Rules and c r i t e r i a  t o  guard aga ins t  creep-rupture  f a i l u r e  modes are 

included i n  ASME Code Case N-47 ( r e f .  122)  under "IAoad-Controlled S t r e s s  

L i m i t s  €or Levals A through D Service L i m i L s . "  

guard aga ins t  time-dependent f a t igue  or creep-fatigue f a i l u r e  modes a r e  

included i n  the Code Case N-47, Appendix T ,  ru l e s  f o r  "St ra in  and 

Deformation L i m i t s "  and a r e  appl icable  t o  serv ice  l cve l s  A ,  B y  and e .  

Rules and c r i t e r i a  t o  

Fa i lu re  pred ic t ion  models t y p i c a l l y  uncouple the "damage accumulation 

c r i t e r i o n "  from the  s t r e s s  s t a t e  e f f e c t  ("mult iaxial  s trerigth c r i t e r i o n " )  . 
Thus, two independent c r i t e r i a  a r e  required f o r  pred ic t ing  f a i l u r e .  
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Fig .  145. Estimated anal observed creep behavior 



For computing failure under load-controlled conditions or for using 

elastic calculations, the Tresca (maximum shear stress) strength theory is 

used: 

where max denotes the maximum value for the three quantities inside the 

brackets. Thus, to compute clamage accumulation, E q ,  (1) reduces t he  

multiaxial stress state to an "equivalent uniaxial stress state."  or 
load-controlled conditions, the associated damage rule is based 011 the 

linear time-fraction damage accumulation theory, expressed by 

where, i n  the absence of safety margins, 

D = creep damage, 

Ati = total duration o f  a spcxific loading i, 

(Typ)i = creep-rupture life iinder the specicic loading, i, 

B = allowable damage (theoretically 1.0). 

As previously noted, rules for  guarding against t h e  inelastic creep- 

fatigue failure mode are incorporated in Appendix T of Code Case N-47. 

These rules are appl i-cable to cyclic strain--control.led design conditions. 

When used, inelastic calculations incorporate the von Mises strength 

theory, expressible as 

where ol, 0 2 ,  and 173 denote the principal stresses. 

Damage accumulatton i s  based on the linear time and cycle-fraction 

model, which can be expressed as 

where (neglecting s a f e t y  margins) 
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E) = total creep-fatigue damage, 
n = number of applied cycles of loading condition j, 

Nf = number of fatigue cycles to fai-lure under loading condition 

j, 
P 

q = number of time intervals with a unique stress-temperature 

total number of different applied loading cycles, 

combination, 

(At>k = t o t a l  duration o f  a spec i f ic  loading k, 

(TR)k = creep-rupture life under specific loading k.  

Tlne allowable damage is based on the degree of creep-fatigue inter- 

action and is determined using the D-diagram. Figure 146 contains the 

Code Case N-47 D-diagram for the austenitics ( 3 0 4  and 316 stainless steel) 

and alloy 80QH. 

Modified 9Cr-1Mo steel has not been incorporated into Code Case N-47; 

t hus ,  no rules exist f o r  this alloy. The purpose of this task is to assess 

the applicability of the existing rules to modified 9Cr-lMo steel and to 

ORNL-DWG 86-7966 
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Fig .  146 .  Creep-fatigue damage envelope. 
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modify t h e m  as wecessary far interim iise with t h i s  alloy. To d a t e ,  only a 

few selected scopiirg t e s t s  have been eondwted as a bas is  for criteria 

assessments. 

I t  w a s  decided ear ly  i n  tl7e failure c r i t e i i a  s tud ie s  t o  s~lect one 

beat of maLeria1 and one heat treatment representa t ive  of mater ia l  fon 

serv ice  and to use these throughaut t he  exploratory “L-sting program. 

Wcat 30383 , along w i t h  t he  following heat  treatiwnL procedmre , was se lec ted :  

1. normalize: heat l o  1038OC (1900”F), hold for I h ,  and a i r  cool to 

room tomperataxre ; 

2 .  temp-r: boat t o  760@C (l&OO°Fj,  hoJd f o r  1 h ,  and a i r  cool t o  room 

temperature; and 

3 .  PWNT: heat to 7 3 2 O C  (1350°F), bold for  $ 2  11, and a i r  m o l  Lo room 

temperatiire. 

3 5 . 3 . 2  Damage Accum~alation 

A m a t r i x  of ~ r ~ ~ ? p - - . ~ - ~ p t ~ r e  t e s t s  cons is t ing  of four base l ine  constant,-- 

load and eighl: variable-load and vsriabie-.temperature (VLT) tests of 

modified 9Cr-1Mo s t e e l  W B T ~  conducted during F’Y 1984 ( r e f .  149) as a bas i s  

for a preliminary assessment of the  appl icabi l i - ty  of the  l i n e a r  time- 

f r a c t i o n  creep-damage n c c i i m u l a t i ~ n  theory to t h i s  a l l o y .  A l l  tes ts  were 

conducted under subcontract by the J s l i e t  Meta l lurs ica l  Laborator ies ,  

J o l i e t ,  Illinois. 

Tes t  matrix and damage results are summarized in Table 32.  The four 

base l ine  constant-l.oad test r e s u l t s  ( - L a s t s  el--ce(-> compare very w e l l  with 

Sikka, Cowgill, and Roberts’ ( r e f .  150) c o r r e l a t i o n ,  which represents  

average behavior f o r  a number of hea ts  of modified 9Cr-1Mo steel. Computed 

l i n e a r  time-fracti-on damages14’ for the  e igh t  VLT t e s t s  f a l l  i n  t he  range 

0 . 4 5 3  S ll I 1 . 7 6 0 .  Average damage at rupture (based on a logarithmic 

average) was 1.09, with t w o  standard errors ( -95% confidence ’level) being 

equivaleut  to a fac tor  of 2 .27  an damage relative t o  the average value of 

1.07.  Thiis, these preliminary res:i l ts  i nd ica t e  s t a t i s t i c a l l y  t h a t  an 

allowablt? damage o f  0 .471  i s  adequate t o  ensure, a t  the 95% conf.i.denee 

l e v e l ,  t h a t  l i f e  observed i n  an ind iv idua l  VLT -Last w i l l  be eqiial t o  or 
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exceed predicted l i f e .  

results obtained in a more extensive (108 tests) VLT test program 
completed €or type 304 stainless steel.15' 

.Cor modified 9Cr-lMo, therefore, indicates that the linear time-fraction 

creep-damage accumulation model applies about equally well to modified 

9Cr-llfo steel and type 304 stainless steel for uniaxial VLT conditions. 

There have been no creep-fatigue damage accumulation tests of 

These results are statistically consistent with 

This set of eight VLT tests 

modified 9Cr-1Mo steel conducted in the high-temperature structural design 

program. Results of some uniaxial creep-fatigue tests were, however, pre- 

sented previously in  this report. These tests tend to show compressive 

Table 32, Results of baseline constant-load and 
variable-load and -temperature creep-rupture 

damage accumulation tests of modified 
9Cr-1Mo steel (heat 30383, N&T 

plus Pwrrr) 
- 

S t r e s s ,  temperature, arrd time for 
successive stages of test Rupture 

T e s t  ( MPa 1°C jh) * l1fe 
- ( h )  

1st stage 2nd stage 3rd stage 

c1 
c2 

c3 

C4 
C5-1  

C5-2 
e-6 

e-7 

C-8 

c-9 

c-10 

c-11 

260/538/R 
280/538/R 
169/593/R 
1901593IR 
243/538/1695 
i43/538/1695 

260/538/766 
243153811695 
16915931779 
2 m j s ~ / i h ~  
2 6 0 / 5 3 8 / 5 0 8  

243153813195 

1 5 9 7 . 8  

3 6 1 . 3  

1 3 8 0 . 6  

374.4 
2557.9 
2667.8 
4606.0 
3696.1 

669.0 
260/538/R 2640.3 
260/538/R 3025.R 
243153RjR 2193.9 

1 0 . 0  

1 2 . 6  

12.1 
1 2 . 2  

9.3 
11.5 

10.6 
15.1 

11.0 
9 .9  

1 0 . 1  

9.9 

1.022 
1.101 

1.465 
1 .760  

0,453 
1 . a 8 1  

1.357 
0 . 8 8 9  

"R indicates tested until rupture; 100 MI'a = 14.5 ksi; 538OC = 

bApproximate creep strain at rupture 

CLinear time-fraction damage based on baseline correlations for 

1000'F; 5Y3'C = 1100'F. 

heat 30383. 
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holds to be more damaging than equivalent tensile holds and a lso  to show a 

significant mean stress buildup during the course of a t e s t -  Creep 

fa t igue failures in air have shown surface oxidation, although not nearly 

as extensive as in 2.25Cr-IMo steel. The failures have b c m  transgranular 

with. no evidence o f  cavitation. As in the case of 2.25Cr-IMo s t ee l  these 

characteristics suggest that environitient m a y  Sa playing  a role in 

determining the damage and failure mechanisms i n  rnodif i eel 3Cr--PMo steel. 

For example, as depicted in F i g .  147, cyclic oxide cracking at the surface 

in short-term laboratory tests could lead to surface-dominated t rans  

granular failures before sufficient grain boundary cavitation resulted i n  

intergranular failure. Obviously, additional studies are required to 

understand creep-fatigue failure in modified 9Cr-1Mo steel well enough to 

establish a sufficiently realistic creep-fatig:ue damage rnodel for reliably 

predicCing long-terin failures. CurrenL recommendat ions are to (1) conduct 

a niiorblzr of short-term creep fakigiie tests under inert conditions to 

determine if the cavitatian-based intergranular failure mode results and 

provide data for modeling and (2) conduct a selected f e w  long-term tests 

ORNL DING 86 1952 

I H 0 I- D - i  I M E 
> FATIGUE 

b-...I--r 
I 

I THE PLANT 
I 

~ .......... 
LAB TESTS 

__ .̂ ...... . . . . . . . . ._ . 

N f 

F i g .  147.  Depiction of two pratewtial fai-lure mechanisms for modified 
9Cr-1Mo steel. (Note: Figure  represents idealization and not observed 
data trend.) 
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i n  air at low strain ranges (below oxide cracking strain) to determine if 

cavitation-based intergranular failures occur, thus validating the more 

extensive short-term data base generated imder inert conditions. 

A s  an interim measure, criteria will have to be generated based upon 

the available uniaxial creep-fatigue data. The approach to be taken i n  

the development of an interim damage model will use the linear time and 

cycle-fraction damage theory. It may be possible to incorporate the mean 

stress effect. in the baseline fatigue curve. Both the mean stress- 

corrected fatigue curve and a D-diagram will need to be developed for 

modified 9Cr-1Mo steel. 

3 . 5 . 3 . 3  

Bath fatigue and creep-strength criteria are required as elements 

of failure criteria, A total of four multiaxial fatigue tests have been 
campleked as a minimum basis for a preliminary assessment of fatigue 

s t rength  criteria. Two multiaxial creep tests have been completed as 

a bare minimum basis for assessment of creep-strength criteria. 

Results of the four  continuous cycling, multiaxial fatigue tests 

conducted at S38OC (lOOO°F] are compared with baseline uniaxial data in 

Fig .  148 an the basis  o f  the von Mises total equivalent strain-range 

criterion. The V Q ~  Mises equivalent strain can be expressed as 

where ce = equivalent strain and E ~ ,  e p ,  = principal strains. 

llie multiaxial data compare quite well with the uniaxial data 

(Fig. 148) .  On the basis of these results, the preliminary indication is 

that the van Mises equivalent strain criterion is adequate far fatigue of 

modified 9Cr-1Mo steel. 

TWO biaxial creep-rupture tests of tubular specimens of modified 

9Cr-1Mo steel were conducted at 538OC (lOOOQF), one under internal pres- 

sure loading and one under pure torsional loading. As previously noted, 
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Fig. 148.  Gompari.sun of mult iax:i.al with untax.i.al Bow-cycle fatigue 
data for modified 9Cr-1Mn steel at test temperature of 538'C (100O0F) and 
equivalent strain rate of 4 x 1 0 1 3 / s .  

these tc?sts  provided the basis €or a preliminary assessment of creep- 

rupture strength criteria. Results of the two tests are summarized in 

Fig. 149, which shows t he  t w o  data points relative to isochronous cseep- 

rupture curves based on the classical strength criteria of von Mises, 

Tresca, maximum principal stress, and a new ORNL-developed criterion. 

The analogous isochronous stress-rupture plot incorporating the 

available data for types 304 and 31.6 stainless steel and Inconel is shown 

in Fig. 150 for comparison. Figures 149 and 1.50 show the xesuJ.I;s for 

modified 9Cr-1Mo steel to exhibit the same basic trend as the data for 304 

and 316 stainless steel and Inconel None of the classical critt2ri.a i s  

accurate, i n  the second and fourth quadrants; on ly  the new ORNL criterion 

does an adequate job. The new criterion has been approved for Code 

Case N-47 use ,  but only for the austenitic alloys. The new strength 

theory can be expressed as 



ORNL 
i a  = 1.0) 
(b = 0.16) 

0 2% Cr - 1 Mo, 510°C (950OF) 
MOD. 9 Cr - 1 Mo, 538°C (1000°F) 

Fig. 143.  Plane stress isochronous stress- 
rupture contours showing relative agreement of 
available modified 9Cr-IMo and 2.25Cr-1Mo data 
with classical strength criteria and new ORHL 
criterion. 

ORNL-DWG 86-1951 
e 304SS,593"C(ll00*F) 
A 3Y6SS,600iCi1112DFi 

INCONEL, 816°C (1500°F~ 

O R N L  
(a = 1.0) 
(b = 0.24) 

Fig. 150. Plane stress isochronous stress- 
rupture contours showing relative agreement of 
available data  for types 304 and 316 stainless 
steel and Inconel with classical strength criteria 
and the new ORNL criterion. 
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11 P r  where a and %" are material constants 2nd 

J, = first stress invariant 

= ff, +- Uz + 0 3  , - 
CJ 2 V O ~  Mises equivalent stress 

~ ~ ~ ~ ~ ~ > . ~  _..__ .......... 
3 ( 0 2  - u 3 ) 2  + (0, - u1)2 , - - 

S I  = maximum deviatoric stress 

= 6, - 5,/3 , 
S ,  = a stress invariant 

~~-~ 3 . 0  + a : .  
- 

- - 

For best-life predictions, covstanls a and b r.an be material specific; 

however, a universal value of a = 1.0 with t h ~  value of b being alloy type 

specific (5  = 0 . 2 4  fop the austcinit i t  alloys and b = 0.15 f a r  the Ferritic 

alloys) still gives significantly Setter creep-rupture l i f e  predictions 

than the classical stsength criteria of von Mises, Tresca, or maxiniim prin- 

cipal stress. Taking a = 1 a s  a universal value redaces the A ~ W  strength 

criterion to the form a, =. a exp[b(J,/Ss - l)], approved fop Code Case N47 

use w i t h  thc a u s t a n i i  i t s  in conducting inelastic creep-fatigue analyses. 

The new criterion distinguishes b e t w ~ c n  creep-fat. i gue life u r ~ d u r  tensile 

( 3 ,  > 0 )  vs compressive ( 5 ,  < 0 )  stress states, with tensile states being 

the more darnaging (fur b > 0 ) .  T h i s  same equation form with b = 0.16 is 

the recommended form for use with the ferritic alloys; however, it has not 

been adopted for Code use with the ferritics. 

3 . 5 . 4  Design Criteria ...- 

ASME Boilen- and Pressure Vessel Code Case N-47 for Class 1 c-..I.evated- 

temperat.ure nuclear components has been described and discussed in previous 

subsections. A companion Case, N-253 (ref. 152), provides elevated t e m -  

perature rules for Class 2 and 3 nuclear components. H Q W ~ Y ~ T ,  Case N-253 

has no creep-fatigue G ~ C  ratchetting rules; rather, it refers the? designer 

to the rules Fn the Class  3. Code Case N-47 .  In past loop-type LHR 

desi.gns, such as the Clinch River Breeder Reactor Plant, the reactor 
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vessel and primary loop were designed as Class 1 nuclear components; the 

steam generators were Class 2 nuclear components. More recent LMR designs 

have sought to limit nuclear safety functions to the primary system; the 

remainder of the nuclear steam supply system would he nonsafety related 

and, therefore, could be built to industrial codes and standards. This 

means that ASME Boiler and Pressure Vessel Code, Sect. VIII, Division 1 

(ref. 1531, would be used €or vessels and ASME Power Piping Code ANSI 

B31.1 (ref. 154) would be used €or piping. 

Thus, depending on the plant design and the extent, 0f t h e  intended 

use of modified 9Cr-1Mo steel in the plant, any one or more of four  dif- 

ferent codes would be used. 

far use only i n  Sect. VIII, Division 1; it must be incorporated into the 

other three as well. O f  equal importance, whether nuclear or non-nuclear 

grade, rules and criteria for use of modified 9Cr-1Mo steel in L 
ponents must be developed. 

loading conditions and failure modes that were discussed previously must 

be addressed. For nuclear grade components, modified 9Cr--1Mo steel must 

be adapted into the Case N-47/N-253 framework. F0r non-nuclear grade, 
supplemental code cases or owner design criteria must. be established.29 

Either way, the criteria are expected to be similar, except that i n  the 
case of non-nuclear components, a greater reliance will be placed on 

simplified elastic design assessment procedures. 

paragraphs of this subsection, the special SCr-1Mo rules and criteria 

needed for LMR applications and the interim forms that these rules and 

criteria may take are outlined. 

Currently, modified 9Cr-1Mo has been accepted 

These considerations mean that the unique LMR 

I n  the remaining 

First, it should be emphasized again that the cyclic creep-fatigue 

and ratchetting behavior of modified 9Cr-1Mo steel has not yet been ade- 

quately explored and is not fully understood. However, there are behav- 

io ra l  features of mcrdified 9Cr-1Mo that will likely have to be given 

special consideration in developing satchetting and creep-fatigue rules and 

criteria. These include the following. 

>VASW. Sect. VIP'[ and ANSI B31.1 non-nuclear design codes were 
established f o r  the steady state operating conditions typical of fossil 
power plants. Short-term thermal transient Loadings, seismic events, and 
sodium water reactions are treated as if the loads lasted 100 , i IOO 11; thus, 
creep-rupture failure is limiting even when creep damage i s  not an issue. 
011 the  other hand, creep-fatigue damage, which is the key failure mode in 
most LMR situations, is not addressed. 
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1. 

2. 

3 .  

Strain -I-_- softening. ~ Current Code Case N-47 rules are predicted on 

materials that exhibit strain-hardening behavior; this behavior pro- 

vides soi‘lae roarg.i.n of forgiveness. If an area of a component begins 

to accumulate plastic strain, the resu1.t i.ng local hardening tends to 

shift furthe:r strain accumulation away from the problem area. With a 

strain-softening material such as modified 9Cr-lMo steel in the N&T 

condition, there could be a s-pergism leading to increasing strain 

accumulation. 

Low creep strains at onset of tertiary- ._- c r 2 .  

this strain level is around 2% v s  5 tn 6% f o r  2.25Cr-1Mo and 10 to t 7X 

for  316 st.ainless steel. T h i s  behavior, in combination with, OK 

possibly as a result of, t h e  strain-softening behavior, could make 

strain concentrations and elastic followap a more significant design. 

cons ideration. 

Rate dependence of yiel.d:i.ng --_-PI- and plastic flow- 

exhibits several times more rate. dependence than 2.25Cr-1Mo and the 

austenitic stainless steels. Because several. of the shakedown and 

ratchetting procedures currently in Code Case N-47 depend on yield 

strength, speci.al consideration may need to be given to this rate 

dependence. 

For modified 9Cr--1Mo 

Modified 9Cr-PMo 

The e f l ec t s  of these  behavioral features on criteria have not yet been 

determined. 

For limiting deformations, retention o f  the current 1% stfain limit, 

adoption of an i mpraved simplified ratchetting prediction procedure , axid 

development of a more stringent treatment of elastic follow-up are recorn- 

mended. The recommended simplified ratchetting proccdure, which would 

augment the O’Donnell-Porowski procedure i n  Code Case N - 4 7  and which 

would, along with the O’Domell-Porowski procedure, serue a s  the sole 

ratchetting check in rules for industrial grade LMR csrnponcxits has 

recently been developed by Sar tory . ’”  

procedure i s  conservative and, thus, can only hc used for linear ten9- 

pernturi? g r a d i e n t s  , Lhe Sartory modif ication considers peak temperatures 

and is, thus, generally conservative. The procedure has been shown to be 

conservative for a tiumber of austcnitic stainless steel axisymmetric 

gcsrnetries. 

conservatism for modified 9Cr-1Mo steel. Using the unified constitutive 

lfJZlrrras the O’Donnell-Porovski 

An effort is currently under way to establish Lhe method’s 
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equations, we are performing a number of detailed inelastic zatchetting 

analyses and comparing the results with strain predictions derived from 

the simplified approach, which uses only the results of elastic analyses. 

With regard to elastic follow-up, efforts are under way to develop 

elastic follow-up rules, especially in piping, However, a modified 9Cr-1Plo 

piping elastic follow-up test is needed to assess the significance of 

strain softening on the piping elastic follow-up problem. 

softening problem in nonpiping components, a number of detailed inelastic 

analyses of typical discontinuity geometries are being carried out. These 

analyses will reveal any unusual ramification requiring special attention. 

To assess the 

As is the case for other materials (the austenitic stainless steels, 

2.25Cr-1Ma steel, and alloy 800H), the linear damage rule currently used 

in Code Case N-47 does not adequately describe the time-dependent fatigue 

processes observed in modified 9Cr-1Mo. Nonetheless, it is recognized 

that, at least in the near term, the linear damage rule must be adapted to 

modified 9Cr--lMo LMR components. This is particularly true for nonsafety 

camponents where simplified creep-fatigue rules based on elastic analyses 

will be used; the only viable procedures currently available are based on 

the linear damage rules. 

For the creep damage portion of the creep-fatigue rule, the multiaxial 

strength theory proposed in Sect. 3 . 5 . 3 . 3  should be used. For fatigue, 

the von Mises theory should be used, as in Code Case N-47. 

As was previously stated, the mean stress effect observed in some 

9Cr-1Mo hold-time fatigue tests may be incorporated into the baseline 

fatigue curves. Efforts are under way to explore t h i s  possibility. Like- 

wise, efforts are under way to establish a D-diagram from available creep- 

fatigue data. Finally, elastic creep-fatigue rules will be checked 

against the results of detailed inelastic creep-fatigue predictions (for 

representative problems) to ensure their conservative applicability to 

modified 9Cr-1Mo steel. 

One final area where special rules will be required, no matter what 

code is used, is that of weldrnents. Data presented earlier in this report 

show that the creep rupture of weld metal can be less than that of modified 

9Cr-IMo steel base metal. 

spondingly reduce the allowable primary stresses as well as the creep 

damage portion o f  the creep-fatigue assessment. 

This reduced strength should be used to corre- 

Modified SCr-1Mo steel 
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veldancat; fatigue tests show about t he  same l i f e  red~acklon as exhibited by 

0th:- a l l o y s .  The~.efore,  the same life reduction factor ( 0 . 5  on the allow- 

able number of fatigue cycles) tha t  was recently adopted by the  ASHE Code 

Subgxouq:, on Elevated Temperature Design for Code Case N-47 should be used 

(ref. 156). 

Obviously, a concerted effor t  will be reqiajred to f3iisb out these 

design criteria thoughts and either to (1) present them Lta the apprapriatr!: 

Code bodies and foster their adoption 81- (2) prepare supplementary design 

riiles for  LMR components, whichever is appropriate. 

3.5 .5  Confi-rmatory Structural Tests 

Material modeling for both constitutive equations a d  failure behavior 

is based for the m a s t  par t  on laboratory tests that are sufficiently simple 
t h a t  they nay be precisely interpreted wi.tirc9ut the need for difficult two- 

or three-dimensional structural ana1ys:i.s. Usually these tests involve 

homogeneous stress states throughout the ra?.svaxrt part o f  the specimerx. 

The mode1.s for constitutive and failure behavior thus developed are thm 

combined with analysis techniques and design rules and criteria to provide 

a design procedure that must be applied to much ZIOKE! complicated reactor 

s tmctures and loading histories that can involve inhomogeneous stress 

states, stress and strain concentrations at weI.ds asla notchlike discon- 
tinuities , repeated thermal transient and ratchetting loading histograms, 

and elastic follow--up. Sirnpli.fi.eb methods are t h e n  developed to ease the 

analysis burden of the designer while maintaining adequate conservakisms. 

In the  N R C  licensing review of the Clinch River Breeder Reactor Plant, the 

conservatism of the design procedures at welds and notchlike geometric 

stress concentrations were key issues. Even in non-safety-related compo- 

nents, the validity of the overall desPgn procedures when applied to 

complex geometries and 1oad.i.ngs :requires coni irmat:i.un. To resolve these 

issues and confirm the validity o f  the design procedures, a few critical. 

confirmatory structural tests have bean performcitf, planned, or: proposed 

u s i n g  niodified 9Cr---lMo steel. 

The first n1odi.f i.ed BCr-IMo steel confirmatory strncti.ira1 test was a 

cyclically loaded, simply-supported beam test reported by GwaBtney et a1.'57 

The specimen was a beam o f  rectangular cross section: 51 .39  mm ( 2 . 0 3 5  in.) 



high, 26 .24  mm (1.033 in.) wide, and 0.61  m ( 2 4  in.) between suppcarrts., 

w a s  loaded a t  593OC: (llOOoP) by applying a prescr ibed cyclic center deflec- 

tion interspersed with creep hold periods as illustrated in Fig, 151. 
resulting center load was measured arid compared with an irnela5tic finite- 

element analysis by using a nanliriear cyclic plasticity model. combined 

w i t h  a cyclic strain--hardening creep model I 

C ~ ~ ~ ~ K ~ S C X I  is jllustrated in Fig. 152 for  the rapid cycling and in 

It 

The 

The experimenta8-analytical 

P i g .  153 fo r  the hold periods. Overal l ,  tl-le agreement is encouraging, 

6 

ORNCOWC $ 1  12896 

l Q  12 

Fig .  1531. Applied deflection histograms -Ear center deflection of 
modified 96r-lHo s t ee l  beam. 

The cyclic nonlinear plasticity model inbedl in this analysis is not 

presently inlcluded in NE standard E’ !!-5T, however, and the bilinear plas- 

t i c i t y  models curreriLly all~wecd are not eonsitiered satisfactory fur modi- 

f i e d  9Cr-BMo steel. Rec.ause a new constitutive equation will be required 

i n  9p 9-5T fer t h i s  material, the OWNL unified equations a r e  considered more 

promising f o r  a broad range of loading conditions. 

analyzed msjng t h e  equations described ~inde r  Sect. 3 . 5 . 2  $ constitutive 

behavior mode 1 i n%.  

The beam w i l l  be re- 
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(b) ana ly t i ca l  result. 
F i g .  151. 

(a) experimental  result, 
Nuinbered points are defined in histograw in 
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Fig. 153 .  Comparisons of measured and calculated center time- 
dependent load vs time for modified 9Cr-1Mo steel beam. Numbered points 
are defined in histogram Jn F i g .  151, 

Severe cyclic thermal transient loading is especially important in LMR 
operation and can cause creep-fatigue damage and failure of comporients. 

The ORNI, T'hermal Transient Cyclic Test Facility provides a comparatively 

inexpensive means of obtaining data for this type of loading. "he test: 

facility is depicted in Fig, 154, and the cyl . indrical  specimen and histo- 

gram are shown in Fig.  155. Previous r;ests w i L h  cyclically-hardening 

materials'58 showed the type o f  severe cracking that could OCCUR and helped 
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ORNL PHOTO-8098-828 

Fig. 154. Type 304 stainless steel thick-walled cylinder specim 
after being subjected to t 
men has been accentuated by time exposure. 

mal upshock on outer surface. Glow of speci- 
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(bl 1 ,  TIME 

Fig. 155. Thermal creep-fatigue specimen and temperature histogram: 
(a) test specimen (1 in. = 25.4 mm), (b )  outer-surface temperature 
histogram. 

to confirm design methods. 

steel could respond quite differently to this type of loading. 

three tests are planned to study the failure mechanism and help validate 

the design methods for this new material. 

pared and heat treated. 

The cyclically softening modified 9Cr-1Mo 

Two or 

The specimens have been pre- 

Although the ORNL Cylinder Thermal Transient Test Facility provides 

valuable data on failure under thermal cycling, it cannot apply a steady 

primary load and cannot test under thermal ratchetting conditions. 

thermal ratchetting tests to creep-fatigue failure using unwelded (speci- 

men 'IT-10) and circumferentially welded (specimen 'IT-11) modified 9Cr-1Mo 

steel pipe specimens are planned'" for testing at ETEC. 

are 1.4 m (54 in.) long with a 0.16-111 (6.4-in.) ID and a 19-mm (0.74-in.) 

wall in the gage length. 

Two 

Both specimens 

The welded specimen (see Fig. 156) will have 
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three identical circumferential welds spaced far enough apart to awsid 

interacti-oris between adjacent welds. The unwelded specimen has a similar 

geometry b u t  without welds. Both specimens will be loaded with a steady 

axial force of 1.1 Mi9 (247,000 Ib) and subjected to a severe thermal down- 

shock at 33"C/s  (60°E'/s) f r o m  600 l e )  204OC (1112 to SOOOF) and then slowly 

reheated and held Car 16 h at 600nC (1112'F) while creep occurs, 

tests will permit validation of the design procedures fat predicting 

strain accunulation and creep-fatigue damage failure under t he  important 

thermal ratchetting load conditions. Comparison of the results from the 

two tests will give a direct indication of the comparative strength of 

welded and tinwelded sect ions of modified 9Cr---LMo steel pipe. 

the test design work at ETEC is essentially complete, and fabrication of 

the specimens is about to begin, 

These 

A t  present,  

In elevate$-temperature piping systems, elastic follow-up can occur 

and can increase creep-fatigue da age. The strain softening behavior and 

low creep strain to the onset of t e r t i a ry  CKWP might influence elastic 

follow-up w i L h  modified 9Cr-1Mo steel. The nuclear Code Case states that 

v h ~ n  simple elastic design methods are used, stress terms with potential 

for elastic follow-up must be treated as primary stress. This requirement 

can pose difficulties for  the designer. XI is, therefore,  planning an 

e la s t i c  follow-up test. to be performed at ETEC using a modified 9@r-IMo 

steel piping system. 

€or type 316 stainless steel'6a and will consist of a 0.1-m -diam (4-in.) 

elbow with an anchored 0.46-m (18-in.) leg on one side and a 3-m (10-ft) 

leg on the other side. A cyclic prescribed deflection will be applied to 

the  3-m (10-ft) leg to produce an elastically calculated peak strain af 

1%, with hold periods of 100 h at maximum deflection to permit creep. It 

i s  expected that this test will demonstrate that the strain concentration 

caused by elastic follow-up is quite limited and that the Code requirement 

for treatment of the corresponding stress as primary is excessively con- 

servative. This t e s t  is now in the planning stage, and it i s  expected 

tha t  a request for Approval-In-Principle will be prepared and that the 

specimen will be fabricated during this fiscal year. 

The piping geometry will be the same as used earlier 
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3.6 CDWROSION BEMAV1C)R 

Ferritic steels have a long history of use in fossil plants. Cor- 

rosion by air or water/steam environments is fairly well understood and is 

reported to be manageable. Compatibility with sodium is an added requise- 

ment for Lm applications; however, consI.derable experience is already 

available with 2.25Cr-1Mo steel. EBR-I1 has bren operating successfully 

since 1964 with a 2.2.5Ct:-lMo steel steam generator. Other ogera.ting reac- 

to rs  using 2.25Cr-1Mo steel include PFB (United Kingdom), Pheni.x (France) 

BN-350 (Russia), and BOK-60 (Russia). In PFR, leaks i n  2.2SCr-1Mo steel 

tube-,ts-tubesheet welds that were not; given a PWI-IT were reported" 9 

and were attributed to stress-corrosion cracking. No other unusual corra- 

sion problems involving 2.25Cr-lfiPo hzve been reported. 

* 

In general, we expect that modified 9Cr-1Ko steel will Tbehvr, simi- 

larly to 2,25@+-1Ms, although some differences mag occur because of 

increased chromium concentratian and the type and distribution cpE precipi- 

tates in the 9Cr-lMo steel. Although work has been done to def ine  the 

corcrosion behavior of 9C-r-1Ma ~ t e e l s , ~ ~ ~ - ' ~ '  its corrosion resistxmce is 

sften compared with 2.25Cr-lMn steel because of the large successful 

experience base availab1.e with that alloy. 

3.6.1 Stress Corrosion 

A major advantage. o f  ferritic steels is tlzair resistance to stress- 

corrosion tracking in chloride or caust ic environments. The selection af  

2.25Cr--IMo steel. over austenitic stainless steels or alley 800 in LMR 

steam generators has generally been because of COIICC?PII over stsess- 

corrosion cracking. 

that the behavior o f  modified 9Cr-1Mo steel in caustic i s  similar to 

2.25Cr-1Mo steel. Results of this study can be summarized as follows: 

A recent study by General Electric-NSTO concluded 

Modified 9Cr-lMn p l a t e  and standard composition Wr-lMcp 
weld metal exhihit stress corrosion cracking i n  slow strain rate 
tests at temperatures to 316OC with caustic concentrations to 
10%. A t  316*C, ultimate stress is essentially unaffected by 
caustic; reduction of area values are reduced substantially but. 
still exceed 20%. Degradation 0 C  strength values are slightly 
greaLc?r at 232OC in this severe L e s t .  
modified 9Cr-lMo plate and standard 9Cr-1Mo weld metal are con- 
sidered to have a low susceptibility to caustic stress corrosion 
cracking.I6* 

Properly heat-treated 



S l o w  s t ra . in - ra te  stress corrosion to,sts were a l s o  recent1.y condixted 

by GE-NSTO on both 2.25Cr-IMo s t e e l  and modified 9Cr-fMo s t e e l  a t  316'C i n  

so lu t ions  of 200, 1000, and 2080 ppw chlor ide  as NaC1. 30th materials 

f a i l e d  by s t ress -cor ros ion  cracking i n  1000 ppm chlor ide  when maintaimd 

a t  e i t h e r  t he  p i t t i n g  or pro tec t ion  p o t e n t i a l  

p l e t e l y  duct.i.le f a i l u r e  in both 200 and 2000 ppm chlor ide  a t  t h e  open c5.r- 

cui.t potent ia l . .  These results i nd ica t e  t h a t  s t r e s s  corrosi.on cracking 

of modified 3Cr-1Mo s tee i  under LMR S ~ K V . ~ C ~  condi t ions i s  unl ike ly .  

but they exhib i ted  can-- 

3 . 6 . 2  Sodiixm 

Ansther c.onct?rn with the  \use of f e r r i t i c  s t e e l s  i n  LMRs i s  their s i x -  

c e p t i b i l i t y  t o  decarbiir:i.zat ion with a t tandent  loss of mechanical s t r eng th .  

In a. b ime ta l l i c  system with s t a i n l e s s  and f e r r i t i c  steels, decarbiaw..ization 

can oc.c.ur from e i t h e r  t@mperatUKe OK compositional dr iv ing  farces In  an 

T J f R  sodium servwi as t he  1;rarrsport medium as carbon i s  t r a n s f e r r e d  f r o m  

the f e r r i t i c ,  st;eel (high carbon x t i v i t y )  t o  the austenitic s"ial.nlaas 

s t e e l  (low c.arbon a c t i v i t y ) .  What. i s  most important is  what happens to 

t he  s t r eng th  of the  f e r r i t i c  s t e e l  as a r e s u l t  of 1 : I i . i ~  c-arbon t r a n s f e r .  

An 1nternned.iate Syst:em Moek-.-Up Loop ( ISML) was designed and constructed 

by GE-NSTO t o  study carbon t r anspor t  i n  a 2.25Cr-lMo/-t:ypt? 304 s t a i n l e s s  

s t e e l  sodium loop under condi-tioras pro to typic  of those expected. i.n t h e  

Intermediate Heat Transport  System of the  Clinch River Breeder Reactor. l 7  

After 30,000 11 a t  S 2 4 O C ,  carbon t r anspor t  had e s s e n t i a l l y  stopped, and 

niaximum carbon los s  from tlie 2 . 2 . 5 ~ r - 1 ~ 0  was 100 to 130 ppm. 1 7 1  ~t was 

furt:hes concluded that, a t  t h i s  temperature, t he  ra te  of decarburizat ion 

of 2.25Cr-IMo s t e e l  was not diffusi .on con t ro l l ed ;  af ter  Bong t i m e s  (>lOOO 

11) it appeared t o  depend upon the  dec,ompositon of s tab la  carb ides .  

IJlt.i.mate t e n s i l e  s t r eng th  decreased by 33% a t  524O@, but there was a l s o  a 

20% reduct ion at 5 1 0 O C  when mater ia l  w a s  thermally aged ~ O K  300 h. This 

i nd ica t e s  t h a t  i n  2.25Cr-IMo steel t he  majori ty  of t he  s t r eng th  degrada- 

t i o n  was the  r e s u l t  of thermal aging.172 

The kinekics o f  carbiirizationldecarbu~iza~ion of 3Cr-1Mo stee1.s were 

s tudied  i n  n icke l  and type 304 stainless s t e e l  loops a t  500 t o  700°C by 

ANL. The results showed that the  9Cr-1Mo s t e e l s  were ore r e s i s t a n t  t o  

carbon t r a n s f e r  than 2.25Cr-IMo s t e e l .  O 4  

conclusions of this s tudy .  

The following a r e  th ree  o ther  
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1. 

2. 

3 .  

Conditions of temperature and carbon concentration in sodium for 

carburization or decarburization of 9Cr-PMo steel are similar to 

stainless steels. However, the rate of carbon transfer i s  slower: in 

9Cr-1Mo steel. 

No loss of nitrogen €ram 9Cr-PMo steels occir's at temperatures below 

SSOOC.  

At temperatures >6OO"C, 9Cr-1M~ steals can decarburize to a surface 

carbon concentration of <298 ppa depending upon composition and 

carbide structure. Steels that decarburized to low carbon concean- 

trations contained either H P X  (a metal nitride/earbide phase) or M,C 

as the only stable carbide. 

Apparently, based on these results with both 2.25Cr-IMo steel and 

9Cr-1Mo steels, below -540°C ( 1000°F) no significant changes in properties 

of modified 9Cr-1Mo steel would be expected as a r e su l t  ot carburization/ 
decarburization reactions in LHR systems. However, additional data on the 

effects o f  heat treatment on mechanical properties of sodium exposed and 

decarburized modified 3Cr-1Mo s t ee l  should be obtained. 

3 . 6 . 3  Steam 

Tkie behavior of  modified 9Cr-lMo steel and other alloys in superheated 

steam at 482 and 538'C was reported by Griess and 

investigation, which terminated after 28,000 h, was conducted in a once- 

through alloy 617 loop that received steam from the superheater circuit. of 

the Bartow Power Plant of the Florida Power Corporation. 

the compositions of all alloys tested. At both temperatures all materials 

exhibited parabolic, oxidation kinetics during Lhe first 8880 h and then 

subsequently oxidized at constant rates lower than those obtained from 

extrapolation of the parabolic curves. Modified 9Cr-1Mo steel (Fig. 157)  

and 2.25Cr-1Mo steel showed little difference i n  oxidation rate in this 

study, averaging 0.14 and 0 , 3 3  mils/year at 482 and 538'C, respectively, 

after the first year. A t  482OC there was little evidence of exfoliation, 

but at 538Oc exfoliation af almost all of the ~ r - ~ o  steels was noted. In 

some short-term runs there was S O ~ G  evidence that increasing the sildcon 

content of modified 9Cr-1Mo steel may decrease oxidation in superheated 

steam (Table 3 4 ) .  

Their 

Table 33 lists 



Composition ( w e  %) 
Alloy Heat Note 

C Cr Ni #o Fe Mn Si V Other 

0.54 Ti, 0.46 A1 

65.28 0.36 0.46 Ti, 0.35 A 1  
Alloy 82 NX6537 B Filler metal 0.02 20.33 72.50 1.14 3.07 0.09 0.39 Ti, 2.51 Nb 

Alloy 617 XXOlb3US 0.07 20.30 57.35 M.58 1.01 0.05 0.16 11.72 Co, 0.76 A 

Alloy 800 hX7055 Weight .change and welded 0.08 19.77 33.90 43.46 
specirneris 

Alloy 800 HH2521 A Mill annealed specimens 0.05 20.78 31.35 

304 stainless steel 5082800 0.06 18.04 8.90 bal. 1.84 9.55 

Sand..rik HT9 451738 Annealed and ground 0.19 11.4 0 . 5 0  1.00 Bal. 0.50 0.26 0.27 0.45 W 

451774 Specimens supplied by GAB 0.20 11.2 0.51 3.97 Bal. 0.50 0.32 0.29 0.5i W 
454191 Specimens supplied by GA" G.18 1l.3 0.50 0.93 Bal. 0.52 0.35 0.29 0.51 Y 

specimens 

Sumitono 5Cr-1Ho Speciniens supplied by GA" c.04 8.60 0.13 2.06 Bal. 0.55 0 .29  

9Cr-1Mo steel 316381 A Standard air melt 0.08 5.79 0.38 1.00 Bal. 0.34 0.46 
XA-3137 ESXb - supplied by CEC 0.09 9.58 0.08 0.80 Bal. 0.44 0 . 4 7  0.15 0.46 W, 0.11 Mb 

91887 E X b  - supplied by CEC 0.10 9.22 0.08 1.01 Bal. 0.35 0.08 0.22 0.15 Nb 
31377 Argon-oxygen decarburized 0.05 13.43 0 . 4 4  1.02 Bal. 3.56 0.03 0.20 
31378 Argon-oxygen decarburized 0.07 3.6G 0.29 0.86 Sal. 0.44 0.01 0.16 
31446 Argon-oxygen decarburized 0.06 10.21 0.17 0.96 3a1. 0.61 0.03 0.27 
F-5349 Argon-oxygen decarburized 0.10 8.75 0.11 0.93 Bal .  0 .42  0.37 0.21 
30353 Argon-oxygen decarburized 0.05 8.29 0.09 1.00 Bal. 0.45 0 . 4 3  0.20 0.07 Nb 
Lot 35 Air melt - supplied by CEC 0.11 9.22 0.19 0.96 Bal. 
15965 Air melt - supplied by CEC 0.11 9.38 0.07 0.99 Bal. 

XA-3478 ESRb 0.09 7.00 0.05 1.02 h i .  0.34 0.14 0.37 Nb 
5Cr- 1 Mo .U-3675 ESRb 0.13 5.18 0.16 1.02 Bal. 0.32 0.14 

0.38 Nb XA-3475 E S R ~  C.C5 5.01 0.06 1.01 Fal.  0.34 0.li 

2.25Cr-1x0 steel 80342 Weighz,chanye and welded c..ll 2.01 3.98 Bal. 0.54 0.22 

X6226 Autogenous weld speciniens 0.12 2.19 1.00 Bal .  0.44 0.26 

XA-3175 E§Rb - supplied by CEC 0.10 9.52 0.16 1.55 Bal. 0.50 0.21 0.30 0 .14  Nb 

0.51 0.71 
0.59 0.63 

7Cr-IMo steel XA-3477 E S R ~  0.09 7.05 0.05 0.95 Ba!. 0.34 0.17 0.14  Nb 

specimens 

%enera1 Atomic Company, San Diego, Calif. 

bElectrsslag remelt. 

CCombustim Engineering, Inc., Chattanooga, Tern. 

N 
0 
w 
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Fig. 157. Weight gains o f  different heats of 9Cr-IMo steel in 
superheated steam. 

Table 3 4 .  Average weight gains of ~ C P - ~ M ~ P  steels 
in superheated steam 

--- 
Average weight gain S i 1  icon 

Heat content  Temperature (g/m2 1 
("C) 

458 h 667 h (wt X I  

30383 0 . 4 3  482 9 .5  11.2 
538 24 ,7  30.9 

15965 0 .63  482 6 . 8  8 . 8  
538 2 3 . 3  28.5 

Lot 358 0.71 482 8 . 5  3.0 " .5 
538 2 2 . 3  28 .7  

aBritish material supplied by Combustion Engineering, 
Chattanooga, Tenn. 
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In a later study conducted by Banks et al. at Risley Nuclear Power 

Development Laboratories (RNL), steam corrosion tests on 2.25Cr-lMo and 

9Cr--IMo steels to 40,000 b were reported."' 

bolic behavior of  both alloys at 450 to 550°C was observed. 

espes~ires, oxidation rates became linear as previously reported by 

Grie~s.'~~ 

showed a hi.gher linear oxidation rate?. The 9Cr-1Me steel showed cyclic 

protective kinetics (Fig. 158). At low temperatures little difference was 

noted bekween 2.25Cr-1Mo and 9Cr-lMu steels, especially for specimens con- 

taining the same silicon contents. 

there was nearly a 50% increase in weight gain of 2.25Cr--lMo steel con- 

taining 0.35% silicon compared with 9Cr-PMo containing 0.71% silicon. 

For times to 1 year, para- 

In longer 

At 550°C the oxide on 2.25Cr-IMo steel either spalled or 

However, after 11,000 h at 5 2 5 " ~ ,  

s i )  
15-  

/ 

N 

'E 1 0 -  
u 

CII 
E - 
z 
4 
t-7 

P- 

I I I I 1 I I __.__...._.I 

5 1 0  1 5  20 2 5  30 3 5  40 
T I M E  K hr  

Fig .  158. Oxidation S€ 9Cr-lMn specimen E--7 (Cast E)  in steam at 
823  K and S , 9  MPa. Source:  J. C. Griess, J. II. DeYan, and W. A .  Maxwell, 
Oxidat ion of Heated 2 1 / 4  Cr-l Mo Steel Tubing .in Plowing S i ~ p ~ d i ~ ~ t e d  Steam, 
OWL-5373, April 1978 ~ 
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These results indicate that: the steam corrosion behavior of modified 

9Cr-1Mo steel should be similar to, but  slightly better than ,  2.25Cr-1Mo 

steel. Furthermore, if improvements in steam corrosion resistance were 

required, the effect of sil.icon content should be more thoroughly investi- 

gated. Also, in LMR steam generators, heat fluxes across tube walls can 

be considerably higher than those in fossil plants. On tubes o f  2.25Cr-1Mo 

steel in steam with a heat flux of 126 KW/m2 across the corroding surfaces 

and temperatures increasing from 510 to 540'C along their heated lengths, 

oxi.des were porous, cracked, and poorly adherent to the base metal in con- 

trast with those formed in superheated steam under isothermal conditions. ' 7 5  

Similar testing should be condiicted to determine the effects of heat flux 

on oxide formation in modified 9Cr-1Mo steel. 

3 . 7  INSPECTION 

3 . 7 . 1  Techniques - 

Inspection requirements for nuclear components are determined primarily 

from the ASHE Bas'ler and Pressure Vessel Code rules. 

tions include Sect. IIS for fabrication, Sect. XI for in-service inspection 
(ISI.), and Sect. V for nondestructive examination (NDE) methods. The NDE 

methods prescribed in Sect. 111 include liquid penetrant, magnetic par- 

ticle, radiographic, and ultrasonic examination techniques €os various 

material configurations and welds. Section X I  cmphasizes ultrasonic IS1 

of pressure boundary welds and cddy-current techniques for steam generator 

tubing. Section V contains the general NDE methods for reference by the 

othct- sections. 

The applicable sec- 

Thus far, only limited efforts have been made to apply these NDE 

methods to 9Cr-1Mo steel alloy. However, prior application of the methods 

to other alloys with similar material characteristics ( i . e . ,  2.25Cr-1Mu 

steel) provide confidence tha t  technology can he adapted, where necessary, 

to perform necessary examinations of modified 9Cr-]1Mo steel components. 

For example, the liquid penetrant method, which is limited to the examina- 

tion of clean, metallic. surfaces, is affected very little, if any, by the 

composit.ion of t h e  steel and shou1.d be readily applicable to 9Cr-lMo steel. 

The magnetic particle method is limited to the examination of clean surfaces 
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and nearsurf ace r e g i ~ n s  of  Eerromagnetdc steels. Although no docamented 

evidence is available, the potential di.fferences in magnetic properties of 

BCr-1Mo steel compared with other ferromagnetic steels are not expected to 

be sufficient to cause problems for magnetic particle examination. On the 

other hand, volumetric examinations p.rowided by ultrasonic, radiographic, 

and eddy--current methods could be affected by the composition, mi~r~st~uc- 

turn, and other properties of 9Cr-1Mo steel, but these differences are not 

expected ta pose difficult problems. Previous developmental programs in 

NDE and IS1 technology were performed to ensure the availability of ade- 

quate techniques for manufacturing examination and IS1 of LMR c.omponents. 

For steam generator applications, the emphasis has heeri on the 2.2.5@r--lMo 

alloy steel, although sane recent activities have now begun to focus on 

9Cr-1Mo. With comments about applicability to 3Cr-PMo steel, the 

following sections briefly describe some of  the past developmental work. 

3.7.2 Developments fo r  Heat Exchangers 

The major activities for development o f  NIDE techniques for heat 

exchangers have centered on 2.25Cr-1Mo steel tubing for the Clinch Riwer 

Breeder Reactor steam geiitxatoi and the alternate doable-wall steam 

generator designed by West-ingbouse. The developmen%s encompassed tech- 

niques for  both manufacturing examination and in-service inspection. 

3.7.2 I 3. C 1  i.nch River Breeder Reactor --I.-..I Steam Ge~merat :~~ 
-I 

For manufacturing examination of the Clinch River Breeder Reactor 

steam generator, both radiographic and ultrasonic techniques were devel- 

oped for the tube-to-tubesheet welds. Radiographic development :included 

investigations of both isotopic and X-ray sources, with a microfoeus rad- 

anode X-ray unit being selected as clearly superiC)r.176~L77 

that were capable of finding discontinuities as small as 0.08 mm 

(0.003 in.) wera developed. Techniques axid technical support were pro- 

vided to Atomics International, the cont~a~tor responsible for fabrication 

of the Clinch River Breeder Reactor steam generator. Bsres.i.de ultrasonic 

probes, techniques , and scanning equipment were deve 'loped for exad.~~at;ion 

of the tube-to-tubesheet welds and the system was demonstrated to 

Techniques 
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be capable of de tec t ing  c rackl ike  d.i.scontinui.l;ies with depths of 0 .18  mm 

(0.007 i n .  ) . The u l t r a son ic  technique f o r  flaw de tec t ion  .in t he  tube-to- 

tubesheet welds was not incorporated i n t o  f ab r i ca t ion  of t h e  steam genera- 

t o r ,  but the  technology was used as p a r t  of the development f o r  ISI. 

Although the X-ray and u l t r a son ic  techniques were developed for 2.25Cr-PMo 

steel., it i s  ant ic i .pated t h a t  they w i l l  be appl icable  t o  9Cr-1Mo s t ee l . ,  

However, t h i s  should be confirmed experimentally on appropriate  tube-to- 

tubesheet welds and c a l i b r a t i o n  standards. 

For BSI, both eddy-current and u l t r a son ic  methods were inves t iga ted .  

Because of i ts  advantage i n  speed of appl ica t ion ,  emphasis was on eddy 

cu r ren t s  a s  t he  pr:i.mary exami.na2:ioti method; u l t r a son ic s  was a supplernen- 

t a r y  examination for the  tube-to-tubesheet wel.ds, as  noted previously.  

The ferromagnetic proper t ies  of 2.25Cr-1Mo s t e e l  l imi ted  the  ex ten t  of 

pene t ra t ion  of eddy cur ren ts  through the  2.8-rnm (0 .109-in.)  wal l .  A 

d i rec t -cur ren t  magnetization probe and c i rcu i l ;  were incorporated i n t o  the  

eddy-current probe and instrument to reduce the  e f f e c t i v e  ilnagnatic per- 

meabi l i ty  and, thus ,  allow the  eddy cur ren ts  t o  pene t ra te  .the tube wal l .  

A computer-based multifrequency eddy-current ixwtrument t h a t  was capable 

of detact . ing wall thi-ckness va r i a t ions  a s  small as  10% was developed. 

I t  is  expected t h a t  -the eddy-current technique would be equal ly  app1icabl.e 

to 9Cr-1Mo tubing i n  the same s i z e  i f  the e l e c t r i c a l  and iciagnetic proper- 

t ies  are s i m i l a r .  

c a l i b r a t i o n  standards 

This should be confirmed on appropriate  tubing and 

3.7.2.2 Westinghouse Double-Wall-Tube Steam Generator 

For manufacturing examination of the  double-wall-tube steam genera- 

t o r ,  radiographic techniques were developed f o r  t he  2.2.5Cr-IMa tube-to- 

tubesheet welds by u s i n g  the  microfocus rod-anode X-ray u n i t  t h a t  had been 

used t o  inspect  t he  Clinch River Breeder Reactor steam getierator a t  Atomics 

In t e rna t iona l .  For the  f i l l e t  weld configurat ion,  spec ia l  masks f o r  

adjustment of thickness  v a r i a t i o n  were developed. With sec t ion  thicknesses  

up t u  9 . 5  mm ( 0 . 3 7 5  i.n.), pores 0.18 mm (0 .007  i n . )  and l a rge r  were detec- 

t a b l e .  S i . m i l a r  techniques and r e s u l t s  a r e  expected i f  the  same weldments 

a r e  9Cr-1Mo ; however, experimental conf irmat:i on is recommended, 



209 

Both ultrasonic and eddy-current techniques were developed for IS1 of 

the 2.25Cr-IMo steam generator tubes. The eddy-current technique was again 

selected as the primary method, with ultrasonics providing supplementary 

high-resolution examination in selected regions. 

ine the Clinch River Breeder Reactor tubing was initially employed for 

the eddy-current work,182 but it w a s  determined t h a t  boreside direct- 

current magnetization was inadequate to allow penetration of the eddy 

currents through the thick double-wall tube [ 4 . 6  mm (0.182 in.) thick]. 

To overcome this problem, feasibility of a pulsed system approach was 

demonstrated, ' high- 

powered pulses on a probe coil to magnetically saturate the tube was 

developed. The modulated shape of the pulse can be monitored to extract 

raw data, allowing the suppression of unwanted variables and unambiguous 

display of the parameters of interest. 

sensitive to cracklike flaws and wall thickness changes as small as 10% sf 

the wall. 

The system used to exam- 

and a new instrument' * ' that uses very short 

The system was demonstrated to be 

Modular ultrasonic probes, conceptually similar to those used far the 

Clinch River Breeder Reactor, were designed and developed to examine the 

double-wall tube for longitudinal and transverse flaws and to monitor the 

ultrasonic transmission through the interface between the inner and outer 

tubes of the double-wall tubing.'*' Flaws -S% of the wall thickness were 

demonstrated t o  be detectable in the inner tube. Similar flaws are detec- 

tablo in the outer tube if the nature of the interface allows sufficient 

ultrasonic transmission. Confirmation of the applicability of  these tech- 

niques to 9Cr-1Mo tubing is  needed. 

3 . 7 . 2 . 3  Advanced Liquid-Metal Reactors (LMRs) 

The IHX for the advanced LMR being designed by RI has modified 

9Cr-1Mo steel as the reference material. There is significant; economic 

and technical benefit to be able to perform an IS1 on the IHX without 

having to remove it from the reactor vessel. 

and eddy-current techni-ques is under way to allow exam.inatian of the IHX 

in place. A major requirement will be f o r  probes to function at the hot 

Development of ultrasonic 
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standby temperature of -20OoC (400°F), preferably with sodium in the bore 

of the tube with the probe. The initial task is to develop probes that 

will withstand the temperature. It is anticipated that the inspection 

techniques and instrumentation systems will be similar to those developed 

for the Westinghouse steam generator after necessary modifications for the 

tubular configuration, temperature, and material change to modified 9Cr-1Mo 

steel. The development- of probes should also be beneficial toward meeting 

needs for I S 1  of the steam generators. 

3.7.3 Developments for Tubular Products and Welds 

Only limited applications of NDE techniques have been made to 9Cr-1Mo 

alloy steel components. A few samples of small-diameter tubing [5.84 by 

0.38  mm (0.230 by 0.015 in.)] were fabricated and examined ultrasonically.'* 

Good response was obtained from reference flaws only 0 . 0 4  mm (0.0015 in.) 

deep. 

grain size (and associated ultrasonic background noise) provided a more 

confident ultrasonic examination. In-process anneal on one sample indi- 

cated the potential for sufficient reduction in grain size and ultrasonic 

noise. 

It was shown that normalized and tempered material with reduced 

A test section of modified 9Cr-1Ma steel pipe'20 [232-mm diam x 

12.7-mm wall x 610 mm long (9.1 x 0.5 x 24 in.)] was welded between two 

spool pieces of type 304L stainless steel [152 mm ( 6  in.) long] for exposure 

in the SCTL at the ETEC. The 9Cr-1Mo pipe was examined ultrasonically, and 

the welds were examined radiographically with no material-dependent dif- 

ficulties being noted. 

ultrasonically with no defects being noted. 

After delivery to ETEC, the welds were reexamined 

Earlier breeder reactor designs have incorporated stainless steel 

piping and welds. 

ultrasonically (e.g., for ISI) because of the large epitaxial grain growth, 

and extensive studies have been conducted by many to overcome the problems. 

It is anticipated that the microstructure of 9Cr-1Mo steel welds will be 

easier to examine. An important phase of the NDE development at ORNL was 

the development of ultrasonic signal processing techniques for the quan- 

titative measurement of flaw size.'86 

These welds have proven to be difficult to inspect 

(Conventional NDE provides only 
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qualitative detection.) The new techniques €or determining accurate flaw 

size should be applicable to S)Cr--lMo steel, and the signal processing 

algorithms should be modified for this material. 

3.7.4 Summarv of Remaininn Needs 

Based on limited samples, conventional NDE techniques applicable to 
other steel alloys are apparently equally applicable to 9Cr-lMo steel with 
little material-dependent effects. 7Iii.s should be confirmed on modified 
9Cr-lMo steel specimens of appropriate configurations. Ultrasonic. signal 

processing algorithms f o r  quantitative flaw characterization should be 

confirmed or modified for 9Cr-1Mu. Current activities should continue to 

develop high-temperature probes, techniques, and eqiiipment for the %SI of 

modified SCr-1Mo tubing for the IHX (and steam generators) of advanced 

T,MRs. 

3 . 8  CODES ANI) STANDARDS 

3.8.1 Specifications (ASTM and ASME, Sect. I%) 

For comniercial applications, alloy specifications must be approved by 

the ASTM. Inclusion of specifications in the A Rook of Standards also 

permits their automatic, acceptance by thc American Society for Mechanical 

Engineers Boiler and Pressure Vessel Code (ASPE Code), Sect. 11. The 

approval of specifications by the ASTM requires information on the accept- 

able range for each element specified and information on the mechanical 

properties of the alloy. The various actions leading to publication of 

specifications are shown in the flow diagram i n  Fig. 159. A request for 

approval of tubing (A213) and plate (A3831 was initiated in May 198%. 

Since tha t  time, requests for: other product forms have also been made. 

The current status o f  approval of various forms in the AS 

Standards and ASME Code, Scct, II is presented in Table 3 5 .  All of the 

product forms that were requested for approval have now been accepted in 

Book of Standards. Except for the most recently approved speci- 

fications, a l l  of those published in the AS7E Book of Standards have also 

h e n  published in the ASME Code, Sect. IT. 
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ORNL-DWG 83-11102 

DBVELOPER 

PWDDDCER 
FABRICATOR 

NEGAT YVE 

Fig. 159. From 15 to 30 months are required to obtain ASTN approval 
for each product form of a new alloy. 

The only specifications not yet applied f o r  are those far bar product 

and castings. 'Bar product has similar composition and properties to pro- 

duct forms already approved and, thus, will likely be readily approved 

when requested. However, the range of compositions for castings is not 

fully optimized at present and, therefore, will not be requested for 

appraval until this is completed. 

3 . 8 . 2  ASME B o i l e r  and Pressure Vesse l  C o d e  Rules 

The Boiler and Pressure Vessel Committee of t he  ASME is responsible 

fo r  establishing rules of safety governing the design, fabrication, and 

inspection of boilers, pressure vessels, and nuclear components during 

construction. These rules cover the establishment of maximum design and 

operating pressures based on the structural material properties, method o f  



Table 35. Stazus of approval of various product forms of modified 9Cr-lMo steel in 
ASm specifications and ASME Code, Sect. 13; 

Specification 

Designation AST3 
Grade Description 

ASTM ASXE 

ASME Code, 
Sect. I1 Comments 

A 182 SA-182 F91 Forged or rolled alloy- 
steei pipe flanges, 
forged fittings, and 
valves and gar'is for 
high-temperacure 
service 

A 199  

A 200 

T91 Seamless cold-drawn 
intermediate alloy- 
steel heat-exchanger 
and condenser tubes 

- 
I 9 1 S e am i e s s in t e r me di at e 

alloy-steel tubes for 
refinery service 

.4 213a SA-213 Tal Seamless ferritic and 
ails t eni t ic a 1 1 oy-s tee l 
boiler, superheater, 
and heat-exchanger 
tubes 

A 234 WPYl Piping fittings of 
wrought carbon steel 
and a l l o y  steel f o r  
moderare and elevazed 
remperatures 

1985 Annual Book of 
ASTM S t a n d a r d s ,  
Sect. I, Vol. 01.01, 
pp. 93-106 

1986  Annua l  Book of 
ASTM S t a n d a r d s ,  

pp. 183-91 
Sect. I, Vob. 01.01, 

1 9 8 5  h n u a l  Book of 
ASTM S t a n d a r d s ,  
Sect. I ,  Vol. 31.01, 
pp. 136-41 

1 9 8 5  Annua l  Book of 
ASTX S t a n d a r d s ,  
Sect. I ,  Vol. C1.O1, 
pp. 152-59 

1 9 8 5  Annual Book of 
ASTM S t a n d a r d s ,  
Sect. I, Vo9. 01.01, 
pp. 174-83 

ASME Code, Sect. 11, 
Part A ,  Winter 1985 
Addenda, issue date 
Dec. 31, 1965, 
pp. 171-82 

Not a pressure- 
related applica- 
tion; t h u s ,  will 
not be included 
in the Code 

ASXE Code, Sect. 11, 
Part A ,  WinEer 1985 
Addenda, issue date 
Dec. 31, 196S, 
pp. 223-28.1 

Kot yet in ASYE 
Code 

Not yet in ASME 
Code 



Table 35. ,(continued) 

Specification 

Designation 

ASTM ASME 
Grade Description 

ASTX ASME Code, 
Sect. I1 Comrrients 

A 335 SA-335 9i Seamless ferritic 
alloy-steel pipe for 
high-temperature 
service 

A 336 F9! Steel forgings, alloy 
for pressure and high- 
temperature p a r t s  

A 357/ ~ ~ - 3 8 7 1  9 1  Pressure vessel plates, 
A 387M SA-387M alloy steel chromium- 

molybdenum 

A 826 T91 Acistenitic and ferritic 
stainless steel duct 
tubes for breeder reac- 
tor core corriponents 

1985 Annual Book of 
ASTM Standards, 
Sect. I, Vol. 01.01,  
pp. 276-83 

1985 Annual Book of 
ASTlV Standards 
Sect. I, V o l .  01.01, 
pp. 290-300 

1985 Annual Book of 
ASTM Standards, 
Sect. I, 'dol. 01.03 

1985 Annual Book of 
ASTM Standards ~ 

Sect. I, Vol. 01.01, 
pp. 983-89 

ASME Code, Sect. 11, 
Part A ,  Winter 1965 
Addenda , issue date 
Dec. 31, 1955, 
pp. 375-81 

Not  yet in ASME 
Code 

AS% Code, Sect. 11, 
P a r t  A, Sammer 1985 
Addenda, i s s u e  date 
Jilne 30, 1955, 
pp. 491-93 

Not yet in ASME 
Code 

aFirst product to gain acceptance in ASTM and ASME Code, Sect. 11. 
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construction an3 fabrication, inspection, etc., and are published in a 

document called the ASME Boiler and Pressure Vesse l  Code. 

Code Cases may also be requested to qualify a particular material or cir- 

cumstance not covered by that section of the Code. All mat:errials allowed 

by thc various sections of the Code must be in accordance with ASME 

Materials Specifications (Sect. 11) unless otherwise provided by a Code 

Case. (In general, the requirements of the ASTM Specifications are 

identical.) 

Supplemental 

Although modified 3Cr-1Mo steel is being developed for nuclear corn-- 

ponent applications, we recognized khat it would likely first; be used far 

ather applications, and, therefore, the strategy employed was to sequen- 

tially seek ASME Code approval for modified 9Cr-1Mo steel. as follows: 

1. Section I: Power Boilers, 

2. Section VIII: Pressure Vessels, and 

3 .  Section 1 x 1 :  Nuclear Power Plant Components [including Code Case 

N-47 (ref 12211. 

The overall process for securing ASME Code approval is shown for 

Sect. I in Fig. 160. Note that afkr submittal o f  an initial data package 

to ASME, there must be a request for its approval by a user, producer, 

etc., before any further action by a subgroup or subcommittee i s  taken. 
Thus, although a first data package on modified 9Cr-1Mo steel was sub- 

mitted in June 1982, consideration by the appropriate subgroups was not 

initiated until October when B&W requested approval for use o f  seamless 

tubing under S e c t .  I rules. Approval, in the form of Code Case 1343 ,  was 

granted July 2 0 ,  1983. Subsequently (February 14,  19861, Code Case 1992 

was approved for  seamless and forged pipe, plate, and forgings. 

Similar delays were experienced in securing Sect. VI11 appsaval until 

Hooter Corporation requested the usc of modified 9Cr-1Mo seamless pipes 

and tubes, forged pipe, plate, and forgings in Sect. VIII, Division 1 

construction. Code Case 1973 was then approved on February 14, 1985. All 
three of the above Code Cases specify the same maximum allowable stress 

values (Table 3 6 ) .  

In 1983 an initial data package was submitted to ASME for inclusion 

o f  modified 9Cr-1Mo steel in Sect. 111, Code Case N-47. Although no 
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Fig. 160. From 15 to 18 months are required to obtain ASME approval 
for Sect. I use.  

Table 36. Maximum allowable stress values f o r  modified 
9Cr-1Mo steel (grade T91) 

Metal Maximum 
temperature allowable 

not exceeding stress values 

("C) (OF) (MPa) (ksi) 
- 

Metal Maximum 
temperature allowable 

not exceeding stress values 

("0 (OF) (MPa) (ksi) 

<29 -20 
to 38 to 100 
93 200 
149 300 
204 400 
260 500 
316 600 
343 65 0 
371 700 
399 750 

146.9 21.3 

146.9 21.3 
146.2 21.2 
146.2 21.2 
145.5 21.1 
143.4 20.8 
141.3 20.5 
137.9 20.0 
133.8 1.9.4 

42 7 
4.5 4 
482 
510 
538 
566 
593 
621 
649 

800 
85 0 
900 
95 0 
1000 
1050 
1100 
1150 
1200 

128.9 18.7 
122.7 19.8 
115.1 16.7 
106.9 15.5 
198.6 14.3 
188.9 12.9 
171.0 10.3 
148 I 3 7.0 
129.6 4.3 



action was taken, a revised data packago was submitted in Movembes 1984 

that included a more extensive set o f  tensile, creep, fatigue, and creep- 

fatigue data. In October 1985 RI sent a letter to the ASME Code 

describing the  planned design basis for the Sodium Aalvan~.ed Fast Reactor 

(SAE’W) IHX and requesled revisions to Cases N-47 and N-253 of Sect. 111 to 

peri11i.t use of modified 9Cr-IN0 steel. Action by the ASME is pending. 

Note t h a t ,  cven in the absence af Sect. I T 1  requirements far modified 

9Cr-1Ms steel, similai data are needed for the SAFR steam generator and 

intermediate pump under Sect. VI11 rules ( see  Fig. 161). 

3 . 8 . 3  Nuclear Systems Materials Hrandbs#k - 

The baseline tensile and creep properties af modified 9 C r - l . N ~  steel 

have been documented in the NSMII. ’’ ’ This handbook inclirdes both SUM- 

maries of behavior for design use and detailed background documentation 

describing how those summaries were developed from the. raw experimental 

data. Properties contained in the NSMH include yield strength, tensile 
s t r eng th ,  and tensile ductility, as wall as creep strain-time behavior, 

creep-rupture strength, time to tertiary Creep, and creep-rupbure duc- 

tility. A l s o  included in the NSMB are pages describing fatigue crack 

growth behavior. 

3 . 9  OPERATING EXPERIENCE 

3.9.1 Steam Power Plants 

Before a n e w  alloy will be specified far critical nuclear applica- 

t ions ,  considerable operat:i.ng experience under ac.tual or near-actual 

recommended-use conditions are necessary. In addition, data on operating 

experience are generally -required before granting ASME Code approval. 

Armed w i t h  an extensive technical data base, we have persuaded several 

1.1-tilities to allow tubing of modified 9Cr-1Mo steel to he installed i.n 
their fossil--fired steam power plants. Details of tube installations at 

the various plants are summarized in Table 37. The geographical range of 

utilities involved include those in the 1Jnited States, the United Kingdo 

Canada, and Japan. 

Tubes installed in Tennessee Valley Authority (TVA) and AEP plants 

were from heats produced and fabricated in the United States. Tubes 



OR N L-DWG 86-1 972 

Loadings t o  be Considered (UG-22j1 
Allowable Stress Values (UG-23a and Case 797312 
Primary Stress Limits (UG-23c) 
Maximum Temperature for  Earthquake Loading F a c t o r  (UG-23d) 
Fatigue and Creep-Fatigue Damage (Not Addressed) 

Design by Formula (Division 1 )  

I 

Temperatures Below 
Creep Range 

Loadings t o  be Considered (AD-1 10) 
Design Stress Intensity Values (AO-l30)' 
Design Criteria (AD-140) 
Laad Combination Factors (AD-1 50) 
Fatigue Evaluation (80-160) i Design by Analysis 

(Division 2 )  

Temperatures in 
Creep Range 

Not Permitted (AB-121.2b) 

1 .  Includes Thermal Cycling 
2. 
3 .  
4 .  Values for  Modif ied 9 Cr-l Mo Are Needed 
5. 

Based i n  Part oti 100,000 h Creep-Rupture Values (Very Conservative for  Short-Time Loadings) 
Creep-Fatigue Rules (Such as Those i n  Case N-43) Are Needed 

Fatigue Design C,urve for  Modified 9 fh-1 Mo Is Needed 

Fig. 161. Design of SAFR steam generator and intermediate pump (ASME 
B&PV code Sect. VIII). 
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installed in the United Kingdom were fabricated in the United Kingdom from 

billets produced in the United States. Tubes for the Ontario Hydro plants 

in Canada were made in Japan but were welded into specimens for testing in 

the United States. In most cases, modified 9Cr-1Mo tubes replaced 

stainless steel tubes in these plants. 

The longest operating time achieved is six years for the tubes 

installed at TVA's Kingston Steam Plant. Photographs in Figs. 162 and 163 

Y171284 

Fig. 162. Modified 9Cr-1Mo steel tubes before operation in TVA 
Kingston Steam Power Plant. 
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CYN-5456 

Fig. 163. Modified 9Cr-1Mo tubes after three years of operation at 
about 593'C in TVA Kingston Steam Plant, Unit 5 .  Modified 9Cr-1Mo tubes 
in this figure are those with small transition pieces, easily identified 
by two adjacent weld seams. 

show the tubes of modified 9Cr-1Mo steel before operation and after three 

years in the Kingston Steam Plant. 

removed from the Kingston Steam Plant at the next opportunity (1987)  for 

evaluation of steam corrosion, erosion, mechanical properties, and micro- 

structural changes. 

We plan for some of the tubes to be 

Results have also been received from AEP Service Corporation. The 

first letter report of visual examination of tube specimens after 15,033 h 
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of service noted that no evidence of tube sagging or swelling existed. 

Reinspection of these tubes is planned after about three years. No 

results have yet been received from specimens being exposed in plants in 

the United Kingdom or Canada. 

Ishikawajima-Harima Heavy Industry (IHI) of Japan installed four 

tubes (38.1-mm OD x 8.0-mm wall) of modified 9Cr-1Mo steel in a Tokuyama 

SR-type boiler in September 1984. One 

of the tubes, including a weld, was removed after 1 year of operation and 

is currently being evaluated for changes in properties. Several other 

steam power plants in Japan also have modified 9Cr-1Mo steel tubes, but 

exact details of these installations are not known. 

Tubes are now operating at 541OC. 

3.9.2 EBR-I1 - Sodium Pipe and Ducts 

In 1984 two pipe sections of modified 9Cr-1Mo steel were installed in 

the EBR-I1 secondary sodium system. Although the pipe only operates at 

454OC, such an installation provides the following benefits: 

1. experience in fabricating 305-mm-OD X 9.5-mm-wall pipe; 

2. experience in welding modified 9Cr-1Mo to 2.25Cr-1Mo steel, 

modified 9Cr-1Mo steel, and type 304 stainless steel by personnel 

at EBR-I I ; 

3. experience in exposing modified 9Cr-1Mo steel to flowing sodium; and 

4. evaluation of the transition joint between modified 9Cr-1Mo steel 

and type 304 stainless steel exposed to thermal cycles. 

The pipe for this application was fabricated from 9.5-mm-thick plate 

by Nooter Corporation.le7 

into four pipes each 610 mm long. Two pipes were fabricated from the 

plates that were normalized at 104OoC for 1 h and tempered at 76OoC for 

1 h. The other two 

pipes were fabricated from the plates that were given a normalizing treat- 

ment at 104OoC for 1 h followed by a tempering treatment of 621OC for 1 h 

(half temper). 

(full temper). The fabrication sequence for each pipe section is given in 

Table 38. After welding, samples from the pipe were subjected to tensile 

tests at room temperature, hardness measurements, and Charpy-impact tests 

at 6OC. 

Table 39. The ultimate tensile strength exceeded the specified minimum of 

The plate was formed into shape and seam welded 

After welding, the pipes had a PWHT at 732OC for 1 h. 

After welding, these pipes had a PWHT at 76OoC for 1 h 

Results of these tests by Nooter Corporation are summarized in 
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Table 363. Summary of sequences used during the fabrication of 
welded pipe at Nooter Corporationa 

Pipe temperature ("c) 

A 8 C D 
Fabric at ion 

step 

Normal ize flat 7 040 1040 1040 1040 
plate (for 1 h) 

Temper flat plate 621 621 
(for 1 b) 

Preheat longi- 204 204 
tudinal seam 

760 760 

2 0 4  204 

Weld quench Slow cool Heat to 316"C, Heat to 316OC, Hold heat 
to room hold f o r  4 h ,  hold for 4 b, until 
tempera- and slow cool and slow cool postweld 
ture to room tem- to room tem- heat 

per at ur e perature 1 reatment 

Postweld beat 760 760 
treatment 

732 712 

~~ ~ ___ 
"One pipe out of those marked A and B and one out of those marked C 

and D were sent for installation in EBR-11. 

Table 39. Summary of tensile, hardness, and Charpy V-notch 
impact data on welded pipe of modified 9Cr-1Mo steela 

(Standard deviations for each property are included) 

Room temperature Hardness V-notch impact energy 
ultimate tensile ( BNN) (J) at O°C 

.- s t r eng t 11 
( MPa 1 Weld H A F  B d  Weld HAz" BMcl 

P i p s  A and B (1/2 temper f 76OoC 
postweld heat treatment) 

634 t 4 (W>e 213 L 4 225 It 4 210 27 2 2 143  -t 27 120  k 8 

P i p e s  C and D (76O*C temper + 732 "G 
postweld heat trealment) 

719 k 1 (BM)f 249 f 4 252 213 2 4 11 k 4 130 f. 9 130  k 14 

aData were supplied by Nooter Corporation, the fabricators of the pipe;  
standard 9Cr-1Mo weld wire vas used. 

bBHN = Brinell hardness number. 

CHAZ = heat-affected zone. 

~ B M  = base m e t a l .  

e ( W )  = failure location i n  weld metal.  

f(BM) = failure location in base metal 



585 MPa for pipes made from both %be plates (half and full tempered). Note 

tha t  the half- temper  procedure produced essent.ial1.y the same 1iard.ness in 

the base metal, the IIAZ, and the weld metal. The full-temper procedure 

produced higher hardncss i n  the imhd metal and HAZ than the base metal. 

The half--terrrges procedure also produced better impact propert:i.es i n  the 

weld metal and IIAZ than Lhe full-temper procedure. 

After receiving the pipes at ORNL, flattening t e s t s  w e r e  conducted on 

one o f  each pipe made by using the h a l f - t ~ p e r  and iull-temper procedures; 

results are shown in Fig. 164. One p i p s  from the halP--temper and f u l l -  

tempsr procedure w a s  then shipped to ANL-West. A spool piece w a s  fahri- 

cated fo:r installation i n  the  secoi-ic-lary sodiiam yardline to replace the 

existing transition weld between 2.25Cr-1Mo and type 304 stainless 

The spool piece incorporated a transition v e l d  between modified 3Cr-PMo 

and 304L stainless steel, and a weld hetween two p.i.eces of wodif:i.ed 

9Cr-1Mo p ipes .  The transition weld was made using Inconel. 82 as the 

filler metal and a bu-ti1:ering teclin.i.que developed at QRNL. "' 
A part . ia1 stress analysis of t h e  transition weld was performed'" in 

accordance with t h e  ASME Roilez- a i d  Pro.T.slire Vessel C o d e ,  Sect. 1 1 9 .  * ' 
%Ire ANSYS computer program was used for tlie analysis. The highest stress 

intensity [1!?7.20 MPa (28.6 k - s i ) ] ,  which was located in the transition 

between the Inconel and .the modified. 9Cr-IMu was caused by differential 

thermal expansion (a secondary stress). 

The spool piece was instal  led .in the EBR-PZ secondary sodiim yardline 

dur ing  the spring shutdown in 1984 and has operated f o r  over 2 years. No 

results on the condition of the installed spool piece are p~eseritly 

avai1abl.e I 

Although ferritic steels are generally much more resistaii'c to 

irradiation swelling than aiisten;t.ic steel  irradiation can cause an 

increase in their DB' lT.  Based on some reports of reduced irradiation 

embrittlc?,meri.t;,7~ y S 9  , 1 9 0 - 1 9 5  a decision was made t~ fabrj-cate sevoral duets 

out  of motlified 9 C r - 1 M o  steel. and evaluate their performance at various 

locatioris in EBR-11 .  ORNX, suppl.ied bar stock to ,W$.t-We~t, which had 25 

dncts fabricated. No iiniisiial probl-erns were encount:r?red in the duct fabri- 

cation. A t  present, efforts are under way tu install the ducts in EBR-PI; 

however, exact dates for  corriplet3.on of i n s t a l l a t J o n  of the ducts are not 

currently available. 
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Y-197150 

Y-197151 

Fig. 164. Photographs showing flattened pipe from the half-temper 
(bottom) and full-temper (top) procedures. Note that half-temper procedure 
produced more flattening without any defects. 
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3 . 9 . 3  ETEC - Transition Joint and Large-Diameter Pipe 

In late September 1982 a test section of modified 9Cr-1Mo steel 

pipe was fabricated for incorporation into the SCTL at the ETEC. The 

206-mm-ID x 12.7-mm-wall x 914-mm-long spool piece with stainless steel 

safe ends was then delivered to ETEC in October 1982. Details of fabrica- 

tion, inspection, shipment, and mechanical properties of the test article 

are described in a report by Sikka et a1.I2' 

test article before shipment to ETEC. Before its shutdown, the test 

article ran for one year at 510°C. 

cut the article out of the loop for postexposure evaluation. 

Figure 165 shows the finished 

No attempt has been made to date to 

CPN-5161 

Fig. 165. Finished article of modified 9Cr-1Mo was sand blasted 
before final inspection. Weld root surfaces were ground smooth by hand. 
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During 1983 ORNL supplied a large-diametery thin-wall pipe of 

modified 9Cr-1Mo steel for installation in the sodium loop at ETEC. 

pipe dimensions and relative position in the sodium system are shown in 

Fig. 166. The main objectives of this task included 

The 

1. commercial fabrication of large-diameter, thin-wally seamless pipe by 

extrusion of large ingots; 

machining of as-extruded pipe to finished dimensions; 

inspection of extruded pipe by commercial techniques; 

2. 

3 .  
4. induction bending of large-diameter pipe; 

5. transition joint welding a large-diameter pipe; and 

6 .  exposure to flowing sodium in an operating system. 

To fabricate the extruded pipe, a 23-ton heat was melted at Electralloy, 

The heat (14361) was then remelted by the AOD process and bottom poured 

into four ingots. TWO of the four AOD ingots were ESR. Cameron Iron 

Works extruded one of the ingots to a 9.1-m-long x 388-mm-ID x 15.9-mm- 

wall pipe. Associated Piping and Engineering Corporation performed 

ORNL-DWG 83-(5227A 

,,Ad 

Fig. 166. Pipe scheduled for installation at the Energy Technology 
Engineering Center. 



the induction bending at 104OOC. 

postweld heat treated at 732OC. 

where safe ends of type 316 stainless steel were added by welding with 

Inconel 82 as the filler metal. The transition welds were made by the 

ORNL-developed buttering technique. * 
in the sodium line; however, except for gaining operating experience, all 

of the other objectives of the task were successfully met. 

After bending, the bend area was 

The bent pipe was then shipped to ETEC, 

The pipe has yet to be installed 

3.9.4 Switch Valves for the Oil Industry 

The Oil Well Division of United States Steel Corporation uses 

ASTM A182 F-9 forgings of standard 9Cr-1Mo steel to make switch valves 

under the Wilson-Snyder trade name. 

up to 51OoC; and because the design allowable stresses of modified 9Cr-1Mo 

steel are nearly twice that of standard 9Cr-1Mo at this temperature, Oil 

Well was very interested in substituting the modified alloy for standard 

9Cr-1Mo. However, the company first wanted to learn more about its fabri- 

cability and to gain some actual experience with it. Therefore, ORNL 

supplied Oil Well with a 76-mm-diam bar of modified 9Cr-1Mo steel that was 

processed to the required shape and has been operating for the last 2 

years. Use of the modified alloy should produce for these valves signifi- 

cantly longer, and more highly reliable, lives. Once these results are 

verified, Oil Well will likely replace the standard 9Cr-1Mo with modified 

9Cr-1Mo steel for switch valves. 

These valves operate at temperatures 

3.10 COOPERATIVE PROGRAMS 

3.10.1 United States 

Although development of modified 9Cr-1Mo steel was undertaken to 

provide an improved material for LMR applications, it was recognized 

that extensive technology transfer to U.S. industry would be required 

before it would be used for a nuclear component application. As a result, 

cooperative" programs were established at other national laboratories, 

universities, and private companies, and a technology transfer meeting was 

+:Cooperative refers to exchange of materials, results, etc. with 
ORNL to satisfy the needs of both the LMR program and other programs or 
organizations. 
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held.'36 A list sf 29 organizations, their funding SQUPIC~S, and a brief 
descripLion of their w ~ r k  scope are presented in Table 40. The s ta tus  of 

this work at uarioirs organizations has been compiled and published. 

Some of the publications from these cooperative programs have been refer- 

enced in other sections of this report; howeucr, many other publica- 

tions198-2Q6 are available as well. 

'' 

was the first organization in the United. States to publish a pro- 

duct sales letter far modified 9Cr-1Mo stwl ,  a copy of which is reproduced 
in Fig. 167. It was also the first conipany ixi the United States to use 

modified 9Cr-1Mo s tee l  tubing in a major application f o r  a steam power 

plant. Approximately 100 tons 01 tubing was used. BGLW currently hac; stud- 

ies under way on the weldability o f  large-diameter heavy-wall pipe 

[58%-nnm OD x 101.6-mm wall (23- i t i .  OD x &in. wall)] of this alloy. 

3.10.2 Foreinn 

There has been a great deal of foreign industrial interest in 

modified 9Cr-1Mo steel. A list of the foreign organizations that have 

been involved in cooperative programs on modified '3Cr-lMcs steel and a 

description of their work are presented i n  Table 41. 

3.10.2.1 United Kingdom 

Tube Investments Chesterfield, Ltd., England, was the first company 
outside the IJnited States to fabricate bailer tubes out of billets o f  

modified 9Cr--lMo steel from the United States,z07,208 Tube fabrication 

was siiccessful, and the company began to accept commercial orders in 1981. 

Some of those s i i m e  tubes were later installed in the Agecroft Power Plant 

of CEGB to obtain commercial operating experience. Figure 168 shows the 

tubes installed in the Agecroft p l a n t .  

CEGB conducted .thermal shock tests of both bar and weldment specimens 

of modified 9Cr-IMo steel suppli.ed by ORNL, and an assessment reportzo3 

was issued. 

3.10.2.2 Japan 
-II 

Sumitorno Metal Industries, Ltd. and Nippon Kokan K.K. (NKK) have 

been aggressively melting, fabricating, testing, and marketing modified 

9Cr-1Mo steel. Both companies have made several large heats of this 



Table 40 .  List of organizations in the United States involved in 
cooperative program on modified 9Cr-1Mo steel 

Organization Funding source Description 

Oak Ridge National Laboratory 

Combustion Engineering 

Vestinghouse Advanced Reactors 

Battelle Columbus 

University of Tennessee 

Hanford Engineering Development 

Hanford Engineering Development 

Oak Ridge National Laboratory 

Argonne National Laboratory 

Naval Research Laboratory 

Ames Laborar-ory, 
Iowa State University 

Climax Molybdenum 

Division 

Laboratory 

Laborar-ory 

Babcock and Wilcox Company 

DOEa Breeder and Fossil 

ORNL subcontract 

ORNL subcontract, 
company funds 

ORML subcontract 

DOE Fossil subcontract 

DOE Breeder 

DOE Fusion 

DOE Fusion 

DOE Breeder 

DOE Fusion 

University funds 

Company funds 

Company funds 

ASTM ,b ASME ,C and design rules 

Fabrication of boiler tubing, welding, 

Long-term mechanical properties testing 

Long-term mechanical properties testing 

Weldability of modified SCr-IPfo s t ee l  

Base and weld metal fatigue crack growth 

and testing 

in sodium 

and fracture toughness 

toughness of base and weld metal 
irradiation effects and fracture 

Irradiation aud helium effects 

Sodium effect on mechanical properties 

Fracture toughnes s of irradiated materia 1 

Embrittlement toughness oi irradiated 

Transformation diagrams, H,S, weldability, 

Chromizing, tube bending welding, heat 

materia 1 

and microstructure 

treatment effects, fabrication of large- 
diameter pipe, arrd plant service 

lQ 
w 
0 
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T t i E  BABCOCK 8 MILCOX CObIPANY . TlJBUIAR PRODUCTS G R O U P  . BEAVEI? FAI.15 PA 

Introduction 
Croloy 9V is a ferritic steel modified with columbium and 

vanadium. developed to provide improved strengh, t o u g  
ness. fatigue life. oxidation and corrosion resistance at eleva- 
ted temperatures. The alloy should be of interest tU designers 
of components for coal liquification and gasification. oil and 
petrochemical refining and nuclear, fossil. solar and geot-her- 
mal power generation. 

The rnodifidd 9Cr-IMo analysis was developed at Oak 
Ridge National Laboratory under contract from the U.S. De- 
partment of Energy (DOE). Impressive test data indicate5 
the alloy is capable of meeting the requirements of a variety 
of other applications. 

Thc alloy was developed to provide high teiiipzrature 
strength superior to other ferritic grades and greater or equal 
to Type 304 up to I 1.50 F. The higher thermal conductivity. 
lower thermal expansion and higher yield strength of Croloy 
9V results in a thermal stress resistance six times greater 
tkan Type 304. The ferritic structiire of Croloy OV is also 
resistant to such conditions as chloride and caustic stress 
coriosion cracking and intergranular corrosion. which some- 
times affect austenitic stainless steels. The lower chromium 
and nickel contents consewe strategic alloying elements c i m -  
pared to austenitic stainless steels. Because of the higher 
elevated temperature strengths. coinponents customarily 
fabyicated from conibinatiuns of stainless and ferritic steel? 
can now be fabricated from a single alloy. eliminating prob- 
lems associated with dissimilar metal transition joints. 

Croloy 9V is available from Babcock & Wilcox as 
tubing. bar or exti-uded shapes. and in internally ribbed 
tubing designs. 
Specification 

Croloy 9V tubing is approved as a construction material 
under Code Case 1943. Section I of the ASME Boiler and 
YresauIe V e w l  Code. It is expected to gain similar a p p r e  
val under Sections 111 and VI11 in the near future. Croloy 3V 
is included in the 1984 edition of ASTM A213 as Grade 
T-91. It will be included in ASTM A-335. A-200 and 

Chemical Composition 

trolled ranges to optimize the elevated temperature high 
strength characteristics of this grade. The composition is 
balanced to minimize delta feriite content which is present in  
other similar analyses. 

A-199. 

Babcock & Wilcox Croloy 9V is melted to closely con- 

CHEMICAL ANALYSIS - WEIGWT PERCENT 
c .os-. I2 M o  .85-1.05 
Mn .30-.60 V .18- .25 
P ,020 Max. Cb  .06- .I0 
S ,010 Max. N .030-,070 
SI .20-.so Ni .40 Max. 
Cr 8.00-9.50 

Heat Treatment 
Extensive resting at Oak Ridge National Laboratories 

shows optimum mechanical properties are achie-Ged i n  the 
normalized and tempered condition. Accordingly, 8&W 
Croloy 9 V  is supplied normaliied at 1900 F mininium and 
tempered at  (350 F niinirnum. Products can also be suppbed 
isothermally annealed when requested 

Mechanical Properties 
Normalized and tempered BRtW Croloy 9 V  is supplied 

based on the rniniinum mechanical prcperties shown in 
Table 11: 

Minimum Typical 

Tensile Strength 85 000 ( 5 8 5  j 100,000 (689) 

Yield Strength 60.000 ( 4 1 5 )  75.000 ( 5 1 7 )  

Elongation' 20 38 

*Elongatiun values for strip tests shall be in accordance 
with Tdble 3 ,  Column 1 of ASTM A 213 
Hard1it.s~-Maxiniuiii 250 ( H R C  2 5 )  207 (HRR 95)  

PSI (MPa) 

PSI (MPa) 

90 in 2' 

(BHN)  

L 
xidation Resistance 

Because of the higher chromium content Croloy 9V is 
more resisrant to general corrosion than other heat resisting 
low alloys. I t  is also iinmunc to chloride stress corrosion 
cracking and intergranular corrosion. Oxidation resistance is 
similar tiJ Croloy 9 M  ( I  200 F). although slightly less due to 
the lower silicon content. 

Fabrication 
Croloy 9V is readily fabricated by hot and cold bending, 

swaging and hnt upsetting. Hot working opera!ions are per- 
formed at 2000 - 2250 F and must be followed by norniali- 
zing at 1900 - ZOO0 F. followed by a 1350 - 1400 F temper 
for I hour. Elevated temperature tensile and creep test, ,how 
the grade may be heated as  high as 1450 F for extended 
time p E ? I i d S  without degradrng the mechanical properties 
below design minimums. Welding can he accomplished using 
GTA. S A  and SMA processes. G T A  wire and S M  elec 
trodes. of the modified composition are dvallahle. A preheat 
temperature of 600 F and post weld heat treatment of 1325 - 
I375 F are required .4n  inherent fine grain size and fen* 
magneric properties facilitate var iou~ nondestructive testing 
techniques to inspect \&eld integrity 

Fig. 167. A copy of the Babccxk and Wilcox (R&W) product sales  
letter on modified 9Cr-1Mo alloy developed By ORNL. 
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Table 41. Foreign organizations involved i n  the cooperative 
programs on modified 9Cr-1Mu steel 

Country Organization Description 

Eng 1 and Tube Investments 
Chesterfield, Ltd. 

Central Electric 
Generating Board 

Japan Sumitomo Metal 
Industries, Ltd 

Nippon Kokan K.K. 
(NKK) 

Fabricated boi-lar tubes out of billets 
supplied by Oak Ridge National 
1,aboratory 

Installed boiler tubes fabricated at 
Tube Investments Chesterfield, Ltd. 
in Agecroft Power Plant for operat- 
i-ng experience. Tubes went into 
operation during April 1982 

Conducted thermal cycling tests on 
base and weldrnent specimens of 
modified 9 C r l M o  steel 

Prepared an assessment report vn 
modified 9Cr-1Mo steel 

Melted the first two large heats and 
fabricated boiler tubing and heavy- 
wall tubing for subsequent fabrica- 
tion. Tubes were supplied to OKNL 
for testing and evaluation. First 
heat was made in October 1981 

Melted a 50-ton heat and fabricated 
boiler tubing and main steam piping. 
Once again the boiler tubing was 
supplied to ORNL for installation in 
Ontario Hydro (Canada) power plants 
for operating exporience. Tubing 
and main steam piping were al.so 
supplied to ORNL for testing and 
evaluation 

Conducted heat treatment, Charpy- 
impact, tensile, creep, fatigue, 
corrosion studies, and weldabili.ty 
on modified 9Cr-1Mo steel. Several 
reports were presented to ORNL 

steel to Japanese industry and other 
countries, including the IJnlited 
States 

Melted a 5-ton heat and fabricated 
tubes and plates. This heat was 
extensively studied by NKK for heat 
treatment Charpy-impact, tensile, 
creep, and weldability studies. 
Tubes and plates were also supplied 
to ORNL for their characterizationa 

Became a supplier of modified 9Cr-1110 

Melted, fabricated, and sold several 
additional large heats to customers 
in the United States, Japan, and 
other countries 
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Table 41. (continued) 

Country Organization Description 

Kobe Steel 

Mitsubishi Heavy 
Industries, Ltd 
(MIII) 

Ishikawajjma-Harima 
Heavy Industries 
Company, Ltd. 
(IHI) 

Switzerland Sulzer Brothers, 
Ltd. 

Developed welding wire and electrodes 
for modified 9Cr-lMo steel. A 
report on the properties of weld- 
ments using Kobe wire and electrodes 
was prepared and presented to ORNL 

Very interested in using the modified 
alloy in a superheater section of 
an ultra supercritical plant. In 
support of these uses, MHI has 
performed extensive welding studies, 
tensile creep studies, fatigue 
testing, heat treatment, and micro- 
structural studies. MHI has 
installed tubing and piping sections 
in various boilers to get the 
operating experience OA the alloy. 
The company prepared reports, which 
have been given to ORNL. MHI is 
planning to use  large quantities of 
[nodi-fied 9Cr--lbIo steel in several of 
the plants they will be building in 
Japan and other countries 

Plans to use modified 9Cr-1Mo steel 
for various boiler application. One 
of the areas of special interest to 
them is cast valve bodies .  I H I  has 
spent a significant effort on 
developing the casting process for 
modified 9Cr-1Mo valves. It has 
also performed Charpy-impact, 
tensile, creep, fatigue, thermal 
aging, and weldability on cast 
material 

Interested in gaining experience with 
modified 9Cr-li'lo steel and comparing 
data on HT-9 tested in their labora- 
tory. Sulzer has performed tensile, 
creep, Charpy-impact and thermal 
aging studies on ORNL-supplied plate 
and pipe pieces, and it has prepared 
a report on the work. Long-term 
creep testing is still in progress 

As a part of the Electric Power 
Research Institute Program, will 
also be involved in obtaining and 
characterizing large castings of 
the modified alloy 
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Table 41. (continued) 

-- .- 

I: oun t r y Organi zat ior i  D e s c r i p t i o n  

I t a l y  N I K A  

France  Va 1 1 our e c  

Nova tome 

I n t e r r s t e d  i n  the u s e  of modified 
9Cr-7blo s t e e l  f o r  n u c l e a r  stearn 
g e n e r a t o r s .  For t h i s  p o s s i b l e  
appl i c , a t i o n ,  N I R A  w a s  i n t e r e s t e d  i.n 
krioraing more about the mater i  a1 
f i r s t - h a n d .  N l R A  al.so sappor t ed  t h e  
me l t ing  of 40-ton heat a t  OELTA 
Cedar i n  I t a l y .  The h e a t  was sub-  
sequent  l y  p rocessed  i n t o  t h i c k -  
s e c t i o n  tube  s h e e t s  and t u b e s .  
Mechanical p r o p e r t i e s  of the tube  
s h e e t s  have bean s t u d i e d .  NTKA i s  
c u r r e n t l y  i n  t h e  p rocess  of making 
t u  be- t o-- tubes  hee t we 1 ds 

Performed i n i t i a l  tube- to- tubeshee  t 
welds on ORNL-siippl i ed  furgi.ng and 
t u b e s  

Canada On ta r io  Hydro 

Condnc-ted a compara t ive  s t u d y  on t h e  
f a b r i c a t i o n  arid mechnni cal proper-- 
t i e s  of modified 9Cr-1Mo (U.S . )  
EM1.2 (F rench) ,  and X20 (German) 
t u b e s  f o r  foss i l  energy  b o i l e r  
app l . i ca t ions .  Va.i l ou rec  was pleased 
w i t h  t h e  performance o f  modif i ed  
YCr-1.Mo s t e e l  a s  compared wi th  Et412 
and X20. The company's compara t ive  
repoKt i s  p resen ted  i n  t h i s  report;  

I n t e r e s t e d  i n  e x p l o r i n g  t h e  use  of 
modified 9Cr-1Mo s t e e l  for n u c l e a r  
steam g e n e r a t o r  app l~ i  c a t i o n s .  
Novatome's i n i t i a l  s t u d i e s  involved  
de termining  the  mechanical proper -  
t i e s  of an GRNL-supplied fo rg ing ,  
which has a l r e a d y  been r e p o r t e d .  
Novat-orne proposes an e x t e n s i v e  t e s t  
ma t r ix  on t h e  ORNL f o r g i n g .  I t  a l s o  
p l a n s  to  buy R p o r t i o n  of t h e  h e a t ,  
mel ted  and f a b r i c a t e d  i n  F rance ,  f o r  
i t s  comparative e v a l u a t i o n  

I n s t a l l e d  tubes  of modified 9Cr-IMo 
s t e e l  i n  two of i t s  f o s s i l - f i r e d  
b o i l e r s .  'Tubes a r e  s t i 1 . L  operat-ing, 
arid an i n s p e c t i o n  wi I1 be performed 
at  t h e  nex t  scheduled  shutdown 

I n d i a  Ind ian  I r i s t - i t u t e  of S tud ied  the e f f e c t  of p r i o r  oxiddtiorr 

9Cr--lMo s t e e l  as p a r t  of a m a s t e r ' s  
t h e s i s  

Technology 011 mechanical p r o p e r t i e s  of modi f ied  

~ ~~~~~~~~ ~~~~ 

"Several r e p o r t s  were p r e s e n t e d  t o  OKNI,, References  t o  t h e s e  r e p o r t s  
a r e  i n  t h e  t e x t .  
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Fig. 168. Modified 9Cr-1Mo steel tubes installed in Agecroft Power 
Plant of Central Electric Generating Board, United Kingdom. 
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alloy, tested it extensively, 10-2z2 and sold it worldwide. Because of 

these efforts by Sumitomo and NKK, the modified alloy has found applica- 
tions in the boilers of plants located in Korea, China, the Middle East, 

Japan, and the United States. 

modified 9Cr-1Mo steel in nuclear steam generator applications in Japan. 

These companies are now working to use 

Kobe Steel has worked on the development of welding wire and elec- 

trodes of modified 9Cr-1Mo Mitsubishi Heavy Industries (MHI), a 

designer and builder of boilers, has extensively t e ~ t e d ~ " ' ~ ~ ~ ~  the alloy 

and installed it in boilers to gain operating experience. IHI, another 

designer and builder of boilers in Japan, has produced castings of the 

alloy and performed extensive testing22 on them. 

plan to cast large valve bodies of modified 9Cr-1Mo steel and install them 

in the main steam line of a boiler to obtain operating experience. 

also has installed several tubes of modified 9Cr-1Mo steel in the super- 

heater section of a boiler. After 1 year IHI removed one tube for post- 
operation examination, and evaluation is currently in progress. 

In the near future they 

IHI 

3.10.2.3 Switzerland 

Sulzer Brothers, Ltd., is gaining experience with testing modified 

9Cr-1Mo steel and has compared its data with HT-9 material also tested in 

the Sulzer laboratory. The company also has conductedzz6 tensile, creep, 

and Charpy-impact rests (in the N&T and aged condition) on ORNL-supplied 

pipe and plate. 

strength and toughness; however, additional long-term data are needed to 

determine the accuracy of the extrapolated data. 

Sulzer concluded that modified 9Cr-1Mo steel has excellent 

3.10.2.4 Italy 

The Italians are interested in the use of modified 9Cr-1Mo steel for 

LMR steam generator applications. 

which was subsequently processed into a thick-section forging and tubes. 

Mechanical properties of the forging have been studied, and NIRA plans 

additional mechanical properties tests on both the forging and the tubes. 

NIRA also plans to fabricate and characterize tube-to-tubesheet joints. 

NIRA melted a 40-ton heat of the alloy, 
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3.10.2.5 France 

Vallourec of France conducted a comparative study2 on the fabrica- 

tion and mechanical properties of modified 9Cr-1MoY EM12 (French), and X20 

(German) tubes for fossil energy boiler applications. Comparative results 

are presented in Table 42. 

Novatome of France is interested in the use of modified 9Cr-1Mo for 

nuclear steam generators. 

(Table 43) for the evaluation of an ORNL-supplied forging made by National 

Forge Company. Novatome has now publishedzz9 a paper on the initial 

characterization of the ORNL-supplied forging. 

tion the company also plans to buy a portion of the heat melted and 

fabricated in France. 

The company has preparedz2* a test matrix 

For a comparative evalua- 

3.10.2.6 Canada 

Ontario Hydro installed230 9 tubes of modified 9Cr-1Mo steel in its 

Lambton Plant operating at 538’C and 11 tubes in the Nanticoke Plant 

operating at the same temperature. 

Sumitomo Metal Industries and were welded in the United States at CE 

before installation in Canada. No inspection report has yet been received 

from Ontario Hydro. 

These tubes were obtained from 

3.10.2.7 India 

A masters thesis2” was completed at the Indian Institute of 
Technology, India, on the effects of prior oxidation on the mechanical 

properties of modified 9Cr-1Mo alloy. 

were oxidized at 65OoC in oxygen at 1 atm. Oxidized specimens were then 

subjected to tensile, creep, low-cycle fatigue, and creep-fatigue tests. 

Results showed that (1) tensile properties were not affected, (2) fatigue 

strength was lowered with increased oxygen content, and (3) creep and 

creep-fatigue strength increased with increasing oxidation time. 

Specimens of modified 9Cr-1Mo alloy 

4 .  SUMMARY AND RECOMMENDATIONS 

When established in 1975, the objective of the 9Cr-1Mo steel program 

was to develop and bring to a state of commercialization an alloy for LMR 



Tabhe 4 2 .  Comparative evaluations sf extruded tubes of 2'91, EMI2, and X2Q CrMoVl2-l 
by ValPourec, Paris, France 

ASTM A 213 Criteria T9 I EM12 X20 CrMoV12-1 

PROCESS 

Melte; Electralloy acd Universal 

Coninercial rnaterlal designetion 

Heat 10148 

Cyclops 

Melting practice A U D ~  + E S R ~  
Process in accordance with ASm 
A 213 $ 5 Yes 

TCEE MANUFACTURE 

HEAT TREATMENT 

Hot extruded from forged 

Hut finished seamless tube. 

and turned bar 

Air cooled from 1200°C 
(229OOF) after extrusios 

Tempered 2 h at 780'C 
(14U0°Fj 

Heat treatment condition in 
compliance with: ASTM A 213-83 3 7.1.3 with 

exception o f :  

no renormalizatiori after 
hot work 

abocrn 1040'C (1900°F), 
minimum normalizs t ion  
temperature 

hoe work final temperature 

HARIjNES S 

Measuremect : 

,In accordance with: 

229 BHN (250lc 

ASTM A 213-83 9 13 

Ugine Aciers, France 

PM 92 

33665 

Electric + kOP 

Yes 

Hot extruded from rolled 
and peeled bar 

Hot finished seamless tubes 

Air cooled fsorn 1200OC 

Tempered 2 h at BOO'C 

(2200'F) after extrusion 

( 1&70°F) 

NFA 49213-79 Table 8 with 
exception of: 

no renormalization after 
hot work 

hot work final temperatnre 
above .1125'C, maximum 
normalization zemperarure 

207 BHK (220)  

NFA 49213 ( 7 9 )  8 7.7 

Ugine Aciers, France 

Fluginox 61 

35164 

Electric + AODB 

Yes 

Xot extruded from rolled 
and peeled bar 

t4 
w 

Hot finished seamless tubes a 

Air cooled from 1 2 O O 0 C  
( 2 2 0 0 ' ~ >  after extrusion 

(1440'F) 
Tempered 5 h at 780'C 

D I N  13315 (75) 5 3 with 
exception of : 

no renormalization after 
hot work 

hot work final temperature 
above 1O7O0C, maximum 
normalization temperature 

225 EKN 

Not required 



Table 42.  (continued) 

E312 X20 CrMoV12-1 ASTM A 213 Criteria T9 1 

Flattening 

(1 + e) t e = 0.08 
e + t/D (ASTM,NF) H =  

e = 0.05 [ 1 1 (DIN) 

i-i (mm> for cracking 
or full-flattening result 

- F l a r a  

23% ID exp (ASTM) on 60' 

Mini IP exp ( % j  for cracking 
7 2  OD exp (WF) on 30' mandrel 
15% ID exp (DIN) on 60' 

mandrel 

mandrel 

Hydrostatic test 

p = 220.6 t 
(MPa) D (nm) 

SURFACE CONDITION 

As-extruded surface 
subsequently submitted 
t o  : 

Pass 
Note: D/t < 10 

Pass 
Kote: t / D  > 0.15 

Pass 

Pass 

8 8% 

Pass 

Acid deglassing 
Acid descaling 
Roll sxraightening 

Pass 

Pass 

Pass 

Pass 

35% 
Pass 

Pass 

Acid deglassing 
Acid descaling 
Roll straightening 

Pass 

Pass 

Pass 

Pass 

45% 

Pass 

Pass 

Acid deglassing 
Acid descaling 
Rol l  straightening 



Table 4 2 .  (continued) 

A S M  A 213 Criteria T9 1 EX1 2 X20 CrXoV12-1 

Observations : 

HEAT ANALYS r s 

Heat 

Heat analysis certificates 
are in compliance with: 

PRODUCT ANALYSIS 

No product analyses were 
done, while required by: 

ROOM TEMPERATURE 
TENSILE PROPERTIES 

Sainp 1 e type 

1 YS I pure (DIN) . 

A% [ 

3.2% ( ASTY , NF) 

u%S 

1 4D (ASTM) 
5.65 S (DIN, NF) 

Conclusion: room Tempera- 
ture tensile properties in 
accordance wirh : 

Generai corrosion occurred OK 
during acid deglassing 
(insufficient inhibition 
of bath) 

366 

Table 1, ASTX A 213-83 Table 5, NFA 49213-79 

ASTM A 213-85 6 11 

554 ?Pa (50.3 ksi) 

702 MPa (101.8 ksi) 

29.1% 

ASTM h 213-83, Table 3 

OK 

35164 

Table 1, DIN 171J5 (79) 

448 MPa (65 ksi) 61E MPa (89.6 k s i )  

647 XPa (94 ksi) 820 MPa (119 ksi) 

29.1% 
26.6% 

22.9% 
21.6% 

NFA 49213 (79j, Table 6 DIN 17175 (791, Table 5 



Table 42.  (continued) 

ASTM A 213 Criteria 
~~ 

T9 1 X20 CrMoV12-1 EM12 

TOUGHNESS 

Sample: (longitudinal) 9 x 10 mm 
Test: KCVd 
Result: 

Transition temperature 

Ductile level 25 daj/cm2 
TK 50 -4OOC (-40'F) 

SURFACE ROUGHNESS 

Longitudinal D2: 
OD/ID $I& in inches 

OD 
90.55 

ID 
106.2  

n 
Transverse D-: 

OD/ID CLA in inches 122 9 8 . 4 2  

10 x 10 mm 
KCV 

-20'C (-4'F) 
9 . 6  daj/cm2 

OD 
86.6  

10 x 10 mm 
KCV 

-lU°C (14'F)  
12 dajlcm' 

ID OD 
145.6 114 

ID 
145 

102.3 145.6 165 .3  7 8  

a A C 3  = argon-oxygen decarburization. 

~ E S R  = electroslag remelted. 

Chiumbers in parentheses are maxiinutns specified in appropriate specifications 

dFrench equivalent of Charpy impact test. 
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Table 4 3 .  T e s t  matrix proposed by Novatome for a piece 
of forged ringa supplied by Oak Ridge 

National Laboratory 

Metal l u r  
g i c a l  
s t a t e  

T e s t s  
Laboratory 

EDFb CEAC Novatome 

And 

AR 

AR 

AK 

AR 

AR 

AR 

AR 

AK 

AR 

AR 

Aged 

AR 

S imir 1 a t  ed 
hea t -  
a f f e c t e d  
%ORE 

AK 

AR 

Simulated 

s e c t  i o n  
t h ic  kncs s 

heavy -- 

Chemical a n a l y s i s  (C, Mn, S i ,  N i ,  X 
C r ,  Mo, Cu, 121, S ,  P ,  Sn, Co, 
As, V, N ,  B ,  Nb) 

Rough e s t ima ted  
De t a i  1 e d 

Mic ros t ruc tu re  

X 

Hardness 

T e n s i l e  ( 2 0 ,  200, 300, 4 0 0 ,  4 5 0 ,  

Creep 1000 h ,  525"C, f i v e  specimens 

Fa t igue  endurance l i m i t  a t  450°C 

500, 5 2 5 ,  550°C) 

Impact p r o p e r t i e s  KCVe a t  s e v e r a l  X 
temperatures  

F r a c t u r e  mechanics J I ~  at ~ O O I I ~  

temperature  

S t r e s s - - c o r r o s i o n  c rack ing  

Performance of p la t e - tube  i n t e r n a l  
bore welding ( i f  t ubes  a v a i l a b l e )  

500°C and 550°C; 2,500 h a t  600°C) 
Aging h e a t  t r ea tmen t  (10 ,000  h a t  X 

T e n s i l e  p rope r t i . e s  + impact X 
p r o p e r t i e s  KCVe 

Sirnulation of HAZ i n  Gleebln machine 

Hardness 
Impact propert i .es  
Creep ( same  tes t  c o n d i t i o n s  a s  

for "AR" abovr.) 

Dilatometry (de t e rmina t ion  AC1 - AC,) 

Simulat ion of heavy--section t h i c k n e s s :  
h e a t i n g  lOO"C/h up t o  A C 3  + 5OoC, 
2 h ho ld ,  coo l ing  between 800°C and 
500°C at. 12Q0C/h + tempering + 
postweld h e a t  t r ea tmen t  

T e n s i l e  (2OoC, 500°C) 
Impact p r o p e r t i e s  
S tep  coo l ing  

X 

X X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 
X 
X 

-- __ 
"Mudi€iad 9Cr 1Mo s t e e l ;  forged r i n g  from Naiional  Forge Company. 

k D F  - E l e c t r i c l t ;  de hrance. 

CCEA = Centre  d 'Ene rg ie  Atomique. 

dAR = A s  r ece ived .  

eFrench e q u i v a l e n t  of Cbarpy impact t e s t .  
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applications that has better overall properties than standard austenitic 

stainless steels and other low-alloy ferritic steels. 

substantially been achieved inasmuch as modified 9Cr-1Mo steel is presently 

a commercially available material and the alloy has been specified for use 

in the IHX and steam generator of an advaniced LMR (SAFR). However, even 

with all that has been accomplished in the last 10 years, there remain 

some areas in which further work should be done before application in an 

advanced LMR can be ensured. 
areas are summarized below. 

This objective has 

The status and needs of the various program 

4.1 ALLOY COMPOSITION 

In 1980 final commercial specifications for wrought modified 9Cr-1Mo 

steel were selected. Subsequent melting, fabrication, and testing 

activities have not indicated that any change in these specifications is 

warranted. However, more work is needed to optimize the composition of 

castings, because they generally show poorer mechanical properties than 

wrought material. Also, nitrogen appears to be a sensitive element in 

determining the porosity of sand castings. For improved oxidation 

resistance, the effect of increased silicon concentration should be fully 

determined. 

4.2  NELTTNG AND FABRICATION 

Commercial procedures for melting and fabricating modified 9Cr-1k 

steel are well established. The properties of 13 different heats totaling 

>227 tons that were melted for testing and evaluation have been documented, 

In addition, >600 tons of the alloy have been melted and processed for 

commercial applications by U.S. and foreign industrial companies. Although 

the properties of modified 9Cr-1Mo steel are remarkably consistent (due in 

part to specification limits), some differences based on processing have 

been noted. For example, in applications where toughness properties are 

critical, material melted by the ESR process is recommended. 

4 . 3  MECHANICAL PROPERTIES 

Am extensive mechanical properties data base on modified 9Cr-lMo 

steel has been achieved in air environments. Data packages containing 
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information on tensile, creep, fatigue, and impact properties have been 

approved by the ASME Code, and baseline tensile and creep properties have 

been published in the NSMH. Additional data needs include long-term creep 

tests to lo5 h ,  tests to determine the effects of heat treatment and heat- 

to-heat variations on continuous cycling fatigue, and the effect of hold 

time on fatigue life. Creep-fatigue data are especially needed because 

little information is available, and ASME design rules must be established 

for presently anticipated SAFR applications. (An overall test matrix of: 

planned mechanical properties tests can be found in the National Program 

Plan. 8 )  

Effects of thermal aging at 482 to 704OC for 25,000 k on Charpy- 

impact properties were shown to be dependent on the aging temperature. 

However, tensile and creep properties were not affected at aging and test 

temperatures up to 6 4 9 O C .  

tests are recommended on samples now being aged to 50,000 and 100,000 h. 

Tensile, creep, fatigue, and creep-fatigue 

NGT studies have resulted i n  the recommendation of an optimum heat 

treatment for modified 9Cr-IMo steel. 

The swelling rate of modified BCr-1Mo steel  irradiated i.a EBR-I1 i s  

a factor of 50 or more lower than for type 316 stainless steel but is a 

factor of 3 higher than HT-9. Postirradiation toughness properties of 

modified SJCr-IMo, however, are superior to those of NT-9. On the other 

hand, after irradiation in a mixed spectrum reactor, toughness and tensile 

properties of modified 9Cr-1Mo were reduced more than those of IfT-9. No 

data exist on the effects of irradiation an the creep properties of 

rnodif ied 9Cr-1 Mo However, data on IIT-9, 9Cr-2M0, and 2.25Cr-1Mo steel ~ 

together with microstructural observations, indicate that irradiation in 

an LMR between 450 and 550°6 should have no significant effect on the 

creep rate of modified 9Cr-lMo to 5 5 O O C .  

effects are at temperatures and concentrations much higher than antici- 

pated for use of modified 9Cr-1Mo i n  an LMR. 

the alloy has a high resistance to irradiation-induced helium embrittle- 

rnent. Overall one may conclude that modified 9Cr-1Mo should have good 

long-term performance under LMR conditions, but further work should be 

performed to determine the difference in response between f a s t  reactors 

and mixed spectrum reactors and to provide data at the low damage levels 

relevant to out-of-core structures and components.232 

The available data on helium 

However, they indicate that 
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There has bee= only limited testing to determine the effects of  

sodium on Lhe mechanical properties of modified BCr-IMo steel but the 

rcsults appear to be encouraging undcr LMR conditions. Losses of carbon 

or nitrogen in bimetallic systems with austenitic stainless steels occur 

only at temperatures >550°C. In addition, short-term exposures to sodium 

(5000-6000 hj at 5 3 8 O C  were not reporled to affect the strength proper- 

ties of modified 9Cr-1Mo steel significantly. The fatigue life of T-91 

was five to seven times greater in sodium than in air at both 538 and 

493°C. 

Examination of all the. reported cr~~p-rupturc da ta  i n  sodium from 

both ANL and WAESI) does, hor~ever, indicate a tendency toward shortea l i f e  

(factor of 6-7) in sodium. 3ecause the variations ill rupture lire found 

were not random, further testing in sodium for longer times to better 

define the effects of sodium on the creep-ruptura properrtias of  T--91. for 

LMR applications is recotmended. 

4 . 4  JOINING BEHAVIOR 

Studies have shown thaL the weldsbility o f  modified 9Cr-IMlo stciel is 

excellent. 'Ilirse studies have been conducted using the GTA, SMA, and 

S A  processes. Effects of prcheat,  FWHT, and base metal treatment, before 

welding were a l l  investigated. Welds were made arid tested using standard 

and modified 9Cr-IMo filler wire, and several flux coatings were tried for 

SMA electrodes, as well as for the SA welding process. Weldments W B K ~  

subjected to extensive hardness, Charpy-impact, tensile, and. creep tests. 

Microhardness data indicated t h a t  welding praduccs a soft zone in a very 

narrow tempered region of L h t ?  base metal near the weld, This also occurs 

in other heat-treatable steels such as 2.25Cr-IM0, standard 9Cr-lM0, and 

IIT-9. A technique whereby t i l e  base metal is h a l f  tenpered before wpldiwg 

was developed Lo eliminate the soft zone obscrwed during conventional 

welding. 

Tensile properties of veldments are generally similar to that of base 

metal; howcver, the creep properties can fa41 below that of the bas<? 

metal. For Limes to 2000 h, weldment ereeg properties generally differ 

from the base metal, but beyond that t i m e  creep properties begin to 

approach those of the base metal. 

confirm this effect. 

Long-term testing i s  recommended to 
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Charpy-impact properties were best for welds made by the GTA pro- 

Additional work is recommended to improve the coatings on the cess. 

electrodes for SMA welding and fluxes for SA welding. Some optimization 

of the procedures used for SA welding ( e . g . ,  ac vs dc and welding speed) 

is also needed. 

Additional fatigue and creep-fatigue tests are recommended on 

weldments made by the various welding processes. 

several different test temperatures and hold times. 

These should include 

4.5 STRUCTURAL DESIGN METHODOLOGY 

A program to develop a high-temperature design methodology for LMR 
That methodology applications has been under way since the late 1960s. 

has been reasonably well established for the austenitic stainless steels 

and, to a lesser extent, for 2.25Cr-1Mo steel. For modified 9Cr-1Mo steel 
the plan is to adopt, to the extent possible, the existing methodology 

while accounting for any unique features of the alloy. 

preliminary analytical assessment of the structural design characteristics 

of modified 9Cr-1Mo steel was performed to compare with those of type 304 

stainless steel, 2.25Cr-1M0, alloy 800, and standard 9Cr-1Mo steel. 

Because of its relatively high yield strength, low coefficient of expan- 

sion, and high thermal conductivity, modified 9Cr-1Mo steel was shown to 

have an advantage in lower wall thickness and thermal loads, and better 

resistance to creep damage. 

As a first step a 

Work has continued over the past 2 to 3 years to develop constitutive 

equations and establish failure behavior. This effort cancluded that the 

present NE F 9-ST constitutive framework is inadequate for modified 9Cr-1Mo 

steel. The material appears to require a nonlinear viscoplastic model 

that makes no distinction between creep and plastic strains. 

model developed by Robinson’ 

the behavior of modified QCr-1Mo steel. This work should be continued to 

provide a constitutive model for detailed inelastic analysis of LMR struc- 
tural components and to validate simplified methods of analysis. 

A unified 
J 4 8  is presently being adapted to represent 

Rules and criteria to guard against creep-rupture and creep-fatigue 

failure modes are found in ASME Code Case N-47 (ref. 122). Because 

modified 9Cr-1Mo has not been incorporated into Code Case N-47, no rules 
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yet exist; to date only a f e w  selected scoping tests have becn conducted 

as a basis for criteria assessments. As an interim mcasure, criteria can 

be generated based upon uniaxial data. However, additional multiaxial 

tests, including creep-fatigue damage accumulation tests of modified 

9Cr-1Mo steel, are certainly required to establish LMX design criteria. 

Behavioral features of modified 9Cr-1Ma that will likely have to be given 

special consideration in developing ratchetting and creep-fatigue rules 

include strain softening, low strain at, onset of tertiary creep, and rate 

dependence of yielding and plastic flow, 

Material modeling for constitutive equations and failure behavior 

are evaluated through confirmatory laboratory tests. One such test has 

been complcted,lS7 and results are still bring analyzed. 

ratchetting tests to creep-fatigue failure using welded and unwelded 

samples are planned" to permit validation of the design procedures for 

predicting strain accumulation and creep-fatigue damage failure under 

thermal ratohetting load conditions. Because elastic follow-up can occur 

in elevated-temperature piping systems, a fact that increases creep- 

fatigue damage, HI is planning a test ak ETEC to demonstrate Lhat, with 

modified 9Cr-1MoY strain concentration caused by elastic follow-up is 

quite limited and that thc Code requirement to treat the corresponding 

stress as primary is excessively conservative. 

Two thermal 

4 . 6  CORROSION BEHAVIOR 

Studies to establish the corrosion behavior o f  niodified 9Cr-1Mo for  

LMR applications have not been extensive. Because of its similarity to 

other ferritic steels such as 2.25Cr-fMo, however, no corrosion limiting 

problems are anticipated. 

Properly heat-treated, modified 9Cr-1Mo is expected to have low 

susceptibility to caustic stress-corrosion cracking'68 and behavior similar 

to 2.25Cr-1Mo steel in chloride environments. Thus stress-corrosion 

cracking of modified 9Cr-lM0 steel is unlikely under LMR conditions. 

No significant changes in properties of modified 9Cr-1Mo steel caused 

by carburization and decarburization arc anticipated, but additional data 

on the effect-s of heat treatment and sodium exposure should 'oe obtained. 
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The steam corrosion behavior of modified 9Cr-1Mo is similar to (and 

perhaps slightly better than) 2.25Cr-1Mo steel. If improvements in steam 

corrosion resistance are required, the effect of silicon should be further 

investigated. Also, the effects of heat flux on oxide formation arid 

spallation should be determined under LMR conditions. 

4.7 INSPECTION 

Nondestructive testing techniques and procedures have been developed 

for 2.2SCr-1Mo steel, and we believe the technology can be adapted t.s per- 

form examinations of modified 9Cr-1Mo steel components. We do, however, 

recommend that NDE continue as part of the advanced LMR program to confirm 
the applicability of radiographic, ultrasonic, and eddy-current techniques 

to the particular system geometries, temperatures, environments, and sen- 

sitivities that are required. 

4.8 CODES AND STANDARDS 

Specifications of modified 9Cr-1Mo have been included in the AS”1TI book 

o f  standards for plate, tube, pipe, and forgings. The same specifications 

have also been included in Sect. I1 of ASME Boiler and Pressure VesseP 

Code. The only two products for which specifications are not currently 

included are bar and cast products. Bar product data are ready, and we 

recommend that the specifications be submitted for approval. However, 

casting specifications require some additional work to optimize com- 

positional limitations for mechanical properties. Work should continue to 
provide the required information for approval of use of castings by ASTM 

and the ASME Code. 

Filler wire compositions and welding requirements have been developed 

but have not been submitted for approval in the American Welding Society 

Specifications and in Sect. XI of ASME B o i l e r  and P r e s s u r e  Vessel Code .  

Cooperative activities with industry should be initiated to obtain these 

approvals. 

Code Cases 1943, 1973, and 1992 have been approved and published for 

the use of modified 9Cr-1Mo according to the rules of Sects. I: and VI11 of 
ASME Boiler and P r e s s u r e  V e s s e l  C o d e .  A data package for the approval of 
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modified 9Cr-1Mo for nuclear csmponcnt use according to the rules of Coda 

Case N-47 sf Sect. 111 of ASME Boiler  and Pressurr? Vessel Ccde has been 

submitted. A user inquiry has been submitted by RI, and action by the 

Subgrnup on Elevated Temperature Dcsign is pcnding. Before appropriate 

Code rules are adopted, we expect that additional fatigue and ereep- 

fatigue data will be required as previously discussed under the section on 

mechanical properLies. 

4 . 9  O P E R A T I N G  EXPERlENCE 

Tubes of modified 9Cr-1Mo steel have been operating in three power 

plants in the United States, ono in England, two in Canada, and several in 

Japan. Tubes in the TVA Kingston Steam Plant, which have been operating 

since 1980, were visually examined after 3 and 5 years of operation, and 

no unusual effects were. noted. Siitiilar results of visual esarnjnations 

were received from AEP after 2 years of nperation, and no deleterious 

effects were noted. Tho, recommendation is that plans be prepared to 

remove one or two tubes frsm the PVA Kingston Plant to provide data on 

steam oxidation, erosion, and changes i n  mechanical properties an3 micro-- 
structure of base metal and weldiiieslt regions. After 1 to 2 years of 

service, the Japanese have already sectioned tubes from several power 

plants. Cooperative efforts should be continued to obtain their data on 

the evaluation of these tubes. 

Plans should also be prepared to recover the test a r t i c l e  from the 

SCTL at ETEC for postoperation evaluation. This will provide information 

on the relative performance of base metal, weld metal, and transition 

joints in flowing sodium at 510'C. 

installation of the modified 9Cr -  1 M o  steel ducts in EBR-11. 

Efforts should be continued to support 

4 1 0  C O O P E R A T I V E  PROGRAMS 

One of the most successful Lechmiques to promote the commercial 

application of modified 9Cr-lMo steel has been Lechnology transfer through 

cooperative programs with industry, universities, and nationa? labora- 

tories. 

of basic research, applied research (testing of samples), and scale-up to 

large hc.at.s. Other cooperative efforts involving efforts 1-0 obtain 

ContribuLions of these cooperative programs have been in the form 
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operating experience were previously discussed. The Japanese, W ~ S  have 

been particularly aggressive in developing modified 9Cr-1Mo steal, have 

established well-defined procedures for the production of various product 
forms o f  madffied 9Cr-PMa steel. may haws also developed markets for the 

alloy in the United Sta tes ,  Japan, Canada, the Middle East, India, and 

mainland China. Modified ~GP-IMQ steel is also being tested for steam 

generator applications i n  France and Italy. e recommended that the 

information and progress being made i n  these programs continue to be 

followed closely. 
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Appendix A 

CRITERIA TO ASSESS MODIFIED 9Cr-1Mo STEEL 
FOR STEAM GENERATOR ~ m I c m r o N  

The selection of a new (or currently selected) material for steam 

generator application requires the consideration of a large number of 

A list made by Willby and Walter' is shown in Fig. A . 1 .  

Spalaris et al.2 listed the consideration of the following items far the 

currently proposed steam generator material, 2.2SCr-1Mo steel: 

1. 

2. 

3 .  

4 .  

5 "  

6 .  

7 .  

8. 

9 "  

10. 

11" 

12. 

melting practice, 

specifications, 

heat treatment, 

mechanical properties, 

corrosion under departure from nucleate boiling (DNB), 
corrosion in superheated steam (heat flux), 

fracture toughness {base, weld metal, and heat-affected zone), 

carbon transfer (in sodium loop), 

stress-corrosion cracking (in caustic solution), 

pitting corrosion, 

rust problems, and 

weldability and postweld heat treatment. 

ConsideratiGus such a5 (1) propensity of ratchetting and creep damage 

under transient conditions, (2) inelastic material response (history 

dependence of material properties) far constitutive equation assessment, 

and ( 3 )  representation of creep-fatigue and creep-rupture damage have been 

suggested by C .  E .  Pugh (Oak Ridge National Laboratory, Oak Ridge, Tenn., 

personal communication to J. R .  DiStefano, Oak Ridge National Laboratory, 
Oak Ridge, Tenn., March 3 0 ,  1 9 7 9 ) .  

This appendix presents a list of considerations and the associated 

criteria to be applied to modified 9Cr-1Mo steel for steam generator 

applications in Table A.l. The number of heats and the test conditions in 

the criteria are based on an assessment schedule by the end of FY 1981. 
The criteria are based on the present knowledge of modified 9Cr-1Mo steel 
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Table A.l. Criteria and considerations for steam 
generator applications of 9Cr-lMo steel 

Considerations Criteria 

Material supply 

Melting 

Fabricability 

Mechanical 
properties 

Low-temperature 
toughness properties 

Transition 
temperature 

Upper-shelf 
energy 

Short-term mechanical 
properties 

0.2% yield 

Ultimate tensile 
strength 

Creep properties 

Stress to rupture 

Material can be melted within specifications 
with controlled additions of Nb = 0.06 to 
0.10%, V = 0.18 to 0.25%, and Si = 0.1 to 
0.4%, using commercial processes such as 
argon oxygen deoxidation and electroslag 
remelt 

Material can be processed into tubing and 
forgings using commercially available 
processes (material will have to meet the 
appropriate RDT standard) 

Can get at least two steel mills to remelt 
this material and two different 
fabricators to make the tubing and 
forgings 

For four commercial heats and several pro- 
duct forms, criteria are as follows 

<-12"C 

1136 J (2100 ft-lb) 

379 MPa minimuma3b 

586 MPa minimuma 

Stress to rupture values are equal to or 
better than ASME Code Case minimum curve 
type 304 stainless steelC (comparisons to 
be made for rupture times approaching 
20,000 h €or 3 heats and 40,000 h for 
1 heat) 

Stress to cause Stress is equal to or better than minimum 
1% strain in values for type 304 stainless steel 
lo5 h 
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Table A .  1. (continued) 

Considerations Cri tenria 
~ ....... .-- 

e Stress LO CallSe Onset T h e  to onset Of tertiary Creep I O P  
of tertiary creep in modified 9Cr-1Ho stcel is expected to be 
t i m e  t 50% o f  time tu rupture, which is similar 

to types ^IO& and 316 stainless steel. 
This type of behavior will produce stress 
to cause onset of tertiary creep in t i m e  
t similar to that observed for type 304 

- Duet i 1 it y 

Fatigue and creep fatigue 
properties 

- Cont i t~uc)us cyc 1 ing 
fatigue 

- Hold--time effects 
(compressive and 
tensile) 

Fracture meclrranics 
properties 

- KIc, J I C  

da/dN 

Therrnophysical 
p r ope E t i e sb 

Thermal conductivity 

Thermal expansion 
coefficient 

Reduction of area values for  this material 
should exceed 70% for test temperatures in 
the range of 482--649"~ and for test times 
approaching 60,000 h 

Cycle life is equal to or better thaw 
average for type 304 i n  the ~ O W - C Y G ~ S  
fatigue range (>lo4 cycles) and an order 
of magnitude better than type  304 for the 
high-cycle fatigue ( > l o 4  cyeles) range 

observed f o r  type 304  stainless steel 
Mold-time effects should be less than 

Crack growth rate is expected to be equal to 
or  lower than the upper bound observed for 
type 304 stainless steel 

For four c~mme~cial heats and several 
product forms 

It is a factor of -1.8 hi.gher compared with 
types 304 and 316 stai-nless steel at room 
t m p e  rature 

It i s  expected to be 7'0% of the value 
observed for types 304 and 316 stainless 
steel at I O O ~ C  



Table A.l. (continued) 

Considerations Criteria 

Heat treatment and welding 

Heat treatment 

- Austenitization 
temperature/time 

- Tempering temperature/ 
- Cooling rate (section 
time 

thickness) 

Welding procedures and 
filler metal 

* Welding procedure 

- Preweld and postweld 
heat treatments 

- Filler wire 
composition 

- Bimetallic and 
transition joints 

Environmental effects 

Corrosion resistance 

Rusting 

- Steam corrosion 

A heat treatment should be determined to 
obtain optimum mechanical properties, 
corrosion resistance, and ease of 
fabricability €or unusual product forms 
or components 

When commercial heats are used, the follow- 

Material should make acceptable welds by 

ing criteria should be met 

conventional welding procedures (GTA, SMA, 
S A ,  GMA, autogenous) in various section 
thicknesses up to 15.2 cm ( 6  in.) 

Preweld and postweld heat treatment should 
be determined to prevent possibilities of 
cold, hot, and stress-relie€ cracking 

Filler metal composition should be optimized 
to obtain weld metal properties comparable 
to the base metal (both strength and 
ductility) 

9Cr-1Mo to 2.25Cr-lMo, stainless steels 
of types 304, 316, 321, 347, alloy 800, 
etc. 

Should demonstrate successful welding o f  

Using four commercial heats, the following 
criteria should be met 

No significant rusting for 2.25Cr-1Mo steel 
expected during fabrication 

Material should have a corrosion rated in 
superheated steam at 482 and 5 3 8 O C  
( 9 0 0  and 1000°F) of S0.2  and 0 . 4  mil/ 
yearye respectively 

Water corrosion 
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Table A . 1 .  (continued) 

__ 

Considerations Criteria 

e Alkalime solutions 
( O H - )  

- Chloride and sulfate 
concentrates 

- Stress-corrosion 
cracking 

* Sodium e-ffects 

Erosion, fric-t:ion, and 
wear 

Thermal stability (effect 
of thermal exposure with 
and without stress on 
mechanical properties) 

- Shift in transition 
temperature 

- Shift in upper-shelf 
energy 

Metal loss in 1 M NaQH shoiikd be one-fourth 
of the metal loss  observed far 2.25Cr-IN0 
steel at 350'~ 

P &  should be more resistant than 2.25Cr-IMo 

Norma3. ized and tempered modified 9Cr--1Mo 
steel is exparctcd to be virtually i n a m m e  
to stress-carrosion cracking in CI- and 
OK- solutions 

transfer than 2.25Cr-IMo steel. Data from 
the equilibration a d  kinetic experiments 
have shown tha t  in a liquid-Na environment 
at temperature < ~ ~ o O C ,  the modifrieci 
9Cr-1Mo provides greater resistance to 
Carbon t I ? a r ? S f e K  $ball 2,2.5@P-1k1 alloy. 
There is essentially no nitrogen loss at 
temperatures <550'@. At >40OoC decar- 
hurizatian can occur to surface C levels 
of 220 ppm- A limited number of 
equilibraLion and kinetics experiments 
will be conducted on the commercial heats 
to verify t h e  above-mentioned behavior 

It should be more resistant t.o carbon mass 

The wear rates in sodium for various sur- 
face combinations should be I d  x IO-'' to 
3 x lo-'' m3/Nm, which is the same as for 
2.25Cr-lMo steel 

For base metal and we1.d~ from four COWVX- 

cia1 heats [exposure 10,000 h at 482, 538, 
and 593'C (300, 1000, and llOO°F)], 
criteria are as follows 

Expected shift will be <lO°C 

Expected shift will be <27 J (<20 ft-lb) 
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Table A . l .  (continued) 

Considerations Criteria 

- Creep and rupture @reap and creep-rupture strength decrease by 
s t r engt h ~1.16 MPa (c2 ksi) for test times up to 

- Creep ductility Creep ductility decreases by 410% af the 

1000 h 

unaged value of 10% 

Design 

Propensity of ratchetting Material should be equal to or better than 
and creep damage mder type 304 stainless steel 
transient conditions 

BRaom-temperature walues specified in Section 111 of ASME Code Case 
for forgings of unmodified BCr-IPio steel, to be used in the normalize 
tempered condition. 

high thermal conductivity ( R ) ,  and low thermal expansion coefficient (a) in 
combination with Young’s modulus ( E )  and Poisson’s ratio (v) will pr0duce a 
factor of 5 higher thermal stress resistance (M) at SOOQC for 9Gr-IMo steel 
as compared with type 316 stainless steel. The value of Eb is given by 

bIt  i s  anticipated that the combination of high yield strength ( c r y ) ,  

M = 2ayk”(l - v ) / a E  . 
CThese rupture values make the modified 9Cr-1Mo steel seem to be the 

dThese rates are equal to those observed for 2.25Cr-1Mo steel. 

“EM 12 tubes taken from superheaters after 50,000 h of operation at 

strongest of the currently known class of 9Cr steels. 

590’6 showed a total oxide thickness o f  -8 mil. Based an corrosion rates 
listed above for modified 9Cr, the oxide thickness in the same time will be 
- 5  mil (assuming the corrosion rate to be 0.8 millyear at 590*@ as apposed 
to 0.4 miI/year at 5 3 8 ’ ~ ) .  



and published data on the 9 C r  class o f  steels. T n  some instances, esi- 

teria are qualitative, and some of Lhese criteria may have to be modified 

as required by input from the steam generator designers- Furthermore, 

additional criteria ( e . g . ,  irradiation effects) will be required to extend 

the use of this material to other potential applications, such as reactor 

internals, intermediate pump, and loop piping ( 6 .  A .  Anderson, 

Westinghouse Advanced React.ors Division, Madison, Pa,, personal com- 

munication to C .  L. Stores, C o m b u s t i o n  Engineering, C .  E .  Power Systems, 

Windsor, Colon., May 1, 1979). Assessment c r i t e r i a  tor such qpplications 

will be prepared at a later date. 
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